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ABSTRACT: The development of highly active, durable, and low-cost electrocatalysts for the oxygen reduction reaction (ORR) has
been of paramount importance for advancing and commercializing fuel cell technologies. Here, we report on a novel family of Pd—
Co binary alloys (Pd,Co, x = 1—6) embedded in bimetallic organic framework (BMOF)-derived polyhedral carbon supports.
BMOF-derived Pd;Co, annealed at 300—400 °C, exhibited the most promising ORR activity among the family of materials studied,
with a half-wave potential (E, ,) of 0.977 V vs RHE and a mass activity of 0.86 mA/ugps in 1 M KOH, both values being superior to
those of commercial Pd/C electrocatalysts. Moreover, it maintained robust durability after 20,000 potential cycles with a minimal
degradation in E; ;, of 10 mV. The enhanced performance and stability are ascribed to the uniform elemental distribution of Pd and
Co and the Co-containing N-doped carbon (Co—N—C) structures. In anion exchange membrane fuel cell (AEMFC) tests, the peak
power density of the cell employing a BMOF-derived Pd;Co cathode reached 1.1 W/cm? at an ultralow Pd loading of 0.04 mgpy/
cm’. Strategies developed herein provide promising insights into the rational design and synthesis of highly active and durable ORR
electrocatalysts for alkaline fuel cells.

KEYWORDS: anion exchange membrane fuel cells, oxygen reduction reaction, Pd—Co electrocatalysts, metal-organic frameworks,
Co—N—-C

1. INTRODUCTION facilitate the ORR kinetics in alkaline media, a variety of
investigations have focused on the development of cost-
effective electrocatalysts with high performance and robust
long-term durability, including precious-metal-based al-
loys,"*™"7 transition metals and metal oxides,"*™*° metal
nitrides,”' ~>* perovskites,””** and metal-containing nitrogen-
doped carbon (M—N—-C).>*™*

Recently, metal-organic framework (MOF)-derived catalysts
have emer§ed as a promising family of ORR electro-
catalysts.”" "> MOF-derived carbon materials generally exhibit
a highly porous structure, which is beneficial for mass

With the continued consumption of fossil fuels and increasing
energy demands, the development of sustainable energy
technologies to mitigate CO, emissions has drawn increasing
worldwide attention.”” Fuel cells (FCs) represent a promising
technology with tremendous potential for large-scale applica-
tions due to their high-efficiency energy conversion.” > Proton
exchange membrane fuel cells (PEMFCs) represent an
effective approach for powering electric vehicles. However,
PEMFCs require significant amounts of expensive Pt-based
(and related precious-metal-based) catalysts to accelerate the
sluggish oxygen reduction reaction (ORR) at the cathode,
which is one of the key challenges for the commercialization of
fuel cell technologies.” " These constraints have precluded
the broad application of PEMFCs. As an alternative, anion
exchange membrane fuel cells (AEMFCs), which operate at
high pH, have attracted significant interest because they enable
the use of non-precious-metal-based catalysts."'~"> To
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transport.””>* In addition, nitrogen species derived from N-
containing ligands in MOFs are able to anchor metallic
nanoparticles or single metal atoms to the carbon support,
which is believed to accelerate the ORR kinetics and enhance
the stability of the catalysts.>**> Lou and co-workers developed
a Co—N-C material from zeolitic imidazolate frameworks
(ZIFs), which showed promising activity toward the ORR and
oxygen evolution reactions (OERs).”® Li and co-workers
prepared isolated Fe atoms on N-doped carbons from ZIF-8,
which exhibited excellent ORR activity in both alkaline and
acidic media.”” We previously reported on Pt—Co alloys
prepared from bimetallic MOFs (BMOFs), derived from a
mixture of ZIF-8 and ZIF-67. Both the ordered PtCo and the
disordered PtCo, exhibited high activity and robust stability,
which were ascribed to the synergistic interactions between
Pt—Co nanoparticles and the single-atom Co—N-C struc-
tures.”®

Herein, we report on a group of low-palladium-loading (~10
wt %) Pd,Co (x = 1—6) bimetallic nanoparticles embedded in
a Zn—Co BMOF-derived highly porous carbon support. Under
high-temperature treatment, the Zn centers evaporate and
create a large number of cavities, which increase porosity and
benefit mass transport. At the same time, Co catalyzes the
formation of N-doped carbon nanotubes, which can increase
the conductivity of the carbon support and wrap the metal
nanoparticles to further improve stability. The structure and
composition of the electrocatalysts were comprehensively
characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), inductively coupled plasma optical
emission spectroscopy (ICP-OES), scanning transmission
electron microscopy (STEM) imaging, and energy-dispersive
spectroscopy (EDX). After optimizing the annealing temper-
ature and electrocatalyst composition, the BMOF-derived
Pd;Co catalysts were identified as having the highest activity
and stability toward the ORR. In membrane electrode
assembly (MEA) tests, the material reached an impressive
peak power density in MEA of >1 W/cm? at an ultralow Pd
loading of 0.04 mgpy/cm’.

2. EXPERIMENTAL SECTION

2.1. Materials. Zinc nitrate (Zn(NO,),-6H,0), cobalt nitrate
(Co(NO;),-6H,0), 2-methylimidazole, 1-methylimidazole,
palladium(II) nitrate dihydrate (Pd(NO;),-6H,0), ethanol, meth-
anol, and Nafion (S wt %) were purchased from Sigma-Aldrich.
Carbon-supported Pd/C (20 wt %) and Pt/C (20 wt %) were
purchased from Johnson Matthey. All chemicals were used as received
without further purification.

2.2. Synthesis of BMOF Zn,Co,-Derived Carbon Materials.
ZIF-67 and ZIF-8 were used as the carbon precursors (ZIF: zeolitic
imidazolate frameworks). ZIF-67 is composed of a cobalt center
coordinated by four imidazolate groups, while ZIF-8 has zinc as the
metal center. The synthesis method was as reported previously.*®
Typically, a mixture of Co(NOs;),-6H,0 and Zn(NO;),-6H,0 with
different molar ratios of Co**/Zn*" was dissolved in a mixed solvent
of 40 mL ethanol and 40 mL methanol, where the total molar
amounts of Zn** and Co?* were 6 mmol, with stoichiometric numbers
represented by x and y in moles. Another mixture of 2-
methylimidazole (1.97 g) and 1-methylimidazole (0.49 g) with 40
mL methanol and 40 mL ethanol was then added under magnetic
stirring. The solution was left standing still for 48 h at room
temperature. The formed precipitate was collected by centrifugation,
washed with methanol, and dried in an oven at 60 °C. The as-
synthesized BMOF-Zn,Co, particles were transferred into a flow
furnace and heated to 300 °C for 1.5 h and then to 800 °C for2hin a
flowing forming gas (5% H, + 95% N,). Pyrolyzed BMOF-Zn,Co,

materials were collected after the furnace was turned off and cooled
down.

2.3. Synthesis of BMOF-Derived Pd,Co, Materials. BMOEF-
derived Pd,Co, materials were prepared by the impregnation method.
In a typical synthesis of the Pd;Co material derived from pyrolyzed
BMOF-Zn,sCo, 50 mg of pyrolyzed BMOF-Zn,5Co was suspended in
1.135 mL of 0.05 M Pd(NO;), solution. After ultrasonication for 30
min, the mixture was heated to 80 °C with magnetic stirring to
evaporate extra moisture to form a smooth slurry, which was kept
overnight and then dried in an oven at 60 °C. The formed black
powder was transferred into a flow furnace and annealed under a
flowing forming gas (5% H, + 95% N,). The temperature of the
furnace was initially set at 300 °C for 2 h and further ramped up to
400 °C for an additional 2 h of annealing. Pd;Co was collected after
the furnace was turned off and cooled down.

2.4. Structural Characterization. The crystal structures of all of
the synthesized BMOFs, pyrolyzed BMOFs, and BMOF-derived
Pd,Co, materials were confirmed by powder X-ray diffraction (XRD)
using a Rigaku Ultima VI Diffractometer, measured from 15 to 90° at
a scan rate of 4° min~". Both the metal loading and the ratio of Pd/Co
in the Pd,Co, catalysts were measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES, SPECTRO ARCOS
FHE12). X-ray photoelectron spectroscopy (XPS) spectra were
collected with a Surface Science Instruments SSX-100 operated under
a working pressure at 2 X 10~ Torr. Scanning transmission electron
microscopy (STEM) images and energy-dispersive X-ray (EDX) maps
were taken on a Thermo Fisher Scientific Spectra 300 STEM electron
microscope with a Bruker Dual X detector at 300 kV and an FEI
Tecnai F-20 with an Oxford X-Max detector at 200 kV. The Pd,Co
ethanol dispersions were drop-casted on lacey carbon on Cu TEM
grids and ambient-dried. EDX maps were denoised with principal
component analysis. Electron energy loss spectroscopy (EELS)
spectra and STEM images of single Co atoms were taken on a
fifth-order aberration-corrected STEM (Cornell Nion UltraSTEM
100) operated at 100 keV.

2.5. Electrochemical Characterization. Electrochemical meas-
urements were performed in 1.0 M KOH on a Pine Instruments
WaveDriver 200 Bipotentiostat. In all electrochemical measurements,
5 mg of the BMOF-derived Pd,Co, catalyst was mixed with 0.5 mL of
a 0.25 wt % Nafion/ethanol solution and subsequently sonicated for
approximately 30 min to form homogeneous catalyst inks. Five
microliters of the resulting catalyst ink were loaded onto a S mm
diameter glassy carbon (GC) electrode, followed by thermal
evaporation of the solvent under an infrared lamp. The resulting
BMOF-derived Pd,Co, catalyst loadings are listed in Table SI.
Similarly, S mg of 20 wt % Pd/C catalyst was mixed with 1.0 mL of
0.25 wt % Nafion/ethanol solution and 5 pL of ink was transferred
onto a GC electrode to achieve a loading of 25.5 ug cm™, a common
value for comparison in fuel cell tests. A Ag/AgCl in 1.0 M KCl
solution served as the reference electrode, and a large surface area
graphite rod was used as the counter electrode. ORR measurements
were carried out with a rotating disk electrode (RDE, Pine
Instruments) in an oxygen-saturated 1.0 M KOH solution at room
temperature. ORR polarization profiles were obtained at S mV/s and
1600 rpm. The background capacitive current measured in Ar-
saturated 1.0 M KOH solution was subtracted to process and plot the
ORR profiles. Cyclic voltammetric profiles were obtained at 50 mV/s
in Ar-saturated 1.0 M KOH. Durability tests were carried out by
continuously cycling the potential from 0.6 to 1.0 V at 100 mV/s for
20,000 cycles in O,-saturated 1 M KOH. The ORR profiles after
20,000 cycles were measured in a fresh 1.0 M KOH electrolyte to
avoid potential contamination from dissolved metal species in the
solution. RRDE measurements were carried out with a rotating ring-
disk electrode (RRDE, Pine Instruments) to detect the H,O,
generated at the disk during the oxygen reduction reaction. The
RRDE with a GC disk (0.2475 cm?®) and a Pt ring (0.1866 cm?) was
calibrated to have a collection efficiency of 37% using 10 mM
K;Fe(CN)s with a 0.1 M K,SO, supporting electrolyte. RRDE
measurements were performed in 1.0 M KOH at S mV/s and 1600
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Figure 2. (a) XRD patterns of BMOF-Zn,(Co-derived Pd,Co materials annealed at different temperatures. The black vertical lines correspond to
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Comparison of the ORR mass activity at 0.93 V vs RHE and half-wave potentials (E, ;).

rpm, and the ring potential was held at 1.3 V vs RHE to be sufficiently

high to oxidize any H,0, generated at the disk.
2.6. Fuel Cell Tests. The H,—O, fuel cells were tested (850 and

850e Multi Range, Scribner Associates Co.) under galvanic mode
using humidified (100% RH) H, and O, gases (Airgas, UHP 300).

The cell temperature was set to 80 °C, and the flow rate of both H,
and O, gases was 500 mL/min with 0.2 MPa of backpressure. The
catalyst powder was dispersed in a poly(p-terphenyl-piperidinium)
(QAPPT) ionomer solution with a ratio of 4:1 (catalyst/ionomer)
and then sprayed onto each side of the QAPPT membrane. The areas
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(c) Pd,Co, (d) Pd;Co, (f) Pd,Co, (g) PdsCo, and (h) PdsCo.

of electrodes were 4 cm?. The catalyst loadings for commercial PtRu/
C (Fuel Cell Store) on the anode were 0.4 mgpy,/cm? and the
loading of BMOF-derived Pd;Co on the cathode was varied to find
the optimal value. Gas diffusion layers were two pieces of carbon
paper (AvCard GDS3250). Electrochemical impedance spectroscopy
(EIS) was measured at 0.2 A/cm” with an AC RMS amplitude of 5%
of the corresponding current. The measurement was conducted over
the frequency range of 0.1 Hz to 10 kHz.

3. RESULTS AND DISCUSSION

3.1. Optimization of Annealing Temperature.
3.1.1. Synthesis and Structural Characterization. The
BMOF-derived Pd,Co catalysts were prepared via a facile
method (details in the Experimental Section).>**" As shown in
Figure la, Zn—Co BMOFs were synthesized with Co*" and
Zn** as metal centers and methylimidazole groups as organic
linkers. Zn centers in the Zn—Co BMOF precursors
evaporated during the first pyrolysis process at 800 °C,
forming the pyrolyzed Zn—Co BMOFs with Co metal particles
on the MOF-derived nitrogen-doped carbon support. The Pd
precursor (Pd(NO;),) was then added to the pyrolyzed Zn—
Co BMOFs by an impregnation method. In the subsequent
high-temperature treatment, Pd*" was reduced to Pd° under
the reducing atmosphere of forming gas (5% H, and 95% N,)
and alloyed with Co to form Pd,Co metal particles. To find an
optimal annealing condition, BMOF-Zn,;Co-derived Pd,Co
materials were treated at different temperatures: 200—300,
200—400, 200—500, 200—600, 200—700, 300—400, 300—500,
and 300—600 °C.

The resulting materials were characterized via transmission
electron microscopy (TEM), as shown in Figure 1b—i,
indicating a uniform distribution of metal nanoparticles on
the BMOF-derived polyhedral carbon structures. The size of
the metal nanoparticles increased at higher annealing temper-
atures suggesting coalescence. For the samples in which the
annealing temperature was above 500 °C, larger metal
nanoparticles (>20 nm) appeared, likely due to particle
aggregation. The XRD patterns of Pd,Co, annealed at different

temperatures, are shown in Figure 2a with expanded XRD
regions in Figure S1. The diffraction peaks near 40, 46, 68, 82,
and 86° were ascribed to the (111), (200), (220), (311), and
(222) planes in a typical single-phase face-centered cubic (fcc)
lattice structure. Compared to the Pd fcc standard
(ICSD#64920), the peak positions of Pd,Co shifted to higher
angles with increasing annealing temperature due to a lattice
contraction from the incorporation of the smaller Co atoms
into the Pd lattice. The change in 20 (for the 220 reflection),
domain size, and lattice parameter, calculated via Bragg’s law
and the Debye—Scherrer equation, is summarized in Figure 2b.
With increasing annealing temperature, the domain size
increased due to particle aggregation, which is consistent
with the TEM images. The lattice parameter decreased,
indicating a larger lattice contraction upon high-temperature
treatment of the Pd—Co alloys.

3.1.2. Electrochemical Analysis. In an effort to identify the
optimal annealing temperature, we used the BMOF-Zn,,Co-
derived Pd,Co catalysts as a test case. Figure S2 presents the
cyclic voltammograms (CVs) obtained at SO mV/s in an Ar-
saturated 1.0 M KOH solution of the BMOF-derived Pd,Co
catalysts treated at different annealing temperatures. The
relatively wide double layer of BMOF-derived catalysts was
attributed to the high surface area of the BMOF-derived
carbons. The width of the double layer decreased with
increasing annealing temperature, suggesting a decrease in the
surface area due to the formation of large cavities in the carbon
structure, as clearly observed in the TEM images in Figure 1fji.

The oxygen reduction reaction (ORR) polarization curves
obtained in an O,-saturated 1.0 M KOH, at a scan rate of 5
mV/s and a rotation rate of 1600 rpm, are shown in Figure 2c.
The inset in Figure 2c presents an expanded view of the half-
wave potential (E;/,) region. Among the Pd,Co catalysts
studied, the one annealed at 300—400 °C exhibited the highest
E,/, value of 0.964 V vs RHE. The mass activities at 0.93 V and
the half-wave potentials are summarized in Figure 2d. As for
the mass activity, Pd,Co annealed at 300—400 °C achieved the
highest activity of 0.82 mA/ugps. As a result, 300—400 °C
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(j) and (k), respectively.

represents the optimized annealing temperature for the
BMOF-derived Pd,Co catalysts.

To validate this observation, different temperature treat-
ments were applied to BMOEF-derived Pd,Co and PdsCo.
Their TEM images and XRD patterns are shown in Figures
S3—S7, which exhibit similar trends to those of the BMOEF-
derived Pd,Co. For both the BMOF-derived Pd,Co and
Pd¢Co, samples annealed at 300—400 °C exhibited the highest
mass activity at 0.93 V vs RHE (Figures S8 and S9),
confirming that the optimized annealing temperature is 300—
400 °C.

3.2. Optimization of Electrocatalyst Composition
(Nominal Atomic Ratio of Pd/Co). 3.2.7. Structural
Characterization. Having identified the optimal annealing
temperature, the composition of the BMOF-derived Pd—Co
nanoparticles was subsequently optimized. To achieve a 10 wt
% Pd loading in BMOF-derived Pd—Co samples, PdCo,

Pd,Co, Pd;Co, Pd,Co, Pd;Co, and PdsCo were prepared from
BMOF-Zn,Co, precursors with different Zn/Co (x/y) ratios.
The tabulated x/y values, Co wt %, Pd wt %, and ratios of Pd/
Co, obtained from inductively coupled plasma optical emission
spectroscopy (ICP-OES) measurements, are presented in
Table S1. As shown in Figure 3a, the XRD patterns of
BMOF-derived Pd,Co (x = 1-6) with different Pd/Co
nominal atomic ratios, after high-temperature treatment at
300—400 °C, are consistent with a typical fcc lattice structure.
At a Pd/Co atomic ratio of 1:1, the small diffraction peaks near
44, 52, and 76°, labeled with asterisks, were ascribed to the
(111), (200), and (220) planes from the fcc metallic Co
structure, consistent with the standard XRD pattern of metallic
Co (ICSD#44989). These metallic Co diffraction peaks were
due to the relatively high Co content of 6.79 wt % in the
BMOF-Zn,Co precursors. The 20 (220) diffraction peaks in an
expanded view exhibited a slight shift to higher angles
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Figure 5. (a) ORR polarization curves of BMOF-derived Pd,Co (x = 1—6) in O,-saturated 1.0 M KOH at a scan rate of S mV/s and a rotation rate
of 1600 rpm. (b) ORR polarization curves of BMOF-derived Pd;Co in O,-saturated 1.0 M KOH at 1600 rpm and S mV/s after 10 and 20 k
potential cycles from 0.6 to 1.0 V at 100 mV/s. (c) Comparison of the ECSA (in green), mass activity (in red) at 0.93 V vs RHE, specific activity

(in blue) at 0.93 V vs RHE, and half-wave potential (E, ;).

compared to the Pd standard pattern (Figure 3e), which is
consistent with a lattice contraction caused by the smaller
atomic radius of the incorporated Co atoms. The peak position
shifted to higher angles with decreasing x value in Pd,Co (i.e.,
higher Co relative content), indicating the incorporation of
more Co atoms into the Pd lattice.

The morphologies of BMOF-derived Pd,Co (x = 1—6) were
examined by high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) imaging (Figure
3b—d, f-h). The Pd—Co alloy particles are significantly
brighter than the MOF-derived carbon support since the
HAADF image intensity is proportional to the atomic number
(I x Z'7).*? Pd—Co nanoparticles were uniformly distributed
on the MOF-derived polyhedron carbon supports. The particle
size distribution (PSD) histograms, based on more than 300
particles, are shown in Figure S11. At a Pd/Co atomic ratio of
1:1, there were some metal nanoparticles larger than 30 nm,
which may be due to the higher total metal loading relative to
other compositions. Similarly, large particle sizes were also
observed in PtCo alloys in our previous work.”® Pd;Co and
Pd,Co showed relatively smaller particle sizes of 5.4 & 1.5 nm
(average =+ standard deviation, Sg) and 5.0 + 1.2 nm,
respectively. Figure 4c,d presents energy-dispersive X-ray
spectroscopy (EDX) maps of Pd (green) and Co (red) from

a 6.5 nm sized Pd;Co nanoparticle. The EDX maps are
denoised via principal component analysis decomposition. The
EDX composition maps of Pd and Co (Figure 4e,f) suggested
a relatively homogeneous elemental distribution of Pd and Co.
The normalized EDX line profiles (Figure 4g) along the
dashed lines in Figure 4e,f confirmed the uniform distribution
of Pd and Co across the metal alloy nanoparticles. This
provides compelling evidence of the formation of a uniform
Pd—Co alloy at the near-atomic scale, which is consistent with
the observation of single-phase Pd;Co alloys from the XRD
patterns in Figure 3a. Besides the EDX elemental distribution,
the Pd/Co atomic ratio in Pd;Co was calculated from
quantitative EDX analysis based on the Cliff—Lorimer
equation.” Relative atomic contents of Pd and Co were
calculated to be 74.21 and 25.8% from the Pd Lo edge at 2.8
keV and the Co Ka edge at 6.9 keV, respectively (Figure
S12a). The calculated atomic ratio of Pd/Co was 2.9, which is
consistent with the intended stoichiometry of Pd;Co and the
ICP results (Table S1). The combination of microscopic-level
STEM-EDX mapping with the quantitative EDX analysis
unambiguously indicates that the BMOF-derived Pd;Co
nanoparticles have a homogeneous elemental distribution of
Pd and Co with the intended Pd/Co ratio of 3:1.

https://doi.org/10.1021/acsami.2c10074
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10074/suppl_file/am2c10074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10074/suppl_file/am2c10074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10074/suppl_file/am2c10074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10074/suppl_file/am2c10074_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10074?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10074?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10074?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10074?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c10074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a

1.2- —=—0.024 mg,, cm® ——0.12 mg,, cm”
0.04 mg,, cm? ——0.16 mg,,, cm” 1.2
1.0 —a—0.06 mg,, cm? ¥ O‘T‘E
2 . o
> 08 —+—0.08 mg,,, cm '(yyyA,-.(,(».x.».,\.'_T“_. 2
B "(y'r" 0.8 ;
% 0.6 4 ", ?'.&?S?s}_tzi L 0. ac)
> SN (o]
= 0.44 s —
[7] 0.
O ,4¢~ - g
: . o
0.2- L0.2 &
00 L) Ll Ll T Ll L Ll 00
00 05 10 15 20 25 30 35 40

Current Density / A cm™

-
N
J

1.06

) 1

g 1.04 0.85

2 o8 0.65

> 0.63 :

c 0.64 1

[0

o

o 0.4

2

g

~ 0.2

©

(0]

2 0.04 . r
0024 004 006 008 012 0.16

Pd Loading / mg,,, cm”

Figure 6. (a) Alkaline exchange membrane fuel cell (AEMFC) tests with H, and O, at 80°C and 100% RH. Anode catalyst: 60 wt % Pt—Ru/C
(Johnson Matthey, 0.4 mgpg, cm™>). Cathode catalyst: BMOF-derived Pd;Co with different loadings. (b) Peak power density comparison of

BMOF-derived Pd;Co cathode with different loadings.

The carbon support in the BMOF-derived Pd;Co materials
was also investigated at the atomic scale with STEM. In Figure
4b, around 3 A sized bright spots, dispersed on the carbon
support, suggest the presence of atomically dispersed Co
atoms, according to electron energy loss spectroscopy (EELS)
analysis (Figure S12b). After the high-temperature annealing
treatment, the imidazole ligands from the BMOF precursors
contribute to the high-level doping of nitrogen. X-ray
photoelectron spectra (XPS) (Figure S13) suggested the
presence of N and the interaction between N and Co by the
subpeak at 399.5 eV in the N 1s XPS spectra, which was
ascribed to a Co—N, structure (Figure S13c). STEM and XPS
spectroscopic analyses evidenced the existence of Co-
containing N-doped carbons (Co—N—C), which have been
widely reported as active sites in MOF-derived catalysts to
bind oxygen and promote the ORR kinetics.””*'~*’

3.2.2. Electrochemical Analysis. The electrochemical
activities of BMOF-derived Pd,Co (x = 1—6) catalysts toward
the ORR were investigated in alkaline electrolyte using rotating
disk electrode (RDE) voltammetry. The Pd loadings are
summarized in Table S1. The polarization curves were
obtained in an O,-saturated 1.0 M KOH electrolyte at a
scan rate of S mV/s and 1600 rpm, as shown in Figure Sa. The
E,, of the BMOF-derived Pd;Co was 0.977 V vs RHE, which
is 10 mV more positive than that of commercial 20 wt % Pd/C
and 57 mV more positive than that of commercial 20 wt % Pt/
C (Figure S14). As shown in Figure S15, the Tafel slope values
of BMOF-derived Pd,Co (x = 1—6) electrocatalysts are
comparable to that of Pd/C catalysts (43 mV/dec) but are
significantly lower than that of Pt/C catalysts (56 mV/dec),
indicating enhanced ORR kinetics of BMOF-derived Pd,Co (x
= 1—6) when compared to Pt/C catalysts. The E,/, values,
electrochemical surface areas (ECSAs), mass activities at 0.93
V, and specific activities at 0.93 V are summarized in Figure Sc.
The BMOF-derived Pd;Co exhibited the highest mass activity
and specific activity with values of 0.86 mA/pgpy and 0.97 mA
cmpy 2, respectively, which are nearly 1.4 times and 1.6 times
higher than those of commercial Pd/C (0.613 mA/ugpq and
0.595 mA cmyp, %, respectively). In addition, as shown in
Figure S16, BMOF-derived Co—N—C also exhibited promis-
ing ORR activity with an E,;, of 0.932 V vs RHE, which is 12
mV more positive than that of commercial Pt/C. Therefore,
the catalytic enhancement of the BMOF-derived Pd;Co

toward ORR is ascribed to the active sites in the Pd—Co
alloys as well as the contribution from single-atom Co—N-C
structures.”®

The ORR selectivity of the BMOF-derived Pd;Co was
assessed using rotating ring-disk electrode (RRDE) voltam-
metry to measure the peroxide yield and the electron-transfer
number (n). As shown in Figure S17, the ring current obtained
from BMOF-derived Pd;Co was below 14 pA. The peroxide
yield was less than 8%, and the calculated n value was above
3.85 over the potential region between 0.3 and 0.9 V, both of
which are comparable to a commercial Pd/C catalyst.

The stability of the BMOF-derived Pd;Co was evaluated in
an O,-saturated 1.0 M KOH electrolyte by scanning the
potential at a rate of 100 mV/s over the potential range of 0.6—
1.0 V vs RHE, following an accelerated stress test (AST)
protocol recommended by the U.S. Department of Energy.
The CV and ORR polarization profiles at 1600 rpm after
10,000 and 20,000 cycles are compared with the initial ones in
Figures S18 and Sa, respectively. After 10,000 and 20,000
cycles, the hydrogen region at ~0.1 V decreased when
compared to the initial CV profile, indicating a decrease of
the ECSA. After 10,000 cycles, the E, /, shifted in the negative
direction by less than 5 mV, indicating excellent activity
retention. After 20,000 cycles, the E, /, shifted negatively by 10
mV, a value of the E,/, that is still comparable to that of a
commercial Pd/C catalyst. The shift in the E,/, could be due,
at least, in part, to the decrease in the ECSA. HAADF-STEM
images and PSD histograms of BMOF-derived Pd;Co after
10,000 and 20,000 cycles are presented in Figure S19. After
cycling, most of the small Pd—Co alloy particles were still
embedded in the carbon support with the emergence of a few
aggregated larger particles. EDX maps of Pd;Co after 20,000
cycles are shown in Figure S20, where some larger metal
particles are evident. Figure 4h—k presents an STEM image
and EDX maps of a single large metal particle of 25 nm in size.
The EDX composition maps of Pd and Co (Figure 4jk)
indicated that Pd and Co were still homogeneously distributed
throughout the particle after 20,000 cycles. The normalized
EDX line profiles (Figure 41) along the dashed lines in Figure
4j,k suggest a uniform distribution of Pd and Co across the
metal alloy nanoparticles. The intimate anchoring of metal
particles on the MOF-derived carbon support and uniform
elemental distribution of Pd and Co in the metal particles
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contributed to the stability of the BMOEF-derived Pd—Co
catalysts.

3.3. Fuel Cell Tests. The electrocatalytic performance of
optimized BMOF-derived Pd;Co was further assessed under
realistic membrane electrode assembly (MEA) conditions. The
BMOF-derived Pd;Co, at different loadings (details in Table
S2), was used as the cathode catalyst, while a commercial 60 wt
% PtRu/C was used as the anode catalyst at a loading of 0.4
mgpr,/cm’. The resulting polarization curves are shown in
Figure 6a. A Pd loading of 0.04 mgpy/cm?, on the cathode side,
showed the highest peak power density of 1.1 W/cm? at 3.2 A/
cm?, It should be noted that the Pd loading employed here is
ultralow, representing only 10% of the typical precious-metal
loading of 0.4 mg/cm®** The averaged peak power densities
with error bars are summarized in Figure 6b. With increasing
amounts of BMOF-derived Pd;Co in the cathode, the value of
the peak power density initially increased, ostensibly due to the
addition of active sites. It subsequently decreased likely due to
mass transport limitations from the increasing thickness of the
catalyst layer. The electrochemical impedance spectroscopy
(EIS) profiles at 200 mA/cm? over the frequency range of 0.1
Hz to 10 kHz are shown in Figure S21a. The EIS data were
fitted based on the equivalent circuit shown in Figure S21b,
and the fitting parameters are listed in Table S3. With an
increase in the catalyst loading from 0.024 to 0.16 mgpy/cm?,
the ohmic resistances of MEAs (R,},,,) increased from ~0.02 to
~0.05 €, which is ascribed to the additional resistance from
the thicker catalyst layer. On the other hand, the charge-
transfer resistance (R; + R,) decreased from ~0.09 to ~0.05 Q
because more active sites can facilitate charge-transfer kinetics
at higher catalyst loading.

The durability of BMOF-derived Pd;Co in AEMFCs was
preliminarily evaluated at S0 mA/cm* (Figure S22a), which
showed a lifetime of around 100 h. At the beginning of the test,
a relatively rapid drop in voltage was observed, suggesting the
quick water flooding of the anode.”® After a voltage dip at
around 9 h, the cell voltage decreased at a slower rate in the
subsequent 10—90 h. The voltage dips are likely related to the
water droplets formed in the gas diffusion layer.*”*” When the
formed water droplets are expelled from the system by the
flowing gases, the cell voltage can recover to some extent.
Similar phenomena were observed at a higher current density
of 200 mA/cm? (Figure S22b). To explore the reasons for the
degradation in AEMFCs, the EIS profiles, before and after 24 h
test at 200 mA/cm?, were collected and are shown in Figure
S23a. After the 24 h MEA test, the low-frequency resistance
increased significantly, indicating a larger mass transport
resistance compared to the initial state. To further deconvolve
the kinetic information contained in the EIS profiles, the
distribution of relaxation times (DRT) method*® was applied
to extract the characteristic times from the EIS data. As shown
in Figure S23b, the peaks in the DRT profiles can be assigned
to the processes of the hydrogen oxidation reaction (HOR),
ORR, and anode/cathode mass t1‘ansport.45’49 Before the MEA
test, it only showed three resistance peaks related to the HOR
(P1 and P2) and ORR (P3). After 24 h of testing, the increase
of P1 and P2 suggested slower charge-transfer kinetics for the
HOR, while a smaller increase in the peak for the ORR (P3)
was observed. Moreover, peaks related to mass transport
resistance (P4 and PS) became evident after MEA testing,
especially for the anode, which was likely caused by water
flooding. In addition, BMOF-derived Pd;Co was tested for 24
h on an RDE at 0.7 V vs RHE (region of ORR diffusion-

limited current) to simulate a constant voltage operation. The
CV and ORR profiles, STEM images, and PSD histograms,
compared with the initial state, are presented in Figure S24.
After 24 h, the E,/, exhibited a slight negative shift of 3 mV.
The Pd—Co alloy particles were embedded in the carbon
support with an even distribution, and the particle size
distribution was almost the same as in the initial state, which
indicated that the BMOF-derived Pd;Co catalyst remained
stable at 0.7 V vs RHE for 24 h. Therefore, in this case, the
degradation in AEMFC performance was not mainly due to
the cathode catalyst degradation but rather related to the mass
transport and water management issues, which are key
challenges for enhancing the performance and long-term
durability of AEMFCs.”””' The optimization of water
management, the stability of membrane, and the improvement
of MEA long-term durability are under current investigation
and will be reported on in follow-up papers.

4. CONCLUSIONS

In summary, we have designed and synthesized a group of low-
Pd-loading Pd—Co nanoparticles embedded in a Zn—Co
BMOF-derived highly porous carbon support by a facile
preparation method. The optimized annealing temperature was
found to be 300—400 °C, and the optimized composition was
Pd;Co. Such a catalyst displayed enhanced activity and robust
stability for the ORR in alkaline media. The remarkable
performance was attributed to the uniform distribution of Pd
and Co on the nanoparticles, as confirmed by STEM and EDX
mapping, as well as the coexistence of Co—N—C, which helped
accelerate the kinetics of the ORR and added additional
activity to the BMOF-derived Pd;Co catalyst. The perform-
ance of BMOF-derived Pd;Co in AEMFCs reached a
promising peak power density of 1.1 W/cm? at an ultralow
Pd loading of 0.04 mgps/cm® This work may provide
promising insights into the rational design and optimization
of electrocatalysts for fuel cell applications in alkaline media.
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