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Abstract: Due to their diverse properties and functionalities, cost-effective transition
metal-based nanomaterials have been rigorously studied for electrochemical applications.
Ultrathin nanosheets have been identified as the most effective electrodes for catalyzing
water-splitting reactions in both acidic and alkaline environments. Here, we reported
ZnWQy, a member of the tungstate family, as an effective electrocatalyst for promoting
the electrochemical hydrogen evolution reaction. The Zn*2-stabilized tungstate showed a
remarkable cathodic reaction during the water-splitting reaction with low overpotential
(136 mV at 10 mA cm~2) and small HER kinetics (Tafel Slope =75.3 mV dec 1) and long-
term cyclic durability. The high-valence tungsten stabilized with divalent Zn*? promotes
electron transfer during the reaction, making it an advanced electrocatalyst for green
hydrogen production.

Keywords: tungstate; green hydrogen; electrocatalysis; HER

1. Introduction

Currently, the world is experiencing energy challenges resulting from the depletion
of non-renewable fossil fuels [1-5]. The combustion of fossil fuels emits environmentally
harmful gases such as CO;,, NO;, and SO,, which drive the rise in atmospheric greenhouse
gas levels and intensify worldwide environmental concerns [6,7]. At present, the burning of
fossil fuels is responsible for more than 85% of global greenhouse emissions [8]. Moreover,
the excessive use of fossil fuels leads to the degradation of natural ecosystems, global
warming, and ultimately the energy crisis [9,10]. The use of renewable and green energy
sources is the key solution to achieve carbon neutrality and create a sustainable society [11].
Hydrogen energy has the potential to effectively address all aspects of energy usage and
global environmental issues due to its wide range of applications with zero emissions [12].
The green hydrogen, a clean and sustainable energy source, produced from water-splitting
reactions is endowed with great potential to convert electrical energy into fuels for later
use [13]. The water electrolysis occurring at the electrode surface requires active catalysts
to ensure a more energy-efficient process [14]. The impressive electrocatalytic behavior of
Pt-based HER electrodes and Ru and Ir-based OER electrodes in water-splitting processes
represents a promising opportunity for green hydrogen production [4,15]. However, large-
scale commercial production with these rare, expensive, and unstable noble metal-based
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catalysts is challenging. Thus, considerable efforts in developing a promising catalyst for
practical green hydrogen production are urgently needed [16].

Earth-abundant element-based nanomaterials, mostly consisting of transition metals
(TM), are expected to replace these state-of-the-art metals for commercial energy appli-
cations as catalysts [17]. The wide-ranging nanostructure of TM compounds like chalco-
genides, oxides/oxyhydroxides, nitride/oxynitrides, phosphides, carbides, etc., with vary-
ing compositions such as single-phase, hetero-phase, composite, alloys, etc., is a topic
attracting growing interest in advanced electrocatalysis research [4,18-20]. Tungstates have
gained significant attention due to their exceptional catalytic and electrochemical proper-
ties [21,22]. Metal tungstates with high-valence W atoms show high electrical conductivity
and excellent electrochemical performance [23]. Among the tungstates, zinc tungstate,
a well-known n-type semiconductor and a member of the structurally related divalent
transition metal tungstate family, crystallizes in a distorted triclinic wolframite structure
where Zn and W atoms are octahedrally bonded to six oxygen atoms [24,25]. The Zn*?
ion-stabilized form of this tungstate, ZnWQ,, with a versatile electronic and molecular
entity, reactivity, and stability, is a promising candidate for electrochemical activities [26,27].

Based on previous studies, the morphological properties are important determinants
of nanomaterials” applications, such as in water-splitting reactions, supercapacitors, fuel
cells, batteries, and nitrogen reduction reactions [28-30]. Among the many strategies used
to tune an ideal morphology, various approaches like changing the precursor ratio, chang-
ing the reaction temperature, pH adjustment, the use of surfactants, ion impregnation, etc.,
are common [31]. Optimizing the molar ratios of divalent ions within tungstate nanostruc-
tures presents an exciting opportunity for enhancing nucleation processes. This innovative
strategy could lead to significant advancements in material development. Additionally, it is
notable that the electrochemical behavior of tungstates is positively affected by changes in
the electronic structure induced by the bivalent metal (Zn*?) on multivalent W atoms [32].
Metal tungstate (CoWOy) nanoparticles demonstrate excellent activity as a bifunctional
electrocatalyst for the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER), according to Luo et al. [33]. Malavekar et al. [34] highlighted the promising ca-
pabilities of the NiWO, nanostructure as an OER electrode, noting its excellent ability to
achieve reduced overpotential and Tafel slope values in alkaline media. This advancement
suggests opportunities for further research on tungstate nanomaterials and development
in enhancing electrode performance in electrochemical applications.

Hence, we adopt a facile hydrothermal method to synthesize ultrathin nanosheets of
Zn*?-stabilized WO, =2 (ZnWOy) using varying molar concentrations of Zn*? ions for the
HER in alkaline electrolytes. The resultant ultrathin nanosheets of ZnWO, with a molar
ratio of 1:1 exhibit pronounced HER activity, surpassing that of the other catalysts and
comparable to commercial Pt/C. This high activity is mainly associated with the large
surface area of these nanosheets, the higher number of electroactive sites, the tunable Fermi
level and d-band structure, and the synergistic effects of bimetals. Low-cost transition
bimetallic oxides with suitable nanoarchitectures offer a promising solution for enhanc-
ing the hydrogen evolution reaction. This approach supports the pursuit of economical
and sustainable energy solutions, making it a valuable area for further exploration and
development.

2. Materials and Methods
2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0), sodium tungstate dihydrate, (Na, WO, -2H,0),
urea (CH4N,O), ammonium fluoride (NH4F), and potassium hydroxide (KOH) were
purchased from Sigma-Aldrich, St. Louis, MO, USA. Nickel foam (Ni-foam) was purchased
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from Taiyuan Liyuan Lithium Technology Co., Ltd., Taiyuan, China. All the chemicals were
of analytical grade and were used as received.

2.2. Treatment of Nickel Foam

Firstly, the Ni foam substrate was cut into 5 cm x 2 cm pieces, which were then
pretreated with a 2 M HCl solution in an ultrasonic bath for 30 min to remove the NiO layer
from the surface. Subsequently, the substrates were washed several times with acetone,
absolute ethanol, and deionized (DI) water.

2.3. Synthesis of ZnWOy Nanosheets on Ni Foam

ZnWOy ultrathin nanosheets were synthesized on nickel foam using a facile hy-
drothermal method. Firstly, a solution containing 1 mmol of Zn(NOs3),-6H,0O, 1 mmol of
Nap; WOy -2H5,0, 3 mmol of urea (CH4N,O), and 0.5 mmol of NH4F in DI water (60 mL)
was prepared with constant magnetic stirring for 30 min. The resulting solution was trans-
ferred to a 100 mL Teflon-lined stainless-steel autoclave and a piece of pretreated Ni foam
(2 cm x 5 cm) was immersed in the reaction solution. The autoclave was sealed and main-
tained at 120 °C for 12 h followed by natural cooling to room temperature. The resultant
product was washed carefully with DI water and ethanol to remove residual impurities and
dried in an oven for 10 h. Finally, the dried material was annealed at 250 °C for 3 h in air.
Similar conditions were applied for other samples of ZnWO, with a varying composition of
the Zn precursor, i.e., 0.5 mmol and 2 mmol of the solution with 1 mmol of Na,WO,-2H,0.
The Ni foam was cut to the desired size (1 x 1 cm?) on a cutting mat, ensuring smooth
edges and minimal damage to facilitate subsequent electrochemical characterizations.

2.4. Material Characterizations

The crystalline properties of catalysts were examined by means of X-ray diffraction
(XRD) with the standard of Cu K« radiation from the 26 range 10-80° in a scan range of
2 degree per minutes (A = 0.154 nm) (Rigaku Co., Tokyo, Japan). The surface morphology
and the energy dispersive X-ray spectroscopy (EDS)-based elemental composition of the
electrode was observed by means of field-emission scanning electron microscopy (FE-SEM)
on a Zeiss Supra 40VP system (Burgoberbach, Germany) using a piece of Ni foam.

2.5. Electrochemical Measurements

The electrochemical properties of the as-synthesized electrode materials were analyzed
in a CHI 660E workstation. An Ag/AgCl (saturated with KCl solution) reference electrode,
a graphite rod counter electrode, and the catalyst-loaded 1 cm X 1 cm Ni foam sample as the
working electrode were set up in a three-electrode configuration, and the electrochemical
performances were recorded in a 1 M KOH electrolyte solution. The catalytic activities for
water splitting were assessed through HER activity using the linear sweep voltammetry
(LSV) technique at a scan rate of 2.0 mV s~! and were corrected by means of iR compen-
sation (Ecorrected = ERHE — iRs, where i = current and Ry = equivalent series resistance).
The Tafel slopes of each individual catalyst were calculated [(n = a + blogj), where ‘j’ is the
current density, and ‘b’ is the Tafel slope] to explore the electrode kinetics for water splitting
via the HER reaction. The electrochemical impedance spectrum (EIS) and the Nyquist plots
were measured over the frequency range (100 kHz to 0.01 Hz) at an amplitude of 5 mV. The
electrochemically active surface area (ECSA) of catalysts was evaluated using cyclic voltam-
metry (CV) at different scan rates in the non-Faradaic region to determine the double-layer
capacitance (Cq1). The measured potentials were standardized to the reversible hydrogen
electrode (RHE) [ErpE) = EO( Ag/AgCl) T E(ag/agan +0.059 x pH; ERpg = calculated potential
vs. RHE, Eag/agc1 = measured potential vs. Ag/AgCl, E0 Ag/agcl = 0.197 V at 25 °C] [35].
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3. Results and Discussion

The Zn-tungstate nanocatalyst was synthesized by means of a hydrothermal process
followed by heat treatment as shown in Scheme 1 (for more detail, see the Materials and
Methods section). The varying molar ratio of Zn*? ions incorporated into the tungstate moi-
ety (WOy) 2 enables the formation of the highly crystalline ZnWO, ultrathin nanosheets.
The single-step hydrothermal method is beneficial for synthesizing highly stable nanocrys-
tals at an ambient temperature and auto-generated pressure.

HE O

Zn(NO3),-6H,0
Na,WO,2H,0 H, -
AR Hydrothermal ¢ Cathode 4 @ Anode

Electrochemical HER Catalyst

Reaction \ o]al -} -
; ) ‘ ; ’ Zns O\w/ o O% *ﬁr)
120°C, 12h WV er S 7N, X ?{Z

s o
ZnWO, Ultrathin Nanosheet N
Scheme 1. Schematic showing the synthesis of ZnWO, ultrathin nanosheets.

The crystallinity of the synthesized ZnWO, was assessed by means of X-ray diffraction
(XRD) analysis (Figure 1). The strong diffraction peaks at 30.473 and 30.720 correspond to
the (111) and (—111) crystalline planes, respectively, indicating the formation of the highly
crystalline nanostructure of pure ZnWQy (JCPDF No. 15-0774). Other significant peaks at a
20 angle of 18.9 (100), 23.9 (011), 24.6 (110), 36.3 (021), 36.5 (002), 53.9 (—202), 64.8 (—311)
indicate the formation of the monoclinic sanmartinite crystal structure of ZnWO, with
the space group P2/c(13) [25]. These structural properties of the tungstate indicate the
long-distance structural organizations as well as the excellent crystallinity which imposes
the best electrocatalytic properties due to the highly dispersed W and Zn atoms on the
molecular scale [36].

A B
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Intensity (a.u.)

|l || lIl |I.I '.'li . | .
10 20 30 40 50 60 70 ,
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Figure 1. XRD crystallography of ZnWOy (A); monoclinic sanmartinite crystal structure of ZnWO;
(B), generated from VESTA software (Version 3.5.2).

The microstructure of the synthesized sample with its characteristic morphology is
depicted in Figure 2. The field-emission scanning electron microscopy (FE-SEM) images
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with porous Ni foam as the supporting material of ZnWQO, indicate the growth of homo-
geneously dispersed ultrathin nanosheets on the substrate (Figure 2A and inset) with an
enormous porous architecture. The magnified FE-SEM images (Figure 2B,C) clearly show
the layered spongy channels with thin sheets, which are ultimately beneficial for the elec-
trochemical activity, offering a high specific surface area, faster charge transfer, and better
conductivity. The ample porosity and the thin-edge layered structure allow the passage
of the electrolyte during the electrochemical measurement, allowing for faster electrode
kinetics and minimum charge resistance [37]. Moreover, the energy dispersive spectroscopy
(EDS) elemental analysis of the sample showed the presence of all the constituent elements,
ie., Zn, W, and O, as shown by the element mapping images in Figure 2D,E,F, respectively.
The EDS spectrum and its quantification results are shown in Figure 2G and the inset,
indicating the presence of all the constituent elements in definite weight percentages and
atomic percentages. Hence, the distinctively thinner morphology of ZnWO, nanosheets
explicitly increases the number of accessible catalytic sites for interactions between the
electrode and electrolyte. This leads to significantly improved electron transfer and re-
action kinetics, resulting in superior electrochemical performance in hydrogen evolution
reactions (HERs). The greater availability of these catalytic sites is a crucial factor driving
the enhanced HER activity observed in these nanosheets, demonstrating their effectiveness
and potential in the water-splitting process [4].

Bl tap Sum Spectrum

Element Weight %
0- K series 11.39
Ni - K series 65.87
In-Lseries | 9.19
W - M series 13.56

Total: 100.00

Figure 2. FESEM images of ZnWO, from low to higher magnification (A-C), FESEM-EDS color
mapping images of ZnWO, (D-F), and EDS spectrum (G).
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The electrocatalytic properties for water-splitting applications to produce green hy-
drogen are of great interest in recent energy conversion technology. To evaluate the elec-
troactivity of the synthesized materials, we accessed different electrochemical parameters
in an alkaline medium (1 M KOH). The 1 cm x 1 cm ZnWOy-loaded nickel foam sample
was used for all electrochemical measurements. The activation or surface cleaning of the
electrocatalyst was carried out by running cyclic voltammetry (15 cycles) in a specific
voltage range (in HER regions) at a relatively high scan rate before measuring the LSV or
other electrochemical parameters [38].

The active sites of the electrode for ion adsorption were first quantified by perform-
ing the CV cycles in non-Faradaic potential regions. The slope for the linear plot of
non-Faradaic currents (I, - Ic) as a function of scan rate is the double layer capacitance
(Cq1 = d(4j)/dv), which specifies the relative electrocatalytic activity of the respective
catalyst, indicating the highly exposed active sites in terms of the active surface area,
reported as the electrochemical active surface area (ECSA) [38]. The ECSA is linearly
proportional to the Cy4; and is calculated by employing the formula ECSA = Cgy;/Cs, where
Cs is the capacitance of a flat electrode. Figure 3A-C show the corresponding cyclic voltam-
mograms of Zn*? tungstate at a scan rate of 20-100 mV s~!. The calculated Cg; value
[ZnWOy (1:1) = 10.4 mF em ™2, ZnWOy (0.5:1) = 8.8 mF cm 2, ZnWOy (2:1) = 6.6 mF cm 2]
in Figure 3D indicates that the equimolar ratio of Zn:W (1:1) exhibited more active sites on
the electrode and thus a larger ECSA. From these results, the specific activity of the electro-
catalyst is enhanced due to the highly porous ultrathin network of ZnWO, nanosheets on
nickel foam.
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Figure 3. CV curves of as-synthesized electrodes at different scan rates (A-C), Cq value, and the
corresponding ECSA of the electrode (D).

The electrochemical water electrolysis performance of the developed catalyst was
evaluated by the polarization curves obtained from the linear sweep voltammetry at a
scan rate of 2mV s~ ! in a three-electrode system. Figure 4A shows the polarization curves
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of the as-synthesized catalyst, commercial Pt/C, and the bare Ni foam with reference to
the RHE after iR compensation. For all the catalysts, partial iR compensation (95%) was
carried out to correct the voltage loss caused by the medium solution between the reference
electrode and the working electrode, as well as to avoid potentiostat oscillation. The
overpotential measured at the benchmark current density of 10 mA cm~2 for Pt/C is 35 mV,
that for ZnWOQOy (1:1) is 136 mV, that for ZnWOy (0.5:1) is 192 mV, that for ZnWO, (2:1) is
252 mV, and for bare Ni foam, it is 298 mV (Figure 4B). The Zn*? jon-stabilized tungstate
showed a fairly good overpotential, showing a competitive electrochemical activity for
HER application. The 1:1 ZnWOy catalyst showed better electrochemical performance than
the other electrodes, conceivably due to its fine-tuned morphology, enormous porosity,
strong electrode-electrolyte interactions, and more importantly its high-valence tungstate
stabilized with divalent Zn*? ions of high crystallinity [39].
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Figure 4. LSV polarization curves for the HER (A); corresponding overpotential (B); Nyquist plot of
the developed catalyst and its respective Rs and Rct values (C,D).

Figure 4C,D show the electrochemical impedance spectroscopy (EIS) measurements
and the impedance responses of the as-synthesized catalyst, represented in Nyquist plots.
The relative solution resistance (Rs) and the charge transfer spectra (Rct) of the developed
catalysts are given in Figure 4D. As shown in Figure 4C, the smallest R and the Rct
value for the 1:1 ZnWO4 catalyst signify good electrocatalytic behavior, which is in good
agreement with the results obtained through polarization measurements. These results
indicate that the zinc tungstate catalyst exhibits low reaction resistance and is a very
promising material for water-splitting applications [38].

The electrochemical kinetics of the developed catalyst were studied by exploring
the steady-state polarization Tafel curves (Figure 5A). The reaction mechanism and the
rate-determining step (RDS) can be accomplished by using the Tafel slope derived from the
Tafel equation (N = a + logj) with the applied overpotential (1), resulting current density
(j mA cm~2), intercept (a), and the Tafel slope (b). The results plotted in Figure 5A demon-
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strate the small reaction kinetics for the Pt/C electrode (55.1 mV dec™!) and the 1:1 ZnWO,
electrode (75.3 mV dec™1) compared to those for others, namely the 0.5:1 ZnWOjy electrode
(115.0 mV dec™!) and the 2:1 ZnWOj electrode (145.8 mV dec™!). These findings suggest
that the Volmer—-Heyrovsky reaction mechanism is involved in the HER process, where
proton discharge electron sorption followed by electron desorption occurs. This means that
the Volmer step is the RDS, where the HER kinetics follow the charge transfer process from
the electrode.

06 - o
e A mmel
—ZnWO, (1:1) smydec oS 30,
=0.4{-0-znwo, (05:1) {emanesr] 2
= |-e-znwo, @1 E, 909
z —o—Bare Ni foam 2 90
> @
o 024 =
a V. [
§ . e -1201
) M B 101
l 5 ZnWO, (1:1)
0 55.1 mV dec’ O 80 _pyc
0.0 0.5 10 15 2.0 0 400 800 1200 1600
LogJ (mA cm?) Time (s)
0.0 :
C Chronopotentiometry
— 01 @ 50 mA cm™
O
b=
L .02+
] —2ZnWo,
o
2034
(@)
0.4
0 4 8 12 16 20
Time (h)

Figure 5. Electrode kinetics for the HER, represented by the Tafel slope (A). Consecutive multi-step
chronopotentiometry analysis of the 1:1 ZnWOy catalyst (B). Long-term stability analysis of the
ZnWOj catalyst on Ni foam through chronopotentiometry analysis at 50 mA cm~2 (C).

The practicability and durability of the electrode for HER applications can be tested
via stability analysis. Figure 5B shows the consecutive multi-step chronopotentiometric
analysis of the 1:1 ZnWOQO, and benchmark Pt/C catalysts, where the current responses
remain steady throughout the 200 s time period at monotonically increasing applied
potentials. The current response of ZnWQjy (1:1) was found to be more consistent than that
for the benchmark Pt/C electrode, demonstrating the high practicality of the developed
catalyst. This indicates its superior material strength and excellent mass transport during
the electrochemical reaction. Moreover, the long-term stability of the ZnWOQjy catalyst on
Ni foam was evaluated through chronopotentiometric analysis at 50 mA cm~2 of applied
current, as given in Figure 5C. The result is obvious, showing that there is no significant
degradation in the potential response for about 16 h, indicating the robustness of the
electrode at a high current density [40]. Overall, the physicochemical and electrochemical
results reveal that the tungstate with an equal molar ratio of Zn and W displays exceptional
catalytic performance, surpassing the outcomes observed with lower or higher zinc ratios.
In this study, we focused on the influence of zinc ions on tungstate regarding its catalytic
performance as a green Hj production electrocatalyst. The lower performance of the other
electrodes might be associated with reasons such as a lack of saturation of the tungstate at
a low content of zinc and the agglomeration of zinc particles at the surface of the tungstate
at a higher content of zinc, which will be explored in further research. Based on these
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findings, a divalent ion-stabilized tungstate is a good candidate for efficient water-splitting
applications for green hydrogen production.

4. Conclusions

In conclusion, strategic divalent ion (Zn**) modulation on a tungstate (WO, 72) moiety
results in an ultrathin nanosheet structure with surplus porosity and channels. The electro-
chemical HER activity is boosted due to the freestanding ZnWO, nanosheets on Ni foam,
and Zn’s incorporation effectively modulates the electronic structure and increases the
active sites for electroactivity. The optimal integration of Zn ions into the tungstate results
in good electrocatalytic performance, which has not yet been investigated. The achievement
of a high-performance electrode is made possible through the use of a noble metal-based
catalyst (Pt/C). However, this transition metal-based tungstate electrode also demonstrates
competitive performance and could be further improved by employing techniques such
as defect engineering and heterostructuring. These advancements could enhance its effec-
tiveness in power conversion systems, including water splitting. Hence, our work opens
up a low-cost and simple synthesis approach for the design of electrocatalysts in green
hydrogen production.
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