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Carbon supported palladium (C/Pd) and gold (C/Au) catalysts were synthesized through a synthesis route
involving oxide precipitation and partial reduction, and their performance for the oxygen reduction
reaction (ORR) in acidic media was studied. Scanning electrochemical microscopy (SECM) ORR screening
and tip-generation/substrate collection performed on glassy carbon supported metal spots showed a
strong effect of the reactant ratio (precursor salt/precipitant/reducing agent) on the performance of the
resulting catalysts for oxygen reduction and hydrogen peroxide production. These SECM results were
further confirmed using a rotating ring-disk electrode with Nafion-embedded Vulcan carbon supported
dispersed metal nanoparticles, and characterization with XRD and TGA. A significant enhancement in the
overall activity for the ORR was observed on both C/Pd and C/Au catalysts under conditions involving
metal oxide reduction, compared to those catalysts that were synthesized by direct metal salt reduction.
For C/Pd, this enhanced overall activity with concomitant low peroxide yield is due to the different ways in
which the metal and unreduced metal oxide in the catalysts interact with the hydrogen peroxide pathway.
For C/Au, a highly dispersed metal with high electroactive area is obtained that shifts the potentials for

the reduction of oxygen to hydrogen peroxide to near-reversible conditions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The overall catalytic activity of dispersed carbon supported
materials for the oxygen reduction reaction (ORR) is dependent on
anumber of factors that include nature of the catalyst, particle size,
degree of dispersion, and surface state of the catalyst, among oth-
ers [1]. Mechanistic aspects that play key roles in the performance
of a catalyst for the ORR include the dissociative adsorption of O,
onto an active site, which is essential for the reaction to proceed
via a 4-e~ pathway, and the simultaneous electrochemical reduc-
tion of oxygen to hydrogen peroxide, which decreases the faradaic
efficiency for the 4-e'reduction to water and generates interme-
diates that may inhibit active sites for oxygen cleavage [2-8]. The
relative occurrence of these two processes is determined by the sur-
face properties of the catalyst. Efficient electrocatalysts are those
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that reduce oxygen to water at the lowest overpotentials while
concomitantly producing the least amount of H,0,. Overpoten-
tial is important in attaining high power densities in fuel cells [9],
while peroxide yield is important from a practical point of view
because H,0, production leads to degradation of support materi-
als as well as to the occurrence of corrosion processes, both of which
ultimately contribute to a decrease in electrocatalytic efficiency
[10].

The ORR continues to be the subject of significant research
activity, especially in connection with discovering electrocatalysts
that show better activity and which are less expensive and more
abundant than Pt-based materials currently used in PEM fuel cells
[11-15]. Despite more than a century of effort to identify effective
ORR electrocatalysts, the activation overpotential ranges from ~ 0.3
to 0.45V, even for Pt, resulting in cathode potentials that deviate
significantly from the thermodynamic potential, E° =1.23 V vs NHE,
in acidic solution. Catalyst formulations containing combinations
of Pt and of other noble metals with less expensive metals con-
tinue to be investigated as possible replacements [16,17]. Pd and
Au are known to have very different behavior towards the reduc-
tion of molecular oxygen in acidic media. Pd is reported to catalyze
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the 4e ~ reduction of oxygen to water [18], with the quantity of
generated hydrogen peroxide determined by the surface state [19].
It is a noble metal with properties similar to and belonging to the
same group of the periodic table as Pt, but is less active for the
ORR. However, Pd is less expensive by a factor of three and is about
fifty times more abundant [20,21]. Since the earliest report in 2002
demonstrating that Pd alloyed with Pt has ORR activity similar to
that of Pt [22], there has been extensive research related to Pd based
alloys and core shell structures [23-29]. Modifications in synthesis
procedures of both Pd and support structures, as well as the com-
bination of Pd with other metals and oxides, have also been found
to enhance Pd ORR activity to a level that compares well with that
of Pt [30-39]. Moreover, palladium oxide has been proposed as a
constituent of poly-functional catalysts with good performance for
oxygen reduction and evolution [40,41].

In contrast, the ORR activity of Au in acid media is much
lower, and even when it can be enhanced, it will hardly approach
that of Pt and Pd [42]. The more positive standard potential of
Au oxidation (E®=1.52V vs NHE) relative to Pt suggests that Au
has the capability to perform as a stable and oxide-free metal-
lic cathode electrode [43]. For example, Au alloys, nanoparticles
(NPs), and single crystals have all demonstrated enhanced ORR
activity [3,4,44-49]. However, since oxygen cleavage is unfavor-
able on Au, the reaction follows a pathway that enables peroxide
intermediates and the production of H,0O, as the main reaction
product (i.e.,2-e~ reduction), even at very negative potentials [50].
In spite of this, it was suggested that the combination of gold with
a good oxygen-cleaver metal could lead to a bi-functional cata-
lyst with enhanced performance for the ORR [51]. Additionally,
it has been shown that a decrease in the particle size signifi-
cantly enhances the electrocatalytic activity of Au single NPs for the
ORR [52].

Here we report significant effects of synthesis conditions on
the overall catalytic activity for the ORR on carbon supported
Pd and Au catalysts prepared by an impregnation/oxide precip-
itation/reduction procedure. More precisely, Pd and Au catalysts
composed of NPs dispersed in a partially oxidized environment
were prepared by precipitation of hydrated metal oxides followed
by chemical, electrochemical or thermal reduction. The extent
of oxide reduction was found to strongly affect the performance
for the ORR of Pd and Au catalysts as compared to those cat-
alysts prepared from only the metal salt. This effect was first
detected by a rapid exploration of catalyst synthesis routes on
ORR activity carried out by scanning electrochemical microscopy
(SECM) ORR screening on Pd and Au arrays prepared on glassy
carbon (GC) substrates [51,53-56]. Metal catalyst spots with dif-
ferent degrees of metal oxidation were generated using rapid array
preparation based on dispensing selected reactants on micro-sized
circular reaction areas [51,57]. The individual catalyst spots were
screened with an ultramicroelectrode (UME) tip to produce a visual
color-coded image used to judge the relative efficacy of a given
composition. Individual spots were further characterized for the
ORR at steady state with the SECM substrate generation-tip col-
lection (SG-TC) mode in a manner similar to rotating ring-disk
electrode (RRDE) studies, where the ORR current-potential depend-
ence is locally evaluated on an electrocatalyst spot on the substrate
and the tip collects any generated H,0, [58,59]. In SECM, diffusion
between the substrate and tip is faster and collection efficiencies
are higher compared to the RRDE. Based on the SECM results, tra-
ditional RRDE experiments in O,-saturated sulfuric acid solution
were carried out on C/Pd and C/Au prepared at selected conditions
which provided results in good agreement with those obtained
using SECM. These results, in conjunction with structural and ther-
mal characterization of these catalysts, demonstrate the strong
effect that the interactions between Pd and Au and their oxides have
on the dispersion and accessible electroactive area of the metals,

and on the overall performance for the ORR and provide electro-
chemical evidence regarding the nature of these interactions.

2. Experimental
2.1. Chemicals and materials

GC plates (1 mm thick, 50 x 50 mm, Alfa Aesar, Ward Hill, MA)
were cut into squares (15 x 15mm). (NH4),PdCl, (Strems, New-
buryport, MA), HAuCl4-3H,0 (Aldrich, Milwaukee, WI), NaHCO;
(Baker, Phillipsburg,NJ), NaBH4 (MP Biomedicals, Solon, OH), glyc-
erol (Fluka, Milwaukee, WI), ethanol (Fisher, Fair Lawn, NJ), Vulcan®
XC72R (Cabot Co., Billerica, MA), 5 wt% Nafion® alcoholic solu-
tion (Aldrich, Milwaukee,WI), ammonium hydroxide (Fisher, Fair
Lawn, NJ) and sulfuric acid (98%, Fisher, Fair Lawn, NJ) were used
as received. Reagent solutions were prepared using Milli-Q water
(Millipore Co., Bedford, MA). Oxygen and argon gases were ultra-
high purity grade.

2.2. Electrodes

Hg/Hg,S04 reference (CH Instruments, Austin, TX) and gold
wire counter electrodes were used in all experiments. Gold and
platinum UME tips were used in SECM experiments to gener-
ate oxygen during the SECM ORR screening (Au) using the tip
generation-substrate collection (TG-SC) mode, and in the SG-TC
mode (Pt) to oxidize hydrogen peroxide generated by an electro-
catalyst spot on a GC substrate. Au and Pt UMEs were constructed
by heat-sealing 25 wm diameter (Goodfellow, purity (Au: 99.99%,
Pt: 99.9%), temper (hard)) wires in borosilicate glass capillaries
under vacuum followed by polishing using 1 wm lapping film (Pre-
cision Surfaces International) and 0.3 wm alumina (Micropolish II,
Buehler, USA) and sharpening to RG=6 (RG = SECM tip radius/Pt
or Au radius). GC plates supporting the catalyst spots served as
the substrates. In RRDE experiments, a rotating GC disk (5.61 mm
diameter, 0.247 cm? surface area) - Pt ring electrode (Pine Model
AFE7R9GCPT, Pine Instruments, Grove City, PA) with a maximum
collection efficiency of 37% was used. The ring-disk electrode was
polished using a 0.3 alumina suspension and sonicated for 10 s to
remove alumina before every catalyst deposition.

2.3. Instrumentation

SECM measurements were performed using a PC-controlled
CHI model 910B SECM (CH Instruments, Austin, TX) which uses
a combination of stepper motors and piezoelectric positioners to
control the x-y-z displacement. The catalyst arrays supported on
GC plates were made using a CHI model 1550 (CH Instruments,
Austin, TX) solution dispenser with a piezo-dispenser MicroJet AB-
01-60 (MicroFab, Plano, TX). A CH model 760C electrochemical
workstation (CH Instruments, Austin, TX) was used in RRDE exper-
iments to control the potentials of both the disk and the ring and to
record their currents. In all experiments, the RRDE was rotated at
1000 rpm using a Pine Instruments Analytical Rotator model AFM-
SRXE (Pine Instruments, Grove City, PA). Thermal treatment of GC
plate arrays and carbon supported catalysts were performed using
a tube furnace (Lindberg/Blue). XRD spectra were obtained with
a Rogaku/Mini Flex Il -Desktop X-ray diffractometer using Cu Ko
radiation (A= 1.54059 A, operated at 40 kV, 250 mA). Thermal anal-
yses were conducted using a Mettler TGA/DSC1 Thermogravimetric
Analyzer.

2.4. Preparation of Pd and Au arrays on GC plates

Arrays of Pd catalyst spots (150-200 wm in diameter) supported
on GC plates were prepared using a solution dispenser capable of
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dispensing picoliter-sized droplets [51,60]. The Pd array contained
three rows and six columns of spots, as shown in Scheme S1(A)
of the Supplementary Information. The rows were identical to each
other and were made to check the reproducibility of the results. Five
drops of solution containing 0.13 M (NHy4 ), PdCl4 were dispensed on
each spot. This solution was prepared by dissolving the Pd metal
salt in a mixture of water and glycerol (2 +1). Typically, potential
pulses with amplitudes of 30V and pulse periods of 25 s were
applied to eject reproducible single drops of ~ 100 pL. It should be
recognized that the drop volumes for the NaHCO3; and NaBH4 aque-
ous solutions will be slightly different than that for the metal salts
in H,O/glycerol. This is due to the fact that for a certain value of
the pulse potential and time applied to the picodispenser, the vol-
ume of the dispensed drop depends on the fluid viscosity. Thus, the
dispensed drops of aqueous solutions will have volumes different
to the drops of solutions in glycerol/water mixtures. This will be
relevant only if a precise calculation of concentration after mixing
is required, which is not this case. To produce the precipitation of
metal hydrated oxides on selected spots, a solution of 0.2 M NaHCO3
was dispensed on each spot using similar conditions. On some of
the spots, varied amounts of 0.1 M NaBH, solution were dispensed
to produce the partial or total reduction of the metal hydrated oxide
or of the metal salt. Thus, in the Pd array, 5 drops of NaHCO3 solu-
tion were dispensed on columns 1 to 5, and no drop of this solution
was dispensed on column 6 so that Pd hydrated oxide precipitated
only in columns 1 to 5. An increasing number of NaBH4 solution
drops from O to 4 were applied on columns 1 to 5 to perform the
reduction of Pd hydrated oxide. Four drops of NaBH,4 solution were
dispensed on the sixth column to reduce the previously dispensed
Pd salt that was not converted into the Pd hydrated oxide. The Pd
array was thermally treated at 350°C under argon for 1h. The Pd
hydrated oxides on the array were converted to Pd oxides during
thermal treatments [61,62].

In the Au array (Scheme S1(B) of the Supplementary Informa-
tion), 5 drops of NaHCO3 were dispensed on each spot of columns 2
and 3 in order to precipitate Au hydrated oxide only in those spots.
Then, 3 drops of NaBH,4 solution were dispensed on columns 3 and
4 to reduce Au hydrated oxide in spot 3 and the Au salt in spot
4. The Au array underwent thermal treatment under hydrogen at
250°C for 1 hr, on which the Au hydrated oxides on the array were
reduced to Au [61,63-65].

2.5. Preparation of a single Pd spot for SECM SG/TC polarization
curve measurements

The preparation of a single Pd spot on a GC plate was similar
to that of the arrays. Reproducibility was determined in triplicate
by making single spots on three separate GC plates. Because every
spot on the plate contributes to the electrochemical measurement,
it was not possible to look at three spots consecutively on the same
GC plate.

2.6. Preparation of C-supported Pd and Au catalysts

Carbon supported Pd catalysts (C/Pd) were prepared on carbon
black with a metal loading of 20 wt%. Typically, 32 mg of Vulcan®
XC72R was dispersed in 10 mL of a solution of the metal salt (8 mg
of metal) in water-ethanol (1:1). This suspension was then agi-
tated ultrasonically for 15 min. To produce the precipitation of Pd
hydrated oxide, 3 mL of a 0.2 M NaHCO3 solution was added using a
micropipette and the suspension was sonicated for another 15 min.
On those catalysts that were reduced using NaBHy, a volume (that
varied depending on the metal to reducing agent ratio) of freshly
prepared 0.1 M NaBH,4 solution was added using a micropipette and
the suspension was ultrasonically agitated for 10 min. For the cat-
alysts reported in this work, the ratios between moles of Pd and

moles of added NaBH4 were 6.5 (deficient), 2.2 (optimum) and 0.5
(excess), corresponding to the added volumes of 0.1 M NaBH4 solu-
tion of 115 uL, 340 uL and 1.5 mL, respectively. The suspensions
were left to sit for two hours to allow the solute to sediment. We
found that longer sedimentation times led to complete reduction of
the hydrated Pd oxide with ethanol. The solid was then separated
by centrifugation (12,000 rpm, 20 min) followed by washing steps
using water and ethanol. Finally the solid was dispersed in ethanol,
poured into a porcelain crucible and dried over a hot plate at about
70°C. The dried solid was then ground using an Agatha mortar and
pestle, placed in a porcelain boat and heated under argon at 350°C
for 1h in a tube furnace. The Pd hydrated oxides were converted
to Pd oxides during thermal treatment in the furnace [62]. Carbon
supported Au catalysts (C/Au) were prepared on carbon black with a
metal loading of 20 wt% following a similar procedure as described
for C/Pd, but applying no heating steps and using solvents with
minimum reducing strength. This was done to avoid any possible
decomposition of the hydroxide into Au NPs [66]. Typically, 32 mg
of Vulcan® XC72R was dispersed in 10 mL of a solution of the metal
salt (8 mg of metal) in water. This suspension was then agitated
ultrasonically for 30 min. To produce the precipitation of the Au
hydrated oxide, 3 mL (an excess to make the solution alkaline) of a
1M NH4OH solution was added using a micropipette and the sus-
pension was sonicated for another 15 min. For those catalysts that
were reduced using NaBHg4, 3 mL of freshly prepared 0.1 M NaBH,
solution was added using a micropipette and the suspension was
ultrasonically agitated for 10 min. The added amount of NaBH4was
in excess to completely reduce the Au hydrated oxide. The sus-
pension was left to sit overnight and the solid sediment was then
separated by centrifugation followed by washing steps using water
and acetone. Finally the solid was dispersed in acetone, poured
into a porcelain crucible and dried in a vacuum oven at 35°C. The
dried solid was then ground using an Agatha mortar and pestle, and
stored at room temperature. Further treatments that were applied
on this material included thermal treatment under argon at 100 °C,
350°C, and 500°C for 1 h in a tube furnace. Some of these materials
were also heated under hydrogen at 350°C for 1 h to carry out the
reduction of Au hydrated oxide [64,65].

2.7. Preparation of catalyst inks for RRDEs

An ink of the C-supported catalyst (C/Pd or C/Au) was made by
dispersing 6 mg in 50 L of a 5 wt% Nafion® alcoholic solution plus
100 L of ethanol to obtain a suspension with 0.04 mg catalyst/p.L.
This suspension was homogenized in an ultrasonic bath for 15 min.
Avolume of 9.5 L of this ink was deposited on the 5.61 mm diame-
ter (0.247 cm?) glassy carbon disk the RRDE. The deposited ink was
lefttodryinair for 1 min at 35 °C. The metal loading was 6.5 pg/cm?.
Adrop of double deionized water was placed on the deposited ink to
avoid over-drying before placing the electrode in the electrochem-
ical cell. The ring-disk electrode was polished using a 0.3 alumina
suspension and sonicated for 10 s to remove the alumina before
every catalyst deposition.

2.8. Rotating ring-disk experiments

RRDE experiments were performed using a four-electrode cell
configuration. RRDE polarization curves were recorded at 1000 rpm
in Oy-saturated 0.5M H,SO4 with a constant flow of O, (1 atm)
through the electrolyte, by linear sweep voltammetry (LSV) scan-
ning the potential in a positive direction at a potential sweep rate of
0.2mV s! in the potential range 0.2 V < Eg;q vs NHE < 1.02 V for the
C/Pd catalysts and 0.0 V < Eg;s vs NHE < 0.9V for the C/Au catalysts.
During this scan, the potential of the ring was held at 1.1V vs NHE
to oxidize hydrogen peroxide formed as a product of the ORR on
the disk.
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CV activation was performed at 1000 rpm in O,-saturated 0.5 M
H,S04 with a constant flow of O, (1 atm) through the electrolyte
prior to the RRDE polarization curves by scanning the disk electrode
potential at 20mV s™! while the ring electrode was not polarized.
The CV activation was continued until a steady, repetitive CV was
obtained.

2.9. SECM experiments

2.9.1. ORR activity screening of catalyst arrays

Au tips were used to generate oxygen during SECM ORR
screening using the TG-SC mode, as its shown in Scheme S2(a)
in the Supplementary Information. Before starting acquisition of a
sequence of SECM images, the tip was polished using 1 wm lapping
film and 0.3 wm alumina. Constant tip-current TG-SC measure-
ments were performed by controlling the substrate potential using
the SECM bipotentiostat and controlling the tip current usinga 9V
battery power source between the tip(positive) and counter elec-
trode [53]. A Hg/HgS0O, reference electrode placed into a sleeve
separated from the cell by a leakage-free frit, and a gold wire were
used as reference and auxiliary electrodes, respectively. The GC
plate supporting the array formed the bottom of a Teflon cell with
a 0.7 cm diameter aperture formed by a FETFE o-ring so that the
array was exposed to the 0.5 M H;S0O4 solution. The SECM tip was
translated towards the substrate surface using conventional feed-
back mode SECM, employing the ORR at the SECM tip (Erip =0.0V vs
NHE) to monitor the approach of the tip to the GC surface through
negative feedback. Using the feedback approach curve, the tip-
substrate distance was set at 40 wm and the electrolyte solution
was then deoxygenated using argon for 15 minutes before starting
SECM imaging. A blanket of argon was maintained over the elec-
trolyte solution at all times during the experiment. The SECM tip
was scanned in the x-y plane at step intervals of 50 pm every 0.2
s, while electrogenerating O, from H,O at constant current. The
substrate array potential (Es) was held at different values where
activity for O, reduction was detected on some spots. The substrate
current (is), measured as a function of tip position to produce the
SECM image, was larger when the O, -generating tip passed over
the more active spots. Therefore, the magnitude of the substrate
current was used as a direct measure of the electrocatalytic activity
of each spot for the ORR.

2.9.2. SG/TC ORR polarization curve activity and H,0,
quantification on single spot Pd catalysts

H,0, measurements were carried out in O;saturated 0.5M
H,S04 acid solution on single spot Pd catalysts supported on a
GC plate as shown in Scheme S2(b) in the Supplementary Infor-
mation [58,59]. The SECM cell configuration was similar to that
described in the previous section on ORR SECM screening. A 25 um
diameter Pt UME (RG=6), the collector tip, was positioned 8 pm
above the single spot in air saturated 0.5 M H,S0, acid. After posi-
tioning the tip, the solution was saturated with O,; thereafter, an
0, blanket was kept above the solution. While a LSV of the sub-
strate was recorded from (+) to (-) potentials at a scan rate of 2
mVs!, the tip, set at a potential of 1.10V vs NHE, simultaneously
oxidized hydrogen peroxide generated by the catalytic spot. Tip
and substrate background currents were also collected by recor-
ding the LSV in argon saturated (i.e., oxygen free) 0.5M H,SO4
solution and subtracted from the total tip and substrate currents
recorded.

2.9.3. Characterization

XRD spectra were recorded in the 20 range 30°< 26<90° at a
scan rate of 3° min"! on approximately 10mg of C/Pd and C/Au
catalysts. Crystalline peaks were analyzed using MDI Jade version

5.0 software. For thermal gravimetric analysis (TGA), the change
in weight with temperature for unheated C/Au compositions was
measured at a scan rate = 5°C min™!,

3. Results and discussion
3.1. Chemistry of Pd, Pd(II) oxides, and Au, Au(IIl) oxides

The precipitation of hydrated Pd(II) oxide, which can be written
as Pd(OH),.xH,0 or PdO.nH,O0, is produced by increasing the pH
of a Pd?* solution [62], in our case PdCl42-, using an alkali such as
NaHCOs3 (our work) or NaOH. This hydrated oxide can be partially
dehydrated to PdO by heating under inert atmosphere up to 500 °C
[62]. Reduction of the oxide can be carried out by using H, and
heating at temperatures greater than 100°C [61] or by using NaBH4
at room temperature [67].

The precipitation of a gold hydrated oxide from the chloride
precursor (AuCls) is produced by an increase of solution pH using
excess NaHCOs (for the spots in SECM screening) and excess NH4,OH
(for the carbon supported catalyst) [63]. It is known that the hydrol-
ysis of Au-Cl bonds and replacement by Au-OH bonds occur when
the pH of a gold chloride solution is raised to values larger than
around 11.It has beenreported that the product is a mixture of non-
stoichiometric hydroxides Au(OH)x that include mainly a hydrated
Au(IIl) oxide Au,03.nH,0 [63,68,69]. We used NaHCO3 on the spots
for SECM screening because NH4OH interacts with the GC sup-
port in the areas around the spots and the background current
during SECM screening becomes extremely large. By applying a
thermal treatment to the Au hydrated oxide at T> 150 °Cunder inert
atmosphere, oxide dehydration should occur [63]. As temperature
and/or heating times are increased, the remaining oxide becomes
increasingly dehydrated and, in theory, it should be possible to
obtain crystalline Au,O3[63].

When using ammonium hydroxide to increase pH, one of the
products has been reported to be an amino compound of the type
Au(NH3 )y(H20),(OH)s3 [66]. This type of compound decomposes at
temperatures around 140°C, and it is speculated that the NHj lig-
ands may reduce some Au(IIl) cations into Au(0). Thus, we expected
that samples treated at T > 140 °C do not contain ammonia ligands,
but do contain Au,0O3 that may be partially hydrated (depending
on the temperature) and Au NPs. However, as we show later using
XRD, no crystalline gold oxides were detected at any temperature
and all Au(III) cations appear to be reduced to Au(0).

Reduction of the hydrated oxide can be produced by applying
a reducing agent. Typical reducing agents are H, [61] where the
reducing strength is regulated by temperature [64,65] and NaBH4
[70] which is a strong reducing agent at room temperature. The
partial reduction of hydrated gold oxide can also be performed elec-
trochemically as was also done in this work on Au samples that
were not treated thermally.

3.2. SECM ORR screening

Rapid exploration of the effect of synthesis conditions on ORR
activity was carried out by SECM ORR screening on Pd and Au arrays
prepared on GC substrates as previously reported [53,54]. Briefly,
SECM ORR screening in acid solution is based on TG/SC SECM where
0O, produced galvanostatically from H,O oxidation at the UME tip
diffuses to the underlying array where it reacts (Scheme S2(a) in the
Supplementary Information). When the tip is close to the array and
the catalyst spots are sufficiently far apart, only the spot immedi-
ately below the tip is addressed during the array screening [53]. The
substrate current, is, at that spot at a given potential, Es, is a mea-
sure of the activity of the electrocatalyst spot. Metal catalyst spots
with different degrees of metal oxidation were generated using an



464 J.L. Ferndndez et al. / Electrochimica Acta 180 (2015) 460-470

1 2 3 4 [ (]
(R) | : [
1T o *ﬁf . - - 0 wm
L i E= 0I5V
-
1274 — 00 pm
- 0 pm
i & @ E=Q35V
o N &0 ym
A g Opm
L3 = E=065V
wea 00 pm
2ThA g Opm
i % E=Q75V
120a N 800
Oum 2900 o
(8)
217 0A o Sum
E=QO5V
20004 40 um
LI3pA o Qum
E=015V
17 00 um
NirA pu Oum
E=035V
oera &0 o
™A g Opm
ik E=0Q55V
™A B | s . 40pm
Dur 00

Figure 1. SECM ORR screening of GC/Pd (A) and GC/Au (B) arrays in 0.5 M H,S04. (A)
Spots 1 to 5 contain Pd oxide partially reduced with increasing amounts of NaBHy4
from left to right. Spot 6 contains Pd from reduction of Pd salt precursor with excess
NaBHg. (B) Spots 1 and 4 contain Au from reduction of Au salt using H, (1) and
excess NaBH4/H; (4). Spots 2 and 3 contain Au oxide partially reduced using H(2)
and excess NaBH4/H; (3). All substrate potentials are vs NHE.

array preparation method that allows the dispensing of selected
reactants on circular reaction areas of 150-200 pm in diameter [53].
A constant volume of 500 pL of pure metal precursor solution was
dispensed on each spot and the precipitation of the metal hydrated
oxide was carried out on some of these spots by localized addition
of an excess of sodium bicarbonate solution. An additional chemical
reduction step was applied on selected spots by dispensing drops of
sodium borohydride solution. Thermal treatments of 350 °C under
inert (Ar) or reducing (H,) conditions were applied on Pd or Au
arrays, respectively.

Fig. 1 shows ORR SECM images obtained on a Pd (A) and Au
(B) array at different substrate potentials. The color legend corre-
sponds to the electrocatalytic activity of each catalyst spot through
its current is; brown indicates high activity and green, low activ-
ity. At very negative potentials on the Pd array (Fig. 1(A)), the Pd
spots show similar ORR currents. At less negative potentials, differ-
ences in the ORR currents are observed on spots 1 to 6 that indicate
the existence of an optimum range for the added amount of sodium
borohydride (spots 3 and 4). These results suggest that the presence
of remaining unreduced Pd oxide is beneficial for the ORR perfor-
mance of Pd catalysts. In the Au array (Fig. 1(B)), the spots generated
from precipitation of Au hydrated oxide (spots 2 and 3) show larger
ORR currents over the entire potential range, irrespective of the
reducing treatment. On the basis of this rapid screening, additional
studies, including SECM SG/TC on single Pd spots, RRDE experi-
ments, and characterization using XRD and TGA, were performed
in order to understand the effect of oxide precipitation during syn-
thesis of base Pd and Au catalysts on the ORR in acidic media. We
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Figure 2. SECM SG/TC investigation of the ORR in O, saturated 0.5 M H,SO4 at indi-
vidual Pd/PdOy spots (A): Reduced with NaBH4: optimum (Pd/PdOx-opt); excess
(Pd/PdOx-exc); deficient (Pd/PdOx-def), and Pd salt reduced with excess NaBH4 (Pd
salt-exc). (B) H,0, quantification at a Pt tip. (C) H,0, mole fraction and number of
electrons. Blue curve in (A) shows the i-E behavior of the GC plate in O, saturated
0.5M H,S0,. Tip: 25 wm diameter Pt, RG = 6, Eijp=1.10V vs NHE. d = 8 pum (CEmax =
60%). Electrocatalyst spots ~100 pm diameter. Es scanned from + to — at 0.2 mV s™!.

present and discuss the results of these experiments in the sections
to follow.

3.3. SECM SG/TC on Pd single spots

SECM SG/TC coupled with LSV was carried out in O,-saturated
H,S04 solution on single Pd catalyst spots supported individually
on a GC plate [54,58,59]. In this SECM configuration, O is reduced
at Pd compositions identified from the SECM ORR screening as Es
is linearly ramped over the ORR potential range. The tip is set at
Et=1.2V vs NHE in order to oxidize any H,0, produced simulta-
neously at the substrate through O, reduction, as indicated by the
substrate and tip reactions (Scheme S2(b) in the Supplementary
Information):

Substrate : Oy + 4H' + 4e — 2H,0 E®= 1.229VvsNHE (1)
0, + 2H' + 2e - Hy0, E%= 0.67VvsNHE  (2)
Tip : Hy0; — Oy + 2HT + 2e 3)

Fig. 2 shows the ORR LSV (i.e., is vs Es) at each single Pd cat-
alyst spot (A), the H,0, collection current at the tip, it, (B), the
fraction of HyO, collected(C), X202, and the corresponding num-
ber of electrons(C), n, as a function of Es. As shown in Fig. 2(A),
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differences in the SG-TC onset potentials for the ORR were found
between the spot synthesized with an optimum amount of NaBH,4
(i.e., Pd/PdOx-opt) and those PdOy compositions based on deficit
(i.e., Pd/PdOx-def) and excess amounts of NaBHy4 (i.e., Pd/PdOx-exc),
and the Pd salt reduced with excess NaBHy4 (i.e., Pd salt-exc). In good
agreement with the SECM results, the activity was larger for those
spots synthesized from the hydrated oxide compared to that from
only the Pd salt. Significant activity was found on the spots that
were reduced with an optimized amount of sodium borohydride,
where optimal quantities of metal NPs and metal oxide are believed
to co-exist. Fig. 2B demonstrates through it (i.e.,eq. (3)), that H,0,
production during the ORR was smallest for the spot reduced with
an optimized amount of sodium borohydride over the entire poten-
tial range. These results suggest that the hydrated oxide synthesis
route leads to a dispersion of Pd NPs in an oxide environment such
that the synergetic effect for the ORR between Pd and its oxide may
be related to the inhibition of the peroxide pathway.

The tip and substrate currents were used in calculating n and
X202 values during the ORR on each catalyst spot, according to the
equations [58,59]:

i X
ne— A (1 - ”502> (4)
: i
{’5 + ‘csma:/mo H
2|
CEmax/100 4—n
ir T2
CEmax /100

(5)

XH,0, =
[is +

where it and ig are the background subtracted tip and substrate
currents, respectively. A maximum collection efficiency (CEmax)
was determined from the following equation [58]:

2 3 4
CEmaxIA—&—B(%) +C(%) +D(%) +E(%) (6)
involving the tip radius (a), substrate (i.e., spot radius) (b), and
the tip-substrate distance (d) where the constants A=103.38, B=-
2.1681, C=0.02585, D=-1.485 x 104, E=3.22 x 10”7 for RG=6. For
a=12.5pm, b=50 wm, and d=8 pm, a value of CEnax = 0.60 (or 60%)
is calculated. These parameters were carefully maintained in order
to achieve the same collection efficiency on all single catalytic spots
studied.

Fig. 2(C) shows the n value variation as a function of the applied
substrate potential for the single Pd catalyst spots. In all cases,
the calculation of the n value (eq. (4)) is limited by the start of
hydrogen adsorption at the catalyst in the less positive potential
region. Among the four catalyst spots, the optimum Pd composi-
tion (i.e., black curve) produced by reducing precipitated Pd(OH )
with an optimum quantity of NaBH4 shows an n value closest to
the maximum, from n=4 to 3.8, over the entire potential range. For
Pd(OH)x reduced with excess (purple curve) and deficient NaBH4
(red curve), n varied from 3.8 to 3, and 3.8 to 2.7, respectively,
depending on the potential. The largest n variation (from 3.6 to near
2) with potential was found for the Pd spot composition obtained
by direct reduction of the Pd salt with excess NaBH4 (green curve).
Thus, the Pd composition based on PdOy precipitation followed by
partial reduction with an optimum amount of NaBH4 has the low-
est H,0, production, and n~4 over the Es range indicates that the
ORR proceeds mainly through the direct 4e” pathway.

3.4. RRDE polarization curves of C/Pd/PdOy catalysts

RRDE experiments were carried out in O-saturated 0.5M
H,S04 aqueous solution on C/Pd catalysts with varied amounts
of Pd oxide. These catalysts were deposited on a GC rotating disk

—— Pd salt - exc

—— PdPdO - daf I 2mA
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Figure 3. CVs of C/Pd catalysts recorded on the disk of an RRDE at 1000 rpm in
0, saturated (1 atm) 0.5M H,SO4 at 0.1 Vs~'. C/Pd catalysts were synthesized by
precipitation of Pd hydrated oxides using excess NaHCO3 and reduction with opti-
mum (Pd/PdOx-opt), deficient (Pd/PdOx-def), and excess NaBH4 (Pd/PdOx-exc), and
reduction of C-impregnated Pd salt with excess NaBH4 (Pd salt-exc). All composi-
tions were heated under Ar at 350°C for 1 hr. The CVs are displaced along the y-axis
for better comparison.

electrode using Nafion as a binder, as described in the Experimental
Section.

Electrochemical pre-treatment of the catalysts was first per-
formed in 0.5M H,SO4 aqueous solution saturated with O, (1
atm). The CVs of these C/Pd catalysts at 20mV/s and at a rota-
tion rate of 1000 rpm are shown in Fig. S1 of the Supplementary
Information. Those catalysts synthesized by direct reduction of
C-impregnated salt with excess NaBH4 (A) and through the pre-
cipitation route and reduced with a deficient amount of NaBH,
(B) quickly reach a steady CV without going through a prolonged
transitional period. In contrast, the PdOx catalyst reduced with opti-
mum (C) and excess amounts of NaBH4(D) required transitional
periods in order to reach constant CVs. The CVs show marked dif-
ferences in the currents for reduction of the anodic oxide that
is formed on Pd at E > 0.87V vs NHE. Pd is electro-oxidized at
potentials more positive than around 0.87 V vs NHE and the anodic
oxide is electro-reduced in the negative scan at potentials less pos-
itive than ~ 0.8 V. In these CVs recorded in a solution saturated
with oxygen, the oxide reduction current (which shows up as a
peak) is overlapped with the oxygen reduction wave. Even with
this overlapping, the oxide reduction peak changes from one cata-
lyst to another, as shown more clearly in CVs obtained at a larger
scan rate (Fig. 3). These CVs show strong variation of the electro-
chemically active area of Pd among the different catalysts. More
specifically, the compositions prepared following the oxide precip-
itation route show much larger Pd active areas. This is expected
when considering the reported small size and high dispersion of
the Pd NPs obtained following this synthesis route [67]. For voltam-
mograms measured in oxygen-free electrolyte for some electrodes
(not shown), the oxide reduction peak was almost unchanged with
respect to the oxygen-saturated electrolyte (except for the slight
shift of the oxygen reduction current). This behavior is reasonable
because the anodic limit is sufficiently high to make the metal oxide
formation almost insensitive to the presence of dissolved oxygen.

After the stabilization time, a series of ORR polarization curves
(Fig. 4) were measured by slow potential scans starting from the
negative potential limit (A) and simultaneously monitoring the
disk-generated hydrogen peroxide through the oxidation current
at the ring (B). Fig. 4(C) shows the number of electrons, n, trans-
ferred during the ORR at the disk and the mole fraction of H,0,
produced at the disk and detected at the ring electrodes calculated
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Figure 4. RRDE ORR polarization curves (A) and corresponding ring currents for
H, 0, oxidation (B), H,0, mole fraction, and number of electrons (C) on C/Pd cata-
lysts synthesized by precipitation of Pd hydrated oxides using excess NaHCO3; and
reduction with optimum (Pd/PdOx-opt), deficient (Pd/PdOx-def), and excess NaBH4
(Pd/PdOx-exc), and reduction of C-impregnated Pd salt with NaBH,4 (Pd salt-exc).
All compositions were heated under Ar at 350°C for 1 hr. Sweep rate = 0.2 mVs™'.
Ering =1.08 V vs NHE. Rotation rate = 1000 rpm. Solution: O,-saturated 0.5M H;S04.

from the RRDE polarization curves using the following equations
[71]:

n= 4idislf _ <.l _ XH;OZ > (7)
[idisk + | o }
‘ iring

CE/100
CE/100

:4—n (8)

} 2
where CE = 37% for the RRDE used in these experiments.

In good agreement with the SECM screening and single spot
results, there are differences in the onset potentials for the ORR,
in the amount of hydrogen peroxide generated, and in the n value
during the ORR. The activity was always larger and the amount
of hydrogen peroxide generated was less for those catalysts syn-
thesized from reduction of the hydrated oxide compared to those
from reduction of the Pd salt. For those catalysts that were par-
tially reduced with deficient and optimum amounts of NaBHy4
(i.e., Pd/PdOx-def, Pd/PdOx-opt), the amounts of peroxide detected
at the ring were comparatively less than those detected for the
catalysts that were completely reduced with excess NaBH,4 (i.e.,
Pd/PdOy-exc, Pd salt-exc). The largest activity and almost null H, O,
yield was found on catalysts that were reduced with an optimized
amount of sodium borohydride, where optimal quantities of metal
particles and metal oxide coexist in the catalyst.

XH,0, = -~
[ldisk+ CE/100
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Figure 5. XRD patterns of C/Pd/PdOy catalysts synthesized by precipitation of Pd
hydrated oxides using excess NaHCOs (A), and reduction with NaBH4: deficient (def)
(B), optimum (opt) (C), excess (exc) (D). Reduction of C-impregnated Pd salt with
excess NaBH4 is shown as (E). All compositions were heated under Ar at 350 °C for
1 hr. The spectra are displaced along the y-axis for comparison.

Fig. 5 shows the X-ray diffraction (XRD) spectra of the
C/Pdcatalysts. The C/Pd salt-exc catalyst shows peaks only for
the various Pd crystal faces in the spectrum in contrast to the
C/PdOx catalyst which shows peaks only for the PdO crystal faces.
The intensity of the Pd and PdO peaks for the C/Pd/PdOx-opt,
C/Pd/PdOy-def and C/Pd/PdOx-exc catalysts was found to vary with
the amount of NaBH,4 added in the synthesis process. In particu-
lar, the PdO (101), Pd (111), Pd (200), and Pd (220) peaks were
most affected by the quantity of NaBH, used in the reduction. For
example, the Ipgoc101)/Ipd111) ratio was >1 for C/Pd/PdOx-def, ~ 1
for C/Pd/PdOx-opt, and < 1 for C/Pd/PdOx-exc. The widths of the
Pd(220) peaks measured on C/Pd/PdOx-exc (D) and C/Pdsalt-exc
(E) catalysts were found to be only barely smaller than those mea-
sured on C/Pd/PdOx-def (B) and C/Pd/PdOx-opt (C) catalysts, which
may be indicative of slightly larger crystallite sizes. This apparent
similarity in crystallite sizes contrasts with the marked differences
in the Pd electroactive areas detected by CVs (Fig. 3), and indicates
that agglomeration of particles may be important in the catalysts
with smaller electroactive areas. The Pd (220) peak is indicative of
Pd NPs and increased from C/Pd/PdOx (A) to C/Pd salt-exc (E) in
Fig. 5.

The SECM, RRDE and XRD results suggest that the hydrated
oxide synthesis route leads to a lower generation of peroxide dur-
ing the ORR. This could be caused by the observed increase of the Pd
electroactive area inducing a higher consumption of peroxide by a
re-adsorption mechanism such as that proposed by Behmetal.[72].
However, the peroxide yield in the Pd electrodes prepared by the
hydrated oxide route (which all have about the same area according
to the cyclic voltammograms shown in Fig. 3) is very sensitive to the
presence of unreduced Pd oxide. Thus, the decrease of the peroxide
yield could also be caused by a synergetic interaction between Pd
and its oxide. This interaction may be related to the inhibition of
the peroxide pathway through the following set of reactions:

Pd + %oz’iﬁ’*moad 9)
PO, +2e~ +2H* — Pd + H,0 (10)

where the 4e~ pathway is favored following the O, cleavage shown
ineq.(9)where PdO,4 refers to adsorbed PdO. Unreduced PdO could
facilitate the 4e~ pathway by favoring the occurrence of eq. (9)
at the Pd/PdO interface, and by keeping Pd sites free of adsorbed
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oxygen inhibitors (i.e., peroxide and superoxide) by removing them
through chemical reaction.

Alternatively, the synergetic interaction that produces the
decrease in peroxide may be caused by the decomposition of H,0,
generated at the Pd surface through the parallel (or peroxide) route
(eqgs.(11)and (12)) catalyzed by PdO in close proximity to the metal
(eq. (13)), producing an effect similar to that observed for a E;C}
reaction [73].

Pd + Oysyrfacey + €~ + H* — PdOOH 4 (11)

PdOOHyq + €~ +H™ — Pd + H305surface) (12)
pdoy 1

H202(surface)‘;< 502 +H,0 (13)

Such a synergetic effect is possible through either route when an
optimum ratio of metallic Pd and PdO (intrinsically nonconductive)
is present in a catalyst where there is intimate contact between
both phases without compromising the conductivity and reactant
accessibility; this synergetic effect is independent of the nature of
the Pd surface atoms.

3.5. RRDE evaluation of C/Au/Au(OH )y catalysts

Carbon supported Au oxide catalysts deposited on a GC RRDE
were electrochemically treated by CV (Fig. S2 in the Supplementary
Information) at 1000 rpm in O,-saturated (1 atm) 0.5M H,SO4 by
scanning the potential from 0.98 to 0.03 V vs NHE at 20 mV/s. During
the synthesis of these catalysts, the decomposition of the chemi-
cally precipitated Au hydrated oxide into gold NPs was carefully
avoided [66]. The first negative potential scan of those materials
that were not thermally treated (Fig. S2(A) of the Supplemen-
tary Information), shows a large voltammetric reduction peak after
which the gold catalyst layer behaves similarly to those which
were reduced using either hydrogen or sodium borohydride (Fig.
S2(B),(C), respectively, of the Supplementary Information). This
appears to be related to the irreversible electroreduction of Au
hydrated oxides in contact with the conductive carbon surface
of the C/Au catalysts. Thus, Au NPs dispersed on the carbon sup-
port were generated during this first scan from the unreduced Au
hydrated oxide in the catalyst layer. This wave was absentin the CVs
of C/Au catalysts that were subjected to reducing treatment using
either H, or sodium borohydride, and on electrodes prepared by
direct reduction of metal salts. By applying thermal treatments at
different temperatures (35°C < T < 150°C) to this material (Fig. S3
in the Supplementary Information), the charge of the first reduc-
tion peak decreased due to partial thermal decomposition of the Au
hydrated oxide to Au NPs [63] and in theory to Au oxide [66,68,69];
the reduction peak was not detected for T > 150°C. On all cata-
lysts prepared by this method, a stable CV was reached only after
cycling the potential for about three hours, and a shift of the oxygen
reduction wave to more positive potentials was observed during
this period. The “activation” of these catalysts could be related to
an increasing degree of accessibility to the total metal electroac-
tive area in the Nafion-bound catalyst layer as the cycling proceeds
and/or to an increasing amount of Au NPs produced by progres-
sive electro-reduction of remaining oxide. After stabilization, the
Au electroactive area varied significantly from one catalyst to the
other, which was evident from the Au oxide electroreduction peaks
of the CVs measured at higher scan rates (Fig. 6). The C/Au cat-
alysts from unreduced Au hydroxide show the largest available
electroactive areas.

Fig. 7 shows the XRD spectra for C/Au catalysts that were synthe-
sized by precipitation of Au hydrated oxides using excess NH,OH
and which were either unheated or heated at temperatures of 125,
150,and 350 °C. Upon increasing the temperature, the peak intensi-
ties of the Au crystallographic planes in these spectra increase with
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Figure 6. CVs of C/Au catalysts recorded on the disk of an RRDE at 1000 rpm in
0, saturated (1 atm) 0.5M H,SOy4 at 0.1V s™!. C/Au catalysts were synthesized by
reduction of C-impregnated Au salt reduced using NaBH,4 (Au salt-NaBHy), by pre-
cipitation of Au hydrated oxides with excess NH4;OH and further reduction with
NaBH,4 (AuOx-NaBH4) and H; at 350 °C (AuOx-H>), and without further treatment
(AuOx-none). The CVs are displaced along the y-axis for comparison.
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Figure 7. XRD patterns of C/Au catalysts synthesized by precipitation of Au hydrated
oxides using excess NH4OH heated at different temperatures under argon for 1 hr.

respect to those registered on the unheated sample (A). In contrast,
the widths of the Au peaks were quite similar except for the cat-
alyst treated at 350 °C, where a decrease of the peak width (or an
increase of the mean crystallite size) was evident. No Au crystalline
oxide peaks were evident in any of the C/Au catalysts that were
synthesized, which could be indicative of an amorphous phase.
The presence of Au NPs was evident through the Au(220) peak
even in the unheated C/Au catalyst. Fig. 8 shows the thermal gravi-
metric analysis (TGA) of different C/Au catalysts. The as-prepared
C/Au(OH)x sample shows an abrupt weight loss between 165°C
and 195°C that can be attributed to the decomposition of amor-
phous hydrated Au oxide to Au NPs. Similar temperature ranges for
the transition from amorphous Au(IIl) oxides to crystalline Au have
been reported [74-76]. The TGA curve for Vulcan carbon, treated
identically as in the synthesis of the C/Au(OH)x sample but without
the Au precursor, did not show this abrupt weight loss; the gradual
change between 35 to 105 °C can be attributed to moisture evap-
oration. These curves are parallel to each other after about 200°C,
suggesting that the change in weight with temperature is similar.
The absence of an abrupt weight loss for C/Au(OH)x and C/Au-salt
reduced with excess NaBH, suggests the absence of hydrated Au
oxide in these samples.
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Figure 8. Thermal gravimetric analysis (TGA) of different C/Au catalysts: (1) As
prepared C/Au(OH)y synthesized by precipitation of Au hydrated oxide (red line);
(2) C/Au(OH)x reduced with excess NaBH4 (blue line); (3) C/Au salt reduced with
excess NaBH4 (green line). Vulcan carbon was treated following the same synthesis
procedure as for C/Au(OH)y, in the absence of the precursor Au salt (black line).

Together, the XRD and TGA analyses indicate that thermal
decomposition of the C/Au(OH )y catalysts results in increased for-
mation of Au NPs with no detectable crystalline Au oxide formation
as temperature is increased. The C/Au(OH)x and C/Au-salt catalysts
reduced with excess NaBH,4 behave similarly under TGA and do not
undergo an abrupt weight loss, indicating the absence of hydrated
Au oxide in these samples after chemical reduction. Their similar
behavior is also observed during electrochemical activation (Fig. S2
(C), (D) in the Supplementary Information).

3.6. RRDE polarization curves of C/Au/Au(OH)x catalysts

A series of ORR RRDE polarization curves were measured in O,-
saturated sulfuric acid solution on the catalyst compositions shown
in Fig. S2 of the Supplementary Information, after the stabilization
time, by slow potential scans starting from the negative potential
limit and simultaneously monitoring the disk-generated hydrogen
peroxide. Stable ORR curves are shown in Fig. 9 for C/Au. The val-
ues of n and Xyp02 were calculated from the RRDE polarization
curves using eqs. (7) and (8). For all of the C/Au catalysts, the ORR
proceeds through the peroxide pathway with significant genera-
tion of hydrogen peroxide (Fig. 9(B)). High activity was seen on
unreduced C/Au hydrated oxide catalysts, with a shift of the polar-
ization curve to a potential approximately 0.2 V more positive than
that measured on the completely reduced catalyst prepared from
the Au salt (Fig. 9(A)). In contrast to the C/Pd catalysts, since the
C/Au catalysts cannot reduce H,0, over the potential range used
experimentally, a larger active area does not lead to a decrease in
peroxide yield by re-adsorption. Instead, these observed positive
shifts in the ORR and hydrogen peroxide potentials, without a clear
decrease in hydrogen peroxide generation, are probably caused by
increased dispersion of the Au NPs prepared by the oxide route
and the subsequent increase of the accessible Au electroactive area.
Such a significant increase in ORR activity that brings reaction (2)
almost to areversible regime has not been observed in any reported
study of highly active supported gold NP electrodes [77-80]. Thus,
even though the gold material synthesized by this oxide route is not
technologically attractive by itself due to the high peroxide yield, it
could be an interesting material to combine with other stable cata-
lysts (i.e. oxides or metal complexes) that are capable of efficiently
catalyzing the decomposition of H0,.
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Figure 9. RRDE ORR polarization curves (A) and corresponding ring currents for
H, 0, oxidation (B), hydrogen peroxide mole fraction, and number of electrons (C)
on C/Au catalysts synthesized by reduction of C-impregnated Au salt using NaBH,4
(Au salt-NaBHy), by precipitation of Au hydrated oxide without further treatment
(AuOx-none) and with further reduction using H; at 350 °C (AuOx-H;) and NaBH4
(AuOx - NaBH4). Sweep rate = 0.2mVs™'. Eiing = 1.08V vs NHE. Rotation rate =
1000 rpm. Solution: O,-saturated 0.5 M H,S04.

4. Conclusions

In this work, we report the preparation via an oxide route of
carbon supported Pd and Au electrocatalysts that show a signifi-
cant enhancement in their overall catalytic activity for the ORR as
compared to the same supported metals prepared by usual meth-
ods. These enhancements are caused by an oxide-directed higher
dispersion of NPs in both metals, and also by metal/metal oxide
interactions in carbon supported palladium. Pd and Au catalysts
composed of NPs dispersed in a partially oxidized environment
were prepared by precipitation of hydrated metal oxides followed
by chemical, electrochemical or thermal reduction. The effects that
the synthesis through an oxide reduction route has on the over-
potential of the ORR by improving the metal NP dispersion and
accessibility on Pd and Au catalysts, and on the hydrogen perox-
ide yield during the ORR on Pd-based catalysts were found to be
significant compared to those prepared from only the metal salt.

Rapid exploration of catalyst synthesis routes on ORR activity
was carried out by SECM ORR screening on both Pd and Au arrays
prepared on GC substrates. For Pd, the SECM ORR screening showed
that incomplete reduction of Pd oxide is beneficial for ORR perfor-
mance of Pd catalysts, and that there is an optimum ratio of metal
and metal oxide. SECM was also used to verify that the hydrogen
peroxide yield as a secondary product was significantly decreased
at these compositions. In the Au array, the spots prepared via a Au
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hydrated oxide precipitation showed larger ORR currents over the
entire potential range, irrespective of the reducing treatment.

To complement the SECM results, RRDE experiments were car-
ried out in Oz-saturated sulfuric acid solution on C/Pd and C/Au
Nafion-embedded catalysts. CV experiments showed that in both
C/Pd and C/Au there is a transition time for the response to become
stable. A distinct feature of the CVs of C/Pd electrodes is the depend-
ence of the charge on the synthesis conditions for the reduction of
Pd oxide that is electrochemically formed at positive potentials,
which indicates differences in the resulting Pd electroactive area
among the different synthesis methods. It was shown that the elec-
troactive areas of C/Pd electrodes prepared by the oxide reduction
route were larger than those prepared from direct reduction. After
a stabilization time, ORR polarization curves were measured by
slow potential scans with simultaneous monitoring of the disk-
generated hydrogen peroxide through the oxidation current at the
ring. For C/Pd catalysts, there were significant differences in the
required potentials for obtaining a significant ORR current density
and in the amount of hydrogen peroxide that was generated (in
good agreement with the SECM results). In catalysts where strong
reducing treatments were applied (i.e. little or no oxide remaining),
the amount of hydrogen peroxide was significant. The current den-
sities at selected potentials were always larger for those catalysts
synthesized from the hydrated oxide compared to those from the
Pd salt, which was likely caused by the differences in the accessi-
ble electroactive areas. For those catalysts that were only partially
reduced, the amount of peroxide formed was comparatively less.
Significant performance was found on catalysts that were reduced
with an optimized amount of sodium borohydride, where optimal
quantities of metal particles and metal oxide coexist in the cata-
lyst (as supported by XRD). These results suggest that the hydrated
oxide synthesis route leads to a better dispersion of Pd NPs with
high electroactive area dispersed in an oxide environment and
that there is a synergetic effect for the ORR between Pd and its
oxide that prevents hydrogen peroxide production, which may be
related to the inhibition of the peroxide pathway and/or to the local
decomposition of generated hydrogen peroxide. These results also
demonstrate the strong effect that the interactions between Pd and
its oxides have on the overall performance of the C/Pd catalysts for
the ORR and provide evidence regarding the nature of these inter-
actions. Since these partially oxidized metals are intrinsically very
active, they are attractive starting materials for combination with
other components with the goal of increasing ORR performance
even more through synergetic interactions.

In contrast, the CVs of C/Au catalysts precipitated using ammo-
nium hydroxide showed a large reduction wave in the first negative
scan, which appears to be related to the irreversible electroreduc-
tion of Au hydrated oxides in contact with the conductive carbon
surfaces of the C/Au catalysts. Au NPs highly dispersed on the car-
bon support were generated during this first scan. This wave was
absent in the CVs of C/Au catalysts that were subjected to reducing
treatment using either H, or sodium borohydride, and on catalysts
prepared by direct reduction of metal salts. The catalysts resulting
from electrochemical reduction of precipitated gold oxides showed
much larger Au electroactive areas, as demonstrated by the higher
charges for electroformed oxide reduction measured from the CVs.
For all of the C/Au catalysts, the reaction proceeds through the per-
oxide pathway with generation of hydrogen peroxide. Significant
activity was found on unreduced C/Au hydrated oxide catalysts,
with polarization curves that closely approach reversible behavior,
shifted approximately 0.2 V more positive than those measured on
the completely reduced catalyst prepared from the Au salt. This
shift in the polarization curves may be related to a much larger
available Au electroactive area, and suggests that these catalysts
could be interesting base materials in combination with efficient
peroxide decomposers to fabricate bi-functional Au-based catalysts

for the electroreduction of oxygen to water. These investigations
are underway in this laboratory.
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