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that featured good AC line filtering at 
120 Hz with a resistance–capacitance (RC) 
time constant of 200 µs.[1] Other reports in 
recent years have demonstrated electric 
double layer capacitance (EDLC)-based 
SCs consisting of carbon nanotube car-
pets,[2] coordination polymer framework,[3] 
printable graphene,[4] vertically-oriented 
carbon nanowall foam,[5] and others. Prac-
tical applicability of EDLC-based high fre-
quency SCs has been restricted, however, 
because of their complex and expensive 
synthetic procedures.[6] Further, the low 
material densities of EDLC materials 
require high mass loadings to attain high 
capacitance.[2,4]

Pseudocapacitive-based SCs gener-
ally exhibit higher specific capacitance 
and energy density compared to EDLCs, 

therefore much thinner layers of pseudocapacitive materials 
are required for effective applications.[7,8] Pseudocapacitive-
based SCs have been considered as having inferior potential in 
high frequency applications due to the presumed slow kinetics 
of interfacial redox reactions[9]; recent studies, however, have 
shown that redox kinetics do not, in fact, constitute a barrier 
for high frequency capacitance applications.[10] Among the 
strategies for improving frequency response of pseudocapaci-
tive SCs has been lowering the electrolytic resistance in 2D 
materials. Specifically, the combination of high surface area 
nanosheets and high interlayer distance provide multiple sites 
for ion exchange, thereby accelerating ion diffusion accounting 
for high specific capacitance and energy density.[11,12] Various 
2D materials including transition metal carbides (Mxenes)[14,15] 
and transition metal dichalcogenides (TMDs)[16] have been 
employed as SC electrodes. Recent studies reported on MXenes-
based electrodes, have maintained high capacitance up to a 
scan rate of 1000 V s–1.[15] However, the low stability of MXenes 
in high voltage limits practical applicability of such devices.[17,18]

2D TMDs have attracted particular interest as superca-
pacitor platforms due to their favorable electrochemical prop-
erties, large specific surface area, reversible redox reactions 
at the transition metal centers, and interlayer spacing accom-
modating ionic species.[19–21] Specifically, MoS2, WS2, or VS2 
have been employed in varied energy storage devices.[22–25] 2D 
TMDs materials have been also considered as candidates for 
high frequency applications. Sellam et al., for example, reported 
SCs based on MoS2xSe2(1−x) for AC line filtering.[29] Notably, 
the X-M-X layers exhibit weak van der Waals forces with the 
intercalated metal ions, facilitating fast reversible redox reac-
tion.[26,27] However, TMDs generally exhibit poor capacitance 
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1. Introduction

Attaining high-frequency response is considered central to 
supercapacitor design and applications. This objective is par-
ticularly important in applications such as high-energy pulses 
and alternating current (AC) line-filtering, in which AC signals 
are transformed into stable direct current (DC) output.[1–3] While 
aluminum electrolytic capacitors (AECs) exhibit good capaci-
tive behavior at high frequencies, they display low volumetric 
capacitance and thus have limited applicability in electronic 
devices due to the required capacitor size. Supercapacitors 
(SCs), which exhibit orders-of-magnitude higher volumetric 
capacitance than AECs, may substitute traditional capacitors. 
Yet, SCs display rapid decrease in capacitive behavior in high 
frequencies.[4–6] The pioneering study by Miller et  al. demon-
strated a SCs comprising vertically oriented graphene sheets 
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retention[30] and complex multilayer hybrid architectures have 
been introduced to overcome this limitation.[31]

Here we demonstrate for the first time a WS2-based high 
frequency SCs exhibiting excellent electrochemical proper-
ties. Specifically, WS2-PANI based electrodes were prepared 
via simple electrochemical deposition on a commercially 
available nickel foil current collector. PANI is a widely-used 
conducting polymer[32–34] and the composite WS2-PANI elec-
trodes created a highly microporous morphology furnishing 
extensive surface area and facilitating efficient ion diffusion. 
A symmetric SC comprising the WS2-PANI electrodes dis-
played excellent capacitive behavior at high frequencies, fea-
turing a very small RC time constant of 151 µs and a phase 
angle of −75.9° at 120  Hz. The WS2-PANI symmetric SC 
device featured capacitive response even at high scan rates (up 
to 5000 V s−1), high specific capacitance of 72.27 F g−1 at a cur-
rent density of 1 A g−1.

2. Results and Discussion

2.1. Synthesis and Characterization of WS2-PANI Electrodes

Figure 1 depicts the simple synthesis scheme of the WS2-PANI 
electrode. We utilized commercially available WS2 sheets, 
which were dispersed in H2SO4/ACN and exfoliated by soni-
cation. Following addition of aniline monomers, the solution 
was electrodeposited on a flexible nickel foil serving as the 
current collector, yielding a thin layer comprising crosslinked 
PANI nanofibers embedding the WS2 nanosheets electrode.[35] 
Notably, the WS2-PANI electrode was flexible, withstood 
repeated bending (Figure S1, Supporting Information), was 
stable for long time periods, and did not undergo degradation 
in operating conditions.

The WS2-PANI electrodes were characterized microscopi-
cally and spectroscopically (Figure  2). Figure  2A depicts a 
representative scanning electron microscopy (SEM) image of 
a WS2-PANI electrode. The SEM image shows the micropo-
rous PANI framework embedding sheet-like WS2 flakes 
(whitish flakes in image, confirmed by elemental map-
ping Figure S2, Supporting Information). Notably, inclu-
sion of WS2 within the PANI layer did not adversely affect 
the overall porosity of the polymer (Figure S2, Supporting 
Information).[36] This feature is important, as a microporous 
electrode organization is important for efficient ion diffu-
sion which is essential for SCs performance.[37] AFM anal-
ysis (Figure S3, Supporting Information) indicates thickness 
range of 3–4 nm of the WS2 domains, corresponding to 2–6 
exfoliated layers.[38]

Brunauer–Emmett–Teller (BET) analysis in Figure  2B com-
plements the SEM experiment, attesting to the high porosity 
and extensive internal surface area of the WS2-PANI electrodes. 
The WS2-PANI electrodes displayed a type IV isotherm with 
hysteresis (Figure 2B, blue curve), indicating porous, high sur-
face area architecture.[39] Notably, electrodes comprising only 
PANI (black curve in Figure 2B) or WS2 (red curve) exhibited 
lower surface area and less porous organization.[40] The spe-
cific surface area of the WS2-PANI electrode, calculated from 
the BET data, at around 70 m2 g−1 was significantly higher than 
the pure PANI or WS2 electrodes (TableS1, Supporting Infor-
mation). Importantly, this value is greater than corresponding 
surface areas in previously reported WS2-carbon composite,[41] 
WS2/g-C3N4,[42] 1T-WS2@TiO2@Ti3C2.[43]

The X-ray diffraction (XRD) analysis in Figure 2C illumi-
nates the crystalline properties of the WS2-PANI electrode 
and structural modulations in comparison with films com-
prising pure PANI or pure WS2. Specifically, most XRD 
peaks corresponding to the individual PANI (black pattern 
in Figure 2C) and WS2 (red) constituents appear in the XRD 
pattern of the composite WS2-PANI film (blue pattern), 
although distinct shifts and peak broadenings are apparent. 
Note, in particular, the significant attenuation of the WS2 
signal at around 13° corresponding to (002) planes which 
is close to the (011) plane of PANI, indicates that there is 
exfoliation along the (002) plane due to the incorporation of 
the PANI fibers.[44]Furthermore, the shift and broadening of 
the PANI peak at 40° account for increased inter-chain sep-
aration of the PANI backbone due to the presence of WS2 
sheets within the PANI network.[45]

The micro Raman spectroscopy data in Figure  2D further 
underscores the interactions between PANI and WS2 in the 
composite electrode. In particular, the Raman spectrum of 
WS2-PANI film (blue spectrum, Figure  2D) reveals distinct 
shifts and broadening of the peaks at 355 and 420 cm−1 in 
the WS2 Raman scattering result (red spectrum, Figure  2D) 
ascribed to the E1

2g (in-plane optical mode) and A1g (out-of 
plane vibration mode) modes, respectively.[46] These peak 
transformations likely account for the dispersion of the WS2 
sheets within the PANI network via interactions of with nitre-
nium cations of aniline.[47,48] Furthermore, the significant 
changes in the spectral positions and widths of the Raman 
signals around 600 cm−1 between pure PANI (black spectrum) 
and WS2-PANI (blue spectrum) indicate conformational 
changes induced by incorporation of the WS2 domains within 
the PANI matrix, resulting in more planar chains.[49] X ray 
photoelectron spectroscopy (XPS) data (Figure S4, Supporting 
Information) confirm embedding of WS2 nanosheets within 
the PANI matrix.[50,51]

Figure 1. Fabrication of the WS2-polyaniline electrode. Co-dispersion of exfoliated WS2 and aniline monomers followed by electrodeposition on thin 
nickel foil.
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2.2. Electrochemical Properties of a Symmetric WS2-PANI 
Supercapacitor

We fabricated a symmetric WS2-PANI supercapacitor by using 
two WS2-PANI electrodes with polystyrene (PS) film as a spacer 
and 1 M Na2SO4 as the electrolyte (the device is illustrated in 
Figure S5, Supporting Information) and investigated its elec-
trochemical properties and frequency response (Figures  3–5). 
Figure  3 depicts the cyclic voltammograms (CV) recorded 
at different scan rates (100–5000  V s−1) at a potential window 
of 0–0.8  V. The CV curves display quasi-rectangular shapes 
reflecting good capacitive behavior of the WS2-PANI SCs.[52] 
The favorable capacitive profile likely corresponds to efficient 
ion intercalation and complementarity between the oxidation 
states of PANI and valence states of tungsten active sites.[53–56] A 
linear dependence between discharge current and scan rate as 
in Figure 3D, up to 5000 V s−1, underscores an effective capaci-
tive response, reflecting efficient ion diffusion and interfacial 
faradaic reactions.[55,57,58] The areal capacitance of 331 µF cm−2 
at 5000  V s−1 (Figure S6, Supporting Information) is superior 
compared to varied high power SCs.[29] The theoretical capaci-
tance, calculated through Trasatti method, was 6 mF cm−2.

The pseudocapacitance mechanism of the new WS2-PANI 
device was aided by the solvent exfoliation method. Specifically, 
the PANI network entraps the WS2 domains effectively linking 
the WS2 sheets.[59] In particular, during the polymerization pro-
cess, the protonated aniline monomers initially transformed 
into aniline nitrenium cations and nucleation sites were likely 
generated on the surface of WS2.[60] The electroactive materials 

store charge via two possible mechanisms. Specifically, alkali 
metal cation (Na+) from the electrolyte (Na2SO4) diffuses and 
intercalates within the WS2 layers, according to the following 
reaction:[61,62]

+ + → −+ −WS Na e WS SNa2  (1)

An alternative pathway involves adsorption of the sodium 
ions at the electrode/electrolyte interface, according to fol-
lowing Scheme:

+ + → −+ −WS Na e WS Na2 2  (2)

Indeed, intercalation/release of the relatively large sodium 
ions further allows exfoliation of the WS2 layers leading to an 
increased surface area and consequently higher specific capaci-
tance.[23] Moreover, using Trasatti’s method, the percentage con-
tribution from pseudocapacitance and ELDC was calculated, 
confirming that the system is more dominated by pseudoca-
pacitive contribution which occurs owing to the synergistic 
effect between the PANI and WS2 sheets leading to high overall 
capacitance.[63]

Electrochemical impedance spectroscopy (EIS) was applied 
to examine the frequency response of the WS2-PANI SCs, in 
comparison to symmetric SCs fabricated from pure PANI or 
pure WS2 electrodes (Figure 4). The Nyquist plots in Figure 4A 
do not display semi-circular appearance, indicating negligible 
charge transfer resistance and allowing modeling of a simple 
circuit composed of a resistor and a capacitor connected in 

Figure 2. Microscopic and spectroscopic characterization. A) SEM image of the WS2-PANI electrode. B) Brunauer–Emmett–Teller (BET) analysis. WS2 
layer (red curve), PANI (black), and WS2-PANI (blue). C) XRD patterns of pure electrodeposited PANI film (black), WS2 (red) and WS2-PANI (blue). 
D) Raman scattering spectra of PANI (black), WS2 (red), and WS2-PANI (blue).
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Figure 3. Cyclic voltammogram (CV) of symmetric supercapacitors prepared with WS2-PANI electrodes. A–C). CV curves recorded at the indicated 
different scan rates. D) Discharge peak current as a function of the scan rate recorded for SCs constructed using the WS2-PANI electrodes. Both scales 
are logarithmic. A linear fit is plotted (broken line).

Figure 4. Electrochemical impedance spectroscopy of symmetric WS2/PANI supercapacitors. Data recorded for symmetric SCs comprising WS2-PANI 
electrodes (blue curves), pure PANI (black curves) electrodes, and pure WS2 (red curves) electrodes. A) Nyquist plot (inset showing the high frequency 
region). B) Phase angle as a function of log (f/Hz) (Bode plot). C) Areal capacitance as a function of log (f/Hz) (inset showing the magnified view at 
120 Hz. D) Imaginary component of the capacitance as a function of log (f/Hz).
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series.[1,2] The lower initial resistance (i.e., real impedance 
component) of WS2-PANI SCs (Figure  4A, blue curve) com-
pared to either pure PANI (black curve) or pure WS2 (red 
curve) SCs is ascribed to the pronounced porous morphology 
and higher surface area of the composite WS2-PANI elec-
trodes (Figure 2A,B). Similarly, the resistance at 120 Hz, cal-
culated from the real part of the impedance (magnified plot 
of the high frequency region, inset in Figure 4A), yielded 0.84, 
1.5, and 5.8 Ω cm2 for the WS2-PANI SC, PANI SC, and WS2 
SC, respectively. The lower resistance of the WS2-PANI SC 
at 120  Hz accounts for the microporous architecture of the 
composite electrodes resulting in reduced geometrical resist-
ance.[64,65] Importantly, the RC time constant at 120  Hz of 
the WS2-PANI SC—151 µs—is far smaller than either com-
mercially available AECs[66] or high frequency TMD SCs.[29,55] 
Figure S7, Supporting Information presents EIS data indi-
cating optimization of the deposition time of the electroactive 
material.

To assess the frequency-dependent capacitor behavior 
of the devices, the phase angles as a function of log (f/Hz) 
were calculated (e.g., Bode plot, Figure 4B). The Bode plot in 
Figure 4B indicates phase angles of −75.9°, −71.6° and −68.5° 
at 120  Hz, for the WS2-PANI, PANI, and WS2 SCs devices, 
respectively. The phase angle calculated for the WS2-PANI 
SC reflects an excellent capacitor behavior at the AC line fil-
tering working frequency of 120  Hz. In particular, the phase 
angle recorded for WS2-PANI is close to −83.9° phase angle 
in commercial AECs,[66] and better than previously reported 
TMD-based high frequency SCs. The frequency at −45° for the 

WS2-PANI SC, accounting for an equal capacitor and resistor 
behavior, was ≈6  kHz, better than previously-reported high 
frequency SCs like, meso/macroporous carbon sponge[67], 
plasma pyrolyzed bacterial cellulose aerogel[68] underscoring 
the feasibility for operation of the WS2-PANI SC at frequen-
cies exceeding 1 kHz.

Figure  4C presents the specific areal capacitance (CA) of 
the fabricated SCs as a function of frequency. The CA in case 
of WS2-PANI (blue curve) is exceptionally high compared to 
others (PANI and WS2), thus suggesting a small resistive loss. 
In particular, the decrease in the capacitance of the WS2-PANI 
SC between 1 and 120  Hz is more moderate than previously 
reported SCs, in which diffusion of ions become more restricted 
at lower frequencies.[13,69] Notably, in 120 Hz (Figure 4C, inset) 
the WS2-PANI SC exhibits significantly higher capacitance 
(180 µF cm−2, blue data points) compared to the PANI device 
(105 µF cm−2, black) or pure WS2 (50 µF cm−2, red).

Figure  4D presents the relaxation time (τ0; the minimum 
time for discharging the energy from the device with at least 
50% efficiency)[70] of the WS2-PANI SC calculated from the 
maximum in the imaginary capacitance graph.[2,70] The cal-
culated τ0 of 0.54  ms underscores the potential application of 
the device in high frequency applications. Indeed, such a low 
value, particularly compared to corresponding relaxation times 
in state-of-the-art EDLC-based SCs,[2,4,71] indicates that the pri-
mary kinetic barriers in high frequency SC applications in the 
case of the WS2-PANI electrode are likely related to ion diffu-
sion rather than the actual redox reactions.[14,72] Overall, the EIS 
data in Figure 4 attest to the ultrahigh frequency performance 

Figure 5. Capacitance properties of the symmetric WS2-PANI supercapacitor. A) Galvanostatic charge discharge curves at various current densities. 1 A 
g−1 (blue), 2 A g−1 (green), 3 A g−1 (red), 4 A g−1 (pink), 5 A g−1 (black). B) Specific capacitance as a function of current density. C) Percentage capacitance 
retention at a current density of 10 A g−1. D) Ragone plot depicting the variation of energy density with power density (both scales are logarithmic).
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of the WS2-PANI SC, pointing to feasibility of AC line-filtering 
applications.[73]

Figure 5 depicts the electrochemical profile of the WS2-PANI 
SC. The galvanostatic charge discharge (GCD) curves of the 
device at different current densities (1–5 A g−1) within a poten-
tial range 0–0.8  V (Figure  5A) illuminate the charge storage 
properties of the electrodes. The asymmetric shapes of the 
GCD curves in Figure 5A reflect the pseudocapacitive behavior 
of the electrode material.[74,75] The specific capacitance calcu-
lated from the GCD curves is presented in Figure 5B. Capaci-
tance of 72.3 F g−1 was obtained at 1 A g−1 current density for 
the WS2-PANI device corresponding to 289 F g−1 for a single 
electrode when multiplying by four, the coefficient employed 
according to the method depicted by Ruoff et  al.[76] Figure  5B 
further shows a gradual decrease in specific capacitance in 
higher current densities, ascribed to the slow redox reactions at 
the electrode interface; similar drop in specific capacitance has 
been previously reported.[77,78]

Figure  5C underscores the excellent electrochemical sta-
bility of the WS2-PANI device, an important feature in 
potential energy storage applications. Specifically, the WS2-
PANI device exhibits capacitance retention of 98% up to 
10 000 cycles. Figure  5D further demonstrates the excel-
lent energy and power storage capabilities of the WS2-PANI 
device, attaining high energy density of 6.42 Wh kg−1 in power 
density of 399.9 W kg−1 and energy density of 2.03 Wh kg−1 at 
a power density of 1996.7 W kg−1 as compared with previous 
reports.[79,80]

Figure 6 highlights the excellent AC line filtering capability 
of the WS2-PANI supercapacitor. The scheme in Figure  6A 
illustrates the AC-to-DC converter circuit. In the experiment, a 
5 V peak-to-peak sinusoidal signal at 120 Hz was used as input 
through a full-wave bridge rectifier. Rectification was followed 
by filtering using the WS2-PANI supercapacitor, resulting in a 
substantially smoothed output signal (Figure S8, Supporting 
Information). As shown in Figure 6B, the filtering perfor-
mance of the WS2-PANI device was comparable to a commer-
cial 1000 µF AEC, as both yielded highly effective DC. However, 
the WS2-PANI supercapacitor is orders of magnitude smaller 
in volume and weight compared to the AEC, underscoring its 
potential as an attractive substitute.

The electrochemical data presented in Figures  3–6 attest 
to the attractive properties and practical potential of the WS2-
PANI device. WS2 has emerged as a smart electrode material 
for SCs because of its intrinsically layered structure and high 
capacitance. Tungsten also exhibits a wide range of oxidation 
states, making it a promising pseudocapacitive material. WS2, 
however, often displays interlayer stacking leading to poor con-
ductivity and capacitance fading. Accordingly, integration of 
the WS2 with the PANI fibers results in more pronounced WS2 
interlayer distance, greater surface area, and faster diffusion of 
the electrolyte ions.

Different than EDLC-based materials (particularly graphene 
or carbon nanotubes) that have been explored as substrates for 
high frequency SCs, WS2 is intrinsically 2D thereby contrib-
uting to excellent pseudocapacitive properties facilitating fast, 
reversible surface Faradaic reactions. WS2-based SCs further 
exhibit high specific capacitance and low ESR.[81] Particularly 
in the case of the new WS2-PANI system presented here, the 

electrodes were synthesized by direct growth of the electroactive 
material on the conductive substrate (inexpensive and commer-
cially available nickel foil) via electrochemical method. As such, 
external polymer binders (which would increase the series 
resistance) were not required.

3. Conclusions

This work demonstrates fabrication, for the first time, of high 
frequency supercapacitor based upon WS2. Specifically, a sym-
metrical device comprising porous WS2-PANI device exhibited 
excellent electrochemical properties, including high capaci-
tance of 72.27 F g−1 at 1 A g−1 (331 mF cm−2 at 5000 V s−1) and 
considerable high energy density of 6.42  Wh kg−1 at power 
density of 399.9 W kg−1.In particular, the WS2-PANI device 
displayed an exceptional high frequency response of ≈6  kHz 
with a high areal capacitance of 180 µF cm−2 and a bode phase 
angle of −75.9° at 120  Hz. The attractive electrochemical per-
formance we report is likely among one of the efficient high 
frequency SCs compared to previously reported TMDs high 
frequency SCs. Importantly, the electrode synthesis procedure 
was simple, utilizing inexpensive and readily available rea-
gents, making the system amenable for upscaling and practical 
applicability. Overall, the pronounced charge storage with very 

Figure 6. AC-line filtering by the WS2-PANI supercapacitor. A) Schematic 
diagram of the AC-to-DC converter. B) Input AC wave (red dashed line) 
and the resulting DC signal obtained after filtering using the WS2-PANI 
supercapacitor (blue line) and a commercial 1000 µF aluminum electro-
lytic capacitor (AEC; black line).
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low resistance, capacitance retention (up to 10 000 cycles), and 
high frequency capacitance attained make WS2-PANI a prom-
ising material for advanced energy storage applications, par-
ticularly a viable alternative for commercially-available AECs.

4. Experimental Section
Materials: Ni foil, 30 µm thick, was purchased from MTI Corporation. 

WS2 powder, 2 µm (99%), aniline monomer, and Polystyrene (PS) (Mw ≈ 
280  kDa) were purchased from Sigma Aldrich. Dimethylformamide 
(DMF) was purchased from J. T. Baker, and Na2SO4  (anhydrous 99%) 
was purchased from Loba Chemie. All chemicals were used as received. 
The water used in the experiments were doubly purified by a Barnstead 
D7382 water purification system (Barnstead Thermolyne, Dubuque, IA), 
at 18.2 MΩ cm resistivity.

Electrode Fabrication: Electrodes were fabricated by electrochemical 
deposition employing a three-electrode configuration with Ni foil as 
the working electrode, Pt as the counter electrode and Ag/AgCl as 
the reference electrode. Initially, WS2 was dispersed homogenously 
via ultrasonication in 0.1 m H2SO4/ACN electrolytic solution. To this 
solution 0.05 m aniline monomers were added and electrodeposition 
was carried out by cyclic voltammetry between 0 and 1.2  V versus the 
reference electrode at a scan rate of 10  V s−1 for 2, 4, 6, and 8 min 
consecutively in order to identify the optimal deposition time of 4 min. 
The electrodes obtained after electrodeposition were washed and dried 
prior to performing the experiments.

Spacer Fabrication: A homogenous PS solution was prepared in DMF 
(30% w/v). Using this homogenous solution, PS fibers were electrospun 
on a glass slide for 40 min (under a 20 kV voltage and 22 cm between 
needle and collector) and then annealed at 100 °C for 15 min. The film 
was then rinsed with water three times. Finally, the film was preserved in 
1 m Na2SO4 solution to avoid drying.

Device Fabrication: Symmetric SCs were composed of two WS2-PANI 
electrodes using the PS film spacer dipped in 1 m Na2SO4 solution. The 
devices were then tightly enveloped using a scotch tape.

AC Line Filtering: AC-to-DC converter was implemented using four 
1N4148 diodes, connected in a full-wave bridge rectifier configuration, 
with a filtering capacitor connected parallel to the output. As a control, 
the same experiment was carried out using a standard 1000 µF/25  V 
electrolytic capacitor. The input AC signal was generated using a function 
waveform generator (Agilent 33220A), and the resulting output signals 
were measured using an oscilloscope (Agilent DSO-X 2002A) (Figure S8, 
Supporting Information).

Characterization: SEM images of the samples were carried out 
on a JEOL SEM (Tokyo, Japan, JSM-7400F). BET surface area analysis 
was carried out on a NOVAtouch BET instrument (Boynton beach, 
Florida). Powder XRD was carried out on a Panalytical Empyrean 
powder  diffractometer  (PANalytical, Almelo, Netherlands), with X-ray 
source of Philips ceramic sealed tube (1.8kW),  at a wavelength Cu  Kα 
(1.5405 Å). Raman scattering analysis was carried out on a LabRam HR 
Evolution Horiba Raman (Kyoto, Japan) using a 532 nm.

Electrochemical Measurements: Cyclic voltammetry was conducted 
at voltage ranges between 0 and −0.8  V. GCD measurements were 
conducted at current density in the range of 1–5 A g−1 in a voltage 
window of 0.8  V. Electrochemical impedance measurements were 
conducted between 1  Hz and 100  kHz with sinus amplitude of 5  mV. 
All electrochemical measurements were conducted in a 2-electrode 
configuration on either a CH instrument 760C (Austin, TX) or a Bio-
Logic SP-150 (Claix, France).
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