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ABSTRACT: Robust and stable electrodes made from earth-
abundant materials have gained widespread interest in large-scale
electrocatalytic water splitting toward hydrogen energy technolo-
gies. In this study, the vanadium disulfide (VS2)/amorphous
carbon (AC) heterostructure was employed as an electrode for
direct seawater splitting. Two-dimensional VS2 nanoparticles were
deposited on AC with a high degree of uniformity via a well-
optimized one-step chemical vapor deposition approach. The VS2/
AC heterostructure electrode was found to possess rich active
sulfur sites, near-zero Gibbs free energy, a large surface area, and
exceptional charge transfer toward the electrolyte, resulting in
enhanced hydrogen evolution reaction (HER) performance with a
low onset potential and low overpotential of 11 and 61 mV (vs
reversible hydrogen electrode (RHE)), respectively. The electrode also sustained robust stability throughout the 50 h of
chronoamperometry studies under acidic electrolyte conditions. Interestingly, the VS2/AC electrocatalyst accomplished an
exceptional HER performance under natural seawater conditions in the absence of an external electrolyte with an onset potential of
56 mV vs RHE and attained η200 at an overpotential of 0.53 V vs RHE. In spite of this, the heterostructure exhibited superior stability
over 21 days at a high current density of 250 mA/cm2 under both indoor and solar-powered outdoor conditions. Overall, this VS2/
AC heterostructure may open a new pathway toward direct seawater splitting for long-term, stable, large-scale hydrogen generation.
KEYWORDS: seawater splitting, 2D materials, transition metal dichalcogenides, solar-powered, hydrogen production,
density function theory, two-electrode water splitting

■ INTRODUCTION

The goals of sustainable and alternative energy technology
development efforts are to provide carbon-neutral fuels and
solve expanding energy crises.1,2 Currently, more than 80% of
global energy requirements are satisfied using nonrenewable
energy sources. Their sustained consumption harms society via
environmental deterioration. Thus, there is a demand for
alternative renewable energy sources.3 Hydrogen is a future
renewable energy candidate because of its high energy density
(142 MJ/kg), abundance, and renewable nature. In addition to
the various traditional methods used to harvest promising
hydrogen fuel, the electrocatalytic hydrogen evolution reaction
(HER) has been acknowledged as an environmentally friendly
strategy because of its carbon emission-free nature, simple
electrolysis process, and low operational potential.4,5 Never-
theless, commercial implementation of HER has been limited
by the exorbitant costs and limited availability of traditional
noble electrode materials (Pt, Rh, Ir, and IrO2).

6,7 Currently,
there is substantial demand for alternative or metal-free
electrodes with comparable and nondeteriorating electro-
chemical properties. Substantial research has been devoted to

using earth-abundant nonmetal elements to reduce high
overpotentials and manufacturing costs to meet social and
economic needs.
In electrocatalytic HER, the electrolyte is one of the factors

that determine water splitting performance since it provides
the essential proton (H+) as a result of reduction. It also offers
a platform for charge transfer that generates hydrogen fuel
efficiently via proton and electron binding. In general, acidic
electrolyte (pH < 1) platforms are more favorable for HER due
to their favorable kinetic rates.8 However, a neutral medium (7
pH) is more desirable for grid-scale production, long-lasting
device performance, and environmental safety. Unfortunately,
the current water splitting approach relies heavily on valuable
fresh water with acid or alkaline electrolytes for proton transfer.
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More importantly, it lacks environmental compatibility.
Soaring water issues are an ongoing major and most serious
water crisis, and using an acid electrolyte would be unrealistic
for HER.9

Based on global energy requirements and the geographic
availability of materials, the scientific community has focused
its interest in seawater splitting.10 Since it is a highly available
natural electrolyte (salinity > 3.5%), seawater is thought to be
the most suitable electrolyte candidate for large-scale hydrogen
production.9 Seawater contains 50% chloride, 48% sodium,
and 2% of other elements such as magnesium and iron.
However, performing HER is more challenging in seawater
conditions because of the intrinsic low conductivity, ion
poisoning, and high chloride corrosivity of seawater compared
to the laboratory prototype (alkaline or acid electrolyte).11 In
particular, classic electrode materials fail to exhibit convincing
long-term HER stability in seawater. Numerous reports have
addressed electrolyte-assisted seawater splitting. Nevertheless,
seawater splitting in the absence of an external electrolyte
remains far from satisfactory, and only a few reports are
available.9,12−22 Therefore, the development of an electrode
material that is inert and eternally robust under seawater
conditions is of paramount importance. The electrode should
(i) be highly HER-active in seawater, (ii) exhibit superior long-
term saltwater stability, (iii) be able to withstand high current
densities of 250 mA/cm2, (iv) be stable and sustainable, and
(v) be of low cost and abundant for compatibility with large-
scale manufacturing and the ability to fulfill global energy
harvesting demands.
Over the past few years, widespread research attention has

been focused on transition metal dichalcogenides (TMDCs)
because of their inherent water splitting properties inclusive of
active sulfur sites, near-zero Gibbs free energy, excellent
electrolyte stabilities, and thickness-dependent physical and
chemical properties.23,24 Among the various TMDCs, a two-
dimensional (2D) layered VS2 possesses an intrinsic metallic
character and favors the effective transport of electrons.
Further, basal and edge active sulfur sites of VS2 enable the
high specific active surface area.3,25,26 Thus, VS2 could be a
promising electrocatalyst for water reduction applications than
widely explored MoS2.

27−29 Interestingly, the Gibbs free
energy of the basal plane of VS2 (ΔGH = 0.16 eV) is fairly
close to that of Pt (ΔGH = 0.09 eV) and almost half of that of
the basal plane of MoS2 (ΔGH = 0.189−1.92 eV).28 The
carbon-based skeleton is recognized as an ideal catalyst
platform because of its excellent physical and chemical
properties, as well as high electrochemical stability in all pH
ranges.30 Loading of a catalyst onto a stable carbon skeleton
has produced numerous benefits, such as a large catalyst
loading area, high electrocatalytic active surface area (ECSA),
high electrochemical stability, and high conductivity for large-
scale implementation of noble metal-free electrodes.31

Here, we report the fabrication of VS2-decorated amorphous
carbon (AC) via facile chemical vapor deposition for highly
efficient, electrolyte-free direct seawater splitting. The well-
tuned VS2/AC heterostructure with ultrahigh edge active sites
and superior electrical conductivity improves electrocatalytic
water splitting performance. The VS2/AC heterostructure
serves as a superior electrocatalyst with an onset potential of 11
mV vs reversible hydrogen electrode (RHE). It produces 100
mA/cm2 (η100) at an overpotential of 71 mV vs RHE under 0.5
M HClO4 acid electrolyte conditions. More significantly, VS2/
AC exhibits ultralong (50 h) stability during chronoamperom-

etry (CA) studies. Furthermore, we evaluated the seawater
splitting performance of the VS2/AC heterostructure without
an external electrolyte. The system delivered excellent HER
performance with an onset potential of 56 mV vs RHE and η200
at an overpotential of 0.52 V vs RHE. Critically, we performed
chronopotentiometry tests on the VS2/AC heterostructure at
an applied bias of 250 mA/cm2 for 21 days under indoor and
solar-powered outdoor conditions. Our device delivered
superior stability and HER performance with negligible
fluctuations. This indicates that TMDC/AC is a reliable
electrode material for future electrocatalytic seawater splitting.

■ METHODS AND MATERIALS
AC was purchased from Sigma-Aldrich, and prior to chemical vapor
deposition (CVD), the AC was cleaned via sequential (10 min each)
ultrasonication in deionized water, acetone, isopropanol, and water.
The VS2 synthesis proceeded using a two-zone CVD furnace. VCl3
(20 mg) and sulfur powder (80 mg) were used as precursors. The
precursors were placed upstream (zone-I) and the AC was kept
downstream (zone-II) of the gas flow (Figure S1) within the CVD
reactor. VS2 growth was performed for 15 min under an Ar/H2 (10:1)
carrier gas flow rate of 50 sccm. The temperature profile used is
depicted in Figure S2. The temperature of zone-I (250 °C) reduced
the VCl3 and sulfur powder into V and sulfur vapors, which were
transported toward the AC in zone-II (750 °C) by the uniform carrier
gas flow. Random adatom adsorption onto the AC promoted
subsequent VS2 growth. Details of the growth mechanism are
described elsewhere.27

Characterization Techniques. Surface morphology features
were evaluated via field emission scanning electron microscopy
(FESEM) using a Carl Zeiss ∑igma instrument and transmission
electron microscopy (TEM) using an FEI-Tecnai G2F30 transmission
electron microscope. Energy-dispersive X-ray spectroscopy (EDS)
was performed using an Oxford Instruments Inca X-act. Raman
spectra were recorded using a Renishaw InVia Raman spectrometer
with a 532 nm excitation laser source. Chemical analysis was
performed via X-ray photoelectron spectroscopy (XPS) using a
Shimadzu ESCA 3400.

Device Fabrication and Electrochemical Analysis. Laboratory
and real-time outdoor analyses were performed using three- and two-
electrode systems, respectively. The synthesized VS2/AC hetero-
structure, pristine AC, and saturated Ag/AgCl were employed as the
working, counter, and reference electrodes, respectively. The three-
electrode analyses were calibrated against the RHE using the equation
ERHE = EAg/AgCl + E0 + (0.059 × pH) and iR corrected at 85%. All
electrochemical characterizations were performed using a Biologic SP-
150 potentiostat. Electrochemical impedance analysis was performed
using a range of 0.1−104 Hz with an applied potential of −50 mV vs
RHE. Chronoamperometry (CA) was performed at −50 mV vs RHE.

Gas Chromatography Analysis. Seawater electrocatalytic water
splitting was performed in a custom-built, air-tight electrochemical
cell. Gas chromatography (GC) analysis was performed using a
Shimadzu GC 2014 with a thermal conductivity detector. Nitrogen
was used as the reference gas at a continuous flow of 10 mL/min.

Computational Details. First-principles calculations were
performed using the spin-polarized density functional theory as
implemented in the Vienna ab-initio simulation package (projector-
augmented wave method).32,33 The exchange−correlation potential
was treated using the Perdew−Burke−Ernzerhof generalized gradient
approximation.34 A plane-wave basis set with an energy cutoff of 550
eV and a 5 × 5 × 1 Monkhorst−Pack k-grid were used. Structural
relaxation continued until the total energy and maximum atomic force
converged to at least 10−4 eV per atom and 0.001 eV/Å, respectively.
Henkleman’s Bader charge analysis is used to study the charge in a
given system.35 A supercell approach with a 15 Å thick vacuum space
along the c-axis was used to model the heterostructure.
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■ RESULTS AND DISCUSSIONS

A schematic illustration of VS2/AC synthesis is depicted in
Scheme 1. Our goal is to grow highly uniform VS2 on an AC
substrate for seawater splitting. Uniform deposition and
growth of VS2 on AC are confirmed via FESEM (Figure
1a,b). The VS2 particles with sizes ranging from 50 to 200 nm
(Figure 1c) are observed as a result of coalescence and Oswald
ripening of tiny VS2 particles. HRTEM confirms the layered
structure of VS2 stacked on AC (Figure S3). This is evidenced
by the bright and dark selected area electron diffraction
(SAED) patterns seen in Figure 1d. The VS2 d-spacing value is
calculated to be 0.37 nm. This corresponds to the (001)
crystallographic orientation of VS2.

27 EDX was used to perform
elemental analysis of VS2/AC. Figures 1e−i and S4 show that
V and S are distributed homogeneously on the carbon skeleton
surface throughout the scanned region. In addition, the ratio of
V and S is 1:1.9, which matches well with those of earlier
reports.28

The Raman spectrum of bare AC is shown in Figure S5. It
exhibits D-, G-, and 2D-band carbon fingerprint vibrations at
1350, 1576, and 2704 cm−1, respectively.36 The VS2/AC
heterostructure exhibits characteristic VS2 at peaks 140, 281,
and 405 cm−1, which can be attributed to the E1g, E2g, and A1g
in-plane and out-of-plane VS2 vibrations, respectively (Figure
2a).17,37−40 Further, the X-ray diffraction (XRD) patterns of

bare AC and VS2/AC electrodes are shown in Figure 2b. Bare
AC exhibits characteristic carbon peaks (2θ) at 26.5, 42.6,
44.7, and 54.7°, which are indexed to the (002), (100), (101),
and (004) planes, respectively. The VS2/AC heterostructure
exhibits diffraction peaks at 17.9, 32, 37.2, and 41.4°, which
correspond to (001), (100), (101), and (011) planes of VS2,
respectively, along with characteristic carbon diffraction peaks
of AC.17,38−40 The XRD pattern of VS2/AC agrees well with
JCPDS databases #47-1049 (AC) and #89-1640 (VS2), and is
consistent with the TEM analysis.
The C 1s peak is used as a reference for shift correction. The

core-level binding energy spectra of C, S, and V are shown in
Figure 2c−e. The C characteristic binding energy peaks that
correspond to sp2 and sp3 hybridizations are located at 285.0
and 286.0 eV, respectively (Figure 2c). In addition, we
observed C−O bonds at 288.3 eV that indicate surface
oxidation. This can be corroborated by surface absorption of
oxygen on AC (Figure 2c). Similarly, divalent prominent core-
level orbital peaks of S 2p1/2 and S 2p3/2 are observed at 165.5
and 164.5 eV, respectively. In addition, the presence of two
peaks at high binding energies of 166 and 169.3 eV can be
attributed to the low-coordinate-state sulfur ions and metal
sulfur, respectively (Figure 2d).17,37,39−41 Further, strong V
binding energy peaks at 517.4 and 522.0 eV belong to V 2p3/2
and V 2p1/2, respectively (Figure 2e).42 The divalent peak

Scheme 1. Schematic Representation of VS2 Fabrication on AC by CVD

Figure 1. Morphological studies of VS2/AC: FESEM images of (a) AC and (b) VS2/AC, (c) HRTEM image of VS2/AC, (d) SAED pattern of
VS2/AC, and (e−i) EDS elementary mapping of VS2/AC.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c01909
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01909/suppl_file/sc1c01909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01909/suppl_file/sc1c01909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01909/suppl_file/sc1c01909_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01909?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01909?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01909?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01909?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01909?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01909?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01909?rel=cite-as&ref=PDF&jav=VoR


corresponding to the core-level binding energy spectrum can
be related to the V4+ and V2+ valency states.41 The
aforementioned characterization results confirm successful,
broadly uniform CVD growth of 2D VS2 on AC.
First-Principles Calculations. We employed first-princi-

ples calculations to understand hydrogen adsorption and to
analyze the catalytic activity of a heterostructure consisting of a
single layer of VS2 on the top of a graphite stack (VS2/graphite
heterostructure). A good electrode material must possess a
near-zero Gibbs free energy for easy release of hydrogen. The
Gibbs free energy is defined as

Δ * = + Δ − ΔG E T SZPEH ads H (1)

where Eads is the adsorption energy of a hydrogen atom, ΔZPE
is the change in the zero-point energy of hydrogen between the
gas and the adsorbed states, and ΔSH is the entropy of a
hydrogen molecule in the gas phase. The value of ΔZPE +
(300 K) × ΔSH can be approximated as 0.24 eV.43 Upon
comparing various hydrogen adsorption sites on the VS2 side
of the VS2/graphite heterostructure, we find that hydrogen
prefers to adsorb on the top of sulfur sites (Figure 3a). The
adsorption energy is given by

= − −+E E E E1/2ads heterostructure H heterostructure H (2)

where Eheterostructure+H is the total energy of the relaxed
heterostructure with the adsorbed hydrogen atom, Eheterostructure
is the total energy of the relaxed heterostructure, and EH is the
total energy of an isolated hydrogen molecule in the gas phase.
The ΔGH* values obtained for graphite and the VS2/graphite
and MoS2/graphite heterostructures are summarized in Figure
3b. In contrast to graphite (1.62 eV) and the MoS2/graphite
heterostructure (2.13 eV), the VS2/graphite heterostructure
achieves a small Gibbs free energy of 0.24 eV. The reason
behind this small ΔGH* is the fast charge transfer between the
VS2/graphite heterostructure and the adsorbed hydrogen
atom. From Bader charge analysis, sulfur atoms hold more
charge in the VS2/graphite (−0.68 e) than the MoS2/graphite
(−0.54 e) heterostructure. A charge density difference plot for
the VS2/graphite heterostructure is shown in Figure 3c.

HER Characterization. VS2/AC HER examination was
performed in fresh water using HClO4 as the electrolyte (∼0
pH). For comparison, the performances of MoS2/AC, bare
AC, and a commercial Pt rod were investigated using identical
experimental parameters. As expected, VS2/AC exhibits
superior HER performance with a low onset potential of
−11 mV vs RHE. This is distinctly lower than those of MoS2/
AC (−75 mV vs RHE) and pristine AC (−127 mV vs RHE)
but slightly higher than that of commercial Pt (−7 mV vs

Figure 2. (a) Raman spectrum, (b) XRD pattern, and (c−e) region-specific XPS spectra of C, V, and S of VS2/AC.

Figure 3. (a) VS2/graphite heterostructure. Brown, red, yellow, and white spheres represent C, V, S, and H atoms, respectively. (b) ΔGH for
hydrogen adsorption on graphite, as well as the VS2/graphite and MoS2/graphite heterostructures. (c) Charge density differences for hydrogen
adsorption on the VS2/graphite heterostructure. Accumulation and depletion are denoted as yellow and blue isosurfaces (isovalue 4 × 10−3 e
Bohr−3).
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RHE) (Figure 4a). The VS2/AC electrocatalyst requires a
small overpotential of −61 mV vs RHE to achieve a current
density of −50 mA/cm2 (η50), while MoS2/AC and pristine
AC require −299 mV and −1.01 V vs RHE, respectively. In
addition, both VS2/AC and Pt exhibit small Tafel slope values
of 28 and 22 mV/dec, respectively. It is thought that their
kinetics follow the Volmer−Tafel rate-determination step for
rapid hydrogen production. In comparison, bare AC and
MoS2/AC have been projected to follow the Volmer−
Heyrovsky kinetic mechanism during hydrogen production,
as they exhibit relatively large Tafel slopes of 105 and 245 mV/
dec, respectively (Figure 4b).7,44 The linear sweep voltamme-
try (LSV) and Tafel slope analysis directly evidence the
superior HER performance of VS2/AC caused by high-
performing basal and edge active sulfur sites on the highly
conductive carbon skeleton.24,45

Electrochemical impedance spectroscopy (EIS) was ana-
lyzed to study charge transfer. The Nyquist plot of VS2/AC is
depicted in Figure 4c. The equivalent circuit is drawn with
electrical phase elements in Figure S7. RS is the series
resistance, while RCT and CCT are the charge transfer resistance
and capacitance, respectively, at the electrolyte−material
interface. The Nyquist plot and fitting indicate a low charge
transfer resistance (Rct) of 6.7 Ω for VS2/AC. This is 12 and 70
times lower than that for MoS2/AC and pristine AC,
respectively (Figure S8). The small Rct indicates that the
availability of multiple active sulfur sites on VS2/AC provides
superior HER performance. In addition, the Nyquist plot
confirms the monolithic nature of the heterostructure via the
absence of interfacial resistance (RS) at the AC−VS2
junction.5,46,47 Further, the ECSA is estimated from the
double-layer capacitance (Cdl) at various scan rates in the non-
Faradic region of 0.1−0.2 V vs RHE and depicted in Figures

4d and S9. It is well known that Cdl is proportional to the
specific active area available to HER at the electrode/
electrolyte interface.26,48−52 The Cdl of VS2/AC is estimated
to be 27.44 mF/cm2 (Figure 4e), which is seven times higher
than that of standalone AC (5.03 mF/cm2). This corroborates
the availability of abundant VS2/AC heterostructure active
surface sites to sustained electrocatalytic hydrogen produc-
tion.53 Overall, inert ambient synthesis of 2D VS2 using CVD
produces an interfacial resistance-free junction along with
strong coupling at the AC−VS2 interface for significant HER
performance and excellent charge transport toward the
electrolyte, as revealed by LSV, EIS, and ECSA analyses.
Stability is an important electrocatalytic HER electrode

material requirement. The long-term durability of VS2 was
evaluated over 1500 cycles. The results demonstrate superior
LSV stability in acidic electrolyte conditions, with a negligible
shift in the onset potential and a minor shift of −81 mV vs
RHE at η200 (overpotential at 200 mA/cm2) relative to the first
cycle (Figure 4f). Furthermore, CA studies were carried out to
analyze the stability of the VS2/AC heterostructure at a
constant potential of −50 mV vs RHE, as displayed in Figure
4g. The J−T graph evidences the superior stability of the
heterostructure for long-term applications. Further, the HER
performance of the VS2/AC heterostructure is compared to
those of previously reported VS2-based electrocatalysts in
Table S1 and Figure 4h. The results highlight its outstanding
performance, which is comparable to that of a Pt noble metal
electrode. Overall, the electrocatalytic HER analysis of VS2/AC
in acidic electrolyte conditions evidences that the excellent
hydrogen production ability of the heterostructure is
comparable and consistent with commercial Pt, and thus
VS2/AC is appropriate for long-term device applications.

Figure 4. Electrocatalytic HER of VS2/AC under 0.5 M HClO4: (a) LSV, (b) LSV corresponding Tafel slope, (c) Nyquist plot recorded at the
applied bias of −50 mV vs RHE, (d) CV recorded at various scan rates, (e) ECSA of VS2/AC and bare AC, (f) LSV stability test comparison of the
first cycle and the 1500th cycle, (g) CA of VS2/AC recorded at a constant applied J of −50 mV vs RHE, and (h) comparative overpotential to
attain −10 mA/cm2 (η10) of reported VS2-based electrocatalysts.
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Natural Seawater Splitting. The oceans are the key to
overcoming energy demand, as water electrolysis can be
performed using a natural electrolyte. However, high efficiency
is required for direct implementation in renewable energy
applications. For HER analysis, seawater was collected from
the shores of the Bay of Bengal in Nagapattinam, Tamil Nadu,
India, and used without further purification or treatment. The
pH of the collected seawater sample was 8.25, and its salinity
was calculated to be 3.38%. The VS2/AC electrocatalyst
exhibits an onset potential of −56 mV vs RHE, and η200
(potential to reach −200 mA/cm2) is achieved at −0.53 V vs
RHE (Figure 5a). The Tafel slope is calculated to be 65 mV/
dec (Figure S10) and is thought to follow the Volmer−
Heyrovsky hydrogen production mechanism. EIS analysis
indicates superior charge transfer and negligible resistance at
the electrolyte−material junction (Figure S11). This corrob-
orates the acidic electrolyte EIS analysis. We observe a high
Tafel slope and Rct gain under seawater conditions compared
to the Tafel slope and Rct noted under acidic electrolyte
conditions. This can be ascribed to the high HER activation
energy, poor conductivity, and low H+ content of the natural
electrolyte. To investigate the stability of the heterostructure
under seawater conditions, we carried out 50 h of
chronopotentiometry testing at a fixed current density of
−100 mA/cm2. The results reveal evidence of stable VS2/AC

HER performance under the natural electrolyte conditions
(Figure S12).
A two-electrode configuration is more suitable for industrial-

scale production owing to benefits such as straightforward
operational procedures and cost-effectiveness. In this regard,
we investigated two-electrode configuration LSV with VS2/AC
as the cathode and AC as the anode using seawater electrolyte
(Figure 5a). In particular, VS2/AC with iR (without iR)
exhibits an onset potential of −0.26 (−0.11) V and achieves
η250 at −1.06 (−2.1) V. Notably, LSV without iR produces a
large-radius J−V curve that can be attributed to uncompen-
sated resistance at the electrode double layer.
Moreover, to ensure the absence of chlorine evolution and

hypochlorite formation during the electrocatalytic reaction and
to quantify hydrogen production, we performed GC analysis
for 30 h using a constant applied bias of −50 mA/cm2, and
results are shown in Figure 5b. The absence of chlorine
evolution and hypochlorite during seawater splitting was
witnessed from the GC analysis with no obvious chlorine
peak in the chromatogram (Figure S13). Most importantly, the
ratio of O2/H2 of seawater splitting samples is in agreement
with the standard calibration sample of a 1:2 ratio of O2/H2.

54

The hydrogen evolution rate of ∼0.97 mmol/cm2 was
observed for every 6 h of the reaction. It resulted in the
Faradic efficiency (FE) of 62.7% under natural seawater
electrolyte conditions. The corresponding FE calculations are

Figure 5. Natural seawater splitting of VS2/AC: (a) comparative LSV results under two- and three-electrode systems, (b) GC analysis of VS2/AC
for the applied bias of −50 mA/cm2, (c) CP at indoor conditions with an applied bias of −250 mA/cm2 for a period of 21 days, (d) digital
magnified image of outdoor seawater splitting, (e) comparison of overpotential at η10 of reported electrocatalyst materials, and (f) CP at outdoor
conditions with an applied bias of −250 mA/cm2 for a period of 21 days.
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given in the Supporting Information. The low value of FE is
attributed to the loss of charge transport, owing to pristine AC
as the counter electrode. Our choice of AC as the counter
electrode is to encourage an alternative to standard noble
metal electrodes (Pt and Ir) since they are known to exhibit a
high poisoning effect under seawater electrolyte conditions
with poor reproducibility. Further, the possibilities of metal
deposition on the working electrode from the Pt counter
electrode are very high under given experimental conditions of
applied potential.
To evaluate long-term large-scale HER production using

VS2/AC, we performed chronopotentiometry (CP) studies
with an applied constant current of −250 mA/cm2 in a two-
electrode configuration for 21 days with a required potential of
−2.5 ± 0.5 V (Figure 5c). Furthermore, we performed LSV
periodically, confirming the inert nature of VS2/AC during
long-term seawater hydrogen production (Figure S14).
However, we observe a thin layer of salt deposition on the
VS2/AC surface as a result of prolonged CP analysis (Figure
S15). This blocks the active sulfur sites and increases the
voltage required to reach η250 via an increase in the interfacial
resistance. To maintain the working electrode, VS2/AC was
treated with 0.01 M HCl for 30 min once every 3 days. We also
performed post-HER surface morphological characterization
via FESEM and EDS mapping, and chemical composition by
Raman spectroscopy for the VS2/AC electrode, and the results
are provided in Figures S16 and S17. FESEM images and the
corresponding EDS mapping results confirm the presence of
the VS2 catalyst on the AC surface. Further, the post-HER
Raman analysis of VS2/AC is almost similar to that of an as-
prepared sample and evidences superior VS2/AC electrode
stability even after long-term CP analysis and several acid
treatments.
Further, to evaluate the real-time HER performance, solar-

powered CP was evaluated at −250 mA/cm2 for 3 weeks (7
A.M. to 6 P.M.), as illustrated in Figure 5d. The VS2/AC
electrocatalyst was powered by a commercial solar cell with a
working range of 600 mA and 12 V. As expected, VS2/AC
exhibits excellent stability in CP studies when an overpotential
of −2.4 ± 0.3 V (Figure 5f) is used to achieve a current density
of 250 mA/cm2. A real-time video clip of the measurement is
shown in Supporting Movie M1. Comparisons to reported
seawater electrocatalytic HER performances are given in Figure
5e and Table S2. The comparisons indicate that VS2/AC
exhibits excellent HER performance under electrolyte-free
natural seawater conditions. It also exhibits stability superior to
those reported for cathode materials in both indoor and solar-
powered outdoor conditions.
It is worth noting that VS2/AC offers abundant active sites

on a conductive carbon skeleton. This heterostructure
stimulates numerous benefits as it provides the active sites
needed to overcome the kinetic barrier to HER under seawater
conditions and delivers good stability owing to barrier-free
interfacial charge transport between electrode and electrolyte.
The flexible and hybrid electrode displays stability even after
several hundred hours of device performance at high current
densities and acid treatment to remove salt deposition.

■ CONCLUSIONS
In summary, highly entangled VS2 deposited on an amorphous
carbon skeleton via chemical vapor deposition was demon-
strated to be an ideal electrode for electrocatalytic water
splitting. The highly micrometric 3D matrix of AC with VS2 is

catalytically active in both acidic electrolyte and pristine
seawater conditions. Our first-principles analysis evidenced
that the VS2/graphite heterostructure offers a near-zero Gibbs
free energy and significant HER performance. LSV, ECSA, EIS,
and stability analyses confirmed superior VS2/AC hetero-
structure hydrogen production capabilities. It exhibited an
outstanding HER performance during electrolyte-free seawater
splitting with a high yield of ∼1 mmol/cm2 for over 6 h and a
maximum FE of 62.7%. Our analysis evidenced the inert nature
of the catalyst in harsh electrolyte conditions, which is a critical
requirement for long-term device applications. Due to its
scalable synthesis, the VS2/AC heterostructure can be a
promising alternative to classical noble metal electrodes for
large-scale and cost-effective seawater splitting.
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