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Role of surface oxygenated-species and adsorbed hydrogen in the oxygen reduction
reaction (ORR) mechanism and product selectivity on Pd-based catalysts in acid media
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Abstract
Adsorbed species on the catalyst surface are known to affect the catalytic activity. Oxygen
reduction reaction (ORR) is investigated on bulk PdO-based catalysts (oxides of Pd and
Pd;Co) in oxygen-saturated 0.1 M HClO4 to establish the role of surface oxides and adsorbed
hydrogen on the activity and product selectivity (H,O/H,0;). The initial voltammetric
features suggest that the oxides are inactive toward ORR. The evolution of the ORR
voltammograms and potential-dependant H,O, generation features on PdO catalyst suggest
gradual and parallel in-situ reduction of bulk PdO phase below ~0.4 V in the hydrogen
underpotential deposition (Hypq) region; the reduction of bulk PdO catalyst is confirmed from
the X-ray photoelectron spectra (XPS) and X-ray diffraction (XRD) patterns. The potential-
dependant H,O, generation features originate due to the presence of surface oxides and
adsorbed hydrogen; this is further confirmed using halide ions (Cl , and Br ) and peroxide as

the external impurities.
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1. Introduction

Oxygen reduction reaction (ORR) — a complex four-electron-transfer process across an
electrode/electrolyte interface — has been investigated for several decades. With the advent of
electrochemical energy storage and conversion devices, this reaction has become even more
important since it constitutes the electrochemical process at the cathode.' Thus, ORR has
been investigated on Pt well-defined single-crystal surfaces and polycrystalline nanoparticles
in both acidic and alkaline media.>* Oxygen gets reduced to water and peroxide as per the
most accepted reaction mechanism proposed by Damijanovic et al.’ The two-electron
reduction of oxygen to H,O,, parallel to the four-electron reduction to H,O, in a fuel cell
decreases the cell voltage (reversible redox potential of H,O, is 0.7 V) because of the mixed
potential. Moreover, the H,O, that is generated can lead to reduced membrane durability.*’
Therefore, peroxide generation features (using rotating ring disk electrode (RRDE)
technique) with Pt have gained significant attention in the recent years from both
fundamental and technological Viewpoint.g_14 The H,O, generation features depend on the
active site density of the electrode, catalyst layer thickness and the potential dependant ORR
mechanism.'> # Thus, Schneider et al. reported the dependence of H,O, formation on active
site density'® and Ruvinskiy ez al. explained the trend in H,O, formation with potential based
on the two competing mechanisms of ORR operating parallel to each other."*

The ORR activity is highly dependent on the surface cleanliness and it is affected by the
adsorbed species or impurities.lsf28 Effects of cations (Na', K', etc.), anions (ClO4, bi-
sulphate, efc.) and impurities (halides, phosphates, ammonium, CO, SO,, H,S, efc.) on ORR
with platinum single-crystal and nanoparticle surfaces are well-documented in the
literature.'>* On precious metals, in the potential range of interest to ORR (~0.0—1.2 V), the
main adsorbates are the oxygenated species and hydrogen. However, the effect of these in-

situ generated spectator species (O,gs and OH,4) and intermediates (Og.g, OOH,ugs and
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H;0,.45) on ORR activity and product selectivity is not well-understood and only a few
reports are available in the literature; Katsounaros et al. used H,O, redox reaction to establish
the blocking mechanism.” ** Otherwise, there is no way of externally introducing these
species in an electrolyte media to adsorb on a catalyst surface.

Recently, due to the very high cost, stability and overpotential issues with Pt, several new
catalyst formulations were investigated as possible alternatives to catalyze ORR.*? 1Among
them, palladium-based catalysts are the most investigated systems.’>** The electrochemical
behavior of Pd in aqueous electrolyte is much more complex when compared to that of Pt,
even though both have almost similar voltammetric features.***° The major differences
noticed are the higher hydrogen sorption property and unique oxide formation/reduction
behavior.” The formation of pre-monolayer hydrous oxide has a significant role on the
electrocatalytic property.® Therefore, Pd presents unique potential-dependant H,O,
generation features parallel to the reduction of oxygen to water. Analysis of these features
can shed insight on the role of in-situ generated adsorbed species on ORR.

In this manuscript, we report on the use of PdO as a probe surface to investigate the role of
surface-oxygenated species on ORR activity and product selectivity (H,O/H,0,). Fortunately,
bulk Pd oxide reduction is slower than the reduction of oxygen to water and it extends to
hydrogen adsorption (H,gs) region. It is confirmed that the unique ORR and peroxide
evolution features with Pd is mostly associated with its higher affinity towards oxygen (in the
higher potential region) and hydrogen (in the lower potential region). First, the chemical
reduction of PdO in the electrochemical medium is convincingly established. The in-situ
reduction of bulk oxide along with parallel ORR allows deducing the role of surface oxides
and the adsorbed hydrogen on ORR with Pd. The unique peroxide generation features are

explained over the entire range of potential (0.0-1.0 V) relevant to ORR.

2. Experimental
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2.1 Catalyst Synthesis: Carbon-supported Pd and Pd;Co catalysts were synthesized using the
procedure reported in the literature.** The as-prepared Pd and Pd;Co catalysts were subjected
to heat-treatment at 400 °C for lh in oxygen-containing atmosphere (5% oxygen and 95%
argon) to obtain palladium oxide-based catalysts.** A brief summary of the catalyst synthesis
and physical characterization is given in the supporting information (SI). In the rest of the
manuscript, the as-prepared, oxide (heat-treated in oxygen atmosphere), and
electrochemically reduced catalysts are denoted as (ASP), (OXD) and (ERD), respectively.

2.2 Electrochemical Characterization: Catalyst ink and thin-film electrode were prepared
following the procedure reported in the literature.® * The details of the catalyst ink and thin-
film electrode preparation is mentioned in the SI. The electrochemical characterization was
performed using a WaveDriver Bipotentiostat (WaveDriver 20, Bipotentiostat/Galvanostat
system from Pine Instruments, USA, supported with AfterMath software installed in a
Windows 7 operating system). The measurements were conducted in a standard three-
electrode system at room temperature (25°C) using an Ag/AgCl (sat. KCI) reference
electrode and a Pt wire counter electrode. However, in the manuscript, all potentials are
reported against reversible hydrogen electrode (RHE). The Ag/AgCl electrode was calibrated
against Pt electrode in 0.1 M HCIlO; electrolyte at 25°C and the conversion factor (from
Ag/AgCl to RHE potential scale) was +0.25 V. The ORR voltammograms and peroxide
generation features of the oxide catalyst were recorded in an oxygen-saturated 0.1 M HCIO4
electrolyte using a RRDE (Pine Instruments, USA) configuration. The electrode disk area
was 0.196 cm” and the ring area was 0.109 cm”. The working electrode was subjected to
potential cycling from 1.05 to 0.05 V at a scan rate of 20 mV s with 1600 rpm. The ring
potential was held at 1.2 V; the collection efficiency of the RRDE was 22%.% To investigate
the role of adsorbed impurities, voltammograms were recorded in 0.1 M HCIO,4 in the

presence of 0.1 mM CI, 0.1 mM Br ions and 4 mM H,O..
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3. Results and Discussion

Fig. 1a shows the evolution of the ORR voltammograms of Pd (OXD) in oxygen-saturated
0.1 M HCIOy solution. Simultaneously recorded peroxide oxidation current (ring current) is
shown in Fig. 1b. For comparison, the ORR voltammogram and the corresponding ring
current of carbon-support (Vulcan XC-72 without Pd) is also included. The initial reverse
scan with Pd (OXD) (from 1.05 to 0.05 V) shows negligible ORR current and ring current
below ~0.4 V; thus, the oxide catalyst is inactive toward ORR. Below 0.4 V, both these
currents rise sharply. But, at potential below ~0.15 V, the ring current decreases. In the first
forward scan, the half-wave potential of ORR shifts to higher potential (~0.6 V). The
simultaneously recorded ring current decreases with potential up to 0.2 V, increases and
reaches a peak maximum at ~0.48 V and thereafter it decreases with potential till 0.8 V. At
higher potentials both currents (ORR and H,O, oxidation) are negligible. With further
cycling, the half-wave potential of ORR gradually shifts to higher potentials and almost
overlapping voltammograms are obtained by the fifth cycle. Concomitantly, the ring current
decreases with cycling and stabilizes gradually. The final stable ORR voltammogram (with
mixed kinetic-diffusion region from 0.7 to 0.9 V and a well-defined diffusion-limited region
below 0.7 V) and ring current features resemble that of the as-prepared Pd reported in the
literature.**** The onset of ORR on carbon starts at ~0.2 V and the ORR activity is negligible
when compared to that of the carbon-supported Pd catalyst; but, there is a noticeable ring
current at lower potentials. Therefore, the ring current between 0.05-0.2 V with the carbon-
supported Pd-based catalysts is the sum of the contributions from carbon and the adsorbed-
hydrogen interfering with ORR on Pd.>*’

Similar ORR and ring current characteristics are observed with the Pd;Co (OXD) as well

(Fig. S1). The ring current maxima of ~14 pA at 0.1-0.2 V are comparable with both the
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oxide catalysts. From the ORR voltammograms and ring current features, it is clear that the
surface oxides greatly influence the ORR and its mechanism.

To understand the above-mentioned evolution of ORR voltammograms and ring current
features, CVs of fresh Pd (OXD) catalyst were recorded in argon-saturated 0.1 M HCIO,
solution (Fig. 2). These CVs of Pd (OXD) show features different from those of the as-
prepared Pd catalyst (Fig. S2). Initially, there is a high reduction current in the hydrogen
underpotential deposition (Hypq) region, and the typical voltammetric features of Pd metal in
acid (Hydrogen adsorption/desorption (Hags/es), double layer, and Pd oxidation/reduction
(Pdoxarrea) Tegions) are not well-developed. But with cycling, the reduction current in the Hypq
region decreases sharply and Hge peak builds-up gradually. The complete voltammetric
features of metallic Pd are obtained in 68 cycles. The explanation for this behavior is
reported in the literature and the complete reduction of bulk oxide phase is caused by the
adsorbed/evolved hydrogen at lower potentials in the Hypq region. Generally, the Pd/PdO
redox features appear at potential above ~0.65 V; but with bulk Pd (OXD) catalyst, the
reduction seems to be slow and incomplete in the oxide reduction region.** Recently, similar
oxide reduction behavior of graphene oxide with potential cycling is also reported by Kar et
al.; the decrease in reduction charge was attributed to the removal of oxygenated species

from the graphene oxide structure. >’

Inset to Fig. 2 shows the evolution of the charge associated with Hge, oxide reduction, and
H,gs regions during the potential cycling of Pd (OXD). The charge from Hg.s region increases
systematically with cycling and it almost saturates after the eighth cycle. However, the charge
from the oxide reduction region (~0.6—0.9 V) increases in the first three cycles and stabilizes
to a constant value (~700 puC). On the other hand, the charge from the Hags region decreases

with cycling. Thus, it can be interpreted that there are two types of reduction processes taking
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place with the oxide catalysts; one in the Pd/PdO redox potential range (0.6-0.9 V) and
another below ~0.4 V in the Hy,q region.

Similar voltammetric features are also observed with Pd;Co (OXD) catalyst (Fig. S3); the
only difference is that the charge (inset to Fig. S3) due to Hags/des and Pdoxgred 18 comparatively
higher with Pd;Co (OXD) than that with Pd (OXD). From the CV features, it seems that the
adsorbed/absorbed/evolved hydrogen is used for reduction of bulk PdO, which causes a
gradual rise in Hges charge.

For a better understanding of the evolution of CVs and the charges from the three regions
(Hags, Haes and oxide reduction) on oxide catalysts during electrochemical cycling, the
chronoamperometric responses are recorded at different potentials in 0.1 M HCIO,4 (Fig. 3).
From the chronoamperometric responses (Fig. 3a) of Pd (OXD) and Pd;Co (OXD) at 0.45 V
(i.e. outside the Hypq region of the voltammogram), the reduction charge observed is very low
(when compared to that at lower potentials (Figs. 3b and 3c¢)). The subsequently recorded
CVs are featureless initially resembling those of pure oxide catalysts (Figs. 2 and S3). This
indicates the incomplete reduction of Pd oxide during the chronoamperometric measurements
at 0.45 V. The reduction of PdO happens gradually with the subsequent cycling to lower
potential (0.05 V) and the proper voltammetric features of Pd in acid can only be observed
after 5-6 cycles (inset to Fig. 3a). The chronoamperometric response recorded at 0.15 V (Fig.
3b) is broader and intense when compared to that at 0.45 V. Thus, holding the potential at
0.15 V, results in faster reduction of Pd oxide. The subsequently recorded CVs (inset to Fig.
3b) show features similar to that of completely reduced palladium in acid electrolyte. Fig. 3¢
shows the chronoamperometric responses of Pd (OXD) and Pd;Co (OXD) at 0.05 V. The
subsequently recorded CVs (inset to Fig. 3¢) are comparable to that of the respective reduced

catalyst. Completely developed H,pq, double layer, and Pdoxgreq regions are apparent in the
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CVs of both the catalysts. The sharp and intense chronoamperometric peak at 0.05 V suggests
fast reduction of the PdO phase.

The reduction charge (8 mC), calculated from the chronoamperometric curves, at 0.15 V is
comparable with both Pd (OXD) and Pd;Co (OXD) catalysts and it almost matches with the
estimated charge required to reduce PdO (~6 mC, assuming 2¢” to reduce one PdO, for a
typical PdO loading of ~15 pg cm™ on the disk electrode). The reduction charges at 0.05 V
are 11.7 and 12 mC with Pd (OXD) and Pd;Co (OXD), respectively. This is because Pd tends

to show hydrogen evolution reaction (HER) at lower potentials >"- >

and the reduction charge
has contributions from both Pd oxide reduction and HER; the latter is not expected at
potential above 0.15 V. The reduction charge calculated from the chronoamperometric peaks
at 0.45 V (0.36 mC) is negligible when compared to that obtained at 0.15 and 0.05 V. Thus,
at 0.15 and 0.05 V complete reduction seems to happen and at 0.45 V the reduction is
negligible. Thus, the initial large cathodic current (Figs. 2 and S3) and the trends in the
charges obtained from the Hges, Hags, and oxide reduction regions of the CVs (inset to Figs. 2
and S3) with both the oxide catalysts are attributed to the absorption/adsorption/evolution of

hydrogen and the subsequent reduction of the bulk oxide in the potential range of 0.05-0.4

Vi

To test and establish the extension of oxide reduction to the Hypq region, CVs of carbon-
supported Pd (ASP) were recorded in 0.1 M HCIO, solution from 0.05 V to different upper
potentials (0.45 V to 1.65 V) (Fig. 4). The typical precious metal features (Hags/aes (0—0.32 V);
double layer (0.32—0.70 V) and Pdyxqired (above 0.7 V)) can be observed from the CVs. Burke
et al. investigated the interaction of Pd with oxygen in acidic and alkaline electrolyte and
reported hydrous oxide growth, formation of species with higher oxidation state (PdO, and
PdO;) and dissolution during potential cycling.”® The formation of pre-monolayer surface

hydrous oxide species has a significant role in ORR activity and product selectivity, but, the
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exact nature and its influence on H,O, formation is not well understood.*® However, in case
of PdO, the presence of bulk oxide species would significantly enhance the formation of the
hydrous oxide and hence its effect is pronounced. The CVs with upper potential limit of 0.45,
0.85, and 1.05 V show comparable H,4, area. With further increase in upper potential limit
(1.25, 1.45, and 1.65 V), the H,y, area increases (inset to Fig. 4). The oxide formation starts at
~0.7 V, and with increase in upper potential limit up to 1.3 V, there is a gradual increase in
the corresponding current. This plateau in oxide formation region (1.1-1.3 V) corresponds to
a monolayer oxide formation.” >* Further increase in potential results in an exponential rise
in oxide formation current. This high current is associated with multilayer oxide formation
and oxygen evolution reaction (OER) occurring on Pd.”* > *® With increase in the upper
potential limit of the CVs, there is a corresponding rise in oxide reduction current in the
reverse scan and the reduction peak downshifts to lower potentials.*® ** >* With multi-layer
oxide formation (above ~1.2 V), the width of the double layer region (at potential below the
oxide reduction peak) increases and it merges with H,qs region. Moreover, the H,qs area
increases with upper potential limit of the CV on electrodes cycled to potential above 1.2 V.
This indicates that the oxide reduction process can extend to lower potentials in the Hags

region, similar to that observed with Pd (OXD) and Pd;Co (OXD) (Figs. 2 and S3).

To confirm the reduction of oxides, XRD patterns of the samples were recorded after the
electrochemical treatment. Fig. 5 shows the XRD patterns of carbon-supported Pd (ASP), Pd
(OXD), Pd (ERD) and Pd;Co (ERD). The first broad peak at 28 value of ~25° in all the XRD
patterns is attributed to graphite (002) peak of the Vulcan XC-72 carbon-support. The peaks
at 40.2°, 46.7°, 68.3°, 82.6° are consistent with a face centred cubic (fcc) crystal structure of
Pd corresponding to the (111), (200), (220), and (311) planes, respectively. The dotted lines
indicate peak positions of standard Pd (JCPDS File No. 03-065-6174). The XRD pattern of

Pd oxide matches with the standard PdO phase reported in the literature (JCPDS File No. 01-
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075-0584). The XRD patterns of oxide catalysts after exposure to electrochemical conditions
show peaks corresponding to the fcc structure of palladium and those of the oxide phase are
not apparent. Thus, it can be inferred that the bulk oxide reduction happens during the
electrochemical process.

The reduction of Pd oxide in the electrochemical medium is further confirmed with X-ray
photoelectron spectroscopy (XPS). Fig. 6 shows the Pd 3d core-level XPS spectra of carbon-
supported Pd (ASP), Pd (OXD) and Pd (ERD) catalysts. The Pd 3ds;, spin state of Pd (ASP)
catalyst can be deconvoluted into two peaks (Fig. 6a); the deconvolution is performed
keeping the Pd 3d spin-orbit coupling constant at 5.2 eV. The peak at ~335.6 eV can be
assigned to Pd° valence state and that at ~336.6 eV to Pd*" (PdO). Similarly, the Pd 3ds, state
of Pd (ASP) is also deconvoluted into two peaks with binding energies of ~340.8 eV (Pd")
and ~341.9 eV (Pd2+); these values match with those reported for metallic Pd and Pd*" in the
literature.*” > The spectrum of Pd (OXD) is also fitted with two components for each spin
state (Fig. 6b). The peak at ~337.1 eV (Pd 3ds,) is assigned to photoelectron from PdO phase
and that at ~337.8 eV from PdO, phase.60 The Pd 3d;, state of Pd (OXD) at ~342.3 and
~342.9 eV are assigned to PdO, and PdO, phase, respectively.

The Pd 3d peak position of PdO (Pd*" binding energy) in Pd (OXD) catalyst is shifted to
higher value when compared to that of the Pd (ASP) (a shift of ~0.5 eV with Pd*" binding
energy in Pd (OXD) with respect to Pd*" in Pd (ASP)). This upshift in binding energy may be
due to the difference in the nature of the PdO phase. The PdO in Pd (ASP) is in the hydrated
form at the surface and that in Pd (OXD) is in the anhydrous bulk oxide form. Similar shift in
binding energy of bulk PdO phase relative to surface oxide is reported in the literature.®
From the XPS spectra, the oxide in Pd (OXD) is in the PdO phase (~80 %) and the remaining
is PdO, phase. The XPS spectrum of Pd (ERD) shows peaks corresponding to metallic Pd

with minor amount of PdO (Fig. 6¢). It is reported in the literature that Pd forms a thin oxide

10
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layer on the surface at room temperature itself.” Soon after the electrochemical reduction,
when the Pd nanoparticles are exposed to atmospheric oxygen, a passive oxygen coverage is
formed at the surface. The XPS spectrum of Pd (ERD) shows additional peaks at binding
energies of ~338.2 eV (Pd 3ds;) and ~343.4 eV (Pd 3ds5,) those are ~0.4 eV higher than the
PdO; peaks observed in the Pd (OXD) samples. The binding energy of these additional peaks
is attributed to the Pd(OH)s phase; similar surface hydrated species are reported in the
literature.”” These hydrated species generated in-situ during the potential cycling of oxide

catalysts in the electrochemical condition may be similar to that reported by Burke ez al.*®

Fig. S4 shows the O 1s core-level XPS spectra of Pd (OXD), Pd (ERD) and Pd (ASP). The
binding energy of the Pd 3ps; falls in the range of ~532.5 eV.”” > The peak at ~531 eV is
attributed to the O”” bonded to Pd atom. The as-prepared sample shows a minor peak at ~531
eV which may be due to the surface oxide layer on Pd. With the electrochemically reduced
sample, this peak is shifted to higher binding energy (~531.5 eV). The peak at ~534 eV is due
to oxygen bonded to the carbon-support (COO group) and that at ~535.6 eV is assigned to the

water molecules adsorbed on the catalysts surface.

From the ORR voltammograms of oxide catalysts it can be inferred that the oxide surface is
inactive and reduced Pd surface is required for catalyzing the ORR. The in-situ reduction of
PdO happens parallel to the ORR and the surface coverage influences the product selectivity
of the reaction; partially covered surface gives rise to higher generation of H,O, during ORR.
Most of the catalyst surface is reduced during the first reverse scan in the Hy,q region and
gradual reduction of the remaining oxides happens with potential cycling. Furthermore, the
XPS result shows that along with the in-situ reduction of oxide, PA(OH)4 phase is also formed
on the catalyst surface; this may also contribute to the ORR product selectivity. For a better

understanding of the above-mentioned phenomena, ring current features of the as-prepared
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and electrochemically reduced oxide catalysts (both Pd and Pd;Co) are compared with that of

well-studied platinum catalyst.

Fig. 7 shows the ring currents with (Pd (ASP) and Pd;Co (ASP)) catalysts subjected to
electrochemical conditioning in oxygen-saturated 0.1 M HCIlOy; for comparison, ring current
features of the as-prepared Pt is also included. On Pt, the ring current characteristics are

similar to those reported in the literature.®'* ¢’

The peroxide generation features with Pt
have been investigated by various groups. The ring current is quite negligible above 0.75 V
and it gradually rises in the potential range of 0.65 — 0.35 V; and it further increases below
0.35 V. Ruvinskiy et al. explained the ring current trends by the dual path mechanism (the
‘series’ 2e™+2e” reaction mechanism in which the adsorbed hydroperoxide (H,O2,45) Species is
a reaction intermediate operating parallel to the ‘direct’ 4e- reduction of oxygen to water)."*
At potential above ~0.75 V, the ORR proceeds preferentially through the 4e” reduction. In the
potential range of 0.75-0.35 V, the series mechanism involving the electrochemical reduction
of HOyys to form H,0,, — a potential-activated step which accelerates towards lower
potentials — is operating parallel to the direct dissociation mechanism.'* In the potential range
of 0.3-0.05 V, as reported by Markovi¢ el al. and Schmidt et al., the rise in ring current is
attributed to active site-blocking by the Hupd.z’ %9 However, from Fig. 1, it can be concluded
that the carbon also contributes significantly to the ring current in the potential range of 0.05—
0.2 V.

The overall ring current features of the other two catalysts (Pd and Pd;Co) are comparable to
that of Pt, but the following major differences can be noticed. The highest ring current is
observed with Pd and the ring current at 0.4 V (in the reverse scan) is in the order of Pd
(ASP) > Pd;Co (ASP) > Pt. The hysteresis in ring current of the catalysts is also in the same

order. There is a distinguishable ring current maximum at ~0.36 V and a minimum at ~0.16 V

with Pd-based catalysts. The order of ring current can be explained on the basis of the

12
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dependence of peroxide yield on active site density, catalyst layer thickness and adsorbed
impurities on the surface. Schneider er al. reported the effect of active site density and
catalyst layer thickness on the peroxide generation features.'® The probability of re-adsorption
and subsequent reduction of peroxide increases with increase in active site density (catalyst
loading/layer thickness), which in turn decreases the escape of H,O, from the catalyst layer
leading to lower ring current.”® Pd with 5.1 nm particle size shows the highest ring current
and Pd;Co (2.8 nm) and Pt (5 nm) show comparable ring current (see Table S1). With same
loading (~15 pg cm™) of all the catalysts on the electrode, the active site density of Pd is
twice that of Pt (the atomic weight of Pd and Pt is 105 and 195 g mol™, respectively). With
Pd;Co (~2.8 nm), the active site density as well as the catalyst layer thickness will be even
higher than that of Pd and Pt. Thus, the higher ring current with Pd in comparison with Pd;Co
can be explained on the basis of lower active site density and catalyst layer thickness. Apart
from these effects, the transition metal (Co) may also influence the peroxide generation
features by changing the d-band electronic properties and therefore the specific activity of the
catalyst. The higher ring current with Pd even with higher active site density and catalyst
layer thickness in comparison with Pt, the ring current maxima at ~0.36 V and minima at
~0.16 V can be explained by invoking the existence of adsorbed surface impurities on Pd in
the potential range of 0.2—0.7 V. In case of Pd;Co, a minor shoulder peak can be observed at
a potential of ~0.45 V and the peak is not that well-defined unlike that with Pd. However, the
voltammograms of both Pd and Pd;Co (Fig. S2) show a flat double layer region (~0.6—0.35
V); but, there is a sharper rise in their ring currents as compared to that of Pt in the reverse
scan. The ring currents are highest in the Hypq region; however, there is a sharp peak at 0.36
V with Pd and at 0.45 V with Pd;Co. Higher ring currents in the 0.30-0.45 V range on Pd
catalyst surface (Pt-Hypq = Pd-Hypa < Pd3Co-Hypa) indicate the additional contribution to the

peroxide formation by the surface blocking species in the reverse scan in addition to the Hyp.
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In the reverse scan of Pd, the ring current decreases somewhat below ~0.36 V, reaches a
minimum at ~0.16 V, and increases further in the Hypq region below ~0.16 V. The decrease in
ring current (below 0.36 V in the reverse scan), which is noticeable in case of Pd when
compared to that of Pd;Co, is an indication of reduction of the blocking species (perhaps an
oxide species or adsorbed water molecule) in the Hypq region. It should also be noted that the
Pd surface may have intrinsically different activity as compared to that of Pt.

Ring current in the reverse scan (1.05-0.05 V) is significantly higher when compared to that
in the forward scan (0.05-1.05 V). The difference between the ring currents in the forward
and reverse scans (hysteresis) is more evident in the potential range of 0.2—0.70 V with Pd-
based catalysts, whereas, with Pt the difference is minimal. This is ascribed to the strong
hysteresis in the surface oxide formation/reduction with potential. The surface is partially
covered by adsorbed-oxygenated species in the reverse scan, and a relatively oxide-free
surface is available for oxygen reduction in the forward scan. Thus, blocking by the surface
oxide is responsible for higher peroxide formation in the reverse scan.'” These oxides may
get reduced at lower potentials in the Hy,g region, and the reduced catalyst facilitates
complete reduction of oxygen to water as there are lesser blocking species in the forward
scan. The ring current features corresponding to the ORR voltammograms (Fig. S5) of Pd

(ERD) and Pd;Co (ERD) are comparable to that of the as-prepared catalysts discussed above.

Fig. 8 shows the ORR voltammograms and the corresponding ring current responses of Pd
(ERD) recorded at different scan rates with 1600 rpm. During the reverse scan, in the
potential range of 0.2-0.7 V, the ring current maximum (Fig. 8b) decreases with increase in
scan rate and the peak position shifts to lower potentials. Since the change in limiting current
below ~0.6 V is negligible with scan rates, at given rpm, the amount of H,O, generated
should be higher at lower scan rates; the H,O, formed at the disk electrode gets more time to

diffuse to ring electrode. The shift in ring current maximum to lower potentials at higher scan

14
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rates is due to the slow reduction kinetics of the PdO to Pd (see Fig. 4). Thus, from the ring
current features of Pd (OXD) and Pd (ERD) catalysts, it can be concluded that the surface
oxide formation is the cause of higher peroxide generation in the potential range of 0.2 to 0.7
V. In the forward scan, the potential of the ring current maximum is almost independent of

the scan rate for a reduced surface.

For a detailed understanding of peroxide generation characteristics of Pd catalyst, the disk
and ring currents are recorded at different rpms. The ORR limiting current increases with
increase in rpm (Fig. S6a) and this is due to the increase in the mass-transfer rate of O, to the
electrode surface and the consequent increase in the reduction of O, to H,O and H,O,. A
corresponding rise in ring current is observed with increase in rpm (Fig. S6b). Other than
increase in disk current and consequent ring current with rpm, there are no changes in the
features of the ring current. In forward scan, the shift in the ring current maximum to higher
potentials with decrease in rpm is attributed to the lower rate of oxide formation (lower extent
of exposure to oxygen at lower rpm).

The electrochemical oxidation/reduction reaction of H,O; can give further insight on the role
of surface-adsorbed species in the mechanism of ORR.? It can be used as a probe reaction to
understand the nature of the surface and the effect of different contaminants.”” To establish
the role of surface oxide on peroxide generation and ORR mechanism, peroxide
oxidation/reduction is carried out on Pt and Pd-based catalysts. The peroxide (4 mM H,0,)
oxidation/reduction voltammograms recorded at a scan rate of 20 mV s ' on Pt in argon-
saturated 0.1 M HCIO4 and that contaminated with 0.1 mM KCI and 0.1 mM KBr are shown
in Fig. S7. The hysteresis in the forward and reverse scans is due to the surface
oxidation/reduction that happens parallel to the H,O, oxidation/reduction reaction. With the
addition of CI ions to the electrolyte, the H,O, oxidation/reduction characteristics changes

considerably. Both the peroxide oxidation and reduction curves deviate from the ideal
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behavior that is observed with the pure electrolyte. There is no well-defined mass-transport
limited region with peroxide reduction; the adsorption of CI ions on the Pt surface down-
shifts the redox potential by ~17 mV. Marked difference is observed with H,O;
oxidation/reduction characteristics in Br" ion-contaminated electrolyte. The H,O, reduction
current decreases significantly because of the stronger adsorption of Br™ ions on Pt relative to
that of CI” ions. No mass-transfer-limited region is achieved with H,O, reduction with the Br’
ion-contaminated electrolyte; the redox potential is shifted to lower value by ~20 mV. The
voltammetric features confirm that the strongly adsorbing anions alter the ideal behavior of

H,0, reduction as well as oxidation. Similar results have been shown by Katsounaros et al >

Fig. 9 shows comparison of H,O, oxidation/reduction voltammograms of Pt/C and Pd (ERD)
in 0.1 M HCIO,4 in the presence of 4 mM H,O,; the upper potential limits of the
voltammogram with Pd (ERD) were set at 1.05, 1.25, and 1.45 V. In the reverse scan of H,O,
reduction, a sharp peak is observed at ~0.62 V in the voltammogram with upper potential
limit of 1.05 V and this is due to the Pd oxide reduction. When the potential is taken to higher
value (1.25 and 1.45 V), the Pd reduction peak in the reverse scan becomes intense and it
shifts to lower potentials. The difference in the current between forward and reverse scans
(hysteresis) in the voltammogram increases with the increase in upper potential limit.
Substantial difference in H,O, oxidation/reduction features of the voltammogram can be
observed on Pd (ERD) when compared to that of Pt. In the potential region of ~0.76—0.33 V,
the H,O, reduction features on Pd (ERD) deviates largely from that of Pt. In the forward
scan, a slight increase in reduction current is observed up to 0.2 V (Hypq) and this is due to the
hydrogen adsorption interfering with the H,O, adsorption and subsequent reduction. The
H,O; reduction current with Pd decreases up to a potential of ~0.6 V, unlike that with Pt. It
confirms that the deviation of the voltammetric behavior of Pd surface from that of Pt is due

to the contamination with adsorbed species.
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Fig. 10 shows the H,O, oxidation/reduction voltammograms of Pd (OXD) catalyst. Similar to
that observed with ORR voltammogram (Fig. 1), here too, the voltammogram evolves with
potential cycling, i.e., with the reduction of PdO. The H,O, oxidation and reduction currents
increase with cycling and overlapping voltammograms are obtained from the sixth cycle
onwards. In the H,O, oxidation region, both forward and reverse scans show increase in
current with cycling, however, the oxygen evolution (OER) current above ~1.3 V shows
overlapping values. The evolution of H,O, oxidation/reduction features further confirms the
role of surface oxides and adsorbed-oxygenated species on ORR product selectivity.

4. Conclusions

Palladium oxide-based catalysts are used to elucidate the role of surface-adsorbed
oxygenated-species and hydrogen on ORR and peroxide generation. Negligible ORR and ring
currents in the initial reverse scan (from 1.05 to 0.05 V) below ~0.4 V suggest that the oxide
catalyst is inactive. On cycling to the Hyq region, the oxide catalyst gets reduced. Half-wave
potential of ORR shifts to higher value and the ring current decreases due to gradual
reduction of the oxide. The reduction of the bulk oxide to Pd phase is slow enough to observe
the trends in the ORR and ring current features with cycling. The reduction of PdO phase is
confirmed using chronoamperometry, voltammetry, XRD patterns and XPS. A maximum in
the ring current at ~0.36 V and a subsequent minimum at ~0.16 V are attributed to the
formation and removal of hydrated oxygenated species on Pd; the presence of this species is
confirmed with XPS spectra. The scan rate dependant ring current features (shift in peroxide
maxima) further supports this conjecture. Increase in the ring current at potential below 0.2 V
in the reverse scan is due to contributions from the H,y4s and the carbon-support. Marked
difference in the ring current features, observed in the forward and reverse scans, is attributed
to the hysteresis in surface oxide formation/reduction during the potential cycling. The

hysteresis in ring current features and the rise in ring current from 0.2 V in the forward scan
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suggest that Pd oxidation starts from the Hypq region. The order of ring current features of Pd,
Pd;Co and Pt can be explained by the active site density and catalyst layer thickness. The
H,0, reduction/oxidation voltammogram (with 4 mM H,0;) recorded on Pd deviates from
the diffusion-limited ideal behavior observed with Pt and the features on Pd resemble that of
the halide ion-contaminated (Cl” or Br™ ions) Pt surface. From these observations, it is clear
that the surface of Pd is contaminated with a passive layer of oxide from the double-layer
region itself and it influences the H,O, generation characteristic during ORR to a great
extent. The potential-dependant catalysts surface characteristics and changes need to be
considered while explaining the reaction mechanism and product selectivity. Thus, it is
demonstrated that the potential-dependant peroxide generation features can be used for the
efficient in-situ characterization of the catalyst surface and the same can be extended to other
emerging ORR catalyst candidates. The analysis of these features can lead to a wealth of

information on the catalyst surface and it helps design better ORR catalysts.
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Fig. 1 ORR voltammograms (a) and the corresponding ring current (H,O; oxidation current)
(b) of carbon-supported Pd (OXD) catalyst and the carbon-support recorded in oxygen-
saturated 0.1 M HCIOy at a scan rate of 20 mV s~ with 1600 rpm; the electrode potential
was held at 0.85 V vs. RHE for 5 min. prior to recording the voltammograms. The numbers
1-6 refer to different scans. The solid and dashed lines refer to reverse (from 1.05 to 0.05 V)

and forward (from 0.05 to 1.05 V) scans, respectively.
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Fig. 2 Initial CVs of Pd (OXD) recorded in argon-saturated 0.1 M HCIO, at a scan rate of
20 mV s~ Inset shows the charge estimated from Hges, oxide reduction, and Hoq, regions with

potential cycling.
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immediately after the chronoamperometry experiment.
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Fig. 4 CVs of carbon-supported Pd (ASP) recorded in argon-saturated 0.1 M HCIO, at a

scan rate of 20 mV s with different upper potential limits; inset shows the magnified view of

H,pq region.
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Fig. 5 XRD patterns of Pd (ASP) (a), Pd (OXD) (b), Pd (ERD) (c), and Pd;Co (ERD) (d)

catalysts. The vertical dotted lines refer to the peak positions of standard Pd (JCPDS File

No. 03-065-6174) and the reflections marked with (#) refer to PdO phase (JCPDS File No.

01-075-0584).
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Fig. 6 Pd 3d core-level XPS spectra of carbon-supported Pd (ASP) (a), Pd (OXD) (b), and

Pd (ERD) (c).
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Fig. 7 Ring current of Pt (ASP), Pd (ASP) and Pd;Co (ASP) at a scan rate of 20 mV s~ with

1600 rpm recorded in oxygen-saturated 0.1 M HCIOy electrolyte. The solid and dashed lines

refer to reverse (1.05 to 0.05 V) and forward (0.05 to 1.05 V) scans, respectively.
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Fig. 8 ORR voltammograms (a) and the corresponding ring current (b) of carbon-supported
Pd (ERD) catalyst recorded in oxygen-saturated 0.1 M HCIO, at different scan rates with

1600 rpm. The solid and dashed lines refer to reverse (1.05 to 0.05 V) and forward (0.05 to

1.05 V) scans, respectively.
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Fig. 9 CVs of Pt (ASP) and Pd (ERD) recorded in argon-saturated 0.1 M HCIOy in the
presence of 4 mM H;0, at a scan rate of 20 mV s with 1600 rpm. The solid and dashed

lines refer to reverse (1.05 to 0.05 V) and forward (0.05 to 1.05 V) scans, respectively.
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Fig. 10 CVs of Pd (OXD) recorded in argon-saturated 0.1 M HCIO,in the presence of 4 mM
H,0; at a scan rate of 20 mV s~ with 1600 rpm. The solid and dashed lines refer to reverse

(1.05 to 0.05 V) and forward (0.05 to 1.05 V) scans, respectively.
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