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since the operating principles of the NIBs 
are similar to that of “rocking-chair” mech-
anism in LIBs.[2] Although many concepts 
can be adopted from LIB to NIB research, 
the electrochemistry of NIBs turns out 
to be quite different than that of LIBs in 
many aspects, demanding new electrode 
materials and electrolytes to improve the 
performance of NIBs. As one important 
difference, Na+ has a larger ionic radius 
than Li+, which directly affects the mass 
transport and storage in the electro-
chemical reactions. This problem makes 
the currently used LIB anode materials, 
such as graphite, unsuitable for NIBs.[1a,3] 
Therefore, it is critical to develop new suit-
able anode materials for NIBs and carry 
out fundamental studies on their charge 
storage mechanisms.

Large class of 2D transition metal car-
bides and nitrides, so-called MXenes, 
is receiving more and more attention.[4] 
MXenes have shown promising potential 
in electrochemical energy storage applica-

tions due to their high electrical conductivity, good structural/
chemical stability, and large redox-active surface areas.[4] It is 
predicted that MXenes can accommodate cations larger than Li+ 
such as Na+ and K+, because of the laminar nature of MXenes 
with their layers bonded by weak van der Walls forces and the 
inherent larger interlayer spacing.[5] Indeed, several theoretical 
calculation studies have predicted that even two layers of Na+ 
ions can be intercalated between MXene layers[6] which is con-
firmed by a transmission electron microscopy study.[7] However, 

2D vanadium carbide MXene containing surface functional groups (denoted 
as V2CTx, where Tx are surface functional groups) is synthesized and studied 
as anode material for Na-ion batteries. V2CTx anode exhibits reversible charge 
storage with good cycling stability and high rate capability through electro-
chemical test. The charge storage mechanism of V2CTx material during Na+ 
intercalation/deintercalation and the redox reaction of vanadium are studied 
using a combination of synchrotron based X-ray diffraction, hard X-ray 
absorption near edge spectroscopy (XANES), and soft X-ray absorption spec-
troscopy (sXAS). Experimental evidence of a major contribution of redox reac-
tion of vanadium to the charge storage and the reversible capacity of V2CTx 
during sodiation/desodiation process are provided through V K-edge XANES 
and V L2,3-edge sXAS results. A correlation between the CO3

2− content and 
the Na+ intercalation/deintercalation states in the V2CTx electrode observed 
from C and O K-edge in sXAS results implies that some additional charge 
storage reactions may take place between the Na+-intercalated V2CTx and the 
carbonate-based nonaqueous electrolyte. The results of this study provide 
valuable information for the further studies on V2CTx as anode material for 
Na-ion batteries and capacitors.
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Sodium-Ion Batteries

1. Introduction

Na-ion batteries (NIBs) have been considered promising for 
large-scale energy storage applications due to their potentially 
low-cost and natural abundance.[1] They also may provide a 
viable attraction in portable storage due to elimination of need 
for heavy and fairly expensive copper current collectors. More-
over, the accumulated knowledge and technology of lithium-ion 
batteries (LIBs) enables fast advancements of NIBs research 
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most of the studies on their electrochemical behaviors as anode 
materials for NIBs have been focused on the theoretical calcula-
tions only and not many systematical experimental studies have 
been reported. To date, only Ti2C[8] and Ti3C2

[7] have been exper-
imentally studied as anode materials for nonaqueous Na-ion 
capacitors and NIBs, respectively. Kajiyama et al. reported the 
electrochemical reaction mechanism of Ti3C2 based on the 
structural changes examined by X-ray diffraction (XRD) and 
solid state 23Na magic angle spinning NMR analyses during 
Na+ intercalation/deintercalation.[9] Their work revealed that 
the interlayer distance of Ti3C2 MXene is maintained during 
the whole sodiation/desodiation process due to the pillaring 
effect of trapped Na+ ions and the swelling effect of penetrated 
solvent molecules between Ti3C2 MXene sheets. However, the 
charge storage mechanism of MXenes is not fully understood 
yet, mainly due to the lack of answers to the basic questions 
such as: where does the redox reaction take place and what ele-
ments are the major contributor to the redox process during 
the charge storage? Therefore, it is important to study the elec-
tronic state changes associated with redox reactions, in addition 
to the structural changes by XRD, for further understanding of 
charge storage mechanisms of MXenes in NIBs.

Among different MXenes known to date, V2C has not 
received much attention in NIBs so far, although the theoretical 
studies predicted it might be one of the most promising anode 
materials for NIBs. It has already shown promise as a cathode 
for Na-ion capacitors.[10] From previous studies, it is known 
that MXenes synthesized using hydrofluoric acid (HF) contain 
oxygenated and fluorinated surface functional groups such as 
O, OH, and F.[5,11] Therefore, V2C synthesized this way 
is denoted as V2CTx to indicate the presence of surface func-
tional groups as Tx. Please note that the effects of such surface 
chemistry are not the subjects of this work. In this study, we 
report on the electrochemical properties and the charge storage 
mechanism of V2C MXene as anode material for NIBs. To do 
so, we used XRD, hard X-ray absorption near edge spectroscopy 
(XANES), and soft X-ray absorption spectroscopy (sXAS) were 
used to study the structural, physical, and chemical proper-
ties of V2CTx when used as anode material for NIBs in order 
to understand its charge storage mechanisms. The combined 
use of XANES and sXAS provides very important informa-
tion about the redox reaction evidenced by the electronic state 
changes in each element of V2CTx (i.e., V, C, and O).

2. Results and Discussion

2.1. Electrochemical Sodium-Storage Behavior in V2CTx MXene

Electrochemical measurements were carried out to observe 
the feasibility of using V2CTx MXene in Na-ion batteries 
and capacitors. However, since the goal of this work was a 
fundamental study of Na-ion insertion, we did not focus on 
electrode optimization and maximizing electrochemical per-
formance. Figure 1a shows cyclic voltammetry (CV) curves 
of V2CTx anode in a 1 m NaPF6/ethylene carbonate (EC)–
dimethyl carbonate (DMC) electrolyte using 1 mV s−1 scan 
rate. The first cathodic scan exhibits an irreversible current 
below 1.0 V (vs Na/Na+) while all of the subsequent CV cycles 

exhibit the stable quasi-rectangular CVs. The lack of a strong, 
well-defined redox peak in the CVs of V2CTx corresponds to 
typical pseudocapacitive charge storage behavior. The large 
irreversible current at the first cathodic scan is most likely 
due to the formation of solid electrolyte interphase (SEI) 
layer. A similar CV behavior has been previously reported in 
other MXenes using both aqueous and nonaqueous electro-
lytes.[8,12] For example, Ti3C2Tx cycled in aqueous electrolyte 
(i.e., 1 m Na2SO4) exhibits a quasi-rectangular CV attributed 
to pseudocapacitive charge storage.[12] Also, Ti2CTx cycled in 
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Figure 1. a) Cyclic voltammetry for V2CTx in a 1 m NaPF6/EC–DMC 
electrolyte at a scan rate of 1 mV s−1, b) galvanostatic charge/discharge 
curves measured between the cut off voltages of 0.1–3.0 V (vs Na/Na+) 
at 10 mA g−1, and c) change of the capacity during galvanostatic charge/
discharge at different rate.
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nonaqueous electrolyte, i.e., 1 m NaPF6/EC-DEC, shows stable 
rectangular CVs.[8]

Figure 1b shows the galvanostatic charge/discharge curves 
measured in the voltage range of 0.1–3.0 V (vs Na/Na+) at 
10 mA g−1 in a half cell using nonaqueous electrolyte. The first 
discharge curve exhibits a voltage plateau at ≈1.0 V, delivering 
220 mA h g−1 total capacity. The following first charge curve 
shows a capacitive slope but with a much smaller capacity of 
≈125 mA h g−1, resulting in a low Coulombic efficiency of 53% 
for the first cycle. Such large irreversibility and low Coulombic 
efficiency of V2CTx at initial few charge/discharge cycles, are 
similar to the previously reported results for Ti2CTx

[8] and 
Ti3C2Tx.[9] The irreversible capacity loss is most likely caused 
by side reactions such as SEI formation and electrolyte decom-
position. However, after the few initial cycles, the subsequent 
charge/discharge curves exhibit typical capacitor-like shape in 
whole voltage range, with a reversible capacity of ≈90 mA h g−1 
at a current density of 10 mA g−1. The V2CTx exhibits good 
rate capability as shown in Figure 1c. Even when cycled at very 
high rate of 1 Ag−1, still 56% of the 90 mA h g−1 initial capacity 
at 10 mA g−1 can be remained. After that, when a low rate of 
10 mA g−1 is used, a reversible capacity of 83 mA h g−1 can 
be restored. The constant current charge/discharge cycling 
at 20 mA g−1 is also shows good cycle stability with specific 
capacity of ≈78 mA h g−1 up to 100 cycles (Figure S1, Sup-
porting Information). The good cycle stability and high rate 
capability of V2CTx make this material a potential candidate 

for energy storage applications, if the capacity can be signifi-
cantly increased. As shown in Figure S2 (Supporting Informa-
tion), some diffraction peaks representing the precursor ternary 
carbide residue (i.e., V2AlC) are observed in the XRD pattern 
for pristine V2CTx. Such residue may reduce the charge/dis-
charge capacity.[10] Also, design of the electrode architecture 
is of the extreme importance for achieving high capacity.[13] In 
addition, it is believed that the irreversible capacity loss during 
the first cycle can be reduced in the future by optimizing the 
composition of the electrolytes as well as using advanced addi-
tives. Therefore, the capacity of this material can be further 
improved, by optimizing the synthesis method and improving 
quality of MXene[14] as well as choosing suitable electrolyte.

2.2. Charge Storage Mechanism in V2CTx MXene

2.2.1. X-Ray Diffraction

Based on the lamellar structure of V2CTx, its charge storage 
mechanism is closely related to the Na+ ion intercalation/
deintercalation between V2CTx layers. Synchrotron-based ex 
situ and in situ XRD experiments were carried out to monitor 
the bulk structural changes upon Na+ ion intercalation/deinter-
calation during electrochemical cycling.

Figure 2a presents ex situ XRD patterns at the 2θ angle 
range corresponding the (002) reflection of V2CTx at several 
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Figure 2. a) Ex situ XRD patterns (left) for V2CTx upon electrochemical sodiation/desodiation cycling (right). The (002) peak shifts during the first 
charge/discharge represent the change in the V2CTx interlayer spacing. The (002) peaks for the sixth cycle are shown at the top by dashed lines. 
b) Schematic illustration of the expansion/contraction behavior of V2CTx during sodiation/desodiation: the interlayer distance of V2CTx is increased 
upon Na+ intercalation during sodiation process, then partially reduced upon Na+ deintercalation, because of the trapped Na+ between V2CTx layers, 
which behaves as a pillar during desodiation.
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charge/discharge (i.e., sodiation/desodiation) states during the 
first cycle. The charge–discharge curve is also plotted on the 
right panel of Figure 2a. During the first sodiation process, 
the (002) diffraction peak in the XRD pattern moved from 
9.3° to 8.1° from the open circuit voltage (OCV) state to the 
0.1 V state, corresponding to an expansion of c-lattice parameter 
(c-LP) of V2CTx from 19.0 to 21.8 Å. As illustrated in Figure 2b, 
beside the Na+ adsorption at the surface of V2CTx, that resulted 
in the double-layer storage, additional energy storage also 
occurred through Na+ intercalation between the layers of V2CTx. 
This behavior is similar to that of previously reported Ti2CTx 
and V2CTx MXene materials.[8,11] However, during subsequent 
desodiation (or deintercalation) process, the contraction of 
interlayer distance (≈1.03 Å) is much smaller than the 1.40 Å 
expansion during the first sodiation. In situ XRD during first 
sodiation/desodiation was also carried out, in order to confirm 
the expansion/contraction behavior of V2CTx. The expansion/
contraction of c-LP from in situ XRD data (plotted in Figure S3 
in the Supporting Information) is consistent with ex situ XRD 
results. Such irreversible expansion/contraction during Na+ 
intercalation/deintercalation had been reported for other 
MXene materials, such as Ti2CTx

[8] and Ti3C2Tx.[10] Wang et al. 
reported that the interlayer distance of Ti2CTx increases from 
7.7 to 10.1 Å during the initial sodiation but no more changes 
of this distance are observed during subsequent sodiation/deso-
diation.[8] This irreversible behavior implies that some residual 
Na+ ions may not be fully deintercalated during desodiation and 
remain as pillars between the V2CTx layers. The XRD patterns 
for the V2CTx electrodes after six cycles shown in the top part of 
Figure 2a provides further support of this hypothesis. Interest-
ingly, two peaks (marked as peaks A and B shown with dashed 
lines) are observed in the (002) peak region for the sample after 
six cycles of charge/discharge. The two XRD patterns for fully 

sodiated (0.1 V) and fully desodiated (3.0 V) samples after six 
cycles are quite similar, except the intensity ratio of A to B peak 
is larger at the 0.1 V state. The peak A appears at the same posi-
tion as the peak for the first fully discharged sample, while the 
peak B is at the same position for the first fully charged sample. 
This double peak feature of the (002) reflection indicates the 
coexistence of two different interlayer spacings and implying 
the Na+ ion were trapped in the V2CTx structure.

The origin of this Na+ trapping in the V2CTx structure is not 
fully understood yet. According to Wang et al.[8] and Kajiyama 
et al.[9] studies on Ti3C2Tx MXene, it might be related to the 
interaction between Na+ ions and the surface functional groups 
of MXene layers, as well as the formation of a stable SEI.[8,10] 
Kajiyama et al.[9] also proposed that both, the trapped Na+ and 
a stable SEI layer, are responsible for keeping the interlayer 
distance constant during the sodiation/desodiation and lead to 
high cycle stability of Ti3CTx electrode.[9]

2.2.2. Hard XANES

In order to study the oxidation state change of vanadium during 
the sodiation/desodiation, hard XANES spectra for V2CTx at 
several different discharge–charge voltages were measured. 
XANES, as a powerful tool to probe the oxidation states of 
elements, has been successfully used in the past to study the 
charge storage mechanism.[12,15] The ex situ V K-edge XANES 
spectra presented in Figure 3a were measured on samples har-
vested from cells discharged and charged to different voltages 
during the first cycle (OCV→0.1 V→3 V), as shown on the 
charge/discharge curve in Figure 3b.

The V K-edge XANES spectra presented in Figure 3a show 
a relatively weak pre-edge peak (marked as A) at 5470 eV 
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Figure 3. a) Ex situ V K-edge XANES spectra of V2CTx at selected cell voltages during first sodiation/desodiation process (OCV→0.1 V→3 V), b) corre-
sponding voltage profile, and c) variation of V edge energy (at half height of normalized XANES spectra) at selected cell voltage.
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and a strong main absorption peak (marked as B) at around 
5485 eV. The pre-edge absorption is associated with the tran-
sition to hybridized electronic states of the metal 3d and 
carbon 2p orbitals.[16] The pre-edge peak of V2CTx spectra can 
be assigned to the transition of a 1s electron to the hybridized 
t2g (V 3d + C 2p) and eg (V 3d + C 2p) orbitals. And the main 
absorption peak “B” involves the dipole allowed transition of 
1s electrons to unoccupied V 4p states.

The spectra for V2CTx at different discharge/charge states 
do not show significant differences in shapes, but the edge 
shift is clearly observable during both discharge and charge 
process (inset in Figure 3a). A plot of the V K-edge energies, 
at half height of normalized XANES spectra, as a function of 
sodiation/desodiation state in Figure 3c clearly show the con-
sistent energy position changes from one voltage step to the 
next. During first sodiation process from OCV to 0.1 V, the 
edge shifts to lower energy, which reflects the reduction of 
vanadium. During desodiation process from 0.1 to 3 V, the 
edge shifts back to the higher energy indicating the oxidation 
of vanadium. In order to confirm these changes, in situ XAS 
were measured during the first cycle. The results plotted in 
Figure S4 (Supporting Information) show systematic edge shift 
upon sodiation/desodiation consistent with the ex situ results. 
The corresponding edge-shift (i.e., oxidation state changes of 
vanadium) is less irreversible in contrast to the large irrevers-
ible capacity loss observed at the first sodiation process. These 
results provide experimental evidence of reversible oxidation 
state changes at transition metal (M) in MXene relating to the 
electrochemical sodiation/desodiation process, with the impor-
tant implication about the major contribution to charge storage 
of MXenes in NIB might be coming from the redox reaction at 
the metal elements, in our case the vanadium.

In order to verify this hypothesis, we tried to quantified the 
oxidation state changes of vanadium by comparing the average 
oxidation state and half height intensity of edge energy of 
V K-edge XANES spectra for V2CTx with the reference vana-
dium oxides (i.e., V2O5, VO2, and V2O3), as shown in Figure 4. 
Based on the linear relationship between the edge energy and 
average oxidation state,[17] the oxidation state of vanadium can 
be roughly estimated in the V2CTx electrode at each voltage 
step. In order to avoid the uncertainties introduced by other 
side reactions during the first sodiation process, we only used 
the data from the first desodiation process.

During the first desodiation, the average oxidation state 
change of vanadium is about the charge of 0.2 electron (i.e., by 
≈0.2 ē per V atom) over the voltage range from 0.1 to 3 V. To 
check the viability of this value, the corresponding capacity was 
estimated by using the following formula: Cg = Fδ/Mw, where 
Cg [mA h g−1] stands for gravimetric capacity, F [96485 C mol−1] 
is Faraday’s constant, δ is number of electrons participating in 
electrochemical reaction (equal to 0.2 × 2 = 0.4 in this study 
since there are two V atoms in V2CTx), Mw [g mol−1] is the 
molar weight, and the assumed electrochemical reaction is 

V CT e Na Na V CT2
–

2x xδ δ+ + → δ
+

 (1)

The overall formula weight of V2CTx is assumed as 
114 g mol−1 based on the nominal molar weight for V2C. 
The specific capacity value of 94 mA h g−1 was obtained.  

Considering that the real formula weight of V2CTx is heavier 
than the bare V2C (due to the presence of the Tx functional 
groups), the true specific capacity value should be smaller than 
94 mA h g−1. This estimated value is in a good agreement with 
the experimental capacity of 90 mA h g−1 obtained for the first 
desodiation step, although this method is semiempirical and 
the estimation is rather rough. It is worthwhile to note that the 
reversible redox behavior of V was observed from the edge-shift 
of ex situ XAS spectra for cycled V2CTx (at sixth cycle) samples 
(spectra are shown in Figure S5 in the Supporting Information).

These results are quite important in showing that the elec-
trochemical redox reaction mainly takes place at the vanadium 
sites during sodiation/desodiation process, and this redox reac-
tion is the major contributor to the reversible capacity of V2CTx. 
In addition, they also provide evidence supporting the state-
ment made earlier in this paper about the irreversible capacity 
loss being mainly caused by the irreversible side reactions, 
such as SEI formation and/or electrolyte decomposition during 
first sodiation process.

2.2.3. Soft X-Ray Absorption Spectroscopy

Although the V K-edge XANES results plotted in Figures 3 
and 4 show clear evidence of the contribution of Vanadium oxi-
dation state changes to the charge storage, it would be more 
convincing if a direct probe of V 3d state changing during sodi-
ation could be performed. Soft X-ray absorption spectroscopy is 
a more direct probe of the transition metal 3d oxidation states 
and chemical bonds through the diploe allowed 2p–3d transi-
tions.[18] Therefore, the sXAS of the V L2,3-edge on a series of 
V2CTx electrodes with different charge/discharge states were 
carried out to reveal directly the evolution of the vanadium 

Adv. Energy Mater. 2017, 7, 1700959

Figure 4. Average vanadium oxidation state determination in V2CTx 
during sodiation/desodiation process, using the V K-edge energy shift of 
the reference V2O3, VO2, and V2O5 compounds.
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unoccupied 3d states. In addition, the two typical detection 
modes of sXAS were used: the total electron yield (TEY) with 
a probe depth of about 10 nm; and the total fluorescence yield 
(TFY) with a probe depth of about 100 nm depending on 
photon energies; providing the information about the differ-
ences between the surface and the bulk of a battery electrode.[19] 
We also collected the C and O K-edge sXAS spectra in both 
TEY and TFY modes on a series of V2CTx electrodes to reveal 
the surface chemistry evolution of V2CTx upon electrochemical 
cycling.

Figure 5 shows the V L2,3-edge sXAS spectra collected from 
five V2CTx electrodes cycled to different voltages using both 
(a) bulk-sensitive TFY and (b) surface-sensitive TEY. The overall 
sXAS spectra can be divided into two regions, the L3-edge at 
the energy range of 510–520 eV and the L2-edge at 520–530 eV, 
originated from the 2p core hole spin-orbital splitting. The 
L2-edge displays much broader features than the L3-edge due to 
shorter lifetime of the 2p1/2 core holes and the near-threshold 
Coster–Kronig decay.[20] Therefore, we focus on the line shape 
of the V L3-edge in this work. It is apparent that L3-edge in TFY 
spectra display dramatic voltage-dependent changes, which are 
related to the vanadium redox reactions in the bulk V2CTx. The 
516.7 eV peak intensity decreases from 1–0.1 V and increases 
from 0.1 to 3 V, while the lower energy peak at 513 eV shows 
just the opposite trend. The two sXAS features are related to 
the two different oxidation states of V, i.e., the high energy peak 
at 516.7 eV represents a higher oxidation state and its inten-
sity increases when the average oxidation state of vanadium 
increases.[21] Therefore, the changes in sXAS intensity and line 
shape changes clearly demonstrate the reduction of the V ions 
during the initial discharge from 1.0 down to 0.1 V. Unlike in 
the V K-edge spectra, where the reduction of average oxidation 
of vanadium was indicated by the edge shift to lower energy, for 
the L3 edge spectra, such reduction is indicated by the reduc-
tion of intensity ratio of 516.7 eV/513 eV peaks, which can be 
clearly observed by the significant enhancement of the 513 eV 
peak intensity at 0.1 V (sodiated).[21]

Due to the sensitivity of the transition-metal L-edge sXAS to 
the valence 3d,[18] the data in Figure 5 also show clearly that 
the V L-edge line shape does not fully recover when the V2CTx 
electrode is charged back to 3 V from its discharged state 
(0.1 V). This indicates that the V redox is not fully reversible 

in the initial cycle, which is consistent with the low Coulombic 
efficiency obtained by electrochemical test. Another observa-
tion is that the surface-sensitive TEY spectra (Figure 5b) show 
much weaker change, compared with that of the bulk-probing 
TFY (Figure 5a), indicating less changes in vanadium oxidation 
states at the surface of V2CTx electrode during cycling. Com-
bining these results with those of XRD and V K-edge XANES, 
it can be concluded that the redox reaction of vanadium mainly 
takes place in the bulk of V2CTx during Na+ intercalation/dein-
tercalation rather than at the surface. Thus, the entire volume 
of the MXene particles is intercalated by Na ions and most of 
the charge has been stored due to intercalation, rather than a 
double layer on the externally accessible surfaces.

Another critical issue associate with anode materials is the 
surface reactions during the electrochemical cycling. The 
voltage dependent sXAS studies of the surface C and O species 
of the V2CTx electrodes were also carried out. The results are 
shown in Figure 6 for C K-edge and Figure 7 for O K-edge 
using both bulk-sensitive TFY and surface-sensitive TEY detec-
tions. Both the C K-edge and the O K-edge results show very 
interesting sodiation/desodiation state dependent evolution of 
the spectra during the electrochemical cycling. The three major 
absorption peaks on the C K-edge sXAS spectra are marked in 
Figure 6, assigned to CC, CH, and CO3

2−, respectively.[22] 
The most notable change is the increased intensity of the peak 
representing CO3

2− with increasing sodiation states of the 
V2CTx, and decreased intensity with increasing desodiation 
state. The same phenomena could be observed on the O K-edge 
sXAS as shown in Figure 7 the fingerprint peak of CO3

2− in  
O K-edge spectra[23] evolves in the same way as in the C K-edge. 
In contrast to the V-L sXAS line shape evolution that mani-
fests strongly in the bulk-sensitive TFY mode (Figure 5a), the 
line shape changes of the C-K (Figure 6) and the O-K spectra 
(Figure 7) is more pronounced in the surface-sensitive TEY 
mode. This suggests that the changes of the CO3

2− species, 
unlike changes in V oxidation state, are mainly taken place 
at the surface. It is speculated that the reaction is occurred 
between the Na+-intercalated V2CTx and the carbonate-based 
nonaqueous electrolyte solvents, i.e., EC and DMC, used in 
this study. However, a detailed interpretation of such changes 
of the sXAS spectra of the surface CO3

2− species is complicated 
and several points may be worthwhile to mention: (1) Although 
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Figure 5. V L2,3-edge sXAS spectra collected on electrodes that were cycled to different voltages. a) Bulk-sensitive total fluorescence yield (TFY) and 
b) surface-sensitive total electron yield (TEY).
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the change of the CO3
2− content mostly occurs at the surface, it 

is also observable in the bulk-sensitive TFY results. This bulk 
structural change is also observed from the intensity changes 
of Na2CO3 related peaks from the XRD results, as shown in 
Figure S6 (Supporting Information). This Na2CO3 related 
structural changes are also observed for cycled samples (Figure 
S7, Supporting Information), which reflect the reversibility 
of the reaction. Kajiyama et al. reported that the Ti3C2Tx elec-

trode exhibits desolvated Na+ intercalation 
between the Ti3C2Tx layers which are swelled 
by solvent molecule penetration.[9] Taking 
into account their result with our XRD data 
(Figure 2a), it is expected that the CO3

2− con-
tent in bulk structure is not influenced by 
Na+ intercalation/deintercaltion, because the 
solvent molecule penetration occurs only at 
the first sodiation process with desolvated 
Na+ intercalation. Therefore, the change of 
CO3

2− content in TFY result is not a result 
from the solvent intercalation/deintercala-
tion into the V2CTx bulk structure. Rather 
than that, it is possible that a reaction take 
place between Na+-intercalated V2CTx and 
the electrolyte, because the sodium-inter-
calated V2CTx is highly active. (2) Also, we 
note that the evolution of carbonate signal 
in our sXAS result indicates the instability 
of SEI on the electrode surface upon electro-
chemical cycling. (3) It is quite interesting to 
see the highly reversible CO3

2− related reac-
tion in this system through the C K-edge and 
O K-edge sXAS spectra, which is worth of 
further investigation, considering its poten-
tial application in NaCO2 battery systems, 

as previously reported by Hu et al.[24] (4) Finally, the possibility 
of CO3

2− contamination of the V2CTx samples used in this study 
cannot be completely ruled out. Although the experimental pro-
cess was well-controlled under zero air exposure conditions, 
some trace amount of H2O, O2, and CO2 could be introduced 
even in high-purity Ar glove box.

Clarifying the detailed reaction mechanisms at the electrode–
electrolyte interface has been one of the grand challenges in the 

battery field. The surface evolution of MXene 
electrodes revealed through our sXAS data 
justifies more detailed studies of the process. 
Our preliminary results on the surface CO3

2− 
activity described in this paper provide valu-
able information for further studies on CO3

2− 
related systems.

3. Conclusion

V2CTx MXene shows reversible electrochem-
ical charge storage with good cycling stability 
and high rate capability which are important 
characteristics for the high power battery and 
Na-ion capacitor applications. The charge 
storage mechanisms were studied using 
a combination of ex/in situ synchrotron 
based XRD, XANES, and sXAS. The XRD 
results confirm that the expansion/contrac-
tion of the interlayer space of V2CTx upon 
Na+ intercalation/deintercalation during the 
first cycle. V K-edge XANES results clearly 
show the redox reaction of vanadium during 
the Na+ intercalation/deintercalation, which 

Adv. Energy Mater. 2017, 7, 1700959

Figure 6. C K-edge sXAS spectra collected on electrodes that were cycled to different voltages. 
a) Bulk-sensitive TFY and b) surface-sensitive TEY. Vertical lines are guide to eyes of the finger-
printing features of the different chemical bonds.

Figure 7. O K-edge sXAS spectra collected on electrodes that were cycled to different voltages. 
a) Bulk-sensitive TFY and b) surface-sensitive TEY. Vertical lines indicate the feature that cor-
responding to the π* peak of the CO3

2− groups.
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implies that the redox reaction at the transition metal (M) site 
in MXene is responsible for the electrochemical charge storage. 
The results of V L2,3-edge sXAS experiments provided further 
direct evidence of such a redox reaction of vanadium within the 
MXene. In addition, C and O K-edge sXAS results shows poten-
tially important features related to the reversible formation/
decomposition of CO3

2− species upon sodiation/desodiation. 
This surface related reaction is still not fully understood, but 
may provide valuable information for further understanding of 
V2CTx electrodes as well as CO3

2− related redox systems.

4. Experimental Section
Material Synthesis and Electrochemical Test: V2CTx was synthesized 

by selectively etching the atomic layers of aluminum from V2AlC 
MAX phase with a 50% concentrated HF solution for 8 h at 55 °C 
followed by washing the powder to raise the acidic pH to ≈6. More 
experimental details of material synthesis are described in the previous 
publication.[7,10] The electrode was fabricated by slurry coating of a 
mixture of active material (V2CTx): acetylene black: polyvinylidene 
fluoride binder in 8:1:1 weight ratio, onto Al foil. The electrode was dried 
at 80 °C in vacuum for overnight before use. A two-electrode 2032 coin 
cells were assembled with pure sodium metal as the counter electrode 
and a glass fiber as the separator in an argon-filled glove box. The 
electrolyte was 1 m NaPF6 dissolved in EC–DMC with the ratio of 3:7 
by volume. SP-300 Potentiostat/galvanostat (Biologic SA, France) was 
used for electrochemical testing by cyclic voltammetry and glavanostatic 
charge–discharge. For the in situ XAS and XRD measurement during 
electrochemical testing, a two-electrode 2032 coin-type cell with two 
3 mm diameter coaxial holes on both sides was used. The holes were 
sealed with polyimide (Kapton) tape.

Ex/In Situ XRD Measurement: Ex situ XRD data were collected at 
XPD-1 (28-ID-1) beamline of National Synchrotron Light Source II 
(NSLS-II) using 2D image plate detector. The beam was calibrated to a 
wavelength of 0.185794 Å, and the 2D data were integrated to simulate a 
1D pattern using the Fit2D software.[25] In situ XRD measurements were 
performed at the beamline 17-BM-B at the Advanced Photon Source 
(APS) of Argonne National Laboratory (ANL), using X-rays of wavelength 
λ = 0.72768 Å with a Perkin-Elmer 2D plate detector in 1 min interval. 
A Na2Ca3Al2F14 standard was used to calibrate the sample-to-detector 
distance (i.e., 385.4 mm), and then the 2D diffraction patterns were 
radially integrated and converted to intensity versus 2θ format using the 
GSAS-II software.[26] For convenience, the 2θ values shown in this paper 
were converted to those corresponding to common laboratory Cu Kα 
radiation (λ = 1.5406 Å).

Ex/In Situ V K-Edge XANES Measurement: Ex situ V K-edge XAS 
measurement were performed at the beamline 12-BM at the APS and ISS 
beamline (8-ID) at the NSLS-II. In situ V K-edge XAS measurement were 
performed at the beamline 9-BM at the APS. All spectra were collected 
in transmission mode. The beam intensity was detuned to 50% of its 
initial intensity to minimize the high-order harmonics. Reference spectra 
of vanadium metallic foil was collected simultaneously with all of the 
spectra for energy calibration. XANES spectra were processed using the 
ATHENA software package.[27] The photoelectron energy origin E0 was 
chosen at the half height of the normalized absorption edge jump.

Ex/In Situ sXAS Measurement: V L2,3-edge, C, and O K-edge sXAS 
measurements were performed in iRIXS endstation at beamline 8.0.1 
of the advanced Light Source (ALS) at Lawrence Berkeley National 
Lab.[28] The undulator and spherical grating monochromator supply a 
linearly polarized photon beam with resolving power up to 6000. The 
experimental energy resolution is about 0.15 eV. Experiments were 
performed at room temperature and with the linear polarization of the 
incident beam oriented at 45° to the sample surfaces. All the spectra 
were normalized to the beam flux measured by the upstream gold mesh. 
For the measurement, a group of coin cells with the MXene electrodes 

were electrochemically cycled to different voltages. Afterward, they were 
disassembled carefully in Ar glove box then immediately rinsed with 
DMC to lock their electrochemical states. The electrodes were loaded 
into a home-designed sample transfer kit in glove box and were later 
directly mounted into the ultrahigh vacuum XAS characterization 
chamber to avoid any air exposure.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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