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ABSTRACT: This study reports the preparation, characterization, and electro-
catalytic properties of palladium-based catalysts containing ceria (CeO,) on carbon
black (CB) and onion-like carbon (OLC) supports. The electrocatalysts (Pd—
Ce0,/CB and Pd—CeO,/OLC) exhibit a large specific surface area, pore volume,
and small particle size, as well as enhanced interfacial interaction and synergy among
Pd, CeO,, and OLC in Pd—CeO,/OLC that are valuable for improved
electrocatalysis. The presence of CeO, in Pd—CeO,/OLC induces ca. 7% defects
and modifies the electronic structure of the Pd/OLC interface, significantly
improving the electrical conductivity due to enhanced charge redistribution,
corroborated by density functional theory (DFT) calculations. Pd—CeO,/OLC
displays the lowest adsorption energies (H*, OH*, and OOH*) among the series.
For the hydrogen oxidation reaction (HOR), Pd—CeO,/OLC delivers significantly + » «» «
enhanced HOR (mass-specific) activities of 4.2 (8.1), 13.2 (29.6), and 15 (78.5)
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times more than Pd—CeO,/CB, Pd/OLC, and Pd/CB, respectively, with the best diffusion coefficient (D) and heterogeneous rate
constant (k). Pd—CeO,/OLC also displays less degradation during accelerated durability testing. In an anion-exchange-membrane
fuel cell (AEMFC) with H, fuel, Pd—CeO,/OLC achieved the highest peak power density of 1.0 W cm ™ at 3.0 A cm™ as compared
to Pd—CeO,/CB (0.9 W cm ™ at 2.2 A cm™2), Pd/OLC (0.6 W cm™ at 1.7 A cm™2), and Pd/CB (0.05 W cm™2 at 0.1 A cm™2).
These results indicate that Pd—CeO,/OLC promises to serve as a high-performing and durable anode material for AEMFCs.

KEYWORDS: palladium-based nanocatalysts, ceria (CeO,), onion-like carbons (OLCs), metal—support interaction, DFT calculations,

hydrogen oxidation reactions, anion-exchange-membrane fuel cell

1. INTRODUCTION

Fuel cells are a well-established clean energy conversion
technology, efliciently converting the chemical energy
contained in a fuel (usually H,) into electrical energy without
locally releasing poisonous chemicals or greenhouse gases.'
The most common low-temperature technology relies upon a
proton exchange membrane (PEMFC) and has seen recent
commercial implementation in the transportation sector.” A
younger technology, the anion-exchange-membrane fuel cell
(AEMFC) is receiving growing attention due to potential
advantages, including a wider range of oxygen reduction
catalyst options involving inexpensive (potentially more
sustainable) elements, a wider choice of cheaper and more
easily fabricated cell and stack components, and less expensive
polymer electrolyte options.”* The recent acceleration in the
development of AEMFCs that operate in an alkaline
environment has sparked renewed interest in the alkaline
hydrogen oxidation reaction (HOR) and the considerable
challenge of overcoming sluggish HOR kinetics as high Pt
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loadings are still required to achieve reasonable performance.’
Recently, enhancements in HOR activity have been demon-
strated through the exploitation of Pd—CeO, interactions on
the nanoscale.” Carbon-supported Pd—CeO, HOR catalysts
have been prepared by different synthetic techniques and
employed in AEMFCs as an alternative to Pt and PtRu
standards.”® Carefully prepared nanostructures of Pd and
CeO, that promote the formation of a Pd—O—Ce interface
provide optimal binding of both H 4 and OH, species, aspects
which are crucial for enhanced HOR kinetics.” CeO, is used in
combination with conductive carbon and must be opportunely
designed so that the two phases are chemically interfaced with
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overlapping orbitals, such that the conductivity of the carbon is
partly transferred to the oxide through the diffusion of freely
moving electrons.” In such cases, the resulting ternary
composite relies on the CeO, phase to function as a promoter
for the catalytically active site that is the metal nanoparticle.
Engineering the structure of such ternary catalysts requires a
high level of synthetic complexity, and in general, it is
necessary to attain good dispersity of the transition metal
species on the CeO,, maximizing their net interfacial contact.’

The role of the carbon component as a support has not yet
been investigated. Onion-like carbon (OLC) represents a
unique class of nanostructured carbon materials with a quasi-
spherical morphology, comprising multiple closed concentric
shells of graphite/fullerene.” The unique physicochemistry of
OLC such as high electrical conductivity (2—4 S cm™"), high
specific surface area (200—600 m® g~'), very small nano-
particulate sizes (5—10 nm), and high curvature and surface
energy has allowed it to be utilized in enhancing the
electrochemistry of some electrode materials in electro-
catalysis, fuel cells, supercapacitors, and lithium-ion bat-
teries.'”'" Carbon—metal interactions are enhanced by the
shape of OLC, which favors the interfacial contact between the
two phases.'” A direct consequence is an increased stabilization
of supported small metal nanoparticles. This work describes an
example of such effects. We report the preparation and full
characterization of Pd—CeO,—OLC materials investigated for
the alkaline HOR. In AEMEC tests, the Pd—CeO,—OLC
hybrid exhibits a high activity equivalent to the acetylene black
carbon-supported version. Importantly, Pd—CeO,—OLC has
enhanced stability in the operating fuel cell, due to strong
charge transfer between the OLC and Pd—CeO, nanostruc-
tures.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Acetylene carbon black,
TIMICAL SUPER C45, 45 m* g_l, was obtained from Gelon,
China, while OLC was synthesized from high-purity (98—
99%) nanodiamond powder (NaBond Technologies) by
annealing in a muffle furnace at 1300 °C for 3 h in an argon
atmosphere.”” PdCl, (>99.9%), ethylene glycol (99.8%),
Ce(NO,);:6H,0 (99.999%), and all other reagents were of
analytical grade and purchased from Sigma-Aldrich without
further purification. Platinum on graphitized carbon (40 wt %)
was purchased from Sigma-Aldrich.

2.2. Synthesis Procedures. To allow for comparison, the
synthesis methods used are similar to a previous report,"*
except those of the catalysts with OLC and OLC—CeO,.

2.2.1. Synthesis of Pd/Carbon. A mixture of 0.25 g of
conductive carbon black (CB, Timcal Super C4$) and ethylene
glycol (EG, 50 mL) was contained in a three-neck round-
bottom flask (500 mL) and sonicated for 20 min. PdCl,
(0.04165 mg) was dispersed in a mixture of H,O (2.083 mL),
EG (50 mL), and 0.25 mL of HCI (37%). The solution was
then added in a dropwise fashion under stirring in a stream of
N,. After proper stirring, NaOH (S g) was dissolved in H,0
(10 mL) and EG (35 mL) to make an alkaline solution, which
was added to the reactor. The resultant mixture was then
heated under a N, atmosphere for 3 h at 125 °C and then left
to cool to room temperature. The mixture was then filtered,
leaving behind the desired product, which was then rinsed with
distilled H,O until a neutral pH and then dried in a vacuum
oven at 40 °C. The yields of Pd/CB and Pd/OLC were both
027 g
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2.2.2. Synthesis of Carbon—CeO, Support. A mixture of
the carbon (2.0 g) and a solution of Ce(NO;);-6H,0 (5.0S g)
in H,O (125 mL) was stirred for 60 min and sonicated for 30
min. The pH was then adjusted to 12 with KOH and stirred
for 2 h. The mixture was then filtered, leaving behind the
desired product, which was then rinsed with distilled H,O until
a neutral pH and then dried in a vacuum oven at 65 °C, and
thereafter heated under air in a tube furnace for 2 h at 250 °C.
The product was cooled to room temperature under a flow of
Ar. The yield of CB—CeO, was 2.96 g, while the yield of
OLC—-CeO, was 2.51 g.

2.2.3. Synthesis of Pd—CeO,/CB. CB—CeO, (250 mg) in
water (31 mL) was vigorously stirred for 30 min and sonicated
for 20 min. A solution of K,PdCl, (86.25 mg) in water (3.75
mL) was then slowly added (approx. 1 h) while stirring. This
was followed by the addition of an aqueous solution of 2.5 M
KOH (0.525 mL), after which ethanol (50 mL) was added.
The resulting mixture was heated for 60 min at 80 °C, after
which it was filtered, leaving behind the desired product (Pd—
Ce0,/CB), which was then rinsed several times with distilled
water until a neutral pH and dried under a vacuum at 65 °C.
The product (Pd—CeO,/CB) yield was 0.275 g.

2.2.4. Synthesis of Pd—CeO,/OLC. A suspension of OLC—
CeO, (500 mg) in water (62.5 mL) was vigorously stirred for
30 min and sonicated for 20 min. A solution of K,PdCl, (172.5
mg) in water (7.5 mL) was then slowly added (approx. 1 h)
while stirring. This was followed by the addition of an aqueous
solution of 2.5 M KOH (1.05 mL), after which ethanol (50
mL) was added. The resulting mixture was heated for 60 min
at 80 °C, after which it was filtered, leaving behind the desired
product (Pd—CeO,/OLC), which was then washed with
distilled water until a neutral pH and dried under a vacuum at
65 °C. The product (Pd—CeO,/OLC) yield was 0.472 g.

2.3. Physical Property Characterization. The catalysts
were characterized using powder X-ray diffraction (PXRD)
(Bruker D2 Phaser X-ray diffractometer equipped with
monochromatic Cu Ka X-rays at 4 = 1.5406 A) to investigate
the crystallite size and structural phases. Elemental analysis of
the samples was conducted using an energy-dispersive X-ray
spectroscopy (EDS) unit “FEI Nova Nanolab 600 SEM”
connected to a scanning electron microscope. This technique
also establishes the chemical composition and elemental
distribution profiles at the electrocatalyst surfaces. High-
resolution transmission electron micrograms (HRTEM) were
acquired from an HRTEM (JEOL 2010F). X-ray absorption
fine structure (EXAFS) measurements on the coordination of
the Pd—CeO,—carbon system were acquired at beamline
SBM-D at the Advanced Photon Source. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were used to obtain information on the structural
properties of the samples and correlate it with Brunauer—
Emmett—Teller (BET) results, while X-ray photoelectron
spectroscopy (XPS) was employed to understand the chemical
state and binding energies to within the surface resolution of
the samples. The specific surface areas of the samples were
obtained with the single-point Brunauer—Emmett—Teller
(BET) method using a Micromeritics TriStar II 3000 area
and porosity analyzer instrument. Raman spectroscopy (Bruker
Senterra laser Raman spectrometer) was used to verify bond
vibrations in Pd/CB, Pd—CeO,/CB, Pd/OLC, and Pd-—
CeO,/OLC. The thermal stability of each Pd-based sample
was studied with the help of a Perkin Elmer Thermogravi-
metric analyzer (TGA)/Differential Thermogravimetric Ana-
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Figure 1. Raman spectra (A, B) and XRD patterns (C, D) of the electrocatalysts.

lyzer (DTGA) 6000. In a standard run, 10 mg of the samples
was placed into a high-temperature alumina sample cup that
was supported on an analytical balance located in the furnace
chamber of the analyzer, and the sample was heated in the air
(S °C min™") from 35 to 900 °C. Initially, the instrument uses
nitrogen gas for purging (20 mL min~") while holding at 35 °C
for S min.

2.3.1. Density Functional Theory (DFT) Simulations. DFT
simulations were performed at the supercomputational
facilities at the Centre for High-Performance Computing
(CHPC, Cape Town, South Africa) using the BIOVIA
Materials Studio and employing an adsorption locator tool
module.”® Three adsorbates (H*, OH*, and OOH*) were
chosen and adsorbed onto the modeled electrocatalyst surfaces
(Pd/C, Pd/OLC, Pd/CeO,/C, and Pd/CeO,/OLC). Super-
cells of 3 X 3 were modeled for all of the above electrocatalysts,
followed by geometric relaxation calculations with the
threshold energy set at 107 eV for convergence to be
achieved. The Materials Studio cleaning tool was used. The
minimum adsorption distance was set at 5 A. DMol3, another
module of the BIOVIA Materials Studio, was used to calculate
the electronic properties. The same threshold energy as that
used for adsorption was set for the calculations of electronic
and energy properties. Condensed-phase optimization molec-
ular potential for atomistic simulation studies (COMPASS)
forcefield was used since it guarantees reliable theoretical
results.

2.3.2. Electrochemical and Physical Characterization.
Electrochemical measurements were used to examine the
electrochemical performance of the synthesized electro-
catalysts. The experiments were performed using an SP300
Bio-Logic Potentiostat (running on EC-Lab software). A three-
electrode configuration was used for half-cell tests, comprising
a glassy carbon electrode (GCE, diameter 5.0 mm, 0.196 cm?)
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modified with the electrocatalyst ink as the working electrode,
a platinum wire as the counter electrode, and a AglAgCl
electrode (3 M KCl) as the reference electrode. The GCE was
cleaned by proper polishing on a pad using an alumina (AL O5;
nanopowder, Sigma-Aldrich) slurry followed by ultrasonic
stirring in ethanol and acetone. The catalyst ink was prepared
by dispersing the powder (1 mg) in ethanol (1 mL) and
adding 100 uL of Nafion (5 wt %) to increase the adhesion of
the catalyst material on the GCE. The mixture was sonicated
for 30 min to obtain a homogeneous mixture. The catalyst ink
(12 uL) was then deposited on the GCE in a dropwise fashion
and allowed to dry, producing an electrocatalyst loading of
0.0144 mg cm > Electrochemical impedance spectroscopy
(EIS) was performed using a Bio-Logic Potentiostat between
100 kHz and 0.01 Hz at an amplitude of 10 mV in the
electrolyte solution containing a redox probe (3 mM
K,Fe(CN)4/K;Fe(CN)g (1:1 mol ratio) dissolved in 0.1 M
KCl). The EIS was conducted at an equilibrium potential
(Ei/,) of the redox probe (0.15 V vs AglAgCl, 3 M KCI)
observed from cyclic voltammetry experiments.

2.3.3. Fuel-Cell Testing. 2.3.3.1. Membrane-Electrode-
Assembly (MEA) Preparation. The catalyst-coated gas
diffusion electrode (GDE) method was used for fabricating
the electrodes. First, ETFE-based RG-AEI powder (containing
benzyltrimethylammonium (BTMA) functional groups with an
ion-exchange capacity (IEC) of 1.26 + 0.06 mmol g~') was
ground with a pestle and mortar for 10 min. For each cathode
GDE, the catalyst powder (Pt/C 40 wt %) and AEI powder
(the latter always set to 20 wt % of the total solid mass) were
mixed with 1 mL of water and 9 mL of propan-2-ol. This
cathode catalyst ink was homogenized by ultrasonication for 30
min and then sprayed onto a Toray TGP-H-60 carbon paper
gas diffusion substrate (Alfa Aesar, 10% PTFE) using an Iwata
spray gun, with intermittent (<10 s) drying on a hot plate (80
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Figure 2. Typical low-resolution HRTEM images of (A) Pd/C, (B) Pd—CeO,/CB, (C) Pd/OLC, and (D) Pd—CeO,/OLC.

°C) and weighing to ensure the correct loadings. For the anode
GDEs, each Pd catalyst was used to prepare electrodes (along
with 20 wt % AEI). All electrodes and RG-AEMs (made from
radiation grafting of 10 uM HDPE (electron-beamed to a 100
kGy absorbed dose) with a vinylbenzyl chloride monomer
(mixture of 3- and 4-isomers) followed by amination with
aqueous TMA (45% wt), IEC = 2.56 mmol g™') were
immersed in an aqueous KOH solution (1 mol L") for 1 h,
with an exchange of the KOH solution with a fresh solution
midway through, and then washed thoroughly in ultrapure
water to remove excess KOH before assembly into a S cm?
fuel-cell fixture (Scribner Associates) at a S N m torque.

2.3.3.2. Fuel-Cell Performance. An 850e fuel-cell test
station (Scribner Associates) was used for testing. The fuel-
cell temperature was varied between 60 and 80 °C. H, and O,
gas feeds with flow rates of up to 1 and 2 L min~' (SLPM)
were supplied to the anode and cathode, respectively, with no
back-pressurization. The dewpoints for both the anode and
cathode gas supplies were adjusted to determine the sensitivity
of performance to changes in gas humidification. All followers
(heated lines between the fuel-cell tester and the fuel-cell
fixture) were heated to prevent premature condensation before
entry of the humidified gases into the flow field. The MEAs
were activated by discharging the cell at a constant voltage of
0.5 V during cell heating and leaving the cells at this voltage
until a steady current density was observed. AEMFC
performance data were collected under controlled galvanostatic
and potentiostatic conditions. The internal Ohmic resistances
were estimated using the 850e instrument’s internal current
interrupt method.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Thermal stability analysis
of the samples studied (Figure S1) has shown that Pd/CB and
Pd/OLC retain approximately a 10 wt % Pd loading. Figure 1
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compares the Raman spectra (Figure 1A,B) and PXRD
patterns (Figure 1C,D) of the four materials.

The Raman spectra in all electrocatalysts exhibit the two
characteristic peaks present carbon in the vicinity of 1000 cm™
(D band, i.e., the defect or disorder band) and 2000 cm™ (G
band, i.e., the graphitization band). The D band is related to
the disorder or defect induced by the C—C vibration (i.e., out-
of-plane vibrations attributed to the sp*>-bonded carbon
atoms), while the G band is related to the C=C graphite
carbon vibration (i.e., in-plane displacement of sp*-bonded
carbon atoms).'®'” The Ip/I; intensity ratios were used to
quantify the degree of disorder/crystallinity on the carbon
support. The I, /I values of Pd/CB, Pd—CeO,/CB, Pd/OLC,
and Pd—CeO,/OLC have been calculated from their intensity
ratios as 1.01, 0.96, 1.26, and 1.35, respectively (Table S1).
These values suggest that (i) the OLC-supported electro-
catalysts are more defective compared to their CB counterparts
and (ii) CeO, is unable to oxidize CB but OLC is far more
vulnerable. Indeed, the presence of CeO, in the Pd/CeO,—
OLC induced ca. 7% defects on the electrocatalysts. It is well
established that imperfect (defect) surfaces efficiently modu-
late electron distribution for improved electrocatalytic activity
than a perfect surface."* > The intensity of a Raman band is
dependent on several factors such as the cluster size and
morphology of the material. Generally, inhomogeneity of strain
and phonon confinement are known to be responsible for the
broad and asymmetric character of the bands as the particle
size gets smaller.”' ~** The Raman spectra of the CeO,-based
materials reveal some interesting phenomena. First, the band
around 636 cm ™' is associated with the doubly degenerate LO
mode of CeO,,””** and is linked to oxygen vacancies in the
CeO, lattice.”® This band is weaker for Pd/CeO,—OLC,
indicating that this material possesses more defects (oxygen
vacancies: i.e., Pd—OLCx_Cel_xOZ_y) than its Pd/CeO,—CB
counterpart. Second, unlike the Pd/CeO,—CB, the 450 cm™!

https://doi.org/10.1021/acscatal.2c01863
ACS Catal. 2022, 12, 7014-7029


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01863/suppl_file/cs2c01863_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c01863/suppl_file/cs2c01863_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01863?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01863?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01863?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c01863?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c01863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

% d=~0313
? )

nm

Figure 3. Typical HRTEM images of (A) Pd/OLC, (B) Pd/CB, (C, E) Pd/OLC, and (D, F) Pd—CeO,/OLC.

peak is almost nonexistent. The disappearance of the 450 cm™

peak has been attributed to the increased bond strength of the
Pd—O—Ce bond.*' Thus, in our case, this may be related to
the increased bond strength of the Pd—O—-Ce—OLC
compared to the Pd—O—Ce—CB bond. Indeed, the observed
weak or broad band in the 636 and 450 cm™' regions is
attributed to induced defects or disordering. Third, no band
was observed below 400 cm™! for Pd/CeQ,—OLC, while Pd/
CeO,—CB exhibits a well-defined peak at 185 cm™'. The
disappearance of bands below 400 cm™' is associated with
either the decrease of the crystallite size or phase
stabilization.”’ Thus, in our case, it proves that Pd/CeO,—
OLC consists mostly of small nanocrystal sizes (confirmed by
its high BET surface area, discussed later).

The PXRD patterns of the Pd catalysts confirm the
successful synthesis of the nanocomposites. The hexagonal
carbon structure (002) was observed at 20 values of 24.3, 25.6,
25.9, and 26.1° for Pd/CB, Pd—CeO,/CB, Pd/OLC, and Pd—
CeO,/OLC, respectively. The peaks due to palladium are
recorded at 20 &~ 40, 47, 68, 82, and 86°, which are in good
accordance with the FCC (face-centered cubic) structure of

the crystal planes Pd(111), Pd(200), Pd(220), Pd(311), and
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Pd(222), respectively. The Bragg reflections corresponding to
an FCC phase of ceria are identified at 26 = 28.7, 32.7, 47.3,
56.2, 69.1, 77.7, and 88.4°. These results agree with XRD
patterns of Pd/C and Pd—CeO,/C.”***” The diffraction peaks
of Pd—Ce0O,/CB and Pd—CeO,/OLC are broader than their
carbon-only supported counterparts, suggesting that the
addition of ceria leads to smaller nanosized Pd particles. The
carbon peak (002) is suppressed in the CeO,-based catalyst
because of the highly intense ceria peaks. The position of the
peak (111) shifts to higher angles for the Pd—CeO,/OLC
sample because Pd moves into the ceria structure, causing the
contraction of the unit cell and forming strong interaction
between Pd and ceria.”® Substitution of larger Ce**(0.97 A)
with smaller Pd** (0.86 A) caused the characteristic peak
(111) to shift to higher angles. Venkataswamy et al.*’ reported
a similar shift to a higher angle with Cr-doped CeO, (where Cr
is smaller than a Ce ion). Of interest is that the peak (111) for
Pd—CeO,/CB did not shift, whereas that of Pd—CeO,/OLC
shifted slightly (~ 1 degree) to higher angles. Such a shift is
usually attributed to lattice contraction; thus, as revealed by the
Raman data, the strong interaction existing in OLC,_Ce,_,0,,,
should be expected to exert a significant impact on the
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Figure 4. XPS data showing the wide spectra of (A) Pd/OLC and (B) Pd/CeO,—OLC; C 1s scans of (C) Pd/OLC and (D) Pd—Ce0,/OLC; O
1s scans of (E) Pd/OLC and (F) Pd—CeO,/OLC; Pd 3d scans of (G) Pd/OLC and (H) Pd—CeO,/OLC; and Ce 3d scan of (I) Pd—CeO,/OLC.

interaction with the Pd atom, hence the slight shift of the
Pd(111) peak to a higher angle, i.e., contraction of the Pd—
OLC,_Ce,_,0,_, lattice structure.

Figure 2 compares the low-resolution TEM images of the
four catalysts (500 nm), which show that the OLC-based
catalysts (Pd/OLC and Pd—CeO,/OLC) exhibit a high
surface area compared to the CB-based counterparts (Pd/CB
and Pd—CeO,/CB). To obtain further insights into the surface
areas, the single-point BET method was adopted to calculate
the specific surface area (SSA). The single-point BET method
is a well-established method that allows for rapid and accurate
determination of the specific surface area of materials,’”"’
including CeO,—carbon-based materials.”’ The results are
summarized in Table S2 and show that the SSA decreases as
follows: Pd—CeO,/OLC (373.53 m* g™') > Pd/OLC (357.73
m* ¢!) > Pd—CeO,/CB (87.07 m* g'!) > Pd/CB (30.57 m*
g™"), indicating that the OLC-based catalysts are 4—11 times
higher than their CB-based counterparts. Importantly, the
OLC-based electrocatalysts are mesoporous, while the CB-
based are macroporous.

Figure 3 compares the HRTEM of the electrocatalysts. Pd/
OLC (Figure 3A) clearly depicts the characteristic graphitic
concentric rings or layers of the OLC, which are absent in the
conventional carbon particles (Figure 3B). Pd/OLC exhibited
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more dispersed Pd particles than Pd—CeO,/OLC. Pd—CeO,/
OLC shows some agglomerated Pd particles of sizes up to 30
nm. For Pd/OLC (Figure 3E), the lattice fringes calculated as
0.250 and 0.357 nm were attributed to the Pd(111) and
OLC(002), respectively. On the other hand, lattice fringes of
Pd—Ce0O,/OLC (Figure 3F) were determined as 0.370 nm
attributed to OLC (002), 0.238 nm for Pd(111), and 0.313 nm
for CeO, (111). This result suggests that the lattice fringes for
the OLC expand with the addition of CeO,. The expansion of
the OLC lattice fringes in the presence of CeO, is consistent
with the literature.”* For example, Xu et al.**" reported that
carbon onions exhibited a larger lattice spacing (0.372 nm
compared to 0.342 nm) due to the formation of cracks
between graphite layers arising from increased tensile stress.
Thus, it may be reasonable to conclude that the presence of
CeO, could have introduced some tensile stress onto the
adjacent OLC, thereby leading to the cracking of some of the
OLC graphite layers. Interestingly, the appearance of Pd(111)
in intimate contact with CeO,(111) confirms the Pd—CeO,
interface and the possibility of lattice mismatch that could
impact the strain energy, stabilize the interfacial structure,
generate new electronic states in the band gap, and improve
the electronic conductivity, and hence the electrocatalytic
performance.
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The particle size distribution of the catalysts (Figure S2)
decreases as follows: Pd/C (52 nm) > Pd—CeO,/CB (50 nm)
> Pd/OLC (7.5 nm) > Pd—CeO,/OLC (6.2 nm), indicating
that the OLC-based catalysts show the smallest nanoparticle
sizes. This result corroborates their HRTEM images as well as
the high specific surface areas from the single-point BET
method.

XPS experiments were conducted for Pd/OLC and Pd—
CeO,/OLC. Wide surveys (Figure 4A,B) of the nanocatalyst
surfaces reveal the expected elemental contents (i.e., Pd, Ce, O,
and C). To further investigate the chemical environment of the
constituent elements on the samples’ surfaces, the spectrum
corresponding to each element is deconvoluted. The
deconvoluted C 1s spectra of the nanocatalysts confirm the
chemical environments of the carbon support. Pd/OLC
(Figure 4C) has C—C (sp*), C—O, C=0, 0—C=0, and
C—C (sp’) bonds at 284.1, 285.79, 287.9, 288.80, and 285 eV,
respectively, whereas Pd—CeO,/OLC (Figure 4D) has C—C
(sp*), C—0, C=0, 0—C=0, and C—C (sp’) bonds at
284.19, 285.79, 288.04, 288.80, and 285 eV, respectively. The
deconvoluted O 1s spectra of the electrocatalysts are shown in
Figure 4E,F. O 1s peaks appear at binding energies of 531.9
and 533.1 eV for Pd/OLC, attributed to the C—O and C=0
organic bonds, respectively. For comparison, the O 1s peaks of
Pd—CeO,/OLC are observed at 529.6, 531.59, 533.19, and
534.8 eV, corresponding to metal oxide bonds, C—O organic,
C=0 organic bonds, and organic O, respectively. From the
Pd 3d spectra (Figure 4G,H), the Pd/OLC peaks correspond-
ing to Pd(0) 3d;,, and 3d;,, are observed at 335.0 and 340.0
eV, peaks at 336.6 and 341.8 eV correspond to Pd(II) 3d/,
and 3ds,, respectively, and those at 338 and 343.2 eV are
attributed to PdO, 3d;,, and 3ds,, satellite peaks, respectively.
For Pd—CeO,/OLC, the peaks at 335.2 and 340.4 eV are
assigned to Pd(0) 3d;/, and 3d,,,, while those at 337.4 and
342.6 eV are attributed to PdO, 3d;,, and 3d;, satellite peaks,
respectively. Pd*" (peak at 337.4 eV) at the interface could
coordinate with the O~ of ceria, which may explain the Raman
data on the inability of CeO, to oxidize OLC.

From the spectra of Ce 3d Pd—CeQ,/OLC (Figure 41), the
01, 02, 03, 04, 08, 06, and O7 Ce (3d) signals are found at
882.4, 886, 898.6, 901, 903.4, 907.6, and 917 eV, respectively.
The signals corresponding to Ce*" 3d,/, and Ce*" 3d;,, are
observed at O7, O3, and O4, with binding energies of 917,
898.6, and 903.4 eV, respectively. The oxygen vacancies in
CeO, make better dispersion of nanoparticles and favor the
catalysis.”> The OS5 and Ol energy levels of Ce** 3d;,, and
Ce®* 3d;, are at 903.4 and 882.4 eV, respectively. Two extra
satellite peaks O6 and O2 are shown at 907.6 eV on Ce** 3d;,,
and 886 eV on Ce’* 3ds,, respectively. These results agree
with previously reported spectra.®

Figure 5 shows the EXAFS data for Pd/OLC and Pd—
Ce0,/OLC. The Athena code was used to extract the EXAFS
oscillations and Arthemis software was employed for the
analysis.”> The amplitude reduction factor (S,2) and the
photoelectron energy origin correction (AE,) were found for
the Pd foil and fixed for the samples as 0.8 and —6,
respectively. The local environment of the Pd atoms was
determined using the phase shift and amplitude functions of
two Pd—O contributions and one Pd—Pd contribution. The
Pd—O contributions were calculated using PdO with a
tetragonal structure (CIF Collection Code 257583) and PdO
with a cubic structure (CIF Collection Code 77650). The Pd—
Pd contribution was calculated using a metallic Pd structure
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Figure 5. (A) Fourier transform of the k*-weighted spectrum (not
phase corrected) and the best fit for the Pd/OLC and Pd—CeO,/
OLC samples; (B) Fourier transforms, best fit, and fit contributions
for the Pd/OLC sample; and (C) normalized XANES spectra at the
Pd K-edge for all of the samples and metallic references.

(CIF Collection Code 257579). As a first attempt, the
coordination numbers (N;), distances (R;), and the Debye—
Waller factor (67) of each path were adjusted freely and
independently. However, the results for the o were very
similar. Considering that the N; and 6;” are strongly correlated
parameters, we opted to use the same & for all of the paths
but continue adjusting it freely. In addition, a second model
was tested using a second Pd—Pd contribution instead of the
longer Pd—O contribution in the second shell. This attempt
was made to test the presence of small PdO particles in
addition to the metallic particles. The model did not represent
the data. The range used to transform the EXAFS oscillations
(K®y(k)) was 3—12 and the interval where the fit was
performed was 1—3 A. Table 1 and Figure SA present the fit
results. Figure SB presents the Pd/OLC fit and the
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Table 1. Fit Results of the EXAFS Data“

Pd—O contributions metallic Pd
CN (Pd-0) R (A) CN (Pd-0) R (A) CN (Pd—Pd) R (A)
sample 4% 2.04* 6* 2.83% 175 2.78%*
Pd/OLC 1.7 £ 0.6 2.04 + 0.03 7+2 3.02 £ 0.03 Sx1 2.76 + 0.005
Pd—CeO,/OLC 1.7 £ 0.5 2.04 + 0.02 8+2 3.04 £ 0.001 6+1 2.76 + 0.01

“Key: CN = coordination number; * = expected value; and R = bonding length; ¢/ 0.001 =+ 0.001.

contributions. Both samples are very similar with only a small
difference in the Pd—Pd contribution.

The samples’ present coordination numbers for the Pd—Pd
contribution are much smaller than what is expected for
metallic bulk Pd (12). The Pd particles’” dispersion increases in
the order: Pd—CeO,/OLC > Pd/OLC, with the CeO,-based
catalyst being the least dispersed sample, which is in good
agreement with the HRTEM results. The Pd—O contributions
are very similar and indicate the presence of highly dispersed
Pd species in addition to the small Pd particles. From the
EXAFS analysis, it is not possible to distinguish scattering from
O, C, and N. Thus, the Pd—O contributions could be in fact
due to Pd—C and Pd—O or Pd—N contributions. These
contributions could come from an interaction with the carbon
support and oxidation from the air or the reaction. From the
XANES results (Figure SC), we can observe that the samples
are very similar to Pd’ but with damped oscillations,
characteristic of nanomaterials. A mixture of Pd and PdO is
present in the sample, perhaps due to the Pd—O-Ce
interaction. The chemical state of Pd and the atomic
percentage of Pd** in the nanocomposites influence the
performance of the catalyst.*® The low coordination number of
Pd—Pd could be related to the small nanoparticle size,
porosity, and presence of surface defects in the OLC-based
catalysts.

3.2. DFT Simulation for HOR. For the DFT calculations,
Pd (111) was chosen as the model catalyst surface considering
that the (111) plane is known to give the highest HOR activity
among the low-index surfaces.”” It is also the most prominent
reflection in the XRD patterns. Also, the choice of Ce (111)
and OLC (002) planes stems from their prevalence in the
XRD patterns. The possible HOR intermediates (H*, OH*,
and OOH*) were chosen as the adsorbates because they are
well established, experimentally®® and theoretically.’” In the
DFT calculation, the adsorption energy, E,q (eV), is defined as

(eq 1)
(1)

where Eg ¢ ceradsorbate T€Presents the total energy of the
interacting catalyst surface and the adsorbate, while E .. +
E, geomate are the energies of the bare catalyst surface and the
free adsorbate in the gas phase. According to this equation, a
more negative E 4 value corresponds to stronger adsorption.
For higher HOR activity, one expects that the best-performing
electrocatalyst would possess a weaker adsorption strength
with the adsorbates (i.e., H*, OH*, and OOH*). Thermody-
namically, the more negative the AG value, the weaker the
adsorbate on the electrocatalyst surface, thus the higher the
HOR activity. The DFT results (summarized in Table 2)
reveal that the both the E 4 and AG give the least negative
values for the OLC-based electrocatalysts. In addition,
conductivity increases (i.e, reduced energy band gap) as
follows: Pd—CeO,/OLC > Pd/OLC > Pd—CeO,/OLC > Pd/

Ead = (Esurface+adsorbate) - (Esurface + Eadsorbate)
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Table 2. Summary of Values of the Change in the Gibbs
Free Energy (AG/eV), Adsorption Energy (E,4/eV), and
Energy Band Gap (Eg/ eV) Obtained from DFT Calculations
of the Electrocatalysts toward Possible HOR Intermediates
(H*, OH¥*, and OOH*)

electrocatalyst adsorbate AG (eV) E,q (eV) E, (eV)
Pd/C 0.582
H* —-1.787 —1.787
OH* —5.087 —-13.116
OOH* —-10.239 —39.856
Pd/OLC 0.433
H* —0.838 —0.838
OH* —-2.418 —10.448
OOH* —6.538 —36.155
Pd—Ce0,/C 0523
H* —1.042 —1.042
OH* -3.395 —11.424
OOH* —8.216 —37.833
Pd—CeO,/OLC 0.176
H* -0.272 —-0.272
OH* —2.106 —10.135
OOH* —6.450 —36.067

CB. This model predicts that the best-performing electro-
catalyst (ie., weak adsorption of the adsorbate and low band
gap or high conductivity) is most likely to be Pd—CeO,/OLC,
while the poorest is Pd/CB. The predicted low band gap of
Pd—CeO,/OLC (0.176 eV) compared to Pd/OLC (0.433 eV)
agrees with the Raman and HRTEM data; the presence of
defects due to the CeO,-engineered Pd—OLC interface is
expected to provide a positive effect in the band gap and
improve the electronic conductivity, and hence the electro-
catalytic performance.

The intrinsic activity of the Pd-based electrocatalyst is
intricately linked with its electronic structure. To understand
the electronic properties of Pd/OLC before and after the
incorporation of the CeO,, we carried out calculations on the
electronic band structures and the projected density of states
(PDOS). As shown in Figure 6, before the incorporation of
CeO,, there are few available states in Pd/OLC (shown by the
band structure, Figure 6A) compared to Pd—CeO,/OLC
(Figure 6C), which means that more electrons are available on
Pd—CeO,/OLC than on Pd/OLC alone.

This is further supported by the PDOS data (Figure 6B,D)
where Pd/OLC indicates that only the electrons from the d-
orbital of Pd are available (97.5 electrons/eV), while the
PDOS of Pd—CeO,/OLC emanates from the electrons of the
OLC (p-orbital: 85 electrons/eV) and Pd (d-orbital: 93.7
electrons/eV). Thus, the electrons of Pd—CeO,/OLC are
nearly twice (~179 electrons/eV) those of Pd/OLC. This
result suggests that the interaction of CeO, with Pd/OLC is
due to the electron transfer process that leads to a mismatch in
Fermi levels (E;), decreasing from —3.517 to —4.373 eV. This
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Figure 6. (A, C) Band structure and (B, D) partial density of states (PDOS) of (A, B) Pd/OLC and (C, D) Pd—CeO,/OLC. The dotted lines
represent the Fermi energy level and the energy band gap (E, =0.433 eV for Pd/OLC and 0.176 eV for the Pd—CeO,/OLC).

charge-transfer process leads to a redistribution of partial
charge, which is likely to enhance the reactivity of Pd—CeO,/
OLC over its Pd/OLC counterpart toward HOR (as will be
observed in the electrocatalytic section). The PDOS of Pd/
OLC shows that the electrons in the conduction band are
mainly from the d-orbital of Pd and Ce; however, the presence
of CeO, enhances the electrons, incorporating both the d-
orbital of Pd and the p-orbital of OLC.

3.3. Electrochemical Tests for HOR (Three-Electrode
Cell). First, EIS was conducted with the four electrocatalysts to
provide an insight into their charge-transfer process. EIS is an
important tool for exploring the charge-transfer phenomena
and conductivity of electrode materials."” The experimental
Nyquist plots (Figure S3) were satisfactorily fitted with the
electrical equivalent circuit (Figure S3 inset) comprising R;
(the electrolyte/solution resistance), R (charge-transfer
resistance), CPE (constant phase element), and the Warburg
impedance (Wd). As summarized in Table S3, the value of R,
decreases as Pd/CB (~16 kQ) > Pd—Ce0O,/CB (~3 kQ) >
Pd/OLC (~2 k) > Pd—CeO,/OLC (~0.8 kQ), indicating
that the OLC-based catalysts are the best-conducting materials,
thus corroborating the DFT results.

Figure 7 summarizes the electrochemical performance of the
four electrocatalysts. Cyclic voltammetry (CV) was performed
on each of the Pd/CB, Pd/OLC, Pd—CeO,/CB, and Pd—
CeO,/OLC electrode in N,-saturated 0.5 M KOH (Figure
7A). Hydrogen adsorption/desorption peaks and palladium
oxide (PdO) reduction peaks are observed between (0.35 and
—0.07 V) and (0.52 and 0.85 V) vs RHE, respectively, for all of
the electrocatalysts. The current densities of the hydrogen
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adsorption/desorption peaks are much higher for the two
electrocatalysts on CeO, support than those supported on
carbon alone. Pd—CeO,/OLC shows the highest PdO
reduction peak around 0.67 V vs RHE. The PdO reduction
peaks of the catalysts containing CeO, occur at earlier
potential among others, which is an indication that less energy
is needed to reduce PdO in the presence of CeO,, which is
possibly due to the attraction of Pd to metal oxides like CeO,,
which provide more oxygen to the Pd and PdO active sites, i.e.,
more difficult to reduce PdO oxides, as CeO, withdraws
electrons from Pd. A similar observation was reported between
Pd and SnO,.*"'

The electrochemical active surface area (ECSA)pio was
estimated by integrating the PdO reduction peaks to find the
Coulombic charge of each catalyst and then following the

proposed method of Rand and Wood (eq 2)*
ECSA = %
S-L @)

where Q is the Coulombic charge (0.1662, 0.4054, 0.4498, and
0.8718 mC for Pd/CB, Pd—CeO,/CB, Pd/OLC, and Pd—
CeO,/OLC, respectively), S is the Coulombic constant for a
monolayer of Pd (0.424 mC cm™2), and L is the electrocatalyst
loading (~1.0 pg (Pd)). The calculated ECSApyo values
decrease as follows: Pd—CeO,/OLC (17.13 m* gpg ') > Pd—
CeO,/CB (8.84 m” gpy ') > Pd/OLC (7.67 m* gpg ") > Pd/
CB (3.27 m* gpy ). These results reveal that CeO, acts as a
promoter to boost the electrochemical activity of Pd in the
supporting electrolyte, although Pd—CeO,/OLC is the most
active.
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Figure 7. (A) CVs in 0.5 M KOH-purged N, at 50 mV s, (B) LSV 1600 rpm at S mV s™" in 0.5 M KOH-purged H,, (C) Butler—Volmer plots,
(D) specific and mass activities, (E) Tafel slopes (b,) at low 77 and high #, and (F) CA at 0.2 V vs RHE of the electrocatalysts at 1600 rpm in 0.5 M

KOH-saturated H,.

The electrocatalysts were further investigated for HOR in
H,-saturated 0.5 M KOH at a sweep rate of S mV s~ and 1600
rpm, as shown in the linear sweep voltammogram (LSV, Figure
7B). The LSVs of the electrocatalysts for HOR show that Pd—
CeO,/OLC has the highest limiting current response and also
reaches the limiting current density at 0.2 V significantly before
the other materials studied, followed by Pd—CeO,/CB, Pd/
OLC, and Pd/CB. Figure 7C shows the Butler—Volmer plots
of the electrocatalysts where parameters such as mass (j, )
and specific (j,) activities and Tafel slopes (b,) at low (77,)
and high overpotentials (773) for HOR activity were extracted.
Thus, the j,, and j, for the electrocatalysts are Pd—CeO,/
OLC (o = 9749 mA mg™'; j,, = 0.569 mA cm™>), Pd—
Ce0,/CB (jyr, = 12.02 mA mg™'; j,, = 0.136 mA cm™>), Pd/
OLC (jor, = 3.30 mA mg™'; j,, = 0.043 mA cm™>), and Pd/CB
(jom = 1.24 mA mg ™ Jos = 0.038 mA cm™2), as shown in
Figure 7D. Significantly increased HOR-specific activity was
observed for Pd—CeO,/OLC by 4.2, 13.2, and 1S times than
those of Pd—CeO,/CB, Pd/OLC, and Pd/CB, respectively.
The enhanced HOR mass activity of Pd—CeO,/OLC is
traceable to its strong OH™ spillover/surface oxophilicity,
ligand, strain, and synergistic effects of CeO, onto Pd. These
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behaviors are common for cometals and their oxides for Pd
electrocatalysts.'“*""** The mechanism of the electrocatalysts
for HOR is determined from the magnitude of b, at 57, and 7.
The Tafel slopes (Figure 7E) of the electrocatalysts at 7, (ca.
30 mV dec™) and 7y (74—105 mV dec™") correspond to the
Tafel and Volmer steps, respectively. Similar observations were
reported previously where the Volmer step is the rate-
determining step (rds).** Hence, the HOR mechanism of
the electrocatalysts followed the Tafel-Volmer mechanism.
CA (Figure 7F) of the electrocatalysts revealed their stability
during HOR at steady-state conditions. After 2000 s, the
electrocatalysts with CeO, retain more current responses after
their decay. The stability of the electrocatalysts was further
corroborated with the accelerated durability test (ADT), i.e.,
LSV at 1600 rpm before and after 1000 cycled CV in H,-
saturated KOH, as shown in Figure S4. The ADT reveals
degradation of 40, 29, 45, and 14% for Pd/CB, Pd/OLC, Pd—
Ce0O,/CB, and Pd—CeO,/OLC, respectively. These results
confirm that OLC is a unique platform for CeO, to not only
improve the HOR activity but also durability. A similar
observation has been previously reported.”® The HOR
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Table 3. HOR Data for the Electrocatalysts and Comparison with the Literature

samples ECSA (m” g') Jos (mA cm™2) Jom (MA mgps™") b, (mV dec™?) @ n,, refs
Pd/CB 3.27 0.038 1.24 31.5 £ 3.7 this work
Pd—CeO,/CB 8.84 0.136 12.02 285 + 1.0 this work
Pd/OLC 7.67 0.043 3.30 33.1 20 this work
Pd—CeO,/OLC 17.13 0.569 97.49 304 + 2.0 this work
Rug Pdg20 117.00 0.123 177.00 241.0 47
PdygsRug sNTs 36.10 0.510 187.00 119.0 43
Pd/C—CeO, (Pd, 10 wt %) 43.00 0.055 24.00 66.0 7
Pd—CN, 51.00 0.037 14.00 112.0 48
Pd—Ce0,/C (1:4:5) 63.00 20.00 70.0 8
Pd—Ce0,—25% 10.91 0.180 19.69 49
Pd/Sn0O,/MOFDC 96.20 0.119 114.70 58.7 £ 9.7 S0
PtooPdy,;/C 35.20 0.260 278.60 s1
0.38 CeO,-Pd/C 46.30 0.120 51.54 129.3 52
Pd/Ni-d/MOFDC 126.40 0.122 153.88 30.0 + 3.8 4
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Figure 8. (A) Fuel-cell performance data at a high gas flow (1 (H,) and 2 (O,) L min™") and a cell temperature of 80 °C and (B) short 1 h test at
0.4 V for the Pd/OLC and Pd—CeO,/CB samples. The ASR was monitored for the duration of each test.

activities of the electrocatalysts are summarized and compared
with the literature in Table 3.

Mass transfer properties with regards to the kinetic and
diffusion controlled-process of the electrocatalysts were
investigated with LSV at different rotation speeds (400—
2400 rpm), as shown in Figure SS. As the rotation speed
increases, the limiting current response of the electrocatalysts
increases concurrently, which is particularly more pronounced
at the diffusion region of the polarization, i.e., 0.6 V for all. The
Koutecky—Levich (Figure S6) representation of the LSV of the
electrocatalysts displays linear plots, which were used to extract
the mass transfer (ie., heterogeneous rate constant, k) and
diffusion parameters (i.e., diffusion coefficient, D) at varied
overpotentials (0.65—0.85 V) from the intercepts and slopes,
respectively. The D values of (1.07 + 0.09, 1.21 + 0.16, 1.36 +
0.03, and 1.56 + 0.06) X 107° cm? s7! are measured for Pd/
CB, Pd/OLC, Pd—CeO,/CB, and Pd—CeO,/OLC, with
corresponding k values of 6.67 + 1.59 X 1073 3.63 + 1.45
X 1072 3.60 + 0.44 X 107% and 1.36 + 0.20 X 10~ cm s/,
respectively. These results show that hydrogen diffuses rapidly
on Pd—CeO,/OLC at a faster rate during the HOR, followed
by Pd—CeO,/CB, Pd/OLC, and Pd/CB. The observations
further corroborate the HOR-specific and mass activities of the
electrocatalysts.

3.3.1. Anion-Exchange-Membrane Fuel-Cell Testing. The
Pd-based anode catalysts were deposited at the desired loading
(0.15 mgpg cm™2) onto a Teflon-treated Toray paper GDL by
aerographic deposition of inks composed of catalyst particles
and (insoluble) ionomer AEI powder (20 wt % dry).
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Commercial Pt/C (40 wt %) was used to prepare the cathode
electrodes (0.4 mgp, cm™?). Prior to cell testing, the (AEI-
containing) electrodes and HDPE-AEM were soaked in an
aqueous 1.0 M KOH solution for 1 h to displace CI~ counter
ions to predominantly OH™ anions (with trace HCO;~/CO;*~
due to adsorption of CO, from the air) in the AEM. The
electrodes and HDPE-AEM were then washed with ultrapure
water to remove excess K" cations and OH™ counter ions
before assembly in the fuel-cell hardware. The HDPE-AEM
was sandwiched between the anode and cathode electrodes
and pressed between the graphite flow fields using appropriate
gaskets to optimize the compression and sealing. The exact test
conditions used to obtain fuel-cell data are summarized in each
figure caption. All gases were supplied without back-
pressurization. The MEAs were “activated” via operation at
0.5 V until a steady current density was achieved (minimum of
1 h). During the experiments, the cell temperature, gas
humidification, and flow regime were adjusted to reach a
suitably stable cell performance. Initially, the fuel-cell perform-
ance was determined under conditions of high temperature (80
°C) and high gas flow regimes (1 and 2 slm for anode (H,)
and cathode (O,), respectively), as shown in Figure 8A. A clear
performance improvement can be observed when CeO, is
combined with both the carbon types (CB and OLC).

The ameliorative effect of intimate Pd—CeO, interactions
on the alkaline HOR is now well documented.'**® The
catalysts with OLC-type carbon exhibit further enhancements
in both peak power density (1.0 W cm™2 for Pd—Ce0O,/OLC)
and current density at 0.1 V (5.0 A cm™? for Pd—CeO,/OLC).
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A summary of important fuel-cell data is shown in Table 4.
Such results are consistent with the electrochemical tests,

Table 4. Summary of AEMFC Test Conditions and Key
Performance Parameters (with the Pt/C Cathode
Containing 0.4 mgp, cm >, All Electrodes Containing 20 wt
% ETFE-Based RG-AEI with Inks Sprayed on Toray TGP-
H-60 10% PTFE, HDPE-Based RG-AEM ca. 25 pm Thick
When Hydrated)

current density

PWem™2 @06V P, /Wem?> @ 0.1V cell
anode (i/A cm™) (j/A cm™) (j/A cm™2)
Pd/C 0.04 (0.07) 0.05 (0.1) 0.05
Pd/OLC 0.37 (0.61) 0.6 (1.7) 3.0
Pd—CeO,/C 0.60 (1.0) 0.9 (2.2) 4.0
Pd—CeO,/OLC 0.50 (0.83) 1.0 (3.0) 5.0

which show better HOR activity when CeO, is integrated with
the carbon in the support, and the best HOR activity is shown
for the Pd—CeO,/OLC sample. At a constant cell voltage of
0.4 V, both Pd/OLC and Pd—CeO,/OLC fuel cells have a
stable beginning of the life power output (Figure 8B). Pd—
CeO,/OLC operates at 900 mW cm > compared to S00 mW
cm™2 for Pd/OLC over an initial 1 h time frame. The area-

specific resistance (ASR) was similar for both cells (<40 mQ
cm™?), suggesting that the performance improvement with
CeQ, is due to better kinetics. Pd—CeO,/OLC has a lower
ASR despite the presence of the poorly electron-conducting
CeO, incorporated into the catalyst.

At a more realistic gas flow regime (H, 0.5 and O, 1 L
min~'), we studied both OLC-containing catalysts and the
Pd—CeO,/C material at various cell temperatures and gas
humidification (Figure 9A—C), and the results confirm that
Pd—CeO,/C and Pd—CeO,/OLC exhibit higher activity
under all test conditions. The fuel cells that have CeO,
integrated on the anode electrode perform better at low H,
gas humidification (66%), suggesting that these anodes favor
the back diffusion of water through the membrane to the
cathode where it is consumed during the ORR. These anodes
may also suffer from anode flooding at high humidification and
such a phenomenon could be a cause of the performance loss.
State-of-the-art commercial PtRu/C anode catalysts perform
best at higher RHs (90—100%).>* For example, a 2000 h
stability test of a PtRu/C MEA was undertaken at 90% RH and
showed only a 3.65% performance loss.”> Cell performance
was monitored over 15 h for each OLC-based catalyst at a
fixed cell voltage of 0.4 V (T 80 °C, Ty 70 °C, RH 66%)
(Figure 9D—F). The cells were stopped (overnight period)
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Figure 9. AEMFC data with Pd/OLC (A, D, G), Pd—Ce0,/OLC (B, E, H), and Pd—Ce0O,/CB (C, F, I) anode catalysts (0.15 mg cm™ Pd
loading), cathode Pt/C (0.4 mg cm™2), and HDPE-AEM. Both cathode and anode electrodes contain 20 wt % ETFE-based RG-AEI powder. (A, B,
C) Effect of cell temperature and gas humidification on cell performance. (D, E, F) Test at a 0.4 V constant and (G, H, I) PD curves measured

periodically during constant 0.4 V tests (T 80 °C RH 66% both gases).
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after 3, 9, and 15 h testing and fuel-cell curves were measured
to observe the performance loss. The best performance for the
Pd/OLC cell was 650 mW cm™> during the test and remained
generally stable (only 80 mW cm™> drop over 15 h), whereas
for Pd—CeO,/OLC, the cell power output dropped from a
high value of 840 mW cm™ by around 180 mW cm ™2 over a
period of the test. The series of fuel-cell curves confirms a
greater loss of performance for the Pd—CeO,/OLC cell
showing also that losses were not recoverable after each stop.
Performance does remain significantly higher for the Pd—
CeO,/OLC catalyst throughout the testing. The area-specific
cell resistance (ASR) was monitored during testing, and the
results are also plotted in Figure 9D—F. A clear coupling of
power density to changes in ASR can be seen with increases in
ASR associated with lower power density during the test.
Under the same test conditions, the Pd—CeO,/C anode
(Figure 9C,F]I) displayed higher initial performance (peak
power >900 mW cm™2), and at the same time, suffered from
mass transport losses at higher current densities. Interestingly,
during the constant potential cell test over 3 days, the cell
suffered a much more severe loss of performance reaching 300
mW cm™2 The OLC-based anodes maintained their perform-
ances, suggesting a net in-operando stabilization of the Pd—
CeO, catalyst when supported on OLC. Cyclic voltammetry-
accelerated stress testing also confirms the improved stability
of Pd—CeO, when supported on OLC.

4. CONCLUSIONS

This study entails the preparation of Pd—CeO,/OLC, Pd/
OLC electrocatalysts, and their carbon black (CB) analogues.
Robust characterization of the electrocatalysts with Raman,
XRD, XPS, EXAFS, TGA, BET, EDS, SEM, and TEM reveals
physicochemical properties such as a large BET surface area,
pore volume, and small Pd particle size, as well as enhanced
interfacial interaction and synergy among Pd, CeO,, and OLC
in Pd—CeO,/OLC that are beneficial for improved electro-
catalysis. Hence, theoretical and experimental studies of the
electrocatalysts for HOR and AEMFC are presented. In the
theoretical context prior to the adsorption of absorbates (H*,
OH*, and OOH*) onto the electrocatalysts, Pd—CeO,/OLC
has the lowest band gap (E, = 0.179 eV) compared to Pd—
CeO,/CB (E, = 0.523 ¢V), Pd/OLC (E, = 0.433 ¢V), and Pd/
CB (E, = 0.582 eV). This result shows that there is synergy
among the constituents of Pd—CeO,/OLC for improved
conductivity. Also, the adsorption and Gibbs free energies of
the absorbates on the electrocatalysts decrease in the following
trend Pd—CeQO,/OLC > Pd/OLC > Pd—CeO,/OLC > Pd/
CB, which align with the experimental data. In the three-
electrode configuration, Pd—CeO,/OLC exhibits an out-
standing HOR activity (i.e, high ECSA, j, jom k and D,
and low E_,.,) and stability compared to Pd—CeO,/CB, Pd/
OLC, and Pd/CB. In the AEMFC with H, fuel, Pd—CeO,/
OLC delivers a high peak power density of 1.0 mW cm™ at 3.0
A cm™ relative to Pd—CeO,/CB (0.9 mW cm™ at 22 A
cm™2), Pd/OLC (0.6 mW cm™ at 1.7 A cm™2), and Pd/CB
(0.05 mW cm™ at 0.1 A cm™?). Moreover, catalysts containing
OLC are more stable than CB-based catalysts. This study,
therefore, reveals the unique roles of CeO, in the Pd—OLC
interface to rationally synthesize high-performance and durable
anode electrocatalysts for AEMFC.
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