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ABSTRACT 

 

Herein, a new direct synthesis route leading to a mesoporous NiWO4 with crystalline framework 

and NiWO4 - graphene nanoplatelets (GNP) composite is reported. Ni and W assembled into a 

mesoporous tungstate type of symmetry by co-precipitation synthesis route and its composite with 

GNP were used as supports for electrocatalysts, with reduced Pt content (8 wt.%), in oxygen reduction 

reaction (ORR) and hydrogen oxidation reaction (HOR) in acidic medium. A comprehensive 

assessment of the modifications related to the crystalline and porous structures, morphological aspects 

as well as the surface chemistry aiming to explain the electrochemical properties was performed. It 

was found that the presence of GNP during the synthesis process leads, mainly, to the enhanced 

growth of NiWO4 nanocrystallites, as well as induces changes in the surface chemistry. The 

electrochemical results show that the introduction of GNPs into the NiWO4 composite support leads to 

a significant improvement in the activity of the Pt electrocatalyst in ORR and HOR compared to both 

initial NiWO4 and Pt/NiWO4 samples, as well as mechanical mixtures of these catalysts with carbon. 

Mass activity for hydrogen oxidation, determined in a mixed kinetic-diffusion controlled region, 

obtained on the 8 wt. % Pt/NiWO4-GNP catalyst was significantly higher compared to the commercial 

20 wt.% Pt/C Quintech catalyst. Our comprehensive structural and surface chemistry assessments 

indicate this composite material as a viable electrocatalyst for PEMFCs using a broader type of fuels.  
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1. Introduction 

Nowadays, covering the energy demand of humanity without generating toxic or harmful 

substances is a particularly important challenge. The scientific strategy focuses on the need for 

cost-competitive low carbon energy and energy efficient technologies. Due to their low operation 

temperature/pressure requirement and high energy density, Polymer Electrolyte Membrane Fuel Cells 

(PEMFCs) comprise the most important type of fuel cell for different applications, like automobiles 

[1–3], stationary [4], and small-scale portable electricity generation [5–7]. 

Their widespread implementation requires essentially low-cost units with high energy density and 

durability. Electrocatalysts, which are indispensable elements of the PEMFC electrodes have a vital 

influence on the performance, durability, and price of the fuel cell [8]. Although significant efforts are 

spent worldwide on developing novel electrocatalysts for PEM fuel cells, state-of-the-art systems still 

use catalysts from the Pt/C family [9]. 

In the last decade a range of oxide-containing electrocatalyst materials [10,11]
 
were proposed for 

both the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR). Even if in 

electrochemical experiments many of oxide-containing electrocatalysts showed excellent properties, 

its utilization in PEMFCs remains extremely rare. It was proved that the electrochemical properties 

are strongly affected by the composition of the binary metal oxides used as supports for PtNi 

nanoparticles deposition [12]. Moreover, the development of efficient, stable and low-cost 

bifunctional electrocatalysts that could simultaneously catalyse ORR and HOR is highly desirable, 

and it still represents a big challenge. In general, oxide-containing electrocatalyst materials
 
bring 

advantages such as reactive hydroxyl groups, which are more easily formed on the oxophilic dopant 

material than on platinum, and increases the HOR rate [13,14]. Similarly, the better catalytic 

efficiency of oxide-based Pt electrocatalysts for oxygen reduction is due to the synergistic effect that 

occurs at the metal oxide–Pt interface, which facilitates the removal of oxygen-containing 

intermediate particles from the Pt surface, thereby increasing the ORR rate [15–17]. In addition, the 

agglomeration of metal nanoparticles, known to interfere with the electrocatalyst performances, can 

be controlled by selecting a proper mixed oxide support that induces specific interactions with the 

metal. Moreover, the use of oxide increases the resistance to corrosion [10] as well as improves the 

electrochemical performance related to the ORR with high durability [18]. 

The interest for binary oxides with multiple valence states like nickel-tungsten mixed oxides 

(NiWO4) is related to the advantages they offer, such as: inexpensiveness, non-toxicity and electrical 

conductivity, depending on the calcination temperature [19]. We chose NiWO4 in this work because it 

is stable in acidic media and it show good proton conductivity. The NiWO4 and its composites have 

already been found as promising catalysts for a wide scale of chemical reactions such as 

hydrodesulfurisation [20,21], propane oxydehydrogenation [22], quinoline hydrodenitrogenation [23], 

catalytic tar removal from biomass gasification [24], reduction of NO [25], cycloaddition of nitrides 

[26], photocatalytic water splitting [27], etc. The NiWO4 have been described as effective 

photocatalysts for decomposition of several model pollutants [28–31], too. In addition, NiWO4 

nanoparticles and their composites have shown interesting electrochemical properties in various fields 

including supercapacitors [32–34], electrocatalytic water splitting (both the individual hydrogen 

evolution (HER) [35] and oxygen evolution (OER), [36,37] half-reactions), electrocatalytic 

conversion of N2 to NH3 [38], etc. Furthermore, the Pt/NiWO4 system has been patented as anode 

electrocatalysts for alcohol oxidation in fuel cells [39]. It has been supposed that the NiWO4 support 

removes the carbon monoxide intermediates by creating OH species at the outer surface in aqueous 

solutions [39]. Moreover, considerable improvement of the ORR activity in an alkaline medium was 

achieved after loading of 10 wt. % of Pt on a NiWOx solid solution with plenty of oxygen defects 

prepared by the displacement of Ni in the W18O49 lattice [40]. 

However, NiWO4 has relatively low electrical conductivity and low specific surface area, which is 



disadvantageous when it is applied in electrocatalysts of PEMFC. These disadvantages can be 

overcome by combining NiWO4 with a suitable carbonaceous material. 

According to literature data, the new types of carbonaceous materials like carbon nanotubes, 

Ketjen Black carbon and rGOs, etc., provide extreme good properties to metal oxide-carbonaceous 

composites due to their special electronic structure and also a good conductive host for Pt 

nanoparticles anchoring [41,42]. Reduced graphene oxide (rGO) was successfully combined with 

NiWO4 and used in a single-chambered microbial fuel cell [43]; rGO/NiWO4 composites prepared by 

a hydrothermal method using GO and molten salts NiWO4 exhibited an improved electrochemical 

performance in the HER in alkaline medium [44], etc. The enhanced electrochemical HER 

performance and increased long term stability of above rGO/NiWO4 nanocomposite comparing to 

pure NiWO4 electrodes was attributed to the integration of conducting rGO sheets, which prevent the 

detachment and agglomeration of nanoparticles. The direct synthesis of the composite was a key issue 

[44]. 

Among the new types of carbonaceous materials, pure graphene has excellent electric properties, 

[45] but it is not yet mass-produced. Contrary, graphene nanoplatelets (GNPs), which are hybrids 

between the graphene and the graphite, are already industrially available [46]. GNPs exhibit exciting 

properties such as electrical and thermal conductivity, mechanical toughness, and planar structure 

with certain amount of oxygen containing functional groups. They can be easily and successfully 

incorporated into the polymeric matrix [47] and they can slow down the combustion of epoxy 

composites [48]. Moreover, GNPs are cheaper than carbon nanofibers and nanotubes [46]. Nowadays, 

there is a growing interest in utilizing GNPs in supercapacitors [49,50], in lithium-ion batteries [51] 

and in PEM fuel cells [52,53]. 

It is known that the appropriate porosity of the solid for mass transfer of liquid fuels or oxygen 

gas and for the minimization of water flooding in electrodes is a key requirement of prospective PEM 

electrocatalysts [10]. However, just a limited number of works reported about mesoporous NiWO4 

developed for electrochemical applications. For example, mesoporous NiWO4 exhibited good 

performance for photoelectrochemical water oxidation, [54]; mesoporous NiWO4–CoWO4 and 

carbon-supported Ni–NiWO4@NiS showed a good performance as hybrid supercapacitors [32,55]; 

mesoporous NiWO4 nanofiber worked as anode for lithium-ion batteries [56]. 

Thus, we aimed to prepared mesoporous NiWO4 through a facile co-precipitation synthesis route, 

by using poly(ethylene glycol) (PEG) as template and to use it, as supports for the preparation of 

catalysts with a relative low (8 wt. %) Pt content. In order to increase both the conductivity and the 

surface area of our catalysts, the mesoporous NiWO4 was combined with carbonaceous materials, i.e. 

GNP and Black Pearls 2000 carbon. Taking into account that the use of the catalysts with very high Pt 

content (≥40 wt. %) holds back the large-scale commercialization of PEMFC, the development of the 

bifunctional active catalyst with lower precious-metal content for both ORR and HOR is highly 

desirable. We chose to use this material as a bifunctional catalyst mainly due to the low costs 

generated by our preparation method, its versatility as well as the tailored composition. Therefore, 

Pt/NiWO4 and Pt/NiWO4–GNP mesoarchitectures were designed for both ORR and HOR in acidic 

medium for potential use in the PEMFCs. We focused on the synthesis of material containing 

tungstate structure through a facile synthesis protocol and the corresponding carbonaceous composite, 

by introducing the GNP in the direct synthesis process. We emphasize the very high yield of our 

preparation route concomitantly with the structural stability of the catalysts. In addition, the presence 

of the various Ni and W chemical states, showing a strong interaction with GNP, as well as the low 

content of Pt is a good prerequisite for using our material as an electrocatalyst in PEM fuel cells. 

  



2. Experimental 

2.1. Materials 

Ammonium paratungstate ((NH4)10W12O41•H2O) 99.9%), polyethylene glycol 6000 (PEG), 

tetrabutylammonium hydroxide solution ((TBAOH) 40 wt. % in H2O), hydrazine monohydrate 

(64-65%, reagent grade 98%), polyvinylpyrrolidone ((PVP) average molar weight of 360,000), GNP 

(with a surface area of 300 m
2
/g) and hexachloroplatinic acid hexahydrate ((H2PtCl6•6H2O) 37.5 % Pt) 

were purchased from Sigma-Aldrich. Sulfuric acid (96% p.a) purchased from Merck was used in this 

study. Sodium hydroxide NaOH (>98 %), nickel (II) nitrate hexahydrate ((Ni(NO3)2•6H2O. p.a., 

≥98.5%) were Reanal products. Ethanol (99.55 %), 2-propanol ((i-C3H5OH) 99.9%), ethylene-glycol 

((EG) 99.8%) were purchased from Molar Chemicals. 

 

2.2. Synthesis of NiWO4 based electrocatalysts 

Mesoporous NiWO4 powder was prepared by co-precipitation synthesis route by using 

Ni(NO3)2•6H2O and (NH4)10W12O41•H2O as inorganic precursors, PEG as template and TBAOH as pH 

mediator. The preparation method involved the following steps: 6.0 g Ni(NO3)2•6H2O and 5.2 g 

(NH4)10W12O41•H2O were dissolved in 100 mL deionized water (solution 1). PEG (3 g) was dispersed 

in 100 mL deionized water (solution 2). The solution 1 was added to solution 2 followed by addition 

of TBAOH solution under strong stirring conditions to get pH ~13. The resulted mixture was 

maintained under strong stirring for 24 h and treated for ~ 6 days at 50 °C. The obtained precipitate 

was dried at 80 °C and calcined in air (2 h at 350 °C for removal of the organic compounds and 8 h at 

500 °C to stabilize the tungstate structure, respectively). The heating rate was 2 °C/min. 

NiWO4-GNP composite (10 wt.% Graphene nanoplatelets - GNP) was synthesized by the 

above-described protocol, this time the GNP being added after the pH was adjusted to 13 by using the 

TBAOH solution. The obtained mixture with a pH~13 was treated for ~ 6 days at 50 °C. The 

precipitate was dried at 80 °C and calcined in air at 500 °C for 8 h. The heating rate was 2 °C/min. 

In order to obtain platinum containing electrocatalyst, the NiWO4 and NiWO4-GNP powders were 

loaded with 8 wt.% Pt using a modified assisted EG reduction method. Thus, H2PtCl6 (167 mg), used 

as Pt inorganic precursor, was dispersed in ethanol (50 mL), followed by the addition of a solution 

obtained by mixing 0.3 g PVP with 50 mL ethanol. PVP was used as dispersant for the Pt particles in 

order to minimize the cluster formation. 0.5 g of support material was suspended in the resulted 

mixture. After strong stirring for 1 h at room temperature (RT), 20 mL EG was added dropwise and 

the temperature was increased at 65 °C maintaining the stirring for 4 h. After cooling down at RT, 

6 mL hydrazine hydrate solution was added as reducing agent. The suspension was vigorously stirred 

(1,000 rot/min) for 20 h. The material was separated by centrifugation (15,000 rot/min), washed with 

water, dried at 80 °C overnight and thermally treated in air at 250 °C to ensure a strong interaction of 

the Pt particles with the support. These samples are denominated further as Pt/NiWO4 and 

Pt/NiWO4-GNP. 

 

2.3 Physicochemical characterization 

X-ray diffraction analysis were performed on a Bruker D8 apparatus using the following 

parameters: Cu Kα radiation (λ = 1.5418 Å, 40 kV, 40 mA) at a scanning speed of 0.10 /min in the 2θ 

range of 10–90 with a step size of 0.02 and scan time of 1/min. The average crystallite sizes of 

prepared composites were measured using Debye-Scherrer’s equation. 

Raman spectra were obtained on a LabRAM HR Evolution spectrometer from Horiba Jobin Ivon, 

with a laser radiation at wavelength of 633 nm. All spectra were recorded at room temperature in the 

extended scan mode in the 50 - 2000 cm
-1

 range. 

The N2 adsorption/desorption isotherms at -196 °C were recorded on a Micromeritics ASAP 2020 



analyser. Before analysis the samples were thoroughly degassed under vacuum. Specific surface areas 

(SBET) were calculated according to the Brunauer-Emmett-Teller (BET) equation, using adsorption 

data in the relative pressure range between 0.05 and 0.30. The average pore diameter and pore size 

distribution curves were obtained using Barrett–Joyner–Halenda (BJH) method from the desorption 

branch. 

Scanning electron microscopy (SEM) – The morphological aspects were studied by using a 

Quanta 3D SEM equipment, operating at 10 kV. In order to correlate topographical features in the 

micrographs and local variations in composition, secondary (SE) and backscattered (BSE) electrons 

images were recorded simultaneously on the selected areas. 

Transmission Electron Microscopy (TEM) – For microstructural investigations and elemental 

mappings, a JEOL 2100 TEM (Transmission Electron Microscope) has been used. The instrument was 

equipped with high resolution polar piece and a JEOL detector for EDS (Energy Dispersive X-Ray 

Spectroscopy) analysis. 

Surface investigation performed by X-ray photoelectron spectroscopy (XPS) was carried out on 

PHI Quantera equipment with a base pressure in the analysis chamber of 10
-9 

Torr and the 

monochromatized Al Kα radiation (1486.6 eV). The charging effect was removed by using a dual 

beam (electrons and Ar ions) as neutralizer while for the binding energy (BE) calibration we used C1s 

line (BE = 284.8 eV) of the adsorbed hydrocarbon on the sample surface (C–C or (CH)n bondings). 

 

2.4. Electrochemical characterization 

Catalytic activity of the NiWO4-based materials was investigated by rotating disc electrode (RDE) 

technique in a conventional three-electrode electrochemical glass cell using a Biologic SP150 

potentiostate and the EC-LAB software package. The applied electrolyte was 0.5 M H2SO4 solution, 

which was prepared by using Milli-Q water and concentrated H2SO4. Electrochemical measurements 

were carried out at RT. The counter electrode was a platinum wire, while the reference electrode was a 

hydrogen electrode immersed in the same electrolyte as the working electrode. Potentials are given on 

the RHE scale. 

The working electrode was prepared by dripping a drop of catalyst ink on a freshly polished 

glassy carbon (GC) electrode (d= 0.3 cm, geometric surface area A= 0.0707 cm
2
). For the catalyst ink, 

5 mg of powdered catalyst sample was suspended in 4 mL H2O + 1 mL isopropanol + 20 μL Nafion 

solution (D520 Nafion Dispersion - Alcohol based 1000 EW at 5 wt.%, DuPont™ Nafion®). The 

suspension was sonicated for 30 minutes. From this suspension a drop (3.6 μL) was pipetted on to the 

dry mirror-polished GC and dried at room temperature for 30 min. 

Sufficient electronic conductivity of the GNP-free NiWO4 and Pt/NiWO4 samples was ensured by 

preparation of mechanical mixture of starting catalysts with 20 wt. % BP carbon (BP: Black Pearls 

2000 (CABOT)). For this purpose, these materials were mixed in a mortar with carbon with a 

wt.%/wt.% ratio of 80/20 and then rotated with a tube rotator (VWR) for 24 hours. Mechanical 

mixture of BP carbon with NiWO4 and Pt/NiWO4 was denominated as NiWO4-BP and Pt/NiWO4-BP, 

respectively. 

Before the measurements the electrolyte was purged with Ar for at least 20 minutes then 10 cyclic 

voltammograms (CVs) were recorded with 100 mV s
-1

 sweep rate between 50 and 1000 mV for 

conditioning the catalysts as described before in ref [57]. After the activation procedure, CV 

measurements were done in the potential range of 50-1000 mV at a scan rate of 10 mV s
-1

. 

The ORR measurements were done in O2 saturated 0.5 M H2SO4 solution at ambient temperature 

and pressure. Polarization curves were recorded by sweeping the potential between 300 and 1000 mV 

with 10 mVs
-1

 sweep rate, rotating the electrode at 225, 400, 625, 900, 1225 and 1600 revolutions/min 

(rpm). Data were obtained from the negative scans. 

Catalytic activity in the HOR was also investigated by RDE method in hydrogen saturated 0.5 M 



H2SO4 solution at 400, 625, 900, 1225 and 1600 rpm rotating speed of the electrode. Polarization 

curves were recorded by sweeping the potential between 0 and 300 mV with 10 mVs
-1

 sweep rate. 

For comparison activity in the ORR and HOR commercially available reference 20 wt.% Pt/C 

(Quintech, C-20-Pt, on Vulcan; denoted hereafter as 20Pt/C) electrocatalyst was also studied by the 

same methods as described above. 

 

3. Results and discussion 

3.1. Structural analysis 

3.1.1. X-Ray diffraction. The XRD pattern of nickel tungsten oxide powder, the sample NiWO4 (Fig. 

1a), corresponds to one phase with monoclinic symmetry, space group P2/c, lattice parameters values 

a = 4.60, b = 5.66, c = 4.91 Å, (quasi-orthorhombic, β = 90.01
o
) in good agreement with JCPDS cards 

72-1189 and 72-0480 for NiWO4 (2θ = 19.28
o
, 23.97

o
, 24.91

o
, 30.96

o
, 36.62

o
, 41.72

o
 and 54.68

o
 were 

ascribed to the (100), (011), (110), (111), (002), (121) and (202) hkl planes of monoclinic phase 

structure of NiWO4 [58]. The XRD pattern of Pt/NiWO4 sample corresponds to a NiWO4 major phase 

of identical symmetry with NiWO4 powder, and additional peaks that can be indexed to cubic Pt phase. 

The crystallite sizes were calculated from half peak widths using Scherrer’s equation, giving values of 

22 nm for NiWO4 and 19/25 nm for Pt/NiWO4 nanocrystallites. 
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Figure 1. XRD patterns for NiWO4, Pt/NiWO4, NiWO4-GNP and Pt/NiWO4-GNP 

 



The XRD pattern of sample NiWO4-GNP (Fig. 1b) corresponds to a mixture of two tungsten 

containing phases, one with the same symmetry as monoclinic NiWO4, and the second one tungsten 

oxide WO3, also with monoclinic symmetry, space group P21/c. Additionally, the 002 peak of 

graphitic carbon from GNP can be detected at ~27
o
. The XRD pattern of Pt/NiWO4-GNP corresponds 

to the same phases, but with lower content of the oxide WO3, and additional peaks that are indexed to 

cubic Pt phase. The presence of weak cubic NiO peaks cannot be excluded, but peak overlapping with 

other phases precludes a precise quantification. According to the literature, the relative low calcination 

temperature can result in NiO and WO3 traces [59]. The crystallite sizes were calculated from half 

peak widths using Scherrer’s method, giving values of 42/33 nm for NiWO4/WO3 and 14/36/28 nm 

for Pt/NiWO4/WO3 nanocrystallites. 

 

3.1.2. Raman Spectroscopy. The Raman spectra of NiWO4 and Pt/NiWO4, recorded under ambient 

conditions, are presented in Fig. 2a. As can be observed, in both cases, the presence of the 

characteristic WO3 vibrations at around 803, 712 and 268 cm
-1

 show the impurification of the 

tungstate materials, even though, X-ray diffraction on NiWO4 did not evidence this phase, but it is 

well known that Raman spectroscopy is a more sensitive technique for structural modifications 

compared with X-ray diffraction. For the other samples containing GNP, Raman results are in good 

agreement with the XRD data. 
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Figure 2. Raman spectra of NiWO4-based materials and related Pt-containing catalysts prepared 

without (a) and with GNP addition (b) 

 

NiWO4 possesses, besides the WO3 bands, Raman features at 892, 699, 548, 511, 418, 364, 307, 

223, 149, and 98 cm
-1

, with the most intense band located at 892 cm
-1

 being assigned to the WO6 

symmetric stretching vibration [60,61]. The observed vibrational modes below 600 cm
-1

 are related to 

a lattice phonon, which involves the motion of distorted octahedral [NiO6] clusters, while the 

vibrational modes above 600 cm
-1

 are related to the vibration of the distorted octahedral [WO6] 

clusters in the lattice [62,63]. Pt/NiWO4 sample presents the same Raman features as the NiWO4 

material. Thus, the Pt/NiWO4 Raman spectrum from Fig. 2a shows the presence of already specified 

specific bands assigned to both [WO6] and [NiO6] clusters. However, it should be noted that Pt 

deposition is accompanied by a decrease in the intensity of all these Raman features. 

The presence of GNP phase in the composites is demonstrated clearly by the corresponding D and 

G bands of graphene [64] (see Fig. 2.b). The spectrum recorded for pure GNPs (see Fig. 2.b) shows 

the characteristic D, G of graphene at 1329 and 1572 cm
-1

 [64]. The D band corresponds to the 

breakdown of translational symmetry generated by the microcrystalline structure, while the G band is 



assigned to the Raman-active E2g mode for the tangential in-plane stretching vibrations of the 

sp
2
-hybridized bond [65]. The ID/IG ratio is a measure of the degree of defects present in the sample 

and the in-plane crystalline size of the sample. Thus, the calculated ID/IG ratios of NiWO4-GNP (0.50) 

and Pt/NiWO4-GNP (0.84) are higher than that of the GNP (0.46), suggesting that the former samples 

possess more defects than GNP after NiWO4 and Pt introduction. The in-plane crystallite size (La) of 

the samples calculated from the Tuinstra-Koenig relation (La (nm) = (2.4 × 10
-10

) λ
4
 (ID/IG)

-1
),[66] 

where λ is the Raman excitation wavelength (633 nm in our case) were found to be 77 nm, 46 nm and 

84 nm for the NiWO4-GNP, Pt/NiWO4-GNP and GNP, respectively. As during the sample preparation 

NiWO4-GNP was subjected to calcination in air at 500 °C to get crystalline NiWO4, a larger extent of 

oxidation of the carbonaceous part, consequently much larger ID/IG ratio compared to the pure GNP 

would have been expected. However, oxidation of GNP in composites differs significantly from that 

of traditional carbonaceous supports, i.e. activated carbons; GNPs are believed to seal oxide grain 

boundaries and hinder the further influx of oxygen [67] and drastically slows down heat conduction 

and migration of decomposed volatiles to the surface by creating improved char structures [68]. In 

contrast, the introduction of metallic Pt onto the NiWO4-GNP composite changed the ID/IG ratio much 

more dramatically; it can be imagined that Pt settled on not only the NiWO4 but on the carbonaceous 

part, disturbing its symmetry. Another, less likely option is that local hydrogenation of the aromatic 

system occurs when the metal Pt is formed during hydrazine reduction. 

 

3.2. Textural assessment 

The textural properties of the NiWO4–based samples were assessed by N2 adsorption-desorption 

analysis. Table 1, Fig. 3 and Fig. S1 summarize the data obtained from the adsorption-desorption 

isotherms. 

 

Table 1. Textural properties of the NiWO4–based samples 

Sample SSA (m
2
/g) Average pore size (nm) 

NiWO4 25.4 17.0 

Pt/NiWO4 22.4 23.4 

NiWO4-GNP 28.8 2 - 4 / ~35 

Pt/NiWO4-GNP 27.7 4 / ~35 

 

The N2 adsorption-desorption isotherms for NiWO4 and Pt/NiWO4 display classical type IV curve 

accompanied by H3 type hysteresis loops, according to IUPAC classification [69], typical for 

mesoporous materials with large pores (Figs. 3a-d). The capillary condensation phenomenon in 

mesopores occurs at high relative pressures (p/p0 > 0.8) and adsorption saturation is not visible. The 

specific surface areas (SSAs) were found to be 25.4 m
2
/g for NiWO4 and 22.4 m

2
/g for Pt/NiWO4 (see 

Table 1). It is interesting to note that SSA of NiWO4 used for catalytic hydrodesulfuration [22] was in 

the same range (30 m
2
/g). It has also been reported that specific surface area of pure NiWO4 decreased 

with the increasing temperature of calcination linearly [59]. The introduction of 10 wt.% GNP into the 

composite only slightly increased its SSA, in line with the literature results [70]. 



 
 

Figure 3. Nitrogen adsorption-desorption isotherms 

 

The BJH pore size distribution curves show monomodal distribution for both samples (Figs. S1a, 



b) with an average pore size of 17.0 nm for NiWO4 and 23.4 nm for Pt/NiWO4. In the case of 

NiWO4-GNP the isotherm has the same profile as the other two samples, but the hysteresis loop 

appears at higher relative pressure which indicates the presence of larger pores. A close examination 

of the BJH distribution graph reveals a wide pore size distribution with a small fraction ranging from 

2 to 4 nm (Figs. S1c, d), while most of them cover the domain characteristic of mesopores, and even 

more. The analysis performed on pure GNP thermally treated at the same temperature as the 

composite (not shown) indicate that the small pores fraction is attributable to GNP. 

 

3.3. Morphological investigation 

3.3.1. Scanning Electron Microscopy (SEM). SEM micrographs at different magnifications of 

NiWO4 and Pt/NiWO4 nanoparticles are gathered in Fig. 4; NiWO4 nanocrystallite sizes are ~ 20-30 

nm, in agreement with X-ray diffraction data. Figs. 4a-d are taken in SE image mode, displaying 

topological contrast. BSE images (Figs. 4e-f) were recorded simultaneously from the same areas for 

Pt/NiWO4. In spite of the lower resolution and higher noise to signal ratio intrinsic to the BSE images 

compared to SE images, because BSE images are obtained from a much lower number of electrons 

(those back-scattered), the Z (atomic mass)-contrast allows the identification of Pt presence: the bright 

shapes in BSE images (Figs. 4e-f) are Pt and the grey ones NiWO4 nanoparticles. Pt nanocrystallite 

sizes are ~ 40-50 nm. 

 
Figure 4. SEM micrographs at different magnifications of (a-b) NiWO4 and (c-d) Pt/NiWO4 

nanoparticles; (e-f) BSE images of the same areas shown in c and d 



 
Figure 5. SEM micrographs at different magnifications of (a-d) NiWO4-GNP: general view of the 

sample, details showing faceted NiWO4 crystallites and GNP flakes (darker), and (e-f) Pt/NiWO4-GNP, 

showing faceted NiWO4, GNP flakes and rounded Pt nanoparticles 

 

SEM micrographs at different magnifications of NiWO4-GNP are presented in the Figs. 5 a-c: Fig. 

5a shows a general view of the sample; Fig. 5b shows at higher detail faceted NiWO4 crystallites and 

GNP flakes (darker), and Fig. 5c illustrates the dispersion of NiWO4 elongated platelets lying on GNP 

flakes, compared to Fig. 5d of one aggregate of NiWO4 crystallites, at the same magnification. The 

SEM study indicates that the presence of GNP promotes the growth of NiWO4 crystallites, 

significantly bigger and clearly faceted, compared to the equiaxed nanocrystallites observed in 

NiWO4 and Pt/NiWO4. 

SEM micrographs of Pt/NiWO4-GNP at different magnifications are depicted in Figs. 5e-f, where 



we can observe clusters of Pt nanoparticles as rounded, bright particles, at the edges of GNP flakes 

(Fig. 5e) and faceted NiWO4 crystallites; the image at higher magnification (Fig. 5f) shows on faceted 

NiWO4 crystallite on GNP, near a cluster of rounded Pt nanoparticles. 

 

3.3.2. Transmission Electron Microscopy (TEM).  

The morphology has also been investigated by conventional Transmission Electron Microscopy 

(TEM), the structure has been identified by Selected Area Electron Diffraction (SAED) and the 

compositional homogeneity has been checked by Scanning Transmission Electron Microscopy 

(STEM) coupled with Energy Dispersive X-Ray Spectroscopy (EDS). Results are shown in Figs. 6-9. 

 

 
Figure 6. CTEM (left column), STEM-EDS (middle column) and SAED (right column) on NiWO4 

 

 
Figure 7. CTEM (left column), STEM-EDS (middle column) and SAED (right column) on 

NiWO4-GNP 

 



 
Figure 8. CTEM (left column), STEM-EDS (middle column) and SAED (right column) on Pt/NiWO4 

 

 
Figure 9. CTEM (left column), STEM-EDS (middle column) and SAED (right column) on 

Pt/NiWO4-GNP 

 

The NiWO4 sample shows ~27 nm crystalline nanoparticles with relatively homogenous size and 

shape distribution, in agreement with SEM and X-ray diffraction data (Fig. 6). The NiWO4 structure 

(space group 13) has been identified by SAED whereas the EDS maps show a good compositional 

homogeneity. The NiWO4-GNP sample (Fig. 7) shows graphene sheet containing crystalline entities 

with a wide shape and size distribution. The system shows compositional inhomogeneity, with Ni 

based compounds segregated in big clusters (~100 nm). SAED investigations revealed the presence of 

GNP sheet, while the presence of the NiWO4, evidenced by X-ray diffraction, remains yet uncertain. 

The Pt/NiWO4 system is composed of ~30 nm well crystallized NiWO4 nanoparticles (space group 13) 

with relatively homogenous size and shape distribution and a sub-system of spherical Pt clusters with 

~50 nm diameter (Fig. 8). Excepting the presence of Pt, the Pt/NiWO4 sample is similar to the parent 

NiWO4. The Pt/NiWO4-GNP sample morphology (Fig. 9) is similar to the parent NiWO4-GNP 

excepting the presence of Pt clusters of ~100 nm which is similar to the one observed in Pt/NiWO4. 



The GNP sheet was identified by SAED, whereas the NiWO4, as in the case of the parent 

NiWO4-GNP, structure remains yet uncertain. 

 

3.3.3. Surface chemistry characterization by X-ray Photoelectron Spectroscopy (XPS). After 

collecting survey (wide scan) spectra (not shown here) for a review of the elements present on the 

surface layer (< 10 nm), the high-resolution spectra were recorded for the most prominent 

photoelectron lines: C1s, O1s, Ni2p3/2, W4f and Pt4f (Figs. 10 and 11). We estimate that our 

experimental errors for the Binding Energies (BEs) assignments are within ± 0.2 eV while for the 

quantitative analysis (relative concentrations) in the range of ± 5%. For the BEs and intensity accurate 

calibration as well as for data processing and interpretation we followed the ISO-TC201 (“Surface 

Chemical Analysis” – SCA) recommendations. Figs. 10a-d show the superimposed, normalized 

Ni2p3/2 and W 4f high resolution spectra (Figs. 10a and 10b) as well as the Ni2p3/2 and W4f 

deconvoluted XPS spectra for the samples containing GNPs (Figs. 10c and 10d). A careful 

examination of the superimposed spectra clearly reveals some differences that occur for the samples 

without/with GNPs incorporated that were highlighted by the deconvolution procedure. 

Thus, for the samples without GNP, Ni is present on the surface only as Ni
2+

 coordinated in the 

monoclinic tungstate lattice ascribed to the (BE) ~855.9 eV (Fig. 10a). Nevertheless, the tails towards 

lower BEs in the spectra with graphene nanoplateles (GNPs) suggest the presence of an additional 

Ni
2+

 species, probably due to the interaction with the GNPs. In addition, the formation of the tinny 

amount of NiO on the top of the surface cannot be ruled out in agreement with the XRD results for the 

bulk analysis. The peak found at ~858 eV is assigned to the multiplet (MS) and energy loses (EL) 

splittings[71,72], while the broad peak ~862 eV is attributed to the characteristic satellite [73] 

associated to Ni2p3/2. 

A more pronounced asymmetry can be observed in the superimposed and normalized W 4f 

spectra (Fig. 10b) mainly for NiWO4-GNP sample clearly suggesting the formation of the different W 

chemical species. A close inspection of these spectra points out a more pronounced splitting of the 

W4f doublet for the samples without graphene (NiWO4 and Pt/NiWO4), while the GNP containing 

composite and the related Pt catalyst (NiWO4-GNP and Pt/NiWO4-GNP) show quite different split 

and shape, mainly for the NiWO4-GNP sample, which is a feature of the existence of additional 

oxidation states accommodated under the spectra envelope. 

Therefore, we proceeded with the spectral fitting for the latter one (Fig. 10d) showing that the W 

remains mainly bonded in the tungstate structure assigned for the BE of W4f7/2~ 35.4 eV. In addition, 

the fitting process distinctly proves the presence of the 6+ oxidation characteristic to the WO3 (W4f7/2, 

BE = 36.4 eV), in good agreement with XRD results. Moreover, as a result of the method sensitivity, 

XPS is able to detect W, on the outermost surface layer with lower valence state 5+ assigned for the 

BE ~ 34.5 eV. The quantitative assessment led to the following results: W mainly bonded in the 

tungstate structure (60.5%), W
6+

 in the WO3 symmetry (12.8%) and W
5+

 (26.7%). The presence of 

these different W chemical species, working in concert, creates defects on the surface as oxygen 

vacancies. This peculiar behaviour could be explained by the effect of GNP [67], introduced by direct 

synthesis which promotes a different growth of NiWO4 faceted crystallites with formation of W 

secondary phases. The graphene is incorporated in the lattice and a strong interaction with Ni occurred. 

Consequently, an amount of W was separated as secondary phase in the full oxidation state (WO3) as 

well as a mixture (e.g., W
5+

/W
6+

) of valence states. One can notice that the Pt deposition procedure 

leads to a significant decrease of W
6+ 

from WO3 and W
5+

 percentages (Fig. 10b). Overall, we find out 

that the surface chemistry investigations point out a good agreement and complementarity with the 

XRD and Raman results supporting the data consistency. 



 
 

  

Figure 10. The high resolution, superimposed Ni 2p3/2 and W 4f spectra for the NiWO4-based 

catalysts (a, b) and the deconvoluted Ni2p3/2 (c) and W4f (d) photoelectron spectra for the 

NiWO4-GNP sample. 

 

Figs. 11a and 11b exhibit the superimposed, normalized Pt4f photoelectron spectra for Pt/NiWO4 

and Pt/NiWO4-GNP samples, displaying a quite similar behaviour. The Pt content, for the both 

samples, detected on the surface by XPS was ~ 9.1 wt. %, slightly higher than the nominal percentage 

probably due to a segregation tendency from the bulk to the surface. Following the fitting procedure, 

we find out that Pt is present on the surface mainly (~83%) as metallic Pt (BE~ 71 eV ±0.2 eV) 

together with a contribution of ~ 17% as Pt(OH)2 formed, most probably, from the OH adsorbed 

groups on the top of the surface. 

The oxygen chemistry was assessed from the analysis of the O1s singlet (Figs. 11c and 11d). Thus, 

the superimposed and normalized O1s spectra (Fig. 11c) display an asymmetry towards higher BEs 

more pronounced for the samples with incorporated GNPs, as a result of the additional C–O 

functionalities groups associated to the graphene. O1s spectral deconvolution (Fig. 11d) shows three 

components assigned, as follows: ~530.4 eV – oxygen bonded in the oxide lattice, ~531.7 eV OH 

adsorbed groups and C–O functionalities from graphene and ~533 eV a small amount of adsorbed 

water. 

GNP incorporated into the wolframite structure was extensively detected on the surface by XPS. 

Thus, in order to assess the carbon chemistry, we made the spectral deconvolution (Fig. 11e), as 

follows: the sp
2
 (67.4%) and sp

3
 (15.7%) hybridized carbons were assigned to the BEs of 284.5 ± 

0.2 eV and 285.3 ± 0.2 eV, respectively. One can observe the contribution of the oxygen functional 

groups (16.9%), accommodated on the higher BEs side of the spectra: (C–O: 286.3 eV (~11.0%), 

C=O: 287.8 eV (~5.0%), C–O=O: 288.9 eV (~0.9%)) in line with the standard GNPs in the as 

received stage. One can notice that C1s spectrum recorded on the GNP-free sample (Pt/NiWO4) (Fig. 

S2) revealed the presence only of the adventitious carbon located at 284.8 eV used for BEs 

calibration. 

 



  

  

 
Figure 11. The high resolution, superimposed Pt 4f and O1s spectra (a, c) and the deconvoluted 

photoelectron Pt4f (b), O1s (d), C1s (e) spectra for the NiWO4-based samples. 

 

3.4.  Electrochemical characterization 

In order to clarify the possibility of using these novel materials as cathode and/or anode in PEM 

fuel cells, their electrochemical characteristics were investigated. The corresponding cyclic 

voltammograms are presented in Fig. 12a and Fig. S3 (top) of the Supplementary Materials. Since the 

NiWOx solid solution with mixed valence oxides can exhibit electrical conductivity or 

semiconductivity, initially the samples were tested without mixing with carbon. However, as shown in 

Fig. 12a, the CVs of the carbon-free NiWO4 and Pt/NiWO4 electrodes indicated no peaks in the 

studied range. The addition of carbon resulted in slightly distorted rectangular curves with 

significantly wider hysteresis, indicating an increase in capacity compared to samples without carbon 

as a result of better electrolyte access to the electrode surface. The presence of 8 wt. % of Pt in the 

samples reflected in some increase of the peak associated with adsorption of under potentially 

deposited hydrogen (Hupd) on Pt surface. A comparison of the electrocatalytic behavior of the initial 

NiWO4 and 8 wt. % Pt/NiWO4 samples with the results obtained on mechanical mixtures of these 

catalysts with carbon was also demonstrated in Figs. S3a and S3b, respectively. 

The electrocatalytic performance of the NiWO4-based catalyst materials in the ORR (Fig. 12b and 

Fig. S3 (middle)) and the HOR (Fig. 12c and Fig. S3 (bottom)) was evaluated by polarization curves 



measurements. It should be noted that after carbon addition, sizable increase of the ORR activity was 

observed only on the Pt/NiWO4 catalyst (Fig. 12b and Fig. S3 (middle)), but the activity of the 

Pt/NiWO4-BP in the HOR remains negligible (Fig. 12c and Fig. S3 (bottom)). In this series of 

experiments, the best activity in the ORR and the HOR was obtained on the Pt catalyst supported on 

NiWO4-GNP composite (Fig. S3c). 

 

 

 

 
Figure 12. Electrochemical characterization of the NiWO4-based electrocatalysts: (a) Cyclic 

voltammograms obtained with and without addition of 20 wt.% BP carbon; (b) ORR curves obtained 

in O2-saturated 0.5 M H2SO4 on a rotating disc electrode (RDE) at 1600 revolutions/min (rpm); (c) 
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HOR curves obtained in a H2-saturated 0.5 M H2SO4 on a RDE at 1600 rpm. Sweep rate: 10 mV s
-1

, T 

= 25 °C. 

 

In our recent study [74], it has been demonstrated that a significant increase in ORR activity was 

observed on the NiCo2O4–NiO catalysts after mixing with 10 wt. % rGO, which provides more 

efficient mass transfer, higher stability and better resistance to deactivation during ORR. 

As an illustration, the polarization curves of GNP-containing catalyst obtained in the ORR and 

HOR at different potentials and rotation rates were presented in Figs. S4a and S5a of the 

Supplementary Materials, respectively. Results obtained on the reference 20Pt/C sample in both 

reactions were demonstrated in Figs. S4b and S5b. 

 

 

 
Figure 13. Electrocatalytic performance of the Pt/NiWO4-GNP and reference 20Pt/C electrocatalysts 

in the ORR (top row) and the HOR (bottom row) measured in 0.5 M H2SO4 at 900 rpm: (a, c) in units 

of mA/cm
2
 and (b, d) mass activity in units of mA/μgPt. j vs. E curves were obtained at 10 mV s

-1
 

sweep rate. The Pt loading of the electrodes was 4.1 µg cm
-2

 and 10.2 µg cm
-2

 for Pt/NiWO4-GNP and 

20Pt/C catalysts, respectively. 

 

The activities of our best electrocatalyst, Pt/NiWO4-GNP, and the commercial reference, 20 wt.% 

Pt/C, in ORR and HOR were compared on Fig. 13 (top row) and 13 (bottom row), respectively. In 

order to compare the activities of the catalysts current values normalized to the geometric surface area 

of the electrode were depicted in Fig. 13a and 13c. However, in the case of catalysts with different Pt 

content the presentation of the results expressed as mass specific current densities is more correct (see 

Fig. 13b and 13d). 

Despite the fact that diffusion limiting current density of the Pt/NiWO4-GNP sample was higher 
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than that of the 20Pt/C catalyst (Fig. 13b), the onset potential of the ORR was observed at less 

positive potential, indicating that this catalyst is less active. Moreover, the mixed kinetics-diffusion 

control region of the reference 20Pt/C is in the range from 0.6 V and 1.0 V, but the diffusion-limited 

current density plateau was not reached on the catalyst with 8 wt.% content of Pt (see Fig. 13b), 

demonstrating that this catalyst does not perform well in the ORR. 

At low potentials the current densities obviously depend on the rotating rates, indicating that the 

oxygen reduction is diffusion limited. As shown in Fig. 14a, linear relationship of Koutecky - Levich 

plot was obtained between the square root of the rotation rate (ω
−1/2

) and the current density (j
−1

) 

corresponding to the diffusion-limited potential region at 300 mV potential for the Pt/NiWO4-GNP 

and 20Pt/C electrocatalysts. 

 

 
Figure 14. Koutecky - Levich representation of ORR (a) and HOR (b) measurements obtained on the 

(▲) Pt/NiWO4-GNP and (■) 20Pt/C electrocatalysts. 

 

First, the linearity of the Koutecky - Levich plots confirms the reliability of the RDE 

measurements. The electron transfer number for the ORR can be estimated from the slope of this plot 

in spite of the complexity of the electrode processes [75–77]. The theoretical Koutecky - Levich plot 

for four- and two-electron pathways was also included in Figure 14a. To obtain maximum energy 

capacity, it is highly desirable to reduce O2 via the 4e
–
 pathway. As emerges from Fig. 14a on both 

catalysts the ORR proceed with the same reaction mechanism. As can be seen from Figure 14a the 

obtained slope for theoretical 4e
–
 route (n= 4) is in good agreement with the value of the slope obtained 

experimentally for both electrocatalysts. Moreover, according to the Koutechky - Levich 

representation of the data the electrode reaction in all cases was under mixed kinetic-diffusion control 

at this potential. 

It has been mentioned [78,79] in that interpretation of the results of RDE measurements obtained 

on electrocatalysts with large surface area and disperse surface should be carried out cautiously. 

Nevertheless, in the present study catalysts with similar composition and structure were investigated 

applying the same procedure and electrode preparation technique and the RDE results may contribute 

to their qualitative description and comparison. 

Certainly, it is desirable to have the ORR occurring at potentials as close as possible to the 

reversible (thermodynamic) electrode potential with a satisfactory reaction rate. The Tafel equation 

indicates a linear relationship between the logarithm of current and electrode potential (for details see 

Supplementary Materials). Conventionally, the Tafel analysis leads to two important physical 

parameters: the Tafel slope and the exchange current density [80,81].  

It has been demonstrated that in the ORR reaction on Pt catalysts, the Tafel slope varies greatly 

depending on the applied potential, since the reaction orders also change at different potentials [82]. 
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The measured Tafel slope, including its shift from about ∼60 mV/decade of current at low 

overpotential to ∼120 mV/ decade at higher overpotential, is consistent with the initial electron 

transfer as the sole rate-limiting step over the entire range of operating potentials [83]. 

The results of the Tafel analysis performed for the Pt/NiWO4-GNP and 20Pt/C catalysts were 

presented in Table S1 of the Supplementary Materials. When determining the proper overvoltage 

range, it was necessary to take into account that the loading of Pt in the electrodes was different: 

4.1 µg cm
-2

 and 10.2 µg cm
-2

 for Pt/NiWO4-GNP and 20Pt/C catalysts, respectively. This is important 

to consider for the following reason: it has been demonstrated [84] that when evaluating the kinetic 

current at the given potentials (e.g. 0.9 V), appropriate catalyst loading should be carefully considered 

to ensure the reaction is in the kinetics region with Tafel slope smaller than 120 mV/decade (this is 

especially important when increased Pt loading was used). 

The polarization curves were fitted with two slopes: a low and high Tafel slope obtained at low 

and high overpotentials, respectively. In our calculations, in accordance with the recommendations 

given in ref. [85], we used overvoltage values not higher than η ≤ −413 mV, since diffusion effects 

begin to interfere with the kinetics of the electrode. The similarity between the Tafel slopes shown in 

Table S1 suggests the same reaction mechanism on these two catalysts. The best fits yielded the Tafel 

slope of -119 mV/decade for Pt/NiWO4-GNP and -122 mV/decade for 20Pt/C catalyst, supporting 

one-electron transfer in the rate-determining step with the corresponding transfer coefficients equal to 

0.50 and 0.48, respectively. As shown in Table S1, at a Tafel slope of ~-120 mV/decade, for the 

Pt/NiWO4-GNP and 20Pt/C catalysts the values of the exchange current densities, which depend not 

only on the Tafel slope, but also on the number of Pt sites involved, were 2.98×10
-5

 and 

2.64×10
-4

 mA/cm
2
, respectively. 

According to the literature the exchange current densities on various electrocatalysts in two 

regions are around 10
-7

 and 10
-4

 mA/cm
2
. For instance, in ref. [86] the exchange current densities for 

the Pt/C and Pt–Fe/C catalysts with 60 wt.% Pt loading, determined at 60 °C in the region 

characterized by 120 mV/decade Tafel slope, were 1.63×10
-5

 mA/cm
2
 and 2.15×10

-4
 mA/cm

2
, 

respectively. 

It was demonstrated in ref. [87] that the addition of tungsten carbide nanocrystals to Pt on carbon 

led to an increase in the exchange current densities in both high and low overpotential regions by two 

orders of magnitude, demonstrating a synergistic effect of improving activity for ORR. It should be 

noted that the exchange current density obtained on the starting  40 wt.% Pt/C catalyst in the region 

of -62 mV/decade was three orders of magnitude lower compared to the values obtained at 

~-122 mV/decade (5.25×10
-7

 and 3.16×10
-4

 mA/cm
2
, respectively). 

The value calculated for the NiWO4-containing catalyst at -57 mV/decade was even smaller, 

about 8.01×10
-8

 mA/cm
2
. For the 20Pt/C with Pt loading of 10.2 µg cm

-2
 in the low overvoltage 

region, a similar value was obtained. However, possibly due to the high content of Pt, this region was 

too short and therefore there may be a lot of uncertainty in the calculation. 

Figs. 13c-d display HOR voltammograms (positive-going scans) recorded via the RDE technique 

in H2-saturated 0.5 M H2SO4 on the Pt/NiWO4-GNP and 20Pt/C electrocatalysts. As can be seen from 

Fig. 13c the electrochemical performance of the 8 wt. % Pt/NiWO4-GNP catalyst, presented as current 

values normalized to the geometric surface area of the glassy carbon electrode, was comparable to 

that obtained on the commercial Pt/C catalyst with 20 wt. % Pt loading. 

It should be noted that the HOR proceeds on the platinum group metals at a very high rate. Thus, 

at the maximum possible electrode rotation speeds and low hydrogen solubility in water and 

electrolyte, the measured currents, even near the equilibrium potential, are mainly determined by the 

hydrogen diffusion rate in the solution [88]. On both polarization curves the steady-state current rises 

sharply from the origin with positive going potential and reaches a limiting plateau above 50 mV. The 

limiting current density of the Pt/NiWO4-GNP catalyst is only slightly lower than that of the reference 



20Pt/C. 

The electrocatalytic activity for H2 oxidation obtained on commercial 20Pt/C and Pt/NiWO4-GNP 

catalysts at different rotation rates was presented on Fig. S5 in the Supplementary Materials. Koutecky 

- Levich plot of 1/j versus ω
−1/2

 obtained from the results of the diffusion-limited potential region at 

250 mV was shown in Fig. 14b. As can be seen from Fig. 14b, rather similar slope 6.2 × 10
-2

 and 6.8 × 

10
-2

 (mA/cm
2
) rpm

-1/2
 of Koutecky - Levich plot was obtained on the 20Pt/C and Pt/NiWO4-GNP 

catalysts, respectively. 

These values are close to the theoretical value 6.54 × 10
–2

 (mA/cm
2
) rpm

-1/2
 obtained in 0.5 M 

H2SO4 at 25 °C [89] and correspond to the experimental value for a smooth platinum electrode. 

The intercept of a dependence extrapolated to an infinite rotation rate with the ordinate 

corresponds to the reciprocal of the kinetic current density of the HOR at a potential of 250 mV. 

According to the Koutechky - Levich representation of the data the electrode reaction in both cases is 

under mixed kinetic-diffusion control at 250 mV. The values for kinetic current densities of the 

Pt/NiWO4-GNP and 20Pt/C catalysts were 4.1 and 12.8 mA/cm
2
, respectively. It should be noted that 

the catalysts were used without any purification procedure (purification in oxidizing mixture, 

treatment in hydrogen, etc.) [90], which is generally recommended in the case of kinetic studies and 

may result in an increase in kinetic currents from 3.8 to 9 mA/cm
2
. Moreover, it has been 

demonstrated [91] that a sufficiently precise evaluation of kinetic component, jk, from the total current 

density, j, and the value of diffusional component (jd) at the corresponding rotation rate can be done if 

the determined values of jk are less than ca. 7 mA/cm
2
. 

As shown in Fig. 13d, mass activity for hydrogen oxidation, determined in the mixed 

kinetic-diffusion controlled region, obtained on the Pt/NiWO4-GNP catalyst was significantly higher 

comparing to the commercial 20Pt/C catalyst. 

Thus, the use of a new mesoporous NiWO4-GNP composite as a support for Pt electrocatalysts 

has shown promising HOR activity, due most probably to the presence of both, WO3 and NiWO4, in 

this sample as revealed by XRD and XPS analysis. Indeed, it is well-documented that atomic 

hydrogen can be reversibly stored in tungsten trioxide [92]. Hydrogen tungsten bronzes HxWO3 

(0.3<x<0.5), which is an acid resistant metallic conductor, could function as intermediates in the 

anodic oxidation of hydrogen, providing an alternative path for the reaction [93]: 

WO3 + x Pt-H  HxWO3 + Pt  WO3 + x e
-
 + x H

+
  (1) 

Moreover, the proton conducting tungsten bronze provides rapid hydrogen oxidation leading to 

the improvement of the overall catalytic activity [93,94]. The increased activity of WO3/NiWO4 

nanocomposites with respect to methanol oxidation was associated with the involvement of WO3 in 

the formation of hydrogen bronzes, followed by the migration of the H atom to NiWO4 oxides leading 

to the formation of NiWO4-OHads, which ensured resistance to CO by a bifunctional mechanism [95]. 

It is well known that metal species with different size (single atoms, nanoclusters, and 

nanoparticles) show different catalytic behavior [96]. In addition, many factors, including the particle 

size, shape, chemical composition, metal−support and metal−reactant/solvent interactions, 

significantly affect the catalytic properties of metal catalysts. It has recently been demonstrated that 

strong metal-support interaction and the size of Pt clusters has a great influence on the 

electrochemical performance in ORR and HOR of the 1–7 wt.% Pt/GNS (GNS: graphene nano sheets) 

catalysts [97]. 

In order to find the correlation between particle size and activity, our future research on this topic 

will focus on optimizing the deposition of Pt onto NiWO4-GNP composite materials in order to 

increase the dispersion of Pt and improve the metal-support interaction. 

 

4. General assessments  

In summary, we successfully synthesized mesoporous NiWO4 and its composite with GNP, 



through a versatile approach that involves a direct co-precipitation method. The obtained tungstates 

and their composite, were used as supports for deposition of 8 wt.% Pt. Based on XRD, SEM, XPS 

and TEM results, the prepared NiWO4 was a single phase of nickel tungstate. Nevertheless, the 

composite material obtained following the same chemical route, with GNP introduced by direct 

synthesis, exhibits modifications in the crystalline framework, morphology as well as in the surface 

chemistry. The presence of the sp
2
 and sp

3
 hybridized carbon in the composite material, characteristic 

to GNP, was proved by the spectral fitting of C1s photoelectron line. XRD pattern of the NiWO4-GNP 

composite revealed a mixture of two tungsten containing phases, one monoclinic NiWO4 and the 

second one, tungsten oxide WO3, also with monoclinic symmetry, space group P21/c. The surface 

chemistry assessed by XPS confirms quantitatively the aforementioned findings with W
6+

 detected 

mainly bonded in the NiWO4 structure (60.5%), compared with W
6+

 in the WO3 symmetry (12.8%); 

in addition, a fraction of W with lower valence state (W
5+

 ~26.7%) was highlighted by XPS, able to 

generate a defected surface leading to the formation of the oxygen vacancies. By Pt deposition a 

significant decrease of the WO3 and W
5+ 

percentages occurred, most probably due to the effect of 

hydrazine used as reducing agent in the deposition step. Platinum was found mainly as metallic Pt 

with a low percentage of Pt(OH)2, due to the presence of hydroxyl groups on the surface, clearly 

revealed in the O1s deconvoluted singlet. According to XPS results, Ni
2+

 was detected on the surface 

mainly coordinated into NiWO4 structure with a small fraction of Ni
2+

 in interaction with the GNPs. 

We found that the incorporation of GNP into NiWO4 clearly leads to an improvement in the HOR 

and ORR performances in comparison with catalytic systems that represent a mechanical mixture of 

the starting NiWO4 and Pt/NiWO4 electrocatalysts with 20 wt.% BP carbon. 

These findings can be associated with a higher concentration of lattice defects and active sites as a 

result of the presence of the W
6+

/W
5+

 redox couple, as well as to the strong interaction between GNP 

-NiWO4 - Pt. Moreover, the bigger nanocrystallites clearly faceted and NiWO4 elongated platelets 

lying on the GNP flakes as well as the broader pore size distribution with a small fraction ranging 

from 2 to 4 nm ease the mass transport of the reactant’s molecules to the Pt metallic active sites. We 

have to emphasize that Pt/NiWO4-GNP exhibited an enhanced catalytic activity in HOR. 

 

5. Conclusions 

The mesoporous composite NiWO4-GNP bifunctional catalyst showed a better electrochemical 

performance, as a result of the beneficial role played by GNP introduced by direct synthesis. The 

synergic phenomena between the NiWO4 and GNP were induced by the direct synthesis route leading 

to a growth of NiWO4 faceted crystallites with different W valence states (W
6+

/W
5+

). Addition of Pt to 

NiWO4-GNP induces an improvement in HOR, and also generates a final composite that is more 

efficient than the commercially available 20Pt/C material, if we take into account the Pt loading of the 

electrodes. This behaviour is a result of the synergy of the bifunctional NiWO4-GNP material and the 

reduced Pt content. Thus, the presence of defects and of a special morphology of the NiWO4-GNP 

facilitate the mass transfer of reactants to Pt active sites. Our comprehensive structural and surface 

chemistry assessments indicate this composite material as a viable catalyst for PEMFCs using a 

broader type of fuels.  
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