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A B S T R A C T   

The capacity fade mechanism of activated carbon (AC) electrode in Li-ion electrolyte was studied via electro-
chemical impedance spectroscopy (EIS) and post-mortem electrode characterizations at different stages of 
electrochemical cycling. Electrochemical cycling was conducted in half cells incorporating the AC working 
electrode, Li metal counter electrode, and 1 M LiPF6 in EC:DMC (1:1) electrolyte. Three phases were identified 
during the ageing process that corresponded with transformation of the passivation layer at the electrode surface 
and charge transfer impedance derived from the EIS analysis. Surface area and morphology analysis showed that 
the AC surface was progressively transformed by degradation products that reduced the available surface area 
and accessibility of electrolyte moieties into the pores. X-ray photoelectron spectroscopy suggested that the 
degradation products are from the LiPF6 salt decomposition and carbonate solvent decomposition, while Raman 
analysis demonstrated increased defects in the electrode as cycling progressed. The capacity fade was therefore 
caused by the synergistic effect of electrolyte degradation and active material transformation.   

1. Introduction 

Global climate awareness on the adverse impact of fossil fuel pow-
ered energy sources has prompted the electrification of previously fossil 
dominated technologies such as automobiles and stationary power sys-
tems. Lithium-ion capacitors (LiC) are excellent in satisfying such op-
erations due to the synergistic effect of combining conventionally high 
power capacitor cathode such as activated carbon (AC) and energy rich 
battery-type intercalation anode such as graphite in the LiC device ar-
chitecture [1,2]. Consequently, charge storage in LiC occur via ion 
adsorption/desorption on the cathode and lithium 
intercalation/de-intercalation on the anode. As such, the LiC possesses 
higher power densities than lithium-ion batteries(LiB) but lower energy 
densities [2]. The lower energy densities are attributed to the low ca-
pacity of the AC cathode (<60 mAh/g) by virtue of its predominantly 
physical surface charge storage process, which limits the attainable 
specific energy especially when compared to intercalation type cathodes 
(e.g., lithium iron phosphate) used in LiB [3]. Many researchers have 
attempted to improve the energy density of the LiC while maintaining 

the high-power requirements by expanding the operating potential 
window of the AC cathode [4–6]. 

Typically, electrolytes consisting of lithium salts such as LiPF6 dis-
solved in carbonate solvents such as ethylene carbonate (EC), dimethyl 
carbonate (DMC), ethyl methyl carbonate (EMC) and diethyl carbonate 
(DEC) are incorporated in LiC to realize wide operating potential win-
dow, good conductivity, and anode and Al current collector passivating 
abilities of EC and LiPF6 salt [7,8]. However, the high specific surface 
area and often unavoidable presence of surface oxygenated species on 
the AC electrode can negatively affect the realisable operating potential 
window and device cycle life due to parasitic reactions with electrolyte 
constituents [9,10]. The EC solvent may continuously decompose and 
form a passivating solid porous layer on the surface [11,12]. Further-
more, the highly sensitive PF6

− anion is prone to hydrolysis and oxidation 
as it contacts the polarized AC cathode [13,14]. These could conse-
quently lead to the formation of by-products such as PF5 and HF that 
may catalyse other cellular component degradation and cause interfacial 
instabilities [13,15,16]. 

The electrolyte degradation process proceeds via PF6
− and EC 
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oxidation by F-abstraction and H-abstraction, subsequent to the para-
sitic faradaic reactions with oxygenated functionalities and moisture 
trapped in the AC pores [13,17]. Eventually, the cycle life of the device 
is affected as the electrolyte solvents and ionic moieties become 
depleted, and the surface of the AC cathode is passivated by the 
precipitated degradation products. Other contributors to capacity fade 
include binder decomposition, active material pulverization and gas 
generation, which can increase resistance and accelerate cycle life 
deterioration [18]. Mitigating such processes require in-depth investi-
gation into how they occur and correlation of physical changes on the 
electrode surface with electrochemical state of the cell. Post-mortem 
analysis and in-situ/ex-situ spectroscopic techniques are therefore 
vital towards unravelling the causes of capacity fade and device failure. 

Most of the previous studies have been conducted on the AC elec-
trodes in supercapacitors utilizing TEABF4 salt dissolved in propylene 
carbonate or acetonitrile solvent [18–20]. However, the use of Li-ion 
salts (LiPF6) with the reactive PF5, and the passivation film forming 
abilities of carbonate-based solvents (EC) have necessitated that the 
capacity fade mechanisms need to be revisited. Moreover, although the 
capacity fade mechanisms are related to the loss of active surface area 
and AC electrode modification by degradation products, the products 
remain largely unknown. Revealing the capacity fade mechanisms can 
thus provide measures via which they can be mitigated. In this regard, 
the nature, quantity, and when the degradation products are formed are 
to be studied. In addition, detrimental physio-chemical changes on the 
electrodes can be controlled via the incorporation of additives to either 
solubilize the degradation products or delay their formation. 

In this study, the AC was characterized at different stages spanning 
before and after electrochemical cycling, using nitrogen physisorption, 
x-ray photoelectron spectroscopy (XPS), scanning electron microscopy 
(SEM) and Raman spectroscopy. The capacity retention was investigated 
via sequential floating voltage holds at 4.2 V, with electrochemical 
impedance spectroscopy (EIS) measurement acquired intermittently. 
The capacity fade was correlated with the EIS spectra and results from 
the AC characterization. 

2. Experimental 

2.1. Materials 

Commercial activated carbon (YEC-8B) was purchased from Fuzhou 
Yihuan Carbon Co., Ltd. Lithium hexafluorophosphate (LiPF6) (purity 
99.94%), lithium chips, EC and DMC (purity 99.9%), polytetrafluoro-
ethylene (PTFE) (60 wt.%) were purchased from Sigma Aldrich. The 
electrolyte 1 M LiPF6 in EC:DMC (1:1) vol/vol was prepared by mixing 
the components in an Argon glove box with moisture and oxygen levels 
less than 0.1 ppm. 

2.2. Electrode fabrication 

Self-standing electrodes were assembled by mixing 92 wt.% AC 
powder and 8 wt.% PTFE binder into a dough, and roll pressed at 80 ◦C. 
The self-standing electrode was thereafter laminated at 160 ◦C onto a 
double-sided carbon coated Al current collector, with the aid of a hot 
rolling press (MTI-Corp). 15 mm discs were punched from the laminated 
electrode, weighed, and dried overnight in a vacuum oven at 140 ◦C. The 
active material thickness and loading was 100 µm and 6.7 mg/cm2, 
respectively. After drying, the discs were transferred to the Argon glove 
box for cell assembly. 

2.3. Cell assembly and electrochemical cycling 

Half cells incorporating AC as the working electrode and lithium 
metal as the counter/reference electrode in CR2032 type coin cells were 
assembled in the glove box. Cellulose TF4030 (19 mm Ø) was used as the 
separator and 100 µl of the prepared electrolyte was added in each cell. 

The assembled cells were subjected to galvanostatic charge and 
discharge (GCD) cycling at different current densities (0.1C for 3 cycles, 
0.5 C for 3 cycles, 1C, 2C, 5C, 10C, 20 C, 1C and 10C for 5 cycles; 1C =
42.6 mAh/g) in the potential range 3.0–4.2 V. The floating voltage 
ageing protocol consisted of a floating voltage hold (FVH) at 4.2 V for 10 
h with consecutive capacity checks at 10C before and after each floating 
sequence to monitor the capacity fade. EIS was acquired after every 
cumulative 100 h of floating on the cycled cells. The EIS measurements 
were conducted in the frequency range 100 kHz to 0.01 Hz with an 
amplitude of 5 mV. The EIS spectra were fitted using the impedance.py 
package in PYTHON. 

2.4. Sample characterization 

Cell disassembly was carried out in the Argon glovebox. The cells 
were de-crimped using a custom type CR2032 de-crimper (Hohsen). The 
extracted AC electrodes were washed in a DMC solution to rinse off 
excess electrolyte and dried for 24 h under vacuum in the anti-chamber 
of the glove box. 

Nitrogen physisorption analysis was performed using a Tristar II 
micromeritics surface and pore volume analyser. The specific surface 
area and pore volumes were determined using the Brunauer-Emmett- 
Teller (BET) and Nonlocal Density functional theory (NLDFT) 
methods. Samples were degassed for 24 h at 80 ◦C prior to measure-
ments, while ensuring limited exposure to ambient atmosphere during 
handling. Surface morphology examination was conducted using Supra 
35VP (ZEISS) field emission gun scanning electron microscope (FEG- 
SEM). Raman spectra were obtained using a Renishaw InVia Qontor 
Raman Microscope. The spectra were acquired using a 532 nm laser 
wavelength, x20 objective lens, exposure time of 20 s and 3 accumula-
tions. XPS data were collected with a Thermo Scientific ESCALAB 250 
spectrometer, using a focused monochromatized Al Kα radiation (hν =
1486.6 eV). The pressure was maintained at 10− 8 mbar and charge 
neutralization was applied. The analysed area of the samples was an 
ellipse with a dimension of 450 × 900 µm. The XPS introduction 
chamber was directly connected to an argon glovebox to protect the 
sample from any contact with air and moisture during the transfer. 
Spectra deconvolution and peak fitting was performed using Origin 
software and Gaussian peak fits. 

3. Results and discussion 

3.1. Electrochemical analysis 

The capacity retention during the floating voltage is presented in 
Fig. 1, while the rate performance and respective charge/discharge 
curves at different C-rates are displayed in Figure S1 in Supporting In-
formation (SI). The AC electrode endured up to 950 h of floating voltage 

Fig. 1. Capacity retention during the floating voltage stability test; three 
distinct phases of capacity fade were identified. The arrows mark the FVH time 
points when the samples were obtained. 
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prior to reaching 80% capacity retention and approximately 1900 h 
before reaching 0% capacity retention. The ageing profile could be 
divided into three phases (denoted by the dashed lines) based on the 
distinct features and slope of the capacity retention profile. The exact 
position of the phases was determined by fitting the data to straight lines 
with varying slopes and marking the intersection of the lines. The phases 
corresponded to the capacity retention profile with three distinct fea-
tures. Phase one is characterised by an initial increase in capacity, fol-
lowed by a stable period which can be fitted to a horizontal straight line. 
After 350 h, the capacity retention decreases very slowly up to 750 h. 
The third phase is characterized by accelerated capacity fade in a steep 
slope until 0% capacity retention at 1900 h. 

Samples for the post-mortem (PM) analysis were obtained at the 
respective positions denoted by PM in Fig. 1, to reveal the changes of the 
AC electrode surface. These points coincided with the state of the AC at 
different phases and was correlated with the capacity fade. The AC 
electrode after 450 h of FVH was without any visible capacity fade but 
was also studied to disclose possible surface transformations in phase 
two. The results from the post-mortem characterizations are presented 
in Section 3.2. All the characterized samples are summarized in Table 1. 

The floating voltage stability test was complemented by EIS to reveal 
changes at the active material/electrolyte interfaces in relation to the 
state of capacity retention of the cell. The EIS spectra were acquired 
before floating (0 h) and after every 100 h of floating until 950 h when 
the cell was at 80% capacity retention, and periodically until 1900 h 
when the cell was at 0% capacity retention. The obtained EIS spectra are 
presented in Fig. 2a. The spectra were characterized by two semi circles 
at the high to medium frequency regions associated with the passivation 
layer impedance (Rp) and charge transfer impedance (Rct), a 45-degree 
sloping line at low frequencies attributed to Warburg diffusion (W) 
impedance, and a vertical straight line representing the capacitance (C). 
As the floating progressed, the spectra were gradually transformed at the 
high frequency region with the appearance of a conspicuous negatively 
sloped inverted line. The length and slope of this feature increased as the 
duration of ageing progressed. The origin of this feature was ambiguous 
and could be due to a capacitive behaviour/artefact which might have 
originated from the increasing active material and contact resistance 
usually obtained at high frequencies. To simplify the discussion, Rs was 
assigned to represent the bulk electrolyte resistance and active material/ 
current collector contact resistance, which was the point at high fre-
quency when the inverted sloping line intercepted with the real axis. The 
impedance spectra were fitted with similar circuits as reported in liter-
ature [21,22]. The evolution of the resistance Rs, Rp and Rct obtained 
from the fitting as the floating time progressed are presented in Fig. 2b. 
The deconvoluted R-CPE loops are illustrated in Figure S2 in SI, while 
the values of the fitting parameters are summarized in Table S1. 

In Fig. 2b, Rs remained relatively constant in phase one as the 
floating voltage progressed, which implied that the bulk solution resis-
tance and contact resistances were not altered in this phase and hence 
did not affect the capacity. On the contrary, Rp and Rct were 22 Ohm 
and 17 ohms before the floating but decreased significantly to around 5 
ohms at the end of phase one. The trend for Rp and Rct in phase one 

suggests a reformation of the passivating deposits at the electrode in-
terfaces owing to electrochemical activation and improved accessibility 
of electrolyte ions at the surface [22]. The electrochemical activation 
may have opened more pores on the AC surface for adsorption of the PF6

−

anions during the floating voltage charge, which resulted in the slight 
capacity increase. In phase two, the increase in Rs signalled electrolyte 
decomposition and accumulation of degradation products that coin-
cided with a steady decrease in capacity. Meanwhile, the relatively 
stable Rp and Rct suggested that the initially formed passivating de-
posits remained unchanged. However, the overlayed R-CPE loops in 
Figure S2b and e, indicated some slight increase in Rp and Rct, which 
implied some transformation of the passivating deposits and increased 
charge transfer resistance. The capacity fade in phase two could have 
therefore been instigated by reduced accessibility of electrolyte moieties 
into the electrode surface, together with the effect of diminished PF6

−

anions for charge storage following the electrolyte decomposition. 
In phase three, the capacity retention progressively decreased with a 

45-degree slope line to near zero. On the contrary, the Rs value began to 
rise in a 45-degree trend, which inferred that electrolyte resistance/ 
electrolyte degradation and accumulation of degradation products was 
substantially accelerated in this phase. Also, Rp and Rct increased 
significantly to 16 ohm and 12 ohm after 1400 h of floating, which was 
almost 3 times the value at the end of phase one. In contrast, the Rs 
increased to 47.8 Ohm after 1400 h, which was almost 10 times greater 
than the value at the end of phase one. This further implied that the 
electrolyte could have been substantially decomposed after 750 h, while 
the growth of the inverted vertical sloping peak at high frequencies 
(Fig. 2a) suggested that the artefact was strongly related to the elec-
trochemical ageing of the cell since it considerably increased towards 
the end of life. 

The initial deterioration up to 80% capacity retention (950 h) could 
have been dominated by transformation of the AC electrode surface by 
the degradation products and gradual reduction of PF6

− anions. Never-
theless, the contribution of the lithium counter electrode cannot be 
ignored, because the rapidly expanded Rp in phase three could be 
attributed to the deposition of irregular aggregates of dead lithium and 
pulverization of the initial formed surface passivating film on the 
lithium counter electrode [23]. More active sites might have been 
created upon which electrolyte degradation was accelerated as indicated 
by the exponential increase in Rs. Hence, electrolyte starvation in phase 
three may have significantly contributed to the capacity fade in this 
phase. 

3.2. Degradation mechanism 

The results from the electrochemical analysis using combined 
floating voltage and intermittent EIS analysis suggested transformations 
of the electrode surfaces as the capacity fade progressed. In this section, 
different characterization techniques are employed to reveal the nature 
of the surface changes and deposits on the electrodes at different stages, 
which contributed to the capacity fade. 

SEM was used to probe the changes in surface morphology of the AC. 
From Fig. 3a and b, one can distinguish the effect of the PTFE binder as 
reflected by the fused and compacted nature of dry electrode, in contrast 
with the isolated grains of the AC powder. The compacted nature indi-
cated a reduced surface area of the AC electrode when compared to the 
AC powder due to the PTFE binder penetration in the pores. Moreover, 
some aggregates of passivating deposited species were observed in the 
SEM image of the blank electrode (Fig. 3c). Therefore, by immersing the 
AC electrode in the electrolyte, though without cycling, the passivating 
deposits may have covered some of the available surface area or occu-
pied the pores. The passivating deposits are likely formed from reactions 
between the electrolyte species and oxygen functionalities on the surface 
of the AC electrode [11,12,24]. 

The electrode at 0 h of FVH had undergone few GCD cycles but 
exhibited similar passivating deposits at the surface (Fig. 3d). However, 

Table 1 
Denotations and descriptions of the samples.  

Denotations Descriptions 

AC powder Dried AC powder 
AC electrode Dried AC electrode 
Blank 

electrode 
AC electrode immersed in electrolyte (uncycled) 

0 h of FVH AC electrode after GCD cycles but 0 h of FVH (cell at 100% capacity 
retention) 

450 h of FVH AC electrode after 450 h of FVH (cell at near 100% capacity 
retention) 

950 h of FVH AC electrode after 950 h of FVH (cell at 80% capacity retention) 
1900 h of FVH AC electrode after 1900 h of FVH (cell at 0% capacity retention)  
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the edges of the AC grains appeared to be etched, possibly from elec-
trochemical activation due to the cycling [25]. As cycling progressed 
towards phase two (450 h of FVH) and three (950 h of FVH), the 
passivating deposits increased due to substantial deposition of insoluble 
electrolyte degradation products (Fig. 3e and f). Therefore, the capacity 
fade could be related to the loss of surface area and pores for ion 
adsorption. 

At 1900 h of FVH (Fig. 3g) with 0% capacity retention, the AC 
electrode surface was completely covered by the aggregated decompo-
sition products and appeared to be of a fused nature. In addition, some 
new spherical deposits were observed. EDX analysis of these spherical 

spots (Figure S3) revealed that they were predominantly composed of 
carbon (69%), oxygen (8%), fluorine (20%) and phosphorus (2%), 
which are elemental constituents of the electrolyte and electrolyte 
degradation products. 

Nitrogen physisorption analysis was used in probing the pore prop-
erty transformation at different stages. The physisorption isotherms 
(Fig. 4a) display type I/IV characteristic according to the IUPAC clas-
sification, with predominantly micropores and some mesopores in the 
AC powder. The incorporation of the PTFE binder reduced the surface 
area and pore volume by around 20% and 7% (Fig. 4b). The reductions 
occurred mostly in the micropores where some of the PTFE binder was 

Fig. 2. (a) 3D EIS spectra after different durations of floating; (b) Resistance parameters (Rs, Rp, Rct) after fitting.  
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absorbed, while the slight reduction in the mesopores was due to 
compaction during the electrode fabrication process. The appearance of 
a hysteresis loop upon contact with the electrolyte (blank electrode) and 
further growth upon electrochemical cycling (0 h of FVH), inferred that 
the pore structure of the AC electrode was indeed modified by the 
electrochemical process. 

Further reductions in surface area and pore volume were observed as 
the AC electrode (Blank electrode) was contacted with the electrolyte. 
The reductions are in accordance with the observed passivating deposits 
in SEM study. The AC electrode at 0 h of FVH had a remarkable increase 
in micropores compared to the blank electrode, although the total sur-
face area and pore volume decreased. Therefore, the electrochemical 
activation process increased the micropores for charge storage and was 
responsible for the increased capacity retention beyond 100% in phase 
one [25–28]. The electrochemical activation may have opened pores 
that were blocked by the passivating deposits, although the decrease in 
total surface area and pore volume may be related to slight electrolyte 
degradation after the few GCD cycles. At 950 h of FVH, the surface area 
and pore volume decreased further, which inferred that electrolyte 
decomposition continued. The approximately 20% capacity loss was 
commensurate with the reduction in micropore volume after comparing 
the cumulative volume of micropores of the electrode (0.3491 cm3/g) 
with the initial volume at 0 h of floating (0.4662 cm3/g). This was ex-
pected, since the micropores were predominantly where ion adsorption 
and charge storage occurred. Moreover, the isotherm at 950 h of FVH 
was slightly modified, with a more pronounced hysteresis loop occur-
ring within relative pressure of 0–0.4, in contrast with the barely visible 
hysteresis loop at 0 h of FVH. Hence, the pores were also modified by 
possible reactions with electrolyte degradation products such as HF and 
PF5 that could erode active material and passivating deposits [13,29]. 
Furthermore, at 950 h of FVH, the electrode further broadened the pore 

size distribution, with the presence of larger micropores around 1.4–1.6 
nm and smaller micropores < 0.8 nm. 

It was interesting to observe that the AC electrode at 1900 h of FVH 
still retained around 40–50% of the original surface area and pore vol-
ume. Thus, the failure in phase three could be certainly ascribed to the 
loss of ionic species from accelerated electrolyte degradation caused by 
electrode structural integrity alteration and eventual pulverization. 

We further employed XPS to study the surface species evolution at 
different stages. The C1s spectra of the AC powder revealed the presence 
of six peaks at binding energies of 283.7, 284.2, 284.9, 285.5, 286.8 and 
288.9 eV, corresponding to sp (C–––C), AC (C = C), CHx (C–C), C–OH, 
C–O and C = O surface groups (Fig. 5a). The C = C peak was charac-
teristic of AC due to the abundant sp2 like species and is correlated to the 
activation temperature [30]. The elemental composition of the AC 
powder was determined to be carbon (97.7%) and oxygen (2.3%). The 
C1s spectra of the AC electrode (Fig. 5b) revealed similar peaks as the AC 
powder but with a new peak at 291.9 eV, corresponding to the CF2 group 
from the PTFE binder. The oxygenated functionalities on AC are 
responsible for electrolyte degradation and the passivating deposits 
observed at the surface of the blank electrode (Fig. 3c) [11,12,24]. 

The deconvoluted C1s, F1s and P2p spectra of electrodes after con-
tact with the electrolyte are presented in Fig. 6. The C1s spectra of the 
blank electrode (Fig. 6a) showed peaks at 284.2, 286.5, 288.2, 290.1 
and 291.9 eV, assigned to the C = C, C–O, C = O, CO3 and CF2 groups. 
The disappearance of the sp peak indicate that some carbon species were 
reacted. It is also interesting to see that the asymmetric conducting 
carbon shape was modified, and the PTFE intensity was increased in 
comparison to the C1s spectra of the AC electrode (Fig. 5b). The 
increased CF2 intensity suggests that contact with the electrolyte 
exposed more PTFE at the surface after reacting with the oxygenated 
carbon species on the AC electrode. In the P2p spectra, LixPOyFz and 
polyphosphates were identified at 133.7 and 235.5 eV, while LiF, Lix-

POyFz and CF2 species were identified at 685.1, 686.4 and 689.1 eV in 
the F1s spectra. These species together with the oxygenated carbon 
species are the products of LiPF6 and the carbonate solvent decompo-
sition after nucleophilic attack by surface oxygen species and moisture 
in the pores. Moreover, the LiF species could also come from the ion 
paired LiPF6. LiF and PF5 are the equilibrium decomposition products of 
ion paired LiPF6, which is commonly present in incompletely dissociated 
LiPF6 [13,17,31]. PF5 is also responsible for inducing solvent degrada-
tion and other parasitic reactions that may form HF, which is detri-
mental to active material and interfacial stability [13,17,31]. 

The diminished AC peak in the C1s spectra for the electrode at 0 h of 
FVH (Fig. 6a) and the increase of the PTFE peak and oxygenated carbons 
are ascribed to surface passivation and continued electrolyte salt and 
carbonate solvent decomposition. Furthermore, the F1s and P2p spectra 
of the electrode at 0 h of FVH (Fig. 6b and c) showed increased in-
tensities of LiF and phosphate species, confirming enhanced electrolyte 
degradation after the few GCD cycles. This correlates with the reduced 
surface area from the nitrogen physisorption analysis. 

The C1s spectra of the electrodes after 450 h of FVH and at 950 h of 
FVH exhibited similar oxygenated carbon species. The further dimin-
ished AC peak signified intense surface coverage of the electrode, while 
the increased CF2 band suggested exposed/exfoliated binder after sur-
face restructuring. The P2p and F1s spectra showed increased presence 
of phosphates, LixPOyFz and LiF, with the latter being the dominant 
specie. Thus, the capacity fade observed in phase three was caused by 
enhanced anion decomposition. This was in combination with restricted 
access of the already depleted ionic moieties to the pores of the AC 
electrode with decreased pore volumes. 

At 1900 h of FVH, it was interesting to see that the intensity of AC 
was significantly increased, in comparison with the electrode after 950 h 
of FVH. We speculate that this may be related to the spherical amor-
phous specie observed in SEM (Fig. 3g) or caused by AC electrode pul-
verization from possible binder degradation. Moreover, the 
disappearance of the CF2 band at 1900 h of FVH suggested that either 

Fig. 3. SEM images of the (a) AC powder, (b) AC electrode, (c) Blank electrode, 
AC electrode at (d) 0 h of FVH, (e) 450 h of FVH, (f) 950 h of FVH, and (g) 1900 
h of FVH. All images were taken at 10 000X magnification. 
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the AC electrode surface was completely covered by this newly depos-
ited amorphous carbon, or the PTFE binder reacted with adsorbed 
lithium on the surface of the electrode. Although PTFE is known to be 
very stable and unreactive, it could be reduced upon contact with 
lithium to form an amorphous carbon specie and LiF, as shown below 
[29]: 

− (− CF2− )n − +2n Li→n C(amorphous) + 2n LiF 

The presence of AlOxFy species in the F1s spectra at 1900 h of FVH 
(Fig. 6b) supports fluorinated attack of the current collector, which 
could indicate the pulverization of the AC electrode. Meanwhile, the 
increased LixPOyFz and phosphates species signify total salt degradation 
at 1900 h of FVH (Fig. 6c). 

Raman spectroscopy was conducted to investigate changes in 
graphitic order and defects during floating. The spectra were deconvo-
luted using origin software and exhibited five peaks as illustrated in 
Fig. 7a. The two prominent peaks at around 1350 and 1580 cm− 1 are the 
characteristic D and G bands. The latter is attributed to the in-plane 
vibrations of sp2 hybridized carbon, while the former is attributed to 
out of plane vibrations arising from structural defects and multiphases in 
the carbon structure [32]. The D1 band at 1179 cm− 1 is assigned to 
impurities in the graphitic lattice, while the D2 band at 1493 cm− 1 

corresponds to the stacking defects in the graphene layer [32] and the 
presence of sp2 amorphous carbon [33]. The D3 band at 1653 cm− 1 is 
assigned to disorder in the surface graphene layers [32,34,35]. 

The defect ratio was calculated from the intensities of the D and G 
band (Fig. 7b). The defect level increased as the AC powder was 

Fig. 4. (a) Nitrogen adsorption and desorption isotherms, (b) BET Surface area and pore volume, (c) Pore size distributions of AC powder and different AC electrodes.  

Fig. 5. Deconvoluted C1s spectra of (a)AC powder, (b) AC electrode.  
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transformed to the AC electrode and subjected to electrochemical 
cycling. The defects originated from PTFE addition and deposits of 
electrolyte degradation products at the AC surface. Moreover, the 
decrease in the defect ratio after 450 h of FVH was caused by increased 
graphitization as evidenced by the band intensities (Fig. 7c). The band 
intensities in Fig. 7c showed that the D and G band increased in a 
continuous trend until the plateau at 450 h of FVH. Beyond this point, 
increased D2 bands were responsible for the increased defects since the 
other defective bands (D1 and D3) remained relatively the same. 

At 950 h of FVH, the defect ratio increased again and reached 
maximum after 1900 h of FVH. Hence, increased defects also contrib-
uted to the capacity fade. The increased defect level is synonymous with 
increased electrode resistance and reduced particle to particle conduc-
tivity [36]. Moreover, the continuously increasing D2 band at 950 h and 
1900 h of FVH meant that the stacking defects in the graphitized carbon 
structure was significant. Besides, it might also be related to the 
increased presence of sp2 carbons formed after electrochemical 

oxidization of the AC electrode by electrolyte species or binder exfoli-
ation and electrode pulverization discussed earlier. 

4. Conclusion 

The causes of capacity fade in LiC have been investigated via a 
combination of intermittent EIS during floating voltage ageing and post- 
mortem characterization of the AC electrode at different electrochemical 
states. Three phases were identified during the floating voltage that 
corresponded to different electrochemical processes occurring in the cell 
in relation to the capacity fade. The first phase was assigned to the 
modification of the formed passivating deposits on the electrodes that 
permitted increased access of electrolyte species into the pores and the 
observed rise in capacity. The second phase marked the effect of elec-
trolyte decomposition with gradual decrease in capacity, which was 
caused by PF6 anion and other electrolyte species degradation. Here, the 
passivating deposits was built up progressively by the deposition of 

Fig. 6. Deconvoluted XPS spectra showing the (a) C1s, (b) P2p, and (c) F1s peaks of the AC electrode at different stages of FVH after contact with the electrolyte.  
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degradation products. XPS study showed that the products consist of 
oxygenated carbon species, lithium fluorophosphates, lithium fluoride 
and polyphosphate species. Their presence resulted in the gradual 
reduction of available surface area of the AC electrode. In the third 
phase, electrolyte degradation was accelerated with a steep 45-degree 
slope in capacity reduction. We suppose that a combination of 
increased degradation products such as HF and PF5 were responsible for 
catalysing solvent degradation and eventual depletion of the electrolyte 
moieties. Furthermore, the electrode at 80% capacity retention had 
increased phosphates and lithium fluoride as well as diminished AC 
peak, which suggested severe surface coverage by insoluble degradation 
products. Other factors such as increased defect ratio and growth of 
defective bands consisting of sp2 hybridized species were possible con-
tributors to the capacity fade via reduced conductivity. 

We propose that strategies towards extending the cyclic stability and 
delaying the electrolyte degradation on AC cathodes should be targeted 
at improving the anion oxidation resistance. That would reduce the 
deposition of polyphosphates and other anion/LiPF6 salt degradation 
products on the surface of the AC. Further measures could be the 
incorporation of additives to improve LiPF6 dissociation and reduce ion 
pairing, additives for PF5 and HF scavenging, incorporation of alterna-
tive anions with superior electrochemical stabilities, and solvent 

optimization to improve anion stability. These approaches could extend 
the phase one region in the capacity retention profile after engineering 
the passivation layer to be sufficiently resistive towards attack by deg-
radations products. The added benefit of delaying the transition towards 
phase two where anion degradation commences in full could also be 
attained. 
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