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Transition Metal Tungstate’s Electrocatalyst Supported on a Mixture of
Reduced Graphene Oxide and Silica Template for Water Splitting
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Abstract

Developing efficient and cost-effective electrocatalysts for water splitting in an alkaline medium is critical. A series of nano-structured
metal tungstate MWO, (M = Co, Ni, Mn, Zn, and Fe) is anchored on a reduced graphene oxide and silica template via a one-pot hydrothermal
method. The electrochemical performance of the electrocatalysts is evaluated for hydrogen and oxygen evolution reactions. All the
electrocatalysts show good performance in both reactions. MnWO,/rGO-ST/NF is the most efficient electrocatalyst for HER, at current
densities of 10 and 50 mA cm™2, it requires overpotential values of 150 and 232 mV, respectively (Tafel slope 130 mV dec™'). In the case of
OER, Fey(WQ,)s/rGO-ST/NF has the best performance with over potential values of 322, 339, and 352 mV at 10, 30, and 50 mA c¢cm™
respectively (Tafel slope 44 mV dec™"). MnWO./rGO-ST/NF||[Fe2(WO.)s/rGO-ST/NFelectrode pair exhibits exceptional 12-hour durability
and cell voltage of 1.81 V for water splitting.

Keywords: Transition Metal tungstate’s, reduced graphene oxide, silica template, Hydrogen, and Oxygen evolution reaction, water splitting

1. Introduction

The rising worldwide energy use and the associated environmental damage imposed on the scientific community's
development of clean and long-lasting energy systems [1]. Hydrogen has long been regarded as the perfect sustainable
energy source due to its special characteristics such as high conversion efficiency, low pollution, and high energy density [2—
4]. Nowadays, mosthydrogen manufacturing processes produce a substantial quantity of carbon dioxide, producing serious
environmental difficulties [5, 6]. Electrochemical water splitting is another sustainable energy method lately used for
hydrogen production and to meet the expanding energy demands [7]. This process involves two reactions, hydrogen
evolution reaction (HER) which takes place at the cathode and includes the recombination of protons and electrons, and the
other reaction is oxygen evolution reaction (OER) at the anode which includes water splitting into oxygen gas and
protons.The demand of voltage for the electrochemical water splitting is 1.23 V but in case of the industrial applications this
value is increased above 1.8 V to overcome the energy barriers. Noble metals-based electrocatalysts such as Pt, Ir, and Ru
have been used to allow the water-splitting reaction at reduced values of potential. Still, these kinds of electrocatalysts are
expensive and rare. Hence, it is very essential to develop different kinds of electrocatalysts that depend mainly on transition
metals and transition metal oxides to expand in industrial applications [8]. Tungsten oxide is thought to be one of the most
desirable electrocatalyst materials due to its chemical stability, environmental friendliness, and adaptable composition and
structure [9].

However, tungsten oxide has low conductivity and a restricted number of active sites. So, to improve its electrochemical
performance toward water splitting reactions, by anchoring tungsten oxide with transition metal oxides [10, 11], and carbon-
based materials such as graphene, carbon nanotubes, and reduced graphene oxide [12-14].Mesoporous structures are
characterized by having a large specific surface area and pores with diameters between 2 and 50 nm. Among inorganic
structures, mesoporous silica spheres found wide applications especially in catalysis because of their internalcavity and
enhanced surface-to-volume ratio. The higher surface area provides the catalysts with more chances to reach target
molecules and increase catalytic activity. Moreover, the silica template is easy to synthesizewhich enhances the availability
for mass production [15-17].From another point of view, nickel foam (NF), as a result of its high porosity, is commonly
utilized as a catalyst carrier, providing a greater area for catalytic development and maximizing electrolyte contact [18].
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Because of their customizable electronic structure, comparatively low toxicity, controllable microstructure, environmental
friendliness, and abundance of resources, metal tungstate’s have sparked widespread concern when compared to numerous
transition metal oxides, Furthermore, due to their intrinsic high conductivity and the diverse oxidation states of W, metal
tungstate’s outperform metal oxides in electrocatalytic performance [19,20].

As a result, metal tungstate’s are thought to have superior electrocatalytic performance in the realm of electrochemistry [21].
Xin Yue et al. [22]prepared Nio19WO4 nanowires supported on Ni foam prepared by hydrothermal and heating process and
applied for water splitting in an alkaline medium, the findings showed that the overpotential values for HER and OER at 10
mA c¢cm-2 are 200 mV and 260 mV, respectively.

An overpotential of 310 mV is acquired at 10 mA cm? in the as-grown NiCo204@NiWOa core-shell nanorod arrays
investigated for the oxygen evolution process in an alkaline solution [23]. Again, hydrothermal synthesis and annealing
treatment are used to prepare WO: hexahedral networks supported on nickel foam, they found that, at 10 mA cm?, an
overpotential value of 48 mV for the HER and that of 300 mV for the OER in an alkaline solution [24].The performance of
hierarchical WO3 with nanowires on a nanosheet array toward OER in an alkaline medium has been studied by JinxiangDiao
et al. [25] they stated that the electronic structure of WO3 with oxygen vacancies corresponds perfectly with the requirements
of OER; the electrocatalyst achieved 0.23 V overpotential at 10 mA cm 2 Additionally, the oxygen vacancies and
Fe2P&WO2.92 synergy were crucial to the Fe2P-WO2.02/NF's strong electrochemical performance towards OER in an alkaline
media because they provided effective active sites for the reaction. At 100 mA cm?, the electrocatalyst exhibits a low
overpotential of 267 mV [26]. Mesoporous WOs-TiO2 was prepared by an acid-catalyzedpeptization method and tested for
alkaline (HER). Its exchange current density is 6.2 x 10> mA cm, and its low overpotential value is 120 mV. [27].

In this study, we prepare bi-functional electrocatalysts based on metal tungstate nanoparticles (M = Co, Ni, Mn, Zn, and Fe)
supported on a mixture of reduced graphene oxide (rGO) and silica template(ST) using a one-pot hydrothermal method. The
following electrocatalysts prepared are namely: Cobalt tungstate (CoWO4/rGO-ST), Nickel tungstate NiWO4/rGO-ST,
Manganese tungstate MnWO4/rGO-ST, Zinc tungstate ZnWO4/rGO-ST, and Iron (II1) tungstate Fe2(WO4)3/rGO-ST. The
total loading of the electrocatalysts on the support is set at 30%, and the atomic ratio of tungsten to the transition metals is
determined to be 1:1. To the best of our knowledge, these novel constructions of prepared electrocatalysts have been rarely
tested for water splitting in an alkaline medium.

2. Materials and Methods
Materials

All chemical is purchased from Sigma-Aldrich (USA) in analytical grade, and it is used without being purified. Double-
distilled water is used to make all aqueous solutions, including cleaning and preparation.

Preparation of transition metal tungstate’s supported on a mixture of rGO and ST

The synthesis of mixed support materials rGO and silica template was mentioned previously [28]. Scheme 1 illustrates the
one-pot hydrothermal method used to prepare the electrocatalysts. Tungsten and transition metals (Co, Zn, Mn, Ni, and Fe)
are supported on a combination of rGO and ST. The total loading of the electrocatalysts on the support was fixed at 30 %.
Generally, calculated amounts of sodium tungstate dihydrate (Na2W0O4.2H20) and transition metal chlorides are added to 50
ml of double-distilled water, and then the pH of the solution is adjusted to 3 by adding 1 molar HCI solution. The measured
amount of support (rGO and ST) was added to the mixture followed by hydrothermal treatment in the autoclave at 180 °C for
12 h. The products were filtered, repeatedly cleaned with double-distilled water once they had cooled to room temperature,
and vacuum-dried for six hours at 60 °C. The electrocatalysts that were prepared in accordance with the above-mentioned
procedure were specifically as follows: Cobalt tungstate (CoWO4/rGO-ST), Nickel tungstate NiWO4/rGO-ST, Manganese
tungstate MNWO4/rGO-ST, Zinc tungstate ZnWO4/rGO-ST, and Iron (I11) tungstate Fe2(WO4)s/rGO-ST.

Physical characterization of the electrocatalysts

An X-ray diffraction (XRD) system, such as the Rigaku-D/MAX-PC 2500, is used to analyse the crystalline phase.
Microstructure and morphology are examined using high-resolution transmission electron microscopy (HRTEM, JEOL-JEM
2010) and scanning electron microscopy (SEM). The electrocatalyst's valence states are identified via X-ray photoelectron
spectroscopy (XPS) (PH1-5700 ESCA system, US).

Electrochemical characterization
Electrode preparation

To prepare the catalyst slurry, the catalyst and polyvinylidene fluoride (PVDF) are mixed with a ratio of 9:1 by weight in
N-Methyl-2-Pyrrolidone (NMP) solvent. The combination is then subjected to sonication for more than an hour, resulting in
a homogeneous dispersion of the slurry. Nickel foam with 1 cm? cleaned with sonication in HCI (3 M), ethanol, and
deionized water for 15 min. each, is dried in a vacuum oven at 60 °C for eight hours. The slurry is drop cast on 1cm? nickel
foam to make a working electrode (the loading mass is about 1.0 mg cm2) for electrochemical evaluation.
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Electrochemical characterization of Electrocatalyst

A three-electrode setup with a Voltalab 6 electrochemical workstation is used to assess the electrocatalytic activity. The
platinum wire serves as the counter electrode, while an Ag/AgClI electrode that has been saturated with KCI serves as the
reference electrode. HER and OER polarization curves are obtained by linear sweep voltammetry (LSV) in 1.0 M KOH with
a scan rate of 5 mV s! and corrected with iR compensation. In the turnover zone of the HER and OER, electrochemical
impedance spectroscopy (EIS) evaluation is carried out in the range of frequency 0.1-10° Hz with a polarized potential. The
Nernst equation is used to convert all potentials to the reversible hydrogen electrode (RHE): Erne = E(Ag/AQCI) + 0.197 +
0.059 pH. The electrochemical double-layer capacitance (Cdl), which may be estimated from CV curves, is used to
determine the electrochemically active surface areas (ECSA) of electrocatalysts as obtained. Throughout the non-Faradaic
potential range, cyclic voltammograms (CV) are captured at increasing scan speeds (40-200 mV s™).

Metal Chloride rGO + ‘
sodium tungstate dihydrate ] Silica template 180 °C ‘Eg
HCI, pH 3 "o o "o o 12 hr ‘
stirring stirring Autoclave
Centrifugation
Drying at 60 °C
s (] ]

Scheme 1. The procedure of preparation of metal tungstate supported on rGO and ST.

3. Results and Discussion
Physical characterization

The crystal phase composition and purity of the transition metal tungstate’s electrocatalysts are investigated. As shown in
Figure 1., in all the XRD patterns, the peak around 23~24° could be related to the support (reduced graphene oxide rGO)
[29]. It could be noticed that some secondary peaks of transition metal tungstate’s have similar positions with the peak of
rGO which implies that both the oxides and the support are well stacked with each other. A wider peak is seen for rGO at
roughly 23~24° after the oxygen-containing functional groups are mostly removed during the chemical and thermal
reduction of GO. This may be clarified as follows: The synthesized rGOs significantly restore the p-conjugated structure of
graphene. Because of graphite's high crystallization structure, a wide (002) peak is present in the crystal phase of rGOs,
indicating that the layers of rGOs are randomly arranged in accordance with graphite. Generally, the formation of one or
more rGO layers following GO reduction may be the cause of the random arrangement. The structure of the graphene
nanolayers lies between crystalline and amorphous structures. [30, 31].All the diffraction peaks of metal tungstate's are well
indexed to a monaoclinic phase furthermore, an amorphous structure is observed for all electrocatalysts. Figure 1(a) displays
the characteristic peaks at 19.10°, 24.61°, 30.61°, 36.17°, 53.92° and 65.05° are indexed to the (100), (-110), (111), (002), (-
202), and (132) diffraction planes of Cobalt tungstate (CoWOs), respectively (PDF 01-072-0479) [32]. Nickel tungstate
(NiWO4) XRD graph is illustrated in Figure 1(b), it has characteristic peaks at 19.27°, 23.29°, 24.89°, 30.90°, 36.48°,
37.20°, 46.38°, 54.60° and 65.40° are related to the (100),(011), (110), (111), (002), (120), (211), (202) and (222) diffraction
plane (PDF15-0755), respectively [33].

The 20 characteristic peaks of Manganese tungstate (MnWOsa) is viewed in Figure 1(c) at 15.36°, 18.36°, 23.54°, 24.02°,
29.78°, 31.01°, 35.90°, 37.22°, 40.26° 40.83°, 44.33°, 48.17°,49.20°, 51.13°,52.29°, 53.01 °,60.54° and 64.33° indexed to the
(010), (100), (011), (110), (-111), (020), (002), (200), (-102), (121), (112), (022), (220), (130), (122), (221), (-113) and (132)
diffraction plane(PDF 01-085-5966) [34]. While the XRD pattern of Zinc tungstate (ZnWOsa) reflected peaks at 26 values
around 15.47°, 18.90°, 23.83°, 24.57°, 30.74°, 31.26° 36.31° 38.33°, 44.23°, 45.45°, 47.67°, 52.55° 62.24° and 64.78° that
related to the (010), (100), (011), (110), (111), (020), (021), (200), (112), (211), (030), (122), (-113) and (-311) diffraction
plane of ZnWO4 (PDF 73-0554), respectively(figure (1d))[21] . The XRD pattern of iron (iii) tungstate could be referred to
the monoclinic phase of Fe2(WOs)s where the diffraction peaks located at 26 around 22.80°, 25.67°, 27.22° and 30.00°(PDF
00-038-0200) and represented the diffraction planes of (202), (-322), (-224) and (-422) respectively(figure (1e)).

The preliminary elemental identification of the CoWO4/rGO-ST, NiWO4/rGO-ST MnWO./rGO-ST, ZnWO4/rGO-ST and
Fe2 (WO4) 3/rGO-ST are performed using XPS and the full-ranged spectra (0-1400 eV) are illustrated in Figure S1(d),
correspondingly. It could be distinguished that the existence of C 1s, O 1s, Si 2p, and W 4f, Zn 2p, Fe 2p, and Ni 2p regions
at binding energies (BEs) of ~288.048, ~535.634, ~106.206, ~35.516, 1023.69, 738.08 and 858.21 eV, respectively.
Furthermore, both Co 2p and Mn 2p for are vanished or difficulty seen, these might be due to the continuation of mixed
MnZ/Mn** orCo?*/Co®*[35-38]. The high-resolution C1s spectra as illustrated in Figure S1(a), deconvoluted into a major
peak fitted approximately at 284.246 eV that attributed to the C-C/C=C bonds and accountable for almost 57.926eVVAt.% of
rGO. Moreover, the incidence of shoulder oxygen-containing groups that could be assigned to C-O (286.29eV, 17.245 At.
%), C=0 (287.94eV, 10.25 At. %), C-O-C (285.7eV, 21.81 At. %) and O-C=0 (290.24 eV, 6.18 At. %). Significantly as
indicated in Figure S1(b), the O 1s surface photoemission spectrum identified the presence of three distinct peaks at
530.564, 532.978 and 534.536eV that could be indexed to O*, OOH" and (O%)zions in the oxide, respectively [39]. The core
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level spectra of Si as displayed in Figure S1(c) are deconvoluted into two peaks that ascribed to the -C-Si-O (103.79 eV)
and O-Si-O bonds (105.58 eV), which indicates that the oxide moves to the stoichiometric SiO2[40].
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Figure 1: XRD patterns of the support (rGO-ST) and the prepared metal tungstate's M-WO4/rGO-ST (M = Co, Ni,
Mn, Zn & Fe).

As represented in Figure 2(a-e), the core-level WA4f photoemission spectrum recognized the presence of two distinct
doublet peaks for all electrocatalysts at ~35.192 and 37.266 eV that indexed to W 4f 72 and W 4f sp2,respectively, which
might be attributed to a good extent with WE* [41]. These results are in accordance with the literature [42, 43]. Besides, the
presence of an extra shoulder peak at 39.65 eVis related to WOz or WOxin the transition layer that is observed in Fez
(WO4)3/rGO-ST [44]. The Co 2p spectrum as displayed in Figure 2(a") is fitted as Co 2pss2, Co 2pw2, and shake-up satellites.
The BEs at 782.56, 785.43, and 796.83 eV are assigned to the formation of Co?* valence. Furthermore, there is a
contribution of some Co 3 at BE of 779.7 eV with an intensity of 16.95 At. % that is lower than Co?* (60.58 At.% ) by 3.4%
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[45]. The co-existence of shake-up satellites with strong intensities of 30.96 At. % are attributed to Co?* (BEs= 788.35 and
801.86 eV) [46]. Whereas, the Ni 2p spectrum as clarified in Figure 2(b") exhibited four obvious main peaks at 856.27,
860.76,868.25, and 873.75 eV, which are ascribed to the Ni 2p 32 and Ni 2p 12 with one shake-up satellite peak at 864.31
and eV that was assigned to Ni%*[47, 48].

The Mn 2p spectrum as illustrated in Figure 2(c") showed the existence of BEs at 637.2 and 647.6 eV that related to Mn
2p3z and Mn 2pus, respectively [49]. Moreover, the spin-orbitals could be deconvoluted into four peaks, two of which are
related to Mn?* (BEs= 641.24 and 650 eV) with an intensity of about 63.56 At. %. Additional peaks at BEs of 645.68 and
653.5eV corresponding to Mn“** (36.44 At. %).Hence, the physical mixture oxides are composed of a triple oxide of Mn *,
Mn“** and W®*, Furthermore, as revealed in Figure 2(d"), the Zn 2p spectrum is separated into Zn 2p a2 and Zn 2p 112, which
are located at BEs of 1022.18 and 1045.06 eV, respectively. Their spin-orbit separation is approximately 22.88 eV between
them, which corresponds to the Zn?* [50-52]. These results coincided with the findings for pure ZnO and are in line with
Bigiani Lorenzo et al. [53]. The Fe2p (Figure 2(e")) revealed two spin-orbit doublets for Fe 2ps. and Fe 2py2 at 709.1 and
722.5 eV, respectively. The located BEs at 710.91, 713.8, 717.41, 720.92, and 728.67 eV evidenced the presence of
Fe3*[54]. Moreover, the presence of broad satellite peaks at 724.85 and 733.48 eV, matches the Fe * oxidation state.
Moreover, the presence of broad satellite peaks at 717.41, 720.92, and 733.48 eV, matches the Fe 3* oxidation state. It could
be confirmed the successful double oxide preparation of Co (** and ¥*), Ni%*,Mn(** and #*), Zn?*, or Fe3* with W6*by a one-
step hydrothermal method that is consistent with the XRD results. Furthermore, the electronic interaction between double
oxides is significantly effective in enhancing the oxygen evolution efficiency, in addition to the increase in the effective
surface area of the prepared electrode [55].
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Figure 2: XPS spectra of (a-e) W 4f, a') Co2p, b") Ni 2p, ¢') Mn 2p, d') Zn 2p and e") Fe2p for CoWO4rGO-ST,
NiWO/rGO-ST, MNWOJrGO-ST, ZnWO./rGO-ST and Fe; (WO4)3/rGO-ST electrocatalysts, respectively.

The morphology and microstructure of the CoWO4/rGO-ST, NiWO4/rGO-ST, MnWO4/rGO-ST, ZnWO4/rGO-ST, and
Fe2(WOa) s/rGO-ST electrocatalysts are investigated by scanning electron microscopy (SEM). Two different magnifications
for each electrocatalyst are represented in Figure 3. It could be observed that the presence of different transition metals
combined with tungsten leads to different morphologies. Generally, the white particles are related to the silica template.
Furthermore, Fe2(WO4)s/rGO-ST exhibits a dense distribution of these particles.

A homogenous distribution of particles over the substrate (rGO + ST) is observed for the electrocatalysts. EDAX spectra
and elemental composition of metal tungstate’s electrocatalysts are represented in Figure 3 (f-j).All spectra exhibited peaks
for tungsten (W), carbon (C), oxygen (O), and silicon (Si). Moreover, peaks for Co, Ni, Mn, Zn, and Fe are also represented
in Figure 3 (f-]) respectively. This confirms the presence of nominal metals, as well as the lack of other impurities. The
weight and atomic percentages of different elements in the prepared electrocatalysts are illustrated in Table S1(a-e), the
results revealed that the presence of mixed support (rGO+ST) reached almost 70% in all electrocatalysts (as the nominal
percentage), in a general point of view, an exact stoichiometry of the tungstate's cannot be extracted from the EDAX due to
the presence of oxygen also in of mixed support (rGO+ST) and the qualitative nature of EDAX [56].

Transmission electron microscope images for the metal tungsten electrocatalysts are shown in Figure 4 shows two
magnifications of CoWO4/rGO-ST, NiWO4/rGO-ST, MnWO4/rGO-ST, ZnWO4/rGO-ST and Fe2(WO4)3/rGO-ST. It could
be noticed that the presence of round particles, which could be related to the silica template, and much smaller particles that
are related to the nanoparticles of the electrocatalysts are observed with a homogenous distribution over the matrix. It
observed the existence of small nanoparticles on the silica particles, especially in CoWO4/rGO-ST and NiWO4/rGO-ST
images. A very good distribution of small nanoparticles over the support materials is observed for MnWO4/rGO-ST(2-10
nm). Some agglomeration is also observed as in the cases of ZnWO4/rGO-ST and Fe2(WOs) 3/rGO-ST. The particle size
range of different electrocatalysts are for COWO4/rGO-ST (11-20 nm), NiWO4/rGO-ST (8-17 nm), MnWO4/rGO-ST (2-10
nm), ZnWO4/rGO-ST (10-25 nm) and Fe2(WO4)3/rGO-ST (6-10 nm).

Egypt. J. Chem. 68, No. 3 (2025)



Transition Metal Tungstate’s Electrocatalyst Supported on a Mixture of Reduced Graphene Oxide... 499

a’) _ f)

| e

[}

Wi
s Wy
i

[ n [} i [ m mw M [T

st J000Cs OOk Oat OweboDet

i, Vela Wi wi

[} u 4 i ] ] o] g 1 1

e 3000 Crs OOK01et Dek Ocme et Bee

h)

Wi
Nikalish w3

u 1 i) W i 180

Feso

ek

bl g
Wl wi

ki | il
L

] u 40 i 0 i) n po) 10 w

Lsac 3000 Cots 000 ke Det e ProDet~ Reso

)]

[ 0 4 i LU 100 rig w 150 180

Lsec 3000 Cofs 000 e Det OcaneProDet o

Figure 3: SEM and EDAX analysis of CoWO./rGO-ST (a, a', f), NiIWOJ/rGO-ST (b, b',g), MnWO./rGO-ST (c,c',h),
ZnWO4/rGO-ST (d,d",i), Fez (WO4)s/rGO-ST (e, €',j) electrocatalysts.
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e)

Figure 4: HT-TEM of CoWO4/rGO-ST (a, a"), NiWO4/rGO-ST (b, b"), MNWO4/rGO-ST (c,c’), ZNWO4/rGO-ST
(d,d"), Fez (WO,)s/rGO-ST (e, €',) electrocatalysts.

Electrochemical characterization

HER performance

The HER performance of the transition metal tungstate’s electrocatalysts is investigated. Linear sweep voltammetry (LSV) is
used to measure polarization curves for HER at a scan rate of 5 mV s in 1.0 M KOH. The results are corrected using the iR
correction. Nickel foam (NF) is used as a carrier for the prepared electrocatalysts due to its high porosity which enables the
electrolyte contact in a better way [15]. Figure 5(a) illustrates the linear scanning voltammetry (LSV) of CoWO4/rGO-
ST/NF, NiWO4/rGO-ST/NF, MnWO4/rGO-ST/NF, ZnWO4/rGO-ST/NF and Fe2(WO4)3/rGO-ST/NF. At a current density of
10 and 50 mA cm2, MnWO.-rGO-ST/NF has the lowest overpotential values of 150 and 232 mV respectively among the
other tested electrocatalysts. Figure 5 (b) shows the histogram of overpotential values of different transition metal
tungstate’s at current densities of 10 and 50 mA c¢cm2 It could be observed that the overpotential values at 10 mA
cmZincrease in the order ofMnWO./rGO-ST/NF (150 mV) < NiWO4/rGO-ST/NF (174 mV) < Fez (WO4)3/rGO-ST/NF (259
mV) <CoWO4/rGO-ST/NF (280 mV) < ZnWO4/rGO-ST/NF (308 mV)< Ni Foam bare (223 mV). While the overpotential
values of the electrocatalysts at 50 mA cm™2 follow the order, MnWO./rGO-ST/NF (232 mV) < NiWO4/rGO-ST/NF
(251mV) <Fe2(WO4)3/rGO-ST/NF (373 mV)< ZnWO4/rGO-ST/NF (395 mV)< CoWO4/rGO-ST/NF (439 mV), respectively.
We can see from Figure 5 (a&b) that the presence of Manganese leads to a significant improvement in the HER activity of
other non-precious metal electrocatalysts.

Another method for assessing an electrocatalyst's activity in HER is the Tafel plot, which quantifies the potential needed
to drive a decade of reactions. Generally, the lower the Tafel slope, the faster the reaction kinetics. The values of the Tafel
slopes used to determine the Kkinetics and the proposed mechanism of the reaction, including the rate determination step [57].
Additionally, the charge transfer coefficient and the Tafel slope are proportionate, so if a given electrocatalyst has a small
value of the Tafel slope, this means that the charge mobility is high. Tafel slopes of the tested electrocatalysts is shown in
Figure 5(c), MnWO./rGO-ST/NF has a Tafel slope of 108 mV dec™, which is significantly lower than the Tafel slopes of the
other electrocatalysts, which are 124, 114, 135, 161, and 229 mV dec? for Ni Foam are, NiWO4/rGO-ST/NF, Fe2(WO4)s-
rGO-ST/NF, ZnWO4/rGO-ST/NF, and CoWO4/rGO-ST/NF, respectively. It indicates that MnWO.-rGO-ST/NF has
favourable electron transfer kinetics.

From a general point of view, the hydrogen evolution reaction in an alkaline medium involves the following steps: firstly,
reduction of H20 into H* atoms and OH- ions and this step called the VVolmer step and are represented in the following
equations [58]:

H20 + e~ —> H*+ OH™ (1)

The second step is the processes of hydrogen desorption to form Ha, this step could be performed through electrochemical
desorption which is called the Heyrovsky step:

H*¥*+H20+e ™ —H2+O0H (2
or Tafel reaction which is the chemical desorption step: 2H*— H 2 (3)

Tafel slopes around 120 mV dec™* suggest a VVolmer-Hyrovsky pathway [59].Moreover, this indicates that the Volmer
reaction is the rate-determining step. This situation is correct for MnWO./rGO-ST/NF and NiWO4/rGO-ST/NF.
Furthermore, as indicated in Figure 5(d) and Table 1, an EIS analysis is carried out to look into the electron-transfer kinetics
for the HER of each sample.The charge transfers resistance (Rc) of MnWO4-rGO-ST/NF is 7.8 Q which is the lowest value
compared to other electrocatalyst, e.g. CoWOa-rGO-ST/NF (46.3 Q), NiWO4-rGO-ST/NF (8.31 Q), ZnWO4-rGO-ST/NF
(42.15 Q) andFexWO4);-rGO-ST/NF (31.4 Q). MnWO.-rGO-ST/NF has faster charge transfer and better electron
conductivity, as indicated by the lower Rct value. As a result, during the HER process, electrons can move between the
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electrocatalyst and the electrolyte directly and effectively, increasing HER activity. The formation of a heterostructure by
MnWO.-rGO-ST/NF can be used to explain this phenomenon, as it leads to lower charge transfer resistance, lower apparent
activation energy, and improved electronic conductivity. A chronopotentiometry test is used at a current density -10 mA cm’
2to assess the stability of various electrocatalyst samples in order to determine their potential applications. Figure 5(e) shows
that following 60 hours of stability testing, there was no discernible decline in the current density, indicating the
electrocatalyst's excellent stability during HER. Figure S2 shows the normalized decay potential percent with time, the
results revealed that the normalized potential decay/increase after 60 hrs is around 5%.The double-layer capacitance (Cdl) of
an electrocatalyst is used to calculate its electrochemical surface area using the following formula: ECSA=CdI/Cs, Where Cs
is the specific capacitance (40 mF cm) [60]. Based on CV diagrams at various scanning rates (40-200 mVs?), the Cdl
values are obtained as illustrated in Figure 5(f).MnWO./rGO-ST/NF had the highest Cavalue (2.53 mF ¢cm™2) among the
other electrocatalysts where their Cai values are 0.36, 1.42, 0.53, 0.53 mF cm2for CoWOQ4/rGO-ST/NF, NiWOa4/rGO-ST/NF,
ZnWO4/rGO-ST/NF and Fe2(WO4)s/rGO-ST/NF respectively. Larger Cai values mean larger ECSA and exposure to more
active sites that lead to higher activity towards HER.
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Figure 5:HER performance of the CoWO./rGO-ST, NiWO.rGO-ST, MnWO4/rGO-ST, ZnWO./rGO-ST, Fe;
(WO4)3/rGO-ST electrocatalysts. (a) LSV curves, (b) Comparison of the overpotential at 10 and 50 mA cm™2, (c) Tafel
plots derived from LSV curves, (d)Nyquist plots, (e)chronopotentiometry at -10 mA cm? (CP) curve, and (f) the
double-layer capacitance (Cdl) plots.
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From the former results, we could conclude that the presence of Mn and W together in MnWO ,/rGO-ST/NF enhances the
performance of the electrocatalyst towards HER in the alkaline medium as it has the lowest values of overpotential, Tafel
slope, and charge transfer resistance, moreover, it has excellent stability. It is well known that manganese-based
electrocatalysts have a lot of active sites; moreover, the presence of another metal such as tungsten could induce a
synergistic effect that changes the electronic structure of the electrocatalyst leading to modifications of the binding energy of
the intermediates to reach a moderate level and enhance the catalytic activity [61, 62]. Another important factor affecting the
performance is presence of the reduced graphene oxide as a supporting material, which can increase the surface area,
enhance charge transfer, and improve the corrosion resistance and stability of an electrocatalyst.

Table 1.Rs, Rct and CPE values for CoWO4/rGO-ST/NF, NiWO4/rGO-ST/NF, MnWO,/rGO-ST/NF, ZnWQO,/rGO-
ST/NF &Fe,(WO,) 3/rGO-ST/NF for HER.

Electrocatalyst Rs () Rct CPE

YO alpha
CoWO,/rGO-ST/NF 2.85 46.3 3.95E-03 0.5599
NiWO,/rGO-ST/NF 2.09 8.31 1.25E-03 0.8147
MnWO,/rGO-ST/NF 3.14 7.8 1.82E-03 0.7721
ZnWO,/rGO-ST/NF 1.70 42.15 2.36E-03 0.5387
Fe,(WO,)s/rGO-ST/NF 3.19 31.4 2.06E-03 0.6061

OER Performance

In an Oz-saturated 1.0 M KOH solution, the OER activities of prepared electrocatalysts are assessed using a standard
three-electrode setup. Applying linear sweep voltammetry (LSV) at 5 mV s sweep rate. All potential values of OER are
referenced to the reversible hydrogen electrode moreover;polarization curves for OER are corrected
with iR compensation.As shown in Figure 6 (a), the linear voltammetry (LSV) curves of electrocatalysts show that the
overpotential of Fex(WOa)s/rGO-ST/NF is 322 mV at a current density of 10 mA cm™, while other electrocatalyst
MnWO4/rGO-ST/NF, ZnWO4/rGO-ST/NF,CoWO./rGO-ST/NF and NiWO.rGO-ST/NF, Ni Foam barerequire the
overpotential of 325, 348, 358, 390 mV&422 mV, respectively at the current density of 10 mA cm™2, suggesting that
Fe2(WO.)s/rGO-ST/NF is a highly active electrocatalyst for OER. It is worth noting that the overpotential of Fex(WO.)
s/rGO-ST/NFisonly 339 and 351 mV at current densities of 30 and 50 mA cm2, respectively, which are also much less than
that of other electrocatalysts (Figure 6 (b)). The OER mechanism includes the transfer of four electrons through four steps
as follows: firstly,the dissociation of water molecules on the active sites of the electrocatalyst to form two protons one giving
OH* and the other proton forming O* [63]. Secondly, another form HOO* through a nucleophilic attack on O*, and this step
is followed by the formation of oxygen gas.

Mag + OH —MawOH 4)
MadOH+ OH—MaiO + Hz0 ®)
MaiO + OH —MagOOH + e (6)

MadOOH + OH ™ —Madg+ O2+ H20 @)

Where M is the surface adsorption active sites

Generally, the activity of metal tungstate towards the alkaline OER could be attributed to the presence of tungsten which is
considered a high valence transition metal (W*®) that could rearrange the electronic structure of the second transition metals
(i.e. Co, Ni, Mn, Zn and Fe), leading to improve the adsorption energy of some intermediates such as OH*, O* and
HOO*and the metal ions.Chizhong Wang et al. [64]prepared FeW mixed oxides prepared by a hydrothermal method and
tested them for OER in an alkaline medium. They stated that, regarding the presence of Fe with W in metal tungstate, the
theoretical calculation has proved that this facilitates the transformation of *OH to *O intermediates, enhancing the OER
activity of the electrocatalysts in an alkaline medium.

In order to comprehend the catalytic kinetics, Figure 6(c) displays the Tafel plots. Fe2(WO4);-rGO-ST/NF displays a Tafel
slope of 44 mV dec?, significantly less than that of CoWO.-rGO-ST/NF (130 mV dec?). The catalytic kinetics of
Fe2(WO4)s-rGO-ST/NF are more favourable than those of MnWOs-rGO-ST/NF (135 mV dec™), NiWO.-rGO-ST/NF (144
mV dec?t), ZnWO.-rGO-ST/NF (85 mV dec?),and Ni Foam (200 mV decl) Under OER conditions, electrochemical
impedance spectroscopy (EIS) is used to examine the electrocatalytic charge transfer resistances (Rct) at the interface of the
electrolyte and catalysts (Figure 6(d)) and Table 2. When compared to CoWOa-rGO-ST/NF (6.93 Q), NiWO.-rGO-ST/NF
(27.83 Q), MnWO.-rGO-ST/NF (8.1 Q), and ZnWO.-rGO-ST/NF (14.64 Q), it is evident that Fex(WOQa)s-rGO-ST/NF has
the smallest charge-transfer resistance (Rct) value (4.48 Q). This indicates the exceptional charge transfer efficiency during
electrocatalysis. The reason might be that Fe2(WO.) 5/rGO-ST/NF's structure can reveal a lot of active sites and encourage
electrocatalysts to come into contact with electrolyte ions. Excellent stability is also noticed for FexWO4)s/rGO-ST/NF in
Figure 6(e) where there is no decay of potential with time during the entire test period; moreover, it had the best
electrochemical surface area (10.71 mF cm~2) among the other electrocatalysts as shown in Figure 6(f).Figure S3 shows the
normalized decay potential percent with time, the results revealed that the normalized potential decay/increase after 60 hrs
around 3%.
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Figure 6: OER performance of the CoWO4/rGO-ST, NiWO4rGO-ST, MnWO.4/rGO-ST, ZnWO4rGO-ST, Fe;
(WO4)s/rGO-ST electrocatalysts. (a) LSV curves, (b) Comparison of the overpotential at 10, 30, and 50 mA cm™2, (c)
Tafel plots derived from LSV curves, (d) Nyquist plots, (€) chronopotentiometry at 10 mA cm%(CP) curve, and (f) the
double-layer capacitance (Cdl) plots.

Table 2: Rs, Rct and CPE values for CoWO4+/rGO-ST/NF, NiWO4/rGO-ST/NF, MnWO./rGO-ST/NF, ZnWO.4/rGO-
ST/NFandFex(W0.);-rGO-ST/NF for OER.

Electrocatalyst Rs () Rct W CPE

YO alpha
CoWO./rGO-ST/NF 1.33 6.93 0.953 0.5365 1.0
NiWO./rGO-ST/NF 1.90 27.83 0.169 0.016 0.874
MnWO./rGO-ST/NF 2.36 8.10 0.376 0.536 1.0
ZnWO./rGO-ST/NF 1.73 14.64 0.782 0.466 1.0
Fea(WO.)s/rGO-ST/NF 1.35 4.48 - 0.263 0.675
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To the best of our knowledge, the prepared electrocatalysts with these novel designs (MWO4/rGO-ST) have not been tested in
the literature for water splitting in an alkaline medium, however, there are a few related electrocatalysts in the literature listed
in Table 3 to compare with.

Table (3) represents a performance comparison with recently published non-noble metal-based for HER & OER
electrocatalysts,for example, Xiaogiang Du et al [23] prepared NiCo204@NiWO4 core-shell nanorods arrays on nickel foam,
they found that the electrocatalyst has an overpotential of only 310 mV at 10 mA cm2, this performance is related to the
presence of nickel foam during catalyst growth which considered as three-dimensional porous conductive substrates, that
leads to increase the surface area and improve the rate of diffusion of gases. Moreover, there is a synergetic effect between
NiC0204 and NiWO4. Fang Luoa et al. [65] stated that CoOWO4-x@C electrocatalysts have good OER activity because of the
presence of oxygen vacancies formed by Hz annealing at different temperatures, oxygen vacancies facilitated the adsorption of
OH~species. Moreover, SangeethaKumaravelet al. [66] prepared cobalt tungsten oxide hydroxide hydrate (CTOHH) on a
deoxyribonucleic acid (DNA) scaffold by microwave heating method. In OER, at a current density of 10 mA cm=2, CTOHH-
DNA required an overpotential of 355 mV which is a higher value than our CoOWQO4/rGO-ST/NF(338 mV) as stated in Table
(3), whereas CTOHH, CoWO4 on DNA scaffold, andCoWOashave higher overpotential of 372, 443, and480 mV, respectively,
The authors stated that lower activities of the other electrocatalysts is related to their high charge transfer resistance.

Other electrocatalysts for OER that combined W, Co, and Mn were prepared by GuruprakashKarkeraet al. [67], the authors
revealed that in CoosMnosWOa4 , Co, and Mn 3d orbitals in the conduction and valance band stay near to the Fermi level, that
account for high electrochemical activity. However, as shown in table (3) our prepared electrocatalysts have lower
overpotential values at 10 mA cm2. As examples of HER electrocatalysts, SO-strontium tungstate has an overpotential of
660 mV at 10 mA cm2 [68] when this result is compared to the performance of all prepared electrocatalysts, they have better
performance towards HER in an alkaline medium, however, the authors stated that for SrWOsa, each of the W-ions is present
within tetrahedral cages and isolated together, while the octahedral unit of Sr-ions is surrounded by eight oxygen ions and this
situation can leads to a structural disorder such as the formation of oxygen vacancies. Furthermore, KaruppaiahSelvakumar
[71] developed tungsten/cobalt oxide supported on the TiO2-rGO catalyst (TPWCoR),the good performance of the
electrocatalyst is related to its higher number of active sites, where at 10 mA cm™2, and it has overpotential of 144 mV for
HER and 366 mV for OER in alkaline medium. Our electrocatalyst MnWQ./rGO-ST/NF displayed a comparable
overpotential to TPWCoR (150@10 mA cm) in the case of HER and at the same time, it has a better performance for OER
(325@10 mA cm™).

Water splitting

Based on the HER and OER performance of the tested electrocatalyst, the best electrocatalyst performance for HER and
OER is selected for the water-splitting system evaluation. Using MnWO./rGO-ST/NF as the anode and Fex(WQa4)3/rGO-
ST/NF as the cathode, the water electrolysis cell is assembled, and the overall water splitting performance is further examined
in 1M KOH. The MnWO4/rGO-ST/NF|[Fe2(WOa4):/rGO-ST/NF device, as assembled, exhibits a good overall water splitting
performance with cell voltages of approximately 1.81 V at a current density of 10 mA cm~2 for a 12-hour period, as illustrated
in Figure 7.

1.8

1.85 —— MnWO;3-rGO-5T/NF//Fe;(WO3),-rGO-ST/NF

175 - W
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Figure 7: Chronopotentiometry(CP) stability test for MnWO4-rGO-ST/NF||Fex(WO4)s-rGO-ST/NF water splitting
system.
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Table 3. Performance comparison with recently published non-noble metal-based for HER & OER electrocatalysts.

Electrocatalyst

HER

Overpotential Tafel slopes Overpotential n(mV) Tafel slopes Ref
1] (mV) mV dec? mV dec?
CoWO4/rGO-ST/NF 280@10 mA cm™2 259 338@10 mA cm™? 130 Current study
439@50 mA cm™ 403@30 mA cm™
440@50 mA cm?
NiWO4/rGO-ST/NF 174@10 mA cm 135 390@10 mA cm™? 144 Current study
251@50 mA cm? 462@30 mA cm?
500@50 mA cm2
MnWO4/rGO-ST/NF 150@10 mA cm 130 325@10 mA cm? 135 Current study
232@50 mA cm? 393@30 mA cm™?
427@50 mA cm
ZnWO4/rGO-ST/NF 308@10 mA cm? 191 348@10 mA cm™? 85 Current study
395@50 mA cm2 373@30 mA cm™?
387@50 mA cm™?
Fe2(WO4)3/rGO-ST/NF 259@10 mA cm? 185 322@10 mA cm? 44 Current study
373@50 mA cm? 339@30 mA cm™?
351@50 mA cm2
NiCo204@NiWO4/NF 310@10 mA cm? 102.8 [23]
Feo.ssWo.05 430 @10 mA cm? 49.6 [64]
Fe3w1 410@10 mA cm? 51.7
Felw1l 440@10 mA cm? 53.4
Felw3 440@10 mA cm? 55.5
CoWO:x@C-0 374@10 mA cm? [65]
CoWO.x@C-2 354@10 mA cm2
CoWO.x@C-4 295@10 mA cm?
CoWO0.x@C-6 304@10 mA cm?
Cobalt Tungsten Oxide Hydroxide hydrate) - - 355 @10 mA cm2 48 [66]
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CTOHH-DNA 372@10 mA cm? 475

CTOHH 443@10 mA cm? 84

CoWOs on DNA scaffold 480@10 mA cm? 90

CoWOq4

C005MnosWO4 400 @10 mA cm? 80 [67]
C00.75Mno.2sWO4 500@10 mA cm? 100

CoWO4 590@10 mA cm? 104

C00.2sMno.7sWO4 730@10 mA cm™? 142

SO-SrWO4 660@10 mA cm? 138 500@10 mA cm? 218 [68]
Coo.708F€0.202WO4 327 @10 mA cm 53 [69]
CoWOq4 421@10 mA cm? 58

FeWOQq4 403@10 mA cm? 60

CoWO4 (polyol) 383@10 mA cm? 51 [70]
FeWOas(polyol) 459@10 mA cm? 48.8

CoosFeosWOa(polyol) 331 @10 mA cm™? 36.8
Coo5FeosWOs(hydrothermal) 360@10 mA cm? 36.3

Tungsten/cobalt 144@10 mA cm? 114.2 366@10 mA cm? 62.6 [71]

TiO2-1GO (TPWCOR)
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Conclusion

This paper reports a novel design of low-cost and stable bifunctional electrocatalysts for HER and OER in an alkaline
medium. Five different electrocatalysts based on metaltungstate’s MWO4 (M = Co, Ni, Mn, Zn, and Fe) are deposited on a
surface composed of reduced graphene oxide and silica template (rGO-ST) via a simple hydrothermal method. XRD and XPS
analyses proved the formation of the nominal construction of the electrocatalysts, while TEM and SEM analyses showed the
good morphology and distribution of the nanoparticles over the matrix. Furthermore, EDAX has proved the presence of the
starting elements. The prepared electrocatalyst exhibits good bifunctional catalytic activity and stability towards HER and
OER in an alkaline medium. The most efficient electrocatalyst for HER is MnWO4/rGO-ST/NF, at current densities of 10 and
50 mA cm2, it requires only overpotential values of 150 and 232 mV respectively (Tafel slope: 130 mV dec™'). In the case of
OER, Fe2(WO4)3/rGO-ST/NF has the best performance with overpotential values of 322, 339, and 352 mV at 10, 30, and 50
mA cm? respectively (Tafel slope: 44 mV dec™'). The electrode pair of MnWO/rGO-ST/NF and Fe(WO)/rGO-ST/NF
exhibits a cell voltage of 1.81 V, demonstrating superior durability over a 12-hour period for overall water splitting. The good
performance may be related to the synergetic effect between tungsten and the transition metals and the presence of support
that increases the active surface area.
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