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Abstract

The Ru,Pd, O, bimetallic electrocatalyst was synthesized by modifying Adams fusion method and used as the oxygen evolution
reaction (OER) electrocatalyst in PEM water electrolysis. These synthesized Ru,Pd;_ O, electrocatalysts morphology and
electrochemical performances were characterized using FE-SEM, EDS, XRD, and cyclic voltammetry (CV) methods. The
membrane electrode assemblies (MEAs) were fabricated using the synthesized Ru,Pd;_O, as the anode and 30% Pt/CB as a
cathode and its electrochemical performance evaluated in single-cell PEM water electrolyzer at various experimental conditions
and compared with pure RuO,. The results observed that the synthesized Rug gPdy,O, electrocatalyst has shown better perfor-
mance and stability compared to RuO,, a current density of 1 A/cm? at the cell voltage of 2.03 V in 80 °C temperature. This
synthesized Ruy gPd,0, electrocatalyst can be used as the alternative to RuO, at the oxygen evolution reaction (OER).
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Introduction

Hydrogen is recognized as one of the most important
components of the next-generation clean energy technology.
Because of this, in recent years, hydrogen production and
storage was attracting a lot of attention in both academia and
industry due to its variety of applications in the energy sector.
Within the whole cycle use of hydrogen energy, hydrogen
production was considered as the key element of the upcom-
ing hydrogen economy although there are several methods for
the production of hydrogen [1—4]. The water electrolysis is the
most sustainable method to produce hydrogen, but currently
only 4% of hydrogen is produced by water electrolysis [5].
Nowadays, the proton exchange membrane water electrolysis
(PEMWE) method has attracted significant importance for
hydrogen production. PEM water electrolyzer was first intro-
duced and developed in 1966 by General Electric Co., which
was the most efficient method for hydrogen production from
water and renewable energy sources, like wind or solar power
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at low temperature [2]. The produced hydrogen is a clean, zero
carbon-free energy carrier, and the hydrogen economy com-
prises the production of hydrogen, storage, its transport, and
finally the end use in fuel cells. Although PEM water electrol-
ysis disadvantages include low efficiency and high cost of the
material component such as membrane, bipolar plates,
electrocatalyst, and higher anodic over potential for oxygen
evolution reaction (OER) at typical operating current densities
were the major limitation, in order to reduce the cost and to
enhance the efficiency.

OER occurs on noble metal electrodes (Ir, Ru, Rh, Pt, Pd,
Au) but, in general, metal oxides of IrO, and RuO, were
found to be the most active electrocatalysts for oxygen evolu-
tion reaction compared to metal electrodes [6, 7]. RuO, is a
widely used material in electrochemical capacitors; also, it has
a very high capacitance value of 150-260 mF/cm? [6] as well
as it is mostly used in the Chlor-alkali industry as a dimen-
sionally stable anode (DSA). The high capacitance value of
RuO, arises from the pseudo-capacitance by the reaction of
proton (H") on the surface of RuO, [8]. Mainly, the metal
oxides described in the electrolysis process are based on the
dimensionally stable anode (DSA) technology developed by
H. Beer for the Chlor-alkali industry in 1965 [9]. The DSA-
type electrodes of RuO, and IrO, were formed on titanium
substrates by thermal decomposition of its precursors.
However, ruthenium oxide (RuQ,) is the most active
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electrocatalyst in OER, but its oxygen evolution activity is
unfortunately not sufficient for long-term stability due to the
increase in the oxidation state of ruthenium [10, 14].

Later combinations of RuO, and IrO, were studied as an-
ode (OER) catalysts and found to have greater stability and
activity; the Iry ¢Rug 40O, was shown to have the best perfor-
mance by Marshall et al. [11]. But RuO, and IrO, are high-
cost materials leading to the more expensive electrolyzer sys-
tem. However, several non-noble metal oxides, such as TiO,,
Ta,Os, and SnO,, were added to the IrO, and RuO, with
increasing the stability and activity [8, 11-13]. In the last
15 years, higher performance for Nafion® PEM electrolyzers
was reported, with the use of Ir, Ir-Ru, Pt-Ir, and Ir-Ta oxides,
while Ir-Ru was shown to be the most active oxygen evolution
electrocatalyst. Many ternary systems were also suggested as
promising electrocatalysts for the oxygen evolution reaction
[7, 15—17]. However, palladium (Pd) could be one such inter-
esting substitute for anode electrocatalysts because of its rela-
tively high electrocatalytic activity, stability, abundance, and
low cost and is widely available on earth; although it has
interesting electrocatalytic properties for various reduction
and oxidation electrode processes [18-21], it has not been
studied extensively for OER in PEM applications. RuO, is a
good electronic conductor, but a poor proton conductor,
whereas palladium (Pd) is a proton conductor and has more
conductivity in an anodic environment while adding palladi-
um (Pd) to the RuO, will act as network former, which in-
creases the surface area of RuO, and their activity for OER.

In the present study, Ru,Pd;_ (O, (x=1, 0.8, 0.5, and
0.2) electrocatalysts were synthesized and studied for
OER in PEM water electrolysis considering both electro-
chemical activity and stability. According to literature, no
reports were found on Ru,Pd;_O,, so we are attempting on
this to observe the performance evaluation. The Ru,Pd;.
«O, materials were synthesized by modifying the Adams
fusion method [15, 16, 22] and characterized by their struc-
ture, morphology, and electrochemical properties using X-
ray diffraction (XRD), field emission scanning electron
microscopy (FESEM) with energy dispersive X-ray
(EDS), and cyclic voltammetry.

Experimental methods
Materials

Palladium (II) chloride (PdCl,) and Ru (III) chloride
(RuCl; xH,0) purchased from Sigma Aldrich were used as
precursors; NaNO;5 (99.5% assay) and isopropyl alcohol
(IPA) reagent grade purchased from Merck were used as re-
agent and solvent, respectively. Nafion® 115 membrane was
procured from DuPont, USA.
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Synthesis of electrocatalysts

The Ru,Pd; O, (x=1,0.8, 0.5, and 0.2) electrocatalysts were
synthesized by using a modified Adams fusion method [15,
16, 30]. The stoichiometric amount of chloride metal precur-
sors of palladium chloride (PdCl,) and Ru (III) chloride
(RuCl5xH,0) was dissolved in IPA and stirred for 3 h [23,
24]. The total metal concentrations in the solution were ap-
proximately 0.05 M, while for the bimetallic oxides of
RuO_gde'zoz, RuO.5Pd0_5OZ, and RUQ.QPdO'gOZ, to this solu-
tion, excess amount of NaNOs was added and stirred well
for 3 h. After that, the obtained solution was heated to 60 °C
under continuous stirring until IPA evaporates. The resulted
mixture was subjected to drying for 2 h in hot air oven at 80 °C
and the dried sample was transferred into a silica crucible and
calcinated in a muffle furnace at 500 °C for 1 h and cooled to
room temperature. After cooling to room temperature, the
resulting mixture was collected and washed with the excess
amount of deionized water in order to remove all Cl ions and
dried at 80 °C in a vacuum oven overnight.

Membrane electrode assembly

The membrane electrode assembly (MEA) was fabricated by
taking synthesized Ru,Pd; O, as the anode catalyst and com-
mercial 30 wt% Pt/CB (carbon black) as the cathode catalyst.
Typically, the noble metal loadings on the membrane were
maintained at 0.7 mg cm > for the cathode and 3.0 mg cm >
for the anode [25]. The electrocatalyst ink solutions were pre-
pared by mixing appropriate proportions of the
electrocatalysts with 5 wt% Nafion® ionomer and IPA. The
resulting mixture ink solution was sonicated for 60 min to
make a homogenous dispersion. After that, the sonicated ink
solution was sprayed on the Nafion® 115 membrane surface;
one side is Ru,Pd; O, and another side is Pt/CB, as well as
Pt/CB sprayed on carbon cloth based on gas diffusion layer
using a spraying gun and dried at room temperature to form a
gas diffusion electrode (GDE). After completion of the coat-
ing, it was dried at room temperature for 30 min, and then hot
pressed at 120 °C temperature, 60 kg cm ~ pressure for 3 min,
to form a MEA; it was further tested in a PEM water
electrolyzer [26].

PEM water electrolysis single cell operation

The fabricated MEA was placed in between two stainless steel
(SS) plates with straight parallel flow fields to make an easy
flow of reactants and products. The MEA of 25 cm? active
areas were assembled in their respective in-house fabricated
PEMWE cell assemblies and were tightened with nuts and
bolts with a torque 10 Nm?. The cell has a suitable inlet and
outlet for circulation of DI water at the anode and cathode as
well as for producing the gases hydrogen and oxygen at their
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particular electrodes. The PEMWE cell setup was provided
with pencil heaters on both sides of the stainless steel end
plates along with thermocouple and temperature controller
for operating at different set temperatures. The DI water was
circulated on both sides of the PEMWE cell using a pneumatic
peristaltic pump at a flow rate of 60 ml min ™. A regulated DC
power supply was used to supply power to the cell, and the
voltage-current characteristics of the cell were manually mea-
sured as well as the hydrogen quantity.

Electrocatalyst characterization

The synthesized electrocatalysts morphology was carried out
by using a field emission scanning electron microscope (FE-
SEM). The elemental analysis of electrocatalysts was carried
out by using a scanning electron microscope-energy-
dispersive spectroscopy (SEM-EDS) model ZIESSLSM 510
Meta. XRD analysis of catalysts was carried out using PAN
analytical X Pert Pro MPD with Cu-K« radiation between 20
diffraction angles of 580" with a scan speed of 2 deg min .

The electrochemical studies were carried out using Gamry
Reference 600 Potentiostat/Galvanostat in a three electrode
cell assembly in the cyclic voltammetry (CV) method and
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linear sweep voltammetry (LSV) method, with a glassy car-
bon (GC) as working electrode (3 mm dia), saturated calomel
electrode (SCE) and Pt wire as reference and counter elec-
trode, respectively. All the experiments were carried out in
0.5 M H,SO4 solutions.

Results and discussion

Physicochemical characterizations
of the electrocatalyst

The FE-SEM micrographs of Rug gPdj,0, shows well crys-
talline particle structure and fine particles were shown in
Fig. la, b. The Ru gPd(,0, consists of fine particles with
50-80 nm, spherical in shape morphology with uniformity
was observed. It appears that the particles were denser and
agglomerated. Figure lc, d shows the FE-SEM images of
Rug sPdy 50, and Rug,Pdj g0, nanoparticles were not uni-
form in shape and size.

The SEM-EDS characterization of Ru, gPd, ,O, were stud-
ied and represented in Fig. 2. From Fig. 2a, a well crystalline
particle structure of Rug gPdy,0, was observed. However,
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Fig. 1 a, b FE-SEM images of Ru gPd( ,0,. ¢ FE-SEM images of Rug sPd, s0,. d FE-SEM images of Rug ,Pd, 3O,
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Fig. 2 a SEM-EDS images of Rug gPd,,0,. b EDS elemental analysis spectrum of Rug gPdy >0,

SEM-EDS spectrum (Fig. 2b) of Rug gPdg,0, confirmed the
presence of ruthenium (Ru), palladium (Pd), and oxide (O)
and elemental quantitative analysis of Rug gPdy,0, was
shown in Table 1.

X-ray diffraction

The X-ray diffraction (XRD) spectral analysis of RuO, and
Ru,Pd;_ O, were represented in Fig. 3. The peaks were indi-
cated in the rutile structure of the electrocatalysts (JCPDS-
880322) [18, 27-29]. The major diffraction peaks at 28, 35,
40, 54.3, 58.2, and 69.4° are the ruthenium oxide (RuQO,) and
was observed with (110), (101), (111), (110), (220) and (301),
respectively. The peaks at 33.8, 40.01, and 68.03° started
appearing upon addition of PdCl,; the peaks are identified to
be palladium oxide (PdO) were observed with (111), (002),
and (022), respectively [18, 25, 27, 28]. This complex forma-
tion was due to the reaction between PdCl, and NaNOs at a
high temperature [23, 29]. The RuO, peaks were clearly vis-
ible even in Pd-rich compositions, and it can be concluded that
RuO,was well crystallizing in our experimental conditions.
According to Terezo et al., Arikado et al., and Vinod kumar
Puthiyapura et al., the differences in the crystal structure of
RuO, and PdO will make it difficult to form a solid solution.
But in a mixed oxide system, in order to have an influence on
catalyst activity, a perfect solid solution formation is not re-
quired, but a fine mixing of metals is sufficient [13, 29, 32].
The sharp, intense peaks confirm the crystalline phase of
the synthesized RuO, and Ru,Pd; O, nanoparticles [30, 31].

Table 1 EDS elemental quantitative analysis of Rug gPdg 0,

S. no Presence of elements in Ruy gPdy >0, Molar (%)
Ruthenium (Ru) 60.98

2 Palladium (Pd) 8.78

3 Oxygen (O,) 30.24

@ Springer

All the X-ray diffraction peaks are corresponding to RuO, and
Ru,Pd; O, only.

The average crystallite size of RuO, and Ru,Pd; O, was
calculated according to the Debye—Scherrer’s equation, repre-
sented in Eq. (1):

kA
D:ﬁcase (1)

where D indicates the average diameter of nm, & is the
Scherrer constant (0.89), A wavelength of X-rays (A=
0.154 nm), is the full width at half maximum (FWHM) of
the diffraction peaks and 6 is the Bragg’s diffraction angle.
Two major diffraction peaks of RuO, and Ru,Pd;_ O, at 28
and 54.3° were used to calculate the average crystalline size.
The crystalline sizes of RuO, and Ru,Pd,_,O, were calculated
from X-ray diffraction patrons and represented in Table 2. The
highest crystalline size was found to be for RuO,; it is 5—6 nm;
a gradual decrease in the crystalline sizes was evident on Pd
addition. The crystalline size of RuO, and Rug gPd,,0, were
almost similar due to the low Pd content. There was a steep
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Fig. 3 XRD spectra of Ru,Pd; O, electrocatalyst
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Table 2 Average crystalline size of RuxPd1-xO2 calculated using
Scherrer’s equation from XRD

Catalyst Crystallite size (nm)

D, D, Davcragc
RuO, 3.93 7.85 5.89
Rll()_gPd()_zoz 3.93 7.84 5.88
RUo_spdo_soz 3.96 3.93 3.94
RUO_2Pd0'802 3.92 393 392

decrease in crystalline size from Ry, gPdj >0, to Rug,Pdj 3O,
due to the higher content of Pd which has a very low ionic
radius compared to Ru (IV). Lower crystalline sizes can indi-
cate a higher geometrical surface area but do not essentially
lead to electrochemical activity [12].

Electrochemical characterizations
Cyclic voltammetry

The cyclic voltammetry (CV) studies for RuO, and Ru,Pd,.
<05 electrocatalysts were carried out using reference 600
potentiostat. Cyclic voltammetry studies of all prepared
electrocatalysts were performed in 0.5 M H,SO4 solution with
a scan rate of 10 m Vs~ 'at room temperature. The CV of RuO,
and Ru,Pd;_,O, were represented in Fig. 4. The characteristic
peaks of metal oxides at +0.4 V and + 1.0 V (vs. SCE) is
generally attributed to the Ru (III)/Ru(IV) and Ru(IV)/Ru(V)
surface transitions, respectively, because of the redox charge
transition between the RuO, surface and hydrogen ion (H")
[27, 32-35].

The stability of the RuO, and Ru,Pd;_O, electrocatalysts
was tested using continuous CV studies within the potential
range of + 0 to + 1.0 V (vs. SCE) which was represented in
Fig. 5. From Fig. Sa, it was observed that after 100 cycles of
potential scans, the capacitance, as well as the OER current,
was decreased; this is due to the dissolution of RuO, at the
high anodic potential to form RuO, which dissolves in the
solution [36]. The characteristic peaks of RuO, were de-
creased after several potential cycles and decrease in current
density is gradual with cycles [29].

The CV of the Rug gPdy,0, oxide was represented in
Fig. 5b, where the corresponding peaks of Ru redox cou-
ples appear. The Rug gPdy,0, catalyst shows the higher
stability compared with RuO, during 100 cycles due to
the addition of Pd was found to stabilize the RuO, in the
modified Adams fusion method; this method gives better
mixture formation of the bimetallic system [29]. Also, the
decreased oxygen evolution current was lower by the ad-
dition of Pd compared to pure RuO,.

Figure 5¢ shows the CVof the Rug sPdg 5O, electrocatalyst;
this catalyst exhibits lower current density and stability for the
oxygen evolution reaction during repetitivel 00 cycles. The
oxygen evolution reaction current density was gradually de-
creased after several potential cycles denotes a degradation of
the structure which might be related to electrocatalyst disso-
lution [23].

The characteristic CV for the Rug,Pdj 3O, electrocatalyst
was represented in Fig. 5d. This catalyst contains the highest
amount of Pd (80% atomic ratio) and reveals the lowest per-
formance for the oxygen evolution reaction and less stability
during repetitive 100 cycles. [32] The characteristic peaks of
RuO, were lost after several potential cycles, and decrease in
current density are gradual with cycles, which clearly indi-
cates the dissolution of the RuO, [36, 37].

Linear sweep voltammetry

The linear sweep voltammetry (LSV) studies were
preformatted in 0.5 M H,SO, with a scan rate of 10 mV s,
in the interval 1.1-1.5 V (SCE) corresponding to the oxygen
evolution reaction (OER). LSV curves for the entire series of
the Ru,Pd,_ O, electrocatalysts were represented in Fig. 6.
From Fig. 6, the pure RuO, is the most active for the OER,
among the onset potential for OER at 1.15 V. By increasing
the Pd content in the mixed oxides, the electrocatalytic activity
in terms of current density was decreased, even though the
onset potential for the OER remains the same for
Rug gPdy,0, and Rug sPdy 50, clectrocatalysts. The
Rug,Pd g0, electrocatalyst exhibits the lowest performance
in the oxygen evolution region.

Current Density mA/cm?)

T 1 T 1 M 1
0.0 0.2 0.4 0.6 0.8 1.0

Voltage / V vs. SCE

Fig. 4 CV of RuO, and Ru,Pd, O, reference electrode: SCE; working
electrode: GC; counter electrode: Pt wire; scan rate, 10 mV s ';
electrolyte, 0.5 M H,SO,4
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Fig. 5 CV stability of the electrocatalysts a RuO,, b Ru, gPdj,0,, ¢ Rug sPdy 50,, and d Rug ,Pdy 30,

Performance of Ru,Pd, 0, in PEM water electrolysis

The synthesized ruthenium palladium oxide (Ru,Pd;_O,)
was used as oxygen evaluation electrocatalyst at the anode
and 30 wt% Pt/C as a cathode for the fabrication of membrane
electrode assembly (MEA). The fabricated MEA’s perfor-
mance was tested in PEM water electrolysis single cell assem-
blies in 25 cm? active areas. The electrochemical performance
and characteristics of the prepared electrocatalysts were eval-
uated using distilled water along with corresponding yields of
hydrogen production (Table 3) at different temperatures, 30,
40, 50, 60, 70, and 80 °C and at different current densities
from 0.1 to 2.0 A/em® were studied and represented in Fig. 7.
It shows that the current density and hydrogen production rate
was increased with increasing the cell temperatures at all cell
voltages. It might be recognized to the improved electrocata-
lytic activity and decreased in cell ohmic resistance [38]. The
faradaic efficiency of the prepared Ru,Pd;_ O, electrocatalysts
for the oxygen evolution reaction(OER) has been calculated
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Table 3 Hydrogen yield for Ru0.8Pd0.202 as anode and 30 wt% Pt/
CB as cathode

S.  Experimental Faradaic ~ Current Cell voltage (V)
no. hydrogen yield (L  efficiency density during electrolysis
h'h 25 cem? (%) (mA/cm?) process at 80 °C
1 576 85.33 500 1.82
2 11.52 85.39 1000 2.03
3 1753 86.48 1500 225
4 2326 86.05 2000 2.46

using the experimental hydrogen yield and theoretical hydro-
gen yield(assuming 100%). The calculated faradaic efficiency
was obtained approximately 85-90% as shown in Table 3 be-
cause of it maybe cell contact resistance, internal current losses,
gas measuring errors, and gap between water and gas in the gas
liquid separators.

The performance of the synthesized Ru,Pd;_,O, catalyzed
MEAs (RuOBPd()_zOz, Ru0.5Pd0'502, and RU.OQPdO.gOz) were
compared with pure RuO, catalyzed MEAs in PEM water
electrolysis cell at 80 °C with different current densities as
shown in Fig. 8. However, the RuggPd,0, electrocatalyst
was shown with better electrochemical performance while
compared to pure RuO,. It might be due to the better structur-
al, morphological, surface characteristics of the electrocatalyst
and possibly to the higher catalytic activity of the substrate.
The cell voltages obtained with the RuO, Rug gPd,0,,
Rug sPdy 505, and Rug,Pdy 3O, were observed to be 2.04,
2.03, 2.15, and 2.22 V respectively, at the operating current
density of 1000 mA/cm? (1 A/em?). The obtained results show
that the synthesized Rug gPd,0, electrocatalyst could be
considered as an alternative to RuO, toward the oxygen evo-
lution reaction (OER) in PEM water electrolysis. The efficien-
cy of the Rug gPdy,0, catalyzed MEA in PEM water

Cell Voltage / V

L 1 ¥ 1 ) 1 * 1
0 500 1000 1500 2000
Current Density mAlcm’

Fig. 7 Current-voltage polarization of Rug gPd,,0, in 25 cm? single cell
assembly at various temperatures 30, 40, 50, 60, 70, and 80 °C
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Fig. 8 Performance of different MEA’s in 25 cm® PEMWE cell at 80 °C

electrolyser was found to be 74% at a constant current density
of 1 A/em? at 80 °C temperature. The efficiency was calculat-
ed by Gibbs free energy equation [39].

Further, the stability studies of PEM water electrolysis cell
were carried out with Rug gPdy,0, catalyzed MEA at a con-
stant current density of 1 A/cm? at 80 °C temperature; the
results are shown in Fig. 9. The observed cell voltage of
2.03 V was almost stable during 100 h of continuous opera-
tion; it reveals the higher stability of Rug gPd -0, catalyzed
MEA for the oxygen evolution reaction (OER) in PEM water
electrolysis. From the qualitative point of view, the obtained
results using Rug gPd, ,0, for the OER at the anode exhibited
better efficiency compared to those obtained with RuO,.

Conclusion

In the present study, bimetallic Ru,Pd;_,O, electrocatalysts
were synthesized by modifying the Adams fusion method

23
2.2 4 RqusPdoAzoz
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2.0

1.9 1
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1.7 1

1.6
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Fig. 9 Performance of RuygPdy,0, MEA in 25 cm? single cell in
constant current of 1 A cm 2 at 80 °C
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and used as the OER electrocatalyst at the anode in PEM water
electrolyzer for hydrogen production. The synthesized
Rug gPdo,0, electrocatalyst showed similar crystallographic
properties, morphology, and particle size of the RuO, catalyst.
The obtained results revealed that the synthesized
Rug gPd,0, electrocatalyst has shown better electrochemical
activity and stability compared to RuO,_ It indicates that the
Ry, gPd,0, can be used as an alternative to RuO, for the
OER in PEM water electrolyzer. The present study could po-
tentially be used in other PEM cells such as unitized regener-
ative fuel cells and hydrogen fuel cells.
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