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Spatially Immobilized PtPdFeCoNi as an Excellent
Bifunctional Oxygen Electrocatalyst for Zinc—Air Battery

Mingkuan Xie, Yu Lu, Xin Xiao,* Duojie Wu, Bing Shao, Hao Nian, Chunsheng Wu,
Wenjuan Wang, Jun Gu, Songbai Han, Meng Gu, and Qiang Xu*

Developing efficient oxygen electrocatalysts with low cost, high catalytic
activity, and robust stability remains a formidable challenge for rechargeable
zinc—air batteries (ZABs). Herein, highly dispersed ultrasmall PtPdFeCoNi
high-entropy alloy nanoparticles with a size of ¥ 2 nm and randomly
distributed multimetallic single atoms spatially immobilized on the 3D
hierarchically ordered porous nitrogen-doped carbon skeleton (denoted as
PtPdFeCoNi/HOPNC) are successfully synthesized via ultra-rapid Joule
heating process. The spatial immobilization on 3D HOPNC skeleton is the key
to the high dispersion of multi-active sites of oxygen electrocatalysts, and the
formed hierarchical pore structure is conducive to the successful construction
of the rapid mass transfer channel. As a result, the as-prepared
PtPdFeCoNi/HOPNC exhibits a positive half-wave potential of 0.866 V versus
RHE for oxygen reduction reaction (ORR), a low overpotential of 310 mV at
10 mA cm~2 for oxygen evolution reaction (OER), and low Tafel slopes for
both ORR and OER. Furthermore, ZAB using PtPdFeCoNi/HOPNC as
bifunctional oxygen catalysts exhibits excellent rate performances and
superior cycling stability, surpassing that of a commercial Pt/C-RuO, mixture.
The spatial immobilization strategy of HOPNC provides a new idea for the
design and synthesis of efficient catalysts for various applications.

1. Introduction

Advanced energy storage/conversion technologies are highly de-
manded for zero carbon emission and high energy conversion
efficiency.!l Rechargeable zinc—air batteries (ZABs) are regarded
as one of the most promising electrochemical energy storage and

conversion devices due to their low cost,
high safety, environmental friendliness,
and comparable theoretical energy density
(1086 Wh kg~!).2l However, rechargeable
ZABs still suffer from severe charge—
discharge polarization and short cycle life
owing to the sluggish oxygen reduction
reaction (ORR) and oxygen evolution reac-
tion (OER) kinetics and the poor stability
of the air cathode.l’! To date, commercial
noble metal-based materials (e.g., Pt, Pd,
RuO,, and Ir0O,) are regarded as the bench-
mark electrocatalysts for either ORR or
OER.Y However, the high cost, limited
mono-functionality, and poor stability ob-
viously limit their large-scale applications
in ZABs. Therefore, efficient bifunctional
oxygen eletrocatalysts with low noble
metal content, low cost, high catalytic
activity, and robust stability are urgently
required.

Electrocatalysts with dense active sites
and open skeleton structures are of great
importance. Recently, high-entropy alloys
(HEAs) have sparked extensive attention
due to their entropic effect, cocktail effect,
lattice distortion, and sluggish diffusion effect, which enable
them with superior catalytic activity and stability to tradi-
tional single metals or common alloys.’) However, the sizes
of most reported HEA nanoparticles (NPs) are larger than
10 nm, because high temperatures are usually required dur-
ing the synthetic process, which inevitably accelerates the
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diffusion of atoms, resulting in the growth and aggregation of
particles. In recent years, researchers have made significant ef-
forts to prepare ultrasmall HEA NPs,!% while more efficient
approaches are still being found in the way. Among the syn-
thetic strategies, the spatial immobilization strategy possesses
great merits. For instance, specific anchor sites on well-defined
open support skeletons can spatially immobilize the NPs, de-
creasing their aggregation and thus endowing them with a uni-
form distribution.l”] For the sake of excellent catalytic perfor-
mance, catalysts with open structures, such as abundant pore
structures, are conducive to the fast mass transfer process, which
can ensure the timely supplement of reactants and the release
of the discharge products during the catalytic process. Espe-
cially for the cathode in ZABs, the electrocatalyst and the air
electrode constitute the reaction environment of the gas—solid—
liquid triple-phase interface, in which the surface/interface prop-
erties of the electrocatalyst play a pivotal role in the kinetic ac-
tivity of both ORR and OER.®] Therefore, great efforts should
be made to elaborately design open support skeletons for well
dispersing the HEA NPs and accelerating the mass transfer
process.

Metal-organic framework (MOF)-derived porous nitrogen-
doped carbon skeletons, such as ZIF-8-derived nitrogen-doped
carbon (denoted as NC), can be used as an effective support to dis-
perse and stabilize metal NPs due to their strong affinity to metal
NPs, excellent conductivity, stable 3D porous structure, high
surface area, and so on.’) However, ZIF-8-derived NC contains
mainly micropores, having insufficient spatial room for dispers-
ing NPs, thus still resulting in NP aggregation and unfavorable
slow mass transport during the catalytic processes. To address
such a thorny issue, 3D hierarchically ordered porous nitrogen-
doped carbon (HOPNC) skeleton connected by micro-, meso-,
and macropores has been recently constructed to well disperse
ultrasmall NPs and reduce mass transfer resistance simultane-
ously due to the highly open spatial structure and interconnected
channels.[1%

Herein, we report an ultra-rapid Joule heating process to
synthesize highly dispersed ultrasmall PtPdFeCoNi HEA NPs
with a size of ~2 nm and randomly distributed multimetal-
lic single atoms simultaneously, which are spatially immobi-
lized on the 3D hierarchically ordered porous nitrogen-doped
carbon skeleton (denoted as PtPdFeCoNi/HOPNC). Thanks to
the spatial immobilization of the HEA NPs and multimetal-
lic single atoms on the 3D HOPNC skeleton and the suc-
cessful construction of interconnected channels for fast mass
transfer, the as-prepared PtPdFeCoNi/HOPNC exhibits supe-
rior bifunctional electrocatalytic performances with a posi-
tive half-wave potential (E;;,) of 0.866 V versus RHE for
ORR, a low overpotential of 310 mV at 10 mA cm™? for
OER, and favorable ORR/OER kinetic characteristics. Fur-
thermore, PtPdFeCoNi/HOPNC-based ZAB exhibits excellent
rate performances and cycling stability, surpassing those of
commercial Pt/C-RuO,-based ZAB. This work not only en-
riches the recipes of maximizing the utilization of multi-
active sites of oxygen electrocatalysts and boosting the re-
action kinetics but also sheds light on the rational de-
sign and synthesis of efficient oxygen electrocatalysts to-
ward broad applications for energy storage and conversion
systems.
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2. Results and Discussion

2.1. Synthesis and Characterizations of Electrocatalysts

The synthesis of the PtPdFeCoNi/HOPNC is schematically il-
lustrated in Figure 1. Briefly, 3D ordered polystyrene sphere
(PS) templates were added into the saturated methanolic so-
lution containing 2-methylimidazole and Zn(NO;),-6H,0, and
then a blended CH;OH/NH,;-H,O solution was added to in-
duce the generation of ZIF-8 crystalline phase (ZIF-8@PS).l"!]
Afterward, 3D hierarchically ordered porous ZIF-8 (denoted
as HOP-ZIF-8) was successfully fabricated after removing the
PS templates (Figure Sla, Supporting Information). The pow-
der X-ray diffraction (PXRD) pattern shows that all the char-
acteristic peaks of HOM-ZIF-8 match well with those of ZIF-8
and simulated ZIF-8 (Figure S1b, Supporting Information). No
peaks corresponding to PS were detected, further demonstrat-
ing that the PS templates were completely removed. A highly
conductive HOPNC support with well-defined polyhedral mor-
phology was obtained after further carbonization of HOP-ZIF-
8 (Figure S2a, Supporting Information). Meanwhile, metal ions
could be easily absorbed on HOPNC through a wet impreg-
nation method owing to the existence of abundant micropores
in HOPNC.['! Finally, ultrasmall PtPdFeCoNi HEA NPs and
multimetallic single atoms spatially immobilized on HOPNC
(PtPdFeCoNi/HOPNC) were successfully synthesized through
Joule heating process (Figure S2b, Supporting Information), dur-
ing which metal ions could be converted to form ultrasmall HEA
NPs and multimetallic single atoms in a short time.[*?] The typ-
ical scanning electron microscopy (SEM) images indicate that
PtPdFeCoNi/HOPNC displays a uniform polyhedral structure
with abundant ordered macropores with pore sizes ranging from
~ 80 to 110 nm (Figure 2a; Figure S3a, Supporting Informa-
tion). Meanwhile, the SEM and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) im-
ages suggest that the macropores of carbon support are inter-
connected by mesopores (Figures S3b—d, Supporting Informa-
tion). These properties are favorable to the mass transfer dur-
ing the electrocatalytic processes.[*] Besides, NC support de-
rived from ZIF-8 was also fabricated. The PXRD patterns and
Raman spectra of HOPNC and NC are similar, indicating the de-
gree of graphitization between them is almost the same (Figure
S4, Supporting Information). The SEM images show that the
obtained NC support loaded with PtPdFeCoNi HEA NPs (de-
noted as PtPdFeCoNi/NC) inherits the rhomboid-shaped dodec-
ahedron morphology of NC without apparently visible pore struc-
ture (Figure S5, Supporting Information). Besides, the commer-
cial XC-72R was also used as a support to load PtPdFeCoNi HEA
NPs (denoted as PtPdFeCoNi/XC-72R) for further comparison.
The SEM images shown in Figure S6 (Supporting Information)
indicate that PtPdFeCoNi/XC-72R displays no obvious morpho-
logical change compared with XC-72R.

TEM was further performed to reveal the unique microstruc-
ture of the as-prepared catalysts. As shown in Figure 2b,c, Pt-
PdFeCoNi HEA NPs are uniformly dispersed on the HOPNC
support with a mean size of ~ 2.10 nm according to the par-
ticle size statistics. Surprisingly, in addition to the PtPdFeCoNi
HEA NPs, plenty of multimetallic single atoms can also be iden-
tified on the HOPNC matrix, as manifested by the atomically
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Figure 2. a) SEM image, b) TEM image and c) corresponding particle size distribution, d) HAADF-STEM image, e) atomically resolved HAADF-STEM
image of region A in (d), f) corresponding FFT filtered image of region B in (d) (Inset: corresponding FFT pattern), g) HAADF-STEM image and corre-
sponding EDX elemental mapping images of PtPdFeCoNi/HOPNC.
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Figure 3. a) PXRD patterns of the as-prepared catalysts. High-resolution XPS spectra of b) Pt 4f, c) Pd 3d, d) Fe 2p, e) Co 2p, and f) Ni 2p for PtPdFe-

CoNi/HOPNC.

resolved HAADF-STEM image (Figure 2d) where they are high-
lighted by yellow circles. In contrast, PtPdFeCoNi HEA NPs with
a mean size of ~6.74 nm are densely dispersed on the external
surface of the NC support (Figure S7, Supporting Information).
As shown in Figure S8 (Supporting Information), PtPbFeCoNi
HEA NPs and plenty of multimetallic single atoms also coexist
in PtPdFeCoNi/NC. However, a very wide particle size distribu-
tion was observed in PtPdFeCoNi/XC-72R, ranging from a few to
tens of nanometers. HAADF-STEM and corresponding EDX ele-
mental mapping images of PtPdFeCoNi/XC-72R further confirm
the coalescence phenomenon of HEA NPs (Figure S9, Support-
ing Information). The appearance of abnormally large HEA NPs
indicates the occurrence of Ostwald ripening, resulting in severe
sintering.['*l The above results indicate that HOPNC support
plays a significant role in the spatial immobilization of the HEA
NPs, thereby leading to the uniform distribution and maximized
exposure of active sites. The HAADF-STEM image shown in
Figure 2e exhibits the lattice spaces 0f 0.218 and 0.183 nm, which
correspond to the (111) and (200) planes of the face-centered cu-
bic (FCC) phase of Pt, respectively. The fast Fourier transforma-
tion (FFT) pattern shown in Figure 2f also demonstrates that the
PtPdFeCoNi HEA NP is a typical FCC structure, in which the pat-
tern is indexed to a zone axis of [011] with the diffraction planes of
{111} and {200}. The energy dispersive X-ray spectroscopy (EDX)
elemental mapping images show that the Pt, Pd, Fe, Co, and Niel-
ements are uniformly distributed in a single nanoparticle for Pt-
PdFeCoNi/HOPNC (Figure 2g). According to the inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) analysis,
the total metal loading for PtPdFeCoNi/HOPNC is 12.10 wt.%,
and the content of each metal is shown in Table S1 (Supporting
Information).

The PXRD patterns reveal that the as-prepared catalysts dis-
play a typical FCC structure (Figure 3a). The peaks located at
41.9°, 48.6°, and 71.2° correspond to the (111), (200), and (220)
planes of FCC phase, respectively.'>! It should be noted that
the peak positions of PtPdFeCoNi HEA shift to a higher angle
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than those of standard Pt (JCPDS No. 04-0802), indicating that
PtPdFeCoNi HEA formed by alloying five hetero-principal ele-
ments with different atomic radii exists a certain compressive
strain.l'®! Obviously, the characteristic peaks of PtPdFeCoNi/XC-
72, PtPdFeCoNi/NC, and PtPdFeCoNi/HOPNC become wider
sequentially, indicating that the size of PtPdFeCoNi HEA NPs de-
creases successively.['* This result matches well with the statis-
tics of HAADF-STEM images and further indicates that the sup-
port plays a vital influence on the size of the formed HEA NPs.
X-ray photoelectron spectroscopy (XPS) was applied to deter-
mine the surface composition and elemental state of the cata-
lysts. High-resolution XPS spectra shown in Figures 3b-f indi-
cate that Pt, Pd, Fe, Co, and Ni exist in both metallic and oxida-
tion states. The presence of oxidation state might be caused by
the surface oxidation of PtPdFeCoNi/HOPNC when exposed to
air.l’”] Besides, the appearance of C-N in the high-resolution XPS
spectrum of C 1s and pyrrolic N, pyridinic N, and graphitic N
in the high-resolution XPS spectrum of N 1s demonstrates that
N atoms are successfully doped into the carbon framework in
the HOPNC (Figure S10, Supporting Information).'81°! The ex-
istence of pyridinic and pyrrolic N species in HOPNC contributes
to strong interactions between metal species (i.e., NPs and single
atoms) and substrate. This interaction helps to prevent the ob-
vious aggregation of NPs and facilitates the formation of single
atoms via metal-N bonding (Figure S10b, Supporting Informa-
tion). This can also be vividly confirmed by the coalescence phe-
nomenon of PtPdFeCoNi HEA NPs on XC-72R support, as there
are no N species in XC-72R support.

The valence states and local coordination environments of Fe
in PtPdFeCoNi/HOPNC were further measured through the X-
ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements. As shown in
Figure S1la (Supporting Information), the Fe K-edge in PtPdFe-
CoNi/HOPNC exhibits a slight rightward shift compared with
that of Fe foil, primarily due to the low electronegativity of Fe,
which leads to an electron-deficient state. The Fourier transform
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(FT) EXAFS spectra of Fe K-edge reveal the peaks ~ 1.45 and 2.13
A, which can be assigned to the Fe-N and Fe-metal scattering
paths, respectively (Figure S11b, Supporting Information). The
wavelet transform (WT) analysis also identifies the existence of
both Fe-N and Fe-metal paths in PtPdFeCoNi/HOPNC (Figure
S12a, Supporting Information), distinguishing them from those
in Fe foil (Figure S12b, Supporting Information). The EXAFS fit-
ting curves and the corresponding structural fitting parameters
of the Fe K-edge indicate that the average coordination number
for the Fe-N bonding configuration is 4.02, implying the pres-
ence of Fe-N, structure (Figure S13 and Table S2, Supporting
Information). Besides, two different types of Fe-metal bonding
configurations with bond lengths of 2.59 and 2.88 A can be ob-
served, corresponding to coordination numbers of 3.51 and 1.20,
respectively. These characterizations further demonstrate the co-
existence of multimetallic single atoms and HEA NPs for PtPdFe-
CoNi/HOPNC.

The in-depth investigation of porosity, including pore size dis-
tribution and specific surface area, was performed using N, ad-
sorption/desorption analysis. As shown in Figure S14a (Support-
ing Information), the abrupt increase in the adsorption isotherm
at relatively low pressure (P/P, < 0.01) for PtPdFeCoNi/NC can
be used as a convincing proof for the high concentration of mi-
cropores, which are in favor of anchoring the isolated metal sites
due to the resultant high specific surface area.[?>2!l The combined
type-1/1V isotherms of PtPdFeCoNi/HOPNC and HOPNC show
high nitrogen adsorptions at lower pressure and the typical hys-
teresis loops, demonstrating the coexistence of micropores and
mesopores (Figure S14a, Supporting Information). Moreover, no
plateau was observed in the isotherms of PtPdFeCoNi/HOPNC
and HOPNC when the P/P, value is close to 1, suggesting the
existence of macroporous structure (Figure S14a, Supporting In-
formation). It is believed that N, adsorption mainly depends on
the micropores in the sample for the Brunauer-Emmett-Teller
(BET) test. In general, the higher the N, adsorption, the larger
the BET surface area. In our case, the similar surface areas of
PtPdFeCoNi/HOPNC and PtPdFeCoNi/NC may be due to their
similar micropores. The pore volume of PtPdFeCoNi/HOPNC is
larger than that of PtPdFeCoNi/NC, which may be due to the ex-
istence of abundant mesopores and macropores in HOPNC in
addition to micropores (Figure S14b, Supporting Information).
The BET surface area of PtPdFeCoNi/HOPNC is slightly lower
than that of HOPNC, indicating the reduction of micropores
in HOPNC (Figure S14c, Supporting Information), probably be-
cause the loaded PtPdFeCoNi HEA NPs blocked part of the mi-
cropores in HOPNC. There is neither high nitrogen adsorption
at low pressure nor a typical hysteresis loop for PtPdFeCoNi/XC-
72R (Figure S14a, Supporting Information), demonstrating its
low specific surface area and poor pore structure. Owing to the
successful construction of highly open spatial architecture and
interconnected channels, PtPdFeCoNi/HOPNC displays a higher
pore volume of 1.03 cm?® g~! and a comparable specific surface
area (902.14 m? g~!) compared with those of PtPdFeCoNi/NC
(Figure S14c, Supporting Information). Due to the high pore vol-
ume of mesopores and macropores, more inner spaces are avail-
able for immobilizing NPs, resulting in the more uniform dis-
tribution of PtPdFeCoNi NPs immobilized both on the surface
of inner spaces and on the outer surface of HOPNC, in contrast
to the case of NC where NPs are immobilized only on the outer
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surface. Meanwhile, the abundant channels can also enable the
PtPdFeCoNi/HOPNC catalyst to achieve a rapid mass transfer
during the electrocatalytic process, thereby improving ORR and
OER performances.

2.2. Electrocatalytic Performance Characterizations

The ORR performance of the as-prepared catalysts was first
evaluated in O,-saturated 0.1 m KOH solution. Notably, immo-
bilizing ultrasmall PtPdFeCoNi NPs and multimetallic single
atoms on HOPNC significantly enhanced the electrocatalytic ac-
tivity. As shown in Figure 4a, the E;, changes from 0.822 V
for HOPNC to 0.866 V for PtPdFeCoNi/HOPNC, which demon-
strates that the metal active sites play a vital role in excellent
ORR activity. Furthermore, the E;, of PtPdFeCoNi/HOPNC is
comparable to that of the commercial Pt/C (0.868 V) and supe-
rior to those of PtPdFeCoNi/NC (0.852 V) and PtPdFeCoNi/XC-
72R (0.827 V), demonstrating the outstanding electrocatalytic
activity of PtPdFeCoNi/HOPNC electrode for ORR. Generally
speaking, a small Tafel slope indicates an accelerated reaction
kinetics. Obviously, PtPdFeCoNi/HOPNC was proved with the
lowest Tafel slope (53.9 mV dec™!) compared with those of
PtPdFeCoNi/XC-72R (82.8 mV dec™!), PtPdFeCoNi/NC (64.2 mV
dec™), and benchmark Pt/C (63.1 mV dec™!), indicating the
fastest kinetic of PtPdFeCoNi/HOPNC toward ORR (Figure 4b).
The kinetic current density (J,) was extracted to further de-
termine the kinetic process. As shown in Figure 4c, PtPdFe-
CoNi/HOPNC shows the highest J, of 13.89 mA cm™ at 0.85 V,
which is much superior to those of commercial Pt/C (11.20 mA
cm~?), PtPdFeCoNi/NC (5.57 mA ¢cm™2), and PtPdFeCoNi/XC-
72R (3.33 mA cm™). The excellent ORR kinetic of PtPdFe-
CoNi/HOPNC could be attributed to the hierarchically ordered
porous structure, which is beneficial to accelerate the mass trans-
fer during ORR process.!??] Besides, the rotating ring disk elec-
trode (RRDE) measurement at 0.2-0.7 V versus RHE shows a
lower H,O0, yield and higher electron transfer number (n) for
PtPdFeCoNi/HOPNC than PtPdFeCoNi/NC (Figure 4d), indicat-
ing a higher selectivity on PtPdFeCoNi/HOPNC electrode. The
corresponding Koutecky-Levich (K-L) plots exhibit good linearity
between ]! and w2 and similar slopes (Figure 4e), demon-
strating the first-order reaction kinetic of PtPdFeCoNi/HOPNC
for oxygen concentration.””! Meanwhile, the RRDE measure-
ments and K-L plots consistently suggest an almost 4e~ ORR
pathway for PtPdFeCoNi/HOPNC under alkaline condition.[?3]
Apart from the ORR activity, the long-term stability of PtPdFe-
CoNi/HOPNC was measured by an accelerated durability test.
After 5000 cyclic voltammetry (CV) cycles, the E;,, of PtPdFe-
CoNi/HOPNC is almost the same as initial (Figure 4f), whereas
there is obvious negative shift for the commercial Pt/C (Figure
S15a, Supporting Information), indicating the superior electro-
chemical stability of PtPdFeCoNi/HOPNC against ORR. In addi-
tion, the methanol tolerance of PtPdFeCoNi/HOPNC was eval-
uated via chronoamperometry test. As shown in Figure S15b
(Supporting Information), the commercial Pt/C displays a sharp
current reduction after injecting 1 mL of methanol into O,-
saturated 0.1 v KOH, while PtPdFeCoNi/HOPNC exhibits a tiny
current change, revealing its superb ability to resist methanol
poisoning.

© 2024 Wiley-VCH GmbH
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the as-prepared catalysts.

Furthermore, the OER performance of the as-prepared elec-
trocatalysts was evaluated to assess the bifunctional catalytic
ability. As shown in Figure 5a, the PtPdFeCoNi/HOPNC ex-
hibits the lowest overpotential of 310 mV to achieve a cur-
rent density of 10 mA cm™2, which is superior to those of
the commercial RuO, (322 mV), PtPdFeCoNi/NC (336 mV),
and PtPdFeCoNi/XC-72R (373 mV), demonstrating a decent
activity of PtPdFeCoNi/HOPNC electrode toward OER among
the compared catalysts. In addition, PtPdFeCoNi/HOPNC re-
quires the lowest overpotentials at the high current densities of
50 mA cm~2 and 100 mA cm~2 compared with PtPdFeCoNi/NC,
PtPdFeCoNi/XC-72R, and commercial RuO, (Figure 5a; S16,
Supporting Information). The outstanding catalytic activity of Pt-
PdFeCoNi/HOPNC electrode at high current densities is prob-
ably caused by the abundant channels of HOPNC support,
which enables it with excellent mass transfer ability. Moreover,
Tafel slopes were further explored to evaluate OER kinetics. As
shown in Figure 5b, PtPdFeCoNi/HOPNC affords the lowest
Tafel slope of 88.7 mV dec™! compared with those of commercial
RuO, (179.6 mV dec™!), PtPdFeCoNi/NC (114.7 mV dec™!), and
PtPdFeCoNi/XC-72R (133.9 mV dec™), suggesting the fastest
OER kinetics process on PtPdFeCoNi/HOPNC electrode among
the compared catalysts. Chronopotentiometry tests at 10 mA
cm~2 were performed on PtPdFeCoNi/HOPNC and commercial
RuO, to assess the catalytic stability. PtPdFeCoNi/HOPNC dis-
plays a much smaller potential change than commercial RuO,
and can stably maintain over 40 h at a current density of 10 mA
cm™2, supporting its excellent OER stability (Figure 5c). The
charge transfer rate during OER process was revealed by elec-
trochemical impedance spectroscopy (EIS) test and the qualita-
tive judgment could be made by the size of the semi-arc from

Adv. Funct. Mater. 2024, 2414537
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the Nyquist plots. The result suggests that the charge transfer
resistance (R.,) of PtPdFeCoNi/HOPNC is the lowest among the
compared catalysts (Figure 5d), which is consistent with the trend
of OER activity. Electrochemically active surface areas (ECSAs)
were further determined by the double-layer capacitance (Cy)
measurements in the non-Faradaic region (Figure S17, Support-
ing Information) to reflect the accessibility of active sites during
the electrocatalytic reaction. As displayed in Figure 5e, PtPdFe-
CoNi/HOPNC shows a much higher C, value (20.36 mF cm™2)
than PtPdFeCoNi/NC (8.79 mF cm~2) and PtPdFeCoNi/XC-72R
(2.33 mF cm™?), demonstrating that PtPdFeCoNi/HOPNC can
maximize the exposure of active sites. Based on the promising
ORR and OER performances of the as-prepared catalysts, the
bifunctional performance was further quantified by the oxygen
electrode activity parameter (AE = Ej;, - E, ), in which Ej,
and I, represent the potential under the current density of
10 mA cm~2 for OER and the half-wave potential for ORR, re-
spectively. As shown in Figure 5f, the calculated AE value for
PtPdFeCoNi/HOPNC is 0.674 V, which is smallest among the
control samples, even lower than that of commercial Pt/C-RuO,
(0.684 V), revealing the excellent bifunctional activity of PtPdFe-
CoNi/HOPNC toward OER and ORR. It is noteworthy that the
potential difference of PtPdFeCoNi/HOPNC is also smaller than
or comparable to that of other reported bifunctional catalysts
(Table S3, Supporting Information), further confirming its excel-
lent bifunctional activity.

In order to distinguish the catalytic role of multimetallic single
atoms and HEA NPs, the catalyst with multimetallic single atoms
immobilized on HOPNC (MSAs/HOPNC) was synthesized. The
PXRD pattern of MSAs/HOPNC is similar to that of HOPNC
and no obvious characteristic peaks of metal nanoparticles were

© 2024 Wiley-VCH GmbH
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Figure 5. a) OER polarization curves and b) corresponding Tafel slopes, c) chronopotentiometry curves measured at a constant current density of 10 mA
cm~2, d) Nyquist plots, €) Cy, and f) comparison of bifunctional activity of the as-prepared catalysts.

observed (Figure S18a, Supporting Information). HAADF-STEM
image further suggests that the metal components loaded on
HOPNC mainly exist in the form of single atoms (Figure S18b,
Supporting Information). The catalytic performance results show
that MSAs/HOPNC possesses outstanding ORR catalytic perfor-
mance but not satisfactory OER catalytic performance compared
with PtPdFeCoNi/HOPNC, indicating that the ORR and OER ac-
tivities may be mainly from single atoms and nanoparticles, re-
spectively (Figure S19, Supporting Information).

A quasi-solid-state ZAB using the transparent and robust hy-
drogel as an electrolyte was assembled by employing PtPdFe-
CoNi/HOPNC as the air cathode catalysts to further demon-
strate its potential practical application (Figures S20a-d, Sup-
porting Information). For comparison, another ZAB using
a commercial Pt/C-RuO, mixture as the air cathode catalyst
was also assembled and evaluated under the same condition.
Notably, the PtPdFeCoNi/HOPNC-based quasi-solid-state ZAB
can easily power up a commercial light-emitting diode light
that displays “SUSTech” (Figure S20e, Supporting Informa-
tion), indicating its promising application in microelectronic de-
vices. As shown in Figure 6a, the PtPdFeCoNi/HOPNC-based
ZAB displays an open-circuit voltage of ~1.401 V, which is
nearly as high as that of commercial Pt/C-RuO,-based ZAB
(1.405 V). The PtPdFeCoNi/HOPNC-based ZAB shows compa-
rable discharging ability to commercial Pt/C-RuO, counterpart,
but exhibits a much superior charging ability, meaning that
PtPdFeCoNi/HOPNC-based ZAB can achieve a lower charge-
discharge polarization (Figure 6b). The PtPdFeCoNi/HOPNC-
based ZAB can achieve a peak power density of 233.94 mW
cm™ at a low current density of 273.3 mA cm~ (Figure 6¢). Ad-
ditionally, the rate performance of PtPdFeCoNi/HOPNC-based

Adv. Funct. Mater. 2024, 2414537
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ZAB was assessed via galvanostatic discharge tests with current
densities ranging from 5 to 25 mA cm™2. Figure 6d shows that
PtPdFeCoNi/HOPNC-based ZAB can maintain a more stable
and higher voltage plateau than Pt/C-RuO,-based ZAB at high
current densities (i.e., 15, 20, and 25 mA c¢m~?), demonstrating
the fast discharge process for PtPdFeCoNi/HOPNC-based ZAB.
This might be attributed to the hierarchically ordered porous
structure of PtPdFeCoNi/HOPNC electrocatalyst. The long-term
rechargeable ability of PtPdFeCoNi/HOPNC- and Pt/C-RuO,-
based ZABs at 10 mA cm™2 was evaluated and the results
are shown in Figure Ge. The continuous galvanostatic charge-
discharge curve of PtPdFeCoNi/HOPNC-based ZAB demon-
strates a negligible activity decay over 165 h of operation, re-
vealing its excellent rechargeability. In contrast, Pt/C-RuO,-based
ZAB begins to decay sharply after ~ 145 h. Hence, PtPdFe-
CoNi/HOPNC has the potential to replace the commercial Pt/C
and RuO, as a bifunctional cathodic catalyst in ZAB.

3. Conclusions

In summary, highly dispersed ultrasmall PtPdFeCoNi HEA NPs
and randomly distributed multimetallic single atoms were suc-
cessfully spatially immobilized on 3D hierarchically ordered
porous nitrogen-doped carbon skeleton via an ultra-rapid Joule
heating process. The combination of strong metal anchor sites,
hierarchical micro-/meso-/macroporosity, large specific surface
area, and spacious pore volume was found to be crucial for achiev-
ing the special spatial immobilization effect, thus maximizing
the exposure of the bifunctional electrocatalytic sites and en-
suring fast mass transfer. The resultant PtPdFeCoNi/HOPNC
exhibits superior bifunctional electrocatalytic performance with

© 2024 Wiley-VCH GmbH
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Figure 6. a) Comparison of open-circuit voltage curves, b) discharge and charge polarization curves, c) power density curves at discharging process,
d) galvanostatic discharge curves at different current densities, and e) charge-discharge cycling performance of PtPdFeCoNi/HOPNC- and Pt/C-RuO,-

based ZABs.

a positive half-wave potential of 0.866 V vs RHE for ORR,
a low overpotential of 310 mV at 10 mA cm™ for OER,
and favorable ORR/OER kinetic characteristics. Furthermore,
PtPdFeCoNi/HOPNC-based ZAB exhibits excellent rate perfor-
mances and cycling stability, outperforming those of Pt/C-RuO,-
based ZAB. The preliminary findings may significantly expand
the scope of high-entropy catalysts due to the coexistence of
highly exposed active sites and favorable mass transfer ability,
and provide a universal strategy for rationally designing and syn-
thesizing efficient electrocatalysts for various energy-conversion
systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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