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ABSTRACT: In recent years, researchers have focused on developing zeolite —— CoCu@NC-750
imidazolate frameworks (ZIFs) as an alternative to Pt electrocatalysts for various — PtC . 0.8 %

applications, including water splitting, lithium—air batteries, zinc-air batteries, and fuel
cells. In this study, we synthesized CoCu-ZIF to be used as a precursor in the
development of cathode catalysts for the oxygen reduction reaction (ORR) in fuel cells.
Hydrazine played a crucial role in maintaining uniformity in the development and
particle size of the ZIF-67 structures. Moreover, it facilitated the rapid formation of the
ZIF-67 structures at higher temperatures. A unique pseudorhombic dodecahedral
morphology was obtained at a Co/Cu molar ratio of 7:3. Among all the synthesized N-
doped carbon nanostructures embedded with Co and Cu nanoparticles, CoCu@NC-
750, pyrolyzed at 750 °C, showed superior ORR catalytic performance. This catalyst
exhibited a notably higher half-wave potential of 0.816 V and demonstrated a clear 4-
electron transfer mechanism. The overpotential of CoCu@NC-750 shifted by only 11
mV over 10,000 cyclic voltammetry cycles, whereas a 55 mV shift was observed for Pt/C. CoCu@NC-750 exhibited a ~0.8%
decrease in current density during a 12-h ORR, in contrast to the 8.3% decline shown by Pt/C. This superior catalytic activity and
stability can be attributed to factors such as higher oxygen adsorption induced by the N-doped carbon layer due to the localized
changes in electron density and the enhanced stability of the bimetallic core. Our findings suggest that CoCu@NC-750 is a
promising alternative to Pt/C in fuel cell cathodes.

© Co
M = Cu, Fe, Mn, Ni

o
methylimidazole

Current decay / %

Time /h

B INTRODUCTION Among the various methods, fabricating carbon-based ORR

The demand for sustainable energy solutions continues to catalysts from metal—organic framework (MOF) materials is

increase with increasing fossil fuel consumption."”” Therefore, cons1de{ed an _excellent strategy because the diverse
advanced research on energy generation and utilization comp osition and Strllzitllzr? 1 var1ab1141ty of MOFS can 'generate
technologies is crucial for a safe and sustainable future.”~> ideal ORR catalysts. In particular, zeolitic imidazolate

The electrocatalytic oxygen reduction reaction (ORR) is framework (ZIE) materials are among th e most promising

essential for energy conversion and storage in devices such as p r-ec1.1rsor materxds as they CO?;E_HZ% sufficient nltFogen atoms

fuel cells and metal-air batteries.” ' Despite the widespread within their porous structures. To date, various carbon-
) RR lysts h f. i iffe

use of Pt-based catalysts, their high cost, limited durability, and ~ Locd OFR catalysts have been manufactured using different

low methanol tolerance require the development of optimal oP o § “hem ! 8

materials for ORR. catalysts.>~'7 Hence researchers have commonly used ligand 2-methylimidazole and metal ions, has

focused on the develo m};nt.of carbon-b a,se d ORR catalvsts attracted significant attention.”’ The exceptional flexibility in

u Vi - L .
with high ORR cataII) tic activity as alternatives to yPt engineering the structure, morphology, and composition- of
Nanostrgctures based o}r’1 graphene)lls or oxidized graphenelg. ZIF-67 and its derivatives facilitated their applications in

and carbon-based catalysts doped with heteroatoms™ are at seconde?ry batteries,sl. supgreap acitors, fu.el cells,” gas
: ) . adsorption and separation,” and electrochemical and photo-
the f'o.refront of this research effort. When combmed' with electrochemical water electrolysis.35 Nevertheless, most ZIFs
transition-metal catalysts, these carbon structures display
synergistic effects in ORR catalysis.Zl_23 Furthermore, the
substantial presence of graphite carbon in carbon-based ORR Received: February 21, 2024
catalysts boosts conductivity, enabling faster electron transfer Revised:  May 10, 2024
and enhanced ORR activity.'”** In particular, high porosity AccePted: June 14, 2024
and large surface area are essential structural features for an Published: June 26, 2024
ideal carbon-based ORR catalyst, which enable rapid material
transport and easy access to ORR active sites.
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Figure 1. Schematic of the synthesis of CoCu@NC for applications in the electrochemical ORR.

exhibit poor electrical conductivity, which hinders their
application in electrocatalysis.’”*° Moreover, certain ZIFs
can lose structural stability during pyrolysis, which comg)licates
the optimization of their inherent catalytic activity.’*’

Compared to single-metal ZIF structures, bimetallic catalysts
exhibit enhanced catalytic activity and stability upon
modulating the electronic structures of their metals, which
induce synergistic effects on their catalytic activities. According
to theoretical calculations, Cu displays the highest ORR
activity among nonprecious transition metals due to its
proximity to Pt at the peak of the “volcano plot”.*” However,
Cu-based carbon materials obtained through pyrolysis
encounter issues such as self-aggregation, irreversible integra-
tion, and surface oxidation, each of which is detrimental to
their electrocatalytic gerformance due to the large diffusion
coefficient of Cu ions.”® When the content of Cu ions in a ZIF
matrix reaches a certain limit, they cannot be completely
stabilized by N-doped sites and are partially reduced to
metallic Cu atoms, subsequently aggregating into nanoparticles
during pyrolysis.””*”*" Therefore, a bimetallic mixture at the
optimal precursor concentration in the ZIF structure can
potentially exhibit synergistic effects on catalytic activity and
stability upon tuning its properties.

In this study, we employed a polyol method using hydrazine
to accelerate the synthesis of a stable ZIF structure. Uniformly
sized pseudorhombic dodecahedral cages were obtained in the
CoCu(7:3)-ZIF structure from various bimetal combinations
in CoM-ZIF (where M = Fe, Mn, and Ni). The CoCu-
embedded N-doped carbon nanostructure (CoCu@NC),
which maintains the structural form of CoCu(7:3)-ZIF, was
produced through high-temperature pyrolysis at 750 °C.
Subsequently, we evaluated the electrochemical catalytic
activity by conducting experiments to compare the perform-
ances of single-metal-incorporated structures, specifically Co@
NC-750 and Cu@NC-750, with various bimetal combinations
of COM@NC (M = Fe, Mn, and Ni). The resulting CoCu@
NC-750 exhibited superior ORR catalytic activity in an alkaline
solution compared to the other prepared catalysts and was
comparable to that of commercial Pt/C. Therefore, CoCu@
NC-750 is a promising replacement for Pt/C in fuel cell
cathodes.

B EXPERIMENTAL SECTION

Materials and reagents. Cobalt chloride hexahydrate
(CoCl,-6H,0), ethylene glycol, NaOH, and HCl were
purchased from Duksan (reagent grade, South Korea).
Copper(Il) chloride dihydrate (CuCl,-2H,0), 2-methylimida-

zole, and poly(vinylpyrrolidone) (PVP) were purchased from
Sigma-Aldrich (analytical grade). Hydrazine monohydrate
(N,H,; 79%) was obtained from TCI (technical grade,
Japan). The carbon support (Vulcan XC-72) and the
commercial 20 wt % Pt/C catalyst were both procured from
Premetek. All solutions for this study were prepared using
purified water (Milli-Q, 18 MQ-cm).

Physicochemical Characterization. The surface and
morphological properties of the synthesized catalysts were
comprehensively characterized using a suite of analytical
techniques. Field emission scanning electron microscopy
(FESEM, Hitachi S-4800) equipped with an energy-dispersive
X-ray spectroscopy (EDS) attachment and high-resolution
transmission electron microscopy (HR-TEM, Hitachi HF-
3300, and Titan G2) were employed to investigate the
catalysts’ microscopic features. Additionally, high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM, Titan G2 ChemiSTEM Cs probe) provided
detailed morphological insights. The structural properties and
crystalline phases of the catalysts were determined using
powder X-ray diffraction (XRD, Diatome MPD) with a
standard Cu anode and Ka radiation (4 = 1.54 A). Chemical
compositions and surface characteristics were analyzed through
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha) utilizing a monochromatic Al Ka source. To assess the
surface areas and pore-size distributions of the catalysts,
Brunauer—Emmett—Teller (BET) analysis was conducted
using a BELSORP-mini II instrument (Microtrac-BEL).
Additional spectroscopic investigations included ultraviolet—
visible (UV—vis) spectroscopy, performed with a Shimadzu
UV-1900i spectrophotometer, Raman spectroscopy, utilizing
an XploRA micro-Raman spectrophotometer with a 532 nm
laser, and Fourier-transform infrared (FTIR) spectroscopy,
recorded on a Thermo Fisher Scientific Nicolet iS5 FTIR
spectrometer. These comprehensive analyses provided a
thorough understanding of the physicochemical properties of
the synthesized catalysts.

Synthesis of CoCu-ZIF Nanocrystals. The electrode
catalyst for the fuel cell cathode was prepared using a ZIF
structure, as shown in Figure 1. The reflux apparatus was
connected to a three-neck round-bottom flask, and 100 mL of
ethylene glycol (EG) was added. CoCl,-6H,0 (37.5 mM),
CuCl,-2H,0 (12.5 mM), and PVP (1.67 g) were added to the
flask. Subsequently, S mL of N,H, and 4.105 g of 2-
methylimidazole were sequentially added to the solution. To
adjust the pH, S mL of S M NaOH was carefully added to the
mixture while stirring at room temperature. After 5 min, the
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Figure 2. SEM images of CoCu-ZIF structures with different Co:Cu molar ratios in the presence of hydrazine: (a) CoCu-ZIF(10:0), (b) CoCu-
ZIF(3:7), (c) CoCu-ZIF(5:5), (d) CoCu-ZIF(7:3), and (e) CoCu-ZIF(0:10). Insets (a—e): Enlarged images of each specimen. (f) TEM and

TEM-EDS mapping images of CoCu-ZIF(7:3).

solution was slowly heated to the boiling point and maintained
at that temperature for 4 h. After the reaction, the mixture was
thoroughly washed with ethanol and distilled water and then
freeze-dried. The following CoCu-ZIF samples with varying
Co/Cu molar ratios were prepared: CoCu(10:0)-ZIF,
CoCu(7:3)-ZIF, CoCu(5:5)-ZIF, CoCu(3:7)-ZIF, and
CoCu(0:10)-ZIF. To compare the catalytic activities of the
different types of metals, metal precursors of Fe, Mn, and Ni
were synthesized under the same conditions and denoted as
CoM-ZIF (M = Fe, Mn, and Ni). The Co/Cu ratio that
exhibited the highest catalytic activity, ie, CoCu(7:3)-ZIF,
was adopted for the Co:M molar ratio. Each dried sample was
stored in a sealed container until further use.

Preparation of CoCu@NC. Solid CoCu-ZIF (1.0 g) was
subjected to pyrolysis for 2 h in a tube furnace with flowing N,.
The furnace temperature was gradually increased to 250, 500,
750, and 1000 °C at a rate of 5 °C per min to obtain the
optimal fuel cell cathode sample. The resulting CoCu coated
with the N-doped graphitized structures was named CoCu@
NC-t (where t represents the pyrolysis temperature). The
residual substances remaining on the surface of the ZIF
structure after carbonization were removed by stirring in 12 M
HCI for 24 h. Finally, the obtained CoCu@NC was
sequentially washed with ethanol and distilled water and
then freeze-dried. The CoM@NC samples (M = Fe, Mn, or
Ni) were pyrolyzed under the same optimized conditions used
for the pyrolysis of CoCu@NC.

Electrochemical Characterization. All electrochemical
experiments were conducted using a three-electrode system, as
in previous studies.*' A rotating disk electrode (RDE) with an
area of 0.071 cm” and a rotating-ring disk electrode (RRDE)
with a disk area of 0.1256 cm? (disk) were used as the working
electrode. A Hg/HgO electrode served as the reference
electrode, and a Pt wire was used as the counter electrode.
The working electrode was polished with alumina powder and

rinsed with distilled water via sonication to remove any
remaining alumina powder. Each catalyst sample was dispersed
in distilled water to obtain a concentration of 2.0 mg mL™}
and then 5 uL of the dispersed solution was introduced onto
the working electrode three times (total volume = 15 yL) and
dried in a vacuum desiccator. To prevent sample detachment,
S uL of Nafion (0.05 wt %) was drop-coated onto the
electrode surface. All electrochemical measurements for the
ORR were performed in a 0.1 M KOH electrolyte with O, or
N, purging. The measured potentials were converted to the
reversible hydrogen electrode (RHE) scale using the equation
Epue = Eng/mgo + (0.05916 x pH) + 0.14. RRDE and cyclic
voltammetry (CV) experiments were conducted using a CH
instrument (CHI7O0SE), and all electrochemical data were
obtained within an appropriate potential range.

B RESULTS AND DISCUSSION

Role of Hydrazine in Uniform ZIF Structure For-
mation. Hydrazine (Hz) played a crucial role in polyol
synthesis, facilitating the formation of uniform shapes in the
ZIF-67 structures by regulating the reaction. CoCu-ZIF(7:3)
produced without Hz (Figure S1) exhibited irregular particle
sizes and agglomeration, resembling those of CoCu-ZIF(10:0)
and/or CoCu-ZIF(0:10) (Figure 2a,e). This suggests that Hz
is indispensable for achieving uniform shapes in ZIF structures
under rapid synthesis conditions (<4 h). Hence, CoCu-
ZIF(7:3) prepared using Hz was used for the subsequent
evaluation of electrocatalytic activities. Figure S2 shows the
changes in color during the preparation of CoCu-ZIF(7:3)
using Hz. Hz complexates with either Co** or Cu®' in the
presence of 2-methylimidazole (HMIM). During the reaction
of Co** + 3N,H, — [Co(N,H,),;]**,* the color of the Co**
solution shifts from transparent magenta to magenta tinged
with gray. However, the introduction of HMIM into the
solution turns into a vivid purple shade owing to the formation
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Figure 3. SEM images of CoCu@NC-750 (a) before and (b) after acid treatment. (c) TGA and photographs of the CoCu@NC-750 catalyst
during treatment (left vial (I), dark cyan) and after treatment (right vial (II), transparent) in a HCl solution. (d) TEM (inset: corresponding SAED
pattern) and (e) TEM-EDS elemental mapping images of CoCu@NC-750.

of a Co**-HMIM complex prompted by the pH elevation and
finally turns into a deep purple color after the formation of the
ZIF-67 structure. Gradual pH reduction via the addition of
HCI leads to the protonation of HMIM, resulting in the
decomplexation of Co*"-HMIM to Co**-Hz, which transforms
into the magenta-colored initial Co?" solution. In contrast, no
additional color changes were observed for the Cu** solution
after turning brown upon the addition of Hz and/or HMIM, as
the addition of HCI results in the formation of a colorless
complex (CuCl,)*". These chromatic transitions indicate the
crucial role of Hz in facilitating the rapid formation of uniform
ZIF structures via complexation with metal ions.

Structural and Morphological Characteristics of
CoCu-ZIF Precursors. The structural and morphological
characteristics of ZIF structures prepared using Hz and HMIM
and different metal ion concentrations were investigated via
SEM and TEM. The catalysts were labeled CoCu(x:y)-ZIF,
where x and y represent the molar concentration ratios of Co?*
and Cu**. CoCu(10:0)-ZIF and CoCu(0:10)-ZIF were also
synthesized using the same methodology. Despite minor
differences in grain size between CoCu(10:0)-ZIF and
CoCu(0:10)-ZIF, their morphologies closely resemble those
of porous gold nanostructures produced by the dealloying
method.*> When an equal concentration of HMIM was used
with an increasing Co:Cu molar ratio, the size of individual
particles increased in the order of CoCu(3:7)-ZIF <
CoCu(S:5)-ZIF < CoCu(7:3)-ZIF (Figure 2). Notably,
CoCu(7:3)-ZIP exhibited a well-defined structure resembling
a pseudorhombic dodecahedron cage, which is a representative
ZIF structure (Figure 2d).

The TEM and EDS elemental mapping of CoCu(7:3)-ZIF
(Figure 2f) demonstrated a uniform distribution of Co and Cu
within each particle, which is consistent with the structure
observed in the SEM results. Elemental mapping revealed a

higher density of Co than that of Cu, confirming the
characteristic features of a typical ZIF-67.°**7*° Therefore,
unless otherwise stated, the optimized CoCu(7:3)-ZIF was
employed as the precursor for the fuel cell cathode catalyst. To
compare the changes in the catalytic activities resulting from
variations in transition-metal composition, CoM-ZIF (M = Fe,
Mn, and Ni) catalysts were synthesized under the optimized
conditions used for the preparation of CoCu-ZIF(7:3). Figure
S3 shows the SEM images of CoFe-ZIF, CoMn-ZIF, and
CoNi-ZIF. Unlike CoCu-ZIF, CoFe-ZIF and CoMn-ZIF
formed plate-like structures with particle aggregation, whereas
CoNi-ZIF exhibited spherical nanoparticles with diameters of
approximately 90—100 nm.

Structural Stability of CoCu@NC Catalysts. To
optimize the catalytic activity and stability of CoCu-ZIF, we
observed the thermal decomposition behavior of CoCu-
ZIF(7:3) at 250, 500, 750, and 1000 °C (Figures 3 and S4).
The resulting N-doped graphitized structures were named
CoCu@NC-t (where t represents the pyrolysis temperature).
The SEM images of CoCu@NC-750 show that the structural
framework of CoCu-ZIF was maintained, even after acid
treatment (Figure 3a,b). During pyrolysis, Co and Cu were
vaporized, thus etching the carbon frameworks and creating
additional voids inside the ZIFs. The residual nanoparticles
and impurities adhering to the surface of CoCu@NC-750,
which are associated with thermal decomposition, were easily
removed by acid treatment. The photographs in Figure 3c
show the as-synthesized CoCu@NC-750 catalyst immersed in
an HCI solution. The dissolution of Cu** and [Co(Cl),]*~
species during acid treatment (left vial) resulted in a dark cyan
solution. No further metal leaching occurred upon completion
of the acid treatment (right vial), which resulted in a
transparent solution. The weight loss during the acid treatment
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process was <3%, which confirmed the formation of a limited
number of metal nanoparticles on the carbon surface.

The TGA analysis of the ZIF structure demonstrated
minimal weight loss below 550 °C, indicating the preservation
of structural stability (Figure 3c). This result is consistent with
the reported thermal stability of ZIFs.***> A sharp weight loss
of more than 60% was observed as the temperature increased
from 550 to 1000 °C, which indicated the thermal
decomposition of the ZIF structure. Therefore, the pyrolysis
temperatures of CoCu@NC-250 and CoCu@NC-500 were
insufficient to trigger carbonization (Figure S4). During the
thermal decomposition process, the external surface of the
CoCu metal catalyst was transformed into a carbon structure
doped with nitrogen atoms. The high temperature of over 800
°C caused the collapse of the ZIF framework (Figure S4),
while the other samples retained their distinctive pseudo-
rhombic dodecahedral framework. Hence, the most promising
catalytic activity was expected from CoCu@NC-750, which
retained the CoCu-ZIF scaffold while benefiting from
carbonization. CoCu@NC-750 will be referred to as CoCu@
NC if no temperature conditions are specified.

The TEM and STEM mapping images in Figure 3d,e,
respectively, reveal the presence of both Co and Cu
nanoparticles in CoCu@NC-750. The TEM images show
that the metal—carbon boundary is encapsulated in carbon
(Figures 3d and 4). The selected area electron diffraction

carbon
shell COCU

Figure 4. (a) HR-TEM and (b) TEM images of CoCu@NC-750.

(SAED) spot (inset of Figure 3d) indicates the partial
crystallinity of the CoCu nanoparticles covered with the
outer carbon layer. The Co nanoparticles exhibited a darker
and larger appearance than the Cu nanoparticles and were
distributed over a wide range within the carbon matrix. STEM
elemental mapping provided evidence of a metal nanoparticle
core surrounded by a carbon shell. The high-resolution TEM
images shown in Figure 4a reveal metal nanoparticles
encapsulated in carbon, which presumably helped prevent
metal dissolution and enhanced the stability of the catalyst.

Furthermore, carbon nanotubes (CNTs) were partially
observed in the outer region of the carbon layer (Figure 4b).
This phenomenon can be attributed to the presence of a small
number of vacant d-orbitals in the transition metal, which
possess a strong affinity for carbon, forming weak bonds with
the p-orbitals of carbon and leading to the generation of
nanotubes.*>*’

Characterization of CoCu@NC Catalysts. As shown in
Figure Sa, the XRD pattern was used to analyze the chemical

(a)
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o L.ULUAleu A
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Figure 5. (a) XRD patterns and (b) Raman spectra of CoCu-ZIF,
CoCu@NC-250, CoCu@NC-500, CoCu@NC-750, and CoCu@NC-
1000.

structure and crystalline phase of the prepared sample. The
XRD pattern of CoCu-ZIF is consistent with previously
reported patterns.”® The CoCu@NC-250 showed a lower peak
intensity than that of CoCu-ZIF but maintained the same XRD
pattern. However, CoCu@NC-500 did not exhibit a diffraction
pattern or crystallinity, which indicates that 500 °C is
insufficient for the pyrolysis of CoCu-ZIF. In contrast,
CoCu@NC-750 and CoCu@NC-1000 exhibited diffraction
peaks at 20 = 44.1 and 51.4°, corresponding to the (111) and
(200) crystal planes of Co metals, respectively. Moreover, the
diffraction pattern of CoCu@NC-750 corresponds to the fcc
phase.*’ Notably, the overlap in the diffraction pattern of
CoCu@NC could be attributed to the similarity in diffraction
angles of Co and Cu.”” The higher peak intensity of CoCu@
NC-1000 than that of CoCu@NC-750 could be attributed to
its carbon encapsulation. This suggests that the pseudorhom-
bic dodecahedral shape of CoCu@NC-750 was maintained
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Figure 6. Deconvoluted XPS spectra for C 1s, N 1s, Co 2p3/,, and Cu 2p;;, of CoCu-ZIF calcined at different temperatures (RT, 250, 500, 750,
and 1000 °C): CoCu-ZIF, CoCu@NC-250, CoCu@NC-500, CoCu@NC-750, and CoCu@NC-1000.

without any distortion even after the pyrolysis of the CoCu-
ZIF template.

Figure 5b shows the Raman spectra of the prepared catalysts.
The 690.7 cm™" peak of CoCu-ZIF corresponds to the
vibrational mode of the HMIM ligand.49 CoCu@NC-250 and
CoCu-ZIF exhibited the same Raman spectra. In contrast to
the typical Raman spectra exhibited by previously reported
ZIF-67 structures, the Raman spectrum of CoCu-ZIF showed
low peak intensities below 1000 cm™'. This was attributed to
the rapid formation of the ZIF structure at elevated
temperatures in the presence of EG rather than under mild
synthesis conditions. Moreover, the characteristic D and G
bands from carbon allotropes were observed at 1350.3 and
1585.8 cm™', respectively, in CoCu@NC-500, CoCu@NC-
750, and CoCu@NC-1000. The ratios of I, to I for CoCu@
NC-500, CoCu@NC-750, and CoCu@NC-1000 were 0.810,
0.718, and 0.843, respectively. The lower I, to I; ratio
observed in CoCu@NC-750 was attributed to structural
stability during pyrolysis. This can enhance the catalyst activity
owing to the increased conductivity of the catalyst structure
encapsulated by N-doped carbon.

FT-IR spectroscopy was conducted to investigate the
changes in the functional groups associated with the
transformation of CoCu-ZIF to CoCu@NC. Figure S§
shows the FT-IR spectra of the modified samples subjected
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to various pyrolysis conditions. Both CoCu-ZIF and CoCu@
NC-250 exhibited identical spectral patterns consistent with
previous physicochemical analyses.”” These spectra exhibited
C—H and N-H stretching vibrations at 2900—2950 and
2500—3000 cm™!, respectively.’’ Additionally, stretching
vibrations of C—N, C=N, and C=C were observed between
1300 and 1600 cm™'. The distinct FT-IR spectra were not
observed for the structures of the carbon-encapsulated CoCu@
NC-750 and CoCu@NC-1000. However, in the case of
CoCu@NC-500, a weak signal originating from the imidazole
functional groups was detected. These results suggest that the
optimal pyrolysis conditions contribute to the formation of the
shell structure of metal particles within the N-doped carbon,
which subsequently influences catalytic activity and stability.
The surface chemical states and elemental compositions of
the C, N, Co, and Cu species were further investigated using
XPS. Figure 6 shows the C 1s, N 1s, Co 2p3/,, and Cu 2P;,
spectra of the catalysts and their Gaussian-fitted results. The C
Is spectra was fitted into four peaks: the peak at the binding
energy (BE) of 284.2—284.8 eV is attributed to graphitized
sp>-C and sp>-C and those at the higher BEs of 285.1 and
287.1 eV are attributed to C—N and C—O, respectively.”' As
the C content on the catalyst surface increased from 68.4% to
95.6%, the total content of Co (or Cu) decreased from 4.9%
(3.0%) to 0.6% (0.5%), as shown in Table S1. The higher sp*-
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Figure 7. ORR electrocatalysis: (A) CoCu-ZIF, (B) CoCu@NC-250, (C) CoCu@NC-500, (D) CoCu@NC-750, (E) CoCu@NC-1000, and (F)
Pt/C. (a) LSV curves measured in a 0.1 M KOH solution at a scan rate of 10 mV s™' (rotation rate = 1600 rpm). (b, c) CVs obtained in a 0.1 M
KOH at a scan rate of 20 mV s~ with O, or N, purging at CoCu@NC-750 and CoCu@NC-1000, respectively. (d) K—L plots. (e) Tafel slopes. (f)
Comparison of E;/, (vs RHE) and Tafel slopes from panels (a) and (e).

C content in CoCu-ZIF was transformed into sp*-C in
CoCu@NC, where the sp>-C/sp>-C ratio increased from 0.678
to 3.821 (Table S1).

The N 1s spectra were fitted to four peaks at 397.9, 399.6,
400.4, and 402.2 eV, corresponding to pyridinic N, Co—N,
pyrrolic N, and graphitic N, respectively.”> The pyrolysis of
CoCu-ZIF led to an increase in the pyrrolic N and graphitic N
contents. CoCu@NC-750 has a higher Co—N content, likely
attributable to the optimal pyrolysis temperature facilitating
the combination of Co metal with N (Table S2). The Co 2p;/,
spectra were fitted into either two or four peaks at 777.7, 779.2,
781.2, and 784.5 eV, corresponding to the Co metal, Co—C,
Co—N, and the satellite of Co (or possibly CoO),
respectively.” In contrast, two distinct Cu peaks correspond-
ing to Cu metal or Cu(I) oxide and Cu(II) were observed at
932.1 and 934.2-942.4 eV, respectively.”* The presence of
Cu(II) is likely due to the dissolution of copper ions during the
acid wash postpyrolysis. Hence, a pyrolysis temperature of 750
°C was proved to be optimal for preserving the structural
integrity of ZIF, enabling N doping, and ensuring a uniform
distribution of metal nanoparticles on the carbon matrix.

ORR Electrocatalysis. The ORR catalytic activity of a
series of CoCu@NC catalysts was investigated in a 0.1 M
KOH solution using CV or RRDE techniques. CoCu-ZIF and
Pt/C catalysts were also examined for comparison. Figure 7a
shows the linear sweep voltammetry (LSV) curves for all the
synthesized catalysts. CoCu-ZIF, CoCu@NC-250, and
CoCu@NC-500 showed low current densities and half-wave
potentials (E;,,). In contrast, CoCu@NC-750 and CoCu@
NC-1000 exhibited relatively higher E,,, values of 0.816 and
0.783 V, respectively, compared to the others. The onset
potentials exhibited a similar trend to the E,;,, values,
indicating the superior ORR activity of CoCu@NC-750.
Notably, despite being nonprecious metal catalysts, CoCu@
NC-750 and CoCu@NC-1000 showed steeper slopes in the
RDE voltammetry curves in the mixed kinetic-diffusion-

29437

controlled region than those of Pt-20/C. This suggests a
four-electron transfer mechanism for CoCu@NC-750 and
CoCu@NC-1000. The distinction between CoCu@NC-750
and Pt/C becomes even clearer with the variation in rpm in the
RDE voltammetry curves (Figure S6). For a more detailed
measurement, electrodes incorporating the highly active
CoCu@NC-750 and CoCu@NC-1000 catalysts were further
evaluated using CVs, confirming results consistent with the
onset potentials shown in LSV (Figure 7b,c). The Koutecky—
Levich (K—L) plots in Figure 7d show that the electron
transfer numbers (1) of CoCu@NC-750, CoCu@NC-1000,
and Pt/C were 3.79, 3.75, and 3.94, respectively. This
demonstrates the superiority of CoCu@NC catalysts in
facilitating a near four-electron transfer process, which is
pivotal for the efficient oxygen reduction reaction (ORR),
closely approaching the ideal performance exhibited by Pt/C.
The Tafel slopes revealed that CoCu@NC-750 (—50.9 mV
dec™!) exhibited the lowest slope among all the catalysts
(Figure 7e). The lower Tafel slope of CoCu@NC-750 than
that of Pt/C (—58.1 mV dec™) indicated its enhanced
catalytic activity, which is attributed to N doping and structural
stability after pyrolysis. Figure 7f showed that CoCu@NC-750
has superior ORR catalytic activity compared to the other
synthesized catalysts, particularly in terms of E;;, and Tafel
slopes. Although the E; ,, (0.875 V vs RHE) of the commercial
Pt/C catalyst is higher than that of CoCu@NC-750, the
unique pseudorhombic dodecahedral core shape of CoCu and
its N-doped carbon shell contributed to a steeper RDE curve
slope and a lower Tafel slope. The measured electrochemical
catalytic activities are listed in Table 1.

Electrochemical Catalytic Characteristics. Figure 8a
shows the capacitive current density in relation to the scan
rate, where the slope provides insight into the active surface
area of the catalyst. The capacitances relative to the active
surface area for all catalysts were in the following order:
CoCu@NC-750 (Cy = 10.91 mF cm™) > CoCu@NC-1000
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Table 1. Electrocatalytic ORR characteristics of the catalysts

E\pp Eonset HO,™ Ca
catalysts [v] V] n [%] [mF cm™2]
CoCu@NC-750 0.816 0.896 3.80 9.94 1091
CoCu@NC-1000 0.783 0.864 3.78 10.65 2.35
Pt/C 0.875 1.017 391 4.07

(Cyg = 2.35 mF cm™) > CoCu@NC-500 (Cy = 1.39 mF
cm™?) > CoCu@NC-250 (Cy = 0.59 mF cm™?) = CoCu-ZIF
(Cq = 0.71 mF cm™2). This order is consistent with the ORR
catalytic activity trend. CoCu@NC-750 exhibited a notably
higher slope than the other catalysts, which could be attributed
to its well-defined pseudorhombic dodecahedron structure,
whereas the other catalysts experienced more extensive
structural distortion. The ORR performance of these catalysts
is influenced not only by the expanded specific surface area but
also by the consistent distribution of the CoCu core within the
pseudorhombic dodecahedron framework, which enhances the
electrical conductivity and electron transfer rate. The direct
transformation of ORR intermediates into the OH™ product is
significant. Subsequently, the RRDE technique was used to
calculate the yield of the peroxide (HO,™) intermediates and
the n values of the different catalysts. The HO,™ yields (%)
were calculated using the following equation: 200 X (I,/N)/
((I3 + I.)/N), where I and I, represent the ring and the disk in
the RRDE (Figure 8b,c) and N indicates collection
efficiency.”> The order of the HO,™ yields was as follows:
CoCu@NC-750 (9.9%) < CoCu@NC-1000 (10.7%) <
CoCu@NC-500 (22.1%), which indicates that the HO,~
yields increased as the n value decreased. This is consistent

with the RDE results, indicating that the ORR of the proposed
CoCu@NC-750 nanostructure likely follows a direct four-
electron transfer pathway.

Electrochemical impedance spectroscopy (EIS) was used to
analyze the kinetics of each catalyst. The charge-transfer
resistance values (R,), estimated from the semicircle at low
frequency (high Z'), showed that CoCu@NC-750 and
CoCu@NC-1000 exhibited lower charge-transfer efficiency
than those of the other catalysts (Figure 8d). This was because
CoCu@NC-250 and CoCu@NC-500, which were pyrolyzed
at comparatively low temperatures, exhibited minimal carbon-
ization. The charge-transfer resistance values for all catalysts
were in the order of CoCu-ZIF > CoCu@NC-250 > CoCu@
NC-500 > CoCu@NC-1000 (Z' = 213.1) > CoCu@NC-750
(Z’ = 173.2). In addition to its catalytic performance, CoCu@
NC-750 demonstrated high stability and durability during the
ORR. The overpotential of CoCu@NC-750 at E,,, shifted
positively by 11 mV after 10,000 CV cycles (Figure 8e), which
is smaller than that of commercial Pt/C (55 mV). These
results suggest that CoCu@NC-750 retained its high catalytic
activity and superior stability after long-term cycling during the
ORR. Furthermore, during a 12-h ORR process, the current
density of CoCu@NC-750 decreased by 0.8%, whereas that of
Pt/C showed a larger decline of 8.3% (Figure 8f). These
results reveal the enhanced stability of CoCu@NC-750
compared to that of Pt/C, likely due to the N-doped carbon
coating on the CoCu-core surface.

The superior catalytic activity of CoCu@NC-750 is
attributed to several factors. The bimetallic core enhances
electron conductivity and modifies the adsorption energy of
the reaction intermediates, thereby limiting their accumulation.
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Figure 8. Electrochemical catalytic characteristics of (A) CoCu-ZIF, (B) CoCu@NC-250, (C) CoCu@NC-500, (D) CoCu@NC-750, (E)
CoCu@NC-1000, and (F) Pt/C. (a) Plots of the capacitive current density (Aj at 0.67 V vs RHE) as a function of the scan rate obtained from
cyclic voltammograms (CVs). (b) Representative RRDE voltammograms of CoCu@NC-750 in 0.1 M KOH at a scan rate of 10 mV s™' (rotation
rate = 1600 rpm). (c) n-values and peroxide yield at 0.3 V (vs RHE) obtained from (D), (E), and (F). (d) EIS measurements of different catalysts
for ORR in an O,-saturated 0.1 M KOH solution at a potential of 0.85 V vs RHE (rotation rate = 1600 rpm). (e) Stability test for (D) and (F)
before and after 10,000 cycles of ORR in a 0.1 M KOH solution at a scan rate of 10 mV s™' (inset: magnified view of the E,,, region). (f)
Chronoamperometric i—t responses of (D) and (F) in an O,-saturated 0.1 M KOH solution at 1600 rpm at a potential of 0.71 V (vs RHE) for 12

h. The measured values were converted into current percentages.
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The carbon layer shielding the transition metals contributes to
improving catalyst stability and durability during the electrode
reaction process. The carbon layer enveloping the CoCu
surface, influenced by N doping and the partial formation of
CNTs, leads to a significant increase in the surface area,
thereby enhancing the number of catalytic active sites. These
combined effects contributed to the high ORR catalytic activity
of the optimized CoCu@NC-750 structure.

B CONCLUSIONS

The CoCu-ZIF(7:3) structure, possessing a well-defined
pseudorhombic dodecahedral structure with uniformly dis-
tributed Co and Cu, was identified as an optimal precursor for
fuel cell cathode catalysts. The presence of hydrazine facilitated
the formation of a uniformly shaped structure at high
temperatures. Among the synthesized CoCu@NC catalysts,
CoCu@NC-750 demonstrated the best results in terms of E, ,
electron transfer reaction, and Tafel slope in the evaluation of
ORR catalytic activity. In stability tests, CoCu@NC-750
exhibited minimal overpotential change after 10,000 CV cycles
and only a 0.8% decrease in current density over a 12-h ORR
process, outperforming commercial Pt/C. The pseudorhombic
dodecahedral framework of the CoCu core and its surrounding
carbonaceous layer likely played a role in enhancing both
catalytic activity and stability. The RRDE results indicated a
low generation rate of the intermediate peroxide, suggesting
that the ORR proceeds via a complete four-electron transfer
reaction. Overall, CoCu@NC-750 synthesized under opti-
mized conditions demonstrated comparable catalytic activity to
that of commercial Pt/C, which indicates its potential as an
alternative catalyst to Pt in ORR.
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