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Summary

In the transition from fossil fuels to renewable energy sources, the demand for recharge-
able batteries is rapidly increasing. To meet this demand, a diversification of battery
chemistries will be essential, due to limited abundance of currently used battery materi-
als. In addition to Li-ion batteries (LiBs), rechargeable Mg batteries (RMBs) stand out
as a theoretically promising battery chemistry, with the potential to yield high energy
batteries based on abundant materials. However, to enable practical RMBs, competitive
cathode materials need to be established. Potential candidates may come from the family
of two-dimensional transition metal carbides and nitrides known as MXenes, which due
to their high electrical conductivity, chemical tunability and ion intercalating properties,
have been predicted to yield high intercalation capacities for a range of cations, includ-
ing Mg-ions. Hence, this study aimed towards evaluating the feasibility of MXenes for
rechargeable battery electrodes, and in particular for RMBs.

In the first paper of this work, the feasibility of MXenes as an RMB cathode was in-
vestigated by using two different MXene compositions: V,C and TizC;. To ensure the
possibility for Mg-ion desolvation and migration, these electrodes were galvanostatically
cycled in cells with four different electrolytes, and at both low (20 °C) and high (60 °C)
temperatures. Still, only minimal capacities were obtained, indicating insignificant re-
versible Mg-intercalation in the MXene particles. However, by including Li-salts to
the electrolyte, significant reversible capacities were measured, demonstrating the func-
tionality of the MXene electrodes. To explain this difference, density functional theory
(DFT) calculations were implemented and showed that the migration barriers for Mg-
ions were significantly higher than for Li-ions, and that the termination groups attached
to the surface of the MXene sheets strongly influenced the intercalation voltages for Li-
and Mg-ions. Denoted as "T" (i.e. V,CT,), these termination groups usually consist of
a mixture of OH, O and F, and the DFT calculations showed that multilayered particles
of O-terminated MXenes would be ideal for RMB cathodes. Hence, the focus of this
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work was directed towards controlling the termination groups of MXenes, and especially
towards substituting F- with O-terminations.

In the second and third paper of this work, gas hydrolysation was explored as a post-
etching treatment to substitute F-terminations in multilayered V,CT, and TizC, T, MX-
enes, respectively. It was found that successful hydrolysation required a MXene struc-
ture with an expanded interlayer spacing, to allow the water molecules to penetrate in
between the MXene sheets. For the V,CT, phase, this was achieved by intercalated
water molecules from the HF etching step, whereas the TizC,T, phase required pre-
intercalation of cations prior to hydrolysation. For both phases, a F-reduction around
70 % was achieved, demonstrating the greatest F-reduction in multilayered particles re-
ported so far. However, due to challenges of quantifying the remaining terminations (O
vs. OH vs. unterminated), the exact composition of the final MXenes remained unclear.
Although the F-reduction was clear for both MXene phases, no increase in capacity was
observed upon cycling in RMB coin cells. To investigate the termination group’s influ-
ence on the electrochemical performance, MXene electrodes were thus cycled in LiBs.
This resulted in dissimilar changes for the two MXene compositions. Where the hy-
drolysed V,CT, phase displayed an enhanced rate capability compared to the pristine
MXene, the opposite was true for the Ti3C,T, MXene. The Ti3C, T, phase also showed
increased average voltages and capacities after hydrolysation, which was not observed for
the V,CT, phase. Based on these ambiguous changes in electrochemical performance,
and the uncertain composition of the resultant termination mixtures, no clear conclusion
on the effect of termination change could be drawn from this work. To ensure controlled
formation of O-terminated MXenes, further refining of the hydrolysis method will be
required, combined with enhanced termination characterisation.

In addition to the published results, the thesis includes new results on a F-free etching
method based on hydrothermal treatment in concentrated NaOH solutions. These etching
conditions allowed for F-free Ti3C, T, MXene, while the synthesis of other MXene com-
positions was not successful. Whereas all of the Ti; AIC, Tio AIN, Tiz AICN, TiMo,AlC,,
Nb4AIC3, NbyAIC, V,AIC and V4AIC3 MAX phase precursors demonstrated significant
oxidation, the former three showed possible signs of some unordered MXene. Further
investigation, with optimised etching conditions, is therefore required to conclude about
this etching method’s compatibility to form other MXene phases than Ti3C,T,. Never-
theless, due to the mixture of O- and OH-terminations, this etching method is not ideal for
optimal termination control. In comparison, a recently reported etching method, based on
Lewis acid etching in molten salts, has enabled synthesis of homogeneously terminated
MXenes from different precursors, and with various terminations.



Sammendrag

I overgangen fra fossile til fornybare energikilder gker etterspgrselen etter oppladbare
batterier raskt. For a kunne mgte denne etterspgrselen, vil det bli ngdvendig a benytte
ulike batterikjemier, pa grunn av begrensede ressurser av dagens batterimaterialer. T til-
legg til Li-ionebatterier (LiB), har oppladbare Mg batterier (RMB) stétt frem som en
lovende batterikjemi, med potensial for hgyenergibatterier basert pa rikelige materialer.
For & muliggjgre praktiske RMBer, er man derimot avhengig av & finne konkurransedyk-
tige katodematerialer. Potensielle kandidater kan finnes blant familien av todimensjonale
overgangsmetallkarbider og -nitrider kjent som MXene, som basert pa hgy elektriske
ledningsevne, kjemiske justeringsmuligheter og ioneinterkaleringsegenskaper, har blitt
beregnet a kunne gi hgy kapasitet for en rekke kationer, inkludert Mg. Denne studien har
derfor hatt som mal & evaluere MXenenes potensiale som oppladbare batterielektroder,
og da spesielt i RMBer.

I den fgrste artikkelen av dette arbeidet ble MXene testet som en RMB-katode ved bruk
av to forskjellige MXene-sammensetninger: V,C og Ti3C,. For a forsikre sannsynlig
Mg-ionedissosiasjon og -migrering, ble disse elektrodene syklet i celler med fire forskjel-
lige elektrolytter, og ved bade lave (20 °C) og hgye (60 °C) temperaturer. Likevel ble kun
minimale reversible kapasiteter oppnadd, noe som indikerer ubetydelig Mg-interkalering
i MXene-partiklene. Ved a inkludere Li-salter i elektrolytten ble derimot betydelige kapa-
siteter malt, noe som demonstrerte funksjonaliteten til MXene-elektrodene. For a forklare
denne forskjellen ble beregninger av tetthetsfunksjonalteori (DFT) implementert, hvilket
viste at migrasjonsbarrierene for Mg-ioner var betydelig hgyere enn for Li-ioner, og at
interkaleringsegenskapene for bade Li- og Mg-ioner var svart avhengige av terminer-
ingsgruppene pa overflaten av MXene-lagene. Angitt som "T" (eks. V,CT,), bestar
disse termineringsgruppene vanligvis av en blanding av OH, O og F, og basert pa bereg-
ningene viste det seg at flerlagspartikler av O-terminerte MXener ville vere ideelle for
RMB-katoder. Fglgelig ble fokuset i dette arbeidet rettet mot a kontrollere terminerings-
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gruppene til MXenene, og spesielt mot a bytte ut F- med O-termineringer.

I den andre og tredje artikkelen av dette arbeidet ble gasshydrolyse testet som en post-
etsingsmetode for & bytte ut F-termineringer i multilags V,CT, og TizC,T, MXene-
partikler. Fra disse studiene kom det frem at vellykket hydrolyse var avhengig av MXene-
strukturer med utvidet mellomlagsavstand, for 4 tillate vannmolekylene a trenge inn mel-
lom MXene-lagene. For V,CT,-fasen ble dette oppnadd ved hjelp av interkalerte vann-
molekyler fra syntesen, mens Tiz;C, T, -fasen var avhengig av interkalering av kationer for
a holde pa mellomlagsavstanden. For begge MXenene fgrte hydrolysen til en F-reduksjon
péa rundt 70 %, noe som er den stgrste F-reduksjonen i multilags MXene-partikler rap-
portert sa langt. P& grunn av utfordringer med & kvantifisere de gjenvaerende terminer-
ingsgruppene (O vs. OH vs. uterminert), forble imidlertid den ngyaktige sammenset-
ningen av MXenene udefinert. Selv om F-reduksjonen var tydelig for begge MXene-
fasene, ble ingen gkning i kapasitet observert ved sykling i RMB-celler. For & under-
spke termineringsgruppenes innflytelse pa de elektrokjemiske egenskapene, ble MXene-
elektrodene syklet i LiBer. Dette resulterte i ulike endringer for de to MXenene. Der
den hydrolyserte V,CT,-fasen viste en forbedret ytelse ved hgyere effekt sammenlignet
med den ubehandlede MXenen, var det motsatte tilfelle for Ti3C,T,. Ti3C,T,-fasen viste
derimot gkte spenninger og kapasiteter etter hydrolysering, noe som ikke ble observert
for V,CT,-fasen. Basert pa disse avvikende endringene i elektrokjemisk ytelse, og den
udefinerte sammensetningen av termineringer, kunne det derfor ikke trekkes noen tydelig
konklusjon om effekten av termineringsendring fra dette arbeidet. For & sikre kontrollert
dannelse av O-terminerte MXener vil ytterligere raffinering av hydrolysemetoden vere
ngdvendig, kombinert med forbedret karakterisering av termineringene.

I tillegg til de publiserte resultatene, inkluderer oppgaven nye resultater om en F-
fri etsemetode basert pa hydrotermisk behandling i konsentrerte NaOH-lgsninger.
Disse etseforholdene resulterte i F-fri Ti3C,Ty, MXene, mens syntesen av andre
MXene-komposisjoner var mindre vellykket. Selv om alle Ti; AIC, Ti; AIN, Ti3AICN,
TiMo,AlC,, NbsAlIC3, NbyAIC, V; AIC- og V4AICs3 forlgperne viste betydelig
oksidering, viste de tre fgrstnevnte mulige tegn pa noe uordnet MXene. Ytterligere
undersgkelser, med optimaliserte etseforhold, er derfor ngdvendig for & konkludere
om denne etsemetodens kompatibilitet for & danne andre MXene-faser enn Ti3C,T,.
Uansett er ikke denne etsemetoden ideell for optimal termineringskontroll, ettersom den
resulterer i en blanding av O- og OH-termineringer. Til sammenligning har en nylig
rapportert etsemetode, basert pa Lewis-syre-etsing i saltsmelter, muliggjort syntese av
homogent terminerte MXener fra forskjellige forlgpere, og med ulike termineringer.
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1.1 Background and motivation

As stated by the IPCC’s Sixth Assessment Report on climate change, a transition from
fossil fuels to renewable energy sources will be required to reduce the amount of human-
emitted greenhouse gases and thereby avoid surpassing a 1.5 degree increase in global
temperature.| However, as most of the renewable energy sources are based on intermit-
tent weather phenomenon such as wind, rain and sunlight, energy storage methods will
be required to enable energy supply regardless of weather. In recent months, security of
energy supply has also become one of the most pressing topics in the European Union, as
the transition from fossil based energy has been escalated by the political situation in the
region.” To help mitigate these challenges, rechargeable batteries are envisioned to play
a pivotal role in balancing the future energy supply.>* As batteries are also essential for
the rise of electric vehicles (EVs), the market for rechargeable batteries are expected to
grow exponentially in the upcoming decades, as illustrated in Figure 1.1.%°

To meet this immense demand for rechargeable batteries, most of the liability has been
placed on the Li-ion battery (LiB) chemistry. This is based on the extensive advancements
of the technology since it was commercialised in 1991.% With a high energy density and
energy efficiency, combined with a continuous reduction in production costs, LiBs have
demonstrated their role as one of the most competitive methods for energy storage, and
W EVs mStationary storage Consumer electronics Other
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Figure 1.1: Historic and predicted demand for rechargeable batteries in the period 2012-2030,
separated by application area. The data is obtained from BloombergNEF.’
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are one of the main enablers for the growth of the EV market in recent years.’ The most
significant change has been related to the price of the battery packs, which since 2010
has declined by 89 % to a price of $132/kWh in 2021.'%!! However, with globally and
regionally limited material reserves, this price reduction is expected to turn, as the de-
mand for current LiB related materials now has surpassed the supply, causing the prices
to skyrocket during the last year.'> Due to the ethical concerns related to the extraction
of Co, '3 a key material in most LiB chemistries today, the sustainability of material pro-
duction has also been questioned. '“!> Hence, alternative battery materials are necessary
to ensure the high supply of batteries that are needed, and ideally from more sustain-
able battery chemistries. As the electrode materials constitute more than 30 % of the
total cell production cost, and due to the scarcity of some of the currently used electrode
materials, significant cost reductions can be achieved by a diversification of electrode

chemistries. %1 1:14.15

In addition to continuous improvements in LiB technology, the high demand for recharge-
able batteries may also necessitate the use of alternative battery chemistries based on Na,
Mg, Zn, K, Ca or Al cations or on F or Cl anions. '>'® Due to higher abundance and eas-
ier accessibility of these materials compared to Li,'” these chemistries could potentially
result in cheaper battery cells and be easier to scale up than today’s LiBs. Moreover, by
utilising several battery chemistries for various applications, the demand for LiB mate-
rials would be reduced, preventing unwanted increase in battery cell costs upon further
growth of the rechargeable battery market. However, in order for these chemistries to
deliver the necessary battery performance, further improvements of the state-of-the-art
electrode materials may be needed. '%'8

A promising candidate for future electrode materials has been the family of two-
dimensional materials known as MXenes, which was first synthesised by Naguib et
al. in 2011.'" Based on properties such as high electrical conductivity, ion-storage
possibility and chemical tunability, "' MXenes have attracted significant interest for a
range of applications, including electrode materials for rechargeable batteries.’ Initial
experimental reports have demonstrated well performing MXene electrodes in several
battery chemistries, such as LiBs?223  sodium-ion batteries (SiBs)24, potassium-ion
batteries (PiBs)?> and rechargeable Al batteries”®, but they have yet to reach their
theoretically calculated limits.?’~>° To overcome this challenge, focus has been directed
towards delamination of the MXene layers, to obtain higher capacities by increasing the
surface area.>"3! However, in order to achieve competitive volumetric energy densities
to today’s state-of-the art electrode materials, improved performance of multilayered

MXene particles will be required. Therefore, control of the ion-intercalation environment
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at the interface between the two dimensional MXene sheets is essential for commercial
utilisation of MXene electrodes. This includes the chemical composition of the MXene,
and specifically the surface terminations, the intercalation of other ions and the stacking
of the MXene sheets (Figure 1.2). From density functional (DFT) calculations, these
parameters how been demonstrated to significantly change the intercalating properties

such as ion migration, voltage and obtainable capacities, in addition to the possible side
28,32-34

reactions that might take place.

Figure 1.2: Scanning electron microscopy (SEM) micrograph of the most studied MXene com-
position, Ti3C, T, (T = termination group), with a schematic of its layered structure. The range of
interlayer spacings illustrates the possibility for ion intercalation in between the MXene sheets.
Reproduced from Ref.3® with permission from the Royal Society of Chemistry.

1.2 Aim of work

The overall aim of this project has been to evaluate the feasibility of multilayered MXenes
as electrode materials in rechargeable batteries. More specifically, the focus has been
on the synthesis and surface termination modification of various multilayered MXene
compositions, in order to control their ion-intercalating properties for both Mg- and Li-
ions. The work is divided into four parts.

Initially, the goal of the project was to assess the feasibility of MXenes as potential cath-
ode materials in rechargeable Mg batteries (RMBs). This was based on theoretically

predicted high capacities for MXene electrodes in RMBs,>’-?

and a previous report that
demonstrated a functioning Mg/Li hybrid battery using a titanium carbide MXene elec-

trode.*® During the work, several reports on Mg-intercalation were published, >~ but
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similar to most of the research on MXene electrodes, these reports utilised delaminated
MXenes electrodes with high porosity. Our work therefore aimed to answer whether or
not reversible Mg-ion intercalation would be possible in multilayered MXene particles,
with the use of V,CT, and Ti3C,T, MXene, where "T" represents the surface termina-
tions. The main findings from this work are included in Paper I.

As the conclusion from the first paper was that Mg-ion intercalation strongly depend
on the MXene chemistry, and that O-terminated V,CO, stood out as the ideal com-
position, further work was aimed at controlling the mixture of these terminations and
especially reducing the amount of F-terminations on V,CT, MXene. Although several
post-etching methods had previously been reported, such as alkali treatment***! and an-

42-44 none of these had demonstrated controlled removal

nealing in various atmospheres,
of F-terminations from multilayered MXene particles. Due to its theoretical promise, gas
hydrolysation was chosen as a novel method to be assessed. Hence, the second part of
this project was aimed at substituting F-terminations from HF-etched V,CT, MXene by
gas hydrolysation, and subsequently examine its effect on the ion-intercalation properties

of the MXene. The main results related to this part are included in Paper II.

After the successful F removal from the V,CT, MXene, the next goal was to explore gas
hydrolysation on other MXene compositions. Therefore, gas hydrolysation was also per-
formed on the most studied Ti3C, T, MXene, to investigate if similar termination changes
could be obtained for this MXene phase, and how potential changes would change its
electrochemical performance. The results from this work are summarised in Paper III.

At last, in addition to the post-etching method of gas hydrolysis, a F-free etching method
was also investigated to completely avoid the formation of F-terminations. This was

1.,% and consisted of hydrothermal etching in concentrated

based on the work by Li et a
NaOH solutions. In addition to reproducing Li’s results on TizC, T, MXene, our in-
vestigation was expanded to study hydrothermal etching of a number of different MAX

phases. The main findings from this work are presented in Section 4.5.
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2.1 Rechargeable batteries

2.1.1 General introduction
Working principles

Battery cells comprise of several different components, as illustrated in Figure 2.1.40 It
consists of two electrodes (anode and cathode) that may store cations at different elec-
trochemical potentials, an electronically insulating electrolyte to transfer only the cations
between the electrodes and an outer electric circuit to transport electrons in the same di-
rection. The separator is required to prevent contact between the electrodes, as it would
short circuit the cell. Additionally, current collectors are normally employed as a sub-
strate for the electrode materials to ensure mechanical stability of the electrodes and
improve electrical contact between the electrochemical reactions in the electrodes and
the outer circuit. The electrodes usually comprise of three different components, the ac-
tive electrode material, a carbon conductive additive and a binder material to ensure good
contact between the different particles and to the current collector.
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Figure 2.1: Schematic of a charged battery cell demonstrating the transportation of cations and
electrons from the anode to the cathode through the electrolyte and an electrical circuit, respec-
tively, upon discharge.



Chapter 2. Literature review 9

Although all these components are important for the total electrochemical performance of
the cell, the main components governing the cell’s energy storage are the active electrode
materials and the electrolyte. The energy stored is a product of the charges transferred
between the electrodes and the voltage at which these charges are being transported,
where the total charge that can be stored in each electrode is denoted as the electrodes
capacities. As illustrated in Figure 2.2, the open circuit voltage for this charge transfer is
given by the difference in the electrons electrochemical potentials at the two electrodes,
and the greater the separation of the potentials, the higher operating voltage of the cell.
However, in order to prevent unwanted reactions with the electrolyte, it is also necessary
to maintain the electrochemical potentials within the electrolytes stability window. If not,
electrons from the anode would be able to reduce the electrolyte, or the lower potential
at the cathode would cause an oxidation of the electrolyte.*” To maximise the operating
voltage of a battery cell one would therefore need an electrolyte with a high stability
window, combined with two electrode materials that fully exploits this large stability
window. To further maximise the energy density of the cell, the gravimetric and volu-
metric capacities (mAh/kg and mAh/L) of the electrode materials must be maximised, in
addition to minimising the mass and volume of all the additional cell components.
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Figure 2.2: Schematic of the electrochemical potentials of electrons in the anode (t4) and the
cathode (U¢) resulting in the open circuit voltage of the cell (Voc¢), in addition to the stability
window of the electrolyte (E,).
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What distinguishes rechargeable batteries from their non-rechargeable counterparts is the
possibility of reversing the electrochemical reactions by applying a reversed voltage. By
forcing the electrons and cations back to the anode, and to a higher electrochemical poten-
tial, one can restore the initial energy in the battery. As small overpotentials are required
for the electrochemical reactions to occur, the energy required to charge a battery is al-
ways higher than the energy that can be withdrawn upon discharge. These overpotentials
also relate to the power densities of the cells, as high overpotentials can cause reduced
operating voltages and/or unwanted side reactions with the electrolyte. Furthermore, if
these reactions were to be 100 % reversible and no side reactions were to occur, these
cells would be able to cycle endlessly. However, as this is usually not the case, most cells
have a limited cycle life. Due to degradation without cycling as well, batteries also have
a limited calendar life.

In addition to the already mentioned battery performance parameters, there are several
more factors that are important when evaluating battery cells. One of the most important
specifications in our market based economy is related to the cost of the cells, which is
usually given in $/kWh. Moreover, with an increased focus on sustainability in today’s
society, the use of environmentally benign and recyclable materials is highly sought.
Regarding sustainability, there is also a need for increased safety, both during production
of the battery cells, as well as upon utilisation. One of the most relevant examples
is the challenge of most electrolytes for high energy battery chemistries being highly
flammable, making these cells inapplicable for various applications. A summary of the
most important parameters for battery cell evaluation is given in the list below.

[

. Energy density (Wh/L and Wh/kg)
2. Cost ($/kWh)

3. Power density (W/L and W/kg)

4. Sustainability/recyclability
5. Safety

6. Cycle life and calendar life
7. Energy efficiency

8. Self discharge

9. Temperature stability
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Historical development

Alessandro Volta demonstrated the first battery cell in 1800.*® Since then, it took 59
years until Gaston Planté reported on the first rechargeable battery, which was based on
a lead acid chemistry.*” Even though being the oldest rechargeable battery chemistry,
lead acid batteries have constituted more than half of the market for rechargeable batter-
ies until 2018 as they have been used for start ignitions in cars, trucks and boats etc."
Nonetheless, although lead acid batteries perform well for a lot of the above-mentioned
parameters, their energy density is too low for energy storage in a lot of portable applica-
tions. In 1899, Waldemar Jungner invented the nickel-cadmium battery, which resulted
in significantly increased energy densities and would end up dominating the high energy-
density market for almost a century. It was not until the introduction of nickel-metal
hydride (Ni-MH) and LiBs around 1990, that a similar improvement in energy density
was achieved.* Since then, these battery chemistries have been used for a range of dif-
ferent portable electronic applications. As LiBs have demonstrated the highest energy
density of all battery chemistries so far, it has played a pivotal role in the development of
EVs, and is now dominating the market for rechargeable batteries.®" A comparison of
the energy densities from the different battery chemistries is illustrated in Figure 2.3.
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Figure 2.3: Comparison of cell energy densities for different rechargeable battery chemistries.
Reproduced from Ref?!.
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2.1.2 Lithium-ion batteries (LiBs)

Introduction

Rechargeable Li batteries have always been an interesting chemistry for high energy ap-
plications, due to the low reduction potential and light weight of Li. However, due to the
formation of detrimental morphologies upon plating and stripping of Li metal, alterna-
tive anode materials were required for the Li chemistry to work for prolonged cycling.®
As these electrode materials were based on the transfer of Li-ions, these chemistries
were referred to as Li-ion batteries. Considering most electrolytes decompose in contact
with electrodes operating at a similar potential as Li metal, LiBs faced severe challenges
in its early stages. The commercialisation of the Li-ion battery therefore relied on the
formation of a Li-permeable solid electrolyte interphase (SEI) with a low electronic con-
ductivity, which then enabled continued cycling while preventing further decomposition
of the electrolyte.® The stable SEI layer formed by the reductive decomposition of ethye-
lene carbonate (EC) based electrolytes also allowed the use of graphite anodes, as it
prevented delamination of graphene flakes upon Li-intercalation, which was previously
a problem for propylene carbonate (PC) based electrolytes. > Although the combina-
tion of graphite anodes with high-voltage layered oxides have enabled the high energy
density of LiBs, extensive research has been applied to further optimise the performance
of LiBs.” In the upcoming sections, short reviews of relevant electrolytes and electrode
materials will be given, starting off with the anode and cathode materials. Before that,
ideal properties for both electrode materials are summarised as follows:

1. Reversibly react with Li

2. Have high capacity for Li-ions

3. React with Li at a high/low voltage for cathode/anode

4. Show fast reactions with Li (for high power density)

5. Possess sufficiently high electrical conductivity

6. Remain structurally stable upon lithiation and delithiation
7. Based on low cost materials and scalable synthesis methods

8. Based on environmentally benign materials



Chapter 2. Literature review 13

Anode materials

As stated by Winter et al.,® the "Holy Grail" of LiB research has been related to en-
abling the use of Li metal anodes, as it possesses the maximum capacity and minimum
reduction potential possible for any LiB anode material. To overcome the challenges of
dendritic growth upon cycling, a lot of research is directed towards the use of solid state
electrolytes.>* However, with the implementation of solid electrolytes, the immense vol-
ume change of the Li metal anode causes new challenges related to the contact between
the anode and the electrolyte. For common electrolytes the volume change also causes
an extended SEI formation, which leads to significant capacity decay.> Therefore, the
quest for the "Holy Grail" still remains unsolved, causing the industry to utilise other an-
ode materials that enable stable and safe cycling. In addition to the plating and stripping
of Li metal, LiB electrode materials are usually classified into intercalation, alloying and
conversion types based on their reaction mechanism.

After being one of the first commercial anode materials, intercalation based graphite still
remains the most used anode material, due to its reliable insertion of Li-ions at a low volt-
age of 0.1 V and its reasonably high capacity of 372 mAh/g.®>> Combined with the com-
monly lithiated cathode materials, graphite can be implemented in its delithiated state,
which also simplifies the production of the cells. However, in search for higher energy
densities and more stable performance, other anode materials are also being investigated.

In Table 2.1, a comparison of relevant properties for some of the most studied anode mate-
rials is presented. Although other alloying materials (e.g. SiO,, Sn, and Ge) have shown
promising results,®' Si has received most attention due to its high theoretical capacity,
relatively low delithiation voltage, high chemical stability and natural abundance.>’->?-%!
Although the delithiated specific capacity of 3579 mAh/g makes it comparable to the

metal anode, this is somewhat misleading, as the theoretical capacity of metal anodes is

Table 2.1: Properties for common anode materials for Li-ion batteries. The theoretical specific ca-
pacities and volume changes are based on the mass and volume of delithiated non-metal electrode
materials. For Li metal, it is based on a lithiated electrode with zero excess Li.

Anode Type Lithiated Voltage Capacity Volume
material comp. [Vvs. Li/Lit] [mAh/g] change [%]
Limetal®®  Plating and Li 0 3861 100
Stripping
Graphite’>’ Intercalation  LiCg 0.1 372 10
Si>7=? Alloying Li;5Sig 0.4 3579 270

LTO>7-00 Intercalation Li;TisOqp 1.6 175 0.2
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usually referred to its lithiated state, or by utilisation of 100 % excess Li. Nonetheless,
even with a lithiated specific capacity of 1857 mAh/g, Si anodes still demonstrate more
than a 5 times increase compared to graphite, and almost half of the optimal Li metal
anode. Even though the voltage is slightly higher than for graphite (0.4 V vs. 0.1 V), the
high capacity of Si has the potential to significantly increase the energy density of LiBs.
The major problem hampering the implementation of Si anodes relates to the enormous
volume change during lithiation (270 %), that leads to particle pulverisation, disintegra-
tion of the electrode, increased SEI formation and loss of electrical contact, which again
limits the cycle life of LiBs with Si anodes.*®>° To restrict this volume change, utilisa-
tion of a graphite/Si mixture is one of the most likely improvements for near future high

energy LiBs. "

Another interesting anode material is the intercalation-based LisTisO;, (LTO) spinel
structure. Compared to the other materials, the main advantages of LTOs are increased
cycle life and thermal stability, in addition to higher energy efficiency and rate-capability
(faster reactions with Li).>”-%%%3 These improvements mostly originates from the "zero-
strain" intercalation, as demonstrated by the 0.2 % volume change, and the lack of SEI
formation upon reacting at a a voltage within the stability window of normal electrolytes
(1.6 V). However, due to this high operating voltage and the low capacity of 175 mAh/g,
LTO anodes result in the lowest energy density of these electrode materials.

Cathode materials

Compared to the anodes, there has been a larger variation in utilised cathode materi-
als over the last 30 years, where some of the most important ones are listed in Table
2.2.837.64 Since Goodenough demonstrated the high voltages of layered oxides in 1980
(Figure 2.4a),% LiCoO, (LCO) has remained as one of the best performing cathode
materials for high energy LiBs, with an operating voltage of 4.0 V and a practical ca-
pacity of around 140 mAh/g.%%% . Still, as only ~50 % of the theoretical capacity of

66 other cathode

274 mAh/g can be reversibly intercalated without structural instability,
materials with higher capacities have enabled further improvement in the energy density
of modern LiBs. The transition away from LCO cathodes has also been linked with the
political and economical challenges related to the use of Co.'*!> As an example, lay-
ered LiMn,04 (LMO) has demonstrated similar performance to LCO, without the need
for Co.%” However, as LMO electrodes display no improvements in energy density and
increased capacity fading upon cycling due to i.e. Mn dissolution in the electrolyte,>”-%’

other materials have attracted more attention in recent years.
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Table 2.2: Overview of properties for a selection of relevant cathode materials for Li-ion batteries,
including average voltages and commonly obtained specific capacities. Except for S, the specific
capacities are based on the mass of lithiated compositions.

Type Abbrev- Lithiated Voltage Capacity  Ref.
iation composition [V vs. Li/Lit] [mAh/g]

Intercalation ~ LCO LiCoO, 4.0 ~140 57,66

LMO LiMn, 04 4.0 ~130 57,67

NMC  LiNi;Mn;Co,0, 3.9 ~150-200 3768

LFP LiFePOy 3.5 170%* 57,69

LNMO  LiMn; 5Nip 504 4.7 147% 37,70

Conversion S Li,S 2.2 1672% 771

*Theoretical

One of the best-performing cathode materials today are the layered LiNi,Mn,Co,O,
(NMC) structures that comprise a mixture of transition metals.”® The initial compo-
sition with a Ni:Mn:Co ratio of 1:1:1 (NMC111) was able to deliver a stable capacity of
around 150 mAh/g at an average voltage of around 3.9 V.”? By increasing the Ni content,
the capacity has been improved to around 200 mAh/g for NMC811 (80 % Ni), mak-
ing it the ideal electrode for high-energy applications.”%>73 Additionally, the increased
Ni content reduces the need for Co. However, as the increased Ni content reduces the
thermal and cycling stability of the cathodes, it is uncertain whether or not further Co re-
duction can be obtained for practical NMC cathodes.® To overcome this challenge and
further improve the performance and cost of NMC cathodes, approaches such as doping
are currently being investigated. ’*7>

Similar to the anode materials, conversion cathodes may deliver capacities that greatly
outperform the intercalation based materials. With a theoretical specific capacity of
1672 mAh/g, sulfur cathodes offer significantly increased capacities compared to the
layered oxides, making Li-S batteries one of the most interesting battery chemistries
for the future.”’’® Nonetheless, due to the low voltage of S relative to Li/Li™ (2.2 V),
the realisation of high energy density requires the utilisation of a Li metal anode for
a sufficiently high practical voltages. A Li metal anode would also ensure enough Li,
as the S cathode is free of Li, unlike most other cathode materials. In addition to the
already discussed challenges with Li metal anodes, Li-S batteries also struggle with the
shuttling of polysulfides that are soluble in common electrolytes.”! If these challenges
are overcome, Li-S batteries would be able to greatly improve the gravimetric energy
density from current LiBs, with the use of abundant and cheap materials.
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Figure 2.4: Crystal structures of layered LCO (a) and olivine LFP (b), together with common
voltage profiles for several intercalation based cathode materials for LiBs. Adapted from Ref>’
under the Creative Commons Licence CC BY-NC-ND 4.0.

Another approach to improve the energy density of LiBs, is by increasing the intercala-
tion voltage. Together with a Co free composition, increased voltage is one of the main
advantages of the spinel LiMn; 5Nig 504 (LNMO) cathode, as it operates at almost 1 V
higher than the layered oxides.>’-’" However, the increased voltage also results in new
challenges, as there are fewer electrolytes that are stable at such high potentials. This
is illustrated in Figure 2.5, where the voltages of the mentioned electrode materials are
marked together with the electrochemical stability window of two electrolyte solvents.®
In order for LNMO, or any other high-voltage cathode, to work at such high voltages ei-
ther new electrolytes will be required, or an improved solid-electrolyte interphase to limit
the electrolyte degradation.”’” Although the relatively low thoretical capacity of LNMO
(< 150 mAh/g) results in a lower energy density than NMC811, the reduced materials
cost and improved sustainability of this material has attracted attention from commercial

companies.’®
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Figure 2.5: Schematic potential diagram illustrating the mismatch between the electrochemical
stabilities of two electrolytes and the redox potentials of most cathode and anode materials used
in modern LiBs. Adapted from Ref®. Copyright ©2018 American Chemical Society.

Considering the cathode material constitute around 20-40 % of the materials costs at cell
level,” significant savings can be achieved by utilising cheaper materials. This is one of
the main reasons why car companies such as Tesla have switched to LFP cathodes for
several of their car models.” LFP is based on an olivine structure of LiFePO4 which
comprise more cheap and abundant materials compared to Ni, Co and Mn, which again
may enable a 10 % cost reduction of the batteries. Y Together with their high thermal
stability, high rate capability and excellent cycling stability, this material has also proven
applicable for other applications than EVs.?”-%° The main drawback of LFP cathodes
relates to the relatively low average voltage of 3.5 V and a poor electric and ionic con-
ductivity, which causes the need for reduced particle sizes and carbon coatings. In total
this results in a significantly lower energy density compared to the high energy NMC
cathodes. %>

Electrolytes

Electrolytes are a key component for functional LiBs, as they govern the (de)solvation of

Li-ions at both electrodes, the ionic transport between them, the electrochemical stability

46

window and what side reactions that can occur.”™ An ideal electrolyte would therefore be

able to hold significant amounts of Li, have a high ionic conductivity with a high cation
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transference number, be electronically insulating, show good contact to the electrodes and
be inert to the other cell components, in addition to remaining stable for a wide tempera-

ture range. 3-8

Although lean amounts of electrolyte are required to achieve high energy
densities,? the use of sustainable, cheap and low flammable electrolytes would also be
ideal properties for commercial LiBs. To achieve this, there are several approaches that

have been explored.

The currently utilised electrolytes in commercial LiBs are based on dissolved Li-salts in
liquid aprotic organic solvents.” Although these electrolytes are unstable towards most of
the cell components, a passivating SEI layer forms upon initial cycling, which prevents
further decomposition and thus allows for continued cycling.®' These stable SEIs have
enabled the utilisation of aprotic organic carbonate solvents such as the cyclic propy-
lene carbonate (PC) and ethylene carbonate (EC), and the linear ethylmetyl carbonate
(EMC), dimethyl carbonate (DMC) and diethyl carbonate (DEC), combined with a LiPFg
salt to constitute the most common electrolytes in today’s LiBs.®> Compared to the lin-
ear carbonates, cyclic carbonates generally possess the highest temperature stability and
the highest dielectric constants (dissolving most Li salts), but also the highest viscos-

81,83

ity, which leads to a poor ionic conductivity. To optimise the electrolyte proper-

ties for specific applications, a mixture of different carbonates is therefore commonly

utilised. 8182

For improved safety of LiBs and the possibility of enabling a Li metal anode, other elec-
trolyte types have been investigated. %+ These include ionic liquids, polymers, solid
state electrolytes (SSE), and a combinations of these. However, although the promise of
these electrolytes is great, they still face significant challenges to outperform current lig-
uid electrolytes. Where high energy densities can be achieved through the utilisation of
metal anodes, this may come at the expense of limited power densities, as high currents
have been shown to result in dendrites even penetrating through inorganic solids.®® In
addition, these electrolytes face significant challenges related to poor ionic conductivity
at low temperatures and bad contact between the electrodes and the electrolytes. Until
these challenges are overcome, liquid organic electrolytes will continue to be used in
most commercial LiBs.
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2.1.3 Rechargeable magnesium batteries (RMBs)

The potential of RMBs

With the need for continued improvements of rechargeable batteries, as well as a diver-
sification of battery chemistries to enable the extensive supply, several new chemistries
stand out as interesting candidates. One of the most studied alternative chemistries to
date are based on Mg-ions. In short, the main motivation for RMBs can be summarised

in three points:
1. Possibility to use Mg metal anode
2. High gravimetric and volumetric capacities of Mg metal anode

3. Natural abundance and low cost of Mg

Although dendritic growth have been demonstrated in some uncommon electrolytes, 87-%

Mg metal is generally known to plate in a non-detrimental way upon cycling. '®37 Unlike
for LiBs, this allows for the use of ideal metal anodes in RMBs. Considering the low
reduction potential of 2.7 V and the high capacity of the metal anode, this may allow
for RMBs with competitive energy densities. As illustrated in Figure 2.6, the reduction
potential of Mg metal anodes is close to the currently used graphite anodes in LiBs,
while the gravimetric and volumetric capacities are around § times higher. Due to the
small size of the Mg-ions, the volumetric capacity of Mg metal is even twice that of Li
metal. Compared to other multivalent chemistries, Mg has an advantageous combination
of reduction potential and capacity to facilitate high energy density batteries.

Another advantage is the natural abundance of Mg, which could enable the production of
cheaper batteries than current LiBs. In numbers, the crustal abundance of Mg is around
1000 times higher compared to Li,'” and the seawater concentration of Mg lies at 1270
ppm (vs. 0.1 ppm for Li).”” The high concentration makes Mg practically extractable
from seawater, enabling global availability of the material, which again facilitates local
security of supply. However, due to the strong dominance of China, that stand for 84 %
of the total Mg production worldwide, Mg is currently considered a critical raw material
within the EU and the US.°"2 Nonetheless, after a drastic cost increase since the start of
2021, lithium carbonate now costs around 70,000 $/ton compared to around 3600 $/ton
for 99.9 % pure magnesium ingots. °*** Even before the cost increase, the price of LiCO3
precursor material was several times higher than for pure Mg metal, demonstrating how
the Mg chemistry shows a great potential for cost reduction compared to current LiBs.
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Figure 2.6: Comparison of the standard reduction potential and gravimetric and volumetric ca-
pacities of various anode materials. Adapted from Ref'® with permission from Nature Energy.

Current challenges

Although RMBs have the potential for high energy density batteries based on cheap ma-
terials, there are still several challenges that need to be faced before the technology can
compete with current LiBs. '® The two most important challenges are listed here:

1. Mg impermeable SEIs — electrolyte must be stable towards Mg metal
2. Sluggish kinetics due to high charge density of divalent Mg-ions

Unlike for LiBs, the SEI film that is formed upon electrolyte decomposition of polar
non-protonic solvents (carbonates, nitriles, esters etc.) does not allow the divalent Mg-
ions to permeate through.”> Hence, RMBs require different electrolytes that are stable
against both the Mg metal anode and a cathode material, which greatly limits the num-
ber of suitable candidates.’® In 1990, Gregory et al. pioneered the work on practical
RMBs with their study on RMB electrolytes based on organomagnesium compounds in
ethers and tertiary amines.®’ These electrolytes demonstrated reversible Mg plating and
stripping, but the study also suggested that the plating compatibility of these electrolytes
comes at the expense of poor Mg-ion dissolution at the cathode. Still, in 2000 Aurbach
et al. were able to demonstrate a practical RMB using an intercalation based Mg, MogSg
chevrel phase cathode (0 < x < 2) and an electrolyte consisting of a Mg organohaloalu-
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minate salt (Mg(AICl,BuEt); in tetrahydrofuran (THF) solvent, which demonstrated re-
versible capacities of above 50 mAh/g at a voltage of ~1.1 V for more than 500 cycles.”’
Several organomagnesium compounds, such as the all-phenyl complex (APC)°® and the
magnesium aluminium chloride complex (MACC)®’, have shown > 99 % reversibility
when combined with solvents such as THF, acetonitrile (AN) and 1,2-dimethoxymethane
(DME). %> However, as the chloride salts results in poor electrochemical stability, due to
corrosion, and high energy barriers for Mg>* dissolution, other salts have also been in-
vestigated. One example is the halogen-free Mg(BHy), salt reported by Mohtadi et al.,
which shows an oxidative stability of around 2 V together with significantly lower Mg
dissociation energies in a DME electrolyte. %’ Another example is the borate magnesium
oxide complex (BMOC), which in DME has demonstrated an anodic stability of up to
4.2 V vs. Mg/Mg?" and an electroactive species of solvated [Mg(DME),, ]>*. ! Still, the
reversibility of these electrolytes remains relatively low, resulting in the need for further
improvements of the electrochemical performance of RMB electrolytes.”>*> Moreover,
the thermal stability and cost of these electrolytes will need to be addressed for use in
commercial cells.

Although the divalency of the Mg-ions is often referred to as advantageous, due to the
possibility of transferring twice the charge per ion, this is not without problems. With
Mg-ions being of similar size to Li-ions (86 pm vs. 90 pm), their divalent nature results
in more than a doubling of the charge density (120 vs. 54 C/mm?). !> This leads to slug-
gish kinetics and very slow migration of Mg-ions in insertion based cathode materials. '*3
Hence, most of the commonly used LiB cathode materials remain inapplicable for RMBs,
and the number of feasible intercalation based cathode materials are reduced. The slow
solid-state diffusion of Mg-ions also makes it difficult to find suitable solid-state elec-
trolytes for RMBs.”> One way to reduce high migration barriers for Mg-ions has been the
utilisation of open structures with the more polarisable sulfides and selenides compared
to oxides. '** However, this comes at the expense of a reduced cell potential, leading to
a limited energy density with such cathode materials. %19 As the intercalation of diva-
lent cations may also require a double change in oxidation state of the host material, the
number of relevant cathode materials are further reduced. As illustrated in Figure 2.7,
one electron transfer is required for the intercalation in most oxide materials, where con-

version reactions dominate for two electron transfer. 10+

Although high voltages may be
obtained, a one electron transfer greatly limits the achievable capacities through interca-
lation. For conversion reactions with Mg-ions, this often leads to kinetic hindrance from
phase transformations, and for some materials even the formation of Mg-impermeable

surfaces preventing continued cycling. '3



22 Chapter 2. Literature review

1 electron transfer 2 electron transfer
. T — o I |ntercalation
o v,
Mg -_' Mg IF'
o, I co: f— fico
by . b
Ca { Ca N5
fivo. e I Vo g
g ............................................................................................. -.“10 .................................
Zn Zn o
0.0 0.5 1.0 3.0 3.5 4.0 -2 -1 2 3 4

1.5 2.0 25 0 1
Voltage (V) Voltage (V)
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Additionally, the high charge density of Mg-ions causes strong interactions both with
electrolyte and electrode materials, leading to significant overpotentials required for suc-
cessful desolvation and solid state diffusion.'®® As an example, the cleavage of the
Mg-Cl bond in THF solvents has been estimated to be > 3 eV.'°® This in turn limits the
achievable current densities and leads to high voltage hysteresis and poor energy efficien-
cies of RMBs compared to modern LiBs. Utilisation of Mg alloy anodes (e.g. Mg>Sn and
Mg3Bi,) have shown to expand the number of applicable electrolytes for RMBs, ' but
they also come at the expense of reduced energy densities and the need for less abundant
elements.”® Although improvements of RMB electrolytes will be required for increased
energy efficiency and cyclability of RMBs, the main limitation to RMBs energy density
currently relates to finding suitable cathode materials that allow for stable Mg reactions at
high voltages combined with high capacities. '*!931% Hence, a short review of the state-
of-the-art RMB cathode materials will be presented, sectioned by the reaction method:
intercalation or conversion.

Intercalation-based cathode materials

In LiBs, intercalation compounds are utilised due to their topotactic intercalation reac-
tions which maintains their structure upon cycling and thereby allows for fast Li-ion dif-
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fusion and good cycling stability.®* However, as already mentioned, the kinetics of Mg
diffusion is significantly hampered by the strong interactions between the divalent Mg-
ions and the host structure. Since the report of Aurbach et al. in 2000,°7 the Mg, MogSg
chevrel phase (0 < x < 2) has remained as one of the best performing cathode materials
due to its good reversibility and intercalation kinetics. '%%!% Due to its 3D open structure,
the polarisable S anions and the delocalised charges inside the S, and MOg clusters, the
Mg-ion migration barrier has been estimated to 360 meV, which is among the lowest
reported for all RMB cathodes. '°*!%° Additionally, it has been found that the presence
of Mo atoms catalyses the desolvation of Mg?* ions from the MgCl complex in the elec-
trolyte, which further lowers the overpotential required for desolvation. % Still, although
it is often reported that MogSg cathodes can deliver thousands of charge-discharge cy-

93104110111 o]y a maximum of 580 cycles has been demonstrated experimentally. °”

cles,
As illustrated in Figure 2.8, the phase holds two distinct sites at which Mg-ions can be lo-
cated, which again results in two voltage plateaus upon cycling. Due to structural changes
at low degree of magnesiation (x < 1), achieving the theoretical capacity of 122 mAh/g
at room temperature has remained challenging. '%* Although extensive research has been
directed towards overcoming this challenge, the operating voltage of ~1.1 V still limits
the theoretical energy density to ~130 Wh/kg. Since this is significantly lower than most
LiB chemistries and state-of-the-art SiBs (> 160 Wh/kg), it gives an explanation to why

Mg, MogSg-based RMBs remain non commercialised. >-'2
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Figure 2.8: Illustration of possible Mg sites in the Mg, MogSg chevrel structure, 0 < x < 2, in
addition to common voltage profiles and cyclic voltammogram (CV) in the inset. Reproduced
from Ref®’ with permission from Springer Nature.
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Although high voltage oxide cathodes would be preferential for an optimal energy den-

sity, practical RMBs utilising such electrodes have yet to be demonstrated. '°+!%> This is

95.113 which entails the need

18

mainly due to the higher migration barriers for Mg-diffusion,
for low current densities and high temperatures in order to achieve notable capacities.
Additionally, irreversible phase transformations upon reacting with Mg have limited the
reversibility of some oxide materials.!'*!!> Co-intercalation of electrolyte components,
such as singly charged MgCl* or hydrated Mg?* ions, have demonstrated improved ki-
netics in some oxides (e.g. layered V,05 and MnO»).!%>!1® However, as this either
would necessitate larger amounts of electrolyte or going away from the Mg metal an-
ode, co-intercalation is not relevant for practical batteries, as it would greatly limit the
achievable energy density of RMBs.

The best performing intercalation-based cathodes so far therefore consist of the softer
chalcogenides (e.g. S, Se and Te), as they allow for faster kinetics.'?® In addition to
the MogSg chevrel phase, 1D (VS !''7:118) layered (TiS, ''”, TiSe, '*° and MoS, '*!) and
spinel (Ti»S4 '%?) structures have demonstrated reversible cycling in RMBs. Although the
reported reversibility (< 100 cycles) and energy efficiency are often low, and the voltage
usually is below 1.5 V, several of these materials have demonstrated significantly higher
capacities than the MogSg phase. Most notable are the VS4 and MoS; phases demon-
strating reversible capacities above 300 mAh/g and 160 mAh/g, at operating voltages
around 1.1 V and 1.9 V, respectively.''”-!'812l The VS, has even demonstrated > 100
mAh/g at a current density of 500 mA/g, demonstrating that its structure can overcome
the challenges of sluggish Mg-ion kinetics. If the reversibility and energy efficiency of
Mg cells using these electrodes can be further improved, they may even be able to result
in a competitive RMB chemistry.

Conversion-based cathode materials

In order to avoid the challenges related to solid-state migration, significant interest has
been directed towards conversion-based cathodes for RMBs. '*?> For the two electron
transfer of Mg, conversion reactions are often thermodynamically favourable,'0>!04
which is previously demonstrated by the oxides in Figure 2.7. The most relevant type
of conversion reaction usually includes a combination reaction of chalcogens (e.g. S'%?,
Se'?* and Te'?) or halogens (e.g. I,'?°), which here is denoted as "X". The general

reaction can then be described as follows: 102

X, +Mg?+ + 2¢~ +— MgX,. .1
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The most studied conversion material is sulfur, which, due to its high theoretical capac-
ity (1675 mAh/g and 3459 mAh/cm?), safety and natural abundance, leaves it as a very
promising candidate for high-energy battery applications. '7:'9%!23:128 Combined with a
metal anode, the Mg-S battery offers a theoretical voltage of 1.7 V, which leads to the-
oretical energy densities that outperforms state-of-the-art LiBs (1700 Wh/kg vs. ~700
Wh/kg, based on electrode materials). 9 Nevertheless, there are still several obstacles that
must be overcome for this battery chemistry to work satisfactory. One of the challenges
with Mg-S batteries is the poor electronic conductivity of S (~ 5- 10730 S/cm) and the
practically insulating S and MgS phases towards ionic conduction of Mg-ions. '?%-139
Therefore, the S cathode requires a conductive network (usually carbon-based) to en-
sure good electronic contact and thereby utilisation of all the cathode material. '>* This
results in additional "dead weight" that limits the practical capacity that can be achieved.
Furthermore, a major challenge for Mg-S batteries relates to the shuttling of polysulfide
intermediates and of the elemental sulfur cathode itself,'®' causing a poor cycle life in
current Mg-S batteries cells. '>* As illustrated in Figure 2.9, the transition from elemen-
tal S to fully magnesiated MgS occurs stepwise through a set of polysulfide chains that
are soluble in common RMB solvents.'?* In order to prevent significant loss of active
material, ways to prevent the polysulfide shuttling are necessary. An example is the use
of S containing compounds, which has been able to mitigate the capacity loss upon cy-
cling.'*? In general, the development of improved RMB electrolytes that are compatible
with both the Mg metal anode and the S cathode, will play an essential role.
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Figure 2.9: Schematic of common voltage profile for Mg-S battery, indicating the Mgy S stages
between elemental S and formation of MgS. Reproduced from Ref'>’. Copyright ©2019 Amer-
ican Chemical Society.
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Organic cathodes have also demonstrated interesting properties for RMBs. '33-13¢ With
flexible structures and rotational bonds, these compounds can facilitate for charge distri-
bution and improved Mg migration pathways. While several of the organic compounds
struggle with similar dissolution problems as the Mg-S batteries, Pan et al. reported on
various polyanthraquinone-based (PAQ) cathodes with reduced solubility, enabling stable
1000 cycles with a capacity retention > 80 %.'>> When cycled with a current density of
130 mA/g, a capacity of ~110 mAh/g, at an average voltage of ~1.4 V, was demonstrated
for the 1,4-polyanthraquinone (14PAQ) cathode. This is among the best performances of
RMB cathodes so far, and even outperforms the MogSg phase. Based on the higher
theoretical voltages and capacities of other organic compounds, '** the development of
organic cathode materials will definitively be of interest for the future of RMBs.

Comparison

Dominko et al. have compared the theoretical energy densities that can be achieved for
RMB cells with some of the most promising cathode materials to date, as illustrated in
Figure 2.10.'% In addition, they also included a hypothetical 3 V oxide cathode deliver-
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Figure 2.10: Prediction of potential energy densities that can be achieved at cell level by combin-
ing a Mg metal anode in 50 % excess with various cathode materials. Adapted from Ref!% with
permission from Elsevier.
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ing a capacity of 150 mAh/g. The values are calculated based on a classical LiB pouch
cell stack, where they have included the mass and volume of all cell components except
the cell casing. They also utilised a 50 % excess of the Mg metal anode, as a security
margin. The figure demonstrates how significant improvements in gravimetric and vol-
umetric energy densities can be achieved for RMBs. This remaining potential justifies
the interest in continued research on the RMB technology as it unequivocally has the
potential to compete with the energy densities of current LiBs. Nonetheless, significant
improvements on the reversibility of these cathode chemistries will be required before
practical RMBs can be realised. Together with improved cathodes, the RMB technology
also greatly relies on the development of suitable electrolytes that allow for reversible
stripping/plating of Mg without any side-reactions, combined with low (de)solvation en-
ergies to minimise the energy loss upon cycling.
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2.2 MXenes

2.2.1 Introduction
What are MXenes?

MXenes are a family of two-dimensional (2D) transition metal carbides and nitrides that

are formed by the selective exfoliation of their layered precursor. '’

Their name orig-
inates from the parent MAX phase, which consists of transition metals (M) and car-
bon/nitrogen (X) in a layered structure, separated by layers of A-elements (e.g. Al, Si,
Ga). Due to the weaker bond strength of A-M bonds compared to M-X bonds, selective
removal of the A-layer can be achieved, leaving only the "MX" layers, as illustrated
in Figure 2.11.'%®% To emphasise the 2D nature resembling graphene, the family was
therefore denoted as "MXenes" (pronounced "max-eens"). 3140 Based on the chemi-
cal variability of MAX phases, as well as the successful synthesis from other precursor
materials, more than 30 different MXene compositions have been experimentally verified
so far, '*! and many more are theoretically predicted. '*> A summary of MXene structures

and stoichiometries that have been experimentally verified is given in Figure 2.12.

Similar to the MAX phases, MXenes comprise a hexagonal close-packed (hcp) crystal
structure with a P63/mmc space group symmetry.”! As illustrated in Figure 2.12a, the M
atoms are close-packed with the X atoms located in octahedral sites in between the atomic
M planes. The MX-layer generally shows a stoichiometry of M,,;1X,,, where n can vary
from 1 to 4, leading to MXene sheets of varying thickness (Figure 2.12b). Additionally,
some ternary MXenes (denoted "(M,M’),.+1X,") and transition metal deficient MXenes
("My4/3X,") have been successfully synthesised using precursors with mixed transition

MAX phase MXene

Figure 2.11: Schematic of the general synthesis of MXene from a parent MAX phase, highlight-
ing the 2D nature of MXenes.
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Figure 2.12: Diversity of MXene structures and compositions. (a) Projection representation of
M;X MXene from various crystallographic directions. (b) MXene thicknesses (M,,+1X,,) experi-
mentally verified. (c) Mixed MXene structures including transition metal mixtures and vacancies.
(d) Periodic table demonstrating the experimentally confirmed MXene compositions, including
A-elements for MAX phases and termination groups (T) on the MXene surfaces. The termina-
tion groups are not included in the structural representation in (a-c). Reproduced with permission
from Ref'*3. Copyright (©)2021 American Chemical Society.

metals (Figure 2.12¢). #1143 Combined with the formation of surface termination groups
upon exfoliation, denoted "T" (usually O, OH, F, Cl), with a varying coverage "x", the
possible compositional variations of M, X, T,, MXene becomes substantial. 144 This is
one of several reasons why the research field of MXenes has grown exponentially since

its discovery in 2011, %14
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Synthesis and delamination

To synthesise MXenes, the M-A bond has to be broken without damaging the M-X bond.

Whereas mechanical exfoliation (e.g. scotch tape and ball milling) has been used to pro-

146,147 mechanical force has not been

duce several other 2D materials, such as graphene,
able to break the M-A bonds in MXenes. '*® Instead, MXenes are generally produced
by a wet chemical etching method which selectively removes the layer of A-elements
from the precursor material (Figure 2.11), where the most common A-element is Al '3
So far, the most reported etching solutions are based on either aqueous HF solutions
or acidic solutions of F-salts causing the formation of HF in-situ.'#>-!3° Exfoliation has
also been achieved by other etching methods, including electrochemical etching in ba-

152 153

sic'>! and acidic '>? solutions, anhydrous halogen solutions, > hydrothermal reaction in

highly concentrated HCI and NaOH, *>'>* and molten salt reactions in Lewis acids '>>!°,
However, the degree of experimental simplicity and MXene quality differs significantly
between the different methods. While this section will focus on the HF-related etching
methods, the latter two etching methods will be discussed further in Section 2.2.4. The

general reaction describing the exfoliation from HF containing solutions is given by: 3"

M,,+1AIC, +3HF — M, 1C,, + AlF; + 3/2H2 T 2.2)

Furthermore, this etching method results in a mixture of surface terminations (O, OH and
F), which are formed by the following reactions:

My11Cn + 2HF — M4 1CoF + Hy 1 2.3)
M,;+1C, +2H20 — M1 C,,(OH), + Hy 2.4)
M,+1C, +2H0 — M,,11C,02 +2H 1 (2.5)

Even though the Al layer is removed upon etching MAX phases in HF acids, the particles
generally remain in multilayered stacks, held together by weak van der Waals forces. '
However, due to the volume expansion upon gas formation, some MXenes partly de-
laminate into accordion-like morphologies, as illustrated in Figure 2.13a. Figure 2.13a
also demonstrates how the delamination of single-layered MXene sheets can be obtained
by intercalation followed by shaking or similar force-inducing methods (e.g. sonica-
tion). Due to the negative surface potential of the MXene sheets, '*! both small metal

cations (e.g. Li™) and large organic cations (e.g. tetrabutylammonium/TBA ™)) have been
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Figure 2.13: (a) Delamination process of MXenes, going from multilayered MXene powder to an
aqueous dispersion of delaminated MXene flakes. Reproduced from Ref !> with permission from
the Royal Society of Chemistry. (b) Large-scale film of delaminated Ti3C,T, MXene. Adapted
from Ref % with permission from John Wiley and Sons.

demonstrated to spontaneously intercalate the MXene sheets upon dispersion in aqueous
solutions.'*? In addition, MXenes have been found to intercalate various amounts of

157 which for some compositions has resulted in claylike rheological

water molecules,
behaviour. °® In total this intercalation causes a swelling of the MXene structure and a
weakening of the van der Waals forces, which for some compositions is sufficient to re-
sult in delamination.* Due to the hydrophilic nature of the MXenes, colloidal solutions
of delaminated MXene flakes remain stable in both aqueous and organic solvents, which
greatly simplifies the processing possibilities. '*>!3%1%0 Upon vacuum filtration of these
solutions, free-standing MXene films can be formed, and by various coating, casting and

printing methods, films with controlled thicknesses can be produced. '*!

Although 2D materials are often described as "wonder materials", their commercial util-
isation is usually restrained by the limited scalability of current synthesis methods. '¢'-162
As the synthesis of MXene is based on a top-down approach through scalable methods,
it potentially enables large-scale production.'®® Currently, large-scale synthesis of both
the Ti3 AIC; MAX phase ' and the Ti3C,T, MXene '® have been demonstrated without
affecting the properties of the products. Furthermore, large-scale MXene films have been
demonstrated by blade coating, as shown in Figure 2.13b.'% In total, this demonstrates
the scalability potential of MXene synthesis, which again makes it a very promising 2D

material for utilisation in commercial applications.
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2.2.2 Properties and applications

General

In addition to the scalability potential of MXene synthesis, there are several properties
that make this material family interesting for a range of different applications. In 2019,
Anasori et al. summarised the research on MXenes in a pie chart based on number of
publications for different applications (Figure 2.14).'4> The pie chart also indicates the
approximate initiation of each MXene-application, demonstrating a continuous develop-
ment of new application areas during the first 8 years of research on MXenes. Although
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Figure 2.14: Explored properties and applications of MXenes until 2019. The centre pie chart
indicates the ratio of total publications per topic, where the year roughly represents the time of
initiation. The outer pie chart shows the ratio of publications on the Ti3C,T, MXene versus all
other compositions. Reprinted from Ref!'*> with permission from Springer Nature ©)(2019).
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the pie chart may look different in 2022, after a doubling of MXene publications since
then (from Web of science), the figure still gives a good indication on the many possibil-
ities that MXenes have enabled.

One of the reasons for the expanding research on MXene relates to the tunability of the
MXenes, as most of their electrical, optical, thermal, (electro)chemical and mechani-
cal properties greatly depend on the structure and composition of the MXene. '#!-17 For
instance, whereas some MXene compositions (e.g. TizC,T,) are found to be metallic,
others (e.g. Mo,CT, and V,CT,) display a semiconductor-like behaviour. '°*1% As the
electronic properties also change with the presence of intercalants and the surface termi-

nations of the MXenes, !70-171

this demonstrates the great span of tunable factors. Gen-
erally, most MXenes demonstrate high electronic conductivities,'’> where 20 000 S/cm
for Ti3C, T, films is among the highest conductivities measured for solution-processed
nanomaterials to date.'”® This has also proven MXenes as the best material for elec-
tromagnetic interference shielding and antenna applications.'’* Additionally, although
the study of MXenes’ mechanical properties is limited, single-layer TizC, T, has demon-
strated a Young’s modulus of 330 + 30 GPa, making it one of the strongest 2D materials

known to date. '4>-173

While the potential of chemical tunability is enormous, most of the research on MXenes
is based on the Ti3C,T, composition, as demonstrated by the outermost pie chart in
Figure 2.14. As the Nb,CT, phase has even demonstrated superconductivity,'> and

176

with the prediction of even higher conductivities for nitride-based MXenes, > we are

likely far away from discovering all the possibilities that MXenes might offer.

2.2.3 MXenes for energy storage

Figure 2.14 demonstrates how energy storage has been the most studied application area
for MXenes. The high electronic conductivity and the 2D nature of MXenes has made
them interesting candidates for electrochemical capacitor electrodes due their high sur-
face area, as well as for intercalation-based electrodes in supercapacitors and recharge-
able batteries.!”"'" In aqueous solutions MXenes show primarily a double-layer ca-
pacitive behaviour. |8 However, with the intercalation of protons in acidic solutions it
becomes pseudocapacitive, '** leading to ultrahigh capacitance values of 400 F/g and
1500 F/cm?® at 10 ms charge/discharge cycles for Ti3C,T, MXene.'®! This has made it
one of the best supercapacitor materials to date, surpassing the currently used porous
carbon electrodes exhibiting values at 150-200 F/g and 50-100 F/cm?.'”® However, with
the limited electrochemical stability window of aqueous electrolytes, which may be fur-
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ther compromised by the catalytic effect of MXenes for water splitting, '>!%3 the energy
density that can be obtained from these supercapacitors is still limited.!”® Even though
the voltage window has been improved with non-aqueous electrolytes, the energy density
remained low. '’® This is assumed to originate from the lack of protons, which is found to
be the main contributor to the pseudocapacitive charge transfer through faradaic reactions

with the oxygen surface terminations: '%"

TizC20, +2H 4+ 2xe™ = Ti3C205(1 ) (OH), + 2(1—x)H* (2.6)

where x is the surface H coverage on the MXene. In aqueous solutions, high capacitances
(~70 F/cm?) have also been achieved in non-acidic solutions of Na*, K™, Mg?* and A’
ions, demonstrating the possibility to reversibly intercalate several cations of various

charged states. '%*

For high-energy applications, MXenes have also been extensively investigated as bat-
tery electrodes in non-aqueous electrolytes, where Naguib et al. first reported on the use
of Ti,CT, in LiBs back in 2012.% Since then, MXenes have been reported for a range
of different battery chemistries based on the intercalation of Li*,?* Na*, 1857 K+ 25186
Mg?+,3739 Zn2+ 187-189 and AI**.%6 Similar to faradaic charge transfer in protic solu-
tions, the intercalation of these cations has generally demonstrated a pseudocapacitive
behaviour with sloped voltage profiles, as schematically illustrated in Figure 2.15.'7°
This has led to generally low average voltages (<1.5 V), which usually has made them
most applicable as anode materials in e.g. LiBs. Additionally, anion intercalation has
also been investigated, but found unlikely due to the negatively charged surfaces of the
MXene layers.'”’ The performance of MXene electrodes for LiBs and RMBs will be

discussed later in Section 2.2.3.

Due to the combination of high electronic conductivity and chemically active surface
sites, MXenes have also been extensively applied in various electrode heterostruc-
tures. > Due to the facile mixing of delaminated MXenes with other dispersions,
various 3D architectures have been achieved using MXenes as a conductive and
mechanically stable skeleton. !”> Most notable is probably the utilisation of MXenes in
Li-S batteries, where the MXene is used to chemically adsorb polysulfides, and thereby
improve the cycle life of Li-S batteries.'** In recent years, a similar effect has also
been demonstrated in Mg-S batteries. '*>1° With respect to facilitating practical Li-S
batteries, the high surface area of MXene films with lithiophilic nucleation sites have
been reported to prevent the growth of Li-dendrites, which might enable practical use of

the Li metal anode. 197198
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Figure 2.15: Schematic cyclic voltammograms (a, b, d, e, g, h) and galvanostatic discharge curves
(c, 1, 1) of various kinds of energy-storage materials. (a, c) Show a purely capacitive contribution,
whereas (b, d, e, f) represent various types of pseudocapacitive materials (incl. MXenes). (g, h,
i) Display common faradaic behaviour which is usually observed in batteries. Reproduced with
permission from Ref'°!. Copyright (©2018 American Chemical Society.

Multilayered particles vs. delaminated MXene films

Electrodes based on delaminated MXene films have displayed significantly higher gravi-
metric capacities compared to those based on multilayered particles, and even exceeds the
theoretically predicted capacities calculated for one cation per formula unit.**'%* Never-
theless, these delaminated MXene electrodes face significant challenges with respect to
achieving high areal capacities (mAh/cm?), which currently leaves them uncompetitive
as energy dense electrode materials. This is due to a high porosity of the delaminated
films and/or a reduced accessibility of cation sites upon increasing the film thickness.
Since the MXene layers commonly restack horizontally, as illustrated in Figure 2.16, this
leads to a slow vertical ion transport in the MXene films, which causes a significant ca-
pacity loss upon increasing the film thickness beyond a few microns.'* To overcome
this problem, Xia et al. demonstrated a method to vertically align Ti3C, Ty sheets and
thereby allow for nearly thickness independent electrode performances in aqueous su-
percapacitors. By mechanical shearing of surfactant bonded MXene sheets mixed with
carbon nanotubes, they were able to form 200 um thick films that could deliver an areal
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Figure 2.16: Comparison of multilayer particles and restacked films of delaminated TizC,T,
MXene. (a) Shows a top view of a delaminated film. Reproduced from Ref'®> under the Creative
Commons Licence CC BY 4.0. (b) Displays side-view of a delaminated film. Reproduced from
Ref?%! with permission from the Royal Society of Chemistry. (c) Schematic of the ion transport
in restacked MXene sheets. Adapted from Ref'?°. Copyright ©2018 Springer Nature. (d) SEM
and TEM image of a multilayered particle illustrating ion-intercalation. Adapted from Paper III,
which is accepted at the Elsevier Journal FlatChem.

capacitance of 0.6 F/cm? while retaining a gravimetric capacitance of around 200 F/g (per
mass of MXene). > However, due to the high porosity of these electrodes, the volumetric
capacitance was only 30 F/cm?, which is less than half the capacitance of current carbon-
based electrodes. '’® To fully optimise the energy density of MXene electrodes, intercala-
tion into multilayered particles may therefore be necessary, as illustrated in Figure 2.16d.
In addition to facilitating simple implementation in common electrode manufacturing
procedures, multilayered particles would also limit the porosity of the electrodes and
thereby allow for enhanced volumetric capacities. As an example, Prenger et al. recently
demonstrated a 10-fold increase in areal capacitance (5.7 F/cm?) of multilayered TizC, T,
particles compared to the delaminated counterpart in their study of aqueous supercapaci-
tors.”% This was achieved by cation pre-intercalation of the multilayered particles, which
increased both the interlayer spacing between the MXene layers and the oxidation state
of the Ti-atoms.
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MXenes electrodes for Li and Mg batteries

Figure 2.17 illustrates the electrochemical performance of two MXene compositions for
LiBs. First of all, it shows how Ti,CT, demonstrates a higher capacity than the TizC, T,
phase with an extra set of MX elements per MXene sheet. Additionally, it demonstrates
how the gravimetric capacities for delaminated MXene films are significantly higher than
for the multilayered particles. To date, the highest capacity obtained for multilayered
MXene particles have been demonstrated for attrition milled V,CTy, which showed a
reversible capacity of ~280 mAh/g at 1C.?* The pseudocapacitive-behaviour upon Li-
insertion, as demonstrated by the semi-rectangular CV curves in Figure 2.17b, results in
an average voltage of around 1 V. With such a high operating voltage, combined with
a relatively low capacity, MXene particles are currently not competitive with modern
graphite anodes with respect to energy density. However, one of the main advantages
for MXene electrodes is their great rate performance, as illustrated in Figure 2.17a. As
the multilayered Ti,CT, MXene is able to deliver around 50 % of the initial capacity
at a high current density of 5 A/g (~20 C), this shows a significantly improved rate-
performance compared to current graphite anodes. >?%> This feature may enable the use
of MXene electrodes for high-power battery chemistries and has also made MXenes in-

teresting electrode materials for Lithium-ion capacitors. >3
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Figure 2.17: Electrochemical performance of two MXene compositions in LiBs, where (a) shows
a comparison of the rate-capability of multilayered ("m-") and few-layered/delaminated ("f-")
Ti3C; and TioC MXene, and (b) shows the three first CV cycles of multilayered Ti3C,. Adapted
from Ref '%*. Copyright (©)2021 American Chemical Society.
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Furthermore, several DFT screenings have demonstrated a great potential for Mg-ion
storage in MXenes, with theoretical capacities > 400 mAh/g and voltages ranging from
-0.8 Vto 1.2 V vs. Mg/Mg®*.?"-?8 Due to the reasonably high average voltages and the
desire to use a Mg metal anode, MXenes are most relevant as cathode material for RMBs.
Despite the potential, there are only three articles to date that report experimental studies
on MXenes as RMB electrodes.*’° With the APC-THF electrolyte, they all demon-
strated close to zero capacities with the pristine multilayered TizC, T, particles, as illus-
trated in Figure 2.18a. However, by various modifications of the MXene, they were able
to demonstrate reversible capacities of > 50 mAh/g (Figure 2.18b and c). All three reports
used the intercalation of large organic cations, such as cetyltrimethylammonium (CTA™),
which resulted in an interlayer spacing around 15 A. This is approximately 50 % higher
than what is commonly observed for non-intercalated Ti3C,T,, demonstrating a signifi-
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Figure 2.18: Overview of the MXene cathodes reported for RMBs. (a, b) Show voltage profiles
for multilayered Ti3C,Tx particles and delaminated TizC,Tx films intercalated by cetyltrimethy-
lammonium cations (CTA™), respectively. Reproduced from Ref?8. Copyright ©2018 American
Chemical Society. (c, d) Display voltage profile and cross section SEM image of macroporous
electrodes. Adapted from Ref!'3!. Copyright ©2019 American Chemical Society. (e) Shows a
SEM image of the sandwich composite between Ti3C,Tx and carbon nanospheres. Reproduced
from Ref?” with permission from the Royal Society of Chemistry.
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cant expansion of the MXene structure. "> One study reported on a sandwich-composite
with carbon nanospheres (Figure 2.18¢),>” while the other investigations utilised delami-
nated MXenes with various degrees of porosity.>’*® Zhao et al. even demonstrated a ~90
% porosity of their electrodes after depositing the delaminated MXene around spherical
polymer particles which were subsequently burned away at elevated temperatures (Fig-
ure 2.18d). Prior to cycling, these electrodes were also soaked in APC-THF electrolyte,
leading to pre-intercalation of Mg and other electrolyte components. This resulted in sig-
nificant charge/discharge plateaus (Figure 2.18c¢), in contrast to the sloped voltage curves
observed in the other studies (Figure 2.18b). These plateaus were ascribed to the interca-
lation of entire salt molecules - RMgCl, where R = phenyl - based on EDS measurements
of electrodes at different state of charge/discharge.

The best electrochemical performance of these electrodes was demonstrated by the sand-
wich composite of MXene and carbon nanospheres, as reported by Liu et al.>* It was
able to deliver a prolonged capacity of 150 mAh/g at a current density of 50 mA/g for
400 cycles, with an average voltage around 0.7 V. However, as these capacities were
based only on the mass of the MXene material, and with low loadings around 2 mg/cm?,
the reproducibility of this work remains uncertain. Hence, verification would be required
to fully establish the potential of this composite electrode. Apart from slightly lower spe-
cific capacities, the delaminated Ti3C, T, electrodes reported by Xu et al. demonstrated
comparable performance with similarly sloped voltage profiles (Figure 2.18b). However,
the exact storage mechanism for both of these MXene electrodes is not clear and would
need to be further elucidated. Although they report on lower migration barriers for Mg>*
ions in Ti3C, Ty pre-intercalated with cetyltrimethylammonium cations (CTA),383 the
large interlayer spacings could also facilitate the intercalation of singly charged MgC1+
ions or solvent molecules that shield the double charge of the Mg-ions. With high surface
areas of 103.8 m?/g and 46.4 m?/g, the capacitive contribution is also shown to be > 50
% in both studies, indicating mostly surface reactions. The true nature of the changes
in interlayer spacing observed upon charge/discharge of these electrodes, is therefore not
trivial. As opposed to cations like Li* and Na™,?04-2% there has currently been no clear
evidence for the intercalation of desolvated Mg+ ions.

Additionally, there have also been some reports on combining a Mg metal anode with Li-

36,207 However,

insertion in MXene, which is usually denoted as Mg-Li hybrid batteries.
as these hybrid batteries are based on Mg- and Li-ion storage in the electrolyte, their

feasibility for practical batteries with lean electrolytes is very limited.
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2.2.4 Termination control
Motivation

In order to optimise the intercalation properties of MXenes, it is essential to control
the local environment in which the ions are moving. One option is by intercalation
of specific cations to increase the interlayer spacing and change the possible migration
pathways. This was illustrated by the reduced migration barriers for Mg-ions in CTA™
pre-intercalated Ti3C, T, MXene, as discussed in the last part of Section 2.2.3. Another
approach to adjust the local electrochemical environment is by controlling the termina-
tion groups that reside on the surface of the 2D MXene sheets, as these terminations
are the contact point between the intercalating ion and the MXene. DFT calculations
have shown that the termination groups greatly affect the intercalating voltage and the
ion migration barriers, as well as the possible side reactions that can take place. Al-
ready in 2012, Tang et al. demonstrated high migration barriers and low capacities for
Li-ions in F- and OH-terminated TizC,T, and suggested the utilisation of unterminated
Ti3C, for optimised LiB properties.>* Two years later, three more DFT screenings further
demonstrated how F- and OH-terminations generally result in low or negative intercala-
tion voltages and high migration barriers for a range of different cations, and that O- and
unterminated MXenes would be preferable (Figure 2.19).27?%3% As O-terminated MX-
enes were predicted to yield the highest intercalation voltages, they were also especially
interesting for MXene cathodes in RMBs. Additionally, Xie et al. demonstrated the pos-
sibility for adsorption of several layers of Li- and Mg-ions on O-terminated MXenes,
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Figure 2.19: Theoretical cell voltages and gravimetric capacities for intercalation of two cations
per formula unit into M,CT,, MXene with various termination groups, shown for Li-ions (a) and
Mg-ions (b). Adapted from Ref?® under the Creative Commons Licence CC BY 4.0.
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leading to theoretical capacities > 800 mAh/g for several of the MXene compositions
with the minimum amount of transition metals per formula unit (M,XT,).?”*?> They also
demonstrated that reactions with multivalent cations (e.g. Mg>") could lead to the de-
composition of the O-terminations, resulting in a conversion reaction to form MgO and
unterminated MXene. >’ If the thermodynamics would allow for reversible conversion re-
actions, this decomposition could further add to the reversible capacities of the MXene
electrodes. Hence, O-terminated MXenes have received special interest as electrode ma-
terials, both for the intercalation of alkali cations and for proton intercalation, due to the
proposed storage mechanism presented in Equation 2.6.

However, formation of O-terminated MXene has proven to be a non-trivial task, as mixed
terminations are found to be thermodynamically favourable. 9729 Although most DFT
calculations are performed on homogeneously terminated surfaces, a more recent study
demonstrated how weighted averages based on mixed terminations work well for proper-
ties such as lattice parameters, work functions and electronic density of states. 2% Hence,
although complete homogenisation of the termination groups may prove difficult, adjust-
ing the termination mixture could greatly affect the properties of MXenes.

Due to the difficulty of distinguishing OH-terminations from intercalated water and O-
terminations by methods such as X-ray photoelectron spectroscopy (XPS) and energy
dispersive X-ray spectroscopy (EDS), the quantification of these terminations has proven
difficult.'*3 Some reports have even argued that OH-terminations do not form on MX-
enes,”' which is in contrast to the general opinion on MXene terminations. '*"-'*> To
date, the best verification of OH-terminations on V,CT, and Ti3C,T, MXenes come

from nuclear magnetic resonance (NMR) and neutron scattering data.>! =213

Termination control can be accomplished by different approaches. Whereas some MXene
compositions (i.e. MoyCT,) generally show minimal amounts of F-terminations regard-

less of HF concentration, '%°

the more common compositions of e.g. V,CT, and TizC,T,
form F-terminations as long as there is F present during etching.?!'>'* To control the ter-
minations of these compositions, one solution is to modify the etching environment upon
MXene synthesis, and thereby control the formation of the termination groups. Another
possibility is to change the termination groups by a post-etching treatment. In the fol-
lowing sections, different methods to control the termination groups of common MXene

compositions will be presented, with a focus on removing or substituting F-terminations.
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F-free etching methods

As the etching environment determines what termination groups may be formed, this
is one of the most efficient methods to control the termination groups. Generally, the
amount of F-termination is related to the HF concentration, where the etching in low
concentrated HF solutions, or in the fluoride salt solutions, is found to result in smaller
amounts of F-terminations. °%?!12!4 However, as the presence of HF leads to the for-
mation of F-terminations in most MXene compositions, other methods are required to
synthesise F-free MXenes.

In 2018, Tengfei Li et al. reported on one of the first successful F-free etching meth-
ods, for the synthesis of Ti3C,T, MXene (Figure 2.20).* The method was inspired by
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Figure 2.20: Overview of the hydrothermal etching of TizAlC, in NaOH solutions, showing
a schematic of the process in (a), and an overview of the products formed at various NaOH
concentrations and temperatures in (b), where NTO indicates Na-Ti-O compounds. Reproduced
from Ref*’ with permission from John Wiley and Sons. (c) Shows the LiB electrode performance
of the alkali etched TizC, MXene compared to the HF-etched MXene. Reproduced from Ref?!?
under the Creative Commons Licence CC BY-NC-ND 4.0.
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the Bayer process used for bauxite refining, and utilised high concentrations of NaOH
and high temperatures to allow for the dissolution of Al oxides, and thereby a contin-
ued extraction of AI(OH),, as illustrated in Figure 2.20a. Upon hydrothermal etching at
250°C or higher, and with NaOH concentrations of 20 M or higher, the group was able
to successfully remove Al, and form F-free TisC,T, MXene in an Ar filled steel auto-
clave (Figure 2.20b). At lower concentrations, various sodium titanates (denoted "NTO":
Na;TizO7 and Na,Ti;O45) were formed, and at lower temperature the MAX phase re-
mained intact. The same group also reported on the use of this F-free Ti3C, Ty MXene as
LiB electrodes, demonstrating improved performance compared to the HF-etched coun-
terpart. However, as the performance reported for HF-etched TizC,T, electrodes was
significantly poorer than previously reported (Figure 2.17a), these results should be fur-
ther verified. In fact, no other groups seem to have reported on the utilisation of this
method over the last four years, making it an unexplored method for MXene synthesis.

Another F-free etching method was demonstrated by Mian Li et al. in 2019, and is
based on reactions between the MAX phase and molten salts exhibiting Lewis acid be-
haviour. '3® During the reaction Al was substituted by Zn from the molten ZnCl, and
escaped through the formation of volatile Al-halides. At high ratios of ZnCl;:MAX
phase, the A-element Zn again dissolves in the ZnCl, melt, leaving MXene sheets with
mainly Cl-terminations after being washed in a HCI solution. Other Zn-based MAX
phases were also demonstrated, such as Ti;ZnN and V,ZnC, but due to the stronger
M-Zn bond strength in these MAX phases, the group was unable to exfoliate these com-
positions. The year after, Youbing Li et al. continued on this work and demonstrated
a more general Lewis acidic etching route for MXene synthesis, demonstrating the pos-
sibility to exfoliate several different A-site MAX phase elements (Al, Zn, Si and Ga)
by a range of chloride salts (AgCl, CuCl,, NiCl,, FeCl,, CoCl, and CdCl,).?'® A few
months later, Kamysbayev et al. presented an extensive report on molten salt etching
in CdBr, causing the formation of bromide terminated MXenes, which further could be
substituted to form homogeneously O-, S-, Se-, Te-, NH; and unterminated MXenes, as
illustrated in Figure 2.21.'% Interestingly, they showed that the substitution with divalent
anions (S?~, Se?~ and Te?") result in almost half the termination filling compared to the
monovalent Br~ and CI™, and thus denotes these structures with only one terminating
group (e.g. Ti3C;,S). Similar to the chalcogenide electrodes presented in Section 2.1.3,
S-terminated MXenes have been predicted to yield low migration barriers and lower inter-
calation voltages.”'’~>?Y With theoretically high capacities stemming from the possibility
of multilayer intercalation of Li- and Mg-ions, some S-terminated MXene compositions
are expected to be very promising anode materials for LiBs and SiBs.?!7?? Still, this
potential remains to be experimentally verified.
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Figure 2.21: (A) Schematic of the molten salt etching in CdCl, and CdBr;,. (B) Atomic-resolution
high-angle annular dark-field (HAADF) image of TizC,Br, MXene obtained by etching Tiz AIC;
MAX phase in CdBr,. (C) EDS line scan of Ti3CyBr,. HAADF images of (D) TizC,Te and
(E) TizC,S MXenes by substitution of Br with Te and S termination groups. (F) HAADF image
of unterminated Ti3C, MXene obtained by reductive elimination of Br surface groups in LiH at
300 °C. From Ref!>>. Reprinted with permission from AAAS.

Although both etching methods presented above demonstrate successful synthesis of F-
free MXene compositions, they both face challenges for commercial utilisation. As these
methods are based on closed inert environments, they do not possess the same scalability
potential as the solution-based HF etching methods. Even though Chen et al. demon-
strated successful synthesis of 60 g batches by the Lewis acid etching in ambient con-
ditions, this came at the expense of inhomogeneous terminations and/or partly oxidised
samples.?’! For energy applications, where large amounts of material would be required,
these etching methods therefore remain unsuitable. Until scalable etching methods to
produce F-free MXene is demonstrated, post-etching treatments may be required for the
scalable production of termination controlled MXene.

Post-etching treatments

Several post-etching treatments have been reported for the substitution of MXene ter-

minations, including hydrothermal hydrolysis,>>*2%¢ dispersions in basic and acidic so-

41,205,222,223,227,228 43,171,210,227,229,230

lutions, vacuum annealing, and annealing in inert,

oxidising and reducing atmospheres.*>#+296231 In 2017, Persson et al. demonstrated a

complete removal of F-terminations by annealing at 750 °C under ultrahigh vacuum.?'°
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In 2022, Hart et al. even showed how the O-terminations on the nearly F-free Mo, TiC,0,
MXene could be reversibly removed and formed upon alternating vacuum and O, plasma
annealing.232 However, similar to the work of Persson, this was performed on thin films
of Ti3C, T, MXene, and comparable termination control remains to be demonstrated for
multilayered MXene particles. The reason for the lack of termination change in multilay-
ered particles is not fully explained, but one possibility is that the MXene sheets in multi-
layered particles are too tightly bound to allow for termination substitution. At least, the
annealing of multilayered V,CTy, Ti3C, Ty and TiyCT, particles did not demonstrate sig-
nificant compositional changes upon exposure to various annealing atmospheres. 4>4+200
Instead, the currently best F-removal that has been reported for multilayered MXene has
been demonstrated in alkaline solutions, where the MXene phase is expanded by the
intercalation of alkali cations, such as Li*, Na® and K+ (Figure 2.22).222223:227.228 By
stirring of TizC, T, MXene in 1 M hydroxide solutions for 24 h, Luo et al. demonstrated
almost 50 % reduction in F concentration, which is among the highest reported F reduc-

tions while showing insignificant impurities in the X-ray diffraction spectra.*®
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Figure 2.22: (a) Schematic of the MXene expansion and termination change by intercalation of
K-ions into TizC, T, MXene in a KOH solution. Adapted from Ref??> with permission from John
Wiley and Sons. (b,c) X-ray diffractograms of Ti3C,T, MXene before and after intercalation of
Li-, Na- and K-ions, where (c) zooms in on the cyan area in (b). Reproduced from Ref 223 with
permission from Elsevier.
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One of the major challenges with changing the termination groups is to ensure a con-
trolled oxidation of the MXene, while preventing decomposition into oxide phases. In
general, the transformation from F- and OH- to O-terminations requires an oxidation of
the M and X elements,>>233 unless the O-termination is bound to two transition met-

44.234-236 the controlled termination

als. As several MXene phases are prone to oxidation,
change becomes challenging. As an example, the TizC3 T, phase is found to oxidise into a
mixture of TiO, nanoparticles and amorphous carbon, as illustrated in Figure 2.23a. Sim-
ilar oxidation is also shown for the V and Nb based MXenes in various atmospheres. **>3
As this oxidation starts at the surface of the pat“[icles,238 one should be careful to trust

the termination quantifications obtained from surface sensitive techniques such as XPS.

Although Luo et al. showed the highest F-reduction for alkaline dispersions, they also
demonstrated the formation of new particles at the particle surfaces, somewhat similar
to those illustrated in Figure 2.23b.??® Utilising an elevated temperature of 80 °C for
only 1 h, Wei et al. demonstrated a lower F-reduction, albeit without significant surface
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Figure 2.23: Oxidation of TizC, T, MXene. (a) Schematic of the oxidation process. Reproduced
from Ref??° under the Creative Commons Licence CC BY 3.0. (b) SEM images of a partly
oxidised Ti3C,T, MXene particle with TiO, nanoparticles on the surface. Reproduced from
Ref?? with permission from Elsevier. (c) X-ray diffractograms of TizC,T, MXene before and
after annealing in various atmospheres, demonstrating the formation of a TiO, reflection at 26°.
Adapted from Ref?%. Copyright ©2018 American Chemical Society.
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oxidation.??* Oxidation of the TizC, T, phase has been observed during annealing, where
Cheng et al. observed significant amounts of TiO; after annealing at 500 °C in humid and
H, containing Ar atmospheres (Figure 2.23c).?%

Another challenge with the currently proposed post-etching treatments is the understand-
ing of what reactions cause the removal or substitution of termination groups. Hence,
a short summary of possible reactions equations will be presented here followed by a
short discussion related to their feasibilities. According to DFT calculations, the stability
of the termination groups are found to be TizC0,>Ti3CoF,>Ti3Co(OH),,>3%40

the OH-terminations are expected to decompose into Hy or H>O at elevated temperatures
239

where

through the following reactions:

M, 1X4(OH)y — M1 X,02 + Hy 1 2.7
M, 1X,(OH); — M,41X,0 + Hy0 1 2.8)

However, due to the aforementioned challenge of characterising OH-terminations, the
documentation of OH-termination decomposition through these reactions is uncertain,
although Hart et al. claims to show this by electron energy loss spectroscopy (EELS).!”!
For the removal or substitution of F-terminations, there are several ways as to how this

can occur, where some conceivable reactions are listed as follows:

M, 1 X, Fy = M, 1 X2T +2F (2.9)

M, 1X,F, +20H™ = M, X,,(OH), + 2F~ (2.10)
M, 1 X0 Fa = M1 X, +Fa (2.11)

M, 11X, F2 +0; = M, 11X,0, +F> (2.12)

M, 1X,F2 4+ 1.5C0; = M, 1X,0, 4 0.5CF4 + CO (2.13)
M,11X,Fy + Hy = M, 1 X, + 2HF (2.14)

M, 11X, F2 +2H,0 = M, 1 X,,(OH), + 2HF (2.15)

Although removal of single F atoms have been reported by thermogravimetric analysis
(TGA),'"!, this would imply formation of a positive charge on the MXene as shown in
Equation 2.9, making it an unlikely reaction for larger-scale termination change. Substi-
tuting OH- and F-terminations in aqueous solutions on the other hand (Equation 2.10),
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would be more likely, and might explain some of the F-reduction that has been observed
in alkaline solutions. Furthermore, due to the high reduction potential of F,(g) (2.89
V),?*! it is very unlikely that Equations 2.11 and 2.12 would be possible, although sev-
eral studies seem to be based on them. *>>1%23! Instead, the reduction of carbon in CO; to
CO would be more feasible for F-substitution by forming CF4 (Equation 2.13). Although
CO; has been shown to oxidise TizC, T, and V,CT, particles above 300 °C, 44229292 thege
studies have not investigated any potential F-reduction prior to oxidation. Moreover, the
reduction through H; exposure could potentially result in unterminated MXenes through
formation of HF (Equation 2.14), as H, annealing already has been demonstrated to re-

duce the F content in delaminated TizC,T, films. 2324

Hydrolysis of MXenes to form HF is also a plausible reaction for removal of F-
terminations through the formation of HF (Equation 2.15).’*> However, due to the
aforementioned problem of MXene oxidation in contact with water, the feasibility of
these reactions have remained uncertain.>>*>3® Through hydrothermal treatments in DI
water, it has been demonstrated that the Ti3C, Ty and V,CT, MXene phases decompose
into titanium and vanadium oxides at 200 °C, but none of the articles reported on any
compositional changes at lower temperatures.’>>>2%>2 Additionally, all these reports
utilised air filled autoclaves, which would speed up the oxidation of the MXene phases.
Gas hydrolysation has also been investigated by Cheng et al.,?’° but apart from oxidation
to TiO, at 500 °C, as illustrated in Figure 2.23c, they reported on minimal changes in
F-concentrations.

Regarding the removal of O-terminations to form unterminated MXenes, Persson et al.
have demonstrated how H, gas can be used to reduce O-terminated Ti3C,0O; by the fol-

lowing reaction: >3’

Ti3C202 +2H, = Ti3C2 +2H,0 (216)

Nonetheless, similar to their previous work, this has only been verified for thin films in
ultrahigh vacuum. In order to selectively substitute or remove terminations on multi-
layered MXene particles, further improvements on various post-etching treatments are
therefore required.
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3.1 Overview

This chapter provides an overview of the experimental work done as a part of this
doctoral study. Most of the experiments are explained in detail in the corresponding
papers, and the only non-published work presented in this thesis is the F-free alkaline
etching of various MAX phases. A simplified outline of the work is illustrated in Figure
3.1
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Figure 3.1: An outline of the experimental work presented in this chapter, organised by what
papers each part is related to.
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3.2 MXene synthesis

During this work, the synthesis of several different MXene compositions, with vari-
ous degrees of phase purity, have been achieved, including V4C3T,, Nb,CT,, NbyC3T,,
TipCTy, V,CTy and TizC,T,. The published work has, however, focused solely on the
two latter phases due to the obtained phase purity and a general interest in these struc-
tures, where the V,CT, MXene was examined in Paper I and II and the Ti3C, T, MXene
was utilised in Paper I and III. In this section, the synthesis of precursor MAX phases
will be be explained, followed by a description of the two etching methods that have
been attempted as part of this work.

3.2.1 MAX phase synthesis

To obtain phase pure MXenes, it is essential to start with phase pure MAX phase precur-
sors. Due to challenges with obtaining high enough purity by synthesis, several MAX
phases were bought from Laizhou Kai Kai Ceramin Material Co., Ltd, as they delivered
almost phase pure samples (> 97 %) of Ti3AlC,, Ti; AlC, Ti; AIN, TizAICN, TiMo,AlIC,
and V4AIC3. For the V,AIC phase, a single MAX phase with high phase purity was
achieved by a solid state reaction with elemental powders of C (graphite, Timcal Timrex
99.5 %), Al (Alfa Aesar, 99.5 %, 325 mesh) and V (Sigma-Aldrich, 99.5 %, 325 mesh),
based on previous reports.>® This powder mixture was mixed by wet ball milling in iso-
propanol and pressed into 1 g pellets prior to heating at 1500 °C for 4 hours. The Nb, AIC
MAX phase was also attempted made with elemental powder of Nb (Sigma-Aldrich, 99.5
%, 325 mesh) based on the same report, 23 but unlike the V,AIC phase it resulted in mix-
tures of the NbyAlC; and Nby AIC MAX phases. Before HF etching, the powders were
wet planetary milled in isopropanol dispersions, in order to control the particle sizes.
This was done in WC milling jars with WC milling balls to prevent impurity formation
by the hard MAX phases. For the alkaline etching, particle sizes < 75 um were used.

3.2.2 HF etching

The etching method used for the MXene synthesis in all three papers was by dispersing
the MAX phases in pure HF solutions. This was done by slowly adding MAX phase
powder to a polypropylene beaker containing the HF solution, in a ratio of 1 g MAX
phase per 20 mL HF solution. Thereafter, the beaker was partly covered with parafilm
and the dispersion was left stirring at room temperature for a certain amount of time.
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For the etching of Ti3AIC,, a 10 wt. % HF solution was used with a 24 h etching time,
whereas the complete exfoliation of the V,AIC MAX phase required a 48 wt. % HF
solution and etching times of 96 and 72 h for Paper I and II, respectively. After the
etching, the powder was washed by centrifugation, decantation and DI-water dilution
until a pH > 5 was obtained. Lastly, the powders were vacuum filtered through 0.22 pm
pore sized polyvinylidene fluoride (PVDF) filter papers and further dried under vacuum
at 120 °C for 12 h to remove adsorbed water.

3.2.3 F-free alkaline etching

In addition to the reported results, the hydrothermal etching in alkaline solutions have
been attempted for all the MAX phases available. This was based on the method reported
by Li et al. and comprised the use of high concentration NaOH solutions to prevent the
oxidation of the transition metal at high temperatures.* In this work, 50 mL of a 50
wt. %/19.1 M NaOH solution (Merck, 158793) was poured into a double neck round
bottle, and bubbled with Ar gas (99.999 %) for > 1 h with a gas flow of 500 mL/min to
remove O, gas from the solution. Then the solution was transferred to a 100 mL steel
autoclave, followed by the addition of 0.2 g MAX phase powder. The autoclave was held
in an Ar filled beaker, with continuous Ar blowing to prevent O, entering the autoclave
before sealing it. Thereafter, the closed autoclave was put in a fume hood and heated
with a constant power up to 270 °C in approximately 1 h, before it was dwelled at that
temperature for 12 h. After the autoclave had cooled down it was opened and the black
suspension at the bottom of the autoclave was washed several times with DI water until
reaching a pH < 9. In the end, the powder was vacuum filtered on 0.22 um pore sized
PVDF filter papers and further dried under vacuum at 65 °C for 3 h.

3.3 Post-etching treatments

After synthesising the V,CT, and TizC,T, MXene phases by HF etching, different post
etching treatments were performed in Paper II and Paper III. They will be presented in
the following section.

3.3.1 Cation intercalation

As reported in Paper 111, the intercalation of various cations was performed to increase the
interlayer spacing of the Ti3C, T, MXene structure. The method was based on previous
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157,246,247 and was done by dispersing 0.4 g of the Ti3C,T, powder in 50 mL

reports,
salt solutions under constant agitation, before washing the powder several times with DI
water through centrifugation. Lastly, the powders were vacuum filtered and vacuum dried
at 40 °C for up to 1 h. The intercalation of TBA™ ions was done by dispersing Ti3C, T,
in a 1.2 M TBAOH solution over 12 h, while the intercalation of Li™, Na™ and K™ was
accomplished in 2 M hydroxide solutions for 2 h. Mg-ion intercalation was realized by
ion exchange of the Na-intercalated MXene. This was done by adding the Na-TizC,
powder to a 1 M solution of MgCl; for 3 h, before the powder was washed in DI water

and left for another 20 h in a fresh MgCl, solution.

3.3.2 Gas hydrolysation

Gas hydrolysation was used as a method to remove F-terminations from the multilayered
MXene particles and is reported for the V,CT, and Ti3C,T, MXene phases in Paper 11
and Paper 111, respectively. It was performed by distributing 0.1 g of the MXene powder
over a 1-2 cm? area in an alumina crucible before introducing it to a quartz tube furnace.
After flushing the tube with Ar gas (99.999 %) for > 2 h at a flow rate of 200 mL/min, the
furnace was heated to a given temperature at a rate of 300 °C/h and dwelled for 15 h with
the same gas flow. To ensure H,O vapour inside the quartz tube, the Ar gas was bubbled
through a DI water bath prior to entering the tube. After the flushing step, this water
bath was heated to a constant temperature of 80 °C, which results in a saturated water
vapour pressure of 0.474 bar.>*® To prevent air leakage into the furnace and to capture HF
formed during the hydrolysation, the exhaust gas was bubbled through a 1 M Ca(NOs3),
solution. A schematic of the hydrolysation setup is displayed in Figure 3.2.

Furnace

Ar+H,0 Ar

= . ]——\’:_:;Y\_1
ThermocoupID m

Figure 3.2: A schematic of the hydrolysation setup, showing how Ar gas is bubbled through
a glass of DI water, heated to a controlled temperature. Reproduced from Ref.?*> under the
Creative Commons Licence CC BY 4.0.

~a=—1M Ca(NO;), Water heater
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3.4 Material characterisation

3.4.1 X-ray diffraction (XRD)

To investigate the crystallinity and phase purity of the samples, X-ray powder diffraction
was performed using a Bruker D8 Focus Diffractometer with a 0.2 mm divergence slit
and a Cu Ko radiation source (4 = 0.15406 nm). Powder samples were prepared in Si
cavity holders or dispersed on a Si wafer. Thin, solid samples were mounted on the Si
wafer with a small amount of vacuum grease. The phase identification was done in the
DIFFRAC.EVA software using the ICDD PDF-4+ database. In Paper III, the diffrac-
tograms were corrected for sample displacement based on structureless fittings to the
P63/mmc space group in the TOPAS software, where some of the diffractograms also
were analysed through Rietveld refinement.

3.4.2 Scanning electron microscopy (SEM)

To examine the morphology of the particles, SEM was carried out on either a Zeiss Ultra
55 field-emmission SEM (FESEM) or a Zeiss SUPRA 55VP low-vacuum FESEM. The
samples were prepared by sprinkling a small amount of MXene powder onto conductive
carbon taped sample holders, and the measurements were performed under ultrahigh
vacuum using an acceleration voltage of 5-10 kV, an aperture size of 30 um and a working
distance of 8 mm.

3.4.3 Energy-dispersive X-ray spectroscopy (EDS)

Elemental composition was determined by EDS using an XFlash 4010 X-ray detector in
the abovementioned SEM instruments. The measurements were done with an accelera-
tion voltage of 10-15 kV, a working distance of 10 mm and an aperture size of 120 um.
The mappings were acquired over 3 minutes and each point scan had an acquisition time
of 30 seconds. The resulting spectra were then analysed in the Esprit 1.9 software and
the average values of six or more point scans from each sample were calculated to obtain
quantitative results. In Paper III, the standard deviations in the sets of point scans for all
samples were also calculated.
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3.4.4 Laser diffraction

The particle size distributions of the TizAlC; and V,AIC MAX phase powders prior to
etching was obtained through laser diffraction measurements in a Horiba Partica LA-
960 analyser. To avoid agglomeration, the MAX phase particles were dispersed in iso-
propanol and sonicated for a minimum of 2 minutes prior to measurements.

3.4.5 X-ray photoelectron spectroscopy (XPS)

XPS was used in Paper II to investigate the changes in oxidation states and surface chem-
ical composition upon hydrolysation of the V,CT, MXene. The measurements were
performed under ultrahigh vacuum using a SPECS XR-50 X-ray source with a Mg anode
and a VG ESCA MKIV with a CLAM4 analyzer, and the XPS samples were prepared by
gluing the MXene powder to a Si wafer substrate using silver glue. To compensate for
static charges during the measurementes, the Siy, peak from the substrate was used as
an internal reference. Additionally, satellite peaks stemming from the Mg Koz and Koy
X-rays were removed prior to further analysis. The curve fitting was done using Shirley
backgrounds in the Igor Pro 7 software and the quantification was calculated using estab-

lished cross-section values.?*’

3.4.6 Raman spectroscopy

In Paper II and Paper II1, the vibrational modes of the different samples were inspected by
Raman spectroscopy with the use of a WITec Alpha 300r Confocal Raman Microscope.
The samples were prepared by pressing small amounts of powder onto glass substrates,
while the measurements were completed using 50x or 100x objectives, a 532 nm Ar laser,
5-10 second measuring times, 10 measurements per spectra, and a modest laser power of
< 0.8 mW to prevent oxidation. At higher laser powers, the V,CT, and Ti3C,T, MXenes
decomposed into V,0s5 and TiO; phases respectively, in addition to amorphous C.

3.4.7 Transmission electron microscopy (TEM)

High resolution TEM micrographs and TEM EDS was used to obtain information on the
atomic structure and local chemical composition of the TizC, Ty phase in Paper III. The
samples were prepared perpendicular to the (002) plane with focused ion beam (FIB, FEI
FIB200) lamella preparation, using a Helios G4 UX dual beam. The lamellaes were cut
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out and thinned down to around 150 nm thick samples using Ga™ ions. Initially with
an acceleration voltage of 30 kV, before final thinning was done at 5 kV and 2 kV to
minimise surface damage of the samples. The imaging was performed with a double Cs
aberration corrected cold FEG Jeol ARM200FC, operated at 200 kV, and the TEM EDS
maps were acquired in scanning TEM (STEM) mode with a 100 mm? Centurio X-ray
detector, covering a solid angle of 0.98 steradian.

3.4.8 Fourier-transform infrared spectroscopy (FTIR)

FTIR was used in Paper III to obtain further information on the vibrational properties of
the samples, and the measurements were conducted in a Bruker VERTEX 80v spectrom-
eter. The results were obtained by diffuse reflectance measurements at 2 mBar, using
a MXene:KBr powder mixture in a mass ratio of 1:39 to ensure reasonable absorption.
Pure KBr powder was used as the reference.

3.4.9 Thermogravimetric analysis (TGA)

The thermal stability of the V,CT, MXene was measured using a NETZSCH STA 449 F3
Jupiter analyser and presented in Paper II. The measurements were done by distributing
15 mg of the powder in lid covered alumina containers, before heating it up to 300 °C,
600 °C and 800 °C and dwelling at these temperatures for 1 h. The utilised heating rate
was 5 °C/min and during the whole experiments the flow of Ar gas was 30 mL/min.

3.5 Electrochemical characterisation

To assess the electrochemical performance of the different MXenes, 2016-type coin cells
were assembled with the MXenes as the active material and cycled at constant currents
(galvanostatic cycling). This section describes how the MXene electrodes were prepared
and further assembled into coin cells, in addition to how the cells were tested after being
assembled.

3.5.1 Electrode preparation

The electrodes were made by mixing 80 wt. % of the active material (MXene) in a slurry
with 10 wt. % carbon black and 10 wt. % PVDF binder material, before drop casting
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the slurry on precut current collectors and drying off the slurry solvent. The slurry was
homogenised by first dry mixing a mixture of the active material and the carbon additive
in a steel jar at 25 Hz for 10 minutes. Then a predissolved solution of PVDF in 1-
ethyl-2-pyrrolidone (NEP) was added, followed by additional NEP to obtain a solid to
liquid ratio of 1:6, before the mixture was further shaken for 30 min at 15 Hz together
with a steel shaker ball. The resulting slurry was then drop cast onto 16 mm diameter
precut current collectors using plastic pipettes. For Paper I, carbon paper (Spectracarb
2050A-0550) was used as the current collector, whereas Al foil and Cu foil were used
for the electrodes in Paper II and Paper III, respectively. These circular electrodes were
then dried on a 60 °C hotplate in a fume hood overnight, followed by further drying in a
vacuum oven for a minimum of 3 hours, before the electrodes were introduced to an Ar
filled glovebox (H,O < 0.1 ppm, O; < 0.1 ppm). The vacuum drying temperature was
120 °C for Paper I, and reduced to 60 °C for Paper II and III to prevent unintentional H,O
deintercalation. In the end, these electrode preparations resulted in active mass loadings
in the range of 1-4 mg/cm?.

3.5.2 Electrolyte preparation

Unlike Paper II and III, where a commercial LiB electrolyte (1 M LiPFg, EC:EMC 1:1,
Sigma Aldrich) was utilised, several different electrolytes where mixed for the electro-
chemical testing of Mg-ion intercalation in Paper I. The most used electrolyte was the
APC-THF electrolyte, with MgXCI;r as the electroactive cation. This APC-THF elec-
trolyte was also used to test the Li-ion intercalation properties of the MXene by adding
a small amount of LiCl (0.4 M LiCI-APC-THF). In addition, three more electrolytes,
with different solvents and electroactive cations, were used to test for Mg-intercalation,
including Mg(TFSI),;-2MgCl,-DME, Mg(BH4),-THF and BMOC-DME. For the full de-
scription on the mixing of these electrolytes, the reader is referred to the Supplementary
information of Paper I (see Appendix).

3.5.3 Coin cell assembly

The prepared electrodes were assembled as the working electrodes in coin cells with the
different components illustrated in Figure 3.3. Polished Mg and Li chips were used as
the counter electrode, together with an electrolyte amount of 55-75 uL. both before and
after insertion of the glass microfiber (Whatman GF/A) separator. Apart from the plastic
gasket, the remaining parts were all stainless steel.
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Figure 3.3: A schematic of the different components in the coin cell assembly.

3.5.4 Galvanostatic cycling

The coin cells were electrochemically characterised by galvanostatic charge/discharge
cycles at a controlled temperature of 20 °C, 25 °C or 60 °C, using three different cy-
clers: BioLogic BCS-805, Maccor Model 4200 and Landt CT2001A. To assess the rate
capibility of the electrodes, current densities in the range of 10 mA/g to 400 mA/g were
utilised.

3.6 Density functional theory (DFT) calculations

In Paper I, DFT was used to examine and understand the intercalation of Mg ions in
MXenes. Migration barriers and average voltages for Li™ and Mg?* ions were calcu-
lated for single-layer and multilayered V,CT, and TizC,T, MXenes with O, F and OH
termination groups. Additionally, possible side reactions were identified.

In Paper II and III, DFT was used to calculate the Gibbs free energy of reactions related
to the hydrolysation of V,CT, and Ti;C,T, MXenes, at various temperatures.
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4.1 Foreword

This chapter summarises the main results from Paper I-1II, presented in one section per
paper, followed by unpublished work on the F-free etching of various MAX phases by
hydrothermal processing in alkaline solutions. For the complete discussions and results
related to the published work, the reader is referred to the appended papers at the end of
this thesis.

4.2 Paper I: MXenes as cathode material in
RMBs

4.2.1 Overview

In Paper I, the viability of MXenes as cathode material for RMBs was evaluated. To
assess this, two MXene phases (Ti3C,T, and V,CT,) were synthesised from the corre-
sponding MAX phases, and assembled into RMB coin cells for electrochemical cycling.
To probe the possibility for Mg?* ion desolvation and migration within the MXenes,
several different electrolytes were tested at both 20 °C and 60 °C. In addition, DFT cal-
culations were included to increase the understanding of the Mg-ion intercalation in these
MXenes.

4.2.2 MXene synthesis

By ball milling and subsequent HF etching of the MAX phases, successful synthesis of
Ti3C, T, and V,CT, MXenes with high purity and controlled particle size distribution
was achieved. In Figure 4.1 this is demonstrated for the TizC,T, phase, showing the
accordion-like morphology after etching, as well as a shift and broadening of the (002)
reflection, which indicates an increased and less defined interlayer spacing compared
to TizAIC,. The complete exfoliation of the MAX phase was also supported by the
accompanied removal of Al, as verified by EDS analysis. Similar results were obtained
for the V,CT, MXene, although a small amount of Al,O3 impurities from the MAX

phase remained after the etching.
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Figure 4.1: SEM micrographs of the Ti3 AlIC; MAX phase before (a) and after (b) etching, and
X-ray diffractograms of the same powders (c). Reproduced from Ref.>> with permission from the
Royal Society of Chemistry.

4.2.3 Electrochemical performance

When cycled with low current densities of 10 mA/g in the APC-THF electrolyte, both
MXenes demonstrated marginal reversible capacities of 1-4 mAh/g, as shown in Figure
4.2a-b. Although a small capacity increase (from 1 mAh/g to 3 mAh/g) was achieved
by increasing the cycling temperature to 60 °C, no signs of Mg-intercalation were ob-
served. Even after a 200 h potentiostatic hold step at 1 mV (Figure 4.2c), there were
no indications of Mg-ions entering the Ti3AlC, MXene, as the (002) reflection repre-
senting the interlayer spacing of the MXene remained unchanged (Figure 4.2d). Instead,
the small reversible capacities measured were attributed to surface reactions at the MX-
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Figure 4.2: Electrochemical performance of TizC,T, (a, c-f) and V,CT, (b) electrodes cycled
at a low current density of 10 mA/g in different electrolytes and temperatures. (a) and (b) show
voltage profiles when cycled at 20 °C and 60 °C in APC-THF. (c) presents a 200 h potentiostatic
hold step at 1 mV, where the inset shows the current upon holding the potential. (d) presents the
(002) reflection of TizC, T, before and after complete discharge in electrolytes with and without
Li ions. (e) presents cycling with three different electrolytes, and (f) shows voltage profiles with
a Li-containing electrolyte. Adapted from Ref.? with permission from the Royal Society of

Chemistry.
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ene/electrolyte interface, and the marginally higher capacity obtained from the V,CT,
electrodes was therefore partly ascribed to a higher surface area than the TizC, T, parti-
cles.

Although different solvents and electroactive species may influence the electrochemical
performance, the reversible capacities were not improved for any of the employed elec-
trolytes (Figure 4.2e). The BMOC-DME electrolyte did result in a significantly higher
first discharge of 30 mAh/g, which was also found to yield reversible charge and dis-
charge plateaus when extending the lower cut-off voltage to 0.01 V. However, this ca-
pacity was not related to the intercalation of Mg”* ions into the Ti3C,T, particles, as
it was found to originate from a co-intercalation of Mg-ions and solvent molecules into
the graphite current collector, similar to previous reports.>>>! As shown in Figure 4.2f,
addition of LiCl to the APC-THF electrolyte resulted in reversible capacities of approxi-
mately 100 mAh/g and significant shifts in the (002) reflection (Figure 4.2d), attributed to
the intercalation of Li-ions. This verified the functionality of the coin cell setup, includ-
ing reversible Mg stripping from the anode and ion intercalation into MXene electrodes,
and thereby emphasised the challenges related to intercalation of Mg>* ions.

4.2.4 DFT calculations and conclusion

DFT calculations identified several important parameters influencing the ion intercala-
tion properties of the MXenes, as shown in Figure 4.3. The termination groups were
shown to greatly affect the intercalation voltage of both Li- and Mg-ions, where only
O-terminations demonstrated positive average voltage for Mg-ion intercalation. Addi-
tionally, the OH- and F-terminations were found to react irreversibly with Mg-ions to
form MgH, and MgF,. As no side reactions were found for O-terminations, they were
shown to be the only viable termination for reversible intercalation of Mg-ions.

Furthermore, these calculations demonstrated comparable migration barriers inside mul-
tilayered particles and on single-layer MXene flakes. This is contrary to the reported
experimental efforts that have focused mostly on increasing the surface area by delami-
nation and intercalation of large organic molecules.?’—° As multilayered particles would
result in the highest possible density and thereby an optimal energy density in MXene
electrodes, delamination should ideally be avoided. Additionally, a low migration barrier
for MgCIt on single-layer MXenes was calculated, which supports the claim that the
above-mentioned reports only present reactions with MgCl* instead of Mg?+.

By comparing the Ti3C,0; and V,CO; phases, significant differences between various
MXene compositions are evident. In addition to a slightly higher average voltage (1.5
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Figure 4.3: DFT calculations for Li- and Mg-ion intercalation in TizC, T, and V,CT, MXene with
various surface terminations. (a) shows a top view of the migration paths for the cations, while
(b) shows side views of the same migration paths from the unit cell (c). In (d) the intercalation
voltage and migration barriers are plotted for Li- and Mg-ions in different MXene compositions,
with colour coding illustrating combinations of feasible (green) and non-feasible (red) values for
cathode materials. Adapted from Ref.® with permission from the Royal Society of Chemistry.

V vs. 1.3V vs. Mg/Mg?"), the V,CO, MXene possesses a considerably lower mi-
gration barrier for both Li- and Mg-intercalation (480 meV vs. 620 meV for Mg?™).
Although the migration barriers for Li-intercalation was found to be more than 200 meV
lower for all compositions, a migration barrier of 480 meV in V,CO; still could allow for

104 Hence, homo-

measurable Mg?* migration within reasonably sized MXene particles.
geneously terminated V,CO, MXene was found to be the only composition to possess an
acceptable combination of voltage and migration barrier for utilisation as an RMB cath-
ode, as illustrated by the color coding in Figure 4.3d. The lack of Mg-ion intercalation
observed experimentally for V,CT, was therefore ascribed to either 1) problems with the
strongly coordinated Mg?* ions entering the MXene structure or 2) irreversible reactions
with the F- and OH-terminations. In conclusion, this work demonstrated how homoge-
neously terminated V,CO, MXene may be a possible solution for Mg?* intercalation,

and prove to be a viable cathode material for RMB if successfully synthesised.
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4.3 Paper II: Gas hydrolysation of V,CT,

4.3.1 Overview

In Paper II, gas hydrolysation was explored as a post-etching method to substitute F-
terminations with O-based terminations in multilayered V,CT, MXene. To assess this,
multilayered V,CT, MXene was hydrolysed at a set of temperatures between 100 °C
and 500 °C, in a continuous flow of humidified Ar gas with a controlled partial pressure
of water vapour corresponding to p(H,O) = 0.47 bar. In addition to the experimental
work, DFT calculations were conducted to assess the thermodynamic feasibility of the
proposed hydrolysation reactions:

V,CF, + 2H,0(g) = V,C(OH), + 2HF(g) “.1)
VzCFz + 2H20(g) = V2C02 + 2HF(g) + Hz(g) (42)
V,CF; + H,O(g) = V,CO + 2HF(g) “4.3)

4.3.2 MXene synthesis

Similar to Paper I, complete exfoliation of the V,AlC MAX phase was achieved by ball
milling prior to the HF-etching step. This was verified by the total removal of Al and the
lack of XRD reflections from the MAX phase after the etching step. Another similarity
to the V,CT, obtained in Paper I was the presence of a small amount of Al,Os3 after the
HF-etching, which in this study was used as an XRD reference. However, one significant
dissimilarity between the two phases, were the interlayer spacings. While the V,CT,
MXene presented in Paper I displayed only one broad (002) reflection describing an
interlayer spacing of approximately 9.6 A, the phase presented in Paper II resulted in two
(002) reflections representing interlayer spacings of 9.6A and 7.7 A. This was ascribed
to different amounts of intercalated water, where some particles in the V,CT, MXene
presented in Paper II may have been partly dehydrated.
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4.3.3 Gas hydrolysation

Upon hydrolysing the MXene at elevated temperatures, one of the main transformations
before the MXene phase decomposed was related to shifts in the (002) reflection, as
shown in Figure 4.4. At temperatures below 400 °C, the two (002) reflections shifted
towards higher 2@ values, indicating a reduction in the interlayer spacings. Addition-
ally, the intensity of the two reflections shifted from the one at low 20 to the one at
higher 2@, indicating an increased amount of particles with the lowest interlayer spac-
ing. This densification of the MXene structure was attributed to the partial dehydration of
the V,CT, particles at elevated temperatures. Above 300 °C, the MXene phase decom-
posed to a VC, O, phase, prior to complete oxidation to V,O3 after hydrolysation at 500
°C. This oxidation also resulted in formation of small nanoparticles on the edge surface
of the MXene particles, while preserving the macroscopic morphology, which is similar

to previous reports.*

Importantly, the chemical composition of the V,CT, phase was found to change signifi-
cantly before it decomposed at T > 300 °C, as shown in Figure 4.5. From the normalised
EDS mapping spectra in Figure 4.5a, the F peak is significantly decreased after hydroly-
sation at 300 °C, followed by a complete removal after hydrolysation at 500 °C. A similar
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Figure 4.4: X-ray diffractograms of V,CT, before and after hydrolysation at various temperatures
up to 500 °C, where (a) shows the full diffractograms and (b) presents the shifts in the (002)
reflection marked with the corresponding interlayer spacings. The dashed line in (a) represents
the position of the (110) MXene reflection at 63.8 °. Reproduced from Ref.>*> under the Creative
Commons Licence CC BY 4.0.
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Figure 4.5: Chemical composition change of VoCT, upon hydrolysation, where (a) shows the
lower energy region from EDS mapping spectra, (b) displays the F 1s XPS region and (c) presents
the V 2p and O 1s XPS regions. Adapted from Ref.?*> under the Creative Commons Licence CC
BY 4.0.

F reduction was found at the outer surface of the particles, where the hydrolysation at 300
°C caused the disappearance of the XPS F 1s peak, as presented in Figure 4.5b. Analysis
of the V 2p and O 1s regions in the XPS spectra, presented in Figure 4.5c, demonstrated
a partial oxidation from 2+ to 4+ states of the V atoms. It also revealed a reduced amount
of OH-terminations and/or adsorbed H,O, combined with an increased amount of O-V
bonds, indicating formation of surface oxides upon hydrolysation. To quantify the bulk F
reduction within the V,CT, particles, the average point scan values from several particles
were calculated. These results demonstrated a clear trend in reducing the F concentration
during hydrolysation, where the F content after hydrolysation at 300 °C was 69 % lower
than for the pristine V,CT,. However, as the O Ko EDS peak greatly overlapped with
two of the V X-rays (Figure 4.5a), the quantification of the corresponding O content re-
mained uncertain. Seeing that the hydrolysation resulted in a reduced interlayer spacing,
the XPS O 1s spectra indicated no increase in the number of C-V-O bonds, combined
with the DFT calculations predicting the formation of singly terminated V,CO as the
most thermodynamic favourable reaction, it was assumed that the hydrolysation resulted
in a removal of F-terminations to form partly unterminated V,CT,.

To verify the importance of water vapour, the effect of hydrolysation was compared
to annealing in dry Ar. This resulted in a similar trend with the gradual dehydra-
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tion/decomposition of the MXene phase at elevated temperatures, but unlike hydrolysis,
some MXene reflections remained even up to a temperature of 600 °C upon annealing
in dry Ar. After Ar annealing at 800 °C, the MXene phase completely decomposed
to various disordered VC,O, phases, as well as a highly crystalline VF, phase which
demonstrated that Ar annealing was unable to remove all F. These results therefore
proved the importance of water as a reactant to remove F-terminations from multilayered
V,CT,, through the hydrolysis reactions initially presented.

4.3.4 Electrochemical performance in LiBs

Due to negligible obtained capacities for V,CT, cathodes in RMBs, the only electro-
chemical performance presented in this paper was related to LiBs. In Figure 4.6, the
voltage plots of two cycles at different current densities were compared between V,CT,
before and after hydrolysation at 300 °C. It displays almost identical profiles for the two
electrodes at 10 mA/g, although the hydrolysed sample showed a 20 mAh/g increase
below 1.5 V. However, by increasing the current density to 100 mA/g, the hydrolysed
sample demonstrated an improved energy efficiency and 50 % higher capacity than the
pristine V,CT,, which was attributed to the reduced migration barriers for Li-ions in
both unterminated and O-terminated V,CT,.>22% Additionally, a reduced irreversible
plateau close to 1.6 V was observed in the first discharge of the hydrolysed MXene, which
was attributed to the lower water content in between the MXene layers, as the formation

of SEI occurs at even lower potentials for EC based electrolytes. 2>
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Figure 4.6: Voltage profiles of electrodes from V,CT, before and after hydrolysation at 300 °C
cycled at two different current densities. Reproduced from Ref.?*> under the Creative Commons
Licence CC BY 4.0.
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4.4 Paper III: Gas hydrolysation of Ti;C, T,

4.4.1 Overview

In Paper III, gas hydrolysation was studied on the Ti;C,T, MXene to investigate if it
would allow for similar F-termination substitution in this MXene phase. Initially, it was
performed similar to Paper II, with gas hydrolysation of pristine HF-etched TizC, T, MX-
ene. However, no reduction in F-terminations was observed, although DFT calculations
indicated that hydrolysis should be thermodynamic feasible. Suspecting the absence of
hydrolysis was due to lack of water insertion into the MXene, additional experiments
were conducted after increasing the interlayer spacing of TizC,T, by pre-intercalating
various cations.

4.4.2 MXene synthesis

Highly pure TizC, T, MXene with a controlled particle size distribution was synthesised
by etching the commercial Ti3C, T, MAX phase in a HF solution after ball milling. The
purity was confirmed by the complete removal of Al content, and the absence of Ti3 AlC,
XRD-reflections, after the etching step. All X-ray diffractograms were adjusted for sam-
ple displacement through structureless Pawley fitting using the P63/mmc space group.

4.4.3 Gas hydrolysation on pristine Ti;C, T,

As shown in Figure 4.7, the hydrolysation of the pristine HF-etched TizC, T, MXene re-
sulted in minimal changes to the MXene phase prior to oxidation at higher temperatures.
After hydrolysation at 300 °C, insignificant changes in XRD, Raman, FTIR, SEM and
EDS were observed, indicating virtual phase stability at these conditions. However, at
temperatures above 300 °C, hydrolysation resulted in the decomposition of the MXene
phase into a mixture of TiO; anatase nanoparticles and disordered graphitic carbon, ini-
tiating at the edge surface of the MXene particles. After hydrolysation at 500 °C, the
MXene phase was completely oxidised into a mixture of C and several TiO, phases.
With respect to the aim of the investigation, it was concluded that the gas hydrolysation
of pristine HF-etched TizC, T, MXene did not result in any reduction of F-terminations.
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Figure 4.7: X-ray diffractograms (a), FTIR spectra (b) and Raman spectra (c) of TizC, T, MXene
before and after hydrolysation at temperatures up to 500 °C. Reproduced from Paper III, which is
accepted at the Elsevier journal FlatChem.

4.4.4 Gas hydrolysation on pre-intercalated Ti;C, T,

As the interlayer spacing at 9.6 A indicated a very dense packing of the MXene layers,
cation intercalation prior to hydrolysation was attempted, to allow H,O molecules to
penetrate into the MXene structure and thereby react with the F-terminations. This was
achieved by dispersing TizC, T, MXene powder in hydroxide solutions, which resulted
in spontaneous intercalation of either K+, Na*t, Li*, or TBAT. Mg?* intercalation was
achieved through subsequent ion substitution in a MgCl, solution. As shown in Figure
4.8, this resulted in significantly expanded interlayer spacings in the MXene, which was
attributed to the joint intercalation of cations, hydroxide anions and one or two layers of
water molecules. This expansion was denoted as a "pillaring" of the MXene structure.
However, upon hydrolysing the pre-intercalated Ti3C, T, at 300 °C, some of the cations
were either dehydrated and/or deintercalated, resulting in a collapse of the MXene pillar-
ing. As shown in Figure 4.8b, the hydrolysation of these MXenes resulted in negligible
F-reduction, which was ascribed to H,O still being unable to enter the MXene structure.
The K- and Na-intercalated TizC,T, MXene on the other hand remained stable during
hydrolysis and demonstrated significant F reduction after the hydrolysation. Compared
to the pristine TizC, T, the K-Ti3C,-Hyd and Na-Ti3C,-Hyd samples demonstrated 64
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Figure 4.8: X-ray diffractograms (a) and EDS point scan averages (b) of Ti3C, T, before and after
intercalation of various cations and the consecutive hydrolysation at 300 °C. The dashed line in
(b) illustrates a Ti amount of 3 and the error bars represent the standard deviation from the set
of point scans used for each sample. Adapted from Paper III, which is accepted at the Elsevier
journal FlatChem.

% and 45 % less F content, respectively, with a comparable increase in O content. By
increasing the hydrolysation time from 15 h to 50 h for the K-TizC, sample a total F
reduction of 78 % was achieved. Seeing that no signs of oxidation were observed in
SEM, XRD, Raman or FTIR, these compositional changes were ascribed to changes in
the termination groups. The substitution of termination groups was also shown to sig-
nificantly shift the vibrational modes of the MXene in both Raman and FTIR spectra,
matching well with expectations for less F-terminations. >’ Additionally, the impor-
tance of water vapour was verified, as the annealing of K-Ti3C; in dry Ar gas resulted in

insignificant changes in the F content.

4.4.5 Electrochemical evaluation of K-Ti;C, electrodes in LiBs

To investigate the change in electrochemical performance upon hydrolysing the MX-
ene, electrodes from TizC, Ty, K-Ti3C, and K-TizC,-Hyd were charged and discharged
at different current densities. The capacities shown in Figure 4.9a demonstrate how the
intercalation of K- and OH-ions resulted in a significant capacity reduction from the pris-
tine TizC, Ty, which is similar to what has been reported for K-intercalated Ti3C, T, in
SiBs.??® However, the hydrolysation resulted in a slight capacity increase, which was
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Figure 4.9: Electrochemical performance of TizC,T,, K-Ti3C; and K-TizC,-Hyd electrodes, il-
lustrated by delithiation capacities upon galvanostatic discharge and charge cycles at various cur-
rent densities (a) and differential capacity plots from cycle number 3 (b). The negative values in
the dQ/dV plot represent delithiation and positive values represent lithiation. Adapted from Paper
II1, which is accepted at the Elsevier journal FlatChem.

attributed to a lower amount of F- and OH-terminations that can irreversibly react with
the intercalated Li-ions.>>>? Additionally, it was found that the K-Ti3C,-Hyd electrodes
resulted in the worst capacity retention upon increasing the current density. This was
ascribed to changes in stacking upon hydrolysation, which is found to greatly influence
the migration barriers for ion intercalation.** In Figure 4.9b, differential capacity plots
from cycle 3 are presented for all electrodes, and they demonstrate how the lithiation and
delithiation peaks shift significantly upon K-intercalation and the following hydrolysa-
tion. In general, it shows that the intercalation of K-ions results in a downward shift of
the lithiation peaks and an upward shift of the delithiation peaks, leading to higher energy
inefficiencies compared to the pristine Ti3C,T,. This was also true for the K-Ti3C,-Hyd
sample, but after hydrolysation both peaks were shifted to higher voltages, which was as
expected with a higher number of O-terminations (Section 2.2.4).

4.4.6 Thermal stability of Ti;C,T,

Furthermore, the thermal stability of pristine HF-etched Ti;C, Ty in various atmospheres
was also investigated, and the hydrolysis was especially compared to the annealing in dry
synthetic air, as shown in Figure 4.10. It was shown that the Ti;C, T, phase oxidises at
lower temperatures in an O, containing atmosphere compared to in humid Ar gas, as a
complete oxidation to TiO, phases occurred after air annealing at 400 °C, compared to
500 °C for hydrolysis. Additionally, air annealing was demonstrated to have an inferior
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selectivity towards F removal compared with hydrolysation. Whereas hydrolysation re-
sulted in an almost complete removal of F upon decomposition of the MXene phase, a
TiOF, phase was formed during annealing in air, preserving more than 30 % of the F con-
tent. Similar results have also been reported for the annealing in pure O, atmospheres. >
However, regarding the oxidation of C, air annealing was much more efficient. While the
hydrolysis preserved most of the C content even after complete decomposition of the
MXene phase, annealing in air resulted in the removal of more than 70 % of the initial C
content. As seen in Figure 4.10c and d, the morphology of the oxidised samples also dif-
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Figure 4.10: Comparison of annealing in dry synthetic air ("Air") and in humid Ar gas ("Hyd")
at various temperatures, showing EDS average point scan values for Air (a) and Hyd (b) as well
as high magnification SEM micrographs of Air (c) and Hyd (d) after annealing at 500 °C. The
dashed lines in (a) and (b) illustrate a Ti amount of 3 and the error bars represent the standard
deviation from the set of point scans used for each sample. Adapted from Paper III, which is
accepted at the Elsevier journal FlatChem.
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fered significantly after annealing at 500 °C, where hydrolysation preserved the layered
structure while air annealing resulted in a complete transformation into > 100 nm sized
TiO; crystallites.

4.4.7 Cycling results of oxidised Ti;C, T, MXene (not published)

Noteworthy, when cycled in LiB half cells, the oxidation of Ti3C,T, MXene into a
TiO,/C composite upon hydrolysation resulted in significantly increased capacities com-
pared to the pristine MXene (Figure 4.11). This is ascribed to Li-storage in the TiO;
nanoparticles, based on the faradaic peaks at around 2 V in the differential capacity
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Ti3C, T, after hydrolysation at 400 °C and 500 °C. (c) and (d) are from cycle 3 and 23 in (a),
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fast electron transport. Although similar composite electrodes are already well studied
in LiBs, the results presented here demonstrate significantly higher capacities.?>%-26%:263
With specific capacities as high as 270 mAh/g at low current densities (20 mA/g) and
210 mAh/g at a current density of 200 mA/g, the Hyd500C electrodes demonstrate more
than 20 % higher capacities than the composites in the above-mentioned reports. The
improved performance is ascribed to the hydrolysation being less selective towards C re-
moval compared to other oxidation methods. With a more preserved carbon conductive
network, more TiO; nanoparticles become accessible and give rise to an increased capac-
ity of the composite electrode. The enhanced capacity may also be explained by Li being
able to react with more C, which is demonstrated by the high capacities at voltages below
0.7 V vs. Li/Li" Nonetheless, these composites will need to be improved significantly if
they are to compete with state-of-the art TiO, electrodes produced from simpler synthesis

routes. 264
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4.5 F-free etching in alkaline solutions

4.5.1 Etching of the Ti;AlC, MAX phase

Additional to the published work, it has been attempted to reproduce the F-free etching
of the Ti3AIC, MAX phase, reported by Li et al.,* in addition to investigating the meth-
ods’ compatibility with other MAX phases. By hydrothermal etching in 50 wt. % NaOH
solutions at 270 °C, successful exfoliation of the Tiz AIC, MAX phase was confirmed by
the results presented in Figure 4.12. In Figure 4.12a, the commonly observed shift of the
(002) reflection is presented, in addition to the (hkl) marking of all MXene related reflec-
tions obtained from the structureless Pawley fitting to the P63/mmc space group. From
the SEM images in Figure 4.12b and c, it is shown that the layered morphology of the
particles remain relatively intact, although the surface is rougher than what is commonly
observed after HF etching. Nonetheless, as the TEM images in Figure 4.12d display the
layered nanostructure of the TizC, T, sheets, successful MXene formation is verified. As
shown in Figure 4.12e, the etching resulted in an average interlayer spacing of 12.04 A
, which matches well with what was observed after the intercalation of Na-ions in HF-
etched TisC, T, (Figure 4.8). The significantly broader (002) reflection of the alkaline
etched TizC, T, does however indicate a less defined/ordered interlayer spacing, as the
FWHM of the peak covers interlayer spacings between 11.1 A to 13.2 A. This variation
is attributed to various amounts of water molecules being intercalated in different parts
of the particles. Indeed, after vacuum annealing for 12 h at 400 °C, the (002) reflection
shifted to an average interlayer spacing of 10.4 A, which also match well with the dehy-
dration observed for the Na-intercalated TizC, T, upon hydrolysation at 300 °C (Figure
4.8). In total, these results demonstrate successful synthesis of Na-intercalated TisC, T,
MXene through hydrothermal etching in a 50 wt. % NaOH solution.

However, it should also be pointed out that the alkaline etching also results in MXene
impurities and formation of secondary phases, as illustrated by the results presented in
Figure 4.13. First of all, a comparison of the FTIR spectra for HF-Ti3C; and Alk-Tiz;C,
demonstrates significant differences between the two phases. For the alkaline etched
MXene it shows a significant absorption band below 1000 cm~!, which can be ascribed
to titanium oxide vibrations and resemble what was observed for the completely oxidised
Ti3C, T, after gas hydrolysation or air annealing at 500 °C (Figure 4.7b). The Alk-Tiz;C,
phase also resulted in a broad absorption band at ~3300 cm~! and ~1700 cm~!, which
is ascribed to O-H stretching and bending modes and originates from OH-terminations
and intercalated water between the MXene layers. Furthermore, the SEM micrographs
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in Figure 4.13b and ¢ demonstrate how the alkaline etching resulted in the formation of
several new particle morphologies, such as flower-like and cracked octahedrons. As the
X-ray diffractogram in Figure 4.12a did not show any signs of impurities, it is assumed
that the crystallite sizes of these impurities are too small to be detected by XRD. Sim-

a) —— Ti:AIC,
—— Ak-THAIC;
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(002) F
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20 (deg)

112,04 A — Alk-Ti;AIC;
—— Dry-Alk-TizAIC,
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10 20 30 40 50 60 70
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Figure 4.12: Proof of MXene formation after the hydrothermal alkaline etching of the Tiz AlC,
MAX phase, showing X-ray diffractograms before and after etching (a), SEM and TEM micro-
graphs at various magnifications (b-d) and X-ray diffractograms of Alk-Ti3C, before and after
drying at 400 °C for 12 h under vacuum. Figure (c) displays a magnified version of the red area
in figure (b), and the PDF number for the Tiz AlC, phase is 04-012-0632.
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ilar morphologies have been reported for various controlled oxidations of the MXene
phase, and thus support the partial oxidation of the MXene phase upon etching under

265,266 Comparable to previous reports, the EDS point scan averages

these conditions.
presented in Figure 4.13d indicate that these particles are composed of sodium titanate
(~NayTigO13).292% Additionally, the Raman spectra of these new particles differ sig-
nificantly from the HF-MXene particles, as indicated by Figure 4.13e. In the optical
microscope, these flower-like particles were also found to be white, compared to the
black MXene particles, suggesting a tetravalent oxidation state of the titanium atoms. %’
Furthermore, the TEM EDS mapping presented in Figure 4.13f shows that the alkaline
etching results in a number of voids in the bulk of the particles, as well as regions with
incomplete Al exfoliation. The incomplete Al exfoliation is also demonstrated by the
remaining Ti3AlC, reflections in the XRD spectra after etching. As an increased etching
time did not result in notably enhanced etching yield, the method seems to be unable to
completely etch all regions of the MAX phase. Hence, these results demonstrate an infe-

rior control of the Al-removal by this alkaline etching method compared to HF etching.

Another challenge with this hydrothermal etching method is to prevent oxidation of the
autoclave in the harsh etching environments that are used. In this work, significant Ni
impurities (> 0.1 at. %) were measured by EDS and some Ni nanoparticles were even
observed in the TEM EDS mapping after etching. This is assumed to come from oxida-
tion of the steel autoclave that was used, as the alloy probably consisted of Ni. To prevent
such impurities, utilisation of stable autoclaves would therefore be required.

Nonetheless, most of the results presented in Figure 4.13 also demonstrate successful
MXene formation with interesting changes compared to the HF etched TizC,T,. For the
MXene related FTIR peaks in Figure 4.13a, the Alk-Ti3C, phase shows significant shifts
of the Ti-T and Ti-C peaks to 698 cm™! and 615 cm™!, respectively. These shifts are
ascribed to changes in termination groups,”>® and match well with what was observed
after hydrolysation of K-intercalated TizC,T, in Paper III. Additionally, it should be
noted that although significant amounts of impurity particles were observed, the majority
of the particles showed a layered particle morphology with an EDS spectra indicating
almost complete Al exfoliation and a MXene free of F-terminations, in addition to a
similar amount of Na as the Na-TizC, presented in Paper III. Furthermore, the Raman
spectra from a layered Alk-Ti3C, particle in Figure 4.13e demonstrates significant peak
shifts compared with the HF etched counterpart. These shifts also resemble the shifts
observed after hydrolysation of K-intercalated TizC,T, in Paper III, and are attributed to

the lack of F-terminations and the increased number of O-terminations. 257-25
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Figure 4.13: Additional characterisation of the Alk-Ti3C, MXene compared to HF-etched
TizsC, T, MXene, showing FTIR spectra (a), SEM micrographs of different particle morpholo-
gies (b,c), EDS point scan averages of the different particle types with standard deviations (d),
Raman spectra (e) and TEM EDS mapping of Ti, Al and O (f).
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4.5.2 Alkaline etching of other MAX phases

As the hydrothermal alkaline etching method resulted in successful MXene formation for
the TizAlIC, MAX phase, the method was also applied on the following MAX phases:
Tip AlC, TirAIN, TizAICN, TiMo,AIC;, NbsAlC3, NbyAIC, V,AIC and V4AIC;. This
was done using the same etching conditions as for the Ti3 AIC, phase, in order to evaluate
how these MAX phases responded to similar etching conditions. In Figure 4.14, X-ray
diffractograms of the MAX phases with Ti-Al bonds (Ti;AIC, TipAIN and Ti3 AICN)
both before and after the alkaline etching are presented. Common to all compounds was
a significant reduction of the MAX phase reflections upon etching, accompanied by the
formation of a few new reflections. As the analysis software was unable to match these
reflections with any plausible impurity phases, and due to the similarity of the broad (002)
reflection to the Alk-Ti3C, sample, these reflections might be related to the formation of
MXenes. However, due to the low intensity of these reflections, it seems unlikely that
MXenes of high purity/order are obtained from these etching conditions.
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Figure 4.14: X-ray diffractograms of the Ti, AIC (a), TiAIN (b) and Ti3AICN (c) MAX phases
before and after alkaline etching, where the purple diamonds indicate possible MXene-related
reflections. The PDF numbers for the different phases are: 04-001-6044 for Ti; AlC, 00-055-
0434 for Ti, AIN and 04-023-0983 for Tiz AICN.
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From SEM micrographs of the Alk-Ti;AlC powder (Figure 4.15), it was found that the
alkaline etching resulted in the formation of similar particle morpholigies to the impu-
rities found for Alk-Ti3AlC,. In addition to the flower and octahedron morphologies,
the Alk-TipAIC powder also displayed particles with a bubble-cluster like morphology
as well as other geometric shapes. In total, the amount of layered particles after etching
was much less than after the etching of Ti3AlC,, which indicate an increased oxidation
of the Tip AIC MAX phase under similar etching conditions. Interestingly, the EDS point
scan measurements did not show any significant differences between the various particle
morphologies, and demonstrated an almost complete removal of the C content in all of
the measured particles. These results therefore oppose the possible formation of Ti,C
MXene from these etching conditions, and indicate that most of the MAX phase has
been completely oxidised during the alkaline etching. Based on the EDS measurements,
the stoichiometry of these oxidation products match reasonably well with the secondary
phases formed for for Alk-TizAlC,;.
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Figure 4.15: SEM micrograph of the Ti; AIC MAX phase after alkaline etching showing various
particle morphologies. The inset shows the average EDS point scan values obtained from different
particles.
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Furthermore, X-ray diffractograms of the TiMo, AIC,, V,AIC and V4AIC3 MAX phases
before and after alkaline etching are presented in Figure 4.16. It shows that all of the
phases remain virtually unchanged after the alkaline etching, although the TiMo, AIC,
and V4AIC;3 phases show an increased amount of TiC and VC, respectively. Considering
that the etching of both of these phases resulted in a yield of 32 wt. %, the increased
carbide amount after etching can be ascribed to a reduction of the MAX phases. For
the V,AIC MAX phase, the particles were completely dissolved in the NaOH solution
upon etching, which based on its yellow colour indicates V in a pentavalent state.?%®
Figure 4.16c therefore displays the diffractogram measured after etching the phase at a
reduced temperature of 200 °C. Similar to the above-mentioned MAX phases, it shows no
significant changes after etching. It was also attempted to reduce the NaOH concentration

to 5 M (at 270 °C), but this also resulted in the complete dissolution of the MAX phase.
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Figure 4.16: X-ray diffractograms of the TiM0,AlC; (a) V4AIC;3 (b) and V,AIC (c) MAX phases
before and after alkaline etching, where the V,AIC was etched at a reduced temperature of 200
°C. The PDF numbers for the different phases are: 04-022-3612 for TiMo,AlC,, 01-089-3828
for TiC, 04-016-1947 for V4A1C3, 04-004-6859 for VC and 04-005-0048 for V,AlC.
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In general, none of these phases displayed any signs of (002) MXene reflections at lower
20 values, and these results thus indicate that the alkaline etching conditions tested here
were unable to form MXenes from the TiMo, AIC,, V,AIC and V4AIC; MAX phases.

Unlike the above-mentioned MAX phases, the NbyAlC3, Nby;AIC MAX phases showed
complete transformations after the alkaline etching, as presented by the X-ray diffrac-
tograms in Figure 4.17. They display a complete oxidation of the MAX phases upon
etching, to form a NaNbOj3 phase with high crystallinity. With this phase transition, the
powder also changed colour from black to grey. These etching conditions thus seems to
be too oxidising for a controlled Al-exfoliation of the Nb-based MAX phases.
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Figure 4.17: X-ray diffractograms of the NbsAIC3 and NbyAIC MAX phases before and after
alkaline etching. The PDF numbers for the different phases are: 00-033-1270 for NaNbO3, 04-
001-6045 for Nby AIC, 04-015-4176 for Nbs AIC3 and 04-001-3168 for NbAl;.
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4.5.3 Summary of alkaline etching results

The results from the alkaline etching on the different MAX phases is summarised in Ta-
ble 4.1. This table also includes the etching yields obtained by measuring the mass of
the dry powder before and after the etching, and shows that there are significant varia-
tions between the different MAX phases. In total, Ti3AlC; was the only MAX phase that
demonstrated formation of significant MXene by the alkaline etching conditions tested
here. However, although these results give an indication to the feasibility of this method
for the etching of various MAX phases, a limited set of etching conditions have been
investigated. By adjusting the NaOH concentration, the temperature, the pressure and/or
the etching time, it is possible that improved results can be achieved for other MAX
phases as well. Nevertheless, the poor compatibility with most MAX phases demon-
strated in this work might also explain why this etching method was reported by one
group only, since first reported four years ago (Section 2.2.4). Considering that this
group only has published work on alkaline etched TizAlC,, the feasibility to use this
method for other MAX phases remains to be proven. To the author’s knowledge, this is
the first report on the utilisation of hydrothermal alkaline etching on other MAX phases
than Tiz AlC,.

Table 4.1: Summary of the results from hydrothermal alkaline etching of the different MAX
phases, using 50 wt. % NaOH and an etching temperature of 270 °C.

MAX phase Mass yield (%) MXene? Comment
TizAlC, 91 Yes Very disordered MXene
Tiz AICN 85 Maybe Few layered particles remained
TiMo, AIC, 32 No Only relative increase in TiC amount
Ti AlC 101 Maybe Almost all C content removed
Ti, AIN 93 Maybe Only XRD
Nby AIC 100 No Complete oxidation into NaNbO3
Nb4AIC; 86 No Complete oxidation into NaNbO3
V4AIC3 32 No Only relative increase in VC amount

V,AIC 0 No Complete dissolution
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Introduction

Parts of this work has been related to the synthesis of F-free, multilayered MXene compo-
sitions and the investigation on how the change in termination affects the ion-intercalating
properties of the MXene. The overall aim was to evaluate the feasibility of MXene elec-
trodes in rechargeable batteries, and especially for RMBs and LiBs. In this chapter, a
short presentation of the conclusions from each part will be presented, followed by per-
sonal perspectives on future outlooks.

Termination control of MXenes

Based on the calculated potential of O-terminations for ideal electrode performance, the
goal was to synthesise F-free and ideally homogeneously O-terminated multilayered MX-
ene particles. To achieve this, gas hydrolysation was chosen based on its theoretical
promise compared to other oxidation methods, and was tested on two different MXene
compositions: V,CT, and TizC,T,. In Paper II and III it was proven that gas hydroly-
sation is an efficient method to remove F content, and that it prior to complete oxidation
is able to reduce F-terminations by ~70 % without significant oxidation. Furthermore,
it was demonstrated that water is unable to penetrate into non-intercalated Ti3C, T, MX-
ene, and that an increased interlayer spacing, by cation pre-intercalation (e.g. K* and
Na™), is required for successful hydrolysation. As gas hydrolysation has worked on both
of the two studied MXenes so far, utilisation on other MXene compositions should also
be explored. Furthermore, gas hydrolysation should be investigated on MXenes etched
in fluoride salts, which results in less F-terminations than the HF-etching reported here.
This would show whether a similar F-reduction could be obtained for already F-poor
termination mixtures.

Although significant F-removal was achieved by gas hydrolysation, the composition of
the resulting termination mixture was rather uncertain. For the V,CT, phase, insignifi-
cant changes in O content was measured by EDS, partly due to the overlap of V and O
peaks. However, as the analysis of XPS results also demonstrated minimal O increase, it
was speculated about the formation of partly unterminated V,C MXene. For the Ti3C, T,
phase, the comparative increase in O-content suggested that the F-terminations were sub-
stituted by O-containing terminations. Still, as it is impossible to separate between O- and
OH-terminations by EDS, the true composition of the termination mixture remained un-
certain. Even though high temperature annealing is expected to remove OH-terminations
(Section 2.2.4), further characterisation by e.g. NMR would be required to determine the
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true composition of the termination mixture after gas hydrolysation.?!!?!? Moreover, al-
though no signs of significant oxidation was observed after gas hydrolysation at 300 °C,
MXenes eventually form oxides even at room temperature. 40 Hence, the extent of surface
oxidation during gas hydrolysation should be thoroughly investigated by surface sensitive
methods such as XPS.

Considering the challenge of inserting water molecules during hydrolysation of the
TizC, T, phase, it is possible that an increased interlayer spacing is a general requirement
for post-etching termination change in multilayered MXene particles. Hence, several
of the reaction mechanisms presented in Section 2.2.4 could prove effective on multi-
layered MXenes with expanded interlayer spacings. Due to the possibility of higher
temperatures and continuous removal of reaction products, gas hydrolysis may prove a
more optimal method than hydrothermal hydrolysis. However, as no previous efforts
have been made towards controlled F-removal through this method, the potential of
hydrothermal hydrolysis in inert atmospheres should be further evaluated. Moreover, H,
annealing to form unterminated MXenes should be investigated, since it already has been
demonstrated to remove O-terminations and generally improve the oxidation stability
of delaminated MXene thin films.>3%>** With the oxidation of Ti3C, T, being slower in
alkaline environments,*>?>> OH substitution of F-terminations in concentrated alkaline
solutions would be interesting, as demonstrated by Equation 2.10. As an example, the
alkaline etching results in Section 4.5 show how the TizC, T, MXene remains relatively
stable at 270 °C in a 50 wt. % NaOH solution, and by increasing the concentration, even
less oxidation is to be expected.*’

Even though one of the main motivations for post-etching treatments was the possibility
for scalable production of termination controlled MXenes, most of the methods presented
here may not be scalable. As an example, this work has presented gas hydrolysation
on < 0.3 g batches in a closed environment for 15 h, which clearly illustrates how the
scalability must be validated for this method to be viable for large-scale production of
F-free MXenes. Although the Lewis acid method described in Section 2.2.4 also re-
mains unpractical for large-scale applications, it has demonstrated the possibility to form
homogeneously terminated MXenes with several different terminations (e.g. bare, S,
Br, CI, O). This again makes it the best method to date for investigating the properties
that can be obtained with controlled termination groups. So far, this method has also
been demonstrated to produce several different MXene compositions, such as TizC, Ty,
Ti,CTy, TisCsT,, TizCNT,, Nb,CT, and Ta,CT,. 1>-156:216.221 Although it currently re-
mains inapplicable for some MXene phases (e.g. V,CT,),">® it will most likely be the
most utilised method for termination control in the near future.
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In comparison, the hydrothermal alkaline etching method presented in Section 4.5 was
shown to successfully form F-free Ti3C,T,. However, with a 12 h etching in 50 wt. %
NaOH solution at 270 °C, it was not found to form significant amounts of MXenes from
any of the Tip AlC, Tip AIN, Ti3AICN, TiMo, AlC;, NbsAIC3, Nby AIC, V,AlC or V4AIC;
MAX phases. Hence, these results suggest a possible limitation to the compatibility of
this etching method, as it currently only has been demonstrated for one MXene com-
position. As the hydrothermal etching also resulted in structurally disordered TizC,T,
MXene particles with a large amount of impurities, in addition to a non-homogeneous
mixture of O/OH-terminations, the quality of the obtained MXene was inferior to what
has been reported for the Lewis acid etching method.

MXene electrodes for rechargeable batteries

The overall aim of this project was to investigate the feasibility of MXene electrodes for
rechargeable batteries, and in particular as cathodes in RMBs. Based on the theoretically
predicted importance of MXenes’ termination groups, most of the focus in this work was
directed towards controlling the termination groups, as already discussed above. In LiB
electrodes, it was found that the substitution of F-terminations into partly O-, OH- and
unterminated MXene resulted in some changes in intercalation voltage, capacity, rate-
capability and energy efficiency. Nonetheless, the magnitude of these effects did not
match the theoretical predictions, which may be a result of the many different parame-
ters that are involved. As an example, it was recently shown by Hadler-Jacobsen et al.
that the stacking of the MXene sheets may have a greater impact on the ion migration
barriers in multilayered particles than the termination groups.>*?%® As the thermody-
namically favourable stackings also depend on the mixture of termination groups, this
illustrates the challenge of controlling single parameters when experimentally testing the
ion-intercalation properties of MXenes. Considering the lack of homogeneous termina-
tion groups, and the general challenge of quantifying the true mixture of terminations,
the control of the termination group mixture would require further optimisation. Hence,
no clear conclusion on the termination groups’ effect on the intercalating properties of
MXenes can be drawn.

Regarding the feasibility of MXene electrodes in general this work does not provide any
clear conclusion. For RMBs, this work has shown that the reversible intercalation of
Mngr ions in MXenes seems unlikely, as there will be a trade-off between low inter-
calation voltages, sluggish kinetics and/or irreversible reactions, similar to other RMB
cathode materials (Section 2.1.3). In this work, reversible capacities < 5 mAh/g were
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observed for all multilayered MXene compositions and electrolytes tested in RMBs, in-
dicating minimal reversible intercalation of Mg-ions. While the reports discussed in Sec-
tion 2.2.3 demonstrated reversible capacities > 50 mAh/g in RMB cells, this was based on
high surface area electrodes and most likely co-intercalation of other electrolyte compo-
nents. Even if they were demonstrating reversible Mg-ion intercalation, their low capac-
ities and average voltages still leave them uncompetitive with respect to state-of-the-art
cathode materials. Consequentially, there has been no further reports on Mg-intercalation
in MXenes after that. Hence, the current results generally indicate that MXenes are not
feasible as cathode materials for RMBs. However, with the vast chemical and structural
possibilities that MXenes offer, and the continuous improvements on how to control them
(e.g. Lewis acid etching), a general conclusion about the feasibility of MXene cathodes
for RMBs cannot be drawn at this stage. As concluded in Paper I, the most viable MX-
ene composition for RMB cathodes, of the V,CT, and TizC,T, MXenes investigated,
is homogeneously terminated, multilayered V,CO,. Until such a MXene composition
is verified and tested, the theoretical potential of RMB MXene cathodes remains unan-

swered.

In contrast to the limited Mg-intercalation, MXenes have been proven to reversibly in-
tercalate a range of other ions, making them more useful for other battery chemistries.
As discussed in Section 2.2.3, the gravimetric capacities of delaminated MXene films
generally outperform those of the multilayered particles. However, until high areal and
volumetric capacities can be achieved from such films, multilayered MXene particles
remain the most relevant electrode material for high energy batteries. While significant
reversible capacities have been demonstrated for a range of battery chemistries (e.g. Li-
ion, Na-ion and K-ion), the generally sloped voltage profiles results in average voltages
too high for competitive anode materials and too low for competitive cathode materials.
Howbeit, MXenes have also demonstrated extremely fast rate-capabilities, making them
highly interesting for high-power chemistries, such as alkali-ion capacitors. With the
new possibilities to control the surface chemistry, it is also possible that the capability
of MXene electrodes may improve significantly over the years to come. As an example,
I- and Br-terminated MXenes have recently demonstrated distinct voltage plateaus in
aqueous Zn-ion batteries, unlike the generally sloped voltage profiles reported for Cl-
and O/OH/F-terminated MXenes. '®° Similarly, multilayered Ti)NT, with O- and Cl-
terminations have also demonstrated a high reversible capacity of 303 mAh/g at 100

269 which is higher than previous

mA/g in LiBs, and a 52% capacity retention at 5 A/g,
reports on F-, OH- and O-terminated MXenes. This illustrates how the newly discov-
ered termination groups may result in improved electrochemical performance of MX-

enes, making them more competitive electrode materials than they are today. Moreover,
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the intercalation in MXenes is generally found to be more feasible in aqueous solutions,
even for Mg?" ions, making them suitable for aqueous supercapacitors with high power
density, albeit low energy density.

Whereas the full potential of MXene electrodes remains unexplored, the currently re-
ported performances makes it unlikely that MXenes will succeed any of the commonly
used electrode materials in high-energy battery chemistries. However, with the interest-
ing properties and the facile processing of MXenes, it is not unlikely that future commer-
cial battery chemistries may contain MXenes. Perhaps not as the electrode material, but
instead as a chemically binding electrical network, which may improve the performance
of certain battery chemistries.
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MXenes, a type of two-dimensional transition metal carbide/nitride, have received significant attention for
electrochemical storage applications. With substantial capacities predicted for Mg ions, MXenes have been
considered a promising candidate for cathode materials for rechargeable Mg batteries (RMBs). While there
have been reports demonstrating reversible capacities of 100-200 mA h g~* for MXene-based cathodes,
the understanding of the reactions occurring is limited. Here, we investigate unsolvated Mg®*
intercalation into multi-layered, non-delaminated MXene particles by electrochemical characterization of
two common MXenes (TizC,T, and V,CT,) with various electrolytes and at elevated temperatures,
complemented by DFT calculations. Our experimental results show poor reversible capacities
(<5 mA h g™%) both at room temperature and at 60 °C, indicating that no intercalation of Mg ions occurs
during cycling. DFT simulations show that TizC,T, with fluorine and hydroxyl termination groups has
a negative average voltage for Mg®* and reveal high migration barriers for oxygen termination groups,
supporting the experimental results. The DFT calculations also reveal that upon magnesiation in multi-
layered V,CF, and V,C(OH),, MgF, or MgH, is formed rather than the electrochemical intercalation of
Mg?*. However, multi-layered V,CO; is found to have both a relatively high theoretical average voltage
(~1.5 V) and a comparatively low migration barrier of 480 meV, allowing for Mg?* intercalation and RMBs
with energy densities comparable to Li-ion batteries. The findings emphasize the need to fully control
the MXene termination groups. The possible reasons for the unsatisfactory and deviant electrochemical
performance reported in this work and in the literature are critically reviewed to assess the feasibility of
MXene cathodes for energy-dense RMBs.

Received 16th January 2020
Accepted 17th March 2020

DOI: 10.1039/d0se00087f

rsc.li/sustainable-energy

compositions of various alternative battery technologies still
make them attractive candidates for further investigations.**

1 Introduction

Lithium-ion batteries (LiBs) currently represent state-of-the-art
rechargeable battery technology but are still limited by factors
such as safety and insufficient availability of raw materials.
With the expected increase in demand for electric vehicles and
grid energy,” these limitations may render LiBs inapplicable as
the sole solution for rechargeable battery systems. None of the
current alternatives are able to compete with the energy density,
power density, cycle life and cost of LiBs. However, the theo-
retical properties and advantage of environmentally friendly
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One of these interesting battery technologies is rechargeable
magnesium batteries (RMBs), due to the abundance of Mg in
the Earth's crust, its low cost and the fact that Mg metal is less
prone to form dendrites upon cycling than Li metal.>” The latter
may enable safe operation of Mg metal anodes, which greatly
outperforms today's graphite anode in LiBs in terms of both
gravimetric (2205 vs. 372 mA h g~') and volumetric capacity
(3833 vs. 800 mA h cm ?).* Together with the low reduction
potential of Mg metal,® this opens up the possibility to have
energy-dense batteries based on RMB technology.

Despite the compelling electrode properties of the Mg metal
anode, RMBs still face significant challenges in terms of finding
compatible electrolytes and suitable cathode materials.>® Due
to the formation of impermeable layers on the Mg anode using
common electrolyte salts and solvents, the number of candi-
dates that demonstrate reversible plating/stripping of Mg have
generally been limited to ethereal solutions of Mg salts based on
Grignard reagents or hydride anions.'*** The voltage window of
these electrolytes is typically limited to around 2-3 V vs. Mg/

This journal is © The Royal Society of Chemistry 2020
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Mg”*, which therefore leads to the need for high capacity
cathode materials in order to have a competitive energy density
compared to LiBs.

To date, only a limited number of cathode materials have
shown reversible electrochemical reactions with Mg ions. After
the pioneering work of Gregory et al., demonstrating reversible
operation in 1990," the first practical RMB prototype is often
attributed to the work of Aurbach et al. in 2000,'* who reported
excellent cyclability and fast kinetics for their MosSg Chevrel
phase cathode. Despite its relatively low capacity and operating
voltage, it remains one of the best candidates for a secondary
battery based on Mg. Since then, various chalcogenides and
oxides have been investigated,"””* but while chalcogenides
generally suffer from too low operating potentials, the oxides
only work at extremely low current densities due to high Mg?*
migration barriers.® Moreover, cathode materials relying on
reactions, particularly sulfur, have gained
interest.”>* However, detrimental soluble Mg polysulfides
inhibit the cycling performance and the practical application of
Mg-S batteries.”” Consequently, there is still an urgent need for
Mg cathode materials with sufficient capacity, kinetics and
cyclability to enable competitive RMBs.

One interesting group of materials for RMB cathodes is
transition metal carbides, carbonitrides, and nitrides known as
MXenes. Since their discovery in 2011,*® numerous structures
have been investigated as electrode materials for various battery
chemistries due to their unique two-dimensional structure
offering high electronic conductivity, hydrophilicity, tunability
and good mechanical strength.*?* MXenes have a general
composition of M,;X, Ty (n = 1,2,3), where M represents an
early transition metal (i.e. Sc, Ti, V, Cr, Nb, and Mo), X repre-
sents carbon and/or nitrogen and T is the surface terminating
ion (F, O, and/or OH).>* Due to their versatile structural possi-
bilities and tunable surface chemistry, MXenes have been
proposed as candidates in a range of applications from sensors
to catalysts, as conductive additives and as electrode materials
in both supercapacitors and rechargeable batteries.?***%
Screening of the intercalation properties of MXenes has shown
promising theoretical capacities for Mg-ion intercalation
(>400 mA h g~ *),**%” which therefore have attracted interest for
RMB research.

The first report on using MXenes as cathode materials with
Mg”* containing ethereal solvents was by Byeon et al.*® With the
conventional APC-THF electrolyte, negligible capacities were
reported for their freestanding film of a delaminated Ti;C,T,/
carbon nanotube composite cathode. With the addition of
0.4 M LIiCl to the electrolyte, significant capacities were
observed, assigned solely to Li' intercalation by energy-
dispersive X-ray spectroscopy (EDX).*® Recently, several studies
have reported similar initial capacities for pristine Ti;C,T,, all
tested with the APC-THF electrolyte at room temperature.**** By
pre-incorporation of large organic molecules (e.g. cationic
surfactants,” and phenyl-MgCl from the electrolyte*') or even
carbon nanospheres,® reversible capacities of 100-
200 mA h g " have been reported. However, all the mentioned
studies have utilized delaminated Ti;C,T,, and combined it
with the mentioned spacer molecules/structures to obtain

conversion
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a highly porous structure with a large surface area. The reported
voltage profiles differ substantially, and the proposed charge
storage mechanisms deviate accordingly: Mg ion intercalation
assisted by cetyltrimethylammonium (CTA"), phenyl-MgCl
intercalation, or a combined intercalation and conversion
reaction.**** This raises a critical question about the possibility
of unsolvated Mg>" intercalation in MXenes, versus predomi-
nantly surface reactions and/or intercalation of complex ions. In
order to enable competitive energy-dense Mg batteries, inter-
calation of unsolvated and non-complexed Mg** ions is neces-
sary. Highly porous structures should therefore be avoided,
favouring multi-layered MXenes compared to their delaminated
counterpart.

In this paper, a systematic investigation on the feasibility of
Mg>" intercalation in MXenes for practical rechargeable Mg
batteries is presented, combining experiments and Density
Functional Theory (DFT) calculations. First, the MXene struc-
ture and morphology is explained before the proposed charge
storage mechanism of MXenes for Mg batteries from the liter-
ature is critically reviewed. Then, we investigate unsolvated
Mg?" intercalation in Ti;C, Ty, which is the most studied MXene,
as well as in V,C,T,. The effects of an elevated temperature and
electrolytes with different electroactive species are reported.
The influence of termination groups (F, O, and OH) on Mg>"
migration barriers and operating voltages is assessed for both
Ti;C,T, and V,CT, MXenes. Migration barriers for Li" and
MgCl" are also reported to gain further insights into the ion
intercalation properties of MXenes and to resolve some of the
discrepancies in the reported charge storage mechanisms. The
complex relations between the MXene transition metal, the
termination groups, and single-layer (i.e. delaminated) versus
multi-layer MXene, and their effect on Mg>" migration barriers
and average operating voltages are studied. The findings reveal
inherent challenges with some MXene compositions, whereas
others stand out as possibly viable cathode candidates. Our
work thus provides directions for further efforts to enable
MXene cathode materials for rechargeable Mg batteries.

2 Results and discussion
2.1 Structure, intercalation and surface reactions

The peculiar structure of MXenes and different electrolyte—
MXene interactions can give rise to different charge storage
mechanisms, and may explain some of the deviant electro-
chemical performance reported for MXene electrodes. Thus,
a brief overview on the proposed charge storage mechanism for
Li ions in MXenes is presented before the reported work on
MXenes as RMB cathodes is critically reviewed.

A typical Ti;C,T, MXene particle is illustrated in Fig. 1,
synthesized by conventional HF etching of the respective
Ti;AIC, MAX phase*** (experimental details in the ESI}). The
accordion-like morphology is a result of the H, evolution during
etching,”® which gives rise to an open structure. Noteworthily,
these easily observed large spacings from partly delaminated
stacks (ranging from 30-500 nm), referred to as the interstack
distance, should not be interchanged with the interlayer
distance between each individual MXene layer (0.9-1.6 nm,
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200 nm

Fig. 1 lllustrating the difference between the interlayer distance
between TizC,T, atomic layers (0.9-1.6 nm) and the spacing between
stacks of multiple MXene atomic layers (30-500 nm), denoted by the
interstack distance, which is visible via SEM.

shown in the inset in Fig. 1). True Mg”" intercalation in MXenes
should refer to Mg>" insertion between the individual MXene
layers, whereas the capacity obtained from electrochemical
reactions between the stacks will be dominated by adsorption
giving pseudocapacitive and/or electrical double-layer charge-
storage.

Recently, Okubo et al. discussed the deviant voltage profiles
reported for MXenes, with an emphasis on Li- and Na-ion
intercalation.”® For aqueous electrolytes, they state that
solvated cations intercalate between the individual MXene
layers, resulting in a large change in interlayer distance, as well
as a change in the oxidation state of the metal atom in the
MXene. In contrast, in nonaqueous electrolytes, solvated
cations may initially intercalate, but the solvation shell quickly
collapses and the desolvated cations continue to intercalate
between the MXene layers. Okubo et al. named the charge
storage mechanism of MXenes in nonaqueous electrolytes after
the concept proposed by Augustyn et al.: intercalation pseudo-
capacitance.* This mechanism is reversible and occurs through
ultrafast intercalation of cations with minor structural distor-
tions, little to no diffusion limitations, and a change in the
oxidation state of the intercalation host material. A similar
charge storage mechanism may be postulated for Mg ions.
However, the reported voltage profiles for non-aqueous Mg
electrolytes deviate and the charge-storage mechanism is far
from resolved,**" which will be discussed in the following
sections.

Recently, substantial capacities were reported for Ti;C,T,
MZXene for RMBs, enabled by the pre-intercalation of organic
molecules or carbon nanospheres.**** Xu et al. reported a cetyl-
trimethylammonium bromide (CTAB) pre-intercalated Ti;C,T,
paper electrode with reversible capacities of ~100 mA h g~ " and
a sloping voltage profile.* Through X-ray photoelectron spec-
troscopy (XPS) and DFT-simulations, it was proposed that the
intercalated surfactant cation, CTA", can induce charge transfer
from CTA" to the MXene. This lowered the Mg diffusion barrier
and enabled Mg-ion intercalation, either in the form of unsol-
vated Mg”* or Mg>* complexed with anions/solvent molecules.
The post mortem XRD study at different states of charge sup-
ported a non-trivial reaction mechanism, where the d-spacing of
the MXene changed substantially and the original crystallinity
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was not recovered after charging. Liu et al. incorporated CTAB-
grafted carbon nanospheres with Ti;C,T, and obtained capac-
ities of around 200 mA h g* with a similar sloping voltage
profile.** The increase in MXene d-spacing (0.19 nm) of the
TizC,T,/carbon nanosphere composite was assigned to the
intercalation of carbon nanospheres, and it was proposed that
the expanded interlayers could provide additional diffusion
paths and insertion sites for Mg>* ions. However, it is not clear if
the increased d-spacing and improved performance is better
explained by the intercalation of CTAB, given the similar d-
spacing increase (0.20 nm) and observed voltage profile by Xu
et al.** This is further strengthened by the size of the carbon
nanospheres, ranging from 100-700 nm in diameter. Still, the
carbon nanospheres may seem to preserve the original crystal-
linity of Ti;C,T, during cycling, as evidenced by post mortem
XRD. The capacity from non-diffusion processes dominated for
both reported structures, ranging from 54-82% (ref. 40) to 55-
92% (ref. 39) (depending on the scan rate), which indicates
predominantly surface-controlled charge storage and limited
Mg-ion intercalation. Besides, if the CTA" contributes nearly
equally compared to the Mg ions to the charge storage,*® the
practically obtainable energy density will suffer, as the charge is
stored in the electrolyte.

Another noteworthy attempt to enable MXene cathodes for
RMBs was recently reported by Zhao et al., demonstrating a 3D
macroporous Ti;C,T, paper cathode with clear voltage plateaus
and reversible capacities around 200 mA h g~'.** The paper
cathode was fabricated through a sacrificial template method,
obtaining a porosity of around 90%. The highly porous paper
was soaked in APC-THF, which lead to increased MXene d-
spacing (from 1.36 to 1.55 nm) and substantial amounts of Mg,
Al and Cl were observed by EDX. This was assigned to the pre-
intercalation of whole salt molecules from the electrolyte such
as (phenyl-MgCl),AlICl;, which subsequently enabled the
observed capacities. Through post mortem EDX, it was proposed
that a reversible intercalation/deintercalation of phenyl-MgCl
in the first set of discharge/charge plateaus at 2/2.4 V and
a partly irreversible redox reaction between Mg-ions and Ti;C, T,
in the second set at 0.8/1.9 V occurred. Thus, a reversible
intercalation combined with a partly irreversible conversion
mechanism was suggested. Still, the need for more evidence of
the redox reactions between Mg ions and MXenes was correctly
emphasized. For example, the theoretical capacity of Ti;C,Ty,
with equal amounts of F, O, and OH terminations is
202 mA h g ', assuming one Mg ion per Ti;C,T,. At full
discharge, a modest Mg content of 0.38 per Ti;C,T, formula
unit was reported, yet a capacity of ~200 mA h g~ * was achieved,
indicative of a substantial amount of other electrochemical
reactions. Still, the capacity from the first set of discharge/
charge plateaus (~45 mA h g~ ') matches reasonably well with
that of a one-electron reaction from a 0.38 content of the MgCl
compound (40 mA h g™%), justifying the proposed reversible
phenyl-MgCl intercalation. For the remaining capacity, a care-
ful in situ study may be needed to completely rule out contri-
butions from residual H,O/proton cycling, or side reactions due
to the wide voltage window used.

This journal is © The Royal Society of Chemistry 2020




Paper

In summary, the suitability of MXenes as a potential cathode
for RMBs is yet to be determined. The above discussion raises
a critical question about the feasibility of unsolvated Mg**
intercalation for practical RMBs, which will now be addressed.

2.2 Electrochemical performance and post mortem analysis

To assess the suitability of MXenes as intercalation cathodes for
Mg batteries, non-delaminated Ti;C,T, powders were tested in
coin cells with standard ethereal Mg electrolytes. Ti3C,Ty
MXene was synthesized by conventional HF etching of the
respective Ti;AlC, MAX phase based on previously established
methods,*®** and this is described in detail in the ESIL.} Prior to
the etching step, ball milling of the Ti;AlC, MAX phase was
carried out to ensure a narrow particle size distribution of 6 + 2
um, as shown in Fig. 2a and S1 (ESIt). The milled Ti;AlC, was
subsequently etched with 10 wt% HF for 24 h, yielding Ti;C,T,
MXene with high phase purity, controlled size distribution and
the characteristic accordion-like morphology (Fig. 2b). The left-
shift of the (002) reflection from 201 a1c, = 9.5° t0 201 ¢ 1, =
9.2° (Fig. 2¢), corroborated by EDX measurements supporting
the absence of aluminium (Table S1t), confirmed the complete
conversion of the MAX phase to the MXene. Ti;C,T, cathodes
were prepared by wet mixing the MXene powder (80 wt%) with
carbon black (10 wt%) and polyvinylidene fluoride (PVDF)
(10 wt%) in 1-ethyl-2-pyrrolidone (NEP), before drop casting the

c)

—— TiAIC,, milled 300 rpm
—— TisC,Ty, etched 24 h
= Ti;AIC, (PDF 04-012-0632)

Intensity (arb. units)

"

10 20 30 40 50 60 70

Fig. 2 SEM micrographs of (a) the TizAlC,; MAX phase after milling at
300 rpm for 2 h, (b) the TizC,T, MXene after etching with 10 wt% HF for
24 h showing the accordion-like morphology, and (c) X-ray dif-
fractograms of both compounds confirming the shift of the (002)
reflection to a larger d-spacing after etching (inset).
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slurry on graphite current collector discs. The dried cathodes
were electrochemically characterized with a conventional APC-
THF electrolyte at a low current density of 10 mA g~' MXene
in a voltage window of 0.2 to 2.1 V vs. Mg/Mg**. The resulting
voltage profiles are depicted in Fig. 3a, demonstrating limited
capacities, both at room temperature as well as at an elevated
temperature of 60 °C. The initial capacity is slightly higher,
approaching 9 mA h g~ ' at 60 °C, but it stabilizes at 3 mAh g*
from the second cycle, with an overall sloped voltage profile.
Applying a potentiostatic hold step at 1 mV for 200 h, to allow
sluggish Mg>" diffusion to occur, resulted in increased capac-
ities as seen in Fig. 3b. The inset shows how the cathodic
current decreases exponentially before stabilizing at ~0.3 pA
during the 200 h hold step. However, post mortem analysis
showed no change in the interlayer distance of Ti;C,T, (Fig. 3e),
but rather a subtle change in the interlayer Bragg-reflection for
graphite (Fig. S37), and indication of electrolyte side reactions
on the cell bottom casing (Fig. S6). Also considering the similar
voltage profile and obtained capacities for a carbon black
reference electrode (90 wt% carbon black and 10 wt% PVDF on
the same graphite paper current collector, shown in Fig. S47),
Mg”" intercalation in Ti;C,T, MXene is precluded for APC-THF.
This is consistent with the majority of earlier work on pristine
Ti;C,T, without preintercalation of large molecules cycled in
a similar voltage window.**** The discrepancy of the electro-
chemical performance with the work of Zhao et al.** is not clear.
An initial negligible capacity was reported, but the capacity
increased to >100 mA h g~ ' even with no preintercalation. It is
speculated that the reported highly porous structure (~90%
porosity) and a large surface area are partly responsible for
these capacities, in addition to the already discussed uncer-
tainty in the reaction mechanism.

Given the complex and critical interaction between the
cathode and the electrolyte, several other electrolytes were also
prepared, verified (Fig. S2f) and tested (Fig. 3c). In the inter-
calation process, the Mg ions in the electrolyte must desolvate
from the surrounding solvent molecules and/or anions before
intercalating into the cathode structure. This critical process
may be strongly influenced by the cathode material*> and has
not been addressed in the reported work on MXene cathodes so
far.’*** Mg(TFSI),-2MgCl,-DME contains predominantly the
same electroactive cations as APC-THF, namely MgCI" and/or
Mg,Cl;",'" but is solvated by DME instead of THF. As shown
by Wang et al.,, DME displays substantially lower interaction
energies with the Mg,Cl;" dimer compared to THF,” which can
aid the desolvation process. However, Mg(TFSI),-2MgCl,-DME
displayed the same electrochemical behaviour as APC-THF
(Fig. 3c). A thorough evaluation of the MogSg Chevrel phase
cathode, which is one of the few Mg cathode materials verified
to display unsolvated Mg>" intercalation, emphasized the
necessity of the cathode material's catalytic ability to break the
strong ionic Mg-Cl bond prior to Mg>" intercalation.® The CI-
free Mg(BH,),-THF electrolyte avoids this issue, having elec-
troactive cations of solvated [Mg{(n-H),BH,}]" and Mg?*.*? still,
the obtained capacities with this electrolyte were even lower
(Fig. 3c). Noteworthily, the BMOC-DME electrolyte enabled
a relatively high first discharge capacity of nearly 30 mA h g™,
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Fig.3 Voltage profiles of TisC,T, with APC-THF electrolyte; (a) at 20 °C (blue colour gradient) and 60 °C (orange colour gradient) and (b) at 20 °C
with a 200 h potentiostatic hold step on 1 mV (inset: cathodic current, thereby negative, as a function of time during the 200 h hold step). (c)

Voltage profiles of the first ten cycles of TizC,T, with electrolytes of

Mg(TFSI),-2MgCl,-DME (blue colour gradient), Mg(BH4),-THF (orange

colour gradient) and BMOC-DME (green colour gradient), where the inset magnifies the cycling <2 mA h g™, (d) APC-THF electrolyte with 0.4 M
LiCl (showing two cells, where “Cell 1" was disassembled after the 1st discharge). (e) Post mortem XRD showing the (002) reflection of TisC,T, of
an uncycled cell (orange), after the 200 h potentiostatic hold step on 1 mV with APC-THF (cyan, “Cell 1" in (b)), and after being discharged to 0.2 V

with APC-THF with 0.4 M LiCl (purple, "Cell 1" in (d)). The colour gradi

together with a voltage plateau near the cut-off voltage of 0.2 V.
The electroactive species of the BMOC-DME electrolyte has been
proposed to be [Mg(DME),]*" after a conditioning process.*®
This species circumvents the need of dissociating Mg>* from
Cl™, in addition to benefiting the presumably lower desolvation
energy with DME compared to THF. Lowering the cut-off voltage
t0 0.01 Vvs. Mg/Mg”" revealed the appearance of distinct voltage
plateaus both on discharge and charge (Fig. S5at). Interestingly,
post mortem XRD proved the intercalation to be in the graphite
current collector rather than the MXene (Fig. S5bt), where the
voltage profile and graphite peak change resemble recent
reports on co-intercalation of Mg>* with DME/DMF in
graphite.*>® In summary, unsolvated Mg”* intercalation in
pristine Ti;C,T, MXene was not observed, independent of
elevated temperatures and electrolytes.

For comparison, 0.4 M LiCl was added to the APC-THF
electrolyte, based on a previous report.*® With this electrolyte,
reversible capacities approaching 100 mA h g~ " were obtained
(Fig. 3d). A distinct left-shift of the (002) reflection (Fig. 3e) is
assigned to Li* intercalation in TizC,T,, as also shown by Byeon
et al.®® Substantially higher capacities were observed in this
work, comparing the performances of pristine Ti;C,Ty
(~120mAhg "vs. ~35mAhg 'at 10 mA g ). Importantly, as
the charge originates from the Li* in the electrolyte, the
measured capacity is determined by the concentration of LiCl,
the amount of electrolyte and the loading of Ti;C,T, per elec-
trode. The electrolyte amount was not reported in the study by
Byeon et al., but a similar coin cell (CR2016) and separator
(glass fibre) were used, which suggests a similar electrolyte
amount. The LiCl concentration was identical, but the TizC,T,
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ents in (a), (c) and (d) represent increasing the cycle number.

loading was 2-3 times higher in the study by Byeon et al.,
offering a likely explanation for the higher capacities reported
here. Noteworthily, considering the amount and concentration
of LiCl in the electrolyte and the loading of Ti;C,T, in our work,
a capacity of ~560 mA h g~ can be obtained solely by Li ions,
assuming complete utilization of all Li ions in the electrolyte.
This justifies the assignment of the capacity solely to Li ions.
Besides, a carbon black reference electrode (90 wt% carbon
black and 10 wt% PVDF on the same graphite paper current
collector) demonstrates a significantly different voltage profile
and much lower capacities with the same electrolyte (Fig. S47),
indicating negligible capacity contribution from Li" intercala-
tion in the carbon black and/or graphite current collector within
the 0.2-2.1 V vs. Mg/Mg”"* cycling window.

2.3 Migration barriers, average voltages and side reactions

The absence of Mg>" intercalation in Ti;C,T, MXene was further
examined by DFT calculations (see the ESIT for details). DFT is
well suited to find a range of relevant battery material proper-
ties.®* Migration barriers, intercalation energies and average
voltages were investigated for both Mg** and Li* in Ti;C,T, and
V,CT, with T = F, O and OH surface terminations. Geometrical
relaxation was performed, which enabled the identification of
side reactions. The utilized unit cells are shown in Fig. S9 in the
ESI,T where the MXene layers are stacked as mirror images of
each other with the Mg layers as the mirror plane (Fig. S13+).
This corresponds to the stacking found experimentally for Na*
intercalated in Ti;C,T,.”> Phonon calculations®** were carried
out to explore the dynamic stability of the MXene layers
(Fig. S14f). To gain further understanding of the MXene
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calculated cNEB profile of C-site to C-site migration, with the M-site located at the point halfway along the migration path (Mg?* and Li*

migration in multi-layer TizC,0O, shown).

structure and its electrochemical behaviour, a single layer of the
MXene (Fig. S9(b and d)t) was also studied to mimic adsorption
and surface migration on a delaminated MXene and on free-
standing MXene layers. Both for intercalation in the multi-
layer MXene and adsorption on the single-layer MXene, the
most stable site for Mg>* and Li* was found to be above a carbon
atom, referred to as the C-site (shown in Fig. 4a), while the site
over the metal (Ti or V, referred to as the M-site) was found to be
less favourable (Table S47). The energy barriers for ion migra-
tion were calculated for one Mg?'/Li" moving from a C-site to
a neighbouring metastable M-site using the Climbing Image
Nudge Elastic Band (cNEB) method.*** These results were
mirrored to give migration energy barrier profiles between two
adjacent C-sites. Tests were performed to confirm that the
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Fig. 5

minimum energy path from one C-site to the next C-site was via
the M-site (see the ESIt). Fig. 4d shows a typical calculated cNEB
profile, with the metastable M-site clearly visible halfway along
the migration path. The migration energy barrier profile
resembles the shape of Li and Na diffusion in graphite.” It is
the energy maximum that is reported as the migration barrier.
The calculated barriers for single-layer migration on Ti3C,0,
MXene are in good agreement with earlier published results.*”*
The cNEB profiles for oxygen and fluorine terminated multi-
layer Ti;C,T, and V,C,T, with Mg and Li can be found in the
ESI (Fig. S10t). The DFT results are summarized in Fig. 5 and
the implications for each MXene composition as a Mg cathode
are summarized in Table 1.
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(a) Intercalation energy and migration barriers for fluorine, oxygen and hydroxyl terminated TisC,T, and V,CT, MXenes by DFT, for both

Li* (purple diamonds) and Mg?* (blue circles), for single-layer (empty symbols) and multi-layer (filled symbols) MXenes. (b) Average operation
voltages and migration barriers for selected compositions from (a). The green regions represent combinations of sufficiently low migration
barriers to allow for useful charging/discharging of 6 um sized particles at 25 °C* as well as suitable intercalation energies/voltages for practical
RMB cathodes. See the ESIf for details, and Table S37 for the values presented in these plots.
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Table 1 Implications of DFT simulations for multi-layered micron
sized TizC,T, and V,CT, with different termination groups (T = F, O,
and OH) as Mg cathode materials. The materials need to have spon-
taneous intercalation (negative intercalation energy), a migration
barrier preferably below 530 meV, and Mg?* intercalation must be
more thermodynamically favourable than side reactions (e.g. reacting
with the termination groups). Only V,CO, passes all criteria

Side
reactions

Spontaneous
intercalation

Migration barrier
<530 meV

TisCoF,
TizC5(OH) ,
Ti;CG,0,
V,CF,
V,C(OH),
V,CO,

No

Yes No

Yes

“ Formation of MgF, is more favourable than Mg>" intercalation.
b Formation of MgH, is more favourable than Mg?* intercalation.

Our DFT calculations show that the termination groups
strongly dictate the feasibility of MXene cathodes for RMBs.
Fluorine and hydroxyl terminations in both multi-layer Ti;C, T,
and V,CT, give a negative average voltage for Mg>" intercalation
and are thus thermodynamically unfavourable (Fig. 5b, Table
$37). This is in contrast to Li" intercalation, which is found to
have a positive average voltage for all compositions studied in
this work. However, the average voltage is found to be positive
for Mg”* into oxygen terminated multi-layer Ti;C,0, and V,CO,,
having decent values of 1.3 and 1.5 V, respectively. Still, these
values assume homogeneous termination groups. Caffrey
investigated the effect of mixed surface terminations, where it
was found that certain properties, such as the work function,
lattice parameters and electronic density of states, could be
estimated by the weighted averages of the results from
uniformly terminated MXenes.®® From Table S1f we see that
Ti;C,T, has an O/F ratio of 1.36, while V,CT, has an O/F ratio of
0.66. Considering that several recent reports claim that little or
no OH terminations will be possible on the Ti;C, surface,***> we
can simplify the estimation by assuming all oxygen content to
represent O-terminations. Using a weighted average, we there-
fore find the adjusted average voltages for the as-synthesized
TizC,T, and V,CT, MXenes to be +0.19 and +0.55 V, respec-
tively. These values indicate spontaneous intercalation of Mg>*
in both Ti;C,T, and V,CT,, suggesting that the intercalation
energy is not a limiting factor for either of these two structures.
Nonetheless, an average voltage of 0.19 or 0.55 V is too low for
practical application, directing further work on oxygen termi-
nated MXenes.

Even though oxygen terminated multi-layer Ti;C,0, showed
a decent positive average voltage, Fig. 5 also reveals a high
migration barrier of 620 meV for Mg>*. According to Canepa
et al., a particle size of 6 pm requires a barrier as low as 470 meV
at 25 °C or 530 meV at a temperature of 60 °C in order to reach
theoretical capacity at a C-rate of C/10 (charging/discharging in
10 h).* Thus, for Mg*" in multi-layer Ti;C,0, with a migration
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barrier of 620 meV, the attainable C-rate becomes approxi-
mately 1/3000 at room temperature and 1/500 at 60 °C, in order
to be fully charged/discharged. In other words, the high
migration barrier of 620 meV appears to strongly limit the
performance of TizC,O, and may explain the experimental
results showing no Mg>" intercalation. However, the relation
between migration barriers and attainable C-rates by Canepa
et al. must be interpreted with great caution. One of the
simplifications is that the time needed to fully charge/discharge
a spherical particle is approximately the same as the necessary
time an ion needs to reach the centre of the particle by random
walk. Hence, the model approximates the necessary diffusion
length to scale as v/Dt, where D is the diffusion coefficient and ¢
is the discharge/charge time. Another important assumption is
that the model also assumes all kinetic factors other than solid
state diffusion to not be rate limiting. Moreover, the presented
migration barriers in this work are calculated on a barely dis-
charged MXene cathode (1/9 filling of Mg atoms between two
MXene layers in vacuum), and the migration barriers are ex-
pected to increase with a higher Mg content.” Nonetheless, the
model by Canepa et al, combined with DFT, serves as
a reasonable indication of which MXenes are the most prom-
ising RMB cathode materials and which most likely can be
excluded.

Interestingly, the migration barrier for multi-layer V,CO, was
calculated to be only 480 meV for Mg>" intercalation, which is
below the presumed limit of 530 meV for 6 pm particles. Using
the relation between the migration barrier and C-rate discussed
above, the 480 meV migration barrier for Mg>" corresponds to
a Crate of 1/15 at 25 °C,*> which should give substantial
measurable capacity. To investigate this,V,CT, MXene was
synthesized and tested as Mg cathodes (see the ESIT for details).
However, it demonstrated the same poor performance as the
Ti;C,T, MXene (Fig. S1, S7 and S8%). A plausible explanation is
a detrimental influence of fluorine and/or hydroxyl termina-
tions. Upon magnesiation, the DFT calculations show that Mg>*
reacts with the fluorine and hydroxyl terminations and forms
MgF, and MgH,, respectively (Fig. S127). Thus, even though the
oxygen terminations may enable Mg®* migration, the Mg”* may
be trapped irreversibly by the fluorine and/or hydroxyl termi-
nations and block consecutive intercalation. This illustrates the
critical need of controlling the termination groups.

Notably, Fig. 5a shows that there is no simple correlation
between the intercalation energy and the migration energy
barrier. The intercalation energy is calculated as the energy
difference upon the insertion of one single Mg/Li into the
MXene super cell (shown in Fig. 4a-c and S9a-df) from a bulk
Mg/Li-metal reservoir. Intuitively one could think that a larger
amount of energy released upon the insertion of Mg/Li would
reflect stronger bonds formed and thus also higher migration
barriers. This does hold true when comparing e.g. Li and Mg in
multi-layer V,CO,. However, the opposite is seen when
comparing V,CT, with Ti;C,T, for the vast majority of the data
points, i.e. V,CT, has both lower migration barriers and higher
energy released upon intercalation. As a result, V,CT, appears to
be a stronger cathode candidate than the most studied TizC,T,,
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as it is expected to demonstrate faster diffusion in addition to
a higher average voltage.

As expected, Li" migration is exceedingly faster than Mg>*
migration for all structures, but the relative difference varies
significantly (210-390 meV, Fig. S10T). Assuming that the ion
migration can be approximately proportional to exp(—Emigration
varrier/kgT) @s in transition state theory, every ~60 meV higher
migration barrier translates to a ten factor slower migration, at
25 °C. Thus, while Li* has a 4.6 x 10° faster diffusion than Mg?**
in fluorine terminated Ti;C,F,, the difference is reduced to
a factor of 3600 in V,CO, (Table S2t). The calculated Bader
charge provide some insight into this,***¢ as they assigns the
cumulative electronic charge density to atoms, where the
atomic separation is defined by a minimum in the electronic
charge density landscape. It can be seen from Fig. S117 that the
oxygen is slightly more polarized in Ti;C,0, than in V,CO,,
which will lead to stronger Mg-O interactions and slower
migration. Still, even though excellent rate capability has been
reported for Li* in MXenes,” a 3600 times slower diffusion in
V,CO, will inevitably cause a considerably lower power density
for Mg>*, or a necessity of operating at an elevated temperature
and/or downsizing the particles.

Noteworthily, the migration barriers decrease considerably
when going from single layer to multi-layer for oxygen termi-
nated Ti;C,0, and V,CO,. For instance, the single-layer
migration barrier for TizC,0, was calculated to be 810 meV
and the multi-layer barrier to be 620 meV. Consequently, oxygen
terminated multi-layer MXenes look much more promising
than their delaminated fluorine-containing counterparts, where
V,CO, is the only composition that exhibits spontaneous Mg>"
intercalation with a feasible migration barrier and no observed
side reactions from DFT calculations.

2.4 Mg intercalation in MXenes

Ion intercalation in solids is complex and several critical criteria
must be fulfilled. The average voltage must be positive, the ions
must be able to enter the structure, and the ions must have
sufficiently low migration barriers in order to achieve signifi-
cant intercalation within the particles. The role of the M-
element (Ti vs. V), the termination groups, and single layer vs.
multi-layer and their influence on operating voltages and
migration barriers have already been elaborated. High migra-
tion barriers and/or detrimental side reactions may explain the
observed absence of Mg>" intercalation in Ti;C,T, and V,CT,,
but that is not the only challenge. The Bader charge analysis
may explain the difference between Ti and V based MXenes (as
discussed earlier), but it also provides direct insight into the
complex charge transfer for MXenes. Strikingly, upon magne-
siation, the +1.7 charge from Mg is accompanied with a —1.7
charge distributed not only on the transition metal (Ti/V), but
also to the oxygen termination group and even the carbon layer
(Fig. S117). In fact, the ratio of decrease in Bader charge
between C : M : O is roughly 1 : 2 : 4, meaning that the largest
charge decrease is in the oxygen termination group. This may
support a recent X-ray absorption near edge structure (XANES)
study that observed only a small change in the oxidation state
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for Ti in parts of the lithiation process of the Ti;C,T, MXene.®®
More importantly, the initial low Bader charge of the transition
metal (1.8-2.0 for Ti and 1.8 for V), together with the distributed
charge transfer on the transition metal, termination group and
carbon layer during discharge, gives a reasonable explanation of
the calculated low operating voltages. The low voltages
constrain the obtainable energy densities, which is addressed in
Section 2.5.

Another crucial challenge is Mg*" dissociation from the
electrolyte, especially in the presence of chlorine ions. As
mentioned earlier, the Mg-Cl bond in the MgCI" species is
strong and reported to be over 3000 meV.* It has therefore
been suggested that the success of the MogSg Chevrel phase
cathode for Mg batteries is partly due to molybdenum's ability
to catalyse the breaking of the MgCl" bond.* Hence, an
electrolyte with weakly solvated Mg”* is necessary, or there
needs to be some mechanism for Mg>* to desolvate suffi-
ciently easily for intercalation to occur. This last point is
critical, as MgCl" was shown to have a significantly lower
migration barrier of 350 meV (Table S3+) compared to the 810
meV for Mg>* on single-layer Ti;C,0,. Accordingly, if there is
space for MgCl" to intercalate, as in the case of single layers or
by preintercalation of large molecules, quick migration is to
be expected, similar to that of monovalent ions such as Li"
and Na™. It has been suggested that the capacity in interlayer
expanded TiS, cathodes for Mg batteries in fact is due to
MgCl", and not Mg>".*® Thus, it would also be important to
rule out if the capacities measured with MXene based cath-
odes in the literature thus far are due to actual Mg>" inter-
calation, or the much less desirable MgCl" intercalation. This
is especially relevant for MXenes, where spacer molecules can
be used to increase the interlayer distance such as in ref. 33
and 69. As discussed earlier, Zhao et al. assigned the first set
of discharge/charge voltage plateaus for their Ti;C,T, cathode
to reversible phenyl-MgCl intercalation. The low migration
barrier reported for MgCl" here may support the proposed
mechanism, or at least support the intercalation of a mono-
valent MgCl" compound. The reason MgCl'-intercalation is
undesirable is that only the Mg constituent is stored densely
in the Mg metal anode, while an excessive amount of elec-
trolyte is needed to store the corresponding amount of chlo-
ride ions. The weight and volume added by the excessive
amount of electrolyte will limit the energy density. This also
highlights the need for reporting the amount of electrolyte, in
addition to cathode loading.

Even if Mg?* desolvation and anion dissociation is successful
and the migration barriers inside the MXene are low, Mg>"
intercalation also depends on the local environment at the
MXene edges. It is well established that the MXene surface is
negatively charged, but a recent study also found the edges to be
positively charged.” This will unavoidably lead to electrostatic
repulsion between the MXene edge and the incoming Mg ions,
and further complicate the cathode-electrolyte interface and
desolvation process. Considering the stability of MgO and
MgF,, Mg(OH), and MgH, as possible by-products, it is also
likely that initial Mg>" react irreversibly with the termination
groups at the particle edge and block further Mg?* intercalation.
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This was found to happen spontaneously with V,CF, and
V,C(OH), in our DFT calculations (Fig. S12t), indicating that
MgV, CF, and MgV,C(OH), are very unstable.

2.5 MXenes as a rechargeable Mg battery cathode material

The MXene group of materials shows complex and flexible
chemistries resulting in a large number of possible cathode
designs, and this section aims to evaluate the potential of
MXenes as RMB cathodes. Our DFT calculations show that both
the elemental composition and the termination groups are
imperative. Somewhat unexpected and in contrast to the
experimental approach reported in the literature, multi-layer
MXenes seem more promising than their single-layer counter-
parts, both in terms of lower migration barriers, higher average
voltages and denser structure. The preintercalation of spacers
does not appear to be a good approach, where the increased
interlayer distance may give a single-layer type behaviour and
solvated Mg-ion complexes may intercalate instead of Mg?*. The
relatively high average voltage and low migration barriers for
oxygen terminated V,CO, MXene suggests that Mg”" intercala-
tion may be possible. However, as fluorine and hydroxyl
terminations give rise to unwanted side reactions, and since no
reversible intercalation was observed experimentally for V,CT,
with mixed terminations, controlling the termination group
seems to be of critical importance.

Uniformly oxygen terminated V,CO, stands out as a possible
RMB cathode candidate. Given its calculated average voltage of
1.5V and theoretical capacity of 367 mA h g~ (based on 1 layer
of Mg?* intercalation, MgV,CO,, and 2 electrons per Mg ion),
this gives a material specific energy of 551 W h kg *. This is
comparable to the specific energy of LiMn,O, (vs. a graphite
anode with a redox potential of 0.2 V vs. Li/Li") for Li-ion
batteries.” V,CO, has a relatively high material density of
4.79 g cm 2, yielding an impressive volumetric energy density of
2640 W h ™" at the material level. However, this value is for
dense multi-layered particles without the mentioned interstack
distance. Still, if we consider a lower and more practically
obtainable density of 1.5 g cm*, this will be compensated by
the high volumetric capacity of the Mg anode. As a result, a full
cell with a V,CO, cathode and a Mg anode (with 0% Mg excess)
has a high theoretical specific energy of 472 W h kg™ * and may
reach a volumetric energy density of 723 W h 17", only consid-
ering the active materials and a V,CO, density of 1.5 g cm >, In
comparison, a LiFePO,-graphite full cell (1:1 -capacity
balanced) has a practical specific energy of 324 W h kg™" and
volumetric energy density of 724 W h 17, also considering the
active materials only and a LiFePO, packing density of
2gem 37

Nevertheless, the viable energy densities of V,CO, depend on
uniformly terminated V,CO,, which poses a crucial challenge.
Recent work on fluorine-free synthesis of Ti;C,T, gives some
promise,”>”” but a similar synthesis approach may not be
feasible for V,CO, given the much harsher etching conditions
required for V,CTy, indicative of substantially stronger metal-
aluminium bonds.” Furthermore, the prerequisite of having
Mg>" successfully desolvating from the electrolyte and entering
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the interlayers still remains. These issues demand a critical
assessment of the electrolyte-cathode interface and better
fundamental understanding of the MXene surface chemistry, as
well as our ability to fully control them. The above discussion
leaves MXenes, with the right composition and structure, as
a theoretically viable Mg cathode candidate, but with significant
challenges for experimental realization. Further thorough
screening of around 20 other MXenes* may also reveal other
candidates for practical cathode materials for RMBs. Finally,
the findings and critical aspects discussed herein are not only
applicable to RMBs, and we believe the new insights can
accelerate the research for MXene-based electrodes for other
chemistries as well, such as Li-, Na-, K-, Ca- and Al-ion batteries.

3 Conclusions

In summary, we have assessed the promise and reality of
MXenes as a potential cathode material for practical RMBs,
combining experiments and atomistic computer simulations.
Multi-layered Ti;C,T, and V,CT, MXenes were not observed to
intercalate unsolvated Mg?* at an elevated temperature of 60 °C
and regardless of electrolytes. DFT calculations showed that the
intercalation energies and migration barriers heavily depend on
both the elemental composition and the termination groups of
the MXenes. The most studied MXene, Ti;C,T,, is precluded as
a feasible Mg cathode candidate, where hydroxyl and fluorine
terminations resulted in thermodynamically unfavourable
average voltages and oxygen termination resulted in high
migration barriers. However, oxygen terminated V,CO, MXene
is identified as a possibly viable cathode candidate, as it shows
a combination of decent average operating potential (1.5 V) and
feasible Mg>" migration barriers. Still, side reactions of Mg>"
with the fluorine and/or hydroxyl terminations resulting in
MgF,/MgH, seem detrimental to Mg”" intercalation in the as-
synthesized V,CT,, in addition to the challenges related to the
non-trivial desolvation of Mg?* from the electrolyte. The current
results indicate that the MXene ‘M’-elements, termination
groups and degree of delamination must all be carefully
assessed to allow unsolvated Mg>" intercalation. More research
on the above-mentioned challenges, especially controlling the
termination groups, is required to realize the theoretical
potential of MXenes for energy dense RMB cathodes.
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Experimental section

MAX phase preparation (TisAIC; and VAIC)

Commercial TisAIC; MAX phase was bought from Laizhou Kai Kai Ceramic Material Co., Ltd, while the
V,AIC MAX phase was synthesized through a solid state reaction of elemental precursor powders?;
vanadium (99.5%, 325 mesh, Sigma-Aldrich), aluminium (99.5%, 325 mesh, Alfa Aesar) and graphite
(99.5%, 400 mesh, TIMCAL TIMREX). The powders were mixed in a molar ratio V:Al:C of 2:1.3:1 and
mixed by wet ball milling for 18 h in an isopropanol dispersion. After evaporation of the isopropanol
with the aid of a rotavapor (Buichi R210), the powder mixture was pressed into cylindrical 1 g pellets,
put in an alumina crucible, inserted into a sealed tube furnace (Entech ETF 17) and heat treated at
1500 °Cin an argon atmosphere. The heating program was initiated with a 1 h flushing step to
remove oxygen from the tube, before the chamber was heated with a heating rate of 5 °C/min, held
at the final temperature for 4 h, and then cooled to room temperature at the same rate. After the
heat treatment, the pellets were ground down to powders using a steel mortar. To further reduce
the particle size and narrow the particle size distribution, both MAX phase powders (TisAIC, and
VLAIC) were planetary milled (Retsch PM 100) using a 125 ml tungsten carbide (WC) milling jar, 11
WC milling balls with a diameter of 7 mm and an amount of isopropanol to just cover the milling
balls. Both MAX phases were milled at 300 rpm. 10 g of the TisAIC; MAX phase was milled for 135
min, while 3 g of the V,AIC was milled for 6 hours to achieve the desired particle size and size
distribution of the two powders (Figure S1).

MAX phase etching (TisC,Tx and V.CTy)

The two MXenes were synthesized by exfoliation of the precursor MAX phases in aqueous HF
solutions, based on previous work. 2 After the milling process, 2.5 g of the TisAIC; and V,AIC
powders were immersed in plastic beakers containing 50 ml of 10 wt% and 48 wt% HF solutions,
respectively. In order to prevent excess heating and H, gas formation at the beginning of the etching,
the powders were added slowly over a minimum of 15 minutes. After all the MAX phase powder was
added, the plastic beakers were covered with parafilm to limit the evaporation during the etching
process. However, in order to prevent build-up of H, gas inside the beaker, small holes were made in
the parafilm. Then, the dispersions containing the TizAlC; and V,AIC powders were stirred using
Teflon coated magnets at room temperature for 24 and 96 hours, respectively, in order to
completely remove the aluminium from the parent MAX phases. After the etching process, the




powders were washed with deionized water in 125 ml plastic bottles, through several steps of
centrifugation, decantation and dilution, to remove HF and other etching side products. This was
continued until the dispersions had a pH > 5 (usually 5 times). The centrifugation was done using a
VWR Mega Star 600 using an rpm of 4350 for 7 minutes, including a slow acceleration and
deceleration time. Finally, to remove residual water, the powders were vacuum filtered using 0.22
pum pore sized hydrophilic Durapore membrane filters and dried under vacuum at 120 °C for 24
hours in a vacuum oven (Binder VD 23). After drying, the powders were scraped off the filter paper,
and stored in glass sample bottles.

Materials characterization

The crystal structure of the synthesized materials was characterized by powder diffraction,
conducted on a Bruker D8 Focus Diffractometer, utilizing a Cu Ka radiation source (A = 1.5406 A), a
0.2 mm divergence slit, a step size of 0.0143 and a dwelling time of 0.68 s between 26-values of 5°
and 75°. The XRD measurements performed on the cathodes before and after cycling were done
using inert sample holders, where the cathodes were held in place on a Si wafer with the aid of a
small amount of vacuum grease. To characterize the particle sizes of the MAX phase powders, laser
diffraction was conducted on a Horiba Partica LA-960, using isopropanol as the liquid medium and 2
minutes of sonication to break up agglomerates prior to the measurement. The particle morphology,
microstructure and elemental composition was investigated by field emission scanning electron
microscopy (LVFESEM, Zeiss SUPRA 55VP) equipped with energy dispersive X-ray spectroscopy (EDX).
The morphology and microstructure were investigated with an acceleration voltage of 5 kV, whereas
the EDX measurements were conducted at 15 kV. The reported EDX results are the average values of
point scans on ten different particles.

Cathode preparation

Cathodes were prepared by mixing 80 wt% active material (120 mg), 10 wt% polyvinylidene fluoride
binder (PVDF) (15 mg) and 10 wt% carbon black (15 mg) in 1 ml of 1-Ethyl-2-pyrrolidone (NEP)
solvent, using a 5 ml steel shaker jar. A prepared solution of 5 wt% PVDF in NEP was used, in order to
ensure a homogeneous solution of the binder before mixing. First, the dry powders were mixed
using a shaker mill (Retsch MM 400) at 15 Hz for 20 minutes, before PVDF and NEP was added to the
mixture. The final slurry was then mixed with a 7 mm steel ball an additional 40 minutes at 15 Hz,
before the slurry was drop casted onto pre-cut carbon paper current collectors (Spectracarb 2050A-
0550) with a diameter of 16 mm. Before being introduced into the glovebox, the cathodes were
dried under vacuum at 120 °C for >3 h. The mass loadings of the active material varied between 1-2
mg/cm3. For preparation of the carbon black reference electrodes, the same procedure was
performed, but with 90 wt% carbon black (45 mg), 10 wt% PVDF (5 mg) and 2 ml of NEP. The mass
loadings of these were 0.5-1 mg/cm3.

Electrolyte mixing

The APC-THF electrolyte was prepared according to the procedure described by Byeon et al.? First, 4
ml THF (> 99.9%, inhibitor-free, Sigma Aldrich) was slowly added to 2.5 ml of 2 M phenyl magnesium
chloride in THF (Sigma Aldrich) in a glass bottle while stirring. Secondly, 4 ml of 0.5 M AICl3 in THF
(Sigma Aldrich) was carefully added to the solution, before the solution was left stirring overnight.
The 0.4 M LiCl in APC-THF electrolyte was prepared by dissolving 0.0509 g LiCl (99.7%, VWR) in 3 ml
of the prepared APC-THF. The mixture was left stirring for 24 h to completely dissolve the LiCl salt.



The preparation of 0.25 M Mg(TFSI), 0.5M MgCl, in DME was based on earlier studies.*® Ultradry
Mg(TFSI), (Solvionic, 99.5%, H,0 < 250 ppm) was further dried under vacuum at 240 °C in a vacuum
chamber connected to the glovebox. Anhydrous MgCl, (Sigma, 99.9%), together with the electrolyte
glass bottle and magnet was similarly dried at 150 °C for 15 h under vacuum. DME was dried with
molecular sieves (UOP Type 3A) for > 48h. Typically, 0.8769 g Mg(TFSI), and 0.2856 g MgCl, was
mixed in 6 ml of dried DME using a syringe filter (Whatman R Puradisc, 0.2 mm, PTFE ) to filter the
DME, where the first 1 ml was discarded to avoid impurities from the filter. The resulting mixture
was finally stirred 24 h.

0.5 M Mg(BHa)z in THF was prepared according to Mohtadi et al.” In a typical procedure, 0.1080 g
Mg(BHa) (Sigma, 95%) was dissolved in 4 ml THF (> 99.9%, inhibitor-free, Sigma Aldrich) in a glass
bottle, by stirring overnight. The Mg(BH4), and THF was used as-received, and the glass bottle and
Teflon magnet was dried at 150 °C for 15 h under vacuum.

The BMOC-DME preparation was based on the procedure described by Xu et al.? First, 0.004 g of
MgO (99.99%, Sigma-Aldrich) was added to a glass bottle. Then, 128 ml of the anion receptor
tris(2H-hexafluoroisopropyl) borate (THFPB), corresponding to 0.2048 g, was added. The THFPB has
a melting point of 31 °C and was therefore first heated at 40 °C for 5 minutes on a hot plate to
remove crystallized particles. Lastly, 2 ml of DME (99.5%, inhibitor-free, Sigma Aldrich) was added,
and the electrolyte was stirred overnight. Prior to electrolyte preparation, the DME was dried using
molecular sieves (UOP Type 3A°) for > 48 h. The dried DME was filtered through a syringe filter
(Whatman R Puradisc, 0.2 mm, PTFE), where the first 1 ml was discarded to avoid impurities from
the filter. The MgO and THFPB were used as-received.

Electrochemical measurements

To characterize the electrochemical performance of the prepared cathodes, Hohsen CR2016 coin
cells were assembled in an argon filled glovebox (O2 and H,0O levels < 0.1 ppm), with MXene or
carbon black composites as the positive electrode material, Mg foil (Solution Materials) as the
negative electrode, glass fibre separator (Whatman GF/A), a 0.3 mm stainless steel spacer and a
total of 120 pl of one of the above-mentioned electrolytes. The Mg foil was polished with SiC
sandpaper, cleaned with absolute ethanol and dried at 50 °C under vacuum > 2 h before being
introduced to the glovebox, in order to remove oxide layers. The room temperature galvanostatic
and potentiostatic cycling of the various cells were conducted on a Bio-Logic BCS-805 cycler in a
temperature-controlled room at 20 °C. To test the cycling properties at elevated temperatures, a
temperature chamber with a MACCOR 4200 cycler was used. Due to observed instability of the APC-
THF electrolyte at 60 °C, the upper cut-off voltage was reduced to 1.9 V, as compared to 2.1 V for the
room temperature cycling.




DFT calculations

The simulations were performed with the plane wave code Vienna Ab Initio Simulation package
(VASP),** using the GGA functional PBEsol,'? described by the projector augmented wave method
(PAW). All calculations were performed at 0 Kelvin. The D2 method of Grimme?® was used to correct
for Van der Waals interactions, with a vdW radius of 15 A and a global scaling factor of 0.75. 4x4x1 k-
points were used to sample the Brillouin zone for the 3x3 super cells used for calculating the
migration barriers, ref Figure S9 (a,b,c,d). 12x12x4 k-points were applied to the unit cells used for
calculating voltages and Bader charges, ref Figure S9 (e,f). The k-points were generated with the
Monkhorst Pack method. An energy of 650 eV was used for plane wave cut-off. The Methfessel-
Paxton scheme was used to account for partial occupancies with a smearing width of 0.1 eV. The
electronic ground state was converged to 1-10° eV, while the conjugate gradient method was used
to relax the structures to the forces were less than 0.01 eV A, unless otherwise stated.

The Climbing Image Nudged Elastic Band method (cNEB)'**® was used to find the migration energy
barriers, relaxing the forces to less than 0.02 eV A The RMM-DIIS quasi-Newton method was used
for relaxing the forces for all systems, except for Mg on a single-layer of V,CO, where the force
based conjugate gradient method was used in addition due to convergence difficulties. 4 images
were used for barriers on single-layers, and 3 images were used for barriers in multi-layer MXenes.
The barriers were calculated for ions moving from a stable C-site to a metastable M-site, (Figure 4
and S9). These results were mirrored to give migration energy barrier profiles between two adjacent
C-sites. Calculating the migration energy barriers directly between two C-sites was also tested for
the multilayer system, showing for all cases that the minimum energy path went through the
metastable M-site. However, some of the images did not relax to 0.02 eV A-1, and the C-site to M-
site approach was chosen instead.

Phonons for single-layer MXenes were calculated with VASP, using phonopy*® for setting up and
performing the calculations, and Sumo?° to facilitate plotting. The ground states were relaxed to
forces less than 1-10* eV A per atom with a quasi-Newton algorithm, and a 4x4x1 supercell (similar
to Figure S9 b and d, but 4/3 times larger in the xy-plane and without Mg/Li) with 3x3x1 k-points.
The electronic ground state was relaxed to 1-10°® eV. A 3x3x1 supercell for the phonon calculations
was also attempted, but it proved infeasible as there were problems with an unstable
phonon/negative frequency for V,CO; in the M-point. Attempts at freezing in the phonon
(performing geometric relaxation of V,CO, with the unstable phonon given a certain amplitude),
were not successful as the structure always relaxed back to the original ground state. However,
V,CO;'s unstable phonon disappeared when the supercell size was increased to 4x4x1. This unstable
phonon was therefore attributed to size effects.

Bader charges were calculated with scripts from the Henkelmann group.?2* The charges were
converged with respect to the fine FFT-grid, and 168x168x1008 grid points were used for TizC,T»,
while 192x192x1008 grid points for V,CT,. The super cells used for cNEB calculations (Figure S9 a, b, ¢
and d) were relaxed with unit cell shape and ionic positions as free variables, but fixed volume, using
a vacuum spacing of ~25 A. Afterwards, Li/Mg/MgCl were relaxed onto the MXenes using a fixed
volume and unit cell shape, but all other parameters free. For the cells used for calculating average
voltages and Bader charges (Figure S9 e and f) all variables were free when relaxing. The



pseudopotentials supplied with the VASP package were used according to the recommendations of
the Materials Project,?” were Li had 3 valence electrons, Mg 8,C4,06,F7,Cl7,Til0and V 13
valence electrons. The initial geometries were based on data from 26?7,

The voltages presented in Figure 5b were calculated according to the formula:

V= Eintercalated MXene — EMg/Li — Eynintercalated MXene
- ’
N Mg/Li

where E iptercalated MXene 1S the energy for 100% intercalation (Figure S9 e and f), i.e. for MgTizC,T,,
MgV,CT,, LiTisCaT, LiVoCTy, E ynintercalated Mxene 1S the (fully relaxed) energy for TisC,T2/ VoCT>
(Figure S9 e and f without any Li or Mg), Eyg/1; is the energy for Li/Mg in bulk metal state, and
where 7 yajency intercalation metal Was 2 for Mg and 1 for Li. Mg and Li metal was computed and
relaxed with the same settings as the MXenes, except that 10x10x10 k-points were used for a 2
atom unit cell with body centred cubic packing for Li, and 12x8x8 k-points were used for a 4 atom
orthogonal unit cell with hexagonal close packed Mg.

The intercalation energy in Figure 5a was calculated for the setup used for calculating the energy
barriers, i.e. 1/9t" of the single-layer surface covered with Mg/Li, and 1/9'" of interlayer-layer space
intercalated with Mg/Li, as shown in Figure S9 a, b, ¢, and d. The following formula was used:

Eintercalation = Eintercalated MXene EMg/Li - Eunintercalated MXene

The figures showing the simulation setups were made with VESTA.?8
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Figure S1 Particle size distribution from laser diffraction measurements of TizAIC, and V,AIC, before
and after planetary milling at 300 rpm for 2 h and 4 h, respectively.

Table S1 EDX measurements from the two MAX phases before and after the etching. For simplicity,

the elemental content is given relative to a unit cell value of 3 and 2 for the TisAlC; and V,AIC phases,
respectively.

MXene Ti/V Al (0] F
TizAIC2 3 1.15 - -
TizCaTx 3 0.01 3.15 2.32
V2AIC 2 1.22 - -
V2CTx 2 0.10 0.63 0.95
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Figure S2 Cyclic voltammetry of all-phenyl complex in tetrahydrofuran (APC-THF) and Mg(TFSl),-
2MgClyin DME vs. a graphite disc electrode (a), Mg(BHa)z in THF (b) and borate magnesium oxide
complex in DME (BMOC-DME) (c). All demonstrates reversible Mg deposition and stripping. While
(a) shows high current densities in the first cycle, (b) and (c) show decent current densities only after
initial cycles. Due to the low cycling currents used throughout this work, 3-electrode cells showed
that the electrolytes did not limit the cathode performance (data not shown).
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Figure S3 XRD of TizC,Tx electrode before cycling (grey), after the potentiostatic hold step at 1 mV for
200 h with APC-THF electrolyte (cyan), and after being discharged to 0.2 V with APC-THF with 0.4 M
LiCl (purple). The peak at 20 = 26.5° is assigned to the graphite current collector, shown in the inset.
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Figure S4 Voltage profiles of carbon black reference electrodes (90 wt% carbon black, 10 wt% PVDF)
cycled with APC-THF at 20 °C and 60 °C (a), and APC-THF with 0.4 M LiCl (b).
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Figure S5 Voltage profiles of TizC,Tx with BMOC-DME electrolyte, cycled at 0.2-2.1V, and 0.01-2.3 V

(a), before being stopped at 0.01 V for post mortem XRD (b), demonstrating a shift in the graphite
peak (bottom plot in inset).

Figure S6 Signs of side reactions on the bottom steel casing after performing the 200 h hold step at 1
mV vs. Mg/Mg?* with the APC-THF electrolyte, after being rinsed in THF.
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Figure S7 (a) V-AIC MAX phase particle after milling at 300 rpm for 4 h. (b) V.CTx MXene, after
etching for 96 h in 48 wt% HF. (c) XRD of both V,AIC MAX phase and V,CTx MXene.
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Figure S8 Voltage profiles of V,CT, with APC-THF electrolyte at 20 °C and 60 °C (a) and with APC-THF
with 0.4 M LiCl (b).
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Figure S9 Side view of the different example unit cells used for DFT calculations. (e-f) was used for
calculating the average voltage and Bader charges for multi-layer (ML) MXenes completely filled with
Mg/Li. (a) and (c) were used for calculating the migration barrier in the fully charged limit for ML
MXenes. Vacuum was added to avoid Mg?*-Mg?* interactions across the unit cells along the c-axis.
(b) and (d) were used to calculate migration barriers in the fully charged limit for single-layer
MXenes. Figure 4a shows top view of the migration barrier calculations.
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Figure S10 Climbing Image Nudge Elastic Band (cNEB) profiles of multi-layer TizCsF; (a), TisC;0: (b),
V,CF; (c) and V,CO; (d) for the migration of Mg (circles) and Li (diamonds) from C-site to C-site. The
stable C-site is with Li/Mg between to carbon atoms (Figure S9 and 4a). The metastable M-site



halfway along the migration path is with Li/Mg between two Ti/V atoms. The cNEB calculations were
performed with three images between the C and M-site, to save computational cost and facilitate
convergence. The migration path is normalized to ease the comparison, as the Mg migrates a longer
path (more curved) than Li. The migration barrier difference between Mg and Li is noted in each

panel.

Table S2 A comparison of the migration barriers of Mg-ions and Li-ions in various MXene structures,
together with the relative differences in diffusion. Diffusion is proportional to the hopping
probability, which again is proportional to exp(-E./ksT), where E, is the migration barrier, ky is the
Boltzmann constant and T is the temperature. The relative differences in diffusion (Di/Dwmg) is
therefore calculated from the relative differences in exp(-E./ksT) for Li and Mg at T =22 °C.

MXene E." exp(-Ea"/kyT) E.Me exp(-E.""¢/kyT) Dii/Dwg
TizC,F, 270 2.44 *10° 660 5.30 * 102 4.60 * 10°
TizC,02 350 1.05 *10°® 622 2.36 * 10 4.45 * 10*
V.CF, 296 8.77 * 10°® 655 6.45 * 102 1.36 * 10°
V.CO, 274 2.08 *10° 482 5.82 * 10° 3.57 * 103
a)

Figure S11 Bader charge analysis?! of TisC20> (a, b) and V,CO; (c, d) MXene before Mg intercalation
(a, c) and after (b, d). Bader charge analysis assigns the cumulative electronic charge density to
atoms, where the atom separation is defined by a minimum in the electronic charge density
landscape. The charge change after Mg intercalation is noted in parenthesis. The unit cell used for
the Bader charge calculation is shown in Figure S9 e-f.
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Figure S12 Visualization of the differences between introducing Mg (orange) into the V,CT, MXene
with the three different termination groups: V,CO; (a), V.C(OH) (b) and V,CF; (c). The different
atoms are shown as blue (V), brown (C), red (O), grey (F) and purple (H) balls. Notably, the
geometrically relaxed structures suggest that the Mg?* reacts with the hydroxyl and fluorine
termination groups, forming MgH; (b) and MgF (c), respectively.

Figure S13 Close up of Figure S9 (a), with a rectangle to emphasize the stacking used for all the
calculations.



Table S3 A summary of the intercalation energies, voltages and cNEB migration barriers calculated
for Li and Mg intercalation into TisC,T, and V,CT, MXenes with various termination groups (T). The
unit cells used for these calculations are shown in Figure S9.

Structure Intercalation Energy (eV) Voltage (V vs. cNEB migration barriers
Mg/Mg? or Li/Li*) (meV)
Multi-layer  Single-layer Multi-layer Multi-layer  Single-layer

TisCaoF»-Li -1.63 -0.69 0.68 270 292
TisC,F>-Mg -0.37 1.85 -1.29 660 11
TisC;(OH)2-Mg - 1.44 -0.05 - 24
TizC0,-Li -3.19 -2.38 3.03 350 367
TizC20,-Mg -3.87 -1.52 1.26 622 808
TizC20,-MgCl - - - - 351
V,CF-Li -2.19 -1.29 1.12 296 256
V,CF,-Mg -1.60 0.87 -0.05 655 351
V,C(OH),-Mg - 0.92 -0.47 - -

V,CO,-Li -3.75 -2.85 3.28 274 248
V,CO-Mg -4.83 -2.12 1.45 482 640
V2C0,-MgCl - - - - 269

Table S4 Summary of the total energies taken directly from the VASP output for the structures
shown in Figure S9, with various degrees of Mg filling. The Mg site between two carbon atoms is
referred to as the C-site, whereas the Mg site between two metal atoms (Ti/V) is referred to as the
M-site. The bulk structure refers to the unit cells shown in Figure S9 e-f, whereas multi-layer refers
to the ones in Figure S9 a and c. The total energies for Li and Mg metal are given for one bulk atom.

Structure Bulk (S9 e,f) Multi-layer (S9, 3, c) (eV) Single-layer (eV) (S9, b, d)
(ev)
0% Mg 100% 0% Mg 1/9 Mg 1/9 Mg 0% Mg 1/9Mg 1/9Mg
Mg on on C-site on M- on C- on M-
C-site site site site
TizCoF>-Li -125.78 -131.33 | -1131.11 -1134.84 -1134.70 | -565.15 -567.94 -567.76
TisCoF>-Mg -125.78 -128.85 | -1131.11 -1133.54 -1133.21 | -565.15 -565.36  -565.35
TisC;(OH)2-Mg | -150.26 -154.16 - - - -674.82 -675.42  -675.43
TizC,0,-Li -136.91 -147.16 | -1231.22 -1236.51 -1236.18 | -615.12 -619.59 -619.25
TisC.0,-Mg -136.91 -146.08 | -1231.22 -1237.16 -1236.56 | -615.12 -618.70 -618.20
TisC20,-MgCl - - - - - -615.12 -622.80 -622.47
V,CF,-Li -86.75 -93.18 -761.81 -766.10 -766.01 -380.46 -383.85 -383.72
V,CF>-Mg -86.75 -90.68 -761.81 -765.47 -765.22 -380.46 -381.65 -381.49
V,C(OH)-Mg | -109.79 -112.03 - - - -492.45 -493.58  -493.58
V2CO,-Li -95.96 -106.72 -862.63 -868.47 -868.32 -430.77 -435.72 -435.53
V,C0,-Mg -95.96 -105.88 | -862.63 -869.51 -869.15 | -430.77 -434.95 -434.60
V,CO,-MgClI - - - - - -430.77 -438.92  -438.72
Li metal -2.10 - .
Mg metal -2.06 - -
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Figure S14 Calculated phonon dispersion diagrams for TizC,F; (a), TizC203 (b), TisC2(OH); (c), V2CF2 (d),
V,CO: (e) and V,C(OH); (f) using a 4x4x1 single-layer supercell. All of the MXenes depicted stable
phonons in the I, M and K points, except for V,C(OH), which showed dynamic instability in the M
point. This agrees well with previous reports for Ti3CT,.? It should be noted that V,C(OH), was stable
in the M point when a 3x3x1 supercell was used. The apparent dependency of the stability of the M
point on the supercell size may explain the discrepancy to a recent study, where they reported that
V,C(OH); is dynamically stable and V,CO; is unstable.>°
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ABSTRACT: Two-dimensional MXenes have shown great promise for many
different applications, but in order to fully utilize their potential, control of their
termination groups is essential. Here we demonstrate hydrolyzation with a
continuous gas flow as a method to remove F-terminations from multilayered
V,CT, particles, in order to prepare nearly F-free and partly bare vanadium carbide
MZXene. Density functional theory calculations demonstrate that the substitution of
F-terminations is thermodynamically feasible and presents partly nonterminated
V,CO as the dominating hydrolyzation product. Hydrolyzation at elevated
temperatures reduced the F content but only subtly changed the O content, as

inferred from spectroscopic data. The ideal hydrolyzation temperature was found

to be 300 °C, as a degradation of the V,CT, phase and a transition to vanadium oxycarbides and V,0; were observed at higher
temperature. When tested as electrodes in Li-ion batteries, the hydrolyzed MXene demonstrated a reduced polarization compared
with the pristine MXene, but no change in intercalation voltage was observed. Annealing in dry Ar did not result in the same F
reduction, and the importance of water vapor was concluded, demonstrating hydrolyzation as a new and efficient method to control
the surface terminations of multilayered V,CT, post etching. These results also provide new insights on the thermal stability of

V,CT, MXene in hydrated atmospheres.

Bl INTRODUCTION

Since the first report of MXenes 11 years ago,] the research
interest for this family of two-dimensional materials has grown
exponentially. MXenes are transition metal carbides, nitrides
and carbonitrides, where the transition metal “M” and the
carbon or nitrogen “X” atoms are stacked in odd numbered
layers (e.g, Ti;C, V,C, and Nb,C).” Because of their unique
combination of tunable properties, such as metallic con-
duction, hydrophilic surfaces, adjustable interlayer spacings
and rich surface chemistries, MXenes have been reported for a
range of applications, from water purification and biomedicine
to hydrogen evolution and energy storage.” ® Not only can the
combination of M and X elements, or the number of layers,
change the properties of the MXene, but with the formation of
surface terminal groups upon synthesis, such as -O, -OH, -F,
and -Cl, the tuning possibilities of these materials are
significant. However, although there have been reported
dozens of different MX compositions, there are few methods
to fully control the surface terminations on a limited number of
MXenes.”” As the surface terminations determine the local
environment in between the MXene layers, and properties such
as electronic conduction and ion-intercalation, controlling
them is of critical importance for full utilization of MXenes’
potential.*~*!

Using the most common etching methods for MXene
consisting of HF solutions or a solution of HCI and F-salts, a

© XXXX The Authors. Published by
American Chemical Society
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mixture of the above-mentioned termination groups are
formed."*™"* Although there have been reports on vacuum
annealing, oxygen annealing, and treatment in alkalic solutions,
where the aim was to change the termination groups post
etching, they usually only report on partly termination
substitution and often in nonscalable methods such as on
thin films.”'"">™'® To prove useful for practical applications
such as battery electrodes, the termination groups within the
bulk of multilayered MXene particles must be reliably
controlled. To the authors’ knowledge, it remains to be
demonstrated a method to homogeneously control termi-
nations in MXenes after the etching in F-containing solutions.

An example of a MXene where surface control is important
is the V,CT, phase, which is one of the best compositions for
electrode materials in supercapacitors and batteries because of
its predicted potential.'”~>' Even though V,CT, already has
demonstrated some of the highest capacities of MXenes in Li-
ion batteries (LiBs) and supercapacitors,”>> there is still
predicted higher capacity, higher voltage, and lower migration
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Figure 1. Thermodynamic properties from DFT calculations of three reactions for removal of F-termination from V,CT,. (a) shows AG® as a
function of temperature, while (b) shows the equilibrium partial pressure of HF gas for the three reactions, considering a saturated water vapor

pressure of 4.738 X 10* Pa.
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Figure 2. X-ray diffractograms of V,CT, hydrolyzed at different temperatures (a), where (b) shows a close-up of the (002) V,CT, reflections
located inside the black rectangle in (a). In (a), there is also a dashed line indicating the position of the (110) MXene reflection at 63.8°.

barriers in V,CO, compared with OH- and F-terminated
V,CT,.'"**~*" However, synthesizing V,CO, without decom-
posing the MXene structure is challenging, because vanadium
oxides can form at elevated temperatures by hydrothermal
treatment,”®** as well as by annealing in inert, reducing and
oxidative atmospheres.””*' Hence, changing the termination
groups of V,CT, without formation of secondary phases
remains a challenge.

In this work, we demonstrate the use of gas hydrolysis to
change the surface terminations of V,CT, MXene. Three
different hydrolyzation reactions are proposed, and density
functional theory (DFT) calculations support that a shift from
F termination to OH/O termination is thermodynamically
feasible, given a continuous flow of humidified Ar gas.
Therefore, V,CT, particles synthesized by regular HF-etching
of V,AIC were exposed to a controlled water vapor pressure at
various temperatures. X-ray photoelectron spectroscopy (XPS)
and energy dispersive X-ray spectroscopy (EDS) were used to
verify the chemical change upon hydrolyzation at elevated
temperature, indicating a significant reduction of F content
upon hydrolyzation at elevated temperatures. X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Raman

spectroscopy were used to describe the structural changes,
showing how the MXene phase remains stable up to 300 °C.
These hydrolyzation results are also compared to annealing in
dry Ar gas by thermogravimetric analysis (TGA), demonstrat-
ing that the water vapor is essential for the resulting change in
termination. In the end, galvanostatic cycling of V,CT,
electrodes in Li-ion batteries is presented to indicate the
change in electrochemical properties of V,CT, upon modifying
the MXene surface.

B RESULTS AND DISCUSSION

Thermodynamics. With the intention of substituting F-
terminations with O-containing terminations, the following
three hydrolyzation reactions are suggested:

V,CE, + 2H,0(g) = V,C(OH), + 2HF(g) (0
V,CE, + 2H,0(g) = V,CO, + 2HF(g) + Hy(g)  (2)
V,CE, + H,0(g) = V,CO + 2HF(g) ®3)

The variation in standard free energy with temperature for
the three hydrolyzation reactions is given in Figure la. While
reaction 1 remains positive for all temperatures, reaction 3 has

https://doi.org/10.1021/acsomega.2c02441
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Figure 3. SEM images with low (a—c) and high (d—e) magnification: pristine V,CT, (a,d) and V,CT, hydrolyzed at 300 °C (b,e) and 500 °C (c,f).
The high-magnification areas represent the red rectangle in the low-magnification images.

a negative AG® at T > RT and reaction 2 at T > 400 K,
indicating spontaneous reactions at elevated temperatures.
However, these results only illustrate the situation at standard
conditions, and Figure SI11 demonstrates how the AG of
reaction 1 also becomes spontaneous with a sufficiently high
ratio between the vapor pressure of H,O and HF. In general,
having a high vapor pressure of water and continuous removal
of HF gas is beneficial for all the presented hydrolyzation
reactions. With a given water vapor pressure of 4.738 X 10* Pa,
originating from the saturated water gas at 80 °C,*” Figure 1b
presents the calculated equilibrium partial pressures of HF gas
for the three reactions and demonstrates that significant
amounts of HF gas will be produced at elevated temperatures.
It also shows that the dominating reaction would be
substitution of two F terminations in favor of a single O-
termination, leaving parts of the surface unterminated (V,CO).
In total, these results give a strong indication that the removal
of F-terminations from V,CT, by hydrolyzation is possible, as
all the proposed reactions show spontaneous reactions at
achievable experimental conditions.

Structure and Morphology. The structural change of the
V,CT, phase upon hydrolyzation is illustrated in Figure 2. It
shows that the intensity of the MXene related reflections
remain relatively stable up to a hydrolyzation temperature of
300 °C, before they are significantly reduced at 400 °C and
virtually absent at 500 °C. The most likely explanation for the
degradation at 400 °C can be described by the broad
reflections emerging at around 36.6°, 43.5°, and 64.2° which
most likely comes from a mixture of vanadium oxycarbides
(denoted “VC,0,”), as both VC and VO crystallize in the same
rock salt structure (space group Fm3m)®® and show XRD
reflections in those three areas (PDF 01-074-1220 and PDF
04-004-9038). However, these reflections disappear upon
increasing the temperature to 500 °C, where the only
detectable reflections remaining are related to AL,O; from
the MAX phase synthesis and V,0;. This indicates that the
V,CT, first decomposes to VC,0, followed by the formation
of V,0; at temperatures above 400 °C. The transition to V,0;

after hydrolyzation at 500 °C is also demonstrated by Raman
measurements (Figure SS), where the MXene related vibration
bands disappear in favor of V,0; bands around 210 cm™, and
the D and G bands are attributed to amorphous carbonaceous
species that remain. For an oxygen terminated MXene phase
(V,CO,), the degradation can be described by the following
reaction:

V,CO, + H,0(g) = ,0; + C + H,(g) (4)

However, apart from the degradation at 400 °C significant
changes to the MXene phase after hydrolyzation at lower
temperatures are observed. First, it should be noted that
already in the pristine MXene, the (002) double reflection
indicates that two different interlayer spacings are present in
the MXene (9.574 and 7.735 A, Figure 2b). This reflection
splitting may be due to intercalation of water molecules in
parts of the particles. Xie et al. calculated that the interlayer
spacing of V,CT, lies around 7.5 A with no intercalated water
and around 9.5 A with 2 layers of water molecules, in fair
agreement with our experimental results.’* Since previous
articles often report on an interlayer spacing around 9.5 A or
higher, it is reasonable to assume that parts of our particles
have been dried prior to the characterization.’***¢ Interest-
ingly, the split remains after hydrolyzation, although we see a
shift in intensity toward the reflection at higher 26, indicating a
reduction of interlayer spacing and less water between the
layers. Additionally, we see an uneven shift of the two
reflections toward larger 26 upon increasing the hydrolyzation
temperature. After hydrolyzation at 300 °C, the reduction of
the interlayer spacing was 0.320 A for the reflection at lower 20
and 0.475 A for the reflection at higher 20 (Figure 2b). This
change is ascribed to changes in the surface terminations of the
MXene, as well as small changes in intercalated water.

Another interesting aspect with the XRD results is that no
reflections related to the MAX phase remain after the etching,
indicating complete Al removal from the MAX phase (Figure
S2). This is usually not reported for HF-etched V,AIC and
demonstrates that reducing the particle size prior to etching

https://doi.org/10.1021/acsomega.2c02441
ACS Omega XXXX, XXX, XXX—=XXX



ACS Omega http://pubs.acs.org/journal/acsodf
a) C-V-OMM,0,, V2p&01s | 3 |b) v.cT, F1s
2 Hyd300C
IS

Normalised intensity (a.u.)

Hyd300C

T T T T T T
680 682 684 686 688 690
Binding energy (eV)

c) —— V,CT,
—— Hyd300C

Hyd500C

\% O Ka

Normalised intensity (a.u.)

T T T T T T T
536 532 528 524 520 516 512
Binding energy (eV)

0.4 0.5 0?6 0.7 0.8
X-ray energy (keV)

Figure 4. XPS spectra of the V 2p and O Is region (a) and the F 1s region (b) for V,CT, and V,CT, hydrolyzed at 300 °C, where the intensity of
(a) is normalized to the V peaks. (c) The lower energy region of EDS spectra obtained from mapping of V,CT, and V,CT, hydrolyzed at 300 °C
and 500 °C, where the intensities are normalized to the V LL peak at 0.446 eV, to show the relative shift of the O and F content.

can help improve the etching yield of this phase.zz'?’1 With an
average size of 5.91 um (Figure S3), it is shown that 72 h of
etching in 48 wt % HF is enough for complete conversion to
MXene at ~22 °C.

The change in morphology with hydrolysis and temperature
is given in Figure 3. Although the macroscopic disc-like
morphology remains similar even after the phase transition to
V,0; (a—c), the high-magnification images (d—f) reveal a
formation of nanoparticles at the edges of the particles after
hydrolyzation at 500 °C, which most likely represent V,0;. A
similar growth of oxide nanoparticles has been reported after
hydrothermal treatment of V,CT,, although they report on
higher oxidation states of V, corresponding to VO, and
V,04.%* In Ti-based MXenes the formation of TiO,
nanoparticles at the edges of Ti;C,T, and Ti,CT, is also
commonly observed upon exposure to water and air at elevated
ternperatures.‘w_40 The average particle size of the MXenes is a
few microns, indicating that the particle size is maintained
upon etching, as it matches well with the V,AIC MAX phase
(Figures S3 and S4). Figure 3 also shows that the particles have
a lot of cracks and uneven surfaces. This might originate from
introduction of strain in the particles during milling of the
MAX phase as it can also be seen in the MAX phase particles
before etching (Figure S4).

Chemical Composition. The change in chemical environ-
ment upon hydrolyzation is described in Figure 4, where XPS
is used to probe the outer surface of the MXene particles and
EDS is used for bulk characterization. Figure 4a presents the
deconvolution of the XPS regions of V 2p and O 1s from
V,CT, before and after hydrolyzation at 300 °C. Based on the
fitting parameters of previous work, the different V 2p;,, peaks
were assigned to V** (513.1 eV), V** (5153 V) and V*
(516.3 eV).*"*"*> The paramagnetic splitting of V 2p is set to
7.2 eV with a split ratio of 0.5, which gives rise to the V 2p,/,

peaks at higher binding energies.43 The distribution of
oxidation states in the pristine V,CT, is in accordance with
previous r€:1301rts.31’44'45 Upon hydrolyzation, oxidation of the
surface V atoms from 2+ to 4+ is evident, indicating possible
oxide formation and/or change in the surface terminations. No
contributions from V°* (517.1 eV) in any of the spectra were
detected, indicatin§ that the hydrolyzation conditions are less
oxidative than air.>”*' The deconvolution of the O 1s region is
ascribed to vanadium oxides O—V (529.7 eV), O-terminated
MXene as C—V—0 (531.1 eV), and a combination of OH-
terminated V,CT, and adsorbed water as C—V—OH/H,0,q,
(532.1 €V).”?V#%9%7 The changes upon hydrolyzation
indicate partial increase of surface oxides, with a reduction in
the amount of OH-terminations and adsorbed water. This
corresponds well with the changes in the V 2p region, and the
XRD results presented in Figure 2, as well as with previous
reports on the effect of V,CT, annealing.>'

In Table 1, the quantification of the chemical compositions
of V,AIC, V,CT,, and V,CT, after hydrolyzation at elevated
temperatures is given. The EDS results are based on average
values of several point scans and show a clear trend in reducing
the concentration of F upon increasing the hydrolyzation
temperature. The trend is supported by the EDS spectra from
mapping presented in Figure 4c, demonstrating a significant
reduction in the F Ka peak at 0.68 keV upon increasing the
hydrolyzation temperature. The EDS results indicate a F
reduction of around 2/3 in the bulk of V,CT, particles
hydrolyzed at 300 °C compared to pristine V,CT,. From
Figure 4b, the reduction in F is even more significant at the
outer surface of the particles as the F 1s peak is virtually absent
after the hydrolyzation at 300 °C.

However, only minute changes in O-terminations are
observed upon hydrolyzation. From Table 1, the EDS results
indicate insignificant changes in the amount of O upon
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Table 1. EDS Data Averaged from Several Point Scans of
V,AIC, Pristine V,CT,, and V,CT, Hydrolyzed at Different
Temperatures®

sample v Al o F O (XPS) F (XPS)
V,AIC 2 0.93 0.07 -
V,CT, 2 003 027 1.00 1.31 0.54
Hyd100C 2 0.03 0.38 0.74
Hyd200C 2 0.0S 0.28 0.49
Hyd300C 2 0.02 0.27 0.31 1.18 0.04
Hyd400C 2 0.09 0.35 0.15
Hyds00C 2 0.03 1.06 0.03

“The last two columns indicate the quantification obtained from the
XPS fitting. All values are presented relative to one formula unit of
V,CT, (or a V amount of 2).

increasing the hydrolyzation temperature, where the O content
remains stable at around 0.3 per unit formula of V,CT,. It
should be noted that the quantification of V and O content by
EDS is uncertain due to overlapping peaks, which is shown in
Figure 4c. Nonetheless, the XPS results of the O 1s region also
demonstrate a similar trend, where no obvious increase in the
O-content can be seen after the hydrolyzation at 300 °C. From
these results, it is therefore difficult to conclude whether the
hydrolyzation has resulted in an increase of O-terminations or
if F-terminations are simply removed, resulting in the
formation of nonterminated V,C. Although formation of V,C
does not match well with the increased oxidation state of V,
removal of terminations matches well with the 20 shift in the
XRD results (Figure 2b), as V,C would have a smaller
interlayer spacing than terminated V,CT,. Additionally, it
should be noted that from the theoretically calculated AG°(T)
curves presented in Figure 1b, the formation of single
terminated V,CO is the most favorable reaction, indicating
that formation of a partly nonterminated phase (V,CO) is
more favorable than forming two O-terminations (V,CO,).
With that in mind, even though characterization of the surface
terminations is challenging with respect to MXenes, a more
thorough study would be needed to confirm the nature of the
termination groups on hydrolyzation, and to better quantify
the amount of O-terminations.

Thermal Stability. Figure S shows the TG curve of V,CT,
in Ar atmosphere and the resulting X-ray diffractograms after
various annealing temperatures. From the TG curve in Figure
Sa, it is seen that the V,CT, shows a continuous mass loss but
with three significant mass loss regions at ~80—280 °C,

~320—500 °C and above ~650 °C, matching well with
previous reports.'>*" The initial mass loss is ascribed to
desorption of physiosorbed water, which is supported by the
20-shift of the (002) V,CT, reflections after annealing at 300
°C (Figure Sb). At higher temperatures (~320—480 °C), the
removal of chemisorbed water due to OH-terminations is
suggested.>”*> However, the XRD data show that this
temperature also results in a degradation of the MXene
structure, as the (002) reflections of V,CT, are significantly
reduced after annealing up to 600 °C. Similar to hydrolyzation
at 400 °C (Figure 2), the formation of broad reflections from
oxycarbide (VC,0,) appear at this temperature. It is therefore
suggested that the chemisorbed water may be required for the
stability of the V,CT, phase. At the third mass loss region
(>650 °C), the MXene phase is fully degraded. According to
Wau et al. only V,0; and V4C, phases were left after annealing
up to 1000 °C.>* However, Figure Sb shows the presence of a
VF, phase after 1 h at 800 °C, indicating that some of the F
content remained at this temperature. There is a chance that
the discrepancies between these results might come from the
initial O:F ratio obtained after etching, where Wu et al. showed
a much higher O content than what is presented here
(0.98:0.30 vs 0.27:1.00). This might have led to V,0; being
formed instead of VF,. Since Matthews et al. showed a
significant mass loss between 800 and 1000 °C, it might also
be that F is removed above 800 °C, resulting in the formation
of only oxides and carbides.*®

Comparing the results after annealing in pure Ar with the
results from the hydrolyzation experiments (Figure 2), some
differences with respect to the inclusion of water is observed.
First, the remaining F phase after annealing at 800 °C in Ar
(Figure Sb) indicates that the water vapor is essential for the
removal of F during hydrolyzation, seeing that the F content
was reduced to ~0 after hydrolyzation at 500 °C (Table 1).
Additionally, the splitting of the (002) reflections remains even
after annealing in dry Ar, indicating that the chemisorbed water
reacts similarly in wet and dry Ar. Moreover, the decom-
position of V,CT, starts at lower temperatures in the presence
of water vapor, considering that the diffractogram after
hydrolyzation at 400 °C resembles the one after annealing at
600 °C in Ar. However, even after annealing at 800 °C in dry
Ar, the layered morphology of the particles remains (Figure
S13), which is similar to what has been reported
previously.*>*!

Electrochemical Properties. The cycling results of V,CT,
electrodes in LiB half cells are presented in Figure 6. It shows
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Figure $. (a) TG curve of V,CT, heated in Ar atmosphere up to 800 °C followed by 60 min dwelling. The inset shows differential mass loss during
the heating step. (b) The resulting X-ray diffractograms after heating up to 300 °C, 600 °C and 800 °C, shown in (a). The dwelling times at the
different temperatures were 60 min, and the dashed line in (b) indicates the position of the (110) MXene reflection at 63.8°.
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Figure 6. Voltage plots of two different cycles at two different current
densities from V,CT, electrodes before and after hydrolyzation at 300
°C.

voltage profiles from two cycles at two different current
densities (10 and 100 mA/g) and demonstrates similar profiles
for the pristine V,CT, and the V,CT, hydrolyzed at 300 °C.
Both materials display generally sloped curves indicative of the
pseudocapacitive storage mechanism of MXenes."* With
sloped plateaus at around 1.5—3 V, these voltage profiles are
also similar to previously reported profiles for V,CT,, showing
higher average voltages for V,CT, MXene compared with
other MXene compositions.””*>** Another interesting sim-
ilarity with previous reports is the irreversible plateau observed
at ~1.6 V on the first discharge (Figure S16). As SEI formation
is not expected to take place at such high voltages, it is possible
that this plateau represents trapping of some Li-ions in V,CT,
on the first cycle.”' Nevertheless, these cycling results verify
the presence of V,CT, both before and after the hydrolyzation.

After comparing the electrochemical performance before
and after hydrolyzation, only subtle differences are observed
(Figure 6). This contrasts with some of the predicted changes
from DFT calculations for changing termination groups. First,
the average voltage was not increased after the removal of both
F- and OH-terminations from hydrolyzation. This could be
another indication of the hydrolyzation not resulting in any
increase in the O-terminations, as the voltage then would have
been expected to increase.'”” Instead, this could also suggest
the formation of nonterminated MXene. However, it might
also be that the pseudocapacitive nature of the energy storage
mechanism blurs out the effects of the intercalation voltages.
Wang et al. presented similar voltages for V,CT, etched in
milder F-conditions (HCI and F-salts), resulting in fewer F-
terminations than what is obtained by HE-etching.** Although
they demonstrated significantly higher capacities than by HF-
etching, most of the capacity was obtained between 0.5 and
0.01 V. Above 0.5 V, their capacities were similar to the
capacities obtained here.

The rate capability on the other hand was significantly
improved after hydrolyzation of the MXene (Figure 6). Some
of these changes can be related to the difference in loading
(4.31 mg/cm? for V,CT, and 1.62 mg/cm? for Hyd300C), but
they cannot explain all the changes. Upon increasing the
current density from 10 mA/g to 100 mA/g, the overpotential
of the pristine V,CT, increases more than for the hydrolyzed
one. This change in polarization has previously been

demonstrated for F-free Ti;C,T, MXene*® and matches better
with calculated results, as both bare and O-terminated V,CT,
have been shown to have lower migration barriers for Li-ions
compared with OH- and F-terminated V,CT,.**">” Notably,
the reported F-free Ti;C,T, also did not result in any
significant change in intercalation voltage.

Comparing the first cycles of both cells, the irreversible
plateau at ~1.6 V is longer for the pristine V,CT, than for the
V,CT, hydrolyzed at 300 °C (Figure S16). A possible
explanation for this can be the reduction of the intercalated
water between the MXene layers, where the pristine V,CT, has
the highest amount of intercalated water. Similar water
reduction has previously been reported at comparable voltages
in LiPFg electrolytes with water impurities, where H,O is
reduced into OH™ and H, gas.y"55 However, if water reduction
is the explanation of the irreversible plateau, it does not seem
to have affected the long-term cycling performance of these
electrodes significantly. Nonetheless, seeing that intercalated
water remains in V,CT, even after annealing in dry Ar at 300
°C, further research should be directed toward understanding
the effect of intercalated water in MXenes when cycling in
nonaqueous electrolytes.

B DISCUSSION

Among the possible post etch treatments of MXenes, the
present investigation has demonstrated that hydrolyzation of
V,CT, at elevated temperatures in a continuous flow of
humidified Ar(g) can reduce the concentration of F-
terminations. Although there have been several reports on
hydrolysis of the Ti;C,T, MXene phase, most of them have
been performed under closed conditions, building up
significant partial pressures of the product gases resulting
from the hydrolyzation reaction and thus limiting further
reaction. To the authors’ knowledge, there has only been
reported one attempt on hydrolyzation of MXene in a
continuous flow of humidified inert gas; however, this was
performed on Ti;C,T,, at moderate hydrolyzation conditions
(1 h at 400 °C, with 25 °C water bath and 100 mL/min gas
flow).** Based on the results presented here, the application of
hydrolysis using a continuous flow of Ar(g) with a high partial
pressure of H,0(g) opens up for new possibilities for post
etching treatments of MXenes beyond only V,CT,.*>

Another way of circumventing F-terminations would be to
synthesize the MXene in a F-free environment. For the
Ti;C, T, phase, there has been reported several F-free etching
methods, such as hydrothermal etching in NaOH solutions, in
anhydrous halogen solutions and by molten salt reactions in
both halogens and Lewis acids.”*>*" ™" Although the latter
method was used to replace Al by Zn from V,AIC in the
formation of V,ZnC, they were unable to further separate
V,CCl, sheets because of the high bond strength of V—Zn.**
Homogeneously terminated MXenes can be prepared by the
molten salt method, where successful formation of pure Br-,
Cl, I, Te-, Se-, NH,-, S-, and O-terminations of both Ti;C,T,
and Nb,CT, MXenes has been demonstrated.” However, to
the authors’ knowledge, there has not yet been reported any
successful etching of V,CT, using any of these methods. Until
other etching methods are successfully implemented for
V,CT,, post etching methods will still remain essential in
order to control the surface chemistry of this MXene.
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Bl CONCLUSIONS

In summary, we have demonstrated gas hydrolyzation as a new
and efficient method to significantly reduce the number of F-
terminations from multilayered V,CT, MXene. DFT calcu-
lations demonstrated that several hydrolyzation reactions are
possible and that a continuous gas flow during the hydro-
lyzation would be ideal in order to maintain a high enough
ratio between water vapor and the gas products. The V,CT,
was dehydrated upon annealing in both dry and wet Ar gas,
leading to the removal of intercalated water and OH-
terminations up to ~300 °C. Additionally, hydrolyzation at
300 °C resulted in a removal of F content by almost 70% from
the bulk of V,CT, particles, thus demonstrating gas hydro-
lyzation as the most efficient post etching method for bulk F
removal to date. However, at hydrolyzation temperatures
above 300 °C, the MXene phase started to decompose, and a
hydrolyzation temperature of 500 °C resulted in a complete
transformation into V,0; and C. In dry Ar, the decomposition
started at slightly higher temperatures and only rock salt
vanadium oxycarbides and VF, remained after annealing at 800
°C.

Although hydrolyzation resulted in a reduction of F-
terminations, it did not result in any corresponding increase
in O content of the MXene. Instead, formation of non-
terminated V,C is proposed, which is supported by the
electrochemical performance of the hydrolyzed V,CT,. In LiB
half cells, a reduced polarization was observed after hydro-
lyzation at 300 °C, matching well with the predicted lower
migration barriers of bare and O-terminated V,CT,. All in all,
our results present a new method for post etch removal of F-
terminations from MXenes and introduces new insights on the
thermal stability of V,CT, in a hydrated atmosphere.

B METHODS

Synthesis of MAX Phase. The V,AIC MAX phase was
synthesized by a solid-state reaction of V (Sigma-Aldrich,
99.5%), Al (Alfa Aesar, 99.5%), and graphite (Timcal Timrex,
99.5%) powders in a molar ratio of 2:1.3:1. The powders were
mixed by wet ball (YSZ) milling in isopropanol overnight,
dried in a rotavapor (Biichi R210) and subsequently pressed
into 1 g cylindrical pellets at 25 MPa. The pellets were
annealed in flowing Ar atmosphere at 1500 °C with a heating
rate of S °C/min and a dwelling time of 4 h in a tube furnace
(Entech ETF 17). To prevent oxidation, the tube was flushed
with Ar for 4 h before the heat treatment. The synthesized
MAX phase powder was mortared manually in a steel mortar
followed by planetary milling at 300 rpm for 10 h in
isopropanol with WC milling balls and milling jar, to reduce
the particle size and obtain a narrow particle size distribution
prior to etching (Figure S3).

Synthesis of MXene. The multilayered V,CT, MXene
particles were synthesized by slowly adding 2 g of the
synthesized V,AIC MAX phase powder in a polypropylene
beaker with 40 mL of a 48 wt % HF solution over the time of
1S min. Thereafter, the beaker was partly covered with parafilm
and etched at room temperature for 72 h under constant
stirring. After the etching, the remaining powder dispersion
was washed several times by centrifugation in DI-water
dispersions, until reaching a pH > S. In the end, the remaining
dispersion was vacuum filtered through a 0.22 ym pore sized
PVDEF filter paper, before the powder was vacuum-dried at 120
°C for 12 h.

Hydrolyzation. The hydrolyzation of V,CT, was per-
formed by spreading out 0.1 g of the MXene powder over 1—2
cm’ in an alumina crucible boat before introducing it to a
quartz tube furnace (Figure S1). The furnace was sealed and
after a 2 h flushing step with a flow rate of Ar gas (99.999%) at
200 mL/min, the furnace was heated to a given temperature at
a rate of 200 °C/h and dwelled for 15 h with the same gas flow.
To saturate the annealing atmosphere with H,O after the
flushing step, Ar gas was bubbled through a DI water container
at 80 °C prior to entering the tube. With a saturated vapor
pressure of 4.738 X 10* Pa,’” the water content in the Ar/H,0
mixture was 47%. The exhaust gas was bubbled through a
solution of 1 M Ca(NOj), in order to prevent air leakage into
the furnace and to capture HF formed during the hydro-
lyzation.

Characterization Techniques. The phase purity and
crystalline structure of the products were characterized by X-
ray powder diffraction (XRD, Bruker D8 Focus Diffractom-
eter) using a Cu Ka radiation source (4 = 0.15418 nm) and a
0.2 mm slit size. The XRD data were collected in a 26-range
from 5 to 75° with a step size of 0.0143° and a 0.68 s step time.
The Al,O; residue obtained from the MAX phase synthesis
was used as a reference for the measurements, adjusting and
scaling the spectra relative to its (012) reflection located at
25.57°. Thermal stability (TGA) of the MXene was measured
with a NETZSCH STA 449 F3 Jupiter analyzer by placing ~15
mg of the powder in @-Al,O; containers with lid, heating it up
under an Ar flow of 30 mL/min and a heating rate of 5 °C/min
from RT to 300, 600, and 800 °C, with a dwelling time of 1 h.
The particle size of the MAX phase was determined by laser
diffraction (PSD, Horiba Partica LA-960) dispersing the
powder in isopropanol to prevent agglomeration. The surface
morphology and microstructure were investigated by a field-
emission scanning electron microscope (FESEM, Carl Zeiss Ag
— ULTRA SS) using an acceleration voltage of S—10 kV.
Energy dispersive X-ray spectroscopy (EDS) was used to assess
chemical composition using an XFlash 4010 X-ray detector
and an acceleration voltage of 10—15 kV. To obtain
quantitative results, the average values from five or more
point scans were chosen and analyzed using the Bruker Esprit
1.9 software (Figure S10). X-ray photoelectron spectroscopy
(XPS) was used for further information on chemical
composition of the powder. The XPS samples were made by
gluing the MXene powder to a Si wafer substrate using silver
glue, and the measurements were performed under ultrahigh
vacuum using a SPECS XR-50 X-ray source with a Mg anode
and a VG ESCA MKIV with a CLAM4 analyzer. The satellite
peaks stemming from the Mg Ka; and Ka, were removed from
the spectra before further data analysis were completed (Figure
S14). To compensate for the static charge of the sample, the
Siy, peak from the substrate (99.3 €V) was used as an internal
reference.*’ The fitting of the curves was completed in the Igor
Pro 7 software, using a Shirley background, and the
quantification was performed using known photoionization
cross-section values.’” The vibrational properties were
investigated by a WITec Alpha 300r Confocal Raman
Microscope, using a 100X objective, a 532 nm Ar laser and a
laser power below 0.8 mW to prevent oxidation of the material
(Figure S6).

Electrochemical Measurements. To assess the electro-
chemical performance of the materials, LiB half cells were
prepared with the MXene as the working electrode. These
electrodes were processed by mixing N-ethyl-2-pyrrolidone
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(NEP)-slurries with 10 wt.% PVDF binder, 10 wt.% carbon
black as conductive additive and 80 wt.% of the active material
(V,CT, and V,CT, hydrolyzed at 300 °C). First, the carbon
black and active material were mixed for 10 min at 25 Hz in a
shaker mill. Next, a premade PVDE-NEP solution was added
before the slurry was further diluted with additional NEP to
obtain a solid to liquid ratio of 1:6. The slurries were then
mixed by continuous shaking at 15 Hz for 30 min with a shaker
ball and drop cast onto precut circular Al current collectors.
The electrodes were dried at room temperature in a fume hood
overnight before being dried in vacuum at 60 °C for at least 4
h. This resulted in active material loadings of 1.6—4.3 mg/ cm?.
The electrodes were assembled into 2016-type coin cells in an
argon-filled glovebox (O, < 0.1 ppm, H,0 < 0.1 ppm) using
Li-foil as the counter electrode, glass microfiber (Whatman) as
the separator, and 110 yL 1 M LiPF in ethylene carbonate and
ethyl methyl carbonate with a volume ratio of 1:1 (EC/EMC
1:1) as the electrolyte. The assembled cells were galvanostati-
cally cycled at various specific currents (10 mA/g-100 mA/g)
in a voltage range of 0.5 to 3.5 V using a BioLogic BCS-805
cycler at a controlled temperature of 20 °C.

Theoretical Calculations. Density functional theory
calculations were done with VASP®'~®* using the PBEsol
functional®™® and a plane-wave energy cutoff of 650 eV.
Gamma-centered k-point meshes with ~0.2 A~ spacings were
used for solid structures. Geometries were relaxed until the
forces on the ions were below 107* eV/A to obtain ground
state energies (EO(T = 0 K)). Vibrational properties of the
solid were calculated with Phonopy,” and those for gaseous
species were calculated by standard statistical mechanics.®””°
Corresponding zero-point energies (ZPE) were calculated for
the solids and taken from the NIST-CCCBDB database for
gaseous species.”' The thermodynamic properties of chemical
reactions were evaluated following ref 72. Pseudopotentials,
AG curves for more reactions, and a full description of the
computational workflow are given in the Supporting
Information.
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Details of DFT calculations and workflow on the thermodynamic property
evaluation of the proposed hydrolysation reactions

Density functional theory (DFT) calculations were carried out using the projector augmented wave (PAW) method
as implemented in the Vienna Ab initio Simulation Package (VASP),1# using V_sv and standard C, O, H, F
pseudopotentials, and PBEsol exchange-correlation functional.5”7 Plane wave basis sets were used with a kinetic
energy cutoff of 650 eV. Gamma-centered k-point sampling was employed with a spacing close to 0.2 A along the
3 axes of the reciprocal unit cells for all structures, except that for the isolated gas molecules which were placed in
a 15x15x15 A box and calculated by 1x1x1 gamma centered k-point. Spin-polarization were considered for all
compounds.

The computational workflow on the evaluation of the thermodynamic properties of the proposed
hydrolyzation reactions in this study included a geometry relaxation with a tight electronic convergence criterion
of 1 x 108 eV and forces on the ions of less than -1 x 10 eV/A. Ground state energies (EO(T=0 K)) were calculated
for the optimized structures. Thermal properties, namely phonon free energy (F(T)), entropy (S(T)) and the phonon
contribution on internal energy (E(T)), of all solids (V,CF,, V2CO,, V2CO, V2C(OH),, V203, VF,, and VC) were calculated
based on the optimized structures using frozen phonon method within the open-source package Phonopy.? The
corresponding entropy (S(T)) and enthalpy (H(T)) for gaseous species (F,, Oz, H2, H,0, HF, CO;) were evaluated by
standard statistical mechanics.? 1° Zero-point energies (ZPE) were calculated by equation

n

1

ZPE =5 ) v (1)
i=1

i

where v; is frequency. For solid compound, ZPE was E(T) at T->0 obtained from phonon calculations. v; for gaseous
species were taken from NIST- CCCBDB database.!!

Thermodynamic properties of reactions (AG(T), AH(T) and AS(T)) were further evaluated according to an
established method based on the ground state energy (EO(T=0 K), ZPE, thermal energies (F(T), E(T), S(T)) of each
individual compound.12 Temperature dependent H(T), at a given temperature was computed by a sum of the
internal energy at zero Kelvin by DFT, plus ZPE and its contribution by phonon vibrations E(T). Explicitly, enthalpy
was approximated by the following equations:

For solids:

S1



H(T) =E0+E(T) (2)
where ZPE is E(T) at T = 0 K, and for gases:

NAh'lii

n
5

H(T) = EO + ZPE + aRT + ERT+ZW (3)

i=1

where a = 1 and 3/2 for linear and non-linear molecules respectively, Na is Avogadro constant and k is Boltzmann
constant. S(T) for solid compounds was obtained by phonon calculations and for gases were taken from NIST-JANAF
thermochemical table.’3 As the thermal properties for each individual compound were obtained, the
thermodynamic properties of the reactions could be evaluated by:

AH(T) = H(T)products — H(T)reactants (4)
AS(T) = S(T)products - S(T)reuctants (5)

AG(T) = AH(T) — TAS(T). ©

To calculate the partial pressure of HF gas at equilibrium, with a given water vapour pressure, the equation for
Gibb’s free energy was used with reaction coefficients given by the different hydrolysation reactions:

(7

AG® = —RTIn(K) = —RTIn ( p(HR” )

p(H,0)”

Table S1. Chosen DFT data for the reactions presented in Figure S11, being the change in ground state energy (AEO), the
change in Zero-point energy (AZPE), and the enthalpy change (AH(T)) for the different reactions at three different
temperatures: T =0 K, 300 K and 600 K.

Reaction AEO  AZPE  AH(OK) AH(300K) AH(600K)
(eVv) (eV) (kJ/mol) (ki/mol) (kJ/mol)

Termination change

1. V2CF2 + 2H20 (g) = V2C(OH)2 + 2HF (g) 0320  -0.025 28.475 26.791 30.674
2.V2CF2 + 2H20 (g) = V2CO2 + 2HF (g) + H2 (g) 0.621 -0.296 31.352 35.757 40.386
3. V2CF2 + H20 (g) = V2CO + 2HF (g) 0.368 -0.065 29.165 31.137 30.646
4.V2C(OH)2 =V2C02 + H2 (g) 0.301 -0.271 2.8765 8.967 9.713
Decomposition of MXene

5.V2C(OH)2 + H20 (g) = V203 + C+ 2 H2 (g) 0.616 -0.427 18.273 27.071 30.895
6.V2CF2 + 1.5 H20 (g) = 0.5 V203 + VC + 2HF (g) + 0.5H2 (g)  0.974  -0.205 74.271 79.133 81.518
7.V2CO + 0.5 H20 (g) =0.5V203 + VC + 0.5 H2 (g) 0.607 -0.139 45.105 47.997 50.872
8.V2CF2=VC+VF2 0.365 -0.019 33.383 33.776 34.262
9. V2C(OH)2 + 3H20 (g) = V203 + CO2 (g) + 4H2 (g) 2.107  -0.855 120.730 135.410 144.930
10. V2CO02 + 3H20 (g) = V203 + CO2 (g) + 3H2 (g) 1.806  -0.584 117.850 126.440 135.220
11. V2CO + 4H20 (g) = V203 + CO2 (g) + 4H2 (g) 2.059  -0.815 120.040 131.060 144.960
12. V2CF2 + 5H20 (g) = V203 + CO2 (g) + 2HF (g) + 4H2 (g) 2427  -0.880 149.200 162.200 175.610
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Additional figures and tables

Furnace

Ar + H20 AI’

Thermocouple
~ag—1M Ca(NO;), Water heater =

Figure S1. The setup of the hydrolysation furnace with a water heated gas bubble flask in front of the furnace to ensure high
water vapour pressure inside the reaction tube. A solution of 1M Ca(NOs), was used at the end to bind potential HF gas from
the hydrolysation reaction.
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Figure S2. X-ray diffractogram of the V,AIC MAX phase after milling and the resulting V,CT, after etching of the milled MAX
phase in 48 wt. % HF for 72 h. The marked V,AIC reflections come from PDF 00-029-0101 and the Al203 reflections from PDF
01-088-0826.
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Figure S3. Particle size distribution, obtained by laser diffraction, of V,AIC MAX phase before and after wet milling for 10
hours at 300 rpm.
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Figure S4. SEM images at 1k (a) and 5k (b) magnification of V,AIC after wet milling showing the particle size distribution and
the variation in morphology of the particles. The area of figure (b) is marked in red in figure (a).
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Figure S5. Raman spectra of V,CTy before and after hydrolysation at 300 °C and 500 °C indicating the formation of V,0s,
marked with diamonds, at the highest temperature.’* MXene bands at around 220 cm™, 650 cm™ and 900 cm™ remain stable
up to 300 °C, and the spectra partly resemble those presented in previous reports.’>7 The presence of C D and G bands
indicate that some amorphous C remain even after complete decomposition of the MXene phase. The presence of these
carbon peaks, and a great variation of MXene peaks have previously been reported by Thakur et al..8
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Figure S6. Raman spectra of V,CT, hydrolysed at 500 °C at different laser powers. Initially there is only visible peaks related
to C at 1400 and 1600 cm™. The peaks that arise at higher laser powers match ok with alpha-V,0s,° showing how the
phase oxidizes and forms large white particles under the influence of the Raman laser at higher laser powers.
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Figure S7. Showing the low energy region of EDS spectra obtained from mapping of pristine V,CTy (a), V2CTx hydrolysed at
300 °C (b) and 500 °C (c), and from a representative point scan measurement of pristine V,CTy (d), VoCTx hydrolysed at 300 °C
(e) and 500 °C (f). The C peak is omitted from the mapping plots due to the high intensity coming from the carbon tape
background. From these figures we see a clear trend in reduction of F from hydrolysation at increased temperature. Due to
the overlap of the Lal (0.510 eV) and LB1 (0.518 eV) peak from V with the only EDS peak of O (Kal, 0.525 eV), it is difficult to
get any useful quantification data of the O content. The remaining V peaks are LL (0.446 eV), LE (0.454 eV) and L83 (0.590
ev).
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Figure S8. Full spectra of the EDS mapping of V.CTx presented in Figure 4. The intensity of the peaks at higher energy (Al and
V) are lower for the powder hydrolysed at 500 °C due to a lower acceleration voltage (10 keV vs. 15 keV) of the electron beam
used for the measurements. The peaks at lower energies (C, O and F) should not be influenced significantly by this change, as
these X-rays do not live long enough to travel from deep within the particles. Al is present in these mapping spectra due to
rests of Al,O3 particles from the MAX phase synthesis.



Figure S9. EDS mapping of the V,CTy that is used for the results in Figure 4c and Figure S8. The green dots indicate several Al
rich particles that represent Al,Os.

cps/eV.

Point scan v Al Cc o F  Comment 100
51 56.85 27.19 12.73 276 0.07 Good
52 57.98 26.71 13.71 1.2 0.04 Good a5t}
53 55.61 27.26 15.38 1.15 0.27 Good
54 49.56 27.42 22.15 0 0.57 Good
55 60.08 26.7 12.33 0.49 0 Good
56 54.65 25.62 16.25 2.82 0.3 Good
57 63.17 23.63 712 5.64 0 Good
58 70.46 19.57 6.82 2.56 0 High tilt
60 80.27 9.51 3.01 7.21 0 High tilt
61 74.7 12.87 3.73 8.7 0 High tilt
63 50.98 27.07 16.56 4.34 0.67 Good
64 2.53 39.83 11.36 45.13 0.9 Al,O, . . ! .

Figure 10 Demonstration of how the EDS average values were obtained, showing the points that were scanned from the
V,AIC MAX phase (a), and the resulting atomic percentages of different elements for each point scan after analysis (b). In
(b) it is commented which spectra were used for the average value, as some of the spectra were from Al,Os particles or had
very high uncertainties due to high tilt of the particles. In (c) and (d), representative point scan spectra from before (c) and
after etching (d) are shown to visually demonstrate the removal of Al upon etching as presented in Table 1.
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Figure S11. A curve indicating the partial pressure ratio between H,0 and HF required to make reaction 1 in Fig. 1 have AG =
0. To the right of this line, this reaction would also be thermodynamically spontaneous.
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. V2CF2 + 2H20{g) = V2C(OH)2 + 2HF(g)

. V2CF2 + 2H20(g) = V2002 + 2HF(g) + H2(g)

. V2CF2 + H20(g) = V2CO + 2HF(g)

. V2C(OH)2 = V2002 + H2(g)

. V2C(OH)2 + H20(g) = V203 + C+ 2H2(g)

. V2CF2 + 1.5H20(g) = 0.5V203 + VC + 2HF(g) + 0.5H2(g)

. V2C0 +0.5H20(g) = 0.5V203 + VC +0.5H2(g)

W2CF2=VC + VF2

V2C(OH)2 + 2H20(g) = V203 +€O2(g) + 4H2(g)

= = e 10, V2C02 +3H20(g) = V203 + CO2(g) + 3H2(g)

- 11, V2CO + 4H20(g) = V203 +CO2(g) + 4H2(g)

= = w12, V2CF2 +5H20(g) = V203 + CO2(g) + 2HF(g) + 4H2(g)

Figure S12. AG’ as a function of temperature for several reactions of V,CT,, including four termination group alternating
reactions shown in solid lines (1-4), as well as various decomposition reactions (5-12) in dashed lines. The decomposition
reactions are coloured by the termination of the reactant V,CT, phase. Reactions 1-3 are already presented in Fig. 1a.
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Figure $13. Overview SEM image of V,CT after TG annealing in Ar to 800 °C (a) where we see that the layered morphology
of the particles remains (b) although we also see possible formation of crystalline VF, particles (c).
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Figure S14. The XPS data of the V 2p and O 1s region before and after removing the Mg Ka satellites for both pristine V,CTy
and the MXene hydrolysed at 300 °C. The satellite free (“corrected”) values were used in the XPS fitting of this region used in

Figure 4.
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Figure S15. Full XPS spectra of V,CT before and after hydrolysation at 300 °C without the removal of Mg Ka satellites. The Si
peaks come from the powder being dispersed on a Si wafer substrate and were used as internal reference. The peaks at
around 265 eV and 305 eV in the pristine sample have not been assigned to any chemical component.
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Figure S16. First two cycles from the galvanostatic cycling of LiBs with pristine V,CTy and V,CT, hydrolysed at 300 °C. On the
first cycle, there are two irreversible discharge plateaus, where the one at ~0.9 V can be assigned to SEI formation.?° The
plateau at 1.6 V might come from irreversible intercalation of Li-ions in between the MXene flakes.
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Abstract

Applications of 2D MXenes are limited by the difficulty of controlling bulk termination groups after
the initial HF etching step without forming surface oxides. Here, we report on gas hydrolysation
using a continuous flow of Ar (g) with a controlled partial pressure of H,0 (g) as a new method to
change the terminations of multilayered TizC,Tx MXene particles (T = O, OH and F), and demonstrate
pre-intercalation of cations as a necessity for successful hydrolysation as it enables water molecules
to enter the TisC,Tx MXene structure. Hydrolysation of pristine HF-etched TizC,Tx shows no
compositional change before oxidation into a TiO,/C composite starts at T > 300 °C. However, by
pre-intercalating various cations into the MXene structure prior to the hydrolysation, a pillaring of
the structure is achieved, which for certain cations (K* and Na*) remains even after hydrolysation at
300 °C. By hydrolysing K-intercalated TisC,Ty at 300 °C, a significant bulk F reduction of 78 % was
achieved, accompanied by a comparable increase in O content and insignificant surface oxidation of
the particles. For other cations (Mg?*, Li* and TBA*) the expanded interlayer spacing collapsed upon
hydrolysation, resulting in no significant compositional changes. Moreover, hydrolysation is shown
to give higher selectivity towards F removal compared to air annealing, which instead resulted in the
oxidation of C to CO; and the formation of TiOF,. In Li-ion battery half cells, the intercalation of K-
ions reduces both the capacity and energy efficiency compared to pristine TisC,Tx. Nevertheless,
hydrolysation increases the capacity and intercalation voltage, and is thus a feasible method to
control the electrochemical performance of TisC;Tx MXene. In summary, gas hydrolysation is

demonstrated as a selective and efficient method to substitute F terminations with O-related




terminations in multilayered MXene particles and pave the way for utilisation on other MXene

compositions.

1. Introduction

MXenes are 2D materials with properties suitable for a wide range of applications, e.g. from
electrochemical interference shielding and sensors to water desalination and biomedicine.[1-4]
Consisting of transition metals ‘M’, and C and/or N as the ‘X’ element in a layered structure of My.1Xy
(y=1, 2, 3, 4), these materials have demonstrated high electrical conductivity and intercalation
capability for several cations, making them especially interesting as electrode materials in batteries
and supercapacitors.[5—-7] However, to optimise the intercalation properties of MXenes, control of
their chemical composition is necessary. While the M and X elements can be controlled by choosing
the correct MAX phase precursor, a mixture of surface terminations (T) are formed on the 2D sheets
during synthesis, which is denoted by “T” (i.e., TisC,Tx).[8] So far, mainly -O, -OH and -F terminations
stemming from etching in aqueous HF or HF forming solutions have been studied.[9,10] The
combination of these termination groups is expected to greatly influence the intercalating
properties, and DFT calculations predict higher capacities, lower migration barriers and higher open
circuit voltages for O-terminated surfaces compared to F-terminated surfaces.[11-14] Control of
termination groups is thus a key challenge for further development of MXenes in general, and

especially for rechargeable batteries.[8]

Although the importance of termination control has been known for a decade, only limited progress
has been made. In recent years, alternative etching methods based on anhydrous halogen solutions,
molten salt reactions and hydrothermal etching in NaOH solutions have been developed, and have
resulted in homogeneously terminated TisC,Tx MXene (i.e. S-, Se-, Br-, Cl-, 0-).[15-18] However, as
HF etching remains the most scalable synthesis method, post-etching modification of the
termination groups would accelerate the development of MXenes for batteries. Considering the
most studied TisC,Tx phase, one of the major challenges is related to its poor oxidative stability, as it
oxidises into TiO; at elevated temperatures in both inert, reducing and oxidising atmospheres, as
well as in aqueous dispersions.[19-22] However, changing the composition from TizC,F; to TizC,02
must be charge compensated by oxidation of the MXene. Therefore, controlling the selectivity of the
chemical reactions upon post-etching treatments is essential to control the termination change

while preventing oxidation into TiO, phases.



Previously reported methods to control the surface terminations include annealing in vacuum, CO,,
0,, Hz and inert atmospheres,[20,23-25] dispersion in alkalic and acidic solutions,[26,27] as well as
hydrothermal treatment.[24] Most of these methods do not reduce the F-content without the
surface oxidizing into TiO.. The results from Halim et al. indicate stable MXene thin films upon
annealing at 550 °C in ultrahigh vacuum, which also resulted in a removal of most of the initial F
content.[23] Howbeit, to date this method has only been demonstrated for thin films of unspecified
thickness and not for multilayered MXene particles. Considering the chemistry of the F-removal, it
seems unlikely that F-terminations will leave the MXene as F-ions or F; gas, as it would either require
an electrical instability in the remaining MXene or a strong oxidation of the F-terminations. We
recently reported on gas hydrolysation as a new method to remove F-terminations from V,CT
MXene by the formation of HF gas,[28] and now we apply a similar approach to control the

terminations in TisC,Tx - one of the most studied MXene phases.

In this article, we report the structural and compositional changes in multilayered TisC,Ty particles
from gas hydrolysation and demonstrate the essential role of cation intercalation prior to the
hydrolysis. First, density functional theory (DFT) calculations on possible hydrolysation reactions are
presented, guiding the experimental hydrolysation of pristine HF-etched TisC,Tx MXene up to 500 °C.
These results are then compared with annealing in various atmospheres to identify differences in
thermal stability and selectivity towards F-removal. Thereafter, intercalation of Li-, Na-, K-, Mg- and
tetrabutylammonion-ions (TBA) as pillars for the MXene layers are demonstrated together with the
changes upon subsequent gas hydrolysation. Finally, electrochemical cycling results from
intercalated and hydrolysed MXenes are presented. To verify the bulk compositional changes within
the particles, comprehensive characterization by energy dispersive X-ray spectroscopy (EDS) is
performed with an electron acceleration voltage of 10 kV to ensure a data acquisition depth of > 300

nm.[29]

2. Methods

2.1. Synthesis of TisCaTy

Prior to the etching, commercial TizAlC; MAX phase powder (Laizhou Kai Kai Ceramic Materials Co.,
Ltd.) was planetary milled at 300 rpm for 150 min in isopropanol with the use of WC milling jar and
balls, to obtain a small and controlled particle size and particle size distribution (Figure S1). Then, 2.5
g of the milled powder was slowly added over 15 minutes to a polypropylene beaker with 50 mL of a
10 wt. % HF solution, before the beaker was partly covered with parafilm and left at room
temperature for 24 h under constant stirring. After the etching, the remaining powder dispersion

was washed several times by centrifugation and decantation in DI-water dispersions until a pH > 5
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was reached. Thereafter, the remaining dispersion was vacuum filtered through 0.22 um pore sized
PVDF filter papers, before the powder was vacuum dried at 60 °C for 4 h and the pristine TizC,Tx

powder was obtained.
2.2. Cation intercalation

The different cations were intercalated by dispersing 0.4 g of the TisC,Tx powder in 50 mL salt
solutions under constant agitation before washing the powder several times with DI water by
centrifugation. Lastly, the powders were vacuum filtered and dried under vacuum at 40 °C for up to
1 h. TBA-TisC; was prepared by dispersing TisC;Tx in a 1.2 M TBAOH solution over 12 h, while K-TizC;,
Na-Ti3C;, and Li-TisC; were made using 2 M hydroxide solutions for 2 h. Mg-TisC,, was made by
substituting the Na-ions from Na-TisC,. This was done by adding the Na-TisC, powder to a 1 M MgCl,
solution for 3 h, before the powder was washed in DI water and left for another 20 h in a fresh MgCl,

solution.
2.3. Hydrolysation and annealing

Gas hydrolysation was performed as previously described [28] by distributing 0.1 g powder over 1-2
cm?in an alumina crucible followed by 2 hrs with 200 mL/min Ar gas (99.999%) flushing in a quartz
tube furnace. Heating rates were kept at 300 "C/h followed by 15 hrs dwell time with the same gas
flow. The Hyd300C notation indicates which hydrolysation temperature was used, which in this case
was 300 °C. The Ar gas was bubbled through a DI water bath, which after the flushing step was
heated to and kept at a temperature of 80 °C. This results in a saturated vapor pressure of 0.474
bar.[30] To prevent air leakage into the furnace and to capture HF formed during the hydrolysation,
the exhaust gas was bubbled through a solution of 1M Ca(NQs),. For Air-TizCy, Ar-TisC,, Ar/H>-TisCa
and Vac-TisC, the annealing gases were dry synthetic air, pure Ar gas (99.999 %), a 5 % H, mixture in
pure Ar gas and a pressure of < 1 mbar, respectively. Annealing was done with the same heating

parameters as for the hydrolysation.
2.4. Characterization techniques

Crystal structure and phase purity were characterized by X-ray powder diffraction (XRD, Bruker D8
Focus Diffractometer) using a 0.2 mm slit size and a Cu Ka radiation source (A = 0.15406 nm). The
XRD data were collected with a step size of 0.0143° and a 0.68 s step time in a 26-range from 4 to
75°, and the resulting diffractograms were adjusted for sample displacement by structureless fitting
in the TOPAS software using a P6s/mmc space group (Figure S3). The particle size distribution (PSD)
of the MAX phase was measured by laser diffraction (Horiba Partica LA-960) in isopropanol

dispersions. The microstructure and surface morphology of the particles were investigated by a field-



emission scanning electron microscope (FESEM, Carl Zeiss Ag — ULTRA 55) using an acceleration
voltage of 5 kV. Energy dispersive X-ray spectroscopy (EDS) was used to assess chemical composition
using an XFlash 4010 X-ray detector and an acceleration voltage of 10 kV, resulting in an electron
penetration depth > 300 nm for TisC, T, with a density of around 4.2 g/cm.[29] To obtain quantitative
results, the point scans were analysed using the Bruker Esprit 1.9 software, and the average values
from minimum six point scans with a tilt < 32° relative to the detector were used for each material
(Figure S2 and Table S1). The vibrational properties were investigated by a WITec Alpha 300r
Confocal Raman Microscope, using a 100x objective, a 532 nm Ar laser and a laser power below 0.8
mW to prevent oxidation of the material.[31] Additionally, Fourier-transform Infrared spectroscopy
(FTIR, Bruker VERTEX 80v) Drifts measurements were performed at 2 mBar using KBr powder both as
reference and for the sample mixture in a MXene:KBr mass ratio of 1:39. Transmission electron
microscopy (TEM) was performed with a double Cs aberration corrected cold FEG Jeol ARM200FC,
operated at 200 kV. EDS maps were acquired in scanning TEM (STEM) mode with a 100 mm?
Centurio detector, covering a solid angle of 0.98 sr. The TEM samples were prepared perpendicular
to the (002) plane by focused ion beam (FIB) lamella preparation, using a Helios G4 UX. All coarse
thinning of the lamellae were done with 30 kV acceleration voltage for the Ga* ions. Final thinning

was done at 5 kV and then at 2 kV on either side of the lamellae to minimize surface damage.
2.5. Electrochemical measurements

To assess the electrochemical performance of the hydrolysed TisC,Ty, Li-ion battery half cells were
prepared with MXene particles as the working electrode. These electrodes were processed by mixing
N-ethyl-2-pyrrolidone (NEP)-slurries with 10 wt.% carbon black as conductive additive, 10 wt.% PVDF
binder and 80 wt.% of the active material (various compositions of Ti;sC,T). First the carbon black
and active material were mixed in a shaker mill for 10 min at 25 Hz. Then, a premade PVDF-NEP
solution was added before the slurry was further diluted with additional NEP to obtain a solid to
liquid ratio of 1:6. Next, the slurry was mixed by continued shaking for 30 min at 15 Hz with a shaker
ball and drop cast onto pre-cut circular Cu current collectors with a 16 mm diameter. The electrodes
were dried on a 60 °C hot plate in a fume hood overnight before being dried under vacuum at 60 °C
for a minimum of 3 h. This resulted in active material loadings of 1.8-2.8 mg/cm?. The electrodes
were assembled into 2016-type coin cells in an argon-filled glovebox (0, < 0.1 ppm, H,0 < 0.1 ppm)
using Li-foil as the counter electrode, glass microfiber (Whatman) separator soaked in 110 uL 1 M
LiPFe in ethylene carbonate and ethyl methyl carbonate (EC:EMC 1:1 v:v) electrolyte. The assembled
cells were galvanostatically cycled in a voltage range of 0.001 to 3.0 V at various specific currents (10
mA/g-400 mA/g) using BioLogic BCS-805 and Landt CT2001A cyclers at a controlled temperature of
25°C.




2.6. Theoretical calculations

Density functional theory calculations were carried out with VASP using the PBEsol functional.[32—
34] The Ti_pv and standard C, O, H, F pseudopotensials supplied with VASP were used and the plane-
wave energy cut-off was set to 650 eV. Geometries were relaxed until the forces on the ions were
below 107 eV/A to obtain ground state energies (EO(T = 0 K)), and for solid structures gamma-
centred k-point meshes with ~0.2 A? spacings were used. Vibrational properties for gases were
calculated by standard statistical mechanics,[35] and for solids phases with Phonopy.[36]
Corresponding zero-point energies (ZPE) were calculated for the solids and taken from the NIST-
CCCBDB database for gaseous species.[37] More details about the computational methods can be

found in our previous work.[28]

3. Results and Discussion

3.1 DFT calculations of hydrolysation reactions

To investigate if the substitution of F terminations by hydrolysation would be feasible from a
thermodynamic point of view, the change in Gibbs free energy for two different hydrolysation
reactions were calculated. The results are given in Figure 1 and show how the formation of O-
terminations is favoured compared to the formation of TizC;(OH) 2. While the formation of TisC;(OH),
has a positive AG’ for all temperatures, the O-termination reaction shows a negative AG" at T > 400
K. However, under non-standard conditions, AG will be affected by the ratio between the vapour
pressure of H,O and HF, where an excess H,0 will help to shift both reactions towards the product
side. In Figure 1b, the equilibrium partial pressure of HF gas is presented as a function of
temperature, assuming a constant high water vapour pressure of 0.473 bar. It shows that a
significant amount of HF gas (> 40 Pa) would be formed for both reactions at a temperature of 300
°C (573 K), where the Ti3C,0, forming reaction shows the highest vapour pressure of 4000 Pa (0.04
bar). These thermodynamic results resemble what was found for the hydrolysis of V,CT, MXene,
where a significant reduction of F content also was achieved experimentally.[28] Similarly for the
Ti3C,Tx MXene phase, substitution of F- with O-terminations by hydrolysation should be possible

from a thermodynamic point of view.
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Figure 1. DFT results for two different F-removing hydrolysation reactions for TisC,Ty, where (a) shows AG® as a function of
temperature and (b) shows the equilibrium partial pressure of HF gas as a function of temperature, using a high partial

pressure of H,0 (0.474 bar).
3.2. Hydrolysation of pristine TizC,Ty

To assess if hydrolysis could alter the termination groups experimentally, HF-etched TizC,Tx MXene
(Figure S4) with mixed terminations was hydrolysed at various temperatures, using long
hydrolysation times of 15 h to allow for complete reactions. In Figure 2, the structural and
vibrational changes of the pristine TisC,Tx MXene after hydrolysation at temperatures up to 500 °C
are presented. The X-ray diffractograms in Figure 2a demonstrate how the TisC,Tx phase remains
stable up to 300 °C, while the (101) reflection of anatase at 25.3° appears at higher temperatures.
After hydrolysation at 500 °C, the MXene phase is completely decomposed into three different TiO,
phases (anatase, rutile and brookite) in roughly a 1:1:1 ratio (Figure S5a). The oxidation of TisC,Ty is
also confirmed by the vibrational spectra (Figure 2b and c), demonstrating an additional shoulder of
Ti-O bonds above 300 °C in the FTIR spectra, and TiO, anatase peaks above 400 °C in the Raman
spectra. These spectroscopic results also present the formation of disordered graphitic carbon, as
the D and G Raman bands at 1345 cm™ and 1595 cm™ show a cumulative intensity ratio of Ip/lg > 1
indicative of amorphous carbon,[38,39] and the various carbon-related vibrational modes in the FTIR
spectra resembling graphene oxide.[40] This shows that the decomposition of TizC,Tx MXene during
hydrolysis results in a TiO2/C composite that match well with previous reports on oxidation of
TisCyTw.[21,24,41] Apart from this oxidation, the MXene phase does not change much with the
hydrolysation at lower temperatures. A slight shift in the (002) reflection upon increasing the
hydrolysation can be seen in Figure S6a, which indicates a reduction in the interlayer spacing from
9.56 A t0 9.47 A. Such changes in interlayer spacings are usually ascribed to deintercalation of H,O

from the MXene, but as the FTIR spectra do not give any indication of H,O (Figure S7), and




considering that each layer of water molecules is predicted to increase the spacing by more than 2
A,[11,42] dehydration is an unlikely explanation. Instead, the reduction in interlayer spacing upon
hydrolysation might be ascribed to changes in the stacking of the MXene, as there are changes in
intensity of the reflections between 33° and 45° upon hydrolysation, as well as a significant shift in

the (110) reflection at 61° (Figure S6b).[43]
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Figure 2. XRD diffractograms (a), Raman spectra (b) and FTIR spectra (c) of TisC,Tx before and after hydrolysation at various
temperatures. The peaks at around 1380 cm™ in the FTIR spectra come from impurities in the measurement chamber, and

the (hkl) MXene reflections are labelled in Figure S4.

In Figure 3a-d, the structural change of the MXene particles upon hydrolysation is presented through
high-angle annular dark-field STEM (HAADF-STEM) micrographs. They show how the layered
structure remains upon hydrolysation, although nanoparticles are formed after hydrolysation at 400
°C (Figure 3c and Figure S8). Based on the results presented in Figure 2, these nanoparticles are
ascribed to TiO; (anatase). Although the macroscopic morphology of the particles remains even after
hydrolysation at 500 °C (Figure S8), the layered microstructure is no longer observed after complete
oxidation. For the powders hydrolysed at 300 °C on the other hand, TiO, nanoparticles are not
observed, which further suggests insignificant oxidation by hydrolysation at this temperature.
Additionally, an AB stacking of the pristine Ti3C,Ty is demonstrated by the red lines in Figure 3b,[44]
which is similar to previously reported HAADF micrographs.[15,20] As the micrographs of the
Hyd400C sample were viewed along the [100] zone axis (Figure 3d), no more information about the

MXene stacking could be obtained from these particles.



To measure the chemical compositional change in the bulk of the Ti;C,Ty particles upon
hydrolysation several SEM-EDS point scans from each sample were measured and the average
results are presented in Figure 3e. These values are presented relative to one formula unit of TizC;T
(per 3 Ti) and display how the O content increases with the oxidation of the MXene and ends up at
twice the amount of Ti after hydrolysation at 500 °C, which again matches the formation of TiO,. At
the same time the C content remains roughly unchanged, demonstrating that H,O is not sufficiently
oxidising to form CO/CO, at these temperatures. When it comes to the removal of F terminations,
hydrolysation seems to fail, as there are no significant changes in the F content after hydrolysation
at 300 °C. The slight reduction at higher temperatures is likely related to the oxidation of the MXene
phase, as the EDS results follow the same trends as the XRD, Raman and FTIR results presented in
Figure 2. As TEM EDS mapping of the edge surfaces demonstrated insignificant changes in local O
and F concentrations before and after hydrolysation at 400 °C (Figure S9), it is concluded that the gas

hydrolysation of pristine HF-etched TisC,Tx does not result in any substitution of F-terminations.
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Figure 3. HAADF-STEM images at two different magnifications of pristine TisC,T, MXene viewed along the [210] zone axis
(a,b) and of TisC,Tx after hydrolysation at 400 °C viewed along the [100] zone axis (c,d), where the inset in (b) illustrates the
AB stacking marked by the red lines. (e) shows the SEM EDS average values from point scans performed on pristine TizCTy
and TisC,Tx hydrolysed at different temperatures, where the dashed line illustrates a Ti amount of 3 and the error bars

represent the standard deviation from the set of point scans used for each sample.

Nonetheless, based on the oxidation products formed at elevated temperatures, gas hydrolysation
still shows a higher selectivity towards F removal compared to other annealing atmospheres, as
discussed further in the Supplementary Information (Figure S10-S14). Although annealing in dry
synthetic air resulted in similar oxidation as the hydrolysation, it started at a lower temperature (300
°C for air and 400 °C for hydrolysis) and ended up with other products (Figure S10). While the
annealing in dry air resulted in an oxidation of C to CO/CO; and the formation of a TiOF, phase,

hydrolysation removed all F content while preserving most of the carbon content. Annealing in inert




(Ar), reducing (H2/Ar) and vacuum environments on the other hand, only resulted in minor oxidation
to TiO, anatase (Figure S13 and S14) and insignificant compositional changes even after annealing at
500 °C (Table S1). These results are further in the Supplementary Information. Noteworthy, the EDS
mapping results show similar trends as the point scan averages (Table S2). Hence, use of EDS
mapping may prove to be sufficient for rough quantification of O and F content for MXenes, if the

number of impurity particles in the mapped regions are consistent.
3.3. Hydrolysation of pre-intercalated TizC,Tx

Considering the small interlayer spacing of the HF-etched TisC,Tx, which may have impeded the
intercalation of H,0 molecules and thus also the hydrolysation reactions, pre-intercalation of various
cations was attempted (denoted cation pillaring) to expand the interlayer spacing in the TisC,Ty
structure prior to hydrolysation. This cation pillaring was achieved by dispersing pristine Ti3C,Tx
powders in various hydroxide solutions to form TisC, Ty intercalated with Li*, Na*, K*, Mg?* and
tetrabutylammonium/TBA* (denoted “X-TisC,”, where “X” represents the cation). As presented in
the X-ray diffractograms in Figure 4a, this pre-intercalation resulted in significant expansion of the
interlayer spacings, from 9.56 A in the pristine TisC,T,, to around 12.4 A for K-TisC,, Na-TisC; and Li-
TisCy, 14.8 A for Mg-TisC; and 17.4 A for TBA-TisC,. Considering Mg-ion are shown to co-intercalate
with two layers of water molecules at ambient conditions, whereas the alkali cations only co-
intercalate with one layer, these results are in good agreement with previous reports.[45,46]
However, after hydrolysing the pre-intercalated MXenes at 300 °C (X-TisC>-Hyd), the (002) reflections
of the Li-TisC,, Mg-TizC;, and TBA-TisC, samples are shifted back towards the pristine TisC,Ty,
indicating a reduced interlayer spacing and hence a collapse of the pillared MXene structure. As the
EDS results indicate insignificant changes in F content, it is assumed that the hydrolysation of these
samples was unsuccessful due to the lack of H,O intercalation. For the K-TizC;, and Na-TisC, samples,
however, the pillared MXene structures remained even after hydrolysation, which is demonstrated
by the almost unchanged interlayer spacings (Fig. 6a). Unlike the non-pillared MXenes, the
hydrolysation of these structures resulted in significant F reduction (45 % for Na-TisC, and 64 % for
K-TisC, vs. pristine TisC,Tx), accompanied by a comparable increase in O content (Figure 4b). Seeing
that these samples did not show any signs of oxidation (Figure S15-18), these changes are ascribed
to alterations in the mixture of termination groups. By extending the hydrolysation time of K-TisC;
from 15 h to 50 h an additional reduction of F content was achieved (78 % vs. pristine TisC,Tx, Table
S1), indicating an extensive removal of F terminations from the bulk of the TizC,Ty particles upon
hydrolysation. Furthermore, to ensure that the compositional changes were not related to the mere

dehydration of the MXene, the K-TisC; MXene was also annealed at 300 °C in dry Ar gas. Seeing that
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this resulted in insignificant changes in the F content (Table S1), the importance of water vapour to

selectively remove F-terminations is demonstrated.
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Figure 4. Logarithmic intensities of low angle X-ray diffractograms (a) and EDS quantification of O and F (b) from the
intercalation of various cations in TisC,Tx followed by hydrolysation at 300 °C. The dotted lines in (a) indicate the position of
the (002) reflection for the different samples with the resulting interlayer spacings. The dashed line in (b) illustrates a Ti

amount of 3 and the error bars represent the standard deviation from the set of point scans used for each sample.

To ensure charge neutrality upon cation intercalation, all cations must have been co-intercalated
with anions. Since hydroxide salts were used, it is likely that a certain amount of OH-ions remain
within the structure and assist the pillaring of the MXene. In the EDS data (Figure 4b), this can be
seen by the increase in the O content for all cation-intercalated samples compared to the pristine
TizC,Ty. Strikingly, no Cl content was detected in the Mg-TisC, samples after the cation substitution in
MgCl; solutions (Table S1), implying that no anion substitution has taken place. The increase in O
content can also be partly ascribed to the intercalation of H,O, which seems to match well with the
higher interlayer spacing of Mg-TisC,. However, as the EDS data are acquired under high vacuum, it is
difficult to know how much of the intercalated water remains within the structure during the
measurements. The relative changes between F and O content on the other hand, is ascribed to
changes in termination groups, and shows how the K-Ti3C, and Na-Ti;C, samples show the highest

termination substitutions upon hydrolysation.

Apparent for all the pre-intercalated structures upon hydrolysation is a shift in the (002) reflection
towards higher 20 value and thereby also a smaller interlayer spacing. For the TBA-TisC, sample it is
likely that the TBA molecules decompose, as it matches well with the reduction in the C content
(Table S1) and with previous reports on decomposition of intercalated TBA molecules by Ar

annealing.[47,48] Similarly to the TBA-TizC,-Hyd, the interlayer spacing of Li-TisC,-Hyd is
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approximately the same as the pristine TizC,Tx. Surprisingly, this suggests a complete removal of the
intercalated species upon hydrolysation, as intercalated Li-ions have been reported to result in up to
a 20 % increase in interlayer spacing compared to the pristine MXene, both with and without the co-
intercalation of solvents.[5,20,26] However, as the Li deintercalation is found to be very
endothermic, it is possible that the slight increase in temperature is sufficient.[49] For the Mg-
intercalated TisC,Ty on the other hand, the reduction from 14.84 A to around 10.3 A upon
hydrolysation is ascribed to the dehydration of water molecules, seeing that the Mg content remains
unchanged (Table S1) and due to the removal of O-H vibrational modes in the FTIR spectra (Figure
$15). As intercalated Mg-ions are calculated to have an ionic radius of 0.72 A,[50] this correlates well
with the difference in interlayer spacing from the pristine TisC,Tx. However, seeing that the cation
intercalation must have been accompanied by intercalation of OH-ions for charge neutrality, there is
also a possibility that the Mg-ions have bonded with residual OH-ions or with F-terminations to form
insoluble Mg(OH), and/or MgF, (Table S3).[13] Furthermore, a similar dehydration can be observed
for Na-TisC,-Hyd, where a shoulder to the (002) reflection arises at around the same location as for
Mg-Ti3C,-Hyd. This partial dehydration is also causing a general broadening of the XRD reflections
with a non-zero | index in the Miller indices (hkl) after hydrolysation (Figure S16), as the interlayer
spacing becomes less ordered. Although a small shoulder to the (002) reflection also appears after
the hydrolysation of K-TisC,, the hydrolysation generally resulted in a sharpening of the reflections
with | # 0 and thereby an increased ordering of the interlayer spacing. The minor shifts (0.12 A) of
the main (002) reflections in Na-TisC, and K-TizC; upon hydrolysation are almost identical, and may
be ascribed to a small reduction in intercalated water.[42] However, as the reduction is less than 5 %
of one water layer,[42,46] the FTIR spectra in Figure S15 show no indications of H,0, and according
to previous reports claiming hydrophobic nature of these cations in MXenes,[50,51] this change
might also be ascribed to changes in termination groups and stacking.[44] In Figure S17, a significant
shift in the stacking sensitive (110) reflection can be seen after the hydrolysation of the K-
intercalated MXene. Nonetheless, as the K-TisC; sample maintained the best pillaring upon
hydrolysation and the highest reduction of F content, it is reasonable to assume an essential role of

the cation pillaring in the successful F removal by gas hydrolysation.

As demonstrated by the Raman and FTIR spectra in Figure 5, the change in termination by
hydrolysation also resulted in significant shifts in the vibrational modes of Ti;sC,Tx. In the FTIR
spectra, three vibrational modes are assigned to Ti-C and Ti-T modes (T = termination group) at 575
cm™*and 650 cm™ for the pristine TizC,Ty, respectively, as well as K-T modes at around 955 cm™.
Upon intercalation of K-ions, the Ti-related modes do not shift significantly. However, upon

hydrolysation of K-TizC,, the Ti-T and Ti-C modes are shifted by 20-50 cm to higher wavenumbers,
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which is ascribed to a reduced amount of F-terminations.[52] Similarly, the K-T vibration is shifted
slightly down, which also match with the change in terminations. Additionally, in the Raman spectra
in Figure 5b, there are significant shifts in the out-of-plane A (C) peak at 717 cm™ upon both K-
intercalation and hydrolysation, which correspond with an increased interlayer spacing as well as the
reduction of F-terminations.[31] In addition, there are significant shifts in the in-plane Eg peaks at
around 209 cm™, 380 cm™ and 610 cm™, and small shifts in the Ai; peak at 209 cm™ and the resonant
peak at 121 cm™, which also match with the expected changes for increased amounts of O-

terminations.[31,53]
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Figure 5. FTIR (a) and Raman (b) spectra of TisC,Tx and K-TisC, before and after hydrolysation at 300 °C for 15 h and 50 h.
The dotted lines in both spectra are used to indicate the location of the vibrational modes for the pristine Ti3C,Tx and thus

illustrate the shifts that occur upon intercalation of K-ions and after hydrolysation.

Furthermore, an interesting aspect with the hydrolysation of the cation pillared MXenes is the trend
of which cations were able to hold the intercalated water upon hydrolysation. Based on the
hydration enthalpies presented in Table S3, one would assume the opposite results, as Mg-ions have
the highest hydration enthalpy of the four cations (Mg¥, Li*, Na* and K*), and therefore would be
expected to hold the surrounding water molecules the strongest. Although previous reports suggest
a clay-like behaviour of MXenes with 1-2 layers of water molecules following the intercalation of
cations,[42,54-56] there are also reports suggesting that larger cations such as K would even extract
water from the MXenes upon intercalation.[50] Based on the lack of H,O vibrations in the FTIR
spectra of K-TizC;, it is possible that the K-, Na- and Li-intercalated samples encompass zero layers of
water molecules. However, due to the similarity of the interlayer spacings for all these cations and
the calculated size of one layer of water molecules, the presence of intercalated water is very likely.

Instead, the dehydration of the MXenes can most likely be attributed to the diffusion of intercalated
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water, where the diffusion coefficient is larger for the smaller cations.[42,56] This implies that
although K-ions have the lowest hydration enthalpy, they have the strongest ability to prevent water
molecules from leaving the interlayers of the MXene upon increasing the temperature. In fact, by
hydrolysation at 300 °C, the thermal energy may even be high enough to dehydrate all the different
cations regardless of the hydration enthalpy. Additionally, it should be highlighted that the amount
of co-intercalated water seems to strongly affect the stacking faults in the TisC,Tx layers. While all
the cation-intercalated structures with one water layer (K-TisC,, Na-TisC,and Li-TisC) shows
significantly more defined reflections in the 35-45° region compared to the pristine TisC,Ty the Mg-

Ti3C, sample with two layers of water molecules does not.[43]
3.4. Electrochemical evaluation of hydrolysed K-intercalated TisC,Ty

As the hydrolysation of K-TisC; resulted in the greatest F reduction, the electrochemical performance
of TisC,Tx, K-TizC; and K-TisCo-Hyd electrodes was evaluated by galvanostatic charge and discharge
cycling in LiB half cells. Capacity plots from tests at various current densities are presented in Figure
6a and b and they demonstrate how intercalation of K-ions resulted in a significant capacity
reduction, both at low and high current densities. A similar capacity reduction upon K-intercalation
has been reported for Na-ion batteries,[51] and may be ascribed to the K-ions blocking some of the
possible intercalation sites for Li-ions upon cycling. With an approximated ~10 % K occupation of the
intercalation sites inside the MXene (Table S1), and considering the possible blocking by the co-
intercalated OH-ions, the reduction of around 20 % is to be expected. However, for the hydrolysed
sample the capacity is increased, which can be ascribed to a reduced amount of F and OH-
terminations that are assumed to either sterically hinder some Li-ion intercalation or end up with
the formation of LiF or LiOH side products.[11,12] Seeing that the pristine TisC;Tx and K-TisC;
electrodes show a significant capacity fade upon the first cycles, it is possible that the hydrolysed
sample results in the formation of less side products during cycling, which again enables capacities
closer to the theoretical limit of 268 mAh/g for TisC,0,Li».[11,57] At lower current densities, the
delithiation capacities obtained with K-TizC>-Hyd electrodes are higher than the pristine TisC,Ty, with
187 mAh/g vs. 156 mAh/g at cycle 33 (Figure 6a), even though all of the intercalated K-ions
remained after hydrolysis (Table S1). At higher current densities on the other hand, the capacity
fades quickly and at current densities > 40 mA/g the capacity of the pristine TisC,Tx is higher. This
capacity reduction at higher current densities may partly be ascribed to K-ions blocking the Li-
migration, as a similar trend is also observed for the K-TisC, sample. However, as the capacity
reduction in the hydrolysed sample is significantly bigger, it is also possible that the change in
termination groups has an effect. Interestingly, DFT calculations predict lower migration barriers for

Li-ions on O-terminated surfaces compared to F- and OH-terminated ones,[11,12] which should have
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resulted in better rate performance. However, they also demonstrate how the stacking of the
MXene sheets greatly influence the migration barriers.[58] As the K-TisC,-Hyd sample demonstrated
a significant shift in the (001) reflection and thus a possible change in stacking (Figure S17), it is

possible that the lesser rate capability of this material may be ascribed to stacking changes.
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23 presented in (a), respectively.

The intercalation of K-ions and the following hydrolysation also affected the intercalation voltages
during cycling, which is illustrated by the differential capacity plots in Figure 6¢ and d. From the low
current density (10 mA/g) plot in Figure 6c, it is shown how the intercalation of K-ions lowered the
voltage of the lithiation peaks from 2.21 V and 1.58 V in Ti3C,Tx to 1.52 V and 0.33 V, while the
hydrolysation resulted in a shift of the biggest lithiation peak from 0.33 V to 0.57 V while flattening
out the other peak. This shows that the intercalation of K-ions significantly lower the intercalation
voltage of Li-ions, and that the removal of F-terminations by hydrolysation causes a slight increase in
intercalation voltage matching well with more O-terminations being formed.[11-13] However, upon
delithiation the peaks of the K-intercalated electrodes are moved to higher voltages, indicating a

significant energy inefficiency compared to the pristine TizC;T«. At higher current densities (Figure
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6d), an even higher overpotential is observed for the K-intercalated electrodes, as the main lithiation
peaks are shifted down to below 0.3 V, while the main delithiation peaks are shifted to 1.71 V and
2.09 V for K-TisC; and K-TisC,-Hyd, respectively. The pristine TizCoTx on the other hand, remains most
of the lithiation and delithiation capacities between 1V and 2 V, which is similar to what has been

reported previously.[5,59]

Additionally, it should be noted that to the authors’ knowledge, this is the first report on Li-
intercalation in K pre-intercalated MXenes. Seeing that the K-ions may block some of the Li-
intercalation sites, the K-intercalated TisC,Tx may be more suitable for other battery chemistries. In
fact, for aqueous supercapacitors Prenger et al. recently demonstrated a 10-fold areal capacitance
increase of multilayered TizC,Tx compared to delaminated films, by pre-intercalation of the same
cations as presented here (Mg?, Li*, Na* and K*).[60] They also showed how the K-intercalated
Ti3C,Tx phase resulted in the highest capacitance of all these cation-intercalated structures, which
indicates how further investigation on this K-TizC; phase also could be highly relevant for other

applications.

4. Conclusion

Gas hydrolysation has been investigated as a method to substitute F-terminations with O- and OH-
terminations on the 2D surfaces of TisC,Tx MXene, together with a comparison of the thermal
stability of this phase in various atmospheres. Pristine HF-etched Ti;C,Tx MXene is found to remain
stable up to a temperature of 300 °C, after which it starts to oxidise into TiO, nanoparticles and
disordered graphitic carbon. Oxidation starts on the edge surfaces of the particles, but after
hydrolysation at 500 °C the MXene phase is completely transformed to a TiO,/C composite. The
oxidation of TisC,Tx in humid inert atmosphere starts at a higher temperature (~400 °C) than in dry
air (~300 °C). Compared to air annealing, hydrolysation also demonstrates a higher selectivity
towards F removal. While the 500 °C annealing in dry air resulted in an oxidation of C to CO; and the
formation of a TiOF, phase, hydrolysation at 500 °C removed almost all F content while preserving
most of the carbon content. However, as the water molecules were unable to penetrate the pristine
MXene structure, the hydrolysation resulted in no reduction of F-terminations prior to the

decomposition.

We have shown that successful substitution of F-terminations from multilayered TisC,Tx particles
requires a pillaring of the structure to allow for H,O intercalation between the 2D layers. This was

demonstrated by pre-intercalating TisC,Tx with various cations (Li*, Na*, K*, Mg?*, TBA*) together with
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1-2 layers of H,0 molecules, which resulted in 2.8-7.8 A increase in the interlayer spacing. Upon
hydrolysation at 300 °C, three of the samples (Li-TisCy, Mg-TisC, and TBA-TisC;) collapsed and ended
up with an interlayer spacing matching the pristine HF-etched TisC,T, (~9.7 A), together with
insignificant changes in F content. However, for the K-TisC; and Na-TisC, samples the pillaring
structure remained after hydrolysation, which resulted in a significant reduction in F-terminations
(45 % for Na-TizC; and 64 % for K-TisC, vs. pristine TisC;Tx) along with a similar increase in O content.
By extending the hydrolysation time to 50 h, a total F reduction of 78 % was achieved, without any
signs of surface oxidation. In addition, the fundamental role of H,0 vapour upon hydrolysation was
proven by the insignificant F change upon annealing of the K-TisC, sample in dry Ar gas. Cation
intercalation followed by gas hydrolysation is thus proposed as a new method to substitute

significant amounts of F-terminations from the bulk of TisC,Tx particles.

Moreover, the electrochemical performance of K-intercalated TisC,Tx before and after changing the
termination groups by hydrolysation has been evaluated. Firstly, the K-intercalated electrodes
demonstrated significantly worse energy efficiency compared to the pristine TizC,Ty, which was
ascribed to steric hindrance. The intercalation of K-ions also reduced the specific capacity by
blocking Li sites upon cycling. Hydrolysation of the MXene on the other hand, resulted in a slight
increase in reversible capacity, which was ascribed to less irreversible reactions with F- and OH-
terminations. Additionally, it resulted in increased (de)intercalation voltages and thereby
demonstrate gas hydrolysation as a feasible method to control the electrochemical performance of

TisC,Tx electrodes in LiBs.
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Figure S1. Particle size distribution of the TisAlC2 MAX phase before and after wet milling for 150 min in
isopropanol.

b)
=K i
S
s|lb F Ti Yo
=y
@ 04 06 08
o] Alsi K )
£ \_ TiC:T.
B
8 ~ \__ K-TisCa
©
zg (- [AA_ K-TisCo-Hyd
[\_ ’ AK-TisC2-Hyd-50h
1 2 3 A 5 6
— d) X-ray energy (keV)

Scan# Ti o F Al C* K Used?
77 4253 2649 2258 01 49 328 VYes
78 6348 1547 1247 024 377 433  No
79 4357 2466 2274 015 6.03 27  Yes
80 423 2671 2269 0.07 572 241 Yes
81 43.07 26.05 21.88 009 546 33 Yes
82 4133 2659 2338 013 599 247  Yes
83 4274 269 22.04 0.18 534 267 Yes
84 4314 2595 2263 0.13 558 244 Yes
85 4157 2739 225 009 541 29  Yes
86 4269 2531 2243 0.11 6.25 3.05 Yes
87 4178 2596 2286 007 6.86 237  Yes

Figure S2. EDS results together with an example of how the point scan averages in Table S1 were obtained. (a)
shows EDS mapping of the K-TisC2 sample, (c) shows the selected point scans from the same area, (d) shows the
atomic percentages obtained from the analysis of the point scans in (c), and (b) shows a comparison of the
normalised EDS mapping spectra for the hydrolysation of K-intercalated TisCaTx. The inset in (b) displays a
comparison of the O and F peaks after normalising the plots to the Ti peaks, demonstrating a significant reduction
of the F peak upon hydrolysation. As stated in (d), one spectrum (78) was omitted for the calculation of the
average values for K-TizCa. It was omitted as the analysis software could not adjust for the high tilt, which thus
resulted in an increase in the high energy components (i.e. Ti and K) versus the low energy components (i.e. O
and F). The X-ray energies for the different atoms in (b) were collected from the Esprit 1.9 software, and as
illustrated by the overlap of the K and C peak at ~0.26 kV, the calculated C content in (d) was perturbed.
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Figure S3. Pawley fitting of X-ray diffractograms for pristine TisC2Tx MXene before (i) and after the intercalation
of the various cations (a,c,e,g), followed by hydrolysation at 300 °C (b,d.f,h), illustrating how well the fitting
matched with the experimentally obtained diffractograms. The non-intercalated samples (TisCaTy, Li-TisCo-Hyd
and Mg-TisC2-Hyd) show a higher degree of stacking faults, as they result in stronger fitting mismatches in the
35-45° 20 region.[1]
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Table S1. Overview over the EDS point scan averages and standard deviations that are used in this article. The
amounts are presented relative to one formula unit of TisC2Tx (or a Ti amount of 3). The C quantification of K-
TisCa is disturbed by the K and C X-rays overlapping (Figure S2b), and Li is not detectable in EDS. The results above
the vertical midline represent annealing of pristine HF-etched TisC.Tx, where the name indicates what
atmosphere and temperature is used. Below the midline are the results from the intercalation of cations into
TisC2Tx followed by hydrolysation at 300 °C.

Sample Ti Al C o) F Mg/Na/K
TisAIC, 3+0.14 1.00+£0.05 1.97%0.13

TisC, 3+0.34 0.01+0.01 157%+0.14 135%+0.11 1.39+0.12

Hyd300C 3+0.19 0.01+0.00 1.59%0.05 1.42+0.15 1.36 +0.07

Hyd400C 3+0.24 0.01+0.00 1.85+0.24 1.97+0.13 1.21+0.14

Hyd450C 3+0.15 0.01+0.00 1.54%0.11 2.09+0.35 1.18+0.18

Hyd500C 3+0.12 0.01+0.01 1.38+0.03 6.09+0.26 0.09+0.13

Vac500C 3+0.15 0.01+0.00 1.61+0.12 1.45+0.08 1.33+0.08

Ar500C 3+0.10 0.01+0.00 1.65+0.04 1.51+0.08 1.43+0.05

H,/Ar-500C 3+0.17 0.01+0.00 1.75+0.14 1.30+0.08 1.35+0.06

Air300C 3+0.24 0.01+0.00 145%0.12 2.43+0.36 1.29+0.22

Aird00C 3+0.26 0.01+0.00 0.40+0.37 5.44+0.33 0.39+0.17

Air500C 3+0.09 0.01+0.00 0.36+0.18 5.67+0.23 0.33+0.16

TBA-TizC, 3+0.07 0.00+0.00 2.77+0.15 1.41+0.08 1.22 +0.06

TBA-TisC,-Hyd 3+0.13 0.01+0.01 1.77+0.10 1.87+0.18 0.99 +£0.08

K-TisCz 3+0.05 0.01+0.00 0.41+0.04 1.85+0.06 1.59+0.03 0.19 +£0.03
K-TisC-Hyd 3+0.10 0.01+0.00 0.44+0.02 2.61+0.11 0.51+0.09 0.21+0.04
K-Ti3C,-Hyd-50h 3+0.22 0.01+0.01 0.47+0.03 2.82+0.22 0.31+0.07 0.23£0.02
K-TizC,-Ar300C 3+0.15 0.01+0.00 0.00+0.02 2.47+0.15 1.22+0.15 0.23+0.01
Mg-TisC* 3+0.25 0.01+0.00 1.79+0.14 2.24+0.14 1.06 +0.24 0.18 £0.01
Mg-TisC-Hyd* 3+0.28 0.01+0.01 195+0.39 2.10+0.28 1.12+0.21 0.18 £0.03
Na-TisC; 3+0.17 0.01+0.01 147+0.08 1.41+0.08 1.13+0.04 0.21£0.07
Na-TizC,-Hyd 3+0.13 0.01+0.00 140+0.07 1.80%+0.29 0.77£0.23 0.16 £0.01
Li-TisC, 3+0.18 0.01+0.00 1.58+0.10 1.62+0.10 1.36 +0.06

Li-TisC-Hyd 3+0.13 0.01+0.00 1.61+0.07 1.58+0.13 1.28 +0.08

e No Cl peaks were detected in the Mg-TisC, samples.
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Table S2. Comparison between the chemical quantifications obtained from EDS mapping and point scans for all
MXene compositions presented in this article, where the F content is highlighted with colour coding to emphasize
the changes (green = low, and red = high). Apart from the unstable C content in the mapping, which is a result of
extra signal from the C tape background, there are similar tendencies for both the mapping and point scan
results. The amounts are presented relative to one formula unit of TisC2Tx (or a Ti amount of 3). The cations are
Mg, Na or K, although Al content is shown for TisAlC2 MAX phase before and after etching. Noteworthy, seeing
that the EDS mapping results show similar trends as the point scan averages, the use of EDS mapping may prove
to be sufficient for rough quantification of O and F content for MXenes, if the number of impurity particles in the
mapped regions are consistent.

Mapping Point scans
Sample C (o} F Cation C (o] F Cation
TisAIC, 2.22 1.00 (Al)  1.97 1.00 (Al)
TisC, 358  1.81 0.03(A) 157 135 | 139 @ 0.01(Al
Hyd300C 281  1.87 - 159 142 | 136
Hyd400C 3.79 250  1.20 1.85 197 121
Hyd450C 236 274 113 154  2.09 1.8
Hyd500C 199  6.78 138 609 | 009 |
Vac500C 372 201 - 161 145 = 133
Ar500C 279 193 | 1.39 1.65 151 | 1.43
H./Ar500C 311 176 | 153 | 1.75 130 | 1.35
Air300C 206 297 116 145 243 129
Air400C 1.85 585 | 044 040 5.44 | 039
Air500C 142 637 | 022 036 567 | 033
TBA-TisC, 2.80 158 1.6 277 141 1.22
TBA-Ti3Co-Hyd 153 157 = 071 1.77  1.87  0.99
K-TisCz 047 175 = 1.27 0.23 041 18 [ 159 0.9
K-TisCs-Hyd 044 217 0.24 044 261 = 051 0.21
K-TisCa-Hyd-50h 087 251 0.22 047 282 | 031 0.23
K-TisC2-Ar300C 000 251 0.23 000 247 122 0.23
Mg-TisC, 3.06  2.13 0.18 1.79 224 106 0.18
Mg-TisCo-Hyd 891 274 096 0.16 195 210  1.12 0.18
Na-TisC, 291 208 [ 455 039 147 141 113 0.21
Na-TisC,-Hyd 3.55 247 078 0.25 1.40 1.80 = 0.77 0.16
Li-TisC, 206  1.97 158  1.62 | 1.36
Li-TisCo-Hyd 7.07 234 @ 132 161 158 = 1.28
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Synthesis of Ti;C,Tx MXene
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Figure S4. X-ray diffractograms before and after etching of the TizAlC2 MAX phase in 10 wt. % HF. As there are
no reflections left from the MAX phase, it is assumed 100 % etching of the Al layer to form pure TisC2Tx MXene.
The theoretical TisAIC: reflections are obtained from PDF 04-012-0632, and the marked (hkl) reflections of the
MXene is obtained from the structureless Pawley fitting using the P63/mmc space group.

Gas hydrolysation of pristine HF-etched TisC,Tx MXene

10 @) TiO,, Anatase 30.22% | .| ®) TiO,, Anatase 61.93 %

TiO,, Rutile  30.27% | .. TiO,, Rutile  32.86 %
TiO,, Brookite 39.51% TiOF, 5.21 %

3500

30004

2500 Rwp = 8.38

2000

Rwp =7.84

1500
1000

500

ey Y . Doy
_100] oA T Wi Lo e o
200 !
300 |
s 10 15 2 2 30 3 40 45 s 5 60 6 70 s 10 15 2 25 M 3 4 45 0 5 60 6 70

[ \“W'l"” i b ‘m"‘w‘m 1 I“\Wl "”‘”'1” o " I ! e | ! L ‘H‘: \I:I‘

Figure S5. Rietveld refinement of the X-ray diffractograms from TisC2Tx after hydrolysation (a) and air annealing
(b) at 500 °C. It shows the estimated amounts of the different phases present after oxidation of the TizC2Tx phase.
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Figure S6. Specific regions from the X-ray diffractograms presented in Figure 2a indicating the shifts in the (002)
reflection which gives the interlayer spacing of the TisC2Tx MXene (a) and the (110) reflection which may describe
changes in stacking of the MXene layers (b). The dashed lines indicate the positions of the reflections before and
after hydrolysation at 450 °C, while the solid line represent positions of the same reflections for the TisAlC2 MAX
phase. These plots are adjusted for sample displacement through a structureless fitting with the P6s/mmc space
group.
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Figure S7. Extended region of the FTIR spectra presented in Figure 2c, where there are no significant transmission
valleys (absorption peaks) visible in the H20 region around 3000 cm™ to 3600 cm™. Instead, transmission peaks
are observed, indicating that there are some problems with the KBr reference, as the reference material may
contain more water than the MXene particles. The transmission peaks at around 2900 cm™ come from sp® C-H
stretching modes which come from impurities in the instrument used.
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400 nm

Figure S8. SEM micrographs depicting the morphology of the TizsC2Tx particles at low (a-d) and high (e-h)
magnification, both before (a,e) and after hydrolysation at 300 °C (b,f), 400 °C (c,g) and 500 °C (d,h). It shows the
formation of nanoparticles on the edge surface after hydrolysation at temperatures above 300 °C.

S8



Characterisation of local chemical compositional changes at the edge surface

To investigate if there were any local compositional changes within the TisC,Ty particles after the
hydrolysation, TEM EDS mapping was performed on the particle edges before and after
hydrolysation at 400 °C. The results are presented in Figure S9, showing the variation in
concentration of Ti, C, O and F along a cross section of the particles. Apart from the C increase at the
edge of the particle, deriving from the carbon protection layer deposited inside the FIB during TEM
preparation, all other concentrations diminish outside the particle. After hydrolysation at 400 °C, the
formation of TiO, nanoparticles is seen as a peak in the O content at the particle surface. However,
as the ratio between O and F terminations remain unchanged before and after hydrolysation, and
within the particles, it is concluded that the gas hydrolysation of pristine HF-etched TisC,Tx does not
result in any substitution of F-terminations.
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Figure S9. STEM EDS mapping of regions that include the edge surface of TisCaTx particles before (a,b) and after
(c,d) hydrolysation at 400 °C. a) and c) are HAADF-STEM images where the red frames illustrate the mapped
regions, while b) and d) demonstrate the intensities of Ti, C, O and F as a function of the distance from left to
right in the red areas depicted in a) and c).
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Comparing the thermal stability of pristine Ti3C,Tx in various atmospheres

To compare the thermal stability of TisC,Tx in humid atmosphere to other atmospheres, TisC,Tx was
annealed in inert (Ar), reducing (Hz/Ar) and oxidising (synthetic air) atmospheres as well as under
vacuum. For annealing in air (Figure S10), it is shown that the oxidation starts at a lower temperature
than for hydrolysis (300 °C compared to 400 °C) and that the MXene phase is completely oxidised to
TiO, anatase and rutile phases after annealing at 400 °C (Figure S10 a and b). The Raman and EDS
results also demonstrate how the oxidation in air drastically reduces the C content by more than 80 %
(Figure S10 b and c). Comparing this to hydrolysation, where most of the C remained even after
complete oxidation at 500 °C, a faster oxidation of C in the presence of O, gas is demonstrated.
Additionally, the oxidation in air resulted in the formation of larger crystallites and did not preserve
the layered morphology of the particles (Figure S11). Considering the F content upon annealing in dry
air, there is a significant reduction following the oxidation of the MXene phase. However, as almost
25 % of the initial F content remains as a TiOF, phase even after annealing at 500 °C (Figure S5b and
Table S1), air annealing demonstrates an inferior selectivity towards F removal compared to
hydrolysation, where almost 100 % of the F content was removed. As similar results are reported for
the oxidation in pure O,[2] and seeing that the MXene oxidation by O, is accompanied by a high
thermodynamic driving force (Figure S12),[3] annealing in oxygen is not a good alternative for F-
termination substitution.
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Figure S10. Results from the annealing of TizCaTx in synthetic air at different temperatures showing X-ray

diffractograms (a), Raman spectra (b) and EDS average values (c). The dashed line in (c) illustrates a Ti amount
of 3 and the error bars represent the standard deviation from the set of point scans used for each sample.
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X-ray diffractograms, FTIR spectra and EDS quantification results from annealing of TisC,T in inert,
reducing, oxidising and vacuum environments are presented in the supplementary information (Table
S1, Figure S13 and S14) and demonstrate the differences after annealing at 500 °C. As previously
discussed, both the hydrolysation and air annealing of TisC; Ty resulted in a complete oxidation at this
temperature. However, whereas the hydrolysation preserved the C content while removing all F
content, the air annealed TisC,Tx shows a Ti-F shoulder at 951 cm™* in the FTIR spectra and none of the
C-related vibrational modes. For the MXene annealed under vacuum, inert and reducing atmospheres,
only minor changes are observed. Although the XRD and FTIR results demonstrate slight
decomposition into TiO; and C or TiF3 phases at this temperature (Figure S13 and S14), the chemical
composition of these samples remained the same (Table S1). Considering possible reaction products
from F-removal, such as HF (g), F2 (g), CF4 (g) and F', HF gas would be the most likely product to leave
the structure without damaging the MXene. While evaporation of F ions would result in a build-up of
positive charge on the MXene, oxidation into F, gas is unattainable due to the high reduction potential
of F. Additionally, the formation of carbon fluorides would depend on the decomposition of the
MXene phase in order to have the required C content. Seeing that reactions with H,O may allow for
the formation of HF gas (Figure 1), a humid atmosphere (hydrolysation) is therefore expected to be
the ideal annealing atmosphere for removal of F-terminations from MXenes.

Figure $11. Low and high magnification SEM micrographs of TisC2Tx particles after annealing in dry air at 500 °C,
where (b) represents the region marked in red in (a).
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Ti3C1F2 + 2H20(g) = Ting(OH)’g + 2HF(g)

TisCF2 + 2H:0(g) = TiaC,0, + 2HF(g) + Hy(g)

-500 -

AG" (kJ/mol)
)
o
o

-1500 - TiRCZ(OH)Z + 301(9) = Tiol + 200(9) + Hl(g)

-2000 4 THCa(OH): + 40x(g) = TiOz + 2C02(0) * a(9)

300 500 700 900 1100 1300
Temperature (K)

Figure S12. DFT results from four reactions showing AG’ as a function of temperature. It demonstrates how the
oxidation of TisC2(OH)z2 is very thermodynamically favourable in Oz atmosphere.
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Figure $13. X-ray diffractograms of TisC2Tx before and after annealing for 15 h at 500 °C in various atmospheres.
(a) shows the overall spectra, whereas (b) shows logarithmic intensities from a smaller 26 region. The names of
the different samples indicate what atmospheres are used, where “Vac” represents vacuum and “Hyd” represent
hydrolysis.
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Figure S14. FTIR spectra of TisC2Tx before and after annealing at 500 °C in various atmospheres, where the names
indicate which atmospheres are used. The marked transmission valleys represent the vibrations of the C=0
stretching mode from CO2 at 2351 cm™, the C=C stretching mode at 1577 cm, the C-H bending mode at 1439
cm, the C-O stretching mode at 2354 cm™, the Ti-F mode from the TiOF, phase at 951 cm™,[4] the Ti-O mode
from anatase with its edge starting at around 800 cm™,[5] and the ascribed Ti-T bond between MXene Ti atoms
and surface terminations T at ~660 cm™. The peaks (not valleys) presented in these plots come from instrument
impurities and/or impurities in the reference. The presence of CO in the Air annealed sample may come from
trapped CO: inside the particles.

Hydrolysation of pre-intercalated TisC,Tx
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Figure S15. FTIR spectra of TisCaTx samples with the intercalation of K- and Mg-ions before and after hydrolysation
at 300 °C for 15 h. The O-H bending (1650 cm™) and stretching modes (~3300 cm™ and 3600 cm™) indicative of
water molecules are only present for the Mg-intercalated TisC2Tx. The peaks (not valleys) presented in these plots
come from instrument impurities and/or impurities in the reference.
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Figure S16. The whole X-ray diffractograms presented in Figure 4a, showing TisC2Tx intercalated with various
cations before and after hydrolysation at 300 °C. It demonstrates how the diffractograms change a lot depending
on the intercalated ions present, where the Na- and K-intercalated MXene as well as the Li-intercalated one
before hydrolysation shows sharper reflections, and thereby a higher ordering of the structure, compared to the
other samples. The dashed line marks the location of the (110) reflection of the pristine TisC2Tx and illustrates the
shifts in this reflection upon intercalation and hydrolysation. There are no visible reflections related to any TiO2
phases in any of these diffractograms, indicating insignificant oxidation taking place. The (002) reflections are
truncated to enhance the visibility of the other reflections, and the marked (hkl) planes are obtained from the
structureless Pawley fitting of the TizC2Tx and K-TisC2 phases using the P63/mmc space group.
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Figure S17. X-ray diffractogram of pristine TisC2Tx and TisC2Tx after K-intercalation and hydrolysation at 300 °C
for 15 h and 50 h, where (a) shows the overview diffractograms while (b) shows logarithmic values of a smaller
region. The full height of the (002) reflections are truncated for a better presentation of the other reflections. The
dashed line at 60.7 degrees represents the position of the (110) reflection of the pristine HF-etched TisC2Tx and
illustrates significant shifts upon intercalation and hydrolysation, attributable to stacking changes. The Hyd400C
diffractogram (black) is added as a reference to demonstrate no reflections from TiOz at 25.3 degrees for the K-
intercalated samples, even after hydrolysation for 50 h.

Figure S18. SEM micrographs of the K-TisCz (a,c) and K-TisCz-Hyd (b,d) samples at two different magnifications,
where the red rectangles in a and b represent the areas depicted in c and d respectively. These micrographs show
no obvious formation of TiO2 nanoparticles on the edge surface after the intercalation of K-ions and the following
hydrolysation at 300 °C.
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Table S3. The ionic radii, hydration enthalpy and solubility of respective fluorides for four cations (Mg?*, Li*, Na*
and K*), demonstrating how the smaller ions bond stronger to F.

Cation lonic radii Hydration Enthalpies  Solubility of fluorides in water
(A)[6,7] -AH"hyq (kJ/mol) [8] (g/100 mL @ 25 °C)[6]
Mg 0.72 1921 0.013
Li* 0.69 519 0.13
Na* 1.02 409 4.1
K* 1.38 322 102
References

[1] C. Ferrara, A. Gentile, S. Marchionna, I. Quinzeni, M. Fracchia, P. Ghigna, S. Pollastri, C. Ritter,
G.M. Vanacore, R. Ruffo, The Missing Piece: The Structure of the Ti3C2TxMXene and Its
Behavior as Negative Electrode in Sodium lon Batteries, Nano Lett. 21 (2021) 8290-8297.
https://doi.org/10.1021/ACS.NANOLETT.1C02809.

[2] Z.Li, L. Wang, D. Sun, Y. Zhang, B. Liu, Q. Hu, A. Zhou, Synthesis and thermal stability of two-
dimensional carbide MXene Ti3C2, Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 191
(2015) 33-40. https://doi.org/10.1016/j.mseb.2014.10.009.

[3] P. Zheng, X. Zhang, M. Yan, Y. Ma, Y. Jiang, H. Li, The eruption of carbon chains in the
oxidation of 2D Tin+1Cn (n = 1, 2, 3) MXenes, Appl. Surf. Sci. 550 (2021) 149310.
https://doi.org/10.1016/J.APSUSC.2021.149310.

[4] C. Hou, J. Xie, H. Yang, S. Chen, H. Liu, Preparation of Cu 2 O@TiOF 2 /TiO 2 and its
photocatalytic degradation of tetracycline hydrochloride wastewater, RSC Adv. 9 (2019)
37911-37918. https://doi.org/10.1039/CORA07999H.

[5] M.M. Viana, V.F. Soares, N.D.S. Mohallem, Synthesis and characterization of TiO2
nanoparticles, Ceram. Int. 36 (2010) 2047-2053.
https://doi.org/10.1016/).CERAMINT.2010.04.006.

[6] A.G. Blackman, L.R. Gahan, G.H. Aylward, T.J.V. (Tristan J.V. Findlay, Aylward and Findlay’s SI
chemical data, Wiley, 2013.

[7] N. Shpigel, M.D. Levi, S. Sigalov, T.S. Mathis, Y. Gogotsi, D. Aurbach, Direct Assessment of
Nanoconfined Water in 2D Ti 3 C 2 Electrode Interspaces by a Surface Acoustic Technique, J.
Am. Chem. Soc. 140 (2018) 8910-8917. https://doi.org/10.1021/JACS.8B04862.

[8] D.W. Smith, lonic hydration enthalpies, J. Chem. Educ. 54 (1977) 540-542.
https://doi.org/10.1021/ED054P540.

S16



ISBN 978-82-326-5567-0 (printed ver.)
ISBN 978-82-326-6548-8 (electronic ver.)
ISSN 1503-8181 (printed ver.)

ISSN 2703-8084 (online ver.)

< NTNU

Norwegian University of
Science and Technology



	Preface
	Acknowledgments
	The author's contribution
	Summary
	Sammendrag
	List of abbreviations
	Introduction
	Background and motivation
	Aim of work

	Literature review
	Rechargeable batteries
	General introduction
	Lithium-ion batteries (LiBs)
	Rechargeable magnesium batteries (RMBs)

	MXenes
	Introduction
	Properties and applications
	MXenes for energy storage
	Termination control


	Methods
	Overview
	MXene synthesis
	MAX phase synthesis
	HF etching
	F-free alkaline etching

	Post-etching treatments
	Cation intercalation
	Gas hydrolysation

	Material characterisation
	X-ray diffraction (XRD)
	Scanning electron microscopy (SEM)
	Energy-dispersive X-ray spectroscopy (EDS)
	Laser diffraction
	X-ray photoelectron spectroscopy (XPS)
	Raman spectroscopy
	Transmission electron microscopy (TEM)
	Fourier-transform infrared spectroscopy (FTIR)
	Thermogravimetric analysis (TGA)

	Electrochemical characterisation
	Electrode preparation
	Electrolyte preparation
	Coin cell assembly
	Galvanostatic cycling

	Density functional theory (DFT) calculations

	Summary of results
	Foreword
	Paper I: MXenes as cathode material in RMBs
	Overview
	MXene synthesis
	Electrochemical performance
	DFT calculations and conclusion

	Paper II: Gas hydrolysation of V2CTx
	Overview
	MXene synthesis
	Gas hydrolysation
	Electrochemical performance in LiBs

	Paper III: Gas hydrolysation of Ti3C2Tx
	Overview
	MXene synthesis
	Gas hydrolysation on pristine Ti3C2Tx
	Gas hydrolysation on pre-intercalated Ti3C2Tx
	Electrochemical evaluation of K-Ti3C2 electrodes in LiBs
	Thermal stability of Ti3C2Tx
	Cycling results of oxidised Ti3C2Tx MXene (not published)

	F-free etching in alkaline solutions
	Etching of the Ti3AlC2 MAX phase
	Alkaline etching of other MAX phases
	Summary of alkaline etching results


	Conclusions and outlook
	Bibliography
	Appended papers
	Paper I: Are MXenes Suitable as Cathode Material for Rechargeable Mg Batteries?
	Paper 2: Removing Fluoride-terminations from Multilayered V2CTx MXene by Gas Hydrolyzation
	Paper 3: Bulk substitution of F-terminations from Ti3C2Tx MXene by cation pillaring and gas hydrolysation

	Blank Page

