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ABSTRACT: Platinum-modified first-row transition-metal catalyst (M = Ni,
Co, and Cu) nanoparticles on a carbon black Vulcan XC-72R (CBV) support
were synthesized using rotating disk slurry electrodeposition (RoDSE) followed
by spontaneous galvanic displacement (SGD) reactions. These RoDSE−SGD
catalysts were evaluated for the oxygen reduction reaction (ORR) in 0.1 M
KOH using rotating disk electrode techniques. The Ni and Co RoDSEs were
done by using an electrochemical applied potential of −0.75 V versus the RHE
and for Cu, −0.80 V versus the RHE using a CBV slurry solution containing 0.1
M KClO4. These metal nanoparticles on CBV (M/CBV) catalysts were
modified with a Pt precursor via a spontaneous galvanic displacement (SGD)
reaction, producing a Pt-M/CBV material to catalyze the ORR in an alkaline
medium. High-resolution scanning transmission electron microscopy (HR-
STEM) analysis indicates that the PtM/CBV samples include M clusters and Pt
single atoms. The ORR characterization measurements were done under a
controlled temperature (25.0 °C) and with a mass loading of 100 μg/cm2 on a glassy carbon (GC) rotating disk electrode at 1600
rpm. The PtCo/CBV showed the highest ORR mass activity of 0.741 A/mgPt at 0.90 V versus the reversible hydrogen electrode
(RHE) compared with commercial Pt/CBV. The M/CBV RoDSE catalysts were also tested for the oxygen evolution reaction
(OER), and Ni/CBV provided the lowest overpotential of 450 mV at 10 mA/cm2

disk in 0.1 M KOH.
KEYWORDS: ORR, electrodeposition, electrocatalysis, interfaces, in situ XAS, first-row transition metals, OER

1. INTRODUCTION
The use of catalysts has paved the route to enhance renewable
energy technologies, and their development for specific energy
conversion reactions could provide the path to replacing fossil
fuels. Among these technologies, clean hydrogen production
has received recent interest1 as seen from governments
investing in energy programs such as the Hydrogen Hubs
from the US Department of Energy (DOE).2 Clean green
hydrogen3 could be obtained using an electrolyzer based on
water-splitting reactionshydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). The green hydrogen
could be stored and used in technologies such as anion
exchange membrane fuel cells (AEMFCs), which are great
contenders for use in electric vehicles. In AEMFCs, the stored
clean hydrogen will react with an anode catalyst for the
hydrogen oxidation reaction (HOR), while at the cathode
catalyst, the oxygen reduction reaction (ORR) will occur.
The initial performance of AEMFCs is close to that of

already commercialized proton exchange membrane fuel cells
(PEMFCs). Working in an alkaline environment enhances the
ORR at the cathode. In contrast, the ORR kinetics in an acidic

medium has sluggish behavior4 and requires highly active
materialsplatinum group metals (PGMs)leading to high
costs and unreliable commercialization.5 Scientific e!orts to
minimize PGMs used in ORR catalysts are being done to
provide realistic consumable commercialization and accessi-
bility.6 The transition to an alkaline medium reduces or even
replaces the use of a PGM catalyst. Di!erent catalysts that are
less expensive, more abundant, and durable such as metal
nitrides, metal oxides, and non-precious metals can be explored
in this instance.
Non-PGM−PGM alloys,7 core−shells,8 and non-precious

metal catalysts9 are the leading contenders to replace PGM
catalysts. The combination of PGMs with a non-precious metal
has been demonstrated to improve ORR performance while
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reducing the amount of PGMs needed. Specifically, Pt alloyed
with first-row transition metals are among the most active
materialsthe fermi level of Pt 4d and 4f orbitals is lowered
while Pt 5d orbital vacancies are increased promoting
enhanced Pt-O2 interactions in the ORR.10 On the other hand,
for the OER, we have similar cornerbacks for commercializa-
tion; materials of precious metals such as Ir and Ru-based
materials are the most studied.11 However, non-precious metal
oxides have demonstrated great activity for the OER in an
alkaline medium.12
Di!erent synthesis methods, such as hydrothermal, sol−gel,

and chemical reduction methods, could be used to obtain ORR
electrocatalysts. Electrodeposition is another alternative where
the rotating disk slurry electrodeposition (RoDSE) method-
ology has been studied for over 10 years for catalyst
preparation on unsupported carbon materials, for example,
Vulcan XC-72R (CBV), single wall carbon nanotubes, reduced
graphene oxide, and carbon nano-onions.13−26 Some of the
benefits of this method are the fact that no heat treatment is
required and scale-up synthesis can be obtained, providing a
fluent transition from the rotating disk electrode (RDE) to the
membrane electrode assembly (MEA). RoDSE has been
successfully used to synthesize Pt,21 Pd,17,24 Au,26 Ag,15,18
and Fe16 nanoparticles supported on di!erent carbon supports
for energy conversion applications. However, first-row
transition metals have not been thoroughly explored using
RoDSE. For the ORR, Ni,27 Co,28,29 and Cu30 have shown
excellent activity with Pt as alloys, bimetallic metallic organic
frameworks, and intermetallic structures. Recognizing the need
for di!erent catalysts for the ORR and the benefits of the
RoDSE methodology, we decided to synthesize first-row
transition metal nanoparticles with low Pt loading. The
RoDSE methodology was used to obtain M (Ni, Co, or Cu)
nanoparticles (NPs) on a CBV support via bulk electro-
deposition for the OER. These M nanoparticles were further
modified with a low amount of a Pt precursor via spontaneous
galvanic displacement (SGD)31 and used for the ORR. The
CBV (industrially produced by Cabot Corporation) was
selected for this study since it has been widely studied for
fuel cell applications with an adequate surface area (ca. 250
m2/g) and high electric conductivity (ca. 2.77 S/cm).32−36

Using CBV as the catalyst carbon support, our combined
RoDSE and SGD method resulted in PtM/V nanoparticles
that had ca. 2−3% Pt w/w%low loadingand demonstrated
enhanced ORR mass activity when compared with a Pt/CBV
20% commercial catalyst.

2. RESEARCH DESIGN AND METHODS
2.1. Catalyst Synthesis. The PtM/CBV synthesis was divided

into two steps. First, M was electrodeposited in a CBV slurry
dispersion consisting of 50 mg of CBV and 20 mL of 0.1 M KClO4
(GFS Chemicals) using the RoDSE technique where an electro-
chemical potential was applied to a carbon support dispersion slurry
while the glassy carbon (GC) disk electrode (Pine Research
Instruments) was rotated. Applied potentials of −0.75 V for Ni and
Co and −0.80 V versus the reversible hydrogen electrode (RHE) for
Cu were used in the RDE setup (Pine Research Instruments) at 1200
rpm in 0.1 M KClO4.21 Subsequently, the M/CBV material,
synthesized by RoDSE, was modified with Pt via SGD using a 10
mM H2PtCl6 (Sigma-Aldrich) solution to obtain a highly dispersed
and highly active PtM/CBV electrocatalyst. All the potentials
presented in this work are versus an RHE.
2.2. Ni, Co, and Cu Nanoparticle Electrocatalyst Preparation

via RoDSE. The RoDSE technique was done using a carbon slurry

solution, which was prepared following a published procedure.14
Briefly, the CBV slurry dispersion was prepared by placing 20 mg of
CBV in 50 mL of 0.1 M KClO4 and sonicating for 1 h to get a highly
dispersed slurry solution. Then, the slurry was transferred to the
center of a closed three-compartment electrochemical cell using an
RDE setup (see Figure 1). In the middle compartment, a GC RDE

was used as a working electrode (WE), in the right compartment, an
RHE (eDAQ) as a reference electrode (RE), and in the left
compartment, a high-surface area platinum electrode (Bioanalytical
Systems Inc.) as the counter electrode (CE). Subsequently, each M
synthesis was done individually using an aqueous 5 mM solution of
NiCl2 (Sigma-Aldrich), CoCl2·6H2O (Sigma-Aldrich), and CuCl2
(Sigma-Aldrich) in 0.1 M KClO4, depending on the M precursor. A
2.00 mL aliquot of the 5 mM precursor solution was added to the
middle compartment of the electrochemical cell and then purged with
ultrahigh pure (UHP) N2 gas while rotating the GC RDE at 1200
rpm. A constant N2 purge was maintained inside the cell and the
desired electrodeposition potential was applied for 1 h at −0.75 and
−0.80 V versus the RHE for Cu and for Ni and Co, respectively. This
electrodeposition step was repeated three additional times in intervals
of 1 h for a total electrodeposition time of 4 h, and 8 mL of M
precursor aqueous solution was added to 20 mg of CBV in 50 mL 0.1
M KClO4 slurry solution. This solution containing M/CBV particles
was filtered using a vacuum pump filter system (0.45 μm nylon
membrane) and washed vigorously with deionized water. The
resulting catalyst material was vacuum-dried at 40 °C for 24 h.
Then, the product was recovered and grounded by hand using a
quartz mortar to obtain the final powder material.

2.3. Preparation of the PtNi/CBV, PtCo/CBV, and PtCu/CBV
Electrocatalysts via Spontaneous Galvanostatic Displace-
ment. For the second step, the RoDSE M/CBV powders were
used to obtain the Pt-M/CBV electrocatalysts via a spontaneous
galvanostatic displacement (SGD) reaction. Briefly, 20 mg of M/CBV
was placed inside a 50 mL round bottom flask with 20 mL of
deionized water. This flask was heated at 95 °C using an oil bath and
with a reflux setup. A mass stoichiometryc of 3 to 1 of Pt to M
addition was done using a 10 mM H2PtCl6 aqueous solution. The
calculated Pt amount was divided by a factor of 10 and added 10
times in intervals of 1 min to the bottom flask to start the SGD, and
we stirred it for 2 h. The resulting PtM/CBV electrocatalyst solution
was filtered using a vacuum pump filter system (0.45 μm nylon
membrane) and washed vigorously with deionized water. The
resulting catalyst material was vacuum-dried at 40 °C for 24 h.
Then, the product was recovered and grounded by hand using a
quartz mortar to obtain the final powder material.

2.4. Physical Characterization. First, the crystalline structure of
the electrocatalysts was determined by powder X-ray di!raction
(XRD) with a Rigaku SmartLab X-Ray di!ractometer assembled with
a Cu Kα radiation (λ = 1.54 Å) source. The 2θ range was scanned

Figure 1. RoDSE methodology scheme (left) using a three-electrode
electrochemical setup. Right, picture of the synthesis setup.
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between 10 and 100° at a rate of 0.02° s−1
. Smart lab software was

used to acquire the data and for background correction. Origin
software was used for further peak processing and smoothness of the
signals using the Savitzky−Golay filter. The structural morphology of
the as-prepared samples was confirmed using HR-TEM images taken
with a 200 kV JEOL JEM 2100F instrument in the Center for
Functional Nanomaterials (CFN) at the Brookhaven National
Laboratory (BNL) and a 200 kV JEOL ARM 2200 in the Instituto
de Investigacioń de Materiales of the Universidad Nacional Autońoma
de Mex́ico. The latter instrument is a spherical aberration-corrected
scanning transmission electron microscope (Cs-STEM) operated in
the STEM mode at an accelerating voltage of 80 or 200 kV coupled
with an energy-dispersive X-ray spectrometer (EDS). Micrographs
were recorded and analyzed with a Gatan Microscopy Suite (Digital
Micrograph), and the X-ray microanalysis was processed with a TEM
EDS Analysis System (EDAX). The metal concentration was
determined using an Optima 8000 PerkinElmer inductively coupled
plasma (ICP)−optical emission spectroscopy (OES) with standard
plasma parameters, as shown in Table S1. For the ICP-OES analyses,
the metal catalysts were dissolved following a digestion procedure. Six
samples of ca. 3 mg were digested with 10 mL of aqua regia and
heated to simmering until ca. 0.5 mL remained. After cooling down to
room temperature, the dissolved metals were reconstituted with 2%
HNO3 solution using a quartz filter.

2.5. Electrochemical Characterization. Cyclic voltammetry
(CV) was used to characterize the electrocatalysts after the RoDSE
and SGD methodology. A typical electrochemical setup consisting of
a three-electrode assembly was used. The setup was composed of a
GC WE that was cleaned before every experiment by polishing the
GC surface with alumina micro-polish (Buehler) (1.0, 0.5, and 0.03
μm) and pure water in an eight-shape pattern, a Ag/AgCl sat. KCl
(CH Instruments Inc.) or a mercury oxide (HgO/Hg) (CH
Instruments Inc.) reference electrode, and a platinum wire counter
electrode (CE) along with a Biologic V30 potentiostat and RDE
setup.37

For the electrochemical cleaning, the GC electrode was cycled at a
potential window between −1.0 and 1.6 V vs RHE at potential scan
rates of 100, 50, and 20 mV/s in 0.1 M KOH. Then, an ink dispersion
of an 8:2:0.2 volume ratio of pure water, isopropanol (Sigma-Aldrich),
and Nafion (10% solution in alcohol, Sigma-Aldrich), respectively,
with the electrocatalyst was sonicated for a minimum of 30 min. A 10
μL aliquot was drop-casted on the GC electrode and dried using an
IR lamp and left at ambient temperature. Finally, a CV was obtained
at the Pt potential window from 0.1 to 1.2 V versus the RHE at a scan
rate of 25 mV/s in an argon saturated 0.1 M KOH aqueous solution.

2.6. Rotating Disk Electrode ORR Experiments. The RDE
linear sweep voltammetry (LSV) measurements were done to lower
the capacitive currents, starting at 1.2 V and finishing at 0.0 V versus

Figure 2. PXRD patterns for (a) Ni catalysts, (b) Co catalysts, and (c) Cu catalysts with their corresponding commercial standards.
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the RHE at a scan rate of 10 mV/s and 1600 rpm in an argon
saturated 0.1 M KOH aqueous solution. An additional LSV was
acquired at the same potential window, scan rate, and revolutions per
minute while under O2 saturated 0.1 M KOH solution. The
Koutecky−Levich (KL) plots were done with LSV data taken at
400, 625, 900, 1225, 1600, and 2025 rpm. The ORR polarization
curves were used to calculate the number of electrons, n, transferred
by using the KL and Levich eqs 1 and 2, respectively.

= +
j j B
1 1 1

kL (1)

Here, jL is the limiting di!usional current density, jk is the activation
controlled current density, ω is the rotation rate of the RDE, and B
represents 0.62nF C(O2) D0

2/3v−1/6, which is also the Levich equation
slope seen in eq 2.

=j nF D v C w0.62L 0
2/3

0
1/6

0
1/2

(2)

Here, n is the number of transferred electrons through the reaction,
F is the Faraday’s constant (96,487 C/mol), D0 is the oxygen di!usion
coe"cient, v0 is the kinematic viscosity, C0 is the gas solubility (i.e.,
O2) in the electrolyte, and w is the rotating rate in revolutions per
minute. In 0.1 M KOH solution, D0, v0, and C0 were 1.9 × 10−5 cm2/
s, 8.7 × 10−3 cm2/s, and 1.22 × 10−6 mol/cm3, respectively.

Accelerated durability experiments were done to test the stability of
the electrocatalysts after 30,000 CV cycles under ORR conditions.
The procedure was as follows: (1) A CV was obtained under an argon
environment using the Pt potential window at a scan rate of 25 mV/s.
(2) Under both Ar and O2 saturated 0.1 M KOH aqueous solution,
LSVs were recorded as described in the RDE section. (3) Ten
thousand CV cycles between 0.6 and 0.95 V versus the RHE were
recorded at a scan rate of 100 mV/s. (4) Steps 1, 2, and 3 were
repeated two more times.

For the OER experiments, LSV was done starting at 1.1 V and
ending at 1.7 V versus the RHE in O2 saturated 0.1 M KOH solution
at 10 mV/s and 1600 rpm. The overpotential was calculated
considering the OER redox potential (1.23 V vs SHE) and the

Figure 3. Transmission electron microscopy images of PtM/CBV electrocatalysts and their respective particle size distributions: (a−c) PtNi/CBV,
(d−f) PtCo/CBV, and (g−i) PtCu/CBV.
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potential obtained at a current density of 10 mA/cm2, considering the
geometric area of our GC RDE electrode (0.1963 cm2). The Pt/CBV
20% commercial catalyst used in all the experiments was purchased
from the Fuel Cell Store.
2.7. Ex Situ X-ray Absorption Spectroscopy Electrochemical

Experiments. X-ray absorption spectroscopy (XAS), X-ray absorp-
tion near edge structure (XANES),38 and extended X-ray absorption
fine structure (EXAFS),39 experiments were done at 7-BM QAS at the
Brookhaven National Laboratory NSLS-II beamline. The Pt L3
absorption energy edge data were collected in the fluorescence
mode using a PIPS detector. Further data processingcalibration,
normalization, fittingswas done using the IFEFFIT package
(ATHENA and ARTEMIS).40
2.8. In Situ X-ray Absorption Spectroscopy Electrochemical

Experiments. The PtCo/CBV and the commercial Pt/CBV
electrocatalysts were tested for in situ XAS electrochemical experi-
ments. The same beamline described in the ex situ XAS41 procedure
and data processing was used. A three-electrode in situ electro-
chemical cell was used, and the same procedure described in our
previous publication was followed.42

3. RESULTS AND DISCUSSION
3.1. RoDSE Synthesis Parameters. The electrocatalyst

reduction potential was found using homogeneous electro-
chemical experiments. It is worth mentioning that the
electrolyte plays a crucial role in electrodeposition experi-
ments. This is mainly related to the pH, anion, and
electrochemical potential relationships. These relationships
suggest that di!erent electroactive species are more stable
under applied electrochemical potentials at di!erent pH
conditions. For example, the reduction of Ni at the pH

range of 0−14 occurs between ca. −0.5 and −3.0 V versus the
SHE.43,44 At low potentials, there is competition with the
HER. On the other hand, it has been found that nickel
precipitates at pH values higher than 6.8 and pH 4 is an
optimal value for electrodeposition.45 Considering these
constraints, the nickel precursor was dissolved in 0.1 M
KClO4 and a CV at 10 mV/s was run in the potential range
between −1.0 and 1.7 V to find a reduction process associated
with Ni (see Figure S1a). In this CV, oxygen evolution is seen
at ca. 1.4 V. When reversing the potential scan, a reduction
process starts at ca. −0.75 V, ultimately resulting in a
significant current associated with the HER, which could also
be related to the reduction of Ni.46 Similarly, the same
experimental procedure to find the Co and Cu reduction
potentials was employed. As shown in Figure S1b,c, the
electrodeposition potentials were −0.75 and −0.80 V for Co
and Cu, respectively. These reduction potentials were used to
electrodeposit M on the CBV support with the RoDSE
methodology, as seen in Figure S2. Then, using SGD, the final
electrocatalysts consisting of PtM/CBV were obtained due to
the di!erence in standard reduction potentials between Pt and
Ni, Co, or Cu.

3.2. Powder X-ray Di!raction. The crystalline structure
of the electrocatalysts was confirmed with PXRD (see Figure
2). First, the measurements were done for the Ni/CBV, Co/
CBV, and Cu/CBV. For Ni/CBV, see Figure 2a; no peaks
were associated with Ni di!raction, although two peaks can be
seen at ca. 25 and 43° associated with the CBV di!raction.
When modifying the Ni/CBV with Pt by SGD, the PtNi/CBV

Figure 4. High-resolution scanning transmission electron microscopy images of (a) Pt clusters with di!erent shapes, (b) single atoms of Pt
indicated by arrows, and (c) PtNi/CBV for the (d) X-ray fluorescence−energy dispersive spectroscopy line scan profile.
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di!ractogram shows peaks associated with Pt di!raction at
39.9° (111), 46.5° (200), and 67.9° (220) attributed to fcc
Pt.47 To corroborate further if the PtNi/CBV material product
is obtained by the presence of electrochemically reduced Ni/
CBV and not just an absorption process of the materials in
solution, a RoDSE blank experiment was done following the
RoDSE methodology at an open-circuit potential (without

applying a reduction potential). The materials were recovered
and cataloged as the sample’s respective blanks (e.g., Ni blank
and PtNi blank). The Ni deposition blank shows a similar
di!ractogram to the Ni/CBV sample. However, the PtNi/CBV
blank (obtained by simulating an SGD using the Ni deposition
blank sample and the Pt precursor) does not show any Pt
di!raction peak. These simulated experiment results conclude
that Pt’s presence in the PtNi/CBV sample is attributed to Pt’s
SGD of Ni/CBV obtained by RoDSE. A similar analysis was
done for the Co/CBV and Cu/CBV samples. However, in
these cases, for both samples, some di!raction peaks were
associated with a mixture of reduced Co and CoO (for the Co/
CBV) and reduced Cu and CuO (for the Cu/CBV); see
Figure 2b,c. Similar peak positioning of Pt di!raction in the
PtNi/CBV can be seen for PtCo/CBV and PtCu/CBV
samples.

3.3. Transmission Electron Microscopy and Induc-
tively Coupled Plasma. To further corroborate the shape
and particle size distribution of the PtM/CBV prepared by
RoDSE-SGD, TEM and HRTEM were done. As shown in
Figure 3, the TEM of the PtM/CBV nanoparticles are well
dispersed with narrow size distributions. The resulting average
particle sizes were 3, 2, and 2 nm for PtNi/CBV, PtCo/CBV,
and PtCu/CBV, respectively. To obtain the elemental
composition of the nanoparticles, ICP-OES was used, and

Figure 5. High-resolution scanning transmission electron microscopy images of (a) Pt clusters with di!erent shapes and (b) STEM image of the
PtCo/CBV for the (c) EDS line scan profile.

Figure 6. High-resolution scanning transmission electron microscopy
images of (a) PtCu/CBV sample clusters with di!erent shapes and
(b) Pt clusters surrounded by Cu atoms and (c) a diagram
representation of Pt cluster surrounded by Cu atoms, Cu clusters,
and Pt single atoms.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c02843
ACS Appl. Energy Mater. 2022, 5, 15175−15187

15180

https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c02843?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the results demonstrated that the PtNi/CBV, PtCo/CBV, and
PtCu/CBV had a Pt % of 1.7 ± 0.2, 1.9 ± 0.3, and 3.0 ± 0.1,
respectively (see Table S2).
Further analysis with high-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) was done
on the PtM/CBV materials. PtNi/CBV typical HAADF images
are shown in Figure 4a,b. In these images, the Pt is present in
two forms. We can see in Figure 4a, Pt nanoparticles with four
shapes, namely, decahedral, fcc, octahedral, and fcc single
twinned. Their atomic spacing corresponds to Pt (110) and
more prominent (111) planes. In addition, there are single Pt
atoms as shown in Figure 4b. Those atoms seem to be
interacting with the carbon substrate.
The line scan profile seen in Figure 4d shows the presence of

both Pt and Ni and their respective EDS chemical analysis,
shown in Figure S3, and indicates that there is Pt present on
the nanoparticles. It is more likely that Ni atoms are occupying
a substitutional site of the Pt. For the PtCo/CBV sample seen
in Figure 5, we see similar features to the PtNi/CBV; the
particles have the same characteristics. However, the sample
with PtCu/CBV shows important di!erences. HAADF images
shown in Figure 6a,b show large particles as well as small
clusters and single atoms. The amplified region of the image
(Figure 6b) shows small clusters, where the one indicated by

the arrow is a cluster made of four Pt atoms forming a square
surrounded by Cu atoms.

3.4. Oxygen Reduction Reaction Catalytic Activity.
The aim of obtaining a low Pt loading was achieved using the
RoDSE methodology. However, the electrochemical activity of
these electrocatalysts needed to be tested. The voltammogram
shapes of the PtM/CBV, seen in Figure 7a, show the typical
electrochemical processes associated with a Pt electrode
voltammogram in 0.1 M KOH. The di!erence comes in the
current values of the voltammograms when compared with the
lab-made materials (that had lower currents) and the
commercial Pt/CBV 20% catalyst. This variance is mainly
related to their di!erence in Pt %, proving again that our lab-
made materials had low Pt loadings. Figure 7b also shows
characteristic CV patterns for Ni, Co, and Cu redox
processes.48,49 It is also confirmed that Ni is present in the
Ni/CBV catalysts obtained by RoDSE electrodeposition.49
The electrochemical performance of the PtM/CBV catalysts

were tested for ORR, as seen in Figure 7c, using a mass loading
of 100 μg/cm2

geo. PtCo/CBV had a closer half-wave potential
to that of the commercial catalysts with an E1/2 of 0.85 V
versus the RHE. The M/CBV precursors were further tested
for the OER, and Ni/CBV, as seen in Figure 7d, showed a
lower overpotential with 450 mV at 10 mA/cm2

geo.

Figure 7. Cyclic voltammograms of (a) PtNi/CBV, PtCo/CBV, PtCu/CBV, and commercial Pt/CBV and (b) Ni/CBV, Co/CBV, and Cu/CBV at
their respective potential windows at 25 mV/s. (c) ORR polarization curves of PtNi/CBV, PtCo/CBV, PtCu/CBV, and commercial Pt/CBV at 10
mV/s at 1600 rpm. (d) OER polarization curves of Ni/CBV, Co/CBV, Cu/CBV, and commercial RuO at 10 mV/s and 1600 rpm. All the
experiments were done in 0.1 M KOH.
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To determine the ORR number of electrons transferred for
each electrocatalyst, KL analysis was done using eqs 1 and 2.
The KL plots seen in Figure S5 were obtained and used to get
the Levich slope and solve the equations for n. The provided n
values were 4, 3.9, and 4 for PtNi/CBV, PtCo/CBV, and
PtCu/CBV, respectively. This indicates that all the electro-
catalysts reduced molecular oxygen to OH− through the four-
electron pathway. Tafel analysis, seen in Figure 8a, was done to
understand the kinetics of the ORR after the calculation of the
kinetic current densities (jk)50 at a fixed rotation rate speed
(1600 rpm) using eq 3:

=j
j

1
k j

jL

ikjjj y{zzz (3)

Di!erent Tafel slopes could be obtained depending on the
electrocatalyst and electrolytes that are chosen.51 For the Pt
catalyst under acidic conditions, two Tafel slopes are typically
obtained with values of 60 mV/decade in the high-over-
potential region (HOPR), which is beyond 0.8 V versus the
RHE, and 120 mV/decade in the low-overpotential region
(LOPR), which is below 0.8 V versus the RHE.52 In the
alkaline medium, specifically 0.1 M KOH, slope values for Pt

Figure 8. (a) Tafel plots, (b) specific activities, and (c) mass activities for the PtM/CBV catalysts derived from the kinetic current of the Tafel
plots.

Table 1. Summary of All Catalyst Oxygen Reduction Properties in the Alkaline Medium Compared with State-of-the-Art
Materials in KOH

specific activity
(mA/cm2

Pt if not specified)
mass activity

(A/mgPt if not specified)

catalyst mass loading (μg/cm2
geo) Eonset(V) vs RHE E1/2(V) vs RHE 0.90 V 0.85 V 0.90 V 0.85 V

PtNi/CBV 100total 0.98 0.83 0.229 1.480 0.584 4.436

PtCo/CBV 100total 1.00 0.85 0.271 3.083 0.741 8.446
PtCu/CBV 100total 1.02 0.84 0.275 2.202 0.472 3.777

Pt/CBV 20% 100total 1.04 0.90 0.694 3.332 0.177 0.424

PdCu/C55 25Pd 0.89 2.30Pd 0.130Pd
Pt3Co/C56 367total 0.93 3.7
Pt/C(TKK)56 367total 0.88 0.19
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are typically equal to 60 mV/decade in the HOPR and 200−
490 mV/decade in the LOPR.53,54 In addition, Pt alloys in an
alkaline medium could have values as low as 47 mV/decade in
the HOPR to as high as 304 mV/decade in the LOPR.51 Our
electrocatalysts comply with these values, suggesting similar Pt
catalyst kinetics in the alkaline medium, obtaining values for
PtNi/CBV, PtCo/CBV, PtCu/CBV, and Pt/CBV 20% in the
HOPR of 68, 54, 65, and 79 mV/decade and, in the LOPR,
197, 253, 238, and 229 mV/decade, respectively.
The Tafel analysis was further used to determine the specific

and mass activities. The specific activities (mA/cm2
real), seen in

Figure 8b, of our catalysts were close to each other with values
of 0.229, 0.271, and 0.275 mA/cm2

real at 0.90 V and 1.480,
3.083, and 2.202 mA/cm2

real values at 0.85 V for PtNi/CBV,
PtCo/CBV, and PtCu/CBV, respectively. However, the Pt/
CBV commercial catalysts had 0.694 mA/cm2

real at 0.90 V and
3.332 mA/cm2

real at 0.85 V. These were expected results,
considering that the commercial catalyst had a lower
overpotential in the ORR polarization curves. The determinant
di!erence, their performance, was analyzed by mass activities
(A/mg1Pt) (seen in Figure 8c), an important parameter for
catalyst e"ciency in terms of cost. All the RoDSE-SGD lab-
made electrocatalysts surpassed the Pt/CBV 20% commercial
catalyst with PtCo/CBV having the highest values with 0.741
A/mg at 0.90 V and 8.446 A/mg at 0.85 V. See Table 1 for a
summary of our RoDSE-SGD ORR catalysts results compared
with reported PGM materials and commercial Pt/C catalysts.
3.5. ORR Catalyst Durability Experiments. Considering

that PtCo/CBV and PtNi/CBV gave higher mass activities

values, their ORR performance was examined with accelerated
durability experiment tests in 0.1 M KOH, as seen in Figure
S6. Both catalysts exhibited good performance through 10,000
CV potential ORR cycles. PtNi/CBV gave the best over-
potential resulting in 5 mV compared to PtCo/V and
commercial Pt/CBV with 28 and 27 mV, respectively. After
30,000 cycles, the catalysts remained active, and comparable
overpotential results to Pt/CBV were obtained for PtNi/CBV
and PtCo/CBV with 40 and 50 mV, respectively. Although our
most active catalystconsidering the PGM massdid not
retain higher E1/2 activity after 30,000 cycles, their over-
potential performance was similar to that of the Pt/CBV
commercial catalyst, suggesting that they are suited for further
AEMFC studies.

3.6. Ex Situ X-ray Absorption Spectroscopy. All the
catalysts samples were characterized by ex situ XAS, as seen in
Figure 9. Depending on the selected energy, a specific
electronic transition will be obtained, serving as a probe to
identify our elemental species. The study focused on the
XANES region to obtain information regarding the samples’
electronic structure and the local chemical environment. The
obtained XANES spectra were compared with their respective
metal and metal oxide standards. However, it is important to
highlight that first-row transition metals using the K-edge can
exhibit what is called the forbidden transition (1s → 3d),
which is associated with a pre-edge absorption peak. The Ni
samples Ni/CBV and PtNi/CBV, shown in Figure 9a, exhibit
higher intensities than those of the NiO and Ni foil standards,
suggesting that the samples are both oxidized. However, the

Figure 9. Ex situ XANES spectra for (a) Ni K-edge, (b) Co K-edge, (c) Cu K-edge, and (d) Pt L3-edge for the respective PtM/CBVs with their
respective standards.
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intensity of Ni/CBV was higher than that of PtNi/CBV. This
could indicate that Pt is donating electrons to Ni or, since Ni is
expected to be in the core of the PtNi/CBV sample, Ni is not
being oxidized by air, resulting in a more reduced Ni species.
The Co sample shows a similar behavior as seen in Figure 9b.
Both Co/CBV and PtCo/CBV have higher absorption edge
intensities than the standards. A lower intensity is observed in
PtCo/CBV compared to Co/CBV, suggesting the same
statement for the Ni sample. On the other hand, the Cu
sample was di!erent. Figure 9c shows that Cu in the Cu/CBV
has a lower intensity, meaning that it is less oxidized compared
to the Cu in the PtCu/CBV sample. This means that Cu is
donating electrons to Pt. These Pt samples were then
compared using the Pt L3-edge, as seen in Figure 9d. The
lab-made Pt samples show a similar spectrum with their
intensity close by to the PtO2 and Pt/CBV standards. This tells
us that the Pt samples have more presence of oxide species.
3.7. In Situ X-ray Absorption Spectroscopy. Recogniz-

ing that PtCo/CBV gave the best ORR performance, this
catalyst was studied via in situ electrochemical XAS experi-
ments using the Pt L3 absorption edge, as seen in Figure 10.
These studies were done while air was permitted inside the
electrochemical cell, simulating an ORR experiment. There is a
clear relationship between the intensity of the Pt L3 absorption
edge white-line peak and the applied electrochemical potential
in the XANES region for the PtCo/CBV and Pt/CBV 20%
(see Figure 10a,b). As the applied potential turned more

negative, a decrease in the white-line intensity was observed,
indicating that the Pt species were reduced in both samples.
These experiments can further be related to classic ORR

polarization curves obtained by RDE. First, the intensities of
both samples at potentials 1.12 and 0.92 V are very similar.
These potentials are associated with the onset potential region
of the ORR. Then, it was noticed at 0.72 V that the intensity
decreased more, suggesting that the ORR is happening.
However, a more significant jump to lower intensities is seen
in both samples between potentials 0.72 and 0.42 V. This is
expected since this is a potential active region where the ORR
occurs. Then, the white-line intensity at 0.32 V is very similar
to 0.42 V, indicating that this may be the limiting current
region for ORR. In addition, the white-line intensity of PtCo/
CBV at 0.42 V is higher than that of Pt/C at 0.42 V, which is
caused by the electronic/geometrical e!ects from Co or CoOx.
This suggests that the d-band center of Pt on Co is lowered,
which can be a cause of high ORR activity. This information
clarifies that our catalyst undergoes an ORR on the Pt species
and behaves similarly to a commercial catalyst with a much
lower Pt content.
The EXAFS region was analyzed for radial distributions as

shown in Figure 10b,d. Comparing the samples with Pt foil and
PtO2 standards, the PtCo/CBV sample showed at each
potential a significant peak in the region of the Pt−O distance
at ca. 1.6 Å (see Figure 10b). When the intensity of the Pt−Pt
bond in the region of ca. 2.6 Å is analyzed, no clear di!erence

Figure 10. In situ electrochemical experiments in air saturated 0.1 M KOH using the Pt L3-edge for the (a, c) XANES region and (b, d) EXAFS
radial analysis of PtCo/CBV and Pt/CBV 20% commercial catalysts, respectively. The applied potentials were 0.32, 0.42, 0.72, 0.92, and 1.12 V vs
the RHE.
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against the background noise for most of the potentials is
observed. This suggests that the sample is a Pt oxide as it has a
similar spectrum to the PtO2 standard. Interestingly, at 0.42
and 0.32 V versus the RHE, the Pt−Pt bond peak had higher
intensity while Pt−O reduced its intensity, suggesting that the
Pt is changing from being PtO2 to Pt0. It could also be that the
particles are very small, that is, single atom and cluster, as seen
by HRSTEM, to exhibit the bouncing near-neighbor
phenomenon of metal absorbers. On the other hand, the Pt/
CBV 20% at each applied potential shows a similar spectrum to
that of the Pt foil standard, suggesting that the sample is
metallic. There is a clear peak at the Pt−Pt bond radial region,
and a lower-intensity peak is located at the Pt−O bond region.

4. CONCLUSIONS
The RoDSE methodology was successfully explored for the
first time to synthesize Ni, Co, and Cu nanoparticles supported
on CBV. These nanoparticles were highly dispersed and had
homogeneous diameter sizes of ca. 2−3 nm and proved to be
active for the OER in alkaline medium. Combining the RoDSE
methodology with SGD provided a simple and reliable method
to obtain low-platinum content-modified Ni/CBV, Co/CBV,
and Cu/CBV ORR catalyst materials. HRSTEM provided
evidence of Pt single atoms in the PtNi/CBV and PtCo/CBV
samples. On the other hand, Pt clusters and Cu clusters were
observed for the PtCu/CBV samples. These PtM/CBV
samples were submitted to multiple physical characterizations,
and their electrochemical performance was examined for the
ORR, which followed a four-electron pathway. Compared with
all samples, the PtCo/CBV had the highest mass activity values
of 0.741 and 8.446 A/mgPt at 0.90 and 0.85 V versus the RHE,
respectively. For ORR durability experiments, PtNi/CBV and
PtCo/CBV showed similar performance to that of commercial
Pt/V 20% catalysts after 30,000 ORR voltammetric cycles of
accelerated durability tests, suggesting that our catalysts can be
further tested in AEMFCs. The samples’ electronic structure
was studied with XAS techniques, confirming the presence of
all the elements in our samples, and the ex situ XAS studies
suggested that all the samples were oxidized. Figure 10b
suggests a very low Pt−Pt coordination number, which can be
due to Pt single atoms (that have no Pt neighbors), as seen in
the HRSTEM results.
The best ORR catalyst, PtCo/CBV, was further tested for in

situ electrochemical XAS experiments. After monitoring the
XANES region as a function of the potential, we concluded
that this oxidized sample followed a typical ORR RDE
experiment, having its white-line intensity decreased, which is
thus associated with a less oxidized electronic structure as more
negative potentials were applied. The EXAFS region also
confirmed the oxide form of Pt (PtO2) in the PtCo/CBV
samples. The low Pt amount of the samples did not limit their
ORR performance, suggesting that low percentages of PGMs
should be incorporated into non-PGM catalysts to optimize
mass activity performance directly related to catalyst costs and
e"ciency. These samples showed nanoparticles in the 2 nm
diameter range, like quantum dots, and are close to single-atom
and cluster catalysts. Ni/CBV, Co/CBV, and Cu/CBV
materials were evaluated for their OER activity as well in
which Ni/CBV had the lowest overpotential with 450 mV at
10 mA/cm2

geo among the RoDSE-made catalysts.
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