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Transition metal carbides are used for various applications such as hard coating, heterogeneous catalysis, catalyst support material
or coatings in fuel cell applications. However, little is known about the stability of their electrochemically active surface in aqueous
electrolytes. Herein, the transition metal—carbon bond enthalpy is proposed as stability criterion for various transition metal
carbides. The basis is an oxidation mechanism where the rate determining step is the metal—carbon bond cleavage under acidic
conditions which was supported by a detailed corrosion study on hexagonal tungsten carbide. In situ flow cell measurements that
were coupled to an inductively coupled plasma mass spectrometer corroborated experimentally the linear dependency of the
oxidation overpotential on the transition metal—carbon bond enthalpy. The proposed model allows the estimation of the activation
overpotential for electrochemical carbide oxidation resulting in a maximized stabilization for carbides in the 4th group (Ti, Zr, Hf).
Together with the calculated thermodynamic oxidation potentials, TiC and VC exhibit the highest experimental oxidation
potentials (0.85 Vryg). The model can be used for preselecting possible carbide materials for various electrochemical reactions.
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The here presented work sets out to establish a guideline for
assessing the stability and corrosion behavior of refractory TMCs
such as TiC, VC, NbC, TaC and WC in acidic media. Surface
analysis tools like X-ray photoelectron spectroscopy (XPS) and In
situ attenuated total reflection (ATR) FTIR spectroscopy are
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combined with In situ measurements on a flow cell, which was
coupled to an inductively coupled plasma mass spectrometer (FC-
ICP-MS), to provide a comprehensive model which allows for the
estimation of the surface stability of early TMCs from commonly
available thermodynamic data. Via interpolation, the model was
expanded to various other TMCs which allows a preselection of
possible TMCs for electrocatalytic applications.

Experimental

Transition metal carbide synthesis.—TiC, VC, NbC, TaC and
WC thin films were deposited in a laboratory-scale sputtering chamber
by direct current magnetron sputtering (DCMS). The base pressure was
below 4 x 107° mbar and the Ar deposition pressure was 1 Pa. Polished
single-crystalline Si (001) substrates (VC, NbC and TaC) or Al,O;
(001) substrates (WC, TiC) were arranged 10 cm away from the targets
and heated to 700 °C during deposition. The transition metal target
(TM =Ti, V, Nb, Ta, and W with power densities of Ti =2.7 W cmfz,
V=375Wem >, Nb=39 Wem >, Ta=19 Wem >, and
W =23 Wcem ™) with an inclination angle of 45° with respect to
the substrate normal and the C target (power density 9.9 W cm™2)
facing the substrate directly were sputtered between 66 to 90 min,
resulting in film thicknesses between 500 and 800 nm, respectively. The
chemical compositions of the as deposited thin films were determined
by energy dispersive X-ray analysis (EDX) in a JEOL JSM-6480
scanning electron microscope (SEM) equipped with an EDAX Genesis
2000 system. X-ray diffraction (XRD) was used to study the structure
using a Bruker AXS D8 Discover XRD equipped with a General Area
Diffraction System (GADDS). The diffractometer was operated at a
current of 40 mA and a voltage of 30 kV with Co K« radiation at a
fixed incident angle of 15°. For the VC sample, a GE Seifert X2-WS
diffractometer was used at a current of 40 mA and a voltage of 30 kV
with Co Ka radiation at a fixed incident angle of 2°.

X-ray photoelectron spectroscopy.—The surface composition of
the transition metal carbide before electrochemical testing was
determined on a Quantera II (Physical Electronics, Chanhassen,
MN, USA), applying a monochromatic Al Ka X-ray source
(1486.6 eV) operating at 15kV and 25W. The Cls signal at
284.5 eV was used to reference the binding energy scale. Analysis
of the spectra has been carried out with CasaXPS. The oxide layer
thickness d was calculated by

d= )\O*sin(a)*ln((w]*(l—o] + 1] [1]

Do * Ao Iryc

where \p and Apyc are the inelastic mean free electron paths of the
oxide and the transition metal carbide, D7y and Dy are the molar
densities of the transition metal in the oxide and the carbide.'”™"° «
is the angle between incident beam and analyzer, and I, and I7y,c are

the intensities of the oxide and the carbide in the sample.

Electrode pretreatment.—Before the measurements, native
grown oxides were removed by treating WC, VC and NbC with
an aqueous saturated NaOH solution, TiC with a 4:1 mixture of
0.5 M NaOH and 30% H,0, and TaC with an ethanolic HF solution.
Afterwards, the etching solution was removed with ultra-pure water
(Elga PURELAB” Plus, 18 MQ - cm, TOC < 3 ppb, Veolia Water
Technologies, UK). XPS measurements confirmed the reduction of
surface oxide coverage which was below one monolayer for all
samples except NbC and TaC where ca. one monolayer of oxides
was present (Fig. S6 is available online at stacks.iop.org/JES/167/
021501/mmedia)."”"” It is noted that other pretreatments such as
less concentrated NaOH resulted in a higher surface oxide content of
two to three monolayers for NbC and TaC.

Electrochemical flow-cell measurements.—The electrochemical
measurements were conducted on a FC-ICP-MS (Schematic S1),
which is described in detail elsewhere.”” Sputtered transition metal

carbide films on silicon substrates or commercial hexagonal tungsten
carbide (WCiey) particles (d, =190nm, Sigma-Aldrich, USA)
deposited on a glassy carbon plate (loading 1.3 ug spot™") were
used as working electrode (WE). The electrical contact to the WE
was ensured via a small steel needle. The geometric electrode area
was determined by the opening of the FC to be 0.011 cm?. The real
electrode surface area was assumed to be identical for the sputtered
films and a roughness factor of one was assumed. For WCy,,, the
geometrically calculated surface area was used. All currents and
dissolution rates were normalized to the surface area. A commercial
Ag/AgCl 3M KCl, Metrohm AG, Switzerland) electrode, placed
after the outlet of the FC, served as reference electrode (RE). Prior to
each measurement, the potential vs RHE was determined by means
of a polished Pt foil to be at +0.264 V (1 mV). All potentials herein
are stated vs RHE. The counter electrode (CE) was a graphite rod
placed before the inlet. A 0.1 M HCIO4 solution was used as
electrolyte which was prepared by mixing concentrated perchloric
acid (Merck, Germany, Suprapur’, 70%) with ultrapure water. The
electrolyte was stored in a small reservoir that can be purged with
different gases. From this reservoir, it was pumped with a peristaltic
ICP-MS pump at constant flow rate of 188 pL min~' through the
FC. For all measurements, the electrolyte was purged with Ar. After
the electrolyte left the FC, it was mixed via a V-connector with an
internal standard solution containing 10 ugl™" of Re, Sc and Y.
Afterwards, the electrolyte was introduced to the ICP-MS (NexION
350X, Perkin Elmer, USA). The **Sc, **Ti, *°V, ¥Y, *’Nb, '*'Ta,
'84W and '®"Re isotopes were measured to monitor the concentration
in the electrolyte.

To establish a detailed correlation between applied potential and
oxidation current/dissolution, a cyclic voltammogram (CV) was
conducted with a scan rate of 3 mV s~ ! from —0.2 V to +1.5 Vryg.
In case of VC, the upper vertex potential was reduced to 1.15 Vgyg
because of extensive corrosion. The delay time between onset of
dissolution at the working electrode and detection at the ICP-MS
detector was 17 s, which was compensated by calibrating the time
scale. The peak dissolution has, however, a further uncompensated
delay of 10-15 s because of the plug-flow-type concentration profile.
Therefore, the resolution of the potential determinations is 30—
45mV at a scan rate of 3mV s~ '. The oxidation potential was
determined as the potential where the current was higher than three
times the standard deviation of current in the double layer charging
region.

To determine the oxide surface coverage of hexagonal WC
particles before the oxidation potential as determined in the
experiment described in the previous paragraph, the particles were
polarized for 5 min at 0.45 Vgyg.

In situ electrochemical ATR-FTIR spectroscopy.—For In situ
FTIR measurements, a commercial ATR-FTIR spectrometer was
modified as displayed in Schematic S2. A freshly cleaned silicon
single-crystal ((100); N-doped 1-30 ohm cm; Floating zone growth;
52 mmm X 20 mm x 2 mm in size, 30° angles on the small sides of
the base) was coated with 1 ml of an aqueous suspension of WC
particles (47 mgl™") via drop casting. For the electrochemical
potential control, a potentiostat (IviumStat XR, Ivium
Technologies, the Netherlands) was used in a home-made three
electrode setup. The freshly coated silicon crystal served as WE, and
the CE was a Pt-sheet with a surface area of 0.025cm® A
commercial Ag/AgCl electrode (3 M KCl, Metrohm) served as RE
with a potential of +270 mV vs RHE. To conduct spectroscopic
measurements, the electrochemical setup was placed in the beam
path of an FTIR spectrometer (FTS 30 00 MX Excalibur Series, Bio-
Rad Laboratories Inc., USA) to achieve an internal reflection setup.
The silicon crystal worked as internal reflection element.
Chronoamperometric measurements were conducted every 100 mV
in a potential range from —0.13 to 1.27 Vgyg in 0.1 M HCIO,. At
each potential, 8192 FTIR scans were recorded without a polarizer
resulting in a measurement duration of about 30 min per step. Prior
to the spectroscopic measurement, 20 cyclic voltammetry cycles
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were conducted in the range of —0.33 to 0.47 Vgryg at a scan rate of
200mV s~ as cleaning procedure. Difference absorbance spectra
were calculated initially for both experiments with respect to the
initial potential of —0.13 Vgyg. In order to extract the WC
contributions, a background experiment with the same method was
conducted on an uncoated Si-ATR crystal. The difference absor-
bance of pure Si was multiplied with a factor and subtracted from the
absorbance of WC at the corresponding potential. The subtraction
factor was chosen to cancel the peak visible at 1040 cm™" in the Si
spectra, in a similar fashion as common practice for the subtraction
of residual water vapor contributions (For further information see
supplementary information (SI) and Fig. S1).*'

Results

Oxidation overpotential of hexagonal tungsten carbide.—The
coupling of the electrochemical FC to the ICP-MS allows for the
simultaneous detection of electrochemical processes such as oxida-
tion (changes of oxidation states) and dissolution processes.’**?
Therefore, it is possible to distinguish between those two elementary
steps, and hereinafter, the following terminology is used: oxidation
refers only to the detection of an anodic current (electrochemical
oxidation, irrespective of dissolution or passivation) while dissolu-
tion refers only to the detection of a concentration increase in the
electrolyte. In an early study, we evaluated the electrochemical
stability of WCj. particles in 0.1 M HCIO, between 0.0 and
1.5 Ve with the FC-ICP-MS.? In that study, WCpey was chosen
as it is one of the most discussed TMCs for electrocatalytic
applications.”>*%’ The results demonstrated an enhanced stability of
WC.y in contrast to metallic W. According to the reaction equation,

WC + 4H,0 — WO, + CO, + 4H, 2]

the thermodynamic stability increase is only minor with an enthalpy
of formation of AH/ = —38kJ mol™" corresponding to a thermo-
dynamic oxidation potential of 0.03 Vgryg (detailed information on
oxidation potential calculations can be found in the SIy®'!!%28-36
However, in contrast to W, which oxidizes and dissolves already at
0.0 Vrgg, WC oxidation occurs above 0.6 Vgxgg. Thus, the kinetic
overpotential (7, difference between thermodynamic and observed
oxidation potential) for WCy,., oxidation is 570 mv.?

In earlier literature reports, this was attributed to surface
passivation of WC. This would imply a preceding oxidation process;
however, in our study we did not observe any preceding oxidation
current. To elucidate more on the oxidation mechanism of WG,
particles, In situ electrochemical FTIR measurements on a silicon
internal reflection element were conducted. While the WC,/Si
ATR crystal was polarized at various potentials ranging from —0.13
to 1.27 Vryg, FTIR spectra were recorded in situ. As the supporting
Si ATR—crystal exhibits absorbance bands in the same wave-
number region, background spectra were recorded at the same
potentials and subtracted from the WC spectra to differentiate
effects from the Si/HClOy interface.

At 1,040 and 1,220 cmfl, two broad vibrational bands were
observed in the raw spectra (Fig. S2). The subtraction of the peak at
1,040 cm ™! can serve as a quality criterion for the subtraction of the
features originating only from Si. Figure 1 shows the respective
subtraction spectra between 950 and 1,400 cm ™! referenced to the
spectrum at -0.13 Vgryg. At potentials below 0.67 Vryg, the sub-
tractions leave residual negative difference absorbance in the order
of 107 in a dispersive peak with a maximum at ~1,290 and
minimum at ~1,330 cm™'. Due to the low absorbance, a systematic
interpretation of this specific feature is highly challenging. Small
positive difference absorbances are observed in the broad peak at
1,100 cm™', indicating likely a small increase in the SiO, layer
thickness on the surface. When the potential 0.67 Vgyg is exceeded,
a clear negative difference absorbance at ~1,220 with a shoulder
around ~1,250 cm ™! becomes visible. These features become more
and more pronounced with increasing potential, and reach absor-
bance levels of several 107 (Fig. 2). A broad peak at 1,220 cm ! has
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Figure 1. FTIR absorbance (A) spectra of hexagonal WC particles on a Si-
ATR-crystal at potentials from —0.03 to 1.27 Vggg in 0.1 M HCIO,. The
spectra were referenced to a spectrum at —0.13 Vgyg, and Si background
spectra were subtracted.
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Figure 2. Absorbance difference development of W-C vibrational modes
from —0.13 to 1.27 Vgryg and schematics of the oxidation mechanism. Black
sphere = C, blue = W, red = O, green = H.

been reported for WC;., which agrees with the peak position
observed here.’” The observed negative difference absorbance
starting at the apparent oxidation potential of 0.6 to 0.7 Vryg is
thus consistent with the oxidative dissolution of WC. Based on the
absorbance trajectory and FC results from our first study,” a
mechanism of adsorption and oxidation is proposed as illustrated in
Fig. 2. Below the apparent oxidation potential of WC, water
molecules adsorb onto the WC surface at low potentials, partially
oxidizing the outer surface layer chemically. As only the outer
surface is affected, the WC absorbance does not decline and
electrochemical redox reactions do not take place as no current
flow is detected in this regime.*® At potentials above 0.6 Vi, WC
is oxidized, leading to a decline in WC absorbance as the surface
becomes covered with tungsten oxides and hydroxides.''®
According to FC-ICP-MS results,”® 1 monolayer is dissolved up to
1.1 Vgyg resulting in a decrease in relative absorbance of 0.002
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between 0.6 and 1.1 Vgxyg. As the absorbance decline in the
adsorption/chemical reaction regime is a factor of ten smaller, less
than a monolayer of the surface has been partially oxidized before
the onset of electrochemical oxidation corroborating the proposed
mechanism. This is supported by an additional FC experiment in
which WCp., particles are polarized 5 min at 0.45 Vryg, which is
100-150 mV below the apparent oxidation potential. The W
dissolution profile revealed negligible dissolution and XPS measure-
ments prior to and after the experiment revealed an oxide coverage
of 0.3 monolayers (Fig. S3). This indicates neither that oxidation
occurs nor that a passivation layer forms below 0.6 Vryg. Hence, W-
C bond rupture does not occur.

The dependency of the oxidation overpotential on the TM-C
bond enthalpy.—To obtain a more extensive overview of the
stabilization of various TMCs and to corroborate that the transition
metal—carbon (TM—C) bond rupture is the rate determining step (rds)
in the TMC oxidation, the electrochemical behavior of several sodium
chloride isomorph transition metal carbides (TiC, VC, NbC, TaC and
face centered cubic tungsten carbide (WCy..)) was investigated. Various
TMC thin films (500 nm) were prepared via magnetron sputtering, and
the carbide phase formation and stoichiometry was controlled via XRD,
SEM-EDX, and XPS (Figs. S4 to S6, Table SI).** Native grown oxides
were removed chemically prior to electrochemical measurements (Fig.
S6), which consisted of a CV between —0.2 and 1.5 Vg at 3mV s~ !
in Ar-sat. 0.1 M HCIO,4 on the FC-ICP-MS (Figs. 3a—3e). An exception
was VC where the upper potential limit was restrained to 1.15 Vryg
because of excessive corrosion (Fig. 3b). Of the five investigated
TMCs, TiC and TaC show the expected electrochemical behavior for
strongly passivating materials with an oxidation peak followed by a
passive region with reduced oxidation current. VC shows a non-
passivating behavior with a steadily increasing oxidation current at
higher potentials. The CVs of NbC and WC. are in between these two
cases. Instead of a clear oxidation peak, a plateau is observed
100200 mV after the beginning of oxidation. For WCj, a sudden
current increase starting from 1.2—1.3 Vi indicates the trans-passiva-
tion regime, whereas for NbC, the current density only slightly
increases starting from 1.2 Vgyg. The differences in current response
are mirrored in the distinct dissolution profiles (Figs. 3a-3e). As VC
does not passivate, the oxidative dissolution concentration increases
steadily until the scan direction is reversed. We note that the peak
dissolution is delayed by about 100 mV due to the plug flow type
profile of the electrolyte in the tubing. For the strongly passivating
carbides TiC and TaC, a dissolution peak with a delay of 100 mV to the
oxidation current peak is observed. Afterwards, the dissolution
decreases indicating the formation of a passivation layer as the
solubilit?/ product of oxidized metal cations is exceeded near the
surface.’ The Nb dissolution shows the same trend with a peak
dissolution around 1.1 Vgyg leading to the conclusion that the observed
oxidation current at potentials above 1.1 Vgxyg does not lead to
dissolution but to a steadily growing oxide overlayer. For WC.. during
the anodic scan, the dissolution profile is analogous to the CV with an
oxidation plateau above 0.55 Vyyg (magnified CV and dissolution
profile in Fig. S7) and a strong rise in W-concentration in the trans-

passivation regime above 1.2-1.3 Vpyg. However, when the scan
direction is reversed at the vertex potential of 1.5 Vryg, the dissolution
concentration does not decrease again from the high level reached
during trans-passivation until the oxidation potential at 0.55 Vgyg is
reached. The electrochemical behavior of the sputtered WCy,, is slightly
different than for WCj., particles.23 The oxidation of WCy,y is delayed
for about 50mV towards higher potentials. WCy,x begins to passivate
above 1.2 Vgyyg in comparison to 0.9 Vgyg for WCg,. and trans-
passivation does not occur for WCe in the investigated potential
window. These observations might be related to the higher thermo-
dynamic stability and also higher W—C bond enthalpy of WCi,x as
discussed in the course of the manuscript.*’

The CVs and the dissolution profiles of all synthesized TMCs can
be divided into three main regions: 1) the adsorption/chemical reaction
region below the oxidation potential, 2) the surface oxidation regime,
and 3) the passivation region. Deviations from this behavior are the
missing passivation region for VC, and an additional trans-passivation
region for WCy., above 1.3 Vryg. A more detailed discussion of the
passivation behavior and dissolution profiles can be found in the SI and
Fig. S8. For the discussion of the oxidation mechanism, only onset
potentials for the carbide oxidation (E;;”) will be determined. Here, the
point of E;¥ is determined as three times the noise or standard
deviation of the baseline of both the CV and the dissolution profile. The
determined values are summarized in Fig. 3f for the investigated TMCs.
According to Cowling and Hintermann, TiC is stepwise oxidized with
the formation of intermediate lower valent oxides and CO,.'""'? If
similar reaction pathways are considered for all TMCs, the thermo-
dynamic standard oxidation potentials (Ef¢) can be calculated from
reaction Egs. S7 to S18 according to Eq. S6 (Table I and SII). The
thermodynamic oxidation potentials at experimental conditions (E7y¢)
can be calculated according to the Nernst equation as

. RT
Emyc = Efyc + F *In(p(CO2)* * p(H>)")

RT
=Efuc + F *1In (p(CO»)%) (3]

considering an electrolyte concentration of 0.1 M HCIO,4 and assuming
a CO, partial pressure of 107° bar (values summarized in Fig. 3f and
Table 1).2°7° A comparison between thermodynamically calculated
Eqyc and experimentally observed E;;’ reveals large differences
between these two quantities and thus, large oxidation overpotentials
(n) ranging from 520 mV for WCf. to 940 mV for TiC (Fig. 3f). If the
overpotential is correlated to the TM—C bond enthalpy (H .1y, values
obtained previously*' and summarized in Table SII), a linear
dependency is observed (Fig. 4). This suggests that the rupture of the
TM—C bond is the rds of the TMC oxidation. In this respect, the
largest overpotential is observed for TiC which has the highest Hc.7y, of
the investigated TMCs.*' The reason for that will be discussed later.

Discussion

Correlation of bond enthalpy and overpotential.—So far, the
results suggest that the TM—C bond plays a critical role in the
stabilization of TMCs. The comparison between WCp,., and metallic

Table I. Calculated thermodynamic standard (E7,-) and experimental oxidation potentials of transition metal carbides (Eryc) from the 3rd to the
6th group according to Eqs. S6 and 3, the reaction Eqs. S7 to S18 and the Gibb’s free formation enthalpies and standard entropies of the reactants

and products (Table SII).

Efuc Ermc Efuc Emmc
/VsHE /VRHE /VsHE /VRHE

Sc,C —1.01 —1.05 vC 0.02 —-0.04
Y,C —1.03 —1.07 NbC 0.10 0.04
La,C —0.90 —0.94 TaC —0.16 —0.20
TiC —0.03 —0.09 Cr3C, —0.16 —0.20
ZrC —0.37 —0.41 Mo,C 0.01 —0.02
HfC —0.36 —0.40 WwC 0.07 0.03
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Figure 3. Cyclic voltammograms of (a) TiC, (b) VC, (c) NbC, (d) TaC and (¢) WC from —0.2 to 1.5 Vyyg at a scan rate of 3 mV s~!in Ar-sat. 0.1 M HCIO,
together with the corresponding dissolution concentration profiles. (f) Thermodynamic reversible oxidation potentials Ery¢ calculated according to Eq. 3, and the
observed oxidation potentials E;;? for the investigated thin film transition metal carbides.

W showed an increase in oxidation potential of 600 mV.>* As the
thermodynamic stabilization was calculated to be only 30 mV, an
overpotential of 570 mV was observed for the oxidation reaction
indicating that the stabilization of the TMCs is caused by kinetic
stabilization.> As the solubility of oxide reaction products is the
same for metals and carbides, it is hypothesized that the kinetics are
slowed down by the TM—C bond formation. According to
molecular orbital theory, the bonding in TMCs is mainly based on
the hybridization of the metal’s d-band with the carbon’s p-band.'*'
On an atomic scale, the three t,, metal orbitals can overlap with the
three p orbitals of carbon creating each a 0 and two 7 bonding and
antibonding orbitals. The remaining two e, metal orbitals do not
overlap with carbon orbitals and stay mainly metallic. As calculated
by Higlund et al., the occupancy of the bands is the crucial factor
describing both the structure and thermodynamic stability of the
TMCs.*' The four bonding bands can be occupied by 8 valence
electrons, and at this configuration, the Fermi level lies in a
minimum between bonding and antibonding orbitals. Therefore, a

maximum formation enthalpy and bonding enthalpy is observed for
the 4th group with TiC, ZrC and HfC.*"*? If the number of electrons
is further increased, nonbonding, mostly metallic 6-bands or anti-
bonding pd-bands have to be filled. The enthalpy of formation
continuously decreases and carbides become less stable when
approaching the late transition metals.*"**> Following that, a high
overpotential for the electrochemical carbide oxidation is needed for
the rupture of the metal—carbon bond. The electrochemical reaction
rate in dependence of the overpotential can be expressed by the
Butler-Volmer-equation (BVE),

anFn
i=j, *lexp] —— | —
J=1o ( p( RT)

whereas the exchange current density jj is a measure for the intrinsic
reaction rate, n is the number of electrons transferred in the rate
determining step, 1 is the overpotential (difference between applied
and reversible potential), F' is the Faraday constant (96,485 C mol ™ b,

exp((1 — a)nFn (4]

RT
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R is the ideal gas constant (8.314 J (mol K)™1), T is the temperature
and « is the symmetry factor.***> The BVE describes the dependency
of the current on the applied overpotential in case of outer sphere
charge transfer reactions without mass transport. In our case, an inner
sphere charge transfer takes place, but in case that the bond cleavage
(charge transfer) is the rds, the BVE can be also applied.*® Mass
transport of water molecules can be neglected in aqueous media for
the oxidation of the outermost carbide layer. The BVE can not be
applied if a passivating oxide layer is present on the surface. However,
XPS and FTIR experiments revealed that less than a monolayer is
present on the carbide surface before the apparent oxidation potential
is reached (Figs. 2, S6 and S3). Therefore, the BVE can be used to
describe the current-potential dependency around the observed
oxidation potentials E,, where passivation has not occurred yet
(Fig. S8). As the carbide oxidation is an irreversible reaction and
the overpotentials are large, the cathodic component of the BVE can

be neglected and the BVE simplifies to the Tafel Eq. 5.%
L asnFn )
=j *exp| —— 5
=l p( RT (3]

Usually, j, represents the reaction rate of the dynamic equili-
brium and displays the net flux of ions reacting at the electrode,

J, = nFkC [6]
which is given by current per ion (nF), the reaction rate constant (k)
and the bulk concentration (C).** For an irreversible reaction, an
equilibrium does not exist and the determined j, value is only valid

in the examined potential window.*’ A reaction rate constant k of a
half reaction is given by the Arrhenius equation

G* + G[,
k:A*exp(—ﬂ):A*exp _(G7+ Gie (7]
RT RT

where A is the pre-exponential factor and G, is the Gibbs free
activation enthalpy. G, can be split into a chemical G” and
electrochemical (Gf) part.** As G” is the crucial parameter for
the intrinsic activation overpotential, Eq. 7 simplifies to

#
k—A*exp(—%) [8]

In case of a three body system C, O, TM in which the reaction

C-T™M+0—-C+TM - 0O [9]

takes place, the bond enthalpies of C-TM (Hc.ry) and O-TM
(Ho.rp) can be used to estimate G* according to the method of
Kagiya et al.*® displayed in

G* =Hc_ry * (1 — 0Eo_1m) — €Ho_1m [10]
where 0 and € are empirical parameters and differ upon the class of
reaction such as nucleophilic substitution or radical reaction.*®~>°
The method’s error in the estimation of G* is about 8 kJ mol™'.*
The insertion of Egs. 10 and 8 into Eq. 6 yields

Hemn * (1 — oHo_1m) — €Ho_1m (1]
RT
which expresses the exchange current density in dependency of the

reactant and product bond enthalpies. Combination of Eq. 11 with
the anodic part of the BVE (Eq. 5) results in

J, = nFCA* exp(—

j=K* exp(_Hc—TM *(1 = oHo_1m) — 5H07TM)
RT
. exp(%) [12]

which is a description of the observed current density in dependency
of overpotential 77 and the bond enthalpies. The point, where a clear

oxidative current jo, is detected, may now be determined as the
apparent oxidation potential Eq,, and Eq. 12 can be solved for the
required minimum overpotential 7)),

. He_my * (1 — 0Hop_1m) — €Ho_1u
=K *exp|—
Jox p( RT
* exp aankn,,
RT

ln(%) *RT = Do, = —He_mu * (1 — 0Ho_1m1)

+ €HO—TM + CYAI’IFWOX
« L —oHo-my) €
aankF aank

He 1y Ho_v + D¥ox = 1,

[13]

According to Eq. 13, the higher the TM—-O bond dissociation, the
smaller is the term '—7%0-1) Therefore, G* and 7o, decrease with
.. appF . . ~
rising Hyp_ry. If Hp 1y becomes increasingly large, the first part of
Eq. 13 can be neglected and Eq. 13 becomes a function of the second

art ﬁHo,TM. In that case, 7,, is linearly dependent on the oxide
bond strength. This correlation was observed by Kimmel et al. for
refractory carbides in alkaline media, while it was not observed in
acidic electrolytes.'* The reason behind might lie in the electronic
structure of the surface of early TMCs, which was reported to be
similar to noble metals,"* and hence, adsorption of electron donating
molecules such as oxygen is expected to be less likely.””! Yet, the
covalent character of the TM-C bond and the difference in
electronegativity create a polar surface leading to an electron density
transfer from the metal sites to the neighboring carbon sites. This
leads to a positive partial charge at the metal center which was
corroborated by near edge X-ray absorption fine structure
experiments.”> As a consequence, the metal is susceptible to
nucleophilic attacks. The concentration of nucleophilic hydroxide
anions is high in alkaline media which eases the formation of
TM-OH bonds, and facilitates TM-C bond cleavage. Density
functional theory (DFT) calculations by Michaelidis et al. showed
that OH-adsorption energies are in the range of the TM—C bond
energy explaining the observation made by Kimmel et al.>
Hydroxide anions are not present in acidic media and the nucleo-
philic attack is conducted by a less nucleophilic water molecule
adsorbing on the carbide surface. The thus formed TM-OH, single
bond is weaker than a TM~OH bond (10 vs 500-600 kJ mol~").”>>*
In that case, the left term including Hc.7y, dominates Eq. 13. A
simplification of Eq. 13 leads to the linear equation

He_my *f+y = 14, [14]

with empirical factors y and f describing the dependency of the
overpotential on the transition metal—carbide bond strength. As the
TM-OH, bond energy is more than one order of magnitude lower
than Hc gy, the variations in TM—OH, bond energy for different
TMs can be neglected and y can be considered constant. If the
rupture of the TM—-C bond is the rds, Eq. 14 can be fitted to
experimental results as shown in Fig. 4. If other electrolytes than
0.1 M HCIOy, or other H" concentrations than 10! M are used, it is
suggested to probe the rds by determining 7,,, for at least 3 different
TMCs. Additionally, the TM-O bond enthalpy becomes more
significant for lower bond enthalpies which can result in a non-
linear behavior.

Interpolation of E, for other transition metal carbides.—If all
before mentioned factors are considered, 7, can be interpolated
from Eq. 14 for TMCs with Hc.zy, values in between the experi-
mental determined boundaries. This was done for not experimentally
investigated TMCs such as Sc,C, Y,C, La,C, ZrC, HfC, Cr;C, and
Mo,C (Fig. 4) because their Hc.7y, is in between the values of WC
and TiC (Table SIII). By addition of 7,, to Epyc, the apparent
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Figure 4. Overpotential as a function of the transition metal-carbon bond
enthalpy (Hc.tm) for the measured TMCs and calculated values for other
early TMCs according to the fitting parameters. Bond enthalpies taken from
Ref. 41.

oxidation potentials £ can be calculated (Fig. 5). As ZrC and HfC
are also isomorph to NaCl with a 1:1 stoichiometry, the model seems
reliably applicable. Compared to TiC, the calculated ES® are about
0.4 to 0.5 V lower despite a similar value for 77, because of the high
oxide formation enthalpy. The oxidation potential of ZrC is lower
compared to the value reported by Kimmel et al. due to the presence
of a ZrO, passivation layer.'*** Although not isomorph to NaCl, the
model should also be applicable for metal carbides in the 3rd group
as the TM sublattice has a fcc structure with half of the octahedral
sites occupied by a C atom. Their ES“ values are at least 0.22 V
below RHE which is in accordance to previous reports describing
their spontaneous decomposition upon contact with water.® Last, the
E(jfl values of CrzC, and Mo,C were calculated. The structure of
both carbides is not fcc, hence, the calculated values of 0.58 Vryg
and 0.47 Vryge for Cr;C, and Mo,C, respectively, have to be
considered with care. Nonetheless, the experimentally determined
value of Weidman et al. for Mo,C fits well to the here calculated E<%!
suggesting that the model applies also for Cr;C,.>> The reason might
lie in the low energetical difference between the different carbide
structures as for instance for hep and fcc WC.*° The here presented
results demonstrate how the covalent character in metal carbides
leads to an increased stability which might be adapted to other
materials with certain shares of covalent bonding such as phos-
phides, sulfides, nitrides or borides.

Consequences for the usage of TMCs in electrocatalysis.—The
model allows for the preselection of TMCs for electrochemical
reactions by estimating the apparent oxidation potentials of various
TMC:s in acidic environment. Stability boundary conditions for the
usage as support, protective coating or catalysts can be identified and
compared to various electrochemical reactions. One example is the
oxygen reduction reaction (ORR) in fuel cells where potentials
above 1.0 Vrpg can occur.”’ As TiC, the TMC with the highest 7,
and highest Ey,, oxidizes at these potentials, none of the here
investigated TMCs is immune at potentials over 1.0 Vgxyg and a
usage as support or catalyst is rather questionable. Besides the ORR,
other electrochemical reactions such as the hydrogen evolution
reaction (HER), the CO, reduction reaction (CO2RR) or the nitrogen
reduction reaction (NRR) are more and more discussed in literature.
For these reactions, lower potentials arise and TMCs are considered
as catalyst or support. For the HER, WC has been tested as possible
catalyst with high stabilities under reaction conditions.'®!?*>8
However, according to DFT studies, electron donating TMCs like
Sc,C, Y,C or HfC should be more active for reduction reactions.”
According to the proposed model, it is suggested that they are stable
as long as the potential is held below the oxidation potential as for
example for Sc,C below —0.36 Vrye. A second possible application
for the less noble carbides is the CO2RR which requires significantly
lower potentials and all of the here investigated carbides are believed
to be stable at CO2RR relevant potentials.””® Similarly to the HER,
WC has been investigated for the methanol oxidation r<=,action,9’25
which starts usually around 0.5 Vggg. Above this potential, WC is
intrinsically unstable, but TiC, VC and NbC might be justifiable
alternatives being immune against oxidation.®

Conclusion

In conclusion, the electrochemical stability of transition metal
carbides was evaluated under acidic conditions and an oxidation
model based on the metal-carbon bond strength was proposed. The
model was experimentally derived by a detailed corrosion study of
hexagonal tungsten carbide. For various refractory transition metal
carbides, a linear dependency of the kinetic overpotential for the
electrochemical oxidation on the transition metal—carbon bond
enthalpy was observed in acidic media. The model allows for the
estimation of apparent oxidation potentials for various early transi-
tion metal carbides and the correlation to experimental data.
According to the model, the surface of transition metal carbides
oxidizes under oxygen reduction relevant conditions, while they
might be considered as potential catalyst or support for other
electrochemical reactions. The presented model can be used for
the estimation of stability windows of the transition metal carbide’s

Ermc N6y
TMC
B B
-1.05 0.69] -0.09 0.92]-0.04 0.89] -0.20 0.79
Sc,C TiC VC cr,C,
-0.36 ] 0.85 0.84 1 0.85 0.85 0.59
-1.07 0.591-0.41 0.8210.04 0.74 1 -0.02 0.49
Y,C ZrC NbC Mo,C
-0.48 0.41]10.74 0.78 0.47
-0.94 0.721-0.40 0.90]-0.20 0.79]10.03 0.51
La,C HfC TaC WC
-0.22 0.49] 0.60 0.59 ] 0.55 0.53

cal

Figure 5. Calculated thermodynamic oxidation potentials Epyc at experimental conditions (upper left corner), calculated overpotential 7, (upper right),
observed oxidation potential E? (blue, lower left) and calculated oxidation potential ES“ (beige, lower right) of 3rd to 6th group transition metal carbides.
Positions of the transition metal carbides reflect the position of the parent transition metal in the periodic table.
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electrochemical surface for various electrochemical applications
such as the hydrogen evolution, CO, reduction, or the methanol
oxidation.
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