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ABSTRACT: Modulating the energy barrier of reaction
intermediates to surmount sluggish kinetics is an utterly
intriguing strategy for amplifying the oxygen reduction
reaction. Herein, a Cu3P/CoP hybrid is incorporated on hollow
porous N-doped carbon nanospheres via dopamine self-
polymerization and high-temperature treatment. The resultant
Cu3P/CoP@NC showcases a favorable mass activity of 4.41 mA
mg−1 and a kinetic current density of 2.38 mA cm−2. Strikingly,
the catalyst endows the aqueous Zn-air battery (ZAB) with a
large power density of 209.0 mW cm−2, superb cyclability over
317 h, and promising application prospects in flexible ZAB.
Theoretical simulations reveal that Cu functions as a modulator to modify the free energy of intermediates and adsorbs the O2
on the Co sites, hence rushing the reaction kinetics. The open and hydrophilic hollow spherical mesoporous structure
provides unimpeded channels for reactant diffusion and electrolyte penetration, whereas the exposed inner and outer surfaces
can confer a plethora of accessible actives sites. This research establishes a feasible design concept to tune catalytic activity for
non-noble metal materials by construction of a rational nanoframework.
KEYWORDS: energy barrier, Cu3P/CoP, Zn-air battery, hollow spherical mesoporous structure, reaction kinetics

INTRODUCTION
The Zn-air battery (ZAB) with environmental benignity,
inherent safety, and exceptional theoretical energy density
(1086 Wh kg−1) has been spotlighted as a burgeoning initiative
to relieve energy shortages.1,2 The energy efficiency and
longevity of ZAB hinge predominantly on the superior oxygen
reduction reaction (ORR) electrocatalysts.3 Nonetheless, the
ORR’s sluggish kinetics rendered by multiple electron transfer
process has sharply hampered the commercial viability of ZAB
while spurring the exploitation for potent electrocatalysts.4,5

Although noble-metal-based compounds (especially those with
platinum) indicated superior ORR activity, the earth-finite
availability, prohibitive prices, and susceptibility to deactivation
remained obstacles to widespread applications.6−8 In this
regard, the exploration and development of competitive non-
noble-metal catalysts as burgeoning and promising alternatives
have become focal points.
Nowadays, the nonprecious metal materials, including

sulfides,9 phosphides,10 and nitrides,11,12 have garnered
incremental attention because of cost-effectiveness and decent

performance. Phosphorus (P) atoms will restrict the electron
delocalization of metal elements due to slightly higher
electronegativity, allowing P to capture protons and facilitate
electron transfer in transition metal phosphides (TMPs).13,14

However, the troubles of low conductivity and active site
availability have led to less reports on invoked in ZAB.
Alternatively, efficacious tactics for integrating TMPs with
highly conductive supports, such as graphene,15,16 carbon
nanotubes,17 and hollow porous carbon framework,18 have
been manifested to overcome the above obstacles. Specifically,
active components could be loaded onto hollow porous
supports to inhibit the agglomeration and deactivation of metal
ions. Synchronously, the holistic optimization furnishes the
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catalyst with greater electrical conductivity and specific surface
area.19,20 The hollow porous framework augments intrinsic
activity and minimizes the obstruction of the mass transport
channel by virtue of its superior open diffusion pathways.21

Intensive studies have reported that Cu and Co atoms can
significantly mitigate the Fenton effect on stability.22 As a
consequence, it was expected that the ORR electrocatalytic
activity would be increased by cooperating TMPs with hollow
porous supports.
Herein, we engineered a Cu3P/CoP hybrid embedded in N-

doped hollow porous carbon nanospheres using a wet
impregnation followed by a pyrolysis-phosphorylation process.
The intrinsic activity of the catalyst can be effectively modified
by deliberate adjustment of the Co-to-Cu ratio and annealing
temperature. The optimized Cu3P/CoP@NC exhibited
admirable activity with a half-wave potential (E1/2) of 0.82 V
and a limiting current density (jL) of 5.07 mA cm−2 in the 0.1
M KOH electrolyte. The catalytic performance was on par with
those of transition-metal-based materials and commercial Pt/
C. This similarity can be attributed to the faster ORR kinetics
induced by the synergistic interplay between the bimetal
species. Moreover, the hollow porous spherical architecture
improves the channels and three-phase interface for mass/
electron transfer, thereby bolstering reaction kinetics. Density
functional theory (DFT) simulations further indicated that the
synergism between Cu3P and CoP modifies the energy barrier
of oxygen-containing intermediates and accelerates electron
transport. Predictably, the Cu3P/CoP@NC assembled ZAB
demonstrated robust cycling stability over 317 h, narrow
voltage gap, discharge specific capacity of 765.6 mAh g−1, and
high peak power density (209.0 mW cm−2), corroborating its
promise for application in burgeoning energy conversion
devices.

RESULTS AND DISCUSSION
The reaction’s microenvironment at the three-phase interface
of the catalyst−electrolyte−oxygen was pivotal for enhancing
ORR catalytic capacity. Therefore, hollow porous structural
materials with increased exposure to active sites were
fabricated by templating methods. The design strategy of
Cu3P/CoP@NC is depicted in Figure 1. The presynthesized

carbon spheres CS with a hollow porous structure were
ultrasonically dispersed in the mixture of Cu(NO3)2·3H2O,
Co(NO3)2·6H2O, and 2-MIM. Following this, the Cu/Co
species were adhered to CS after coordinating with 2-MIM.
After that, the attached species were encapsulated on CS by
the self-polymerization process of dopamine to prevent
agglomeration.23 The target catalyst was obtained using a

high-temperature phosphating strategy, and the phase
compositions were investigated via powder X-ray diffraction
(XRD). The patterns exhibit intense and sharp peaks that align
with the diagnostic peaks of orthorhombic CoP (JCPDS: 29-
0497) and hexagonal Cu3P (JCPDS: 02-1263), confirming the
successful construction of Cu3P/CoP hybrids with high
crystallinity and purity on carbon spheres (Figure 2a).24,25

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are useful techniques for
investigating the microstructure of electrocatalysts. As
illustrated in Figure S1, the CS support exhibits a hollow
spherical structure with crackle after eliminating SiO2,
suggesting the existence of porosity. This was further
illuminated by the TEM image, where the shell thickness of
CS was measured to be approximately 4.6 nm (Figure 2b).
Figure 2c,d confirm that the well-defined hollow spherical
morphology with a rough shell was still maintained after
anchoring Cu3P/CoP on CS. Contrarily, the thickness of the
shell enlarges to 5.8 nm. The hollow porous texture with
exposed internal and external surfaces was expected to enhance
the accessibility of the active sites and expedite mass transport
transfer kinetics.26,27 The high-resolution TEM (HR-TEM)
image and the corresponding lattice spacing profiles of Cu3P/
CoP@NC are exhibited in Figure 2e. The visible lattice fringes
and uniform lattice spacing distribution are observed, where
the interplanar spacing of 0.248 and 0.189 nm can be
attributed to the (112) and (211) plane of Cu3P and CoP,
respectively. Figure S2 also substantiates that Cu3P/CoP was
encapsulated by graphene layers, which can mitigate
agglomeration and corrosion during the electrochemical
process, thus boosting the catalyst’s stability.28 The N2
adsorption−desorption isotherm indicates a type IV with a
distinctly hysteresis loop, suggesting the existence of a
mesoporous structure in the composite (Figure 2f and Figure
S3).29 The formation of porosity originates from extracting
SiO2 cores in the support. The specific surface area of Cu3P/
CoP@NC was determined to be 155.8 m2 g−1 by using
Brunauer−Emmett−Teller (BET). The pore distribution curve
provides evidence that Cu3P/CoP@NC predominantly ex-
hibits a mesoporous structure, with an average pore size of 7.1
nm. A vivid schematic of the structure is provided in the inset.
The high specific surface area and mesoporous structure of
Cu3P/CoP@NC were favorable for balancing the electrolyte
permeation and ion diffusion, thus accelerating the reaction
kinetics.30,31 Furthermore, energy-dispersive X-ray spectrosco-
py (EDS) demonstrated the existence of Cu, Co, P, and N
elements (Figure S4). As indicated in Figure 2g, the hollow
architecture of Cu3P/CoP@NC was further verified by high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). The corresponding elemental
mappings displayed that C and N were homogeneously
distributed, whereas the discrete properties of Cu, Co, and P
elements were similar in overall Cu3P/CoP@NC. This result
certifies the good incorporation of Cu3P and CoP species in
the CS, as exemplified by XRD analysis.
The ORR process involves intricate electrochemical

reactions at gas−liquid−solid three-phase interfaces. There-
into, the superhydrophobic surface facilitates the capture and
diffusion of oxygen while impeding electrolyte transport and
diminishes the influx of OH− to the catalyst surface.
Conversely, the superhydrophilic surface hinders the contact
between O2 and the active sites, inhibiting the catalyst’s
activity.32 Therefore, optimizing the wettability can enhance

Figure 1. Synthetic illustration of the Cu3P/CoP@NC synthesis.
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the ORR activity. The liquid contact angle (CA) was worth
considering in the assessment of wettability. Cu3P/CoP@NC
(20.6°) offers a lower CA than those of Cu3P@NC (26.2°)
and CoP@NC (21.9°), signifying that the composite material
has desirable surface wettability and hydrophilic characteristics
(Figure 3a).33 Consequently, the electrolyte readily permeated
the pore structure to promote the adsorption of OH− and
ultimately expedite the ORR kinetics.34 Furthermore, the
structural information on catalysts was revealed by Raman
spectra. As illustrated in Figure 3b, the G and D bands were
associated with graphitic sp2 and defect/disordered sp3 carbon,
respectively. The intensity ratio (ID/IG) was applied to
estimate the degree of defects and graphitization within the
material.3 The ID/IG value of Cu3P/CoP@NC (1.14) surpasses
those of CoP@NC (1.00) and Cu3P@NC (1.03). As a result,
the coupling of Cu3P and CoP probably gives rise to the
formation of more disordered/defective carbon, thereby
encouraging electrocatalytic activity.35,36 The elemental
composition and chemical states were investigated by using
X-ray photoelectron spectroscopy (XPS). As presented in
Figure S5a, the XPS survey spectra displayed the characteristic
peaks of Cu, Co, P, and N elements in the electrocatalyst,
aligning with the mapping results. Moreover, the high-
resolution C 1s spectra of Cu3P/CoP@NC, Cu3P@NC, and
CoP@NC can be split into four peaks: C�C (284.0 eV), C−
C (284.8 eV), C−O/C−N (286.0 eV) and O−C�O (288.2
eV), operating as the calibration standard for other XPS
spectra (Figure S5b−d).37 The instrument error was negligible.
In Figure S6, the N 1s spectra of different materials illustrated

the predominance of pyridine N (398.5 eV) and graphitic N
(401.0 eV), which was expected to enhance ORR activity.38

The relative contents of diverse nitrogen species are
summarized in Figure 3c by fitting the high-resolution N 1s
peak areas. Cu3P/CoP@NC had a marginally higher graphitic-
N percentage than Cu3P@NC and CoP@NC, which was
conducive to enhance the diffusion-limited performance of
composites.39 The Cu 2p spectra of Cu3P/CoP@NC were
separated into four fractions at 932.6, 934.0, 939.8, and 944.0
eV, corresponding to Cu−P and Cu−O bonds and two
satellite peaks, respectively (Figure 3d).40,41 The existence of
the Cu−O bond stems from the surface oxidation of Cu3P.

42

The binding energy of the Cu−P bond in Cu3P/CoP@NC
exhibited a positive shift of 0.1 eV relative to Cu3P@NC,
indicating that Cu ions have lost electrons. Additionally, as
observed in the inset of Figure 3d, the Auger electron
spectroscopy (AES) indicated the presence of Cu+.43 Mean-
while, a higher ratio of Cu+ to Cu2+ was propitious to oxygen
binding and activation; thereby, Cu3P/CoP@NC possesses a
biggish potentiality to promote ORR activity.44 The Co 2p
region of Cu3P/CoP@NC confirmed that the peaks centered
on 778.5/793.5, 781.2/798.5, and 785.0/804.8 eV belong to
Co−P and Co−O bonds and satellite peaks, respectively
(Figure 3e).24,45 Analogously, the binding energy of the Co−P
bond underwent a positive shift of 0.1 eV relative to CoP@
NC. The above results indicate that the formation of
composites results in surface electron reconstruction of metal
centers.46 The P 2p spectra of different catalyst were compared
in Figure 3f, in which deconvolution three component peaks at

Figure 2. Morphological and structural characterizations of catalysts. (a) XRD patterns. (b) TEM image of the CS. (c) SEM, (d) TEM, and
(e) HR-TEM images and the lattice spacing profiles of the white dotted line regions. (f) N2 adsorption−desorption isotherms (inset:
illustration for Cu3P/CoP@NC with hollow mesoporous structure). (g) HAADF-STEM image and corresponding elemental mappings of
Cu3P/CoP@NC.
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around 129.2, 130.0, and 132.4 eV were ascribed to 2p3/2 and
2p1/2 of P−M and P−O bond, respectively.47 The P−O bond
primarily originates from the surface oxidation of materials.48

Compared to CoP@NC, the P 2p binding energy of Cu3P/
CoP@NC was negatively shifted by about 0.2 eV. Evidently,
the partial electron transfer from metal to P can induce the
strong chemical interaction, thence endowing the catalyst with
fast mass transfer rate and reaction kinetics.49 As a result, the
proportions of Co−P, Cu−P, and metal−P bonds were
increased in Cu3P/CoP@NC. Notably, the enumerated results
further point out the successful preparation of the Cu3P/CoP
hybrid on hollow porous CS, which was in conformity with the
TEM and XRD analysis.
The pristine catalytic performance of the as-synthesized

catalysts was estimated by cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) in N2- and O2-saturated 0.1 M
KOH media. As shown in Figures S7 and S8, the optimal
synthesis conditions were explored by adjusting the pyrolysis
temperature and metal ratio during the preparation. The
corresponding ring currents are presented in Figure S9a,b. It
was found that the catalyst exhibited the highest jL and E1/2
and a lower Tafel slope at a high temperature of 900 °C.
Meanwhile, the lower H2O2 yield affirmed that the reaction
was closer to the four-electron transfer process. The Cu/Co
stoichiometric ratios were simultaneously adjusted to compre-
hend the implication on ORR performance. The experiments
revealed that a Co/Cu molar ratio of 7:3 surpassed a ratio of
1:9 in terms of catalytic activity. And the performance of the
catalysts was significantly enhanced with a ratio of 8:2

compared to a ratio of 2:8. This result confirms that Co
species serves as the primary active sites during the ORR
process. The corresponding values, as summarized in Figure
S10, certify that Cu3P/CoP@NC (900 °C) can provide a
higher intrinsic activity. The inductively coupled plasma mass
spectrometry (ICP-MS) measurements in Table S1 indicate a
Co content as high as 14.03% at a ratio of 7:3, further inferring
the predominance of Co species in the electrocatalytic process.
Nevertheless, the catalyst exhibited superb activity at a molar
ratio of 1:1. Although the catalyst’s performance was slightly
lower than 1:1 at a Co to Cu ratio of 6:4, it was better than the
ratios of 8:2, 2:8, and 1:9, confirming that the ORR activities
were driven by the interaction between two species. The above
results show that the optimal catalyst, denoted as Cu3P/CoP@
NC, was obtained at Co/Cu = 1:1 and an annealing
temperature of 900 °C.
As revealed in Figure 4a, CV curves reflected that there was

a prominent cathodic peak in the O2-purged solution rather
than N2-saturated one, validating the effectiveness of the
fabricated catalyst for ORR.50 The observed similarity in the
CV curves of Cu3P/CoP@NC and CoP@NC was attributed
to certain structural and chemical characteristics of CoP as the
main active species, which were also confirmed by the
following discussion. Notably, the observed peaks between
0.3 and 0.4 V (vs RHE) on the CV curve of commercial Pt/C
originate from the adsorption and desorption of hydrogen at Pt
sites.51 Furthermore, the kinetic properties and catalytic
activities of all materials were unveiled by the LSV polarization
curves (Figure 4b). Cu3P/CoP@NC affords superior ORR

Figure 3. (a) Bubble contact angle images of different catalysts. (b) Raman spectra. (c) The relative contents of different N species. High-
resolution (d) Cu 2p, (e) Co 2p, and (f) P 2p XPS spectra for Cu3P/CoP@NC, Cu3P @NC, and CoP@NC.
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performance with an E1/2 of 0.82 V and jL of 5.07 mA cm−2.
These results evidently outperform Cu3P@NC (0.60 V, 1.99
mA cm−2) and CoP@NC (0.80 V, 4.37 mA cm−2) and were
analogous to those of the benchmark Pt/C (0.83 V, 4.89 mA
cm−2). As portrayed in Figure 4c, the kinetic current densities
(jk's) were calculated to have a better insight on the effects of
reaction kinetics and mass transfer processes on catalyst
activity. The jk of Cu3P/CoP@NC was 2.38 mA cm−2 at a
potential of 0.85 V, overwhelmingly exceeding those of Cu3P@
NC (0.004 mA cm−2) and CoP @NC (1.02 mA cm−2) but
slightly lower than that of Pt/C (4.34 mA cm−2). The fast
reaction kinetics of Cu3P/CoP@NC was also supported via a
small Tafel slope of 62.5 mV dec−1 (Figure 4d). The hollow
mesoporous structure of Cu3P/CoP@NC provides channels
for mass transport and endows the catalyst with faster
kinetics.52 Notably, CoP@NC has significantly higher perform-
ance than that of Cu3P@NC, reaffirming that CoP is
considered as a more powerful promoter and Cu3P as an
auxiliary. The impressive catalytic activity of Cu3P/CoP@NC
was ascribed to the synergism between Cu3P and CoP species,
resonating with the optimized procedure and the ICP-MS
findings. The turnover frequency (TOF) and mass activity
(MA) were practical indicators to gain insight into intrinsic
activity, which hypothesized that all metal atoms were treated
as active centers in catalysts. Figure 4e describes that the MA
of Cu3P/CoP@NC (4.41 mA mg−1) surpasses those of CoP@
NC (1.89 mA mg−1) and Cu3P@NC (0.007 mA mg−1), which
was ascribed to the cooperation of bimetal and support

bringing about a substantial proportion of active sites.53 Cu3P/
CoP@NC achieves the highest TOF of 2.62 s−1 at 0.85 V,
underscoring the benefits brought by the holistic structural
optimization.53 To thoroughly explicate the superiority of
Cu3P/CoP@NC, LSV curves indicate the incremental limiting
current density based on various rotational speeds (400−2025
rpm) due to different mass transfer rates (Figure 4f). The
associated Koutecky−Levich (K−L) plots illustrate a keen
linearity, indicating a first-order reaction kinetics feature in
ORR (inset in Figure 4f).54 Besides, the calculated electron
transfer number (n) for each oxygen molecule was close to 4,
as evidenced by rotating ring disk technology. The correlative
ring currents of various catalysts are displayed in Figure S9c.
The content of H2O2 species with regard to total O2 reduction
products of Cu3P/CoP@NC remained below 25% in the
potential windows of 0.6−0.8 V (vs RHE), disclosing that O2
was reduced to H2O via a four-electron pathway (Figure 4g).
Significantly, after the electrocatalytic reaction, the character-
istic diffraction peaks of Cu3P and CoP still existed in the
catalyst, and no metals in other valence states were generated,
as confirmed by the XRD pattern and XPS spectra (Figures
S11 and S12). These findings indicate that the catalyst
maintains a stable structure without reconstruction during the
electrocatalytic process. Therefore, Cu3P/CoP@NC has
potential application prospects in ZAB. As anticipated, the
ORR activity of Cu3P/CoP@NC was comparable to those of
some Co- or Cu-based catalysts (Figure 4h and Table S2)
owing to an open architecture with hollow mesopores that

Figure 4. Electrocatalytic ORR activity. (a) CV, (b) LSV polarization curves and (c) jk (0.85 V vs RHE) and E1/2 of as-prepared catalysts. (d)
Corresponding Tafel slope plots. (e) TOF and mass activity at 0.85 V. (f) LSV curves of Cu3P/CoP@NC at various rotation rates and K−L
plots (inset). (g) H2O2 yield (%) and electron transfer number (n). (h) Comparison of the ORR activity of Cu3P/CoP@NC with recently
reported Co- or Cu-based materials.
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facilitates exposed active area and mass transport improve-
ment.
To uncover the pristine electrocatalytic activity for Cu3P/

CoP@NC, the electrochemical surface area (ECSA) was
assessed through double-layer capacitance (Cdl) calculations in
the non-Faradaic region (Figure 5a and Figure S13). Cu3P/
CoP@NC has a higher Cdl value than single metal catalysts,
inferring that the spherical framework with hollow mesopores
can furnish an abundance of active sites to boost the ORR
reaction.55 Generally, CV curves were captured in a mixed
solution of 0.1 M KCl and 0.5 mM K3[Fe(CN)6] at various
scan rates (Figure S14). The resulting fitted line was in
accordance with the Cdl trend, further emphasizing the
accessibility of the Cu3P/CoP@NC active site density (Figure
5b). The concurrent long-term stability and methanol
tolerance were tested to estimate the practical application of
Cu3P/CoP@NC (Figure S15 and Figure 5c1). Compared to
the benchmark Pt/C (81.7%), Cu3P/CoP@NC retains 94.5%
of the initial current density with the lowest disturbance
following 3 M methanol injection, unveiling that Cu3P/CoP@
NC exhibits compelling methanol tolerance. Likewise, Cu3P/
CoP@NC persists in exceptional stability with a current
density degradation rate of 3.8% over a prolonged 22 h period
of current−time measurements. In comparison, the current
density of Pt/C decayed by up to 33.7% after 11 h (Figure
5c2). As shown in the aforementioned data, the extraordinary
stability corroborated the fact that the carbon skeleton
effectively alleviates the dissolution and aggregation of metal
ions.56 Additionally, the bimetallic synergism and carbon
surfaces were prone to resist external interference.34 The
thiocyanide anions (SCN−) were regarded as a probe to
discriminate the activity centers, as they readily form
complexation with various metal species (such as Fe, Co,
and Cu) (Figure 5d). As shown in Figure 5e, C atoms of the
graphene shell fail to entirely cover the metal site’s surface due

to different atomic radii.57 A fraction of the exposed sites may
be poisoned by SCN− anions, blocking them from interacting
with oxygen feedstock. Consequently, Cu3P/CoP@NC
showed a deactivation phenomenon with a drop in E1/2 and
jL (ΔE1/2 = 30 mV and ΔjL = 0.79 mA cm−2) upon introducing
SCN− ions, elucidating that the crucial active centers
responsible for the catalytic performance were the metal
species.12,58

To explicate the relationship between the enhanced ORR
activity and the interface electronic interaction of Cu3P/CoP,
DFT calculations were introduced for the optimized model
structures (Figure 6a and Figure S16). From Figures 6b and
Figure S17, the charge density difference exhibits palpable
electron enrichment at the interfaces of the Cu3P and CoP
species. It was intriguing that the electron deficiency of the Cu
center was more than that of Co at the interface, indicating
that Cu sites function as modulators.59 The charge
accumulation and depletion zones are depicted more
pictorially in Figure 6c. The calculated projected density of
states (PDOS) is shown in Figure 6d. Apparently, Cu3P/CoP
and CoP exhibit a higher electron density distribution around
the Fermi level (Ef) than Cu3P, resulting in superior
conductivity to ensure fast electron transfer. Additionally,
PDOS near the Ef of Cu3P/CoP basically derives from the Cu
3d and Co 3d orbitals, implying Cu and Co as electron donors.
Contrarily, the P 2p orbital of Cu3P/CoP and CoP was apart
from the Ef and primarily situated at a place with substantially
lower energy, pointing that P species act as electron
acceptors.60 The findings demonstrate the significant charge
interaction among Cu, Co, and P atoms, congruent with the
XPS results. Critically, the interfacial electronic interaction can
engineer the position of the d-band center (εd), allowing for
the tailored adsorption energy of oxygen-containing inter-
mediates.61 Figure 6e provides an intuitive representation of εd
for Cu3P/CoP, Cu3P, and CoP. Specifically, the εd values for

Figure 5. (a) Cdl values of Cu3P/CoP@NC, Cu3P@NC, and CoP@NC. (b) CV fitting curves in the mixed solution of 0.1 M KCl and 5 mM
K3[Fe(CN)6] at various scan rates. (c1) Stability test of Cu3P/MoP@C and Pt/C (20 wt %) in 0.1 M KOH at a rotating speed of 1600 rpm
and (c2) the current degradation rate after the durability test. (d) LSV curves of Cu3P/CoP@NC before and after KSCN poisoning
measurement. (e) Schematic diagram of a probable mechanism for SCN− poisoning experiment on Cu3P/CoP@NC together with the
authentication of the active site.
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CoP and Cu3P were −1.27 and −2.46 eV, respectively,
whereas Cu3P/CoP exhibited a value of −1.94 eV. The data
convey that the antibonding energy states were either too high
or too low in CoP and Cu3P. The antibonding state was more
difficult or easier to be filled after the hybridization of catalysts
with the adsorbate, resulting in a stronger or weaker bonding
affinity between the catalysts and adsorbate (Figure 6f).
Consequently, this variation renders the adsorbate more
difficult to desorb or adsorb, resulting in undesirable ORR
activity in CoP and Cu3P. Cu3P/CoP exhibited moderate
antibonding energy states, optimizing the adsorption force of
intermediates. Hence, the improvement of the ORR activity of
Cu3P/CoP was primarily credited to the valid regulation of Cu
species. To this end, as depicted in Figure 6g, Cu3P and CoP
exhibited either excessively weak or strong adsorption energies,
resulting in hindered adsorption or desorption of O2,
respectively. Cu sites encouraged the desorption of O2 from
the catalyst surface owing to their smaller adsorption energy.
The results indicate that the incorporation of Cu species
optimizes the electronic structure of Co sites, resulting in
favorable ORR kinetics.62 The mechanism associated with the
4e− transfer pathway was investigated by analyzing the
intermediate free energy on different models (Figure S18).
All reaction steps were uncovered to be energetically downhill
at an equilibrium potential (U) of 0 V, confirming their

spontaneous and exothermic nature (Figure 6h). At U = 1.23
V, the rate-determining steps (RDS) for Cu3P/CoP-Cu was
the formation of OOH* (O2 + H2O + e− → OOH* + OH−).
Dissimilarly, Cu3P/CoP-Co, Cu3P, and CoP exhibit the same
RDS during the step of *OH dissociation (OH* + e− →
OH−). The strong bonding of OH* on active sites drastically
restricted the progression of the reaction. A substantially lower
energy barrier was observed for Cu3P/CoP-Co, denoting that
the incorporation of Cu favors the release of OH* and
accelerates the reaction kinetics. Simultaneously, the free
energy of Cu and Co sites in Cu3P/CoP was calculated to
discriminate the active center. The main active centers were
determined to be the Co sites because OH* dissociation in
CoP was lower compared to that in Cu3P. Quantitatively,
Cu3P/CoP exhibited a lower overpotential of 0.85 eV than
those of Cu3P (1.71 eV) and CoP (1.47 eV), corroborating its
favorable kinetics (Figure 6i). The DFT analysis aligns with the
experimental results. The strong interaction between Cu and
Co significantly reduces the reaction barrier and facilitates
electron transfer, governing the fascinating ORR activity of
Cu3P/CoP.
Considering the admirable ORR electrocatalytic capability of

Cu3P/CoP@NC, ZAB was fabricated to explore its viability in
actual energy conversion devices. Figure 7a presents the
schematic construction of ZAB, whose energy was derived

Figure 6. (a) Optimized model configuration, (b) charge density difference of Cu3P/CoP (the yellow and cyan areas display the
accumulation and depletion of charges, respectively), and (c) cross-sectional diagram. (d) PDOS plots for Cu3P, CoP, and Cu3P/CoP. (e)
Schematic illustration of the d-band center as well as (f) the corresponding diagram of bond formation between the catalyst surface and
adsorbate. (g) Adsorption energy of the O2 and (h) Gibbs free energy profiles for Cu3P, CoP, Cu3P/CoP-Cu, and Cu3P/CoP-Co. (i)
Overpotential of electrocatalysts. Cu3P/CoP-Cu and Cu3P/CoP-Co represent Cu and Co sites in the Cu3P/CoP catalyst, respectively.
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from the redox reaction of the oxygen feedstock. As illustrated
in Figure 7b, Cu3P/CoP@NC-based ZAB yielded an open-
circuit voltage (OCV) of 1.42 V comparable to Pt/C (1.49 V),
which accorded well with the multimeter test result. The high
OCV derives from the distinguished catalytic performance and
conductivity of Cu3P/CoP@NC. Synchronously, two ZABs
integrated into a series circuit can successfully power an LED
plate with a voltage of about 3 V (inset in Figure 7b), declaring
the promising practicability of Cu3P/CoP@NC. Figure 7c
shows that the Cu3P/CoP@NC-equipped ZAB unfolds a
preeminent peak power density of 209.0 mW cm−2,
significantly surpassing that of the benchmark Pt/C (133.5
mW cm−2). Furthermore, Cu3P/CoP@NC affords a gratifying
specific capacity of 765.6 mAh g−1 at a discharge current
density of 10 mA cm−2, reaching ∼93.4% of the theoretical
capacity utilization (820 mAh g−1) (Figure S19). The
discharge rate performance of Cu3P/CoP@NC, CoP@NC,
and Cu3P@NC-equipped ZAB at various galvanostatic current
density is provided in Figure 7d. The Cu3P/CoP@NC-based
ZAB was barely subjected to a voltage decline during a series of
discharge quizzes. However, Cu3P@NC-based ZAB exhibited a
voltage decay at a current density of 100 mA cm−2.
Interestingly, the discharge voltage of Cu3P/CoP@NC-based
ZAB was reversibly returned to the initial level as the current
density was restored to 2 mA cm−2. In contrast, the voltage of
Cu3P@NC- and CoP@NC-based ZAB was not recovered,

thereby endorsing the splendid rate capability of Cu3P/CoP@
NC-based ZAB. Surprisingly, the Cu3P/CoP@NC + RuO2-
based ZAB exhibits a long lifespan of over 317 h with a scarcely
fading charge−discharge voltage gap (ΔE) during operation.
Also, the round-trip efficiency still remained at 43% even after
the 317 h cycle. Conversely, the ΔE of the Pt/C + RuO2
couple remarkably rose from 1.18 to 1.87 V and the round-trip
efficiency dropped to 27% after a cycle of only 158 h. This
finding signified that Cu3P/CoP@NC + RuO2-based ZAB
possesses brilliant durability, manifesting the exploitability of
Cu3P/CoP@NC in ZAB (Figure 7e). To validate the
application potential of Cu3P/CoP@NC-based ZAB as a
flexible energy storage/conversion device. Figure 7f fairly
presents a schematic of self-assembling flexible ZAB employing
poly(vinyl alcohol) (PVA) hydrogel as a solid electrolyte. The
Cu3P/CoP@NC-based flexible ZAB achieved an OCV of 1.35
V while being tested at bending angles of 0, 30, 90, and 180° to
trial flexibility (Figures 7g and Figure 20). The difference in
the OCV of flexible ZAB at various bending angles was
insignificant. The result displays that the hollow nanomicro-
spheres of Cu3P/CoP@NC have favorable chemical and
structural stability. Interestingly, the LED plate can be powered
by a Cu3P/CoP@NC-based flexible ZAB (inset in Figure 6g),
demonstrating its good practical application prospect. Notably,
the catalytic ability of Cu3P/CoP@NC rivaled those of Pt/C
and other recently reported materials in ZABs (Figure 7h),

Figure 7. (a) Schematic configuration of the self-assembled ZAB. (b) OCV plots (inset: an optical image for OCV measured by a multimeter
and an LED screen lit up by two ZAB connected in series). (c) Discharge polarization curves and power densities. (d) Discharge curves at
various current densities and each step lasting for 60 min (x was different current density values: 2−100 mA cm−2). (e) Charge−discharge
cycle curves at a current density of 5 mA cm−2. (f) Schematic diagram and (g) OCV of flexible ZAB. Inset: photograph of an LED plane
illuminated by a flexible ZAB. (h) Cu3P/CoP@NC as an air cathode vs recently reported catalysts in the literature.
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ensuring that Cu3P/CoP@NC can be a competitive candidate
for actual energy conversion devices.
Taken in aggregate, the following merits were disclosed to

be responsible for the satisfactory ORR activity of Cu3P/
CoP@NC: (i) The enlargement of the specific surface area was
rendered by the hollow mesoporous architecture, allowing
Cu3P/CoP@NC to expose valid active center.63,64 (ii) The
connected inner and outer walls supply a channel for
electrolyte permeability and electron/ion transfer, resulting in
faster reaction kinetics.65 (iii) The N-doped porous carbon
matrix can effectively mitigate metal active center dissolution
and agglomeration to boost the corrosion resistance of
electrocatalyst.66 (iv) The synergistic interaction between Cu
and Co species diminishes the reaction barrier, conferring fast
ORR kinetics.67

CONCLUSIONS
In a nutshell, we have constructed a Cu3P/CoP@NC
electrocatalyst with a hollow mesoporous spherical structure
by polymerization and a high-temperature treatment process
and investigated its intrinsic ORR activity in alkaline
conditions. The catalytic performance and endurance of
Cu3P/CoP@NC exceed those of monometallic materials and
rival those of the benchmark Pt/C, endowing it with promise
as an air cathode catalyst in ZAB. Systematic electrochemical
studies and various characterization techniques established that
the superior ORR activity was predominated by an exotic
hollow mesoporous architecture and the synergism between
Cu3P and CoP species. Furthermore, the N doping further
improves the diffusion-limited properties. The Cu3P/CoP@
NC-based ZAB achieves a preeminent power density of 209.0
mW cm−2 and splendid cycling stability of over 317 h.
Meanwhile, the flexible ZAB manifests wonderful flexibility and
practical application potential. Overall, this work offers a
valuable and nontoxic guideline for constructing hollow
mesoporous structure composites for next-generation energy
conversion devices.

EXPERIMENTAL SECTION
Synthesis of Hollow Porous Carbon Nanospheres. Carbon

nanospheres were prepared according to our previously reported
work.25

Synthesis of Cu3P/CoP@NC. Cu3P/CoP@NC was fabricated by
employing hollow porous carbon nanospheres as a support. Certain
amounts of carbon nanospheres, Cu(NO3)2·3H2O, and Co(NO3)2·
6H2O were dispersed in 30 mL of ethanol through ultrasonication for
30 min to form a solution. Afterward, 0.12 mmol of 2-MIM was added
to the above solution and agitated constantly for 6 h. Subsequently,
0.30 mmol of Tris and 0.16 mmol of dopamine hydrochloride were
added to the above mixture and continuously stirred for 3 h. The
resultant product was gathered by centrifugation and dried in an oven
at 60 °C. The precursor powder and red phosphorus (P) were ground
uniformly with the mass ratio of 1:2 and pyrolyzed at different
temperatures (800, 900, and 1000 °C) for 2 h in a nitrogen
atmosphere (5 °C min−1).

For comparison, the molar amount of Co/Cu (8:2, 2:8, 6:4, 1:9,
and 7:3) was modified to tune the metal doping level during synthesis.
Cu3P@NC and CoP@NC as single metal specimens were prepared
with the same recipe except without Co(NO3)2·6H2O or Cu(NO3)2·
3H2O. Unless otherwise specified, the optimal calcination temper-
ature of Cu3P/CoP@NC was 900 °C and the Co/Cu molar ratio was
1:1.
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