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Abstract

Slow reaction kinetics of the hydrogen oxidation reaction (HOR) and hydrogen evolu-
tion reaction (HER) under alkaline conditions limits the performance of anion exchange
membrane fuel cells and water electrolysers (AEMFC and AEMWE). Consequently, high
loadings of PGM metal-based compounds such as Pd-CeO, and PtRu are required to
obtain competitive performance. The amount of precious metals present can be reduced by
exploiting interaction with an active support material that tunes both hydrogen desorption
and hydroxyl adsorption, processes that are key descriptors of HOR activity. In this work,
NiWO;_C is prepared, composed of oxygen-deficient tungsten oxide (WO3_y) doped
with Ni nanoparticles and mixed with conductive carbon (50:50 wt%). This material is
decorated with Pd nanoparticles (6.6 wt% Pd loading). Structural analysis (XRD, XPS, and
HR-TEM/STEM) confirm a hybrid morphology of Pd nanoparticles deposited on both
the Ni and W portions of the support. The HOR and HER activity was studied using
electrochemical tests and compared to the performance of both a Pd/C standard with
equivalent Pd loading (6.9 wt%) and the NiWO;_,C support. The Pd-normalized exchange
current densities for the HOR (I') are 18.7 A gpgq ! for Pd/NiWO;_,C and 3.21 A g~ ! for
Pd/C. The enhanced HOR activity of Pd/NiWOs_,C translates to high power densities in
AEM fuel cell tests with this catalyst applied to the anode electrode (up to 0.9 W cm~2).

Keywords: hydrogen oxidation reaction; anion exchange membrane fuel cell; palladium;
tungsten oxide; nickel

1. Introduction

Anion exchange membrane fuel cells (AEMFCs) have emerged as a promising al-
ternative to proton exchange membrane fuel cells (PEMFCs) [1]. The alkaline nature of
the membrane interface enables the use of non-platinum group metal (PGM) catalysts,
as well as low-cost membranes and bipolar plates, thereby offering significant potential
for cost reduction [1,2]. Despite these advantages, sluggish hydrogen oxidation reaction
(HOR) kinetics in alkaline media remains a critical bottleneck, even on state-of-the-art PGM
catalysts such as Pt whose intrinsic activity in alkaline electrolytes is markedly lower than
in acidic environments [2—4]. Consequently, high PGM loadings required at the anode
undermine the overall economic viability of AEMFC technology.

To overcome this limitation, considerable efforts have been dedicated to the develop-
ment of electrocatalysts that combine high intrinsic HOR activity, long-term durability, and
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reduced content of PGMs [3,4]. Among the various approaches explored, engineering the
catalyst support through the addition of transition metal oxides has attracted particular
attention, as it allows modulation of surface electronic properties and enhancement of inter-
facial reaction dynamics [5-7]. There is increasing agreement that, within the catalyst, the
nature of the oxophilic site is important for the alkaline HOR, and that having an oxophilic
site on the catalyst surface will speed up the reaction [8,9]. The ease of *OH adsorption on
the surface is an important driver for the alkaline [6,9]. Several important examples have
been reported recently. For example, the incorporation of CeO, into a Vulcan XC-72 carbon
support enhances oxophilicity and OH adsorption properties [10,11]. This effect has been
demonstrated for a number of transition metals (Pd, Pt, Ir, Rh, Ru) [12]. A nanostructured
Pd-CeO, /C catalyst employed in an AEM fuel cell produced 2 W cm 2 peak power density
in lab testing [13]. Alternative transition-metal oxides in the + IV oxidation state (ZrO,,
CeOy, SnO,, and RuOy) displayed the same effect on enhancing HOR kinetics. Mixed
oxides of tungsten have been exploited using interfacial engineering between Ni;W and
amorphous WOy to enhance the HER. Ni-W and Ni-Mo compounds have also shown
improved HOR activity [14,15].

In this study, we report the synthesis of a nanostructured HOR electrocatalyst con-
sisting of nickel-tungsten oxide (NiWO;_4C) decorated with 6.6 wt% palladium (Pd).
The NiWOj3_, support serves as a robust, corrosion-resistant, and electronically tunable
substrate that promotes favorable H and OH adsorption energetics. The Pd provides active
sites for hydrogen dissociation, while its interaction with the Ni-W generates synergistic
effects that enhance HOR kinetics. The morphology of the synthesized catalysts was char-
acterized by high-resolution transmission electron microscopy (HR-TEM and STEM) and
scanning electron microscopy (SEM) imaging and by X-Ray Diffraction (XRD) and XPS.
Their electrocatalytic activity for the oxidation and evolution of hydrogen was evaluated
by cyclic voltammetry and linear scan voltammetry. Finally, Pd/NiWO3_,C was employed
and tested as HOR catalyst in an AEMFC, producing close to 1 W cm~2 of peak power
density. Durability of performance is shown for over 25 h at constant cell voltage.

2. Results and Discussion
2.1. Synthesis

NiWO;_ was prepared by a hydrothermal procedure using microwave heating at 200 °C,
followed by treatment at 500 °C in flowing Hy:Njp. This product was mixed with Ketjen-black
EC-600]D carbon and Pd nanoclusters were added to give a final loading of 6.6 wt% Pd (denoted
as Pd/NiWO;_,C). For reference, a Pd/C catalyst was prepared with a 6.9 wt% Pd loading
using the same Pd deposition procedure as previously described [11,16].

2.1.1. XRD and XPS

Figure 1 compares the X-ray diffraction patterns of HyWO,-H,O, W-Ni(OH),, NiWO;_,C,
Pd/C, and Pd/NiWO;_,C. For W-Ni(OH),, the diffraction peaks at 33.5°, 34.4°, and 60°
correspond to the (101), (012), and (110) planes of o-Ni(OH), (JCPDS 22-0444). The broad
and low-intensity diffraction peaks indicate a poorly crystalline lamellar structure, typical
of «-Ni(OH),, and the absence of the well-defined peaks of 3-Ni(OH), confirms that the
sample maintains the hydrated o-phase [17,18]. After reductive thermal treatment at 500 °C
under an atmosphere of Hy /N, (5:95), the composition and crystal phases are also shown in
Figure 1. Diffraction peaks at about 44.5°, 51.8°, and 76.4° are indexed to (111), (200), and
(220), indicating the presence of metallic nickel (JCPDS No. 04-0850). The high temperature
and Hj /N, atmosphere leads to the formation of nickel nanoparticles [19,20]. Additional
broad poorly defined signals in the region 20 = 2040 can be assigned to mixed tungsten
oxides (W-O), which are typically detected at lower diffraction angles (26 < 40°) [21,22]. After
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the addition of Pd, three peaks are assigned to Pd at 20 = 40.5°, 46.8°, 68.4°, corresponding
to the (111), (200), (220) lattice planes. All the diffraction peaks can be well indexed to face-
centered cubic (fcc) Pd according to the JCPDS card No. 05-0681 [11,23]. The XRD pattern of
the Pd/C sample is also shown with corresponding peaks for Pd at 26 = 40°, 46.6°, and 68°.
The mean Pd nanoparticle size for Pd/NiWO;_,C and Pd/C was estimated from the XRD
data using the Scherrer method and an internal standard (LaB6). The values obtained were
32.8 nm (Pd/C) and 13.6 nm (Pd/NiWO;_,C). Such values indicate a much better dispersion
of Pd over NiWO;_,C compared to Pd/C. The values are corroborated by the ECSA values
determined by electrochemical method which gave a value for Pd/NiWO;_,C three times
higher than for Pd/C. The XRD pattern of Pd/NiWO;_,C also reveals a higher crystallinity for
W oxide-centered reflections compared to pristine NiWOs_,C. This phenomenon may account
for the enhancement of diffraction signals associated with W oxide phases. The three XRD
peaks at 20 = 31°, 36°, and 48° suggest the formation of sub-stoichiometric tungsten oxide
(WO3_y). The XRD signals depend strongly on the oxygen deficiency level (x). The presence
of NiWO; in the sample Pd/NiWO;_,C can be excluded as no WP+ is observed in the XPS
analysis (see below) [24-26].

Intensity(a.u)
23
O

10 20 30 40 50 60 70 80
206 (degree)

Figure 1. XRD patterns of (top to bottom) W-Ni(OH),, HyWO4-H,O, Pd/C, Pd/NiWO;_,C,
and NiWO;_,C.

The XPS analysis (Ni2p, W4f and Pd3d) of NiWO;_,C and PANiWO;_,C is shown
in Figure 2 and the composition data is shown in Table 1. Regarding Ni, the analysis of
the Ni2p signals for the precursor NiWOj;_,C shows a nickel peak characterized by Ni?*,
with a small portion of Ni? (approximately 10%). The remaining peaks can be attributed
to Nickel (II), which could be present in different forms, from NiO, to NiOOH (gamma
or beta) and Ni(OH), [19]. For NiWO3_,C the W4f spectra is quite complex and shows
the presence of W oxidation numbers (IV), (V), and (VI), in percentages of 31%, 16%, 53%
respectively [27]. The Ni:W stoichiometry does not correspond to the 4 to 1 of the alloy
(Ni:W) and no metallic W is observed [28,29]. After addition of Pd to the Ni-W support
the XPS analysis changes significantly. The nickel peak is characterized as before by Ni?*,
while the portion of Ni’ is much less (approximately 2%). The remaining peaks can be
attributed to Nickel (II), which could be present in different forms, from NiO to NiOOH
(gamma or beta), up to Ni(OH); [29,30]. The signals for W4f show oxidation states of (IV)
and (V) in percentages of 25% and 75%, respectively with no W in oxidation state (VI).

https://doi.org/10.3390/ catal16080666


https://doi.org/10.3390/catal16080666

Catalysts 2026, 16, 666

4of 16

Hence, the presence of NiWOy can be excluded [31-33]. The ratio of Ni:W increases to
8:1, corresponding to Ni nanoparticles doped on WO;_y [20,21,27]. Pd is present in both
metallic and PdO forms with approximately a 1:1 ratio.

Counts [a.u.]

Counts [a.u.]

Counts [a.u.]

T T T T T T T T
346 344 342 340 338 336 334 332 330
Binding Energy (eV)

Figure 2. A comparison of the XPS for Ni2p; NiWO;_C (A) and Pd/NiWO3_,C (B), W4f; NiWO5_,C
(C) and Pd/NiWO;3_,C (D), and Pd3d for Pd/NiWO;5_,C (E).

Table 1. Extrapolated XPS data in terms of surface composition and oxidation states of elements.

Catalyst %Pd %Ni %W %Pd° %Pd>* %W %W5* % W6+
NiWO;_C 0 68.3 31.7 - - 31 16 53
Pd/NiWO;_,C 232 68.8 8.0 54.3 45.7 25 75 0

2.1.2. HR-TEM/STEM

The surface morphology of samples NiWO3_,C and Pd/NiWO;_,C was first investi-
gated by SEM (Figure S1). The low-magnification images of both samples show typical layered
agglomerated particles with interconnected nanosized grains, typical of Ni-W composite struc-
tures. The individual platelet particles undergo a reduction in size after the Pd deposition,
suggesting a change in the surface composition. Structural and compositional information was
also obtained by high-resolution transmission electron microscopy (HR-TEM) combined with
energy-dispersive X-ray spectroscopy (EDS) and scanning transmission electron microscopy
(STEM). In Figure 3, several HR-TEM images are shown of the support NiWO3_,C, that
indicate the various components of the sample. Nickel nanoparticles are dispersed over the
sample (mean size 30-50 nm) identified by the lattice spacing of 0.209 nm [18,30]. The Ni NPs
are supported on a W oxide material that consists of WO3_y confirmed by lattice spacings of
0.185 nm, 0.240 nm, and 0.34 nm [19,34,35]. The structure of the compound can be described
as Ni metallic nanoparticles supported on WO;3_.

Figure 4 presents STEM images acquired using high-angle annular dark-field (HAADF)
contrast, along with the corresponding energy-dispersive X-ray spectroscopy (EDX) ele-
mental maps for Ni, W, and O respectively. The clustered WO;_ particles act as support
for the Ni NPs distributed over the surface. Figure 5 shows a HAADF-STEM image
and corresponding EDX elemental maps of Pd/NiWO;_C. It can be observed that, after
the deposition of Pd, the material retains the structural basis of the pre-existing support
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NiWO;_C. A well-defined presence of palladium (Pd, yellow) is evident, distributed
principally over the regions containing Ni and W, and is less evident on the carbon portions
of the support. Large regions of the carbon surface, such as the upper left of the image,
which are devoid of support NiWO3_,C contain very few Pd NPs. This clearly confirms
that palladium was effectively incorporated into the Ni-W system and successfully de-
posited. A similar phenomenon has been observed in Pd-CeO,/C catalysts where the
meliorative interaction between Pd and CeO; for the HOR was favored by preferential
deposition of Pd on CeO; [10,13,23]. The enhancement in HOR was determined by the size
of the Pd-CeO; interface in the material where a small amount of Pd was present on only
carbon and hence did not contribute to the HOR activity improvement [36]. We believe an
analogous situation is present, with the Pd-NiWOj3_ interaction contributing to improved

HOR activity. Further images are shown in the SI.

Figure 3. High-resolution transmission electron microscopy (HR-TEM) images of NiWO;_,C.

B

'|200nm

Figure 4. HAADF-STEM images (Bright field and dark field) and EDX elemental maps of NiWO;_,C.
The distribution of nickel (Ni, blue), tungsten (W, green), oxygen (O, white) is shown.
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Figure 5. HAADF-STEM image and corresponding EDX elemental maps of Pd/NiWO;_,C. The
elemental distributions of nickel (Ni, blue), tungsten (W, green), palladium (Pd, yellow) are shown.

2.2. Electrochemical Characterization

The electrocatalytic performance for the HOR and HER was evaluated in acqueousal-
kaline medium (0.1 M KOH) using a three-electrode configuration, with Ag/AgCl
(0.987 V vs. RHE) as the reference, a gold wire as the counter electrode, and a catalyst
coated glassy carbon rotating disk electrode (RDE) as the working electrode. The cata-
lyst ink was drop-cast onto a 0.196 cm? geometric area of glassy carbon disk and dried
under ambient conditions. Linear sweep voltammetry measurements were carried out
at a rotation speed of 1600 rpm, from —0.4 V to 0.5 V exploring both the HOR and HER
branches, at 1 mV s~ 1. The results of the electrochemical tests are shown in Figure 6 and
important data is shown in Table 2. In Figure 6A, CVs in the range 0 to 1.4 V (RHE) of
each catalyst are shown in Nj-saturated KOH 0.1 M at 20 mV s~1. The CV for NiWO;_,C
does not exhibit any electrochemical features and shows only capacitive behavior. For
Pd/NiWO;_,C and Pd/C, Pd-centered processes are clearly visible. On the forward anodic
scan from 0 to 1.4 V (RHE), peaks for oxidative hydrogen desorption at 0.1 V are observed,
broad peaks for Pd(OH), and PdO formation are also present. On the return cathodic
sweep, peaks for PdO reduction and H UPD can be seen at 0.65 and 0.2 V respectively.
Integration of the PdO reduction peak on the return sweep was used to estimate the electro-
chemical active surface area of Pd for these two catalysts (ECSA) using a well-established
method described in the literature [37]. Values of 145 and 51 m? g_1 were obtained for
Pd/NiWO3_,C and Pd/C respectively. The three-times higher value obtained for the
NiWO;_C support demonstrates that the interaction of Pd with NiWO;_C results in
a better dispersion of Pd compared to a bare carbon support. In Figure 6B, LSV curves
are shown for the region —0.4 to 0.5V (RHE). The insert shows the HOR region (from
0 to 0.2 V). Firstly, regarding HER, Pd/NiWO;_,C exhibits the highest activity and onset
potential followed by the support NiWO3;_,C. Pd/C, by comparison, has low activity and
large onset overpotential. At —0.2 V vs. RHE, the current densities were —8.22 mA-cm 2
for Pd/NiWO;_,C, —5.00 mA-cm 2 for NiWO;_,C, and —0.2 mA-cm~2 for Pd/C. Ni-W
interactions are known to enhance the alkaline HER [38]. For the HOR process at 0.2 V
vs. RHE, the current densities were 2.48 mA-cm ™2 for Pd/NiWO;_,C, 0.05 mA-cm 2 for
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NiWO;_,C, and 0.84 mA-cm~2 for Pd/C. As can be seen in Figure 6B, Pd/NiWO3_.C has
a significantly lower onset potential for the HOR and reaches the diffusion limited current
density plateau at low over potentials (0.2 V). The Tafel slopes derived from LSV data are
shown in Figure 6D. The Tafel analysis presented in this work was derived from a single
representative measurement for each catalyst under identical experimental conditions. The
exchange current densities obtained from the Tafel analysis were 18.7 and 3.21 A gpq ! for
Pd/NiWO;_,C and NiWO3_,C respectively, demonstrating the enhanced HOR activity of
Pd/NiWO3_,C. When calculated with respect to the ECSA, the values are 129 mA m 2
for Pd/NiWO;_,C and 63 mA m~2 for Pd/C. The HOR Tafel slopes for ~115 mV dec!
indicate that a charge-transfer step involving hydrogen oxidation coupled with hydrox-
ide adsorption (Volmer-type step) is rate-determining [39]. Electrochemical impedance
spectroscopy (EIS) was recorded at 0.3 V (RHE) in the HOR region. Nyquist plots are
shown in Figure 6C, the intercept at high frequency in the Z/(Q)) real axis represents the
sum of the solution resistance Rs and the charge-transfer resistance R¢;. The values for
Rt calculated using equivalent circuit fitting of the data (see Figure S5 and Table S1) are
1410 ohm for Pd/NiWO3;_,C, 3929 ohm for Pd/C and 35,431 ohm for NiWO;_,C. Such
values confirm the high HOR activity for Pd/NiWO;_,C followed by Pd/C and poor HOR
activity for NiWO3_,C). At lower frequency, the impedance plots follow typical Nyquist
behavior (pseudo semi-circle) with a limiting capacitance value, which corresponds to the
total capacitance of the catalyst layer, which is proportional to active surface area. The
roughness factor (RF) of all catalysts was evaluated by capacitance measurements through
CVs at different scan rates (from 0.01 to 0.05 V s~!) in the double layer region (Figure S4,
Supporting Information) [40]. The RF values obtained were 7.5, 10.6, and 11.8 mF cm 2 for
NiWO3_,C, Pd/C, and Pd/NiWO;_,C respectively.

A —— PANIWO,,C B8
—— NiWO,,C
— PdIC 0+

°

05

00

-0.54

Current density {mAcm?)
'
Current density {mAcm?)
.
s

00 0.1 02

00 02 04 06 08 10 12 14 -02 0.0 02 04
E (Vvs RHE) E(V vs RHE)

924 mV dec'
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Logi

0.2 -01 00 01 02
Z() n™

Figure 6. (A) CVs in Np-saturated KOH 0.1 M at 20 mV s~1. (B) LSVs in Hy-saturated KOH 0.1 M at
1 mV s~! and 1600 rpm. (C) Nyquist plots in N, saturated 0.1 M KOH at 0.3 V RHE. (D) Tafel plots
with Tafel slopes.
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Table 2. Relevant electrochemical parameters for HOR and HER at room temperature on glassy
carbon electrodes in Hp-saturated KOH 0.1 M at 1 mV s~ and 1600 rpm.

[Juer | @- 0 0 JHOR ECsa
caatyst o G 0V Ll aAme GOREER migd Aaes o 002V
NiWO;_,C 0 0.05 5.0 - (158/142) - - -
Pd/C 6.9 0.84 0.2 3.21 63 (114/180) 51 1.29 0.32
Pd/NiWO;_,C 6.6 2.48 8.22 18.7 129 (115/92) 145 1.44 4.77

2.3. Fuel Cell Testing

The Pd/NiWO;_,C catalyst powder mixed with an AEI powder, with an ion-exchange
capacity (IEC) of 1.26 4+ 0.06 mmol g~! was applied onto Toray paper by spray coating a
catalyst ink suspension. The anode electrode with a 0.43 mgpq cm~2 loading was pressed
together with an HDPE-based radiation-grafted anion exchange membrane (thickness
29 um, TEC 2.65 + 0.33 mmol g~ ') and Pt/C cathode (Toray paper Pt loading 0.4 mg cm~2)
inside the fuel cell test hardware (Scribner Southern Pines, North Carolina USA). The
Pt/C cathode was chosen for preliminary testing as a benchmark cathode electrode that is
used generally in testing of new anode materials. The performance of the fuel cell MEA
was evaluated by applying humidified H, and O, to the anode and cathode respectively.
The cell was tested at a cell temperature of 60 and 80 °C. Fuel cell polarization curves
were obtained using a Scribner test station (Figure 7). Important fuel cell data is shown in
Table 3. The performance of the MEA with the Pd/NiWO3;_,C anode was compared to
that of an MEA with a Pt/C-based anode and cathode (both 0.4 mgp cm~2). Both MEAs
were tested by potential scans (10 mV s~!) and by applying a constant cell potential of
0.5 V and monitoring the current density. In Figure 7a, the Pd/NiWO3;_,C cell voltage
and power density curves (v. ] mA cm~2) are shown at cell temperatures of 60 and
80 °C. At 60 °C, a peak power density of 660 mW cm~? is achieved. Increasing the cell
temperature to 80 °C improves the peak power density to 900 mW cm~2. At 0.6 V, the cell
produces 0.6 W cm~2 of power density. In Figure 7b, the performance of the Pt/Pt MEA
is shown by comparison. The peak power density values obtained at 60 and 80 degrees
is significantly lower than for the Pd/NiWO;_,C anode, reaching 330 and 680 mW c¢m 2
respectively. Interestingly, the power density obtained at 0.6 V is like the Pd/NiWO;3_,C
cell (approx. 1 W cm™2), suggesting that at high cell potentials the Pt and Pd anode
catalysts perform similarly. At higher current densities, the Pd/NiWO3_,C anode has
significantly higher activity (1.5 A cm~2 0.51 V vs. 0.45 V and at 2 A 0.45 V vs. not
achievable with Pt). This trend in performance is confirmed during the tests at 0.5 V. Stable
power densities of 580 and 800 mW cm 2 are achieved with Pd/NiWO;_,C while 200 and
500 are achieved with Pt. This result is unexpected, as Pt/C is considered the state of the
art for the alkaline HOR. Indeed, a comparison of LSV curves that we performed for the
HOR between commercial Pt/C, Pd/NiWO;_,C and Pd/C confirms that Pt/C has higher
HOR activity (Figure S7). When applied to the AEM anode electrode together with the AE
ionomer resin, Pd/NiWO;_,C performs better than Pt/C in the mass transport-controlled
region of the fuel cell curve at higher current densities. This effect may be due to the
presence of the inorganic NiWO;_, support for the Pd that favors ion transport within the
electrode structure, removing mass transport limitations that may occur with a carbon-only
supported catalyst. Further investigations are required to confirm this phenomenon. When
compared to recently reported Pd-based HOR electrocatalysts applied in AEMFCs, the
performance of Pd/NiWO;_,C is in the region of the state of the art (Table 4).
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Figure 7. (a) H, /O, Fuel Cell testing at Tcell 60 °C (blue) and 80 °C (red). The MEA was composed
of Pd/NiWO;_,C as anode (0.43 mgpq cm~2), HDPE-BTMA as anionic exchange membrane, and
Pt (0.4 mgp cm2) as cathode. (b) The MEA was composed of Pt/C as anode (0.4 mgp; cm2),
HDPE-BTMA as anionic exchange membrane, and Pt (0.4 mgp; cm2) as cathode. (c) Stability tests
with Pd/NiWO3;_,C at a constant potential of 0.5 V Tcell 60 °C (blue) and 80 °C (red), with H, /O,
gas flow at 75 °C and 0.5 L min~1, (d) Stability tests with Pt/C as anode at a constant potential of
0.5V Teell 60 °C (blue) and 80 °C (red), with H, /O, gas flow at 75 °C and 0.5 L min~ 1.

Table 3. Data performance of fuel cell testing.

Operating Conditions

g]’ifi (?t;wde ICI)ISIV inmie cm—2 glathoci‘:_z Ef\l':;(cm_z 111@1:)]::1);_2 Cell-Anode-Cathode °C
y 8pd/Pt 8Pt H,-O, Flow Rate L min—1
. 900 660 1700 60-55-55 1-1
Pd/NiWO;_xC 900 0.43 (Pd) 0.4 900 2050 80-75-75 1-1
850 680 1400 60-55-55 1-1
Pt/C 850 04 (PH 04 330 630 80-75-75 1-1
Table 4. Comparison of AEMFC performances using recently reported Pd-based HOR electrocatalysts.
PPD (peak power density).
Loading Loading Cell Temp PPD J(PPD)
Anode mg cm -2 Cathode mg cm -2 °C W em-2 A om-2 Ref.
Pd-CeO,/OLC 0.15 Pt/C 0.4 80 1 3 [41]
Pd-CeO,/C 0.25 Pt/C 04 80 2 5 [13]
CeOx-Pd/C 0.55 pPt/C 0.7 73 0.643 14 [42]
Pd0.331r0.67 /N-C 0.2 Pt/C 0.3 79 0.514 1.25 [43]
Pd/NiWO;_,C 0.43 Pt/C 0.4 80 0.9 2.05 This work

2.4. Determination of Catalyst Stability in Three-Electrode Cell and AEMFC

The short-term stability of Pd/NiWO;_,C in AEMFC has been demonstrated over
2-3 h of fuel cell testing. To understand the stability under longer term testing, we under-

took both accelerated stress testing using the three-electrode system and longer tests in
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AEMECs. Firstly, Pd/NiWO3_,C and Pd/C were subjected to 3000 potential cycles between
0 to 0.9 V using the RDE system. This potential range simulates strong electrode polar-
ization that can occur during the HOR as well as stop-start cycling. LSVs in Hy-saturated
KOH 0.1 M were recorded before the stress test and after the 3000 cycles. These curves
are reported in Figure 8. The difference in LSVs after the stress test indicate a significant
degradation in activity for both catalysts. The value for current density at 0.1 V (RHE)
drops from 1.5 to 0.75 mA cm~?2 for Pd/NiWOj;_,C. By comparison, with Pd/C the current
density drops from 0.7 to 0.35 mA cm~2. Such degradation in electrocatalytic activity
through potential cycling is commonly associated with Pd nano-particle agglomoration
and consequential loss of active surface area [44,45].

30 700

500 \//-"/

400

3004

Current density j(mA cm?)
b
Power density (MW cm?)

o

2004

—— Pd/NIWO,,, Before

—o=— PA/NIWO,,, After 100

/ —— Pd/C Before
—o— Pd/C After

05

0.0 01 02 03 04 05 06 07 08 ] % 1'0 15 2‘0 25
E (V vs RHE) Time (h)

Figure 8. (A) Accelerated stress testing of Pd/C and Pd/NiWO;_,C in the HOR region. LSVs in
Hy-saturated KOH 0.1 M at 1 mV s~! and 1600 rpm taken before and after 3000 cycles 0 to 0.9 V
(RHE); (B) 25 h stability test with Pd/NiWO;_,C at a constant potential of 0.5 V T 60 °C with
H,/0O; gas flow at 58 °C and both gases at 0.5 L min~!. The MEA was composed of Pd/NiWO;3_,C
as anode (0.43 mgpg cm~2), HDPE-BTMA as anionic exchange membrane, and Pt (0.4 mgpy cm~2) as
cathode. The break points in the curve correspond to the shutdown of the fuel cell for periods of 12 h.

To test the stability of the Pd/NiWO;_,C for longer periods of operation in an AEM
fuel cell, the cell was operated at constant cell potential (0.5 V) over a three-day period
with occasional stop and startup operation (12 h periods of stop). The power density was
recorded and is shown in Figure 8. Up to 25 h of operation were recorded. Initially, the
performance increased from 470 to 550 mW cm 2. After the first shut down, the cell ran for
a further 15 h with stable operation. After the second shut-down period, the cell power
density did not return to the level previously held but maintained stable operation. It
is also clear that start—stop cycles cause degradation in performance. This can be due to
several factors, such as physical detachment of the catalyst layer from the membrane due
to heating and cooling or through the carbonatation of the membrane if air enters the fuel
cell from the atmosphere. This is due to CO; reacting with OH™ in the membrane to form
bicarbonate HCO3 ™ that leads to a drop in membrane conductivity.

2.5. Discussion

The active site for the HOR is Pd-centered in both materials; however, the interaction
of Pd with NiWO;_, is fundamental for enhancing HOR activity and this is also due to the
chemical nature of NiWO3_, in its oxygen-deficient form. The oxygen deficiency creates
missing O atoms in the crystal lattice and reduced metal centers (e.g., Wé* — W>* shown by
XPS measurements above) which are the result of the high temperature reductive annealing
process (Nz:Hp mix at 500 °C). The missing O atoms lead to an imbalance in coordination,
and the surrounding atoms become electron rich. This effect has been shown to promote
water activation and overall HER kinetics. For the alkaline HOR, oxygen deficiency in
NiWOs;_y is critical because it transforms the catalyst into a bifunctional system that helps
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to tune H binding on the Pd sites and simultaneously provides strong OH adsorption sites
(vacancies) on NiWO3_y. These oxygen vacancies facilitate the adsorption/desorption of
*OH and *OOH intermediates during the OER process [46]. Consequently, the alkaline
HOR proceeds through the following mechanism. H, adsorption on Pd sites followed by
H-H dissociation to form Pd-H. OH adsorption onto oxygen vacancy-rich NiWO3_y. The
final step involves the surface reaction between H and OH to form H,O.

3. Materials and Methods
3.1. Synthesis

All chemicals were purchased from Sigma-Aldrich (Darmstadt, Germany) and used
without further purification. First, the W-Ni(OH), precursor was synthesized by microwave
heating. Briefly, 3.03 g of nickel nitrate hexahydrate (Ni(NOs),-6H,0O) was dissolved in
3 mL H,O and 0.5 g of tungstic acid (H,WO,-H,0O) in 1.2 mL of NH3-H,O and the two
solutions were combined in a 25 mL microwave vessel, followed by the addition of 15 mL of
ethylene glycol. After stirring for 20 min, the mixture was heated in the microwave reactor
(CEM Mars 6 Synthesis, Matthews, NC, USA) at 200 °C for 6 min with continuous magnetic
stirring. After cooling to room temperature, the resulting green powder was collected
by centrifugation, washed with water and dried at 60 °C overnight. The powder was
annealed in 5:95 H, /N, atmosphere at 500 °C with a heat ramp of 5 °C min~! for 1 h. The
product (NiWOj3_y) thus obtained was collected by filtration, and subsequently physically
mixed with carbon (Ketjen-black EC-600]D, Sigma-Aldrich) in a 1:1 mass ratio using a ball
mill operated at 10 rpm for 30 min. A portion of the sample (0,1 g) was suspended in
water (250 mL), stirred vigorously for 30 min, and sonicated for 30 min. To this mixture, a
solution of K,PdCly (0,03 g) in water (15 mL) was slowly added using a peristaltic pomp
(1 mL min~!) under vigorous stirring, followed by 2.1 mL of KOH aqueous solution (2.5 M)
and then 11 mL of ethanol. The mixture was then heated at 80 °C for 60 min. The desired
product Pd/NiWO;_C was filtered, washed several times with distilled water to neutrality
and finally dried at 40 °C overnight. Pd content 6.6 wt%, Ni content 7.95 wt% (ICP-OES).

3.2. Chemical-Physical Characterization

Powder X-ray diffraction (XRD) analyses were conducted at ambient temperature
utilizing a PANalytical X’PERT PRO powder diffractometer (Almelo, Overijssel, Nether-
lands). This setup employed CuK« radiation (A = 1.5418 A), complemented by a parabolic
MPD-mirror and a PIXcel RTMS detector (also from PANalytical). The data were collected
across a 20 range of 10.0 to 80.0° with a step increment of 0.105° and a total counting
duration of 428.9 s, using a silicon zero background as the sample holder. SEM, sample
characterisation was performed using a TESCAN Gaia 3 FIB/SEM. The microscope hosts
a 30 kV Triglav electron column and a Cobra Focused Gallium Ion Beam column (Brno,
Czech Republic). SEM images of the sample surfaces were acquired using the two in-
beam Secondary Electron (SE) and Back Scattered Electron (BSE) detectors, located inside
the electron column. High-resolution transmission electron microscopy (HR-TEM) and
scanning transmission electron microscopy (STEM) were conducted using a Talos F200X
G2 TEM microscope from Thermo Scientific (Bleiswijk, The Netherlands). Utilizing its
circular four-detector SuperX Energy Dispersive detector (Thermo Scientific, Bleiswijk, The
Netherlands), high-resolution energy dispersive X-ray (EDX) analyses were performed. A
drop of sample solution, consisting of a small amount of material dispersed in iso-propanol,
was cast onto a Holey TEM copper grid, which served as the sample holder for character-
ization. HR-TEM images, along with High-Angle Annular Dark Field (HAADF-STEM)
micrographs and corresponding EDS mapping were obtained. Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) analysis was carried out with an ICP-Optical
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emission dual view Perkin Elmer OPTIMA 8000 apparatus (Waltham, MA, USA). XPS
analyses were carried out in a UHV chamber with a base pressure of 10-10 mbar and
equipped with non-monochromatized Al radiation (hv = 1486.6 eV, VSW-TA1) combined
with a hemispherical electron/ion energy analyzer (VSW-HA100 with a 16-channel detector,
VSW Scientific Instruments Ltd., Manchester, UK). The operating power of the X-ray source
was 120 W (12 kV and 10 mA), and the photoelectrons were collected normal to the sample
surface, maintaining the angle between the analyzer axis and the X-ray source fixed at
54.5°. All samples were adsorbed on carbon tape, and the XPS spectra were acquired in a
fixed analyzer transmission mode with a pass energy of 44.0 eV. CasaXPS software version
2.3.26PR1.0 was used to analyze the spectra and a linear or Shirley function has been used
for the background correction [47]. The deconvolution of XPS spectra has been performed
by applying a combination of Gaussian and Lorentzian functions (70/30 ratio) for Cls and
Lorentzian Asymmetric Lineshape for and Pd3d, W4f and Ni2p. All the binding energies
(B.E.) were calibrated upon fixing C1s of the carbon tape at 285.1 eV [48].

3.3. Electrochemical Measurements

Catalyst inks were prepared for each sample, consisting of approximately 7 mg of
catalyst, 600 mg of H,O, 600 mg of EtOH, and 15 mg of 5% Nafion ionomer. The mixture
was then sonicated for 30 min to ensure uniform dispersion. A specific volume of 7 pL
of each ink was subsequently deposited by drop-casting onto the glassy carbon working
electrode, resulting in a metal loading of approximately 5-6 pug.

All glassware was cleaned with HyO,/H;SO,4 concentrated solution overnight and
rinsed several times with Milli-Q water before use. Cyclic voltammetry (CV) and linear
scan voltage (LSV) experiments were carried out in a three-electrode system, composed
of a glassy carbon disk (0.196 cm?) as working electrode (WE), a standard Ag/AgCls,¢
reference electrode (RE), and a gold wire coated in a glass tube as counter-electrode (CE).
An aqueous solution of 0.1 M KOH (prepared using Milli-Q water) was prepared and
introduced into the cell. This solution was subsequently purged with N, gas for 30 min
prior to conducting CV tests, or with Hj for LSV experiments aimed at investigating the
catalyst’s performance for hydrogen oxidation reaction (HOR) and the hydrogen evolution
reaction (HER). The half-cell potential was referenced to the reversible hydrogen electrode
(RHE) using the Nernst Equation, given by 0.197 V (E° Ag/AgClsat) + 0.059 x pH and
corrected for IR drop. The electrochemical tests were carried out using a Parstat 2273
(Princeton Applied Research, Oak Ridge, TN, USA, using the software “Power-Suite 2.58”.
CVs were recorded at a rate of 20 mV s~ ! to calculate the electrochemical active surface area
(ECSA) of the catalysts (m? g~1). This was done by integrating the charge of the Pd-oxide
reduction peak (A-V), dividing it by the scan rate of 0.02 V-s~! to convert it into Coulombs
(C), and then normalizing the result using the stripping factor of 405 uC cm 2. The HOR
experiments were conducted at a scan rate of 1 mV s~! and a WE rotating speed of 1600 rpm.
The Tafel analysis was performed for each reaction to calculate the exchange current i,
expressed as A g~ !, as a measure of the catalytic activity and efficiency of the electrode
materials involved in the electrochemical process. The frequency range of Electrochemical
Impedance Spectroscopy (EIS) was from 100 kHz to 10 mHz in Hj-saturated 0.1 M KOH
under 1600 rpm at 0.2 V vs. RHE. Nyquist plots of Pd/NiWO;_C, Pd/C, and NiWO;_,C
electrocatalysts were performed to study the kinetics of the HOR process.

3.4. Membrane Electrode Assembly (MEA) Preparation

HDPE-based radiation-grafted anion exchange membrane (thickness 29 um, IEC
2.65 4 0.33 mmol g ') and ionomer (RG-AEMs and RG-AEISs, respectively), containing ben-
zyltrimethylammonium (BTMA) functional groups, were used [49]. The electrodes were
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fabricated using the sprayed catalyst-coated gas diffusion electrode (GDE) method [11,13,50].
The AEI powder, with an ion-exchange capacity (IEC) of 1.26 + 0.06 mmol g~!, was ground
with a pestle and mortar for 10 min. The preparation procedure for both the anode and cath-
ode is the same: a specific amount of the desired catalyst and AEI powders (20 wt% of the total
solid mass) were mixed with 1 mL of water and 9 mL of propan-2-ol. The obtained ink was
homogenized by ultrasonication for 30 min and then sprayed onto a Toray TGP-H-60 carbon
paper gas diffusion substrate (Alfa Aesar, Thermo Fisher Scientific, Ward Hill, MA, USA,
10% PTFE) using an Iwata spray gun, with intermittent (<10 s) drying on a hot plate (80 °C)
and weighing to ensure the correct loadings. All electrodes and the HDPE RG-AEM [50]
(IEC = 2.56 mmol g~ 1) were immersed in an aqueous KOH solution (1 mol L~!) for 1 h, with
an exchange of the KOH solution with a fresh solution midway through and then washed
thoroughly in ultrapure water to remove excess KOH. The MEA (composed of the anode,
cathode, and AEM) was then assembled and enclosed into a 5 cm? fuel-cell fixture (Scribner
Associates, Southern Pines, NC, USA) at a 5 N m torque closing force.

3.5. Fuel Cell Testing

An 850e fuel cell test station (Scribner Associates, Southern Pines, NC, USA) was used
for testing. The fuel-cell temperature was varied between 60 and 80 °C. H, and O, gas feeds,

with flow rates of up to 1 L min~!

, were supplied to the anode and cathode, respectively,
with no back-pressurization. The dewpoints for both the anode and cathode gas supplies
were adjusted to determine the sensitivity of performance to changes in gas humidification.
All the connecting lines between the fuel-cell tester and the fuel-cell fixture were heated
to prevent premature condensation before the humidified gases entered the flow field.
The MEAs were activated by discharging the cell at a constant voltage of 0.5 V during cell
heating and leaving the cells at this voltage until a steady current density was observed.
AEMEFC performance data was collected under controlled potentiostatic conditions. The
internal Ohmic resistances were estimated from the 850e instrument’s internal current

interrupt method.

4. Conclusions

In this work, we have synthesized and characterized a multiphase electrocatalyst
with enhanced activity for the alkaline HOR and HER. Our recent investigations in this
field have concentrated on enhancing the alkaline HOR with a minimum of PGM content.
The development of AEMFCs as an alternative to the state-of-the-art PEMFC relies on
overcoming the bottleneck of poor HOR kinetics of the anode catalysts utilized (usually Pt
based). In this work, the Pd/NiWO;_,C catalyst was designed to exploit the interaction of
Pd with a W mixed oxide and Ni nanoparticle support to favor the HOR reaction. The two
critical aspects of the HOR mechanism at high pHs are the hydrogen binding and hydroxyl
binding processes. In this catalyst material, the optimum H binding of the Pd centers is
combined with the OH binding favored by the WO3_, material. The HOR activity is shown
to be higher than for a Pd/C reference catalyst prepared with the same Pd content. We
have also applied the catalyst to an AEM fuel cell. A peak power density of 900 mW cm 2
was achieved, and the system was tested for three days at 0.5 V cell potential. The results
of these investigations have bolstered our understanding of strategies to improve HOR
activity. Our future work will involve developing this NiWOs;_y material to host single Pd
atom catalysts, thus reducing the PGM content to a minimum and coupling with non-PGM
cathode catalysts in AEMFC testing.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/catal16080666/s1, Figure S1: SEM images of (A) NiWO;_,C and
(B) Pd/NiWO;_,C. Figure S2: Elemental composition of selected portions of the Pd/NiWO;_,C
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from HAADF image. (Values are atomic%). Figure S3: Pd and Ni elemental maps of a portion of the
Pd/NiWO;_C nanostructured surface. A combined C, Ni, Pd and W map overlay on the same area.
Figure S4: CVs of (A) NiWO;_C, (B) Pd/C and (C) Pd/NiWO;_,C at scan rates of 10, 20, 30, 40,
50 mV s~! in 0.1 M KOH and (D-E) the corresponding capacitive current at 0.65 V vs. scan rates.
Figure S5: Nyquist plots in N2 saturated 0.1 M KOH at 0.3 V RHE with fitting of curves. NiWO;_,C
(Red); Pd/C (blue) and Pd/NiWO;_,C (black). Figure S6: Accelerated stress testing of Pd/C (left)
and Pd/NiWO3_,C (right) in the HOR region. CVs in KOH 0.1 M at 50 mV s~! and 1600 rpm,
3000 cycles 0 to 0.9 V (RHE). Figure S7: LSVs in Hp-saturated KOH 0.1 M at 1 mV s~!and 1600 rpm.
Table S1: Impedence data.
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