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Pd-based catalysts are considered to be among the most promising electrocatalysts for both the hydrogen
oxidation reaction (HOR) and oxygen reduction reaction (ORR) in alkaline media. Although major progress in
finding effective catalysts has been made, the reasons for the activity enhancement in alkaline conditions remain
to be elucidated. Herein, we report the fabrication of alloyed PdNi thin films as a tool to study the HOR and ORR

Thin films

PdNi reactions. Annealing of physically evaporated PdNi thin films at different temperatures results in different sur-
Palladium face compositions and a range of HOR and ORR activities in 0.1 M KOH. Moreover, annealed samples were acid
Nickel treated to remove the surface Ni and the HOR and ORR were investigated to elucidate the effect of surface and

subsurface Ni. For the HOR, it was found that the addition of Ni decreases the hydrogen binding energy (HBE) of
Pd through an electronic effect, which results in an increase in activity. In addition, it was found that the HOR
activity was further increased by the bifunctional effect induced by surface Ni, which provides OH™ adsorption
sites. In contrast to HOR, it was concluded that surface Ni was disadvantageous for the ORR. However, sub-
surface Ni was found to induce an electronic effect on Pd that resulted in a somewhat improvement of the ORR
kinetics by improving its oxygen desorption. These results provide insights for more tailored design of electro-
catalysts in alkaline media by shedding new light on the mechanisms through which the HOR and ORR kinetics
are improved in alkaline media.

1. Introduction

Low-temperature fuel cells have been recognized during the last
decades as promising power generation technologies for both stationary
and portable applications. Because of their high energy density, small
size, and lightweight, Proton Exchange Membrane Fuel Cells (PEMFC)
have become the current leading low-temperature fuel cell for auto-
motive applications [1,2]. However, the widespread commercialization
of PEMFC in automotive vehicles is currently impeded by their high cost
and limited lifetime. Both limitations are greatly attributed to the
catalyst layer, whose contribution to the total cost of the fuel cell stack
for large-scale energy production is nearly half [3,4]. This high cost is to
a large degree due to the scarcity of platinum, of which high amounts are
needed to catalyze the hydrogen oxidation reaction (HOR) in the anode
and to improve the sluggish oxygen reduction reaction (ORR) kinetics in
the cathode [5,6]. Thus, Pt-based catalysts have limited availability and
the activity in acidic media is not sufficient to meet the efficiency target
[7]. In contrast to acidic media, the rather mild alkaline conditions in
the Anion Exchange Membrane Fuel Cell (AEMFC) allow the use of
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Pt-free electrocatalysts, which brings up new possibilities of finding
abundant and inexpensive electrocatalysts without compromising the
power density of the fuel cell [8,9]. A high pH environment implies
different electrode reaction mechanisms. The kinetics of the ORR in
alkaline media is more facile than in acid [10] and the overpotential for
the ORR is lowered at high pH environments, which allows the use of
non-Pt metals [11]. Despite the activity enhancement in alkaline media,
the ORR activity is still far from being optimal and affordable catalyst
with high activity and stability are yet to be developed.

Similar to that in acidic media, an ideal catalyst for the ORR in
alkaline media should have an adsorption energy of hydroxides about
0.1 eV lower than that of Pt(111) [12]. One strategy to modify the OH™
adsorption is through alloying with metals with different d-orbital oc-
cupancies. It has been reported that through changes in the d-orbital
overlap that change the d-band center, the breakage of the O-O bond, as
well as the desorption of oxygenated intermediates, can be tuned [13].
By coupling a metal with low occupancy of d-orbitals with another high
occupancy d-orbital metal, the d-band center of the fully occupied
d-orbital metal is lowered, resulting in an ORR enhancement for
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platinum group metals (PGMs) [15]. This enhancement is caused by the
significant decrease in the Gibbs free energy of key electron transfer
steps, which results in an optimal balance between the O3 bond breaking
and the adsorption of oxygenated species [14,15]. Thus, this electronic
effect induced in PGMs with alloying plays a crucial role in the
enhancement of the ORR activity of PGMs in both alkaline and acidic
conditions.

In contrast to the ORR, the HOR kinetics at the anode is greatly
hindered in alkaline conditions compared to acidic [16]. The anodic
reaction on Pt under alkaline conditions is around two orders of
magnitude slower than that in acid [17,18]. Although the HOR mech-
anism in alkaline media is not fully understood, it is considered to
proceed through either the Tafel-Volmer or Heyrovsky-Volmer
mechanism:

(Tafel) Hy + 2°— 2H, a
(Heyrovsky) Hy + OH™ + % — Hy +H,0+ e )
(Volmer) Hyy + OH -H,0 + e + = 3)

Regardless of the mechanism, it is known that one reason behind the
much slower HOR mechanism is the adsorption of oxygenated species
blocking Hj adsorption sites [19]. However, the hydrogen binding en-
ergy (HBE) is considered to be a highly important factor controlling the
HOR kinetics. The reason for this is that the initial dissociative adsorp-
tion of hydrogen is likely to be the rate determining step, also in the
presence of oxygenated species [9,20,21]. Hence, previous studies sug-
gest that finding catalysts with both oxophilic sites that bond OH™
groups reversibly and sites with an optimal HBE, combining in a
so-called bifunctional surface, is crucial to boost the HOR kinetics at the
anode [22-25]. However, other studies also claim that the HBE is the
sole and unique descriptor for the HOR in the full range of solution pHs
and that the HBE should be decreased if the HOR activity is meant to be
improved [16,26-28]. This lack of agreement on which is (or are) the
critical factors governing the HOR activity in alkaline media hinders the
design of new HOR electrocatalysts.

Palladium has been intensively investigated as a potential candidate
to substitute Pt in high pH environments and several reviews of Pd-based
catalysts have been published to date [29-31]. Pd represents a good
alloying material for ORR due to its fully occupied d-orbitals that could
promote the electronic effect, as well as for HOR because of its close to
optimal HBE [32]. To improve both anodic and cathodic kinetics, Pd
needs to be alloyed with a metal with low d-orbital occupancy to opti-
mize the oxygen adsorption for ORR and enough oxophilicity to promote
the adsorption of hydroxide and avoid the blockage of Pd sites for
hydrogen adsorption in HOR. Nickel is a very inexpensive and abundant
metal that fulfills both requirements. Thus, a catalyst containing both Pd
and Ni could potentially exhibit promising electrocatalytic activity for
both reactions [33-37].

It has been suggested that both bifunctional and electronic effects
play a crucial role in enhancing the electrocatalytic activity of PdNi
catalysts. The mechanism through which the HOR activity is enhanced
in alkaline media when alloying Pd with Ni is not completely under-
stood. The role of Ni in boosting the HOR kinetics is believed to occur
either by providing oxophilic sites for the adsorption of hydroxyl species
(bifunctional effect) or by affecting the HBE (electronic effect) [38-40].
It has been found that the HOR activity is dependent on the coverage of
Ni oxidated species because of their higher oxophilicity when compared
to metallic Ni [41,42]. Thus, bifunctional effects need the correct surface
distribution of Pd and Ni oxidated species if the rate enhancement is
meant to be observed, with OH™ binding on Ni and hydrogen binding on
adjacent Pd [24,33]. For ORR, instead, the electronic effects require Pd
to be in contact with oxygenated species and Ni in the contiguous sub-
surface for the correct bimetallic synergy and thus an improvement of
the oxygen adsorption on the Pd surface [35]. With the aim to corrob-
orate the mechanisms of bifunctionality for HOR and bimetallic
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coupling for ORR, PdNi alloys [33,34], core-shells [24], nanocrystals
[43] and PdNi nanoparticles [44-46] have been investigated in the
literature. However, there are still many questions regarding the
mechanisms through which the enhancement takes place in both re-
actions, whose exploration is hindered by the lack of knowledge about
the elementary steps. For HOR it is often claimed that the HBE is the only
descriptor affecting the alkaline activity [47], while other investigations
suggest that the adsorption of OH also influences the activity, albeit to a
lesser extent [25]. Thus, the role of adsorbed H and OH is crucial to
completely understand the HOR mechanism in alkaline media [48]. For
the ORR, the discussion arises from the mechanisms through which the
intermediate species promote the desired 4-electron pathway rather
than the 2-electron pathway [49,50]. Thin films present the advantage
of being well defined, making the fabrication of different alloy stoichi-
ometries more facile due to the high control over composition. They also
have large surface areas with minimized loadings compared to their
polycrystalline analogs and they are straightforward to characterize,
which means they offer a good platform for mechanistic studies.

This study presents a comprehensive electrochemical and composi-
tional characterization of PdNi annealed thin film alloys linked with
their catalytic activity for both HOR and ORR reactions in 0.1 M KOH.
Thin films present the advantage of being well defined, making the
fabrication of different alloy stoichiometries more facile due to the high
control over composition. They also have large surface areas with
minimized loadings compared to their polycrystalline analogs and they
are straightforward to characterize, which means they offer a good
platform for mechanistic studies. Physically evaporated thin films are
thus annealed at different temperatures and the differences in HOR and
ORR electrocatalytic activities are discussed for different XPS surface
compositions. The results suggest that, although HBE is the main
descriptor, the presence of surface Ni is still favorable for the HOR ac-
tivity, while the ORR is impeded by Ni present on the surface. Instead,
the ORR activity can be improved by an electronic effect if Ni is situated
beneath the Pd.

2. Experimental
2.1. Fabrication and annealing of PdNi thin films

Fabrication of thin films was carried out in cleanroom facilities of
Fed. Std.209E Class 10-100. Electron-beam evaporation (PVD 225 from
Lesker) was used to evaporate PdNi thin films on glassy carbon sub-
strates (5 mm diameter diamond polished Sigradur G disks from HTW
Gmbh). The carbon disks were first cleaned by sonication in acetone,
isopropanol, and Milli-Q water for 10 min in each solvent followed by
plasma cleaning with Oy at 150 W (Plasma-Therm). In order to avoid
oxidation of Ni in air, 12 nm of Ni was first evaporated on the carbon
substrate followed by evaporation of 28 nm of Pd, resulting in a 40 nm
thin film with an atomic ratio of 1:1 and loadings of 14.4 pgpg/cm? and
24.9 pgni/cm?. In order to induce alloy formation, the samples were
subsequently annealed at different temperatures in a flow reactor for 48
h in 4% H, in Ar carrier gas at a flow rate of 500 mL min~* to avoid
oxidation (Fig. S1, Supporting Information). Annealed samples were
additionally acid treated with 0.1 M HCI for 10 min with the aim of
forming a protective Pd overlayer by removing Ni oxide on the surface.
Below, we shall refer to the samples as PdNi-X for annealed samples
(where “X” represents the annealing temperature) and PdNi-X-AT for
acid treated samples annealed at the same temperature.

2.2. Electrochemical measurements

A three-electrode rotating disk electrode (RDE) cell was used to
perform all the electrochemical measurements. The RDE cell (Pine In-
struments) was equipped with a graphite rod (Sigma-Aldrich, 150 mm
length and 3 mm diameter) as a counter electrode (CE). Graphite was
chosen as CE to avoid metal contamination of the working electrode
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(WE), a very likely event in alkaline electrolytes [51-53]. A PTFE
HydroFlex® Hydrogen Reference Electrode (Gaskatel) was used as a
reference electrode (RE) and all the potentials in this study refer to that
of the RHE. The reliability of the RHE potential was continuously tested
experimentally by bubbling H; over a Pt WE in the same electrolyte and
measuring the intersection of zero current by cycling the potential be-
tween —0.02 V to 0.02 V vs RHE at 2 mV/s. The setup was also equipped
with a gas inlet on the side of the cell to allow the electrolyte to be
saturated with gasses. The potentiostat used (SP-300 from Bio-Logic®)
was controlled with the EC-lab software. The samples were mounted on
an RDE PTFE tip from Pine Instruments using PTFE U-cups. Although the
recommended practice is using a PTFE cell for alkaline electrolytes [21],
a glass cell was used for the RDE measurements due to the short period
and rather mild alkaline conditions of the measurements.

The electrochemical cell and the glassware were cleaned prior to the
measurements in piranha solution (98% H2SO4 (Sigma-Aldrich, Emsure)
and 33% H,0, (VWR Chemicals, Technical), 3:1 v/v) for at least 24 h.
The cell was then thoroughly rinsed with ultrapure water (18.2 MQ cm,
<3 ppb TOC, Milli-Q® IQ 7000, Merck) at least 10 times before each
measurement. The electrolyte used for ORR and HOR measurements
consisted of 0.1 M KOH prepared from KOH pellets (KOH hydrate
>99.995%, Suprapur®, Merck) and ultrapure water. The electrolyte was
prepared and stored in a PFA volumetric flask (BRAND®) to prevent
contamination over time from glass corrosion [54]. A 0.1 M HCl solution
prepared from 30% HCl (Suprapur®, Merck) was used for the acid
treatment of the samples. The Ar used for de-oxygenation of the elec-
trolyte was supplied by AGA with instrument 6.0 purity, O2 by
Strandmgllen (> 99,6 vol%) and Hy by Air Liquide (> 99,999 mol%).

In order to measure on a stable surface free of impurities, a condi-
tioning scheme was conducted for every sample before every measure-
ment. Conditioning was conducted under inert atmosphere after Ar
purging, no rotation and consisted of 150 cycles between 0.1 and 1.2 V
vs RHE at 150 mV/s. Cyclic voltammetry between 0.05 and 1.35 V vs
RHE at 50 mV/s until stabilization of the voltammogram was recorded
after conditioning. After CV, the electrolyte was saturated with either Hy
or Oz and HOR/ORR polarization curves were measured at 50 mV/s at
different electrode rotation speeds varied between 400 and 2500 rpm.
We chose this scan rate due to contamination issues, which are more
severe at low scan rates in liquid electrolyte [55]. The electrolyte was
then Ar-saturated and another CV under the same conditions was
recorded to evaluate changes of the surface from HOR/ORR. All po-
tentials were corrected for ohmic losses by iR-compensation. The Ohmic
resistance was determined by electrochemical impedance spectroscopy
(EIS) from the intercept in the Nyquist plot [56]. The intersection of the
imaginary impedance between 10 and 20,000 Hz on the real impedance
was used to calculate the uncompensated resistance of the solution,
which depends on the ionic conductivity of the electrolyte and geometry
of the cell [57]. The typical measured resistance in 0.1 M KOH ranged
from 40 to 50 Q and was measured prior to each experiment in
Ar-saturated electrolyte with no rotation. The iR-compensation was
applied after obtaining the I-V polarization curve.

2.3. Physical characterization

Scanning electron microscopy (SEM) was used to image the annealed
samples. SEM was performed using a Zeiss Supra 60VP field-emission
microscope with an in-lens detector at 5 kV acceleration voltage and a
working distance around 3 mm.

A PHI 5000 VersaProbe III Microprobe X-ray Photoelectron Spec-
troscopy (XPS) instrument (Physical Electronics) was used to study the
surface composition of the thin films. The instrument is equipped with a
monochromatic Al K-a X-Ray excitation source (1486.6 eV) operated at
50 W as well as a dual charge compensation: an electron neutralizer
(negative charge compensation) and an ion gun (positive charge
compensation). Surface composition was evaluated by a survey scan in
the binding energy range between 0 and 1400 eV with an energy step
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width of 0.4 eV. The chemical states of Pd-3d, Ni-2p, C-1 s and O-1 s core
level spectra were studied in the narrow scan, which were recorded with
an energy step of 0.1 eV and a pass energy of 55 eV. The measuring area
was about 200 ym in diameter. The chamber pressure was always lower
than 5.0 x 10~° mbar during measurements. XPS measurements were
performed for annealed samples, after dipping in 0.1 M HCI and after
RDE testing. For all samples, the binding energy scale was corrected by
shifting the spectra with respect to the adventitious C-1 s peak of the C-C
bond to 284.8 eV. Depth profiling was used in the same XPS instrument
to map the elemental composition throughout the thin films and detect a
potential thickness loss after RDE measurement. It was carried out by
successive 2 kV Ar" ion etchings over a 2 x 2 mm? area at a rate of 4 nm/
min. Both survey and narrow scans were recorded every 5 nm
throughout a 40 nm depth. For the layer analysis narrow scans were
recorded with 69 eV pass energy and 0.2 eV/step.

Relative sensitivity factors from the PHI-Multipak software were
used for the concentration quantification. Concentrations were deter-
mined with the effective peak areas after Shirley background subtrac-
tion. For the electronic structure and chemical state analysis, the core
level spectra of Ni-2p and Pd-3d were curve-fitted with the Multipak
software. The fitting routine of the peaks was performed using an
asymmetric Gaussian-Lorentzian sum function with a Shirley
background.

3. Results & discussion
3.1. Characterization of annealed and acid treated PdNi thin films

Physically evaporated PdNi thin films were thermally annealed in
4% Hj in Ar at temperatures between 350 and 600 °C. Different Pd:Ni
surface and subsurface atomic compositions were obtained as a result of
different diffusion behaviors at different annealing temperatures. Fig. 1
shows the Pd:Ni atomic concentrations throughout the annealed thin
films investigated by ion etching depth profiling in XPS. The depth
profile shows the effect of annealing temperature on both surface and
subsurface Pd:Ni concentrations. The as-prepared samples were fabri-
cated with a 28 nm Pd film evaporated on top of a 12 nm Ni film to
achieve 1:1 atomic ratio of Pd and Ni. The sample annealed at 350 °C
shows a Pd:Ni composition at the surface of about 60% Pd (40% Ni),
which indicates that Ni diffuses through the Pd film and reach the sur-
face already at this temperature. The PdNi-350 profile shows that the Ni
content decreases when going from 0 to 5 nm depth, indicating the

754 350 °C
400 °C
70 450 °C
14 e—500°C
654 \ —4—550°C
9 ——600°C
~ 60
pd
E 55
50 E
45
40 T T T T T
0 10 20 30 40

Depth (nm)

Fig. 1. Pd:Ni composition profile of thin films at different annealing temper-
atures obtained from Ar™ ion etching depth profile in XPS.
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preference of Ni to be at the surface at 350 °C. After depths of 10 nm, the
amount of Pd gradually decreases. At 40 nm depth the amount of Pd is
over 40%, confirming that at this temperature Pd and/or Ni mobility is
already sufficient to diffuse throughout the entire film. At 400 °C a
similar behavior is observed, with Ni accumulating on the surface rather
than in subsurface layers and increasing concentration throughout the
sample depth. This lower Ni content in the subsurface can be explained
by the preferential sputtering event towards the lighter element in XPS
depth profiling due to their larger cross-section, which renders a slight
overestimation of the concentration of the heavier element [58]
(Figs. S2 and S3, Supporting Information).

Higher annealing temperatures resulted in similar concentration
profiles. After annealing at 450 °C and above, Pd:Ni subsurface stoi-
chiometries close to 1:1 were achieved from 5 nm throughout the film.
From 450 °C, the amount of Pd on the surface significantly increased and
further Pd enrichment on the surface was limited after annealing from
450 to 550 °C. The attained surface ratio of Pd and Ni is explained by
their difference in surface energy [59]. At 600 °C there is an abrupt
increase of surface Pd to 75% while subsurface concentrations remain
unchanged.

The effect of temperature on the grain size of annealed samples is
evidenced by SEM images (Fig. 2). As shown in the insets, the grains
increase with increasing annealing temperature. The grain size ranged
with a large variation from about 20 nm (PdNi-350) to about 200 nm
(PdNi-600).

Cyclic voltammograms (CVs) of Pd, Ni, PdNi-400, and PdNi-400-AT
in Ar-saturated 0.1 M KOH solution are shown in Fig. 3a. Pure Pd and Ni
samples were also annealed at 400 °C to relax the surface and enable
better comparison. As can be seen, the annealed alloy (PdNi-400) shows
a CV that differs from that of pure Pd and pure Ni. Firstly, although only
Pd is active for hydrogen adsorption, the annealed PdNi alloy exhibits a
larger hydrogen adsorption/desorption region (between 0.05 and 0.4 V
vs. RHE). Possible reasons for this are either the alloying effect, which
leads to an increase in lattice spacing and hence may facilitate the
hydrogen absorption into the metal lattice [60]; or the overlapping of Ni
(II) reduction currents with hydrogen adsorption [61]. Secondly, the
peaks emerging at 0.7 — 0.8 V exhibit different intensities and shapes for
PdNi and pure Pd. This peak corresponds to the chemisorption of OH™
ions on Pd, followed by plateau-shaped currents ascribed to the oxida-
tion of Pd-OH to higher valence Pd oxides (both PdO and Pd(OH),) [62,
63]. This plateau also comprises currents attributed to the formation of a

100 nm
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B-Ni(OH), layer [61,64]. The formation of other Ni(I) species is not
displayed in the CV due to a potential window not wide enough to entail
the potential at which these processes occur [65]. Although the surface
of PdNi-400-AT is composed solely of Pd, it does not present the OH™
adsorption peak. The reduction peak at 0.7 V is attributed to the
reduction of Pd(II) compounds during the cathodic sweep [61-63]. As
seen, the Pd(II) reduction takes place at slightly different potentials for
pure Pd, PdNi-400 and PdNi-400-AT. As expected, PdNi-400 shows a
lower amount of charge involved on the PA(II) reduction, indicating less
amount of surface Pd. Upon acid treatment, the reduction peak increase
in intensity due to the removal of Ni species from the surface, forming a
completely Pd covered surface. The reduction peak for PdNi-400-AT is
shifted negatively with respect to pure Pd. This suggests that the Pd on
the surface of the PANi-400-AT is affected by the Ni in the alloy below
the surface.

Fig. 3b shows both the Pd:Ni XPS atomic concentration and Pd
electrochemical active surface area (ECSA) before and after the acid
treatment. Since the hydrogen adsorption is accompanied by the ab-
sorption of hydrogen into the palladium bulk, ECSA of Pd alloys cannot
be readily calculated from the hydrogen underpotential deposition re-
gion (Hypp) [66,67]. Instead, we chose to derive the Pd surface area
from the charge corresponding to surface oxide reduction region. Hence,
the Pd ECSA was calculated by measuring the charge involved in the
surface PdO reduction from the peak at 0.7 V vs. RHE and dividing it by
the charge density associated to the reduction of a PAO monolayer (424
pC/cmz) [68,69]. As seen in Fig. 1, Pd atomic concentration on the top
layers of the films increased with increasing annealing temperature,
ranging from 60 to 75%. After HCl cleaning for 10 min, all samples
exhibited an increase of surface Pd regardless of the Pd:Ni atomic con-
centration prior to the acid treatment. Pd atomic concentration
increased to about 80% of the total surface composition. Pd ECSA,
instead, is not dependent on the annealing temperature and it exhibits its
maximum at 450 °C (Fig. 3b). The Pd ECSA increase between 350 and
450 °C can be confidently assigned to a surface Pd enrichment. Never-
theless, it must be mentioned that surface roughness decreases with
increasing temperature, making the decrease of the Pd ECSA after
450 °C attributable to a smoothening of the total surface area. This is
evidenced on the Pd ECSA of the acid treated samples. Since HCl
effectively removes oxidated Ni species, it is assumed that the surfaces of
all acid treated samples are entirely composed of Pd. Hence, the
decrease of Pd ECSA with increasing temperature in the acid treated

100m 100 /M

Fig. 2. SEM images of samples annealed at (a) 350 °C; (b) 400 °C; (c) 450 °C; (d) 500 °C; (e) 550 °C and (f) 600 °C.
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Fig. 3. (a) Cyclic voltammograms in Ar-saturated 0.1 M KOH of Pd, Ni, PdNi annealed at 400 °C and acid treated 40 nm thin films. Scan rate 50 mV/s; room
temperature; b) Pd:Ni surface concentrations from XPS and Pd ECSA of annealed samples before and after the acid treatment.

samples is ascribed to a decrease of the total surface area. In this way, it
is easily observable that increasing temperature above 500 °C results in
a Pd withdrawal from the surface as evidenced by the more pronounced
decay of Pd ECSA for the annealed samples. Surface atomic distributions
can be inferred by comparing surface compositions obtained in XPS with
Pd ECSA profiles. For annealed samples, Pd concentration in both sur-
face layers and on the total surface area increases proportionally until
450 °C, indicating similar atomic distributions in both regions. After
450 °C, the amount of Pd in the outermost layers keeps increasing while
Pd ECSA decreases significantly after 500 °C. This trend indicates the

(a) Ni-2p,,  Ni(OH), (b) Pd-3d

formation of a Ni-rich surface with a Pd-rich subsurface at high
annealing temperatures. For the acid treated samples, the amount of
surface Pd remains constant and the decrease in Pd ECSA is merely
attributed to smoothening of the surface with thermal annealing. X-ray
diffraction (XRD) analysis was also performed on pure Pd, pure Ni, PdNi
as-evaporated and PdNi-X samples (Fig. S6, Supporting Information),
which revealed that the Pd(111) diffraction peak is shifting upon
annealing and thus confirmed the actual mixing of the two elements.
The surface elemental composition and the chemical state of both Pd
and Ni were investigated by XPS on both annealed and acid treated

PdO,PdO Pd
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0] « \A
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Fig. 4. XPS deconvoluted spectra of (a) Ni-2p3,» and (b) Pd-3d for PdNi-450 and PdNi-450-AT samples; (c) averaged Pd:Ni composition and content of (d) Ni species
and (e) Pd species extracted from XPS before and after annealing, acid treatment and electrochemical tests. Dashed lines indicate the change in Pd% upon treatment.
Relative percentages of the different Pd and Ni species as well as Pd:Ni composition average are shown in Table S2 (Supporting Information).
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samples, as well as after the electrochemical tests. For the Ni-2p XPS
spectra, only the 2ps/» splitting was deconvoluted (Fig. 4a) and the
sensitivity factor corresponding to one peak doublet was used for
quantification. Three binding energies of three Ni species were distin-
guished in the core level spectra: Ni (2ps/2: 852.6 eV); Ni2t in NiO (2ps,
2. 853.7 eV); and Ni%tin Ni(OH)2 (2ps/2: 855.6 eV) [70-72].
Gaussian-Lorentzian peaks were used for the deconvolution of all Ni
species and Pd oxides, whereas metallic Pd peaks were fitted using
asymmetric peaks. An iterated Shirley background was subtracted from
all data and all Ni and Pd deconvoluted peaks were allowed to vary by
+0.3 eV.

The relative content of Pd and Ni species was obtained by integrating
their respective peak areas in their XPS spectra. Fig. 4c shows the Pd:Ni
composition average of all samples after the indicated treatments. The
results show that annealed and acid treated samples are composed of a
Pd-rich surface, especially after acid treatment due to the effective
removal of surface Ni in the form of oxide. HOR and ORR measurements
of both annealed and acid treated samples result in a Ni enrichment of
the surface. This provides evidence for the Ni diffusion to the surface
triggered by its stronger OH™ adsorption energy compared to Pd [73].
After HOR measurements the averaged compositions result in almost
equal amounts of superficial Pd:Ni (Table S2, Supporting Information).
However, after ORR, annealed samples exhibit a much higher increase in
surface Ni than ORR-measured acid treated samples, evincing the more
hindered diffusion of Ni through a Pd overlayer.

Both Pd and Ni oxidated species were quantified from XPS decon-
voluted spectra and averaged after every treatment as shown in Fig. 4d
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and Fig. 4e respectively. As shown, the higher metallic Pd on the surface
is observed after both annealing and acid treatment, whereas oxidated
Pd species (Pd?* and Pd*") are formed during electrochemical testing.
However, spectra of acid treated samples revealed PdO is still present.
HOR measurements mainly result in the higher valence oxides, indi-
cating the formation of pd*t species (PdO3) from the oxidation of both
Pd and, partially, PdO. ORR testing also leads to Pd oxidation, although
the resulting alloys are primarily composed of a Pd?* oxide. In contrast
to Pd, Ni oxidated species are present already in the annealed samples
due to the ease by which Ni oxidizes in air. Annealed samples show a
major amount of Ni(OH)y, which increases drastically after HOR and
ORR measurements due to contact with the alkaline electrolyte. Acid
treatment removes most of the Ni hydroxide, causing a rise of 30% in the
relative amounts of both Ni and NiO. Since both Ni and NiO dissolves in
acidic media and Ni forms a hydroxide in aqueous solutions [74], the
remaining Ni and NiO is attributed to subsurface Ni that is not reachable
by the electrolyte or the HClL. This supports the formation of a Pd
overlayer due to Ni removal upon contact with acid. The amount of Ni
(OH) becomes again significant after ORR and HOR testing, suggesting
the diffusion of Ni through the Pd layer owing to the higher affinity of Ni
for OH™ [75].

3.2. HOR

Fig. 5a shows the cathodic scan of HOR polarization curves of the
annealed PdNi thin films together with a pure Pd thin film as a reference.
The polarization curve of pure Ni is not shown as the HOR activity of
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Fig. 5. HOR activity of PdNi samples and a pure Pd thin film in 0.1 M KOH: a) geometric currents of annealed samples at 1600 rpm, 50 mV/s; b) geometric activities
of annealed and annealed + acid treated samples at 0.1 V; c) specific currents of annealed samples at 1600 rpm, 50 mV/s; d) specific activities of annealed and

annealed + acid treated samples at 0.1 V.
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pure Ni is more or less negligible [33]. With an onset potential at 0.17 V,
the pure Pd film shows very low HOR activity, which is most likely due
to a weaker HBE on Pd hydride that forms in Hy atmosphere [76,77]. All
annealed thin films show very low onset potentials, close to 0 V vs RHE,
and exhibit slightly different potential responses as a result of the
different Pd:Ni surface alloy compositions, as well as different limiting
current densities possibly due to differences on the surface of the sam-
ples [78]. The HOR electroactivity exhibits slightly different potential
responses, which are caused by slightly different Pd:Ni surface alloy
compositions as a consequence of the different varying diffusion rates of
Pd and Ni atoms throughout the film at the different annealing
temperatures.

At 0.1 V, the geometric activities of annealed samples increase with
increasing annealing temperature until 500 °C, after which they show a
decay (Fig. 5b). Although the surface Pd% in Fig. 3b also follows a
volcano-type trend, the rise and decline tendency in activity cannot be
justified by the surface Pd. If the activity was dependent on the amount
of Pd on the surface, PANi-400 would have the highest activity since it
has the largest Pd ECSA and higher surface roughness than PdNi-500.
Instead, this trend at low overpotentials can be explained by both the
degree of alloying and crystallite size. The degree of alloying in PdNi
mixtures has been reported to increase up to 500 °C and remain almost
constant thereafter [79-81]. Annealed thin film alloys typically exhibit
the highest defect-mediated interdiffusion at annealing temperatures
around 0.3 of the melting temperatures [82,83]. Thus, for Ni (1455 °C)
and Pd (1555 °C) [84], 500 °C falls into the temperature range at which
the highest atomic mixing through diffusion takes place, resulting in the
largest degree of surface alloying. Similarly, the crystallite size increase
with increasing annealing temperature might be the reason behind the
activity decay after 500 °C [85-87], as well as grain agglomeration,
which is not favorable for electrochemical reactions on bifunctional
surfaces [85-88]. Thus, from the results presented above it is reasonable
to infer that the rise and decay of the HOR geometric activity with
increasing temperature demonstrates the relationship between Pd and
Ni surface atomic distribution and the high HOR activity.

Specific activities (SA) expressed as current density per Pd ECSA
(Fig. 5¢) show that all PdNi alloys exhibit a higher activity than pure Pd,
confirming the role of Ni in the enhancement of the HOR activity in
alkaline media. Up to 500 °C, all samples reach the same limiting current
density and they exhibit different half-wave potentials, which increase
with increasing annealing temperature. The highest SA at 0.1 V vs. RHE
(Fig. 5d) corresponds to the PdNi-550 sample, which shows the best
utilization of surface Pd. This can be explained by the difference be-
tween the Pd ECSA before and after acid treatment shown in Fig. 3b,
which suggests that PANi-550 most likely has the highest Ni content at
the very surface.

Acid treated annealed samples entirely composed of a Pd overlayer
over the PdNi alloy were also evaluated in RDE. All annealed samples
show a decrease in the geometric activity after acid treatment (Fig. 5b),
which provides further evidence on the beneficial effect of the added
oxophilicity provided by surface Ni. Similar to annealed samples, the
resulting geometric activities reveal a volcano-type dependence on
temperature. PANi-500 shows the highest geometric activity at 0.1 V vs.
RHE (0.80 mA/cméeo), which is 5 times higher than that of PdNi-350,
the sample with the lowest geometric activity at 0.1 V vs. RHE. The
activity decrease after PANi-500 is attributed to the steep decrease of the
total surface area due to the effect of temperature on the surface
roughness. The effect of decreasing total surface area with increasing
temperature is further evidenced by the trend in SAs (Fig. 5d). The trend
in activities in acid treated samples shows a better Pd utilization as
annealing temperature increases, with PdNi-600 exhibiting the highest
activity per Pd atom (1.84 l’IlA/CIl’llz)d), most likely due to a much lower
Pd ECSA evidenced by its CV (Fig. S4, Supporting Information). As
previously shown in Fig. 3b, smoothening of the surface with increasing
temperature also takes place at low annealing temperatures, although it
shows a less prominent decrease. Thus, the increase in geometric
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activity between PdNi-350 and PdNi-500 cannot be explained by the
surface smoothening effect. Instead, this increase in activity is ascribed
to a ligand effect induced in the Pd overlayer by the Ni underneath that
changes the d-band structure of the former [89,90]. The alteration of the
Pd d-band is even more pronounced when Ni(OH), species are present
(i.e. even lower d-orbital occupancy). Furthermore, it has been reported
that surface Ni(OH); is beneficial for the HOR due to its oxophilicity that
facilitates the bifunctional effect [41], so we consider the higher amount
of Ni(OH), during HOR measurements (Fig. 4d) also accountable for the
HOR enhancement. The change in the electronic structure of Pd is
further observed in the higher oxidation state of Pd during HOR
(Fig. 4c). However, the modification of the Pd electronic properties can
also be attributed to a lattice strain effect. This effect is also caused by
the addition of Ni to the Pd lattice, which results in an alteration of the
Pd-Pd bond distance and thus a modification of the electronic properties
of the Pd overlayer [89,91]. The extent of both effects relies on the
compositions of the underlying alloy, which result in different en-
hancements of the HOR activity.

Determination of the HBE is a good strategy to determine whether
the enhancement of the HOR activity occurs through an electronic effect
that modifies the HBE of Pd, or through a bifunctional effect where Ni
(OH),, provides oxophilic sites for the OH™ adsorption. The HBE can be
calculated experimentally from the hydrogen desorption peak on a
metal surface by using the following equation [92,93]:

1
Ey_y = —FEy — ETS” 4

where Ej;_p is the hydrogen binding energy, F is the Faraday’s constant,
Ep the hydrogen desorption peak potential, T is the temperature and S°
the entropy of Hy at standard conditions. The H desorption peak po-
tential can be obtained from the CV profiles of the annealed samples
(Fig. S4, Supporting Information) between 0.25 and 0.35 V vs. RHE to
calculate the HBE. All the annealed samples show H desorption peaks at
lower potentials than pure Pd (0.48 V). The SA at 0.1 V vs. RHE was
plotted against the HBE calculated from the H desorption peak (Fig. 6a,
black fitted line). The plot shows a linear relationship between the SA
and the HBE, with the activity increasing as the binding energy becomes
weaker. This monotonic increase of the SA with decreasing HBE con-
firms that the latter is a crucial parameter for the HOR in alkaline
electrolytes. Since it has been reported that the reason behind the
sluggish HOR for Pd in alkaline media is the increase of the HBE with
increasing pH [16,26], these results confirm that the weakening of the
HBEs is crucial to enhance the HOR kinetics on Pd in alkaline conditions.
Moreover, the fact that PdNi-550 shows the highest SA is in good
agreement with DFT studies on the electronic structure of Pd-Ni systems,
which affirmed that equal amounts of Ni and Pd result in the weakest
HBE [94].

Electronic effects on the HOR activity are further evidenced by the
linear relation between the SA of acid treated samples and the HBE
(purple fitted line in Fig. 6a). Since all surfaces are entirely covered by
Pd, the relation between the activity of acid treated samples and their
HBE proves once again that the weaker HBE is undoubtedly responsible
for the improved HOR kinetics in PdNi alloys. However, the lower slope
in the fitted curve of acid treated samples shows that the activity in-
crease with the weakening of the HBE is less pronounced in the absence
of surface Ni. This also proves the favorable role of surface Ni in cata-
lyzing the HOR reaction. As explained above, the weakening of the HBE
is ascribed to lattice and electronic effects caused by the addition of Ni to
the Pd lattice, which results in an alteration of the electronic properties
of Pd and thus its HBE. However, at the same time, the significant
decrease in HOR activities after the removal of surface Ni (Fig. 4d) au-
thenticates the role of the bifunctional effect, i.e. the absence of oxo-
philic sites translates into a less pronounce enhancement of HOR
kinetics.

Tafel analysis of the annealed samples revealed Tafel slopes between
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Fig. 6. (a) Specific activities of annealed and annealed + acid treated samples against the hydrogen binding energy and (b) Tafel plots and slopes of PdNi
annealed samples.

108 and 147 mV/dec (Fig. 6b). The slopes follow the same volcano-type that the charge transfer step (Heyrovsky or Volmer) is likely the rate

dependence with temperature as the geometric activities, with PdNi-500 determining step on all surfaces [18,90]. This is in good agreement with

showing the lowest slope and thus faster HOR kinetics. The intercepts of previous studies claiming that the HOR rate is controlled by the Volmer

the Tafel plots were used to calculate the exchange current densities. step on PGMs, where OH™ affects its rate merely through hindering the

When normalizing to the Pd ECSA, PdNi-550 showed the highest ex- H adsorption rather than being an active participant in the surface re-

change current density among all annealed samples (1.85 mA/cm%d), action [95,96].

which agrees with its SA at 0.1 V (Fig. 5d). The high Tafel slopes indicate The results presented above provide evidence of the extensively
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discussed role of Ni in improving the HOR kinetics in alkaline media. It
has been broadly argued that the reason behind the increased HOR ac-
tivity is lowering of the energy barrier of the Volmer step through added
oxophilicity from surface Ni/Ni(OH), atoms, which provides crucial
adsorption sites for the OH™ adsorption [24,33,97]. However, we
conclude that, although both the so-called bifunctional mechanism and
the HBE are accountable for the enhanced HOR activity, the latter is the
dominant descriptor of the HOR activity on Pd-based catalysts. In
conclusion, the role of Ni in catalyzing the HOR comprises a major
electronic effect that modifies the HBE of Pd and, to a lesser extent, a
bifunctional effect through added oxophilicity. This is in good agree-
ment with previous studies stating that in PGMs the reason for slower
HOR kinetics is attributed to a stronger HBE in base, which affects both
H and H;0 adsorption and thus the rate of the Volmer step [16,26,95,
96].

3.3. ORR

Fig. 7a shows the cathodic scan of ORR polarization curves of the
annealed PdNi thin films together with pure Ni and pure Pd thin films as
reference. The curves show two different sets of onset potentials, with
pure Pd and samples annealed at low temperatures (350 — 450 °C)
showing the highest onset potential. Annealing at temperatures above
450 °C results in a significant decrease of the half-way potential,
although they all exhibit very similar limiting current densities below
0.6 V vs RHE. PdNi-400 and PdNi-450 present the highest onset and half-
wave potentials. The higher activities at low annealing temperatures
seem to correlate well with the ratio of Pd surface area to subsurface Pd
(Fig. 3b), with PdNi-400 and Pd-450 showing the largest amount of
surface Pd per subsurface Pd. In other words, high amounts of surface Pd
and subsurface Ni result in substantial ORR activities. This correlation is
evidenced when comparing PdNi-400 and PdNi-500. As shown in
Fig. 3b, these samples have very similar Pd surface areas (0.151 cm%d VvS.
0.154 cm3y), although PdNi-400 has 5% more surface Ni derived from
XPS measurements. The slightly higher surface Ni content in PdNi-400 is
responsible for the 50 mV higher half-wave potential compared to PdNi-
500, thereby corroborating the beneficial effect of subsurface Ni on the
ORR. Thus, the significant decrease in activities above 450 °C is
attributed to the major decrease in Ni beneath the PdNi surface layer
(Fig. 3b). Whereas the presence of Ni underneath a Pd layer seems to
result in higher activities, surface Ni seems to be disadvantageous for the
ORR kinetics because there is no annealed sample performing remark-
ably better than Pd at any potential.

ORR specific activities of annealed samples also show a decrease in
activities at annealing temperatures above 450 °C (Fig. 7c), most likely
also attributed to Ni content in the top layers. However, when normal-
izing for the Pd surface area, PdNi-350, PdNi-400 and PdNi-450 show a
better Pd utilization than pure Pd at 0.8 V vs. RHE (Fig. 7d). Again, the
higher SAs follow the trend of higher surface Pd and higher subsurface
Ni. All annealed samples reach higher limiting current densities than
pure Pd, with PdNi-600 showing the largest limiting current due to a
much lower Pd surface area.

The geometric activities of acid treated samples demonstrate a small
increase in activity compared to the non-acid treated samples, with
PdNi-350, PdNi-400 and PdNi-450 showing higher activities than Pd at
0.8 V (Fig. 7b). However, acid treated samples annealed at temperatures
above 450 °C show ORR activities markedly lower than the rest,
including Pd. Again, this is attributed to their lower subsurface Ni
content (Fig. 3b). The reason behind the positive effect of subsurface Ni
is ascribed to a d-orbital coupling effect between the two transition
metals, which has been reported to result beneficial in bimetallic cata-
lysts for the ORR in numerous studies [15,98-100]. The d-orbital
coupling between the two metals results in a decrease of the Gibbs free
energy of the electron transfer steps in the ORR, thereby enhancing the
reaction by weakening the desorption of oxygenated intermediates on
Pd [13,14]. Furthermore, the coupling effect is enhanced if Ni is found in
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the oxidized form (i.e. even lower d-orbital occupancy) so the presence
of Ni(OH); is also favorable for the ORR (Fig. 4d). Alloying with Ni/Ni
(OH), therefore results in a boosting of the ORR activity through an
electronic effect that shifts downwards d-band center of Pd, which
already exhibits a good O—O bond breakage. In the same way, since the
kinetics of the O—O breakage on Ni is very slow, addition of Ni into a Pd
lattice is beneficial only if the former is not present at the surface. Thus,
the higher activity of PdNi-350-AT, PdNi-400-AT and PdNi-450-AT is
assigned to a higher subsurface Ni content lowering the d-band center of
the Pd layer above. The lower activity at higher temperatures is also
attributed to a lower surface area owing to a higher surface smothering
at those temperatures. However, their also low SAs (Fig. 7d) confirm
that it is not attributable to a smoother surface. SAs provide even
stronger evidence of the better Pd utilization in PdNi alloys compared to
pure Pd.

The kinetics of the ORR were studied by collecting ORR polarization
curves at different rotation speeds (Fig. S5, supporting information). The
data was analyzed by extracting Koutecky-Levich (K-L) plots from the
mass-transport region of the corresponding ORR polarization curves (i.e.
0.4 V). This potential was chosen to assure that all samples had the same
contribution from kinetic and mass transport currents. The transferred

electron number (n) was obtained using the K-L equationml:

11 11
Bw!/?

(5)

- =—+-=
J Jk Ja Jk

B = 0.2nF (Do, )} (1) *Co, Q)

where j is the measured current density, jx and j; are the kinetic and
diffusion-limited current densities, respectively, n is the number of
electrons transfer per Oz molecule, o is the electrode rotation rate, F is
the Faraday constant (96,485 C/mol), Do, is the diffusion coefficient of
0,in KOH 0.1 M (1.9 x 107> ¢cm?/s), v the kinetic viscosity (0.01 cm?/s)
and Co, is the bulk concentration of Oz (1.2 x 10~® mol/em®) [46, 102].
The constant 0.2 is used when the rotation rate is expressed in rpm.

Fig. 8a shows the K-L plots for ORR on the annealed samples. All
samples studied present linear and parallel K-L lines, which indicate first
order kinetics with respect to molecular oxygen [103]. The transferred
electron number was calculated from the K-L slopes and it was found to
be 4.3-4.5 for all annealed samples (Table S1, Supporting Information).
The n values exceeded 4, which could be partly attributed to inherent
errors associated with the partial fulfillment of the assumptions of the
K-L analysis in the considered electrocatalytic system [101]. These
values confirm that the ORR is governed by a 4-electron pathway,
thereby reducing Oy to OH™ during the reaction. A dominant 4-electron
pathway was also observed in previous studies for Pd-based catalysts in
alkaline conditions [46,104]. K-L analysis of acid treated samples
(Fig. 8b) also exhibit parallel and linear plots, but much more similar
intercepts indicating very similar kinetic current densities (jx). The n
value was also found to be around 4 for all acid treated samples, indi-
cating the same reduction pathway as annealed samples.

The results presented in this section support the picture of a bene-
ficial effect of alloying PGMs with transition metals with lower d-orbital
occupancy to enhance the ORR kinetics, which has been discussed in
earlier studies. The overall increase in the ORR activity when surface Ni
is removed by acid treatment evidences the ineffectiveness of Ni as a
direct active site in this reaction. However, the activities of acid treated
samples surpassing the activity of pure Pd justify the electronic effect
induced by the Ni underneath. Hence, we confirm the positive effect of
lowering the d-band center of transition metals with excellent O—O
breakage and unfavorable desorption of oxygenated species.

4. Conclusions

In this study, we investigated how electronic and bifunctional effects
in alloyed PdNi thin films and in a Pd layer over a PdNi alloy influence
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Fig. 8. K-L plots derived from the ORR polarization curves at 0.4 V of (a) annealed samples and (b) acid treated samples.

both HOR and ORR activities in alkaline media. HOR measurements
revealed that both electronic and bifunctional effects play a role in
accelerating the HOR kinetics. It was found that the main responsible for
the activity enhancement observed in PdNi alloys is the weaker HBE of
Pd as a result of the Ni addition. Removal of surface Ni by acid treatment
resulted in an overall decrease of the HOR activities, thereby providing
strong evidence that surface Ni/Ni(OH) is also boosting the HOR ki-
netics by providing oxophilic sites for OH™ adsorption, i.e. a bifunctional
mechanism. ORR measurements also displayed a beneficial effect of
alloying Pd with Ni. In contrast to the HOR, surface Ni has a detrimental
effect on the ORR kinetics in alkaline media, as evinced by the overall
activity increase after forming a Pd overlayer by acid treatment. The
resulting protective Pd layer turned out to be a slightly more effectual
ORR catalyst due to electronic effects that favor the desorption of
oxygenated species and thus the ORR kinetics. Therefore, we confirm
that structural effects are crucial if the electronic effects are meant to be
distinguished, which in turn are the main reason for the observed HOR
and ORR activity enhancement in alkaline media.
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