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The development of clean renewable energy and energy storage devices is of great significance under the
present energy crisis and environmental pollution background. Aqueous zinc-ion battery (ZIB) has become
one of the most promising energy storage devices due to its high capacity, safety and low cost. However,
the application of ZIB cathode is usually limited by low capacity and poor stability. Herein, we propose
a novel heterostructure MnO/MnV,0, composite material composed of MOF derivatives and spinel with
dual active components as cathode for ZIBs. Benefited from substantial framework of MOF derivatives and
the synergistic effect of heterostructures, MnO/MnV,0,4 exhibits excellent rate performance (342 mAh/g
at 0.1 A/g, 261 mAh/g at 15 A/g) and cycling performance (198.9 mAh/g at 10 A/g after 2000 cycles) in
3 mol/L Zn(CF3S0s), electrolytes. This work extends the range of developing high-performance cathodes
for ZIBs under high current density and is expected to enlighten the optimization of commercial energy
storage devices.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As environmental pollution aggravates and energy supply-
demand contradiction intensifies, it is urgent to develop renewable
energy [1-6]. However, most renewable energy sources are easily
limited by time, region and other specific conditions, resulting in
an inability to provide a constant and steady supply of energy [7-
9]. Therefore, it is necessary to develop safe and efficient energy
storage and conversion technologies [10-13]. Lithium-ion battery
(LIB) is one of the relatively mature commercial electrochemical
energy storage devices [14-16]. However, limited by numerous fac-
tors including toxic and flammable electrolyte, high cost as well as
lack of lithium resources, the further development of LIBs is rela-
tively difficult to achieve long-term applications [17-20]. It is noted
that, aqueous rechargeable battery becomes one of promising stor-
age devices due to avoiding a series of safety concerns and reduced
assembly conditions and manufacturing costs. In addition, the con-
ductivity of aqueous electrolyte (0.1-1 S/cm) is higher than that of
organic electrolyte (10-3-10-2 S/cm), which accelerates ion trans-
port [17,19,21-25].
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To date, a variety of aqueous metal ion batteries have been
studied. Study indicated that it is easier for multivalent metal ion
batteries to exhibit higher discharge capacity and energy density
due to the participation of multiple electrons in the reaction pro-
cess [12,19,26,27]. However, most of multivalent metal batteries do
not work normally in aqueous electrolyte because of strong inter-
action between multivalent cations and electrode materials as well
as acute passivation on the anode surface [19,28-31]. Unlike other
metals, high redox potential of Zn (-0.76V vs. SHE) suppresses
the evolution of H,, allowing battery to work securely and stably
in aqueous electrolyte. Besides, ZIB exhibits high theoretical vol-
umetric (5855 mAh/cm3) and gravimetric capacity (820 mAh/g),
smaller ion radius for faster ion insertion/extraction, abundant re-
serves and low cost [4,23,32-36]. Herein, manganese-based com-
pounds and vanadium-based compounds are the most widely stud-
ied cathode materials. Manganese-based compounds possess high
theoretical capacity and working voltage, but dissolution of Mn
and lattice distortion and disproportionation caused by Jahn-Teller
effect, results in rapid capacity decay and poor rate performance
[33,36-39]. Vanadium-based compounds exhibit moderate capacity
and better capability, while their average working voltage is in dire
of boost [14,40,41].
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Fig. 1. (a) XRD patterns of NM700, MnO and MnV,04. (b) XPS survey spectrum of
NM700, MnO and MnV,0;. (c, d) High-resolution XPS spectrum of Mn 2p, and V
2p respectively in the resulting NM700, MnO and MnV,0y4.

Here, to address the structural collapse and poor conductiv-
ity of manganese oxides during charge and discharge process, we
prepared manganese oxides by annealing manganese-based metal
organic framework (MOF), meanwhile, it is a feasible choice for
achieving wider working voltage window and better rate perfor-
mance by combining manganese oxides and vanadium oxides in
a sensible way. Additionally, binary metal oxides exhibit excellent
electrochemical activity due to high electronic conductivity and
polyvalent states of two transition metals.

Inspired by the above issues, we present a novel heterostruc-
ture MnO/MnV,0,4 composite material (NM700) composed of MOF
derivatives and spinel with dual active components. MOF deriva-
tives provide robust structure support, heterostructures generate
abundant interfaces to accelerate charge transfer, and combine re-
spective advantages of MnO and MnV,0Qy,, thus enabling composite
material with excellent rate performance and robust cycle stability.

The typical XRD patterns of NM700, MnO and MnV,04 sam-
ples are displayed in Fig. 1a. The XRD patterns of NM700 were
well-assigned to the cubic phase of MnO (PDF#75-0626) and the
face-center cubic phase of MnV,04 (PDF#39-0038). The diffrac-
tion peaks at 35.0°, 40.6°, 58.8°, 70.3° and 73.9° of NM700 are
corresponding to (111), (200), (220), (311) and (222) planes of
MnO phase, respectively. While the diffraction peaks at 17.9°, 29.5°,
34.8°, 42.3°, 52.4°, 55.9° and 61.4° of NM700 are corresponding to
(111), (220), (311), (400), (422), (333) and (440) planes of MnV,04
phase, respectively. The results of XRD confirm the formation of
composite phases in NM700. Besides, the XRD patterns of MnO are
in accordance with standard MnO (PDF#75-0626), and the diffrac-
tion peaks of MnV,0,4 are well assigned to standard MnV,04 (PDF
#39-0038).

XPS analysis is generally used to identify the element compo-
sition and valence state of samples. Fig. 1b presents XPS survey
spectrum of NM700, MnO and MnV,0,, further identifying the
presence of Mn, V, C and O elements on the surface of NM700.
The Mn 2p spectrum of NM700 in Fig. 1c shows two main peaks
centered at 641.8 and 653.5eV corresponding to Mn 2p;, and
Mn 2pq, of Mn?*, and the satellite peak at 646.5eV also re-
veals the presence of Mn2* [42]. The peaks of Mn 2p is posi-
tively shifted towards higher binding energy compared to MnO
(641.5eV/653.3 eV), indicating the lower electron density of Mn2+
in NM700 (MnO/MnV,04). The opposite happens to V 2p, the V 2p
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Fig. 2. (a, b) SEM images, (c) TEM image and (d) HADDF and elemental mapping
images of NM700.

spectrum of MnV,0, in Fig. 1d can be distinguished as V3+ (2p3p2,
515.6eV; 2py)p, 523.4eV) and Vot (2p3p, 517.3€V; 2py)p, 524.8eV)
[43]. It is obviously that V 2p peaks of NM700 (514.9eV/523.0eV,
516.9 eV/524.2 eV) are negatively shifted towards lower binding en-
ergy compared to MnV,04, which demonstrates an inflow of elec-
trons in V element of MnO/MnV,04. Therefore, it was deduced that
the formation of an internal electric field caused by heterostruc-
ture leads to the flow of electrons from MnO to MnV,0,4 [44].
The high-resolution C 1s spectrum (Fig. S1a in Supporting infor-
mation) displays that there are two peaks at 284.8 and 285.7¢eV,
corresponding to C-C and C=O, respectively [42]. And the O 1s
spectrum of NM700 (Fig. S1b in Supporting information) can be
divided into two peaks at 530.4 and 531.5eV, which are attributed
to M-O (M =metal) and C-O, respectively [45].

In Fig. 2a, the SEM image of as-prepared NM700 exhibits a typ-
ical cube, which inherits the original morphology of Mn-MOF pre-
cursor (Fig. S2 in Supporting information). It also can be observed
that the surface of NM700 is rough and porous (Fig. 2b). As shown
in Fig. S2, Mn-MOF displays a cubic structure with a smooth sur-
face. MnO prepared by calcining Mn-MOF at 700 °C exhibits a cu-
bic structure similar to Mn-MOF. The uneven surface of MnO with
many pores can be clearly observed in Fig. S3 (Supporting infor-
mation). The morphology of MnV,0, signifies irregularly shaped
blocks with smooth surface (Fig. S4 in Supporting information).

The TEM images in Fig. S5 (Supporting information) show that
NM700 is consisted of stacked nanoparticles with a mean diam-
eter of less than 100nm, and there should be a layer of amor-
phous carbon on the surface of NM700, which probably originates
from the decomposition of the MOF ligand, upgrading the inher-
ent low electronic conductivity of manganese oxide and vanadium
oxide materials. From the TEM image of NM700 in Fig. 2c, in
addition, the observed lattice spacings of 0.228 nm and 0.311 nm
are attributed to (200) plane of the MnO and (220) plane of the
MnV,0y4, respectively, which are well matched with the results of
XRD. In the meantime, the above results manifest the existence
of MnO/MnV,0,4 heterostructure. Additionally, elemental mapping
images demonstrate that C, O, Mn and V elements are distributed
uniformly throughout the NM700 (Fig. 2d).

The N, adsorption-desorption isotherm of NM700 is shown in
Fig. S6a (Supporting information). The BET specific surface area
of NM700 is measured to be 114.50 m2/g, and the average pore
size of NM700 is 5.26nm (Fig. S6b in Supporting information).
Abundant pores and the hierarchical pore structure with microp-
ore and mesopore facilitate ion diffusion and also macropore pro-
vides buffer space for ion insertion. The metal element content of
NM700 was determined by ICP-MS (Table S1 in Supporting infor-
mation). The results exhibit that the atomic ratio of Mn to V in
NM700 is 0.677:1. From this, it is deduced that the molar ratio of
MnO and MnV,04 components in NM700 is 0.353:1.

To evaluate the electrochemical performance of NM700 as cath-
ode materials in ZIBs, the Zn//[NM700 battery was assembled and
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Fig. 3. Electrochemical performance of the NM700 cathode. (a) CV curves of the 15t-8™ cycles at the scan rate of 0.3 mV/s. (b) Galvanostatic charge-discharge (GCD) curves
during different cycles at the current density of 0.1 A/g for NM700. (c) Nyquist plots after CV activation of NM700, MnO and MnV,04. (d) GCD curves at current density
from 0.1 A/g to 15 A/g of NM700. (e) Rate performance at current density from 0.1 A/g to 15 A/g of NM700, MnO and MnV,0y,. (f) Long-term cycling performance of NM700

at 10 A/g.

tested. Fig. 3a shows cyclic voltammogram (CV) curves of the ini-
tial eight cycles at a scan rate of 0.3mV/s over a voltage range
of 0.2-1.8V (vs. Zn%>*/Zn). For the first charge process, the signif-
icant oxidation peak at 1.42V appears and vanishes gradually in
the following cycles, corresponding to the occurrence of an irre-
versible reaction at 1.42V. With the increasing of the cycle num-
bers, the area of CV curve becomes larger than that of the former,
which means an increase of the electrochemical capacity and the
activation of NM700. Furthermore, the CV curves of the sixth to
the eighth cycles are basically overlapped, which indicates that the
electrochemical reaction is highly reversible after the initial activa-
tion process.

The galvanostatic charge-discharge (GCD) curves of NM700 are
consistent with the result of CV curves (Fig. 3b). It appears a long
plateau region corresponding to an irreversible phase transforma-
tion in the first charge curve. The subsequent discharge and charge
curves are consisted of two slope plateaus, reflecting the solid-
solution reaction associated with the insertion/extraction of Zn2+
and H™ [46]. After activating at the current density of 0.1 A/g in
the initial cycles, the specific capacities of the first to eighth cy-
cles are rapidly increased from 13.45 mAh/g to 342.85 mAh/g, in-
dicating that the reconstructed structure is more conducive to Zn%*+
storage during the irreversible phase transition. According to pre-
vious research, the phase transition may be the amorphization of
MnV,0,4, which form an amorphous phase with enriched sites can
play a significant buffering role in subsequent reactions [47].

Nyquist plots are generally used to evaluate the impedance val-
ues of electrode materials in different states. The semicircle of
the high frequency region represents the charge transfer resistance
of the electrode, meanwhile, the smaller semicircle radius corre-
sponds to the smaller impedance, which is more beneficial for
charge transfer. The semicircle radius of NM700 is smaller than
that of MnO and MnV,0,4 in Fig. 3c, verifying that MnO/MnV;,04
heterostructure can generate abundant active sites that accelerate
ion diffusion and charge transfer processes.

Furthermore, the rate performance of NM700 electrode was
evaluated at different current densities ranging from 0.1 A/g to 15
Alg (Figs. 3d and e). When the current density varies from 0.1 A/g
to 0.5, 1, 5, 10 and 15 A/g, the discharge specific capacities are 342,
332, 323, 297, 279 and 261 mAh/g, respectively (Fig. 3d). Interest-
ingly, the capacity is decreased by only 23% when the current den-

sity increases from 0.1 A/g to 15 A/g, which is attributed to the
specific heterostructure inheriting high capacity of MnO and out-
standing rate performance of MnV,0y. As it returns to 0.1 A/g, dis-
charge specific capacity is up to approximately 328 mAh/g, indi-
cating good reversibility and excellent rate performance (Fig. 3e).
In contrast, MnO exhibits large capacities at the low current den-
sity but capacities attenuate severely at the high current density
(11 mAh/g at 15 A/g), while MnV,0,4 presents less capacity loss
but low capacities (178 mAh/g at 0.1 A/g).

To evaluate the cycling stability of NM700 in depth, long-term
cycling test was conducted at a higher current density of 10 A/g
(Fig. 3f). Impressively, the capacity of NM700 was increased to
2455 mAh/g during the first 150" cycles of the cathode activa-
tion process. After 2000th cycles, a large specific capacity of 198.9
mAh/g (81.0%) is still retained with a coulombic efficiency of al-
most 100%, while the specific capacity of MnO and MnV,04 are
only 53.3 and 141.6 mAh/g, respectively (Fig. S7 in Supporting
information), which further demonstrates that NM700 possesses
high reversible capacity and excellent cycling stability even un-
der high current density. Table S2 (Supporting information) shows
the comparison of the rate and cycling performance of recently
reported manganese-based and vanadium-based materials. Com-
pared with the above materials, MnO/MnV,0,4 exhibits optimal
specific capacity and cycling stability at high current density, indi-
cating the potential application prospects of MnO/MnV,0,4 cathode
material in ZIBs.

To further explore Zn?* storage behavior of NM700, it was
investigated the electrochemical kinetics in the Zn//NM700 cell.
Fig. 4a exhibits CV curves range from 0.3mV/s to 1.5mV/s of
NM?700, and the shape of CV curves can maintain almost consistent
at different scan rates. The storage mechanism can be evaluated by
the following formula.

i=a (1)
Here, i represents the peak current, v represents the scan rate, a
and b are variate coefficients. The value of b can be calculated by
Eq. 2 converted from Eq. 1.

log(i) = b x log(v) + log(a) (2)

When the value of b approaches to 1, it implies that the electro-
chemical process is dominated by the surface capacitive behavior;
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Fig. 4. (a) CV curves at different scan rates. (b) log(i, current) and log(v, scan
rate) plots at specific peak currents. (c) The capacitive contribution at 1.5mV/s.
(d) The contribution rate of capacitive capacities to total charge storage at differ-
ent scan rates. (e) Ex situ XRD patterns of NM700 during the first and second dis-
charge/charge cycles at 0.1 A/g.

when the value of b approaches to 0.5, it implies that the elec-
trochemical process is dominated by the ion diffusion behavior. As
shown in Fig. 4b, the b values of redox peaks in NM700 are 0.83,
0.71, 0.79 and 0.82, which illustrates that the electrochemical reac-
tion process is jointly controlled by diffusion and capacitive behav-
ior, and capacitive process plays a major role in the electrochemical
reaction.

According to Eq. 3, the kyv is calculated, which means the con-
tribution part of capacitive capacities at specific scan rates. Fig. 4c
shows that the capacitive proportion (red region) is determined to
be 70.11% in the CV curve at a scan rate of 1.5mV/s based on Eq. 3.
The contribution rate of capacitive capacities to total charge stor-
age in NM700 are portrayed in Fig. 4d, they are 51.24%, 59.09%,
64.07%, 67.39% and 70.11% at the scan rate of 0.3, 0.6, 0.9, 1.2
and 1.5mV/s respectively, implying that capacitive process grad-
ually dominates kinetic process of NM700 with the scan rate in-
creasing.

i(V) = kv + kov'/? (3)

The b values of MnO redox peaks are calculated by CV curve
(Fig. S8a in Supporting information). Fig. S8b (Supporting infor-
mation) shows the b values of redox peaks in MnO are 0.50 and
0.79, suggesting that diffusion behavior dominates electrochemi-
cal process of MnO. The capacitive contribution rate of MnO at a
scan rate of 0.3mV/s is 44.25% (Fig. S8c in Supporting informa-

Chinese Chemical Letters 35 (2024) 109326

tion), and capacitive proportion increases from 44.25% to 63.87%
as the scan rate increases from 0.3mV/s to 1.5mV/s. The b val-
ues (0.84/0.69/0.69/0.80) and capacitive contribution rate (44.20%,
4713%, 49.47%, 60.60%, 62.50%) of MnV,0,4 are calculated by the
same method in Fig. S9 (Supporting information).

To explore the Zn®* storage mechanism and structural changes
of NM700 cathode, ex-situ XRD was conducted at different states
of the first two charge and discharge processes (Fig. 4e). After the
initial discharge, XRD pattern of NM700 electrode remains almost
unchanged, except for a slight shift of the (311) peak of MnV,04
and (111) peak of MnO around 35° towards lower angles, which
is attributed to the interlayer spacing expansion caused by the in-
sertion of Zn?+ [48]. Subsequently, the above peaks move back to
higher angles during the first charging process, reflecting that the
structure of NM700 is recovered after Zn?+ extraction (Fig. S10 in
Supporting information) [46]. It is also observed that (333) peak
of MnV,04 around 56° towards higher angles in Fig. S10. Inter-
estingly, small peaks appear near 12.3° and 17° at the first dis-
charge to 0.2V, corresponding to the (001) and (100) plane of
Zn3(0OH),V,07-2H,0 (ZVO0), respectively. Fig. S11 (Supporting infor-
mation) shows that there are obvious ZVO diffraction peaks on the
surface of NM700 after 2000th cycles at 10 A/g, further indicating
a conversion reaction occurred and the formation of ZVO, and ZVO
is coexisted with NM700 during subsequent charge and discharge
processes [46].

In summary, MnO/MnV,0,4 heterostructure cathode material
has been successfully prepared by hydrothermal method followed
by the calcination process. Benefiting from the synergistic effect
of heterostructure combining the advantages of MnO and MnV,0y4,
as a result, the specific capacity of NM700 is up to 342 mAh/g at
0.1 A/g, and the capacity is decreased by only 23% while the cur-
rent density increases 150 times (261 mAh/g at 15 A/g). The MOF
framework ensures the structural stability of NM700, so the spe-
cific capacity can be maintained at 198.9 mAh/g after 2000th cy-
cles of 10 A/g (81.0%). Consequently, this work can be expected to
inspire the development of other advanced aqueous ion-types en-
ergy storage devices in future energy applications.
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