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Materials preparation 

1. Synthesis of the MAX phase of V2AlC 

The MAX phased ternary carbide of V2AlC material was synthesized from the mixture of high 

purity (>99%) commercial powders such as vanadium (V, 300 mesh), aluminum (Al, 200 mesh) 

and graphite (C, 200 mesh) as precursors and weighed according to the molar ratio of 2:1.2:1, 

respectively. The mixed powders were finely ground with an agate mortar and pestle; the mixture 

was transferred into an alumina crucible; annealed at 1400 °C for 2 h under argon atmosphere in 

a tubular furnace with a heating ramp rate of 5°C min-1 and cooled down to room temperature 

(RT). As the melting point of Al was relatively low (at 660°C), the aluminum content was 

appropriately increased to avoid the inevitable weight loss of Al in the initial composition to have 

happened at a higher temperature. The obtained sample was treated in 10 M H3PO4 solution at 

80 °C for 12 h to remove any possible residual impurities of Al8V5 and V2C from V2AlC. The 

resulting pellet-like sample was crushed with stainless steel (SS) based mortar and pestle; ball-

milled using ethanol for 5 min repeatedly, until getting fine particles and eventually sieved through 

a SS sieve (600-mesh) to yield very fine particles with size <25 μm and dried in vacuum condition 

at 80°C overnight. To remove ultra-fine particles, the obtained sample was further redistributed in 

deionized water in about 1L beaker; sonicated for a few minutes and the solution was allowed to 

settle down (10-15 min) and the ultra-fine particles floating in the water surface were carefully 

decanted. The remaining sediment was retained at the bottom of the beaker that was dried in 

vacuum at 60°C overnight and collected for further study. 

 

 

 



S3 

 

2. Detailed synthesis protocol of V2CTx MXenes  

Typically, sodium fluoride (2 g) was ultrasonically mixed with the solution of 40 mL of 

concentrated hydrochloric acid for about 15 min. Subsequently, the V2AlC powders (1.5g) were 

gradually transferred into the above-prepared etching solution with constant stirring using a 

magnetic pellet taken in a Teflon jar with a lid; the jar was kept in a silicone oil bath over a hot 

plate; the solution temperature was slowly raised to 90°C with the help of a thermometer in a 

laboratory fume hood. The temperature was constantly kept monitored for 72 h, as an optimized 

reaction duration and cooled down to RT. The acidic solution was diluted in deionized water and 

centrifuged several times (6000 rpm, 6 min/cycle). Each cycle, the filtrate was decanted as waste 

to eliminate any undesirable adsorbed ions, and the residual fluoride salts until the pH of the 

solution became neutral (~6.5). The resulting product was further purified with ethanol under 

sonication for several times to eliminate unetched MAX phase material. The final product was 

dried at 60° C under vacuum for 12 h. The product yield was found to be about 45-50 %. 
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Figure S1. The Open Circuit Voltage (OCV) recorded for a typical Zn//V2Ox@V2CTx coin cell 

battery sample assembled showing the initial potential of ~1.17 V. 
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Figure S2. SEM image of the as-prepared and unreacted MAX Phase of V2AlC flakes. 
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Figure S3. (a) STEM and (b) TEM images of the fully exfoliated V2CTx MXene flake. 

 

The scanning transmission electron microscopy (STEM) and the transmission electron microscopy 

(TEM) including high-resolution TEM (HR-TEM) characterization were utilized to examine the 

detailed features of the surface morphology and nanostructures of the as-prepared V2CTx MXene 

flakes. As can be seen from both the STEM and TEM images (Figure S3a and S3b),  the surface 

of the fully exfoliated MXene films seem to have smoothly appeared with a typical 2D layered 

structures with a larger area and confined thickness which could reveal a transparent nanosheet-

like surface morphology consisting of some folds with significant curls at the edges. This could 

maintain a certain toughness since the sheets are very stable even under the exposure of using a 

high electron beam radiation of 200 kV in the STEM and TEM analysis. 

 

 

 

 



S7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Energy-dispersive X-ray spectroscopy (EDS) analysis of the prepared (a) MAX 

phase of V2AlC and (b) V2CTx MXene flakes obtained after the etching process. 
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Figure S5. Ex-situ high-resolution XPS spectra of the (a) O 1s and (b) Al 2p core-level regions 

for the pristine, fully discharged (0.2 V), and fully charged (1.6 V) states of the cathode.  

 

As can be seen from Figure S5a, the core-level region of the oxygen spectra verifies the presence 

of three different chemical compositions of oxygen-related compounds. The O 1s region that can 

be de-convoluted into 3 major peaks corresponding to the existence of the species of O2−, OH−, 

and H2O molecules, respectively.1 

Among them, upon the discharged state of the electrodes, the relative intensity of the peak 

associated with the crystalline H2O molecule was found to be intensely increased indicating the 

insertion of H2O molecules with the zinc-aqua cationic [Zn (H2O)6 
2+] groups might be 

incorporated into the structure together. The peak intensity decreased significantly upon fully 

charged state, confirming the phenomenon of reversible insertion and extraction of H2O molecules 
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along with zinc aqua cations into the host lattice during discharged, charged states, respectively. 

Furthermore, the existence of the crystalline water molecules could be beneficial for the 

electrostatic shielding of metal ions, leading to effective ionic mobility, good chemical kinetics, 

and enhanced rate performance.2 Additionally, it is to be pointed out that the presence of Al 2p 

core level spectrum (Figure S5b) shows the existence of an unchanged characteristic peak located 

at 70.2 eV confirms the stability of Al3+ in the host lattice in all the 3 states that may be 

advantageous to solidify the other V-based cathodes during charge and discharge states leading to 

improved electrochemical performance.3, 4 
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Figure S6. SEM images of the partially exfoliated V2AlC products found at different 

magnification levels. 
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Table S1. Comparison of electrochemical performance of the prepared V2Ox@V2CTx MXene 

electrode with the reported vanadium-based oxide cathodes for ZIBs. 

 

 

 

 

 

 

 

Cathode 

Voltage 

window 

(V) 

Specific capacity Cycling performance 

Ref. Capacity 

(mAh g-1) 

Current 

(A g-1) 

Capacity 

retention 

Cycle 

number 

Rate at 

Current 

(A g-1) 

Zn0.25V2O5• 

nH2O 

0.5-1.4 282 0.2 81 % 1000 2.4 5 

V2O5 0.4-1.4 224 0.1 121 mAh g-1 400 1 6 

Na0.33V2O5 0.2-1.6 367 0.1 93 % 1000 1 7 

Na2V6O16∙ 

1.63H2O 

0.2-1.6 352 

 

0.05 90% 6,000 5 8 

VO2(B) 0.3-1.5 357 0.043 91.2% 300 0.1 9 

VO2 (D) 0.2-1.5 442 0.1 81% 1200 3 10 

CuV2O6 0.3-1.6 427 0.1 99.3% 3000 5 11 

AgnV2O5 0.2-1.6 418 0.1 <50% 700 3 12 

K2V8O21 0.4-1.4 247 0.3 83% 300 6 13 

Fe5V15O39(OH)

9.9H2O 

0.4-1.6 385 0.1 >80 % 300 5 14 

α- Zn2V2O7 0.4-1.4 191 0.3 85% 1000 4 15 

LixV2O5.nH2O 0.4-1.4 470 0.5 >60% 1000 10 16 

MgxV2O5.nH2

O 

0.1-1.8 355 0.5 97% 2000 5 17 

H2V3O8 0.2-1.6 423.8 0.1 94.3% 1000 5 18 

VS2 0.4-1.0 190.3 0.05 98% 200 0.5 19 

(NH4)2V10O25· 

8H2O 

0.7-1.7 228.8 0.1 90.1% 5000 5 20 

MnVO 0.2-1.6 415 0.05 96% 2000 4 21 

Cu3(OH)2V2O7. 

2H2O 

0.4-1.4 336 1 >90% 3000 10 22 

Na3V2(PO4)3 0.8–1.7 97 0.05 74% 

 

100 0.05 23 

V2Ox@V2CTx 0.2-1.6 305 0.05 81.6% 200 1 This 

work 
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Figure S7. Electrochemical impedance spectra (EIS) of the prepared MXene cathodes collected 

after various discharging and charging cycles at a rate of 1A g-1 with the frequency ranging from 

100 kHz and 10 mHz.  
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Figure S8. Ex-situ XPS survey spectra for the V2Ox@V2CTx MXene cathodes collected in (a) 

pristine, (b) fully discharged (0.2V), and (c) charged (1.6V) states.  

(a) 

(b) 

(c) 
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Figure S9. Ex-situ SEM analysis of the V2Ox@V2CTx MXene cathodes at various states of 

reaction such as pristine, fully discharged (0.2V) and fully charged (1.6 V). 
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Figure S10. The galvanostatic charging/discharging (GCD) profiles of the GITT curves for the 

V2Ox@V2CTx MXene electrode in the third cycle and the corresponding calculated Zn2+ diffusion 

coefficient (DZn) values. 
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Figure S11. Potential (V) vs. time (t) profiles of V2Ox@V2CTx Mxene electrode for a single GITT 

measurement. The linear behavior of the transient voltage changes E vs. τ1/2   during the discharge 

(a,b) and the charge (c,d) process that composed of 10 min galvanostatic charge/discharge (pulse) 

at 0.05Ag-1, followed by 1 hour relaxation time. The iR drop correction is shown along with the 

parameters of ∆Et and ∆Es. 
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Details of GITT measurements and the calculation of the diffusion coefficient 

Before the GITT measurements, the assembled coin cells were first discharged/ charged at a 

current density of 0.05A g-1 for 2 cycles to activate the battery. Subsequently, during the GITT 

test, the cell was discharged and charged with the same current density at an interval of 10 min as 

pulse duration, followed by an open circuit stand (relaxation time) for 1 hour to allow the cell 

voltage to recover its steady-state value. The technique was repeated until the cut-off voltages of 

the battery operation (1.6 or 0.2 V). 

The diffusion coefficient of Zn2+ was measured using the Galvanostatic Intermittent Titration 

Technique (GITT). The DZn values were calculated according to the following equation,24-26 since 

the linear relationship between transient voltage changes E vs. τ1/2 was observed as shown in    

Figure S11b and S11d, 

D =
4𝐿2

𝜋𝜏
(
∆E𝑠

∆E𝑡
)
2

           (1) 

Where  represents the relaxation time (s), t represents the duration of the current pulse (s), L 

corresponds to Zn2+ ion diffusion length (cm) which is equal to the thickness of electrode for 

compact electrodes, ∆Es denotes the steady-state potential change (V) by the current pulse, and 

∆Et denotes the potential change (V) during the constant current pulse (subtracting the iR drop 

after relaxation time). The GITT data obtained from eqn.1 for the prepared V2Ox@V2CTx MXene 

electrode, the Zn2+ diffusion coefficient (DZn) corresponding to various states of zinc ion diffusion 

was calculated as summarized in Table S2.  

 

 

 

 

 

 

 



S18 

 

 

Table S2. Diffusion coefficient of Zn2+ (DZn) values obtained for the prepared electrode. 
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