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Bifunctional electrocatalyst

Zinc-air batteries (ZABs) are regarded as promising next-generation energy storage devices but limited by
their sluggish oxygen reduction/evolution reactions (ORR/OER). Herein, the bifunctional catalyst consisting
of MXene and metal compounds has been constructed via a controllable strategy. For demonstration, a
3D MXene framework with anchored heterostructure CoNi/CoNiP and nitrogen-doped carbon (NC) called
H-CNP@M is constructed by metal-ion inducement and phosphorization. The bimetal-semiconductor het-
erostructure greatly enhances the catalytic performance. The H-CNP@M exhibits superior activities to-
ward ORR (E;j; =0.833V) and OER (719 =294 mV). Both aqueous and all-solid-state ZAB assembled with
H-CNP@M demonstrate superior performance (peak power density of 166.5mW/cm? in aqueous case).
This work provides a facile and general strategy to prepare MXene-supported bimetallic heterostructure
for high-performance electrochemical energy devices.

Zn-air battery

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Rechargeable zinc-air batteries (ZABs) are deemed to be one of
the most promising energy storage systems due to their high en-
ergy density, high safety, and low cost [1]. However, the slow ki-
netics of the oxygen evolution reaction (OER) and oxygen reduc-
tion reaction (ORR) on the cathode impede their large-scale prac-
tical applications [2]. Usually, noble metals and their derivatives,
such as Pt, IrO,, and RuO,, demonstrate efficient catalytic activ-
ity. However, low reserves, high cost, and rapid deactivation limit
the wide application of noble metal-based catalysts [3]. Thus, de-
veloping low-cost, highly active, and stable bifunctional catalysts
is of great significance. Transition metal compounds and their het-
erostructure hybrids have attracted great interest in recent years
due to their low cost and favorable catalytic performance [4,5].
The strong interfacial bonding between hetero-structured materi-
als leads to the rearrangement of electrons, thereby optimizing the
adsorption of reactants and resulting in excellent catalytic activ-
ity [6,7]. However, transition metal compounds and heterostruc-
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ture hybrids also suffer from agglomeration during the synthesis
and test processes, which greatly reduces the specific surface area
and impedes the applications of the catalysts [8,9].

Recently, metal-organic frameworks (MOFs) with different
metal centers have exhibited excellent compatibility, showing a
simple way to synthesize homogenous multi-metallic MOF crys-
tals [10,11]. MOF-derived composites obtained through pyrolysis
demonstrate favorable intrinsic electrocatalytic activity, high elec-
tric conductivity, and large specific surface area due to the ho-
mogenous dispersion of metallic active sites on carbon [12,13]. In
addition, the flexible regulation of post-treatment according to de-
mand facilitates the design of multifunctional catalysts. For ex-
ample, the bimetallic Co/Cu-embedded N-doped carbon structure
derived from CoCu-MOFs demonstrates the impressively trifunc-
tional activity in alkaline [14]. And the CoP@FeCoP with a yolk-
shell structure synthesized via the phosphorization of ZIF-67@Co-
Fe Prussian blue analogs showed low overpotentials for both hy-
drogen evolution reaction (HER) and OER (141 and 238 mV respec-
tively, at 10mA/cm?) [15]. The MOF derivatives discussed above are
all obtained by the pyrolysis process. However, the original pore
structure collapses during pyrolysis and hinders mass transfer dur-
ing electrocatalysis, and the carbon graphitization degree is not ef-
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Fig. 1. Schematic illustration of the fabrication of H-CNP@M.

ficient, which leads to low electrical conductivity and poor struc-
tural stability [13]. It has been reported that the porous structure
of nitrogen-doped carbon is of significance for catalysis, and a 3D
macro- and mesoporous structure exhibits preferable mass transfer
properties and electrochemical activity [16]. Therefore, a 3D porous
framework with high electrical conductivity, proper pore structure,
and large surface area is necessary for loading these MOF deriva-
tives.

MXenes, a novel family of 2D transition metal carbides and/or
nitrides, demonstrate metal conductivity, hydrophilicity, numerous
functional groups, and ultralow work function [17]. 2D MXene
nanosheets have been explored as catalysts and substrates in wa-
ter splitting and metal-air batteries with superior electrochemical
activity [18]. However, the agglomeration of MXene nanosheets al-
leviates the mass transfer and reduces the electrochemical activ-
ity. Fabrication of 3D macroscopic MXene framework is effective to
reduce the self-restacking or agglomeration [19-21]. Furthermore,
because of the functional groups, a 3D MXene framework can be
easily constructed through a gelation process triggered by metal
ions, which provides a good platform for hybrid catalysts with spe-
cial structures and strong interfacial interactions [22].

Inspired by the above discussions, we controllably constructed
bimetallic-based compounds on MXenes via facile metal-ion-
induced self-assembly and heat treatment. Specifically, the metal
ions trigger MXene to form a 3D porous framework and act as
centers for the in-situ growth of bimetallic MOFs (MOFs@MXene).
And after the post-procedure, a special structure with 3D porous
MXene frameworks as the carrier to support carbon coupled with
the bimetallic compounds. Co?* and Ni?* are used to trigger MX-
ene as a representative to prepare CoNi-MOFs@MXene. And after
phosphorization, the designed structure H-CNP@M is obtained. The
prepared hybrid catalyst with a heterostructure demonstrates bi-
functional catalytic activity (ORR and OER) that can be attributed
to the synergistic effect of the CoNi/CoNiP heterostructure. Mean-
while, the unique 3D structure with a hierarchical pore structure
exposes more active sites while also greatly promoting mass trans-
fer. Thus, H-CNP@M exhibits a comparable ORR activity with com-
mercial Pt/C and low overpotentials for OER. And given the excel-
lent bifunctional activity, the H-CNP@M catalyst shows promising
potential for the application of the liquid and flexible rechargeable
Zn-air batteries.

The synthesis procedure of H-CNP@M is illustrated in Fig. 1.
The aqueous solution containing equal amounts of Co(NOs),
and Ni(NOs3), was slowly dropped into the Ti3C;Tx dispersion
(~5mg/L), which was obtained by the common etching method
[23]. The metal ions destroyed the electrostatic repulsion between
the MXene nanosheets and cross-linked with the -OH groups of
MXene to form a stable 3D MXene framework (Fig. S1a in Support-

ing information). Then, an aqueous solution of 2-methylimidazole
was slowly added to the above mixture with stirring to grow
CoNi bimetallic MOFs in situ on the MXene framework (CoNi-
MOFs@MXene, the microstructure is shown in Fig. S1b in Support-
ing information). The microstructure of CoNi-MOFs without MXene
is shown in Fig. S1c (Supporting information). After carbonization
and phosphorization, H-CNP@M was obtained (Fig. S1d in Support-
ing information). For comparison, CN@M was obtained by a simi-
lar method excluding the phosphorization process. CN and H-CNP
without the addition of MXene were synthesized through pyrolysis
and pyrolysis-phosphorization, respectively. CNP and CNP@M were
synthesized by increasing the amount of phosphorus source.

The phase of the CoNi-MOFs@MXene precursor is shown in
Fig. S2a (Supporting information). There are only peaks corre-
sponding to the CoNi-MOF and MXene in the precursors, and no
unexpected phase exists. The (002) peak of MXene in the CoNi-
MOFs@MXene shifts slightly to a lower angle, which may be due to
the intercalation of metal ions between the MXene layers resulting
in a larger interlayer spacing [22]. Fig. 2a and Fig. S2b (Support-
ing information) present the XRD patterns of the synthesized sam-
ples, and the characteristic peaks at approximately 6.2° of MXene
are found in all MXene-containing samples, CN@M, CNP@M and
H-CNP@M, indicating favorable stability of the MXene framework
after pyrolysis and phosphorization. After carbonization, the sam-
ples deliver a broad peak between 20° and 30° and sharp peaks at
approximately 44.3° and 51.7°, which can be assigned to the car-
bon and the (111) and (200) planes of CoNi (PDF #01-074-5694),
respectively. Furthermore, in addition to the abovementioned CoNi
diffraction peaks, the samples after phosphorization show new
peaks at approximately 41°, 44.9°, and 47.6°, which coincide with
the (111), (201), and (210) planes of CoNiP (PDF #04-001-6153),
respectively. The corresponding element mapping analysis of H-
CNP@M confirms the uniform distribution of Co, Ni, P, N, and Ti
elements, indicating successful phosphorization and dispersion of
phases (Fig. S3 in Supporting information).

The 3D MXene framework is well preserved after pyrolysis
and phosphorization from the SEM image of H-CNP@M (Fig. S1d).
And the higher magnification SEM image (Fig. 2b) shows that
the CoNi-MOF-derived nanoparticles with homogenous distribu-
tion are anchored on the MXene nanosheets, which indicates that
the MXene may efficiently avoid the agglomeration of nanoparti-
cles [24]. To further analyze the microstructure and phase com-
ponents of H-CNP@M, TEM was carried out. As shown in Fig. 2c
and Fig. S4a (Supporting information), numerous particles with
a uniform size of 10-50nm are evenly distributed on the MX-
ene framework, which is consistent with the SEM images. Mean-
while, the nanopores in the MXene nanosheets are observed
(Fig. 2c), which may provide additional pathways for the diffu-
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Fig. 2. (a) XRD patterns of MXene, CN@M, CNP@M, and H-CNP@M. (b) SEM image, (c¢) TEM image, and (d-f) HRTEM images of H-CNP@M, the insets in (e) and (f) are the

filtered IFFT images. (g) The pore-size distribution of H-CNP@M and H-CNP.

sion of reactants [25,26]. And high-resolution transmission elec-
tron microscopy (HRTEM) further illustrates that nanoparticles
wrapped in the nitrogen-doped carbon layer are supported on MX-
ene nanosheets (Fig. S4b in Supporting information). More im-
portantly, in the energy-dispersive X-ray spectrometry (EDX) map-
pings (Figs. S4c and d in Supporting information), the Co and Ni
uniformly disperse through the entire architecture of the nanocrys-
tals on MXene nanosheets but the phosphorus element does not
appear in some of the particles, which confirm the formation of
the CoNi/CoNiP heterostructure. And the lattice mismatches are
also observed in the enlarged image, as shown in Fig. 2d. The lat-
tice fringes with spacings of 0.18 nm and 0.22 nm correspond to the
(200) plane of CoNi and the (111) plane of CoNiP, respectively (Figs.
2e and f). The corresponding magnified inverse fast Fourier trans-
form (IFFT)-filtered images (inset of Figs. 2e and f) clearly show the
mismatched lattices, and further clearly confirm the heterostruc-
ture of CoNi/CoNiP. The formation of a heterostructure may be ac-
companied by fast interfacial charge transfer and charge rearrange-
ment, showing enhanced catalytic performance. Meanwhile, the
microstructure and specific surface area of the H-CNP@M were fur-
ther analyzed by N, adsorption/desorption experiments. As shown
in Fig. S5 (Supporting information), H-CNP@M displays a type Il
isotherm, indicating a mesoporous structure [27], and possesses
a specific surface area of 70 m?/g, which is higher than that of
H-CNP (58 m?/g). The pore-size distribution demonstrates that H-
CNP@M has a meso-macropore structure which is different from
that of H-CNP (Fig. 2g). The superior BET surface area and hier-
archical pore structure can expose more active sites and facilitate
the diffusion of reactants and products, which is conducive to the
kinetics of the reaction.

The XPS was performed to further analyze the chemical compo-
sition and corresponding chemical bonding of the samples. Fig. 3a
presents the XPS survey spectrum, which displays the presence
of Ti, Co, Ni, P, N, and C, corresponding to the EDX results.
The high-resolution N 1s spectrum (Fig. 3b) can be deconvoluted
into pyridinic-N (398.4eV), pyrrolic-N (400.0eV), and graphitic-N
(401.9eV) [28]. Pyridinic-N and graphitic-N are highly effective ac-
tives to boost both ORR and OER activity, and the high content of
them in H-CNP@M may benefit the ORR/OER performance [28-30].
From the high-resolution P 2p spectrum (Fig. S6 in Supporting in-
formation), the peaks at 129.8 and 130.6eV are close to the bind-
ing energies of P 2p;; and P 2p;, in CoNiP, respectively. Addition-
ally, the broad peak at 133.6eV can be assigned to oxidized phos-
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Fig. 3. XPS survey spectrum (a) and high-resolution XPS spectrum of (b) N 1s, (c)
Co 2p and (d) Ni 2p before and after phosphorization.

phorus species, which may be attributed to air contact [7,31,32].
Fig. 3c presents the high-resolution Co 2p spectra of CN@M and
H-CNP@M. For CN@M, the spectrum can be well deconvoluted into
metallic Co (Co%), oxidized Co species (Co?*), and a couple of as-
sociated satellite peaks (sat.). It is worth noting that the peaks
of Co species in Co-P appear at 778.9 and 794.2eV in the spec-
trum of H-CNP@M [33,34]. More importantly, the binding energy
of Co%* in H-CNP@M positively shifts by 0.5eV compared with that
in CN@M, implying a change in the Co%* electronic microenviron-
ment after phosphorization. Similarly, in the Ni 2p spectrum of H-
CNP@M (Fig. 3d), the binding energies of 853.3 and 870.9eV are
assigned to Ni%+ in the Ni-P compound, and the doublets at ap-
proximately 856.4 and 874.2eV accompanied by two satellites at
862.1 and 879.9eV are attributed to Ni 2p3, and 2py), in oxidized
Ni, respectively [24]. The binding energy of Ni2* 2p;p, in H-CNP@M
positively shifts by 0.4eV compared with that in CN@M, indicat-
ing the formation of metal-P bonds. The above results suggest the
successful synthesis of the heterostructure of CoNi-CoNiP, which is
supported by NC and MXene.
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Fig. 4. (a) ORR curves of catalysts in O,-saturated 0.1 mol/L KOH solution at 1600 rpm. (b) ORR chronoamperometric curves of H-CNP@M and Pt/C at constant potentials of
0.6V. (c) OER curves for different catalysts at 1600 rpm in N;-saturated 0.1 mol/L KOH. (d) Tafel slopes. (e) OER chronopotentiometry curves at 10mA/cm? of H-CNP@M and

Ir/C. (f) Charge density difference for CoNi/CoNiP heterostructure.

The bifunctional oxygen electrocatalysis performance of H-
CNP@M and the compared samples were all evaluated in 0.1 mol/L
KOH by a typical three-electrode system with Hg/HgO as the ref-
erence electrode and a graphite rod as the counter electrode. The
linear sweep voltammetry (LSV) curves of the as-synthesized cata-
lysts and Pt/C obtained at 1600 rpm in 0.1 mol/L KOH are shown in
Fig. 4a and Fig. S7a (Supporting information). H-CNP@M shows the
best ORR activity among all the samples with a half-wave potential
(E1p2) of 0.833V, which is only 10mV lower than that of Pt/C and
much better than that of the other as-synthesized catalysts and re-
ported transition metal phosphides (TMPs) (details are shown in
Table S2 in Supporting information). More importantly, the mixed
MXene and CoNi/CoNiP@NC (H-CNP + M) shows no significant dif-
ference in performance from H-CNP (Fig. S7a) which fully illus-
trates the importance of 3D MXene frameworks and in situ growth.
Since the MXene framework facilitates the mass transfer of the re-
actants, H-CNP@M, CN@M, and CNP@M show impressive diffusion-
limiting current densities of 6.1, 5.6 and 5.3 mA/cm?, respectively,
which are comparable with commercial Pt/C (5.5mA/cm?) and
higher than those of other samples without MXene and some re-
ported TMP catalysts (Table S2 in Supporting information). To fur-
ther investigate the kinetics of H-CNP@M, the corresponding Tafel
slope and the LSV curves at different rotating speeds ranging from
400rpm to 2500 rpm were obtained (Figs. S7b-d in Supporting in-
formation). The Koutecky-Levich (K-L) plots for potentials ranging
from 0.3V to 0.6V are almost parallel (inset of Fig. S7b), indicat-
ing that oxygen reacts via first-order reaction kinetics with the
concentration of dissolved O,. The corresponding electron trans-
fer numbers (n) of H-CNP@M are close to the theoretical value of
4, demonstrating the efficient four-electron pathway [35]. And the
lowest Tafel slope (98.5 mV/dec) suggests the dramatically acceler-
ated ORR kinetics of H-CNP@M. The superior ORR performance of
H-CNP@M may be attributed to its unique 3D structure coupled
with the TMP-based heterostructure, which accelerates O, diffu-
sion and charge transfer. Moreover, H-CNP@M demonstrates high
current retention of 94% after 30,0005, which is much higher than
that of commercial Pt/C (80%), as shown in Fig. 4b.

The OER is of importance as a half-reaction in zinc-air batteries.
Therefore, the OER performance of H-CNP@M was also investigated
using a rotating disk electrode in 0.1 mol/L KOH. Fig. 4c and Fig.
S7e (Supporting information) show the iR-compensated LSV curves
of the as-synthesized samples and Ir/C. Among the catalysts, H-

CNP@M shows the lowest overpotential of 294mV at 10 mA/cm?,
which is significantly lower than Ir/C and some other reported
TMP-based catalysts, such as CoP@PNC-DoS (316 mV, 0.1 mol/L
KOH) [36] and Co,P/CONPC (326 mV, 1mol/L KOH) [37]. A de-
tailed comparison of the reported catalysts is presented in Table
S3 (Supporting information). And the mixed simple (H-CNP + M)
does not exhibit similar excellent performance as H-CNP@M (Fig.
S7e). Moreover, the smallest Tafel slope of H-CNP@M (63.7 mV/dec)
reveals the fastest OER kinetics (Fig. 4d and Fig. S7f in Support-
ing information) [7,38]. The results above suggest that the het-
erostructure and 3D MXene framework with a hierarchical struc-
ture may accelerate electron transfer and provide smooth paths
for reactant diffusion, thereby significantly enhancing OER kinet-
ics. Furthermore, the unique MXene framework also leads to an
increase in the electrochemically active surface area (ECSA). The
ECSA is usually estimated from the double-layer capacitance (Cy)
since the double-layer capacitance is proportional to the ECSA.
As shown in Fig. S8 (Supporting information), H-CNP@M has a
Cg (20.6 mF/cm?) that is much larger than that of H-CNP (13.4
mF/cm?2). The larger ECSA of H-CNP@M implies that the unique
3D structure with a hierarchical pore structure greatly enlarges
the exposure of active sites and thus promotes the OER perfor-
mance. Apart from activity, durability is another important per-
formance factor of the OER. As shown in Fig. 4e, the overpoten-
tial of H-CNP@M at 10mA/cm? only shifted approximately 15 mV
after 24000s, which is significantly better than Ir/C (40 mV). Im-
pressively, H-CNP@M shows a small potential gap of 0.691V be-
tween the OER and ORR (AE=Ej;y — Eqp), which is superior to
Pt/C+1Ir/C, other as-synthesized samples (Fig. S9 in Supporting in-
formation), and most of the recently reported bifunctional oxygen
electrocatalysts (Table S4 in Supporting information). The excellent
bifunctional activity of H-CNP@M is attributable not only to the
form of the heterostructure but also to the highly exposed active
sites and smooth paths of reactant diffusion, which are the results
of the hierarchical structure.

It is reported that the heterostructure is of importance for the
oxygen catalysis [6,7,39,40]. To further understand the mechanism
of improved bifunctional oxygen catalysis, a model of CoNi/CoNiP
heterostructure is established. The lattice constants of cubic CoNi
are a=b=c=3.52A with space group of Fm-3m, and those of
bulk CoNiP are a=5.83A, b=5.83A, c=3.35A with space group
of P-62m, which is consistent with the XRD data. The CoNi (200)
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plane and the CoNiP (111) plane were selected to construct a het-
erojunction model according to the experiment results. And Fig.
S10 (Supporting information) shows the atomic models of CoNi,
CoNiP, and CoNi/CoNiP. As shown in Fig. S11a (Supporting infor-
mation), the work functions of CoNi and CoNiP are different and
the Fermi level of CoNi is within the bandgap of CoNiP. When
the Mott-Schottky contact forms (Fig. S11b in Supporting informa-
tion), both conduction and valence bands of CoNiP are bent down-
ward, providing a fast path for the electrons transfer. And the elec-
trons spontaneously transfer from CoNi to CoNiP across the het-
erointerface to equate the Fermi levels of both and result in the
redistribution of electrons and the form of the built-in electric
field. And the interfacial charge transfer between CoNi and CoNiP
is further verified by the charge density difference (Fig. 4f). As
shown in the inset of Fig. 4f, at the interface between CoNi and
CoNiP, the CoNi part is mainly covered by the cyan, which indi-
cates charge depletion. Meanwhile, the yellow region locates on
the CoNiP represents charge accumulation. The increased electron
density of the CoNiP side may reduce the adsorption and/or des-
orption barriers for the reaction intermediates, thus promoting the
OER performance [6,41]. And the CoNi side also optimizes the ad-
sorption energy of oxygen due to the electron redistribution. Usu-
ally, the d-band center is an important factor to determine the in-
trinsic oxygen catalysis activity. And as shown in Fig. S11c (Sup-
porting information), the d-center of CoNi/CoNiP heterostructure
upshift to —1.13 eV which is beneficial to enhancing the adsorp-
tion of reaction intermediates. The properly upshifted d-band cen-
ter can reduce the electron filling of the antibonding states and
then optimize the bond strength between the catalytic surface and
intermediates species, which can greatly facilitate charge transfer
and exhibit outstanding bifunctional activity [42,43]. These results
demonstrate that the Mott-Schottky effect in CoNi/CoNiP can result
in electron redistribution, thereby providing a highway for electron

transfer and enhancing the utilization of active sites to exhibit ex-
cellent bifunctional activity [44].

The composition and morphology of H-CNP@M after the dura-
bility test of the ORR and OER were checked by XRD and TEM.
Fig. S12 (Supporting information) demonstrates the XRD patterns
of the samples after the ORR and OER durability tests. The XRD
pattern for the sample after the ORR remains the same as that
before the test, indicating the excellent durability of H-CNP@M.
However, the peaks of CoNiP are weakened after the durability
test of the OER, which may be attributed to hydroxide/oxide for-
mation on the surface of metal phosphides [36]. The morphology
and microstructure of H-CNP@M after the ORR and OER durability
tests were further studied (Figs. S13 and S14 in Supporting infor-
mation). There is no significant morphological change observed af-
ter the durability test of the ORR and OER. The MXene architecture
is well preserved, and the nanoparticles are also homogeneously
distributed, like the initial sample, which is confirmed by the EDX
mapping results. Furthermore, in the HRTEM images of the sample
after the ORR and OER tests, the CoNi/CoNiP heterostructure is also
retained with clear lattice fringes. But the new lattice fringes can
be observed in the HRTEM image of the sample after the OER test,
which may belong to the hydroxide/oxide species of Co and/or Ni
and correspond to the weakening of the diffraction peak intensity
of phosphide species in XRD [36].

Considering the excellent bifunctional catalytic activities, H-
CNP@M is employed as an air cathode of a homemade recharge-
able liquid Zn-air battery (Fig. 5a), and Pt/C+Ir/C with a mass ra-
tio of 1:1 is chosen as a reference. Impressively, the Zn-air battery
with the H-CNP@M cathode delivers a higher open-circuit voltage
of 1446V than that of Pt/C+Ir/C (1.401V), as shown in Fig. 5b,
and it is also much higher than some recently reported TMP-based
ZABs, such as Co,P/CoNPC (1.425V) [37], CoO/CoxP (1.4V) [7] and
Co,P@NPC (1.43V) [29]. The small voltage changes in the galvano-
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static discharge measurements at different current densities from
1mA/cm? to 50 mA/cm? demonstrate good rate performance (Fig.
S15 in Supporting information). Additionally, as shown in Fig. 5c,
a maximum power density of 166.5mW/cm? is obtained in the
H-CNP@M ZAB, which is higher than that of the Pt/C+Ir/C cath-
ode (133.6mW/cm?). This value exceeds many recently reported
bifunctional electrocatalysts, such as Co,P/CoNPC (116 mW/cm?2)
[37], In-CoO/CoP heterostructure (139.4mW/cm?) [45], CoO/CoxP
(122.73 mW/cm?2) [7] and CuCoP-NC-700 (116.5mW/cm?) [46]. A
detailed comparison related more reported catalysts is shown in
Table S5 (Supporting information). Fig. 5d delivers the galvanos-
tatic discharge specific capacity of H-CNP@M (801 mAh/g), which
also surpasses that of Pt/C+Ir/C (776 mAh/g). Furthermore, at
10mA/cm?, the initial charge-discharge voltage gap of H-CNP@M
is 0.701V, and the slight increment of the voltage gap after the
continuous work of 120h reflects the outstanding cyclic stability
(Fig. 5e). The 40 light-emitting diode lights can be powered by
two ZABs connected in series (Fig. 5f), manifesting its possibility
in practical applications.

Inspired by the development of flexible energy storage devices,
a homemade flexible ZAB is fabricated with H-CNP@M spayed on
carbon cloth as the air cathode, alkaline gel of polyvinyl alco-
hol (PVA/KOH) as the electrolyte, and Zn plate as the anode. Im-
pressively, the flexible ZAB catalyzed by H-CNP@M obtains a high
open-circuit voltage of 1.398V, which is obviously better than that
of the flexible ZAB based on Pt/C+Ir/C (Fig. S16a in Support-
ing information). As shown in Fig. S16b (Supporting information),
it also exhibits a remarkable peak power density of 45 mW/cm2,
which is higher than that of many previously reported flexible
ZABs, such as Ru-RuO, (29 mW/cm?) [39], N-GQDs/NiCo,S4/CC
(26.2mW/cm?) [38], FeP/Fe,0;@NPCA (40.8 mW/cm?2) [47] and
FeCoNi-NC (39.7 mW/cm?) [48]. And the as-prepared flexible ZAB
can exhibit a stable charge/discharge voltage (~1.92V/~1.22V) at
1mA/cm?. Impressively, the charge/discharge voltage of flexible
ZAB has no significant change even bent from 0° to 180° (Fig. 5g).
This indicates that the as-prepared flexible Zn-air battery has ex-
cellent flexibility and is promising for future flexible electronic de-
vices.

In summary, a MXene-based hierarchical pore structure con-
taining CoNi/CoNiP heterostructure called H-CNP@M was success-
fully synthesized. The fast interfacial electron transfer and the
rearrangement of electrons of the heterostructure lead to excel-
lent intrinsic bifunctional activity. Thus, H-CNP@M exhibits a high
half-wave potential of the ORR (0.833V) and low overpotential
and Tafel slope of OFER (294mV at 10 mA/cm?, 63.7 mV/dec). H-
CNP@M also presents a high peak power density of 166.5 mW/cm?
and good cycle stability when assembled into Zn-air batteries.
This work provides a simple strategy for constructing MXene-
supported heterostructure for electrochemical energy storage
applications.

Declaration of competing interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Chinese Chemical Letters 34 (2023) 108318

Acknowledgments

This study was supported by Natural Science Foundation
of Jiangsu Province (No. BK20200406), National Natural Science
Foundation of China (Nos. 51731004, 22075263, 52002366), Na-
tional Key R&D Program of China (No. 2021YFA1501502), the
Fundamental Research Funds for the Central Universities (No.
WK2060000039), the Collaborative Research Fund (No. C5031-20G)
from Research Grant Council, University Grants Committee, Hong
Kong SAR, and Project of Strategic Importance Program of The
Hong Kong Polytechnic University (No. P0035168).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2023.108318.

References

[1] S. Wang, S. Chen, L. Ma, et al., Mater. Today Energy 20 (2021) 100659.
[2] X. Wang, X. Yang, H. Liu, et al., Small Struct. 3 (2022) 2100103.
[3] X. Zhao, X. Yu, S. Xin, et al., Appl. Catal. B: Environ. 301 (2022) 120785.
[4] M.A. Ahsan, T. He, J.C. Noveron, et al., Chem. Soc. Rev. 51 (2022) 812-828.
[5] X. Guo, W. Zhang, J. Shi, et al., Nano Res. 15 (2021) 2092-2103.
[6] H. Yang, B. Wang, S. Kou, et al., Chem. Eng. J. 425 (2021) 131589.
[7] Y. Niu, M. Xiao, J. Zhu, et al,, J. Mater. Chem. A 8 (2020) 9177-9184.
[8] J. Wang, F. Ciucci, Appl. Catal. B: Environ. 254 (2019) 292-299.
[9] C.Jing, X. Song, K. Li, et al., ]. Mater. Chem. A 8 (2020) 1697-1708.
[10] J. Cheng, H. Zhang, H. Wang, et al., Adv. Funct. Mater. 32 (2022) 2201129.
[11] K. Ge, S. Sun, Y. Zhao, et al., Angew. Chem. Int. Ed. 60 (2021) 12097-12102.
[12] Y. Zhou, R. Abazari, ]. Chen, et al., Coord. Chem. Rev. 451 (2022) 214264.
[13] H.E. Wang, L. Chen, H. Pang, et al., Chem. Soc. Rev. 49 (2020) 1414-1448.
[14] A.M. Andrade, Z. Liu, S. Grewal, et al., Dalton Trans. 50 (2021) 5473-5482.
[15] J. Shi, F. Qiu, W. Yuan, et al., Chem. Eng. ]. 403 (2021) 126312.
[16] S.H. Lee, ]J. Kim, D.Y. Chung, et al, J. Am. Chem. Soc. 141 (2019) 2035-2045.
[17] J.B. Pang, R.G. Mendes, A. Bachmatiuk, et al., Chem. Soc. Rev. 48 (2019) 72-133.
[18] J.Y. Qiao, L.Q. Kong, S.K. Xu, et al., Energy Stor. Mater. 43 (2021) 509-530.
[19] T. Shang, Z. Lin, C. Qj, et al., Adv. Funct. Mater. 29 (2019) 1903960.
[20] C. Liu, Y. Bai, W. Li, et al., Angew. Chem. Int. Ed. 61 (2022) e202116282.
[21] G. Zuo, Y. Wang, W.L. Teo, et al., Angew. Chem. Int. Ed. 59 (2020) 11287-11292.
[22] Y. Deng, T. Shang, Z. Wu, et al., Adv. Mater. 31 (2019) 1902432.
[23] M. Naguib, V.N. Mochalin, M.W. Barsoum, et al., Adv. Mater. 26 (2014)
992-1005.
[24] D. Zhao, R. Zhao, S. Dong, et al., Energy Environ. Sci. 12 (2019) 2422-2432.
[25] Z. Fan, Y. Yang, H. Ma, et al., Carbon 186 (2022) 150-159.
[26] D. Xiong, S. Huang, D. Fang, et al., Small 17 (2021) 2007442.
[27] P. Zhang, R.A. Soomro, Z. Guan, et al., Energy Stor. Mater. 29 (2020) 163-171.
[28] X. Li, J. Zhou, C. Liu, et al., Appl. Catal. B: Environ. 298 (2021) 120578.
[29] Q. Shi, Q. Liu, Y. Zheng, et al., Energy Environ. Mater. 5 (2021) 515-523.
[30] X.Li, ]. Wei, Q. Li, et al., Adv. Funct. Mater. 28 (2018) 1800886.
[31] S.H. Ahn, A. Manthiram, Small 13 (2017) 1702068.
[32] J. Li, X. Hong, Y. Wang, et al., RSC Adv. 10 (2020) 26834-26842.
[33] X. Zhang, A. Wu, X. Wang, et al,, J. Mater. Chem. A 6 (2018) 17905-17914.
[34] T. Wang, Y. Jiang, Y. Zhou, et al., Appl. Surf. Sci. 442 (2018) 1-11.
[35] L. Yan, Y. Xu, P. Chen, et al., Adv. Mater. 32 (2020) 2003313.
[36] Y. Li, Y. Liu, Q. Qian, et al., Energy Stor. Mater. 28 (2020) 27-36.
[37] H. Liy, J. Guan, S. Yang, et al., Adv. Mater. 32 (2020) 2003649.
[38] W. Liu, B. Ren, W. Zhang, et al., Small 15 (2019) 1903610.
[39] N. Wang, S. Ning, X. Yu, et al., Appl. Catal. B: Environ. 302 (2022) 120838.
[40] Q. Dong, H. Wang, J. Ren, et al., Chem. Eng. J. 442 (2022) 136128.
[41] ]. Chen, C. Fan, X. Huy, et al., Small 15 (2019) 1901518.
[42] S. Sun, X. Zhou, B. Cong, et al., ACS Catal. 10 (2020) 9086-9097.
[43] W. Gou, ]. Bian, M. Zhang, et al., Carbon 155 (2019) 545-552.
[44] C. Wang, H. Lu, Z. Mao, et al., Adv. Funct. Mater. 30 (2020) 2000556.
[45] W. Jin, ]. Chen, B. Liu, et al.,, Small 15 (2019) 1904210.
[46] H. Zhang, Z. Yang, X. Wang, et al., Nanoscale 11 (2019) 17384-17395.
[47] K. Wu, L. Zhang, Y. Yuan, et al., Adv. Mater. 32 (2020) 2002292.
[48] X. Tang, R. Cao, L. Li, et al., J. Mater. Chem. A 8 (2020) 25919-25930.





