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ABSTRACT
In this work, we fabricated vanadium/zinc metal—organic frameworks (V/Zn-MOFs)
derived from self-assembled metal organic frameworks, to further disperse ultrasmall
Zn,VO4 nanoparticles and encapsulate them in a nitrogen-doped nanocarbon network
(ZVO/NC) under in situ pyrolysis. When employed as an anode for lithium-ion
batteries, ZVO/NC delivers a high reversible capacity (807 mAh g-!' at 0.5 A g!) and
excellent rate performance (372 mAh g! at 8.0 A g'). Meanwhile, when used in
sodium-ion batteries, it exhibits long-term cycling stability (7000 cycles with 145
mAh g!at2.0 A g'!). Additionally, when employed in potassium-ion batteries, it also
shows outstanding electrochemical performance with reversible capacities of 264
mAh g''at0.1 A g and 140 mAh g ! at 0.5 A g! for 1000 cycles. The mechanism by
which the pseudocapacitive behaviour of ZVO/NC enhances battery performance
under a suitable electrolyte was probed, which offers useful enlightenment for the
potential development of anodes of alkali-ion batteries. The performance of Zn,VO,
as an anode for SIBs/PIBs was investigated for the first time. This work provides a
new horizon in the design ZVO/NC as a promising anode material owing to the
intrinsically synergic effects of mixed metal species and the multiple valence states of
V.
KEYWORDS: Zn,VO,; Metal-organic framework; N-doped carbon; Anode; Alkali
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1. Introduction

As a kind of clean and efficient renewable-energy storage device, rechargeable
batteries have been regarded as an indispensable electrochemical system.
Commercialized lithium-ion battery (LIB) technology is the dominant power supply for
portable electronics and electric vehicles [1]. However, limited lithium resources and t
exorbitant prices have made it difficult to meet the demands of excessive growth in
emerging markets, particularly, large-scale stationary power stations [2]. Hence,
sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) have aroused great
interest as alternatives to lithium-ion batteries [3]. More importantly, the redox
potentials of sodium (—2.71 V) and potassium (—=2.93 V) are lower than that of lithium
(—3.04 V) [4, 5]. Lithium-ion batteries (LIBs) are limited by the lack of suitable anode
materials, such as graphite (35 mAh g! for SIBs/279 mAh g'! for PIBs) [6-8], which
restricts the development of energy storage equipment. Because of the significantly
larger radius of alkali ions (Li*< Na*< K%, 0.76< 1.0 < 1.38 A), developing and
designing comparable novel anode materials for alkali ion batteries remains a rigorous
challenge.

In addition to graphite, studies investigated non-carbonaceous materials as anodes,
including transition metal oxides (TMOs), transition metal chalcogenides (TMCs), and
intermetallic and organic compounds [9-11]. Among them, transition bimetallic oxides,
possess high capacities benefiting from multiple redox reactions, as well as the
interfacial and synergistic effects of multiple metal species, such as MnFe,O4, NiC0,0y,,

FeCo,0,, and CuCo,0,4 [12-15]. These TMOs generally suffer from large volume



changes during the charge/discharge process, resulting in capacity fading and shorter
lifetimes. Additionally, the ionic radius of K* is larger than that of Li* and Na*, and the
dynamics of K* are kinetically more sluggish as compared to Li*/Na* [16-18].

To overcome these issues, bimetallic vanadates have been widely considered as
candidate for anodes, including Co,VOy, Ni3V,0s, ZnV,04, FeVO,, and CaV,0y [19-
24]. For instance, novel nanosheet-assembled compact CaV,09 microflowers were
designed by Mai et al., which show great areal capacity and long-cycling performance
with superior mass loadings for LIBs and SIBs [21]. Guo’s group reported amorphous
FeVO, as an anode material for PIBs with superior capacity (~350 mAh g') [22]. In
particular, zinc vanadate (Zn,V,0,) compounds have attracted the attention of
researchers for energy storage systems owing to their lower cost, better availability,
environmental friendliness, and broad diversity of species and architectures (ZnV,0,
glomerulus nano/microspheres, porous sheet-like Zn3V,0g, grass-like Zn;V;0g
nanobelts and so on) [25-28]. In our previous works, ZnV,0,~CMK nanocomposites
and hierarchical lychee-like Zn;V;03@C/rGO nanospheres were investigated as anode
materials for LIBs, demonstrating excellent electrochemical properties [29, 30].
Additionally, zinc vanadate infused electrochemical activities are due to the variable
architecture and valence states of vanadium for the insertion/disinsertion of sodium-
ions [31-34]. For example, Liu’s group synthesized the m-ZnV,04 nanobelt which
exhibits an excellent discharge capacity of 247 mAh g! at the 100th cycle for SIBs
[31]. Regarding PIBs, to date, little work on bimetallic vanadates, especially zinc

vanadates, has been reported.



The Zn-based zeolitic imidazolate framework (ZIF-8), which consists of zinc ions
(centre) and 2-methylimidazole (an organic ligand), has been developed as a type of
organic—inorganic hybrid nanoporous crystal material, forming a three-dimensional
polyhedral structure and showing great enhancement in the field of energy storage
systems [35-39]. In contrast to bimetallic vanadates previously reported in different
architectural designs, typical carbon nanocomposites were was obtained by
hydrothermal or solvent-thermal reduction strategies. Nevertheless, it is generally
difficult to design and synthesize carbon-encapsulated bimetallic vanadate
nanostructures by the solid-state method. Considering the high porosity of ZIF-8 with
sodalite (SOD)-type cavities of 12.5 A effective diameter, it is feasible to synthesize
bimetallic vanadate by one-step solid-state calcination, placing V species into these
suitable cavities [40, 41].

Herein, we ingeniously designed a Zn-MOF in situ derived carbon matrix to
introduce vanadium species. Nitrogen-doped carbon encapsulated ultrasmall Zn,VO,
nanoparticles were synthesized and dispersed homogenously within the carbon cavity,
as illustrated in Scheme 1. Enclosed polyvinyl pyrrolidone (PVP) not only acts as a
surface capping agent [42, 43], but can also be derived as a carbon-based protective
layer, restricting the direct contact of Zn,VO, nanoparticles with the electrolyte and
providing an additional pseudocapacitive effect. In view of the physical barrier and
heterogeneous-phase confinement, the ultrasmall zinc vanadate crystals with pure
phases are well confined within the nanoporous carbon network. The synthesized N-

doped carbon encapsulated Zn,VO, polyhedron (ZVO/NC) presents high specific



capacity, stable long-term cycling performance and improved rate performance with
enhanced electrical conductivity. Both the rational design structure and superior
electrochemical performance demonstrate that ZVO/NC is a desirable candidate for an

anode for alkali ion batteries.

2. Experimental Section

All reagents were used without further purification. Polyvinyl pyrrolidone (PVP, Mw
=40000) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Vanadyl
acetylacetonate (VO(acac),, 99%) was purchased from Aladdin (Shanghai, China).
Zn(NO;3),-6H,0, N, N-dimethylformamide (DMF, AR) and 2-Methylimidazole (AR)
were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

2.1 Synthesis of the V/Zn-MOF precursor.

The precursor (V/Zn-MOF) was synthesized with a modified version of the literature
procedures [44]. Zn(NO;),-6H,O (1.0 mmol, 0.2975 g), 0.5 mmol of vanadyl
acetylacetonate and 0.2 g of PVP (MW = 40000) were dissolved in a solvent mixture
containing 20 mL of deionized water (DI) and 20 mL of DMF by stirring for 30 mins
at room temperature to form solution A. Then, 4.0 mmol of 2-methylimidazole was
dissolved in a mixed solvent of 20 mL of DI and 20 mL of DMF by stirring for 30 mins
to form solution B. Then, solution B was slowly poured into solution A and stirred
constantly and rapidly until well mixed. After 30 mins of vigorous stirring the reaction
mixture was left to age for 20 h. Finally, the pine green precipitate was washed with

DMF and DI several times, and dried at 70 °C.



2.2 Synthesis of ZVO/NC and ZVO/ZO/NC.

ZVO/NC was fabricated by a one-step calcination of the as-prepared precursor in a
furnace and calcined at 700 °C for 4 h in Ar flow with a heating rate of 2 °C min’!. For
comparison, the contrast sample was prepared using a similar approach with annealing
at 500 °C (denoted as ZVO/ZO/NC).

2.3 Structural characterization.

The crystal phases of the samples were analysed in an X-ray diffractometer (XRD,
Bruker D8 diffractometer, Germany) with Cu-Ka radiation (A=0.15406 nm) in the
range of 5-80°. The morphologies of the products were determined by scanning electron
microscopy (SEM, Hitachi 4800) and transmission electron microscopy (TEM, FEI F20
S-TWIN). Energy dispersive X-ray spectrometry (EDS) was performed using TEM. X-
ray photoelectron spectroscopy (XPS, ESCALAB MARK II spherical analyser) was
used to estimate the elemental valence. The specific surface area and pore size
distribution were recorded using the Brunauer-Emmett-Teller (BET) method. Raman
spectroscopy (DXR2xi) was also employed. The sample’s thermal properties were
evaluated by thermogravimetric analysis (TGA; TA-SDT Q600 analyser). TGA was
measured from the ambient temperature to 800 °C in an air atmosphere at a heating rate
of 10 °C min.

2.4 Electrochemical Measurements.

For the LIB test, the working electrode was obtained by mixing the ZVO/NC or

ZVO/ZO/NC samples, super-P and polyvinylidene fluoride (PVDF) in N-methyl-2-

pyrrolidone at a weight ratio of 8 : 1 : 1. The solvents eventually evaporated, and the



electrode films were dried at 110 °C under vacuum for 10 h. A 1 M solution of LiPFg
in ethylene carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC)
(1:1:1 by volume) served as the electrolyte. Lithium metal foil was used as the reference
electrode, and Celgard 2320 was used as the separator. For SIB and PIB tests, the
working electrodes were prepared following the same procedure with a mass ratio of
the ZVO/NC or ZVO/ZO/NC samples, super-P, and carboxymethyl cellulose (CMC)
of 8: 1: 1. Sodium or potassium metal foil was used as the reference electrode, and
Whatman glass fibre was used as the separator. NaPF¢ (1 M) including ethylene
carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC) (1:1:1 by
volume) was used as the electrolyte for SIBs. KPF¢ (1 M) was dissolved in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume) as the electrolyte for PIBs.
The mass loading on each electrode for LIBs, SIBs and PIBs can be calculated with the
value of 1.0-1.5 mg, respectively. The galvanostatic charge-discharge curves and
charge-discharge performance were tested with Land CT 2001 A battery instruments.
The cyclic voltammograms (CV; Ivium, Netherlands) were collected on an
electrochemical workstation at room temperature in the voltage range 0.01 - 3.0 V.
Electrochemical impedance spectroscopy (EIS) was carried out at frequency range of
10-! Hz to 10° Hz with a voltage disturbance amplitude 1.0 mV.
3. Results and discussion
3.1. Structure and morphology characterization

Powder XRD measurements were utilized to characterize the patterns of all samples

(Figure 1a). The XRD pattern of V/Zn-MOF (the precursor) is shown in Figure Sla.



The precursor exhibits distinct crystals with cubic /43 m groups and strong diffraction
peaks (labelled as “%”) at 26 values of 7.4, 10.4, 12.8, 14.7, 16.5, and 18.1°, which
match the (011), (002), (112), (022), (013) and (222) crystals of well-known ZIF-8
structures, respectively [45]. When elevating the calcination temperature to 500 °C, the
precursor (V/Zn-MOF) was converted in situ into a ZVO/ZO/NC composite. That the
distinguishable peaks (labelled as “#”’) located at 31.7, 34.3, and 36.2° are ascribed to
the (100), (002), and (101) planes of ZnO (JCPDS No0.80-0074), respectively [46].
Then, with increasing calcination temperature, single phase, well-crystallized Zn,VO,4
was obtained at 700 °C. The pattern of ZVO/NC is the same as that of ZVO/ZO/NC
and no impurity peaks (ZnO) appear in the red pattern. The diffraction peaks of
ZVO/NC become sharper, demonstrating the growth of crystallites and enhanced
crystallinity. The strong diffraction peaks are located at 18.3, 30.1, 35.4, 37.1, 43.1,
53.4, 56.9 and 62.5°, which correspond well to the (111), (220), (311), (400), (422)
(511) and (440) crystal planes of standard cubic Zn,VO, (JCPDS No. 76-1632) [47]. A
continuous increase in annealing temperature leads to the in sifu formation of the
Zn,VO, polyhedron composite with a strongly coupled carbon matrix. The broad yet
distinguishable peaks of ZVO/ZO/NC and ZVO/NC at approximately 26° indicate that
the carbon matrixes derived from ZIF-8 are amorphous carbon structures. Figure 1b
shows the Raman spectra of the ZVO/ZO/NC and ZVO/NC composites. Broad D-band
(disordered band) and G-band (graphite band) peaks are seen ca. 1360 and 1599 cm!.
As the calcination temperature increases, the calculated value of the peak intensity ratio

for ZVO/NC (Ip/Ig = 1.12) becomes larger than that of ZVO/ZO/NC (Ip/Ig = 1.08),



revealing the increase in carbon defects in the ZVO/NC structure. Abundant carbon
defects, possibly introduced by N heteroatom doping, are beneficial for enhancing extra
alkali ion storage sites [48]. Thermogravimetric analysis (TGA) was conducted to
further characterize the carbon content within ZVO/NC in air (Figure 1c¢). The weight
loss of ZVO/NC (ca. 15 wt. %) below 200 °C is because of the evaporation of adsorbed
moisture. Based on a consecutive weight loss of carbon between ca. 200 and 700 °C,
the carbon and Zn, VO, contents of ZVO/NC can be calculated to be ca. 55 wt. % and
45 wt. %, respectively. The BET surface area and pore volume of V/Zn-MOF are
calculated to be 1062 m? g'! and 0.184 cm? g-!, respectively (Figure S1d). Through a
Barrett-Joyner-Halendar (BJH) evaluation, the pore-size distribution is indicative of
average mesopores of 2.2 nm within V/Zn-MOF, as shown in Figure S1d (inset). The
specific surface area of the ZVO/NC is 351 m? g”! with diameters centred at 3.2 nm
(Figures 1d and inset). The larger specific surface area of the ZVO/NC polyhedron
and abundant pore networks can shorten the ion transport distance and enhance the
electrode/electrolyte contact area.

The elemental composition of the ZVO/NC polyhedron was further confirmed by
XPS (Figure 2). The XPS spectra on the ZVO/NC surface reveal the characteristic
signals of Zn, V, O, C and N without impurities (Figure 2a). In the Zn 2p XPS spectrum
(Figure 2¢), two obvious peaks are detected at 1021.7 and 1044.8 eV, corresponding
well to Zn 2ps/; and Zn 2p,, spin orbitals, respectively, confirming the Zn?" state of Zn.
For the high-resolution V 2p spectra, there are three peaks of V3*, V4" and V3* at 515.9,

517.1, and 517.4 eV, respectively. The primary peak was located at a binding energy
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of 517.1 eV, implying the presence of V** (highlighted by a light blue colour) in
Zn,VO, [49-51]. Likewise, as shown in Figure 2d, four peaks of the O 1s spectrum are
located at approximately 529.8, 530.5, 531.7 and 532.9 eV, which correspond to lattice
oxygen, Zn-O and V-O, C=0 (carbonate), and C-O-C (carbonate) species, respectively
[52]. In addition, defects and dopants are two important factors influencing the
electrochemical performance [53]. As shown in Figure 2e, the peaks at approximately
284.8, 285.3, 286.9 and 289.5 eV are associated with C=C, C=N, C-O and C=0 bonds,
respectively. This validates the successful in situ N atom doping in the carbon matrix,
which is consistent with the above results of Raman spectrum. The N 1s spectrum
(Figure 2f) are deconvolved into three types of nitrogen species located at 398.6, 400.2
and 401.2 eV, which can be interpreted as the pyridinic N, pyrrolic N, and graphitic N,
respectively. In detail, the presence of pyridinic N and pyrrolic N is believed to induce
many highly chemically active sites at the edges or in the defect sites of the basal plane
while graphitic N can enhance the conductivity and stability of nanocomposites [54-
56]. As shown in Figure 2g, the relative ratios of pyridinic N, pyrrolic N, and graphitic
N are 49.4, 30.1, and 20.5%, respectively. Additionally, according to the results of
elemental analysis (Table S1), the carbon and nitrogen contents in ZVO/NC ca. 35.13
and 10.65 wt%, respectively. N-doped activated carbon has been taken into account for
the active sites for the electrochemical reaction process, which can not only improve
the surface wettability between organic electrolytes and active materials, but also
facilitate the adsorption and charge-transfer ability of Li/Na/K ions, accelerating the

pseudo-capacitance behaviour.
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The architecture of ZVO/NC was analysed by SEM and TEM characterizations
(Figure 3). As depicted in Figure S2a, V/Zn-MOF was initially prepared as a precursor
to fabricate ZVO/NC. The precursors are monodispersed with sizes ranging between
200 and 400 nm and possess regular polyhedron morphology. The V/Zn-MOF
precursor was transformed into ZVO/ZO/NC via calcination at 500 °C (Figure S2b).
The structure of the polyhedron is well maintained while the surface becomes rough
after increasing the calcination temperature to 700 °C (Figure 3a-b). However, the
structure of the polyhedron undergoes visible damage after increasing the calcination
temperature to 800 °C under an Ar atmosphere (Figure S2d), suggesting the
importance of proper calcination temperature to the structure of the polyhedron. As
shown in Figure 3¢, owing to the strong interaction between carbon layers derived from
PVP and the rhomboid dodecahedron carbon skeleton derived from V/Zn-MOF, the
overgrowth of Zn,VO, nanoparticles is restricted in the carbon matrix, leading to the
formation of a sweetsop-like shell configuration. The dodecahedral configuration of
ZVO/NC can be well preserved from V/Zn-MOF with a higher calcination temperature
and the entire structures have a uniform size distribution of approximately 100-300 nm,
quite similar to that of V/Zn-MOF. TEM images show further insight into the interior
architecture of the ZVO/NC polyhedron. The low-magnification TEM images (Figure
3d-e) provide evidence of the scale-uniformity of the dodecahedra with similar
thicknesses. Furthermore, Figure 3e reveals numerous Zn, VO, nanoparticles with high
crystallinity that are tightly and homogeneously confined within the carbon matrix.

Lattice fringes of 0.242, 0.209 and 0.171 nm are well indexed to the (222), (400) and
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(422) lattice planes of Zn,VO,, respectively. The corresponding EDS mappings in
Figure 3f reveal the homogeneous distribution of Zn, V, O, C, and N, which
demonstrates that all atoms are uniformly dispersed into the N-doped carbon matrix.
3.2. Electrochemical properties
3.2.1. Electrochemical performance for LIBs

The electrochemical performances of ZVO/NC as the anode material of LIBs is
shown in Figure 4. In the CV curves for ZVO/NC at a scan rate of 0.1 m V s (Figure
4a), two broad reduction peaks ca. 1.46 V and 0.55 V appeared, which correspond to
the first lithium intercalation of Zn,VO, to form Li,VO, and the conversation reaction
to form ZnO in the initial cathodic cycle[57]. Moreover, a third sharp intense peak is
found below 0.1 V and has asymmetrical features. This peak of the first reduction curve
is larger than other curves below approximately 0.1 V which are attributed to the
consumption of part of the electrolyte, forming a solid electrolyte interphase (SEI)
film[58]. The intense asymmetric peak below 0.1 V arises from the overlapping of two
peaks related to an irreversible Li* conversion reaction that results in the formation of
Li-Zn alloy due to the further reduction of ZnO into Zn. In contrast, the initial anodic
sweep displays three oxidation peaks: one weak peak at approximately 0.53 V (below
1.0 V) corresponds to delithiation process of the Li-Zn alloy[47]. The other two peaks
at 1.22 and 2.62 V should be ascribed to oxidization of Zn to ZnO and extraction of Li
ions from Li,VO, matrices, accompanied by transformations of V> to V3*, and V3*
to V#, respectively [59]. The lithiation and conversion reaction of Zn,VO, for LIBs

may be expressed as follows [60, 61]:
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Zn,VO, +xLi* + xe- — 27Zn0O + Li,VO, (D)
Zn0O + 2Li" + 2e <> Zn + Li,0 (2)
Zn +yLi* +ye — LiyZn 3)
Figure 4b displays that the initial discharge and charge capacities of the ZVO/NC
electrode are 1111 and 619 mAh g ! at 0.5 A g!, respectively. The irreversible capacity
loss at the 1%t cycle can be ascribed to the formation of an SEI layer, which is consistent
with the CV curve results. Additionally, the discharge capacities for the 274, 31, 50th,
100%™ and 200t cycles of ZVO/NC are 675, 662, 666, 786 and 807 mAh g!, respectively,
indicating the good reversibility and capacitance stability of ZVO/NC. Figure 4¢ shows
the cycling performances of the ZVO/NC and ZVO/ZO/NC electrodes at 0.5 A g! for
200 cycles. ZVO/NC presents the an excellent initial capacity (1111 mAh g!) and
maintains stable capacity of 619 mAh g! after 200 cycles. ZVO/NC delivers the best
high-rate performance and benign capacity retention at large current densities as shown
in Figure 4d. The average reversible capacities of the ZVO/NC electrode are 658, 604,
532,442,397 and 372 mAh g, at current densities of 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 A
g!, respectively. The ZVO/NC electrode even maintains a discharge capacity of 718
mAh g! when the rate returns to 0.5 A g!. The cycling capability of the ZVO/NC
electrode (441 mAh g!) was further evaluated at an ultrahigh rate of 5.0 A g'! with a
long lifespan of 1000 cycles, as shown in Figure 4e. The Coulombic efficiency of the
ZVO/NC anode approaches to 100% with a capacity retention approximately 83.2%

just after several cycles.

14



To further investigate the reason for the enhanced cycling stability and rate capability
of ZVO/NC electrodes, CV curves from 0.2 to 10.0 mV-s™! were produced (Figure 5a).
Specifically, the relationship of the measured peak current (i) and scan rate (v) can be
described by the following two equations [62, 63]:

i=aw 4)

logi=Db-logv+loga (5)

where both a and b are controllable constant parameters. The value of factor b ranged
from 0.5 (diffusion-controlled process) to 1.0 (capacitive process). In this case, the
relationship between log i and log v of the ZVO/NC electrodes (Figure 5b), the
calculated b values are 0.84 £ 0.012 (peak-A) and 0.81 + 0.013 (peak-B), respectively,
which means that Li" storage is influenced by both diffusion-controlled and
pseudocapacitance processes. The capacitive contribution can be calculated from the
following equation [64]:

iy =k 0 + k0! (6)

where i), v, ki and k, are the measured current, fixed potential V, scan rate, and
adjustable constant parameters, respectively. As illustrated in Figure Sc, the
pseudocapacitive contribution reaches 43% at 1.0 mV s°!. The capacitive contributions
of the ZVO/NC electrodes gradually increase as the scan rate v shifts (from 0.2 to 10
mV s1), as shown in Figure 5d. These results demonstrate that the existence of
pseudocapacitive behaviour can effectively improve electrochemical performance,

resulting in kinetics which facilitate storage of Li ions on the surface or in the near
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surface region, as well as creating superior long cycling performance and rate

capability.

3.2.2. Electrochemical performance for SIBs

Considering the promising behaviour of the as the ZVO/NC anode for lithium storage,
we further studied its capability in sodium ion batteries. To optimize the performance
of the ZVO/NC electrode for SIBs, different electrolytes (ester-based or ether-based)
were given priority for investigation [65]. Several factors deserve attention, such as the
various Na-salts (NaPF4, NaClO4 or NaCF;S0;) and solvents including propylene
carbonate (PC), ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate
(DMC), ethyl methyl carbonate (EMC), dimethoxyethane (DME) and diethylene glycol
dimethyl ether (DIGLYME) or mixtures thereof. To illustrate the significance of the
electrolytes and corresponding solvents, the electrochemical behaviours of the
ZVO/NC electrode using different electrolytes were also examined. As shown in
Figure 6a, when using 1.0 M NaPF¢ in EC/DMC/EMC as the electrolyte, the ZVO/NC
electrode exhibits the highest reversible capacity performance. As a contrast, when
using 1.0 M NaClO,4in EC/DMC/EMC or 1.0 M NaPFg in PC, the ZVO/NC electrode
displays a lower capacity (ca. 170 mAh g'!) at 0.1 A g!. On the other hand, compared
with ester-type solvents (EC/DMC/EMC and PC), when using ether-type solvents
including DME or DIGLYME, the ZVO/NC electrode suffers a sharp capacity decay
to less than 150 mAh g'! or even less after 50 cycles. Consequently, the results have

demonstrated that the cycling performance of ZVO/NC in ester-based electrolytes is
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superior to that in ether-based systems. This ternary mixture may be able to provide
efficient ionic conductivity, low viscosity, low ion pairing, and, more significantly, the
formation of opportune and stable SEI films. As shown in Figure S3a, CV curves of
ZVO/NC at 0.1 mV s! were obtained in the voltage range between 0.01 and 3.00 V
(versus Na*/Na). For the initial cathodic cycle, the reduction peak of approximately 1.0
V is different from the subsequent scans likely due to the formation of the solid
electrolyte SEI membrane. One broad anodic peak centre at 1.0-1.25 V is assigned to
the oxidation reaction. From the 2nd cycle onward, the CV curves substantially overlap,
representing superior reversible Na® insertion/extraction in ZVO/NC. The
corresponding electrochemical performances are displayed in Figure S3b. ZVO/NC
delivers a stable reversible capacity of 266 mAh g! after the 100 cycle at 0.1 A gl in
Figure 6b. The ZVO/ZO/NC electrode exhibits an inferior capacity of 204 mAh g! at
the 100" cycle. Meanwhile, ZVO/NC displays fascinating reversible charge capacities
of 368, 290, 255, 221, 177, 164 and 110 mAh g!' at 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and 4.0
A g1, respectively, which were much better than those of ZVO/ZO/NC (Figure S3c-
d). As displayed in Figure 6c¢, after enduring 1000 cycles at 1.0 A g’!, the maintained
capacity and the Coulombic efficiency for ZVO/NC are 185 mAh g and close to 99%,
respectively. It is especially notable that ZVO/NC demonstrates excellent ultralong
cycling stability, delivering a capacity of 145 mAh g-' at 2.0 A g'! after the 7000™ cycle,
with a coulombic efficiency of almost 100% (Figure 6d).

CV measurements of the ZVO/NC anode for SIBs were carried out at a series of scan

rates from 0.2 mV s'! to 1.0 mV s!. As shown in Figure 7a, as the scan rates increase,
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all the CV curves display similar shapes with a slight potential polarization, implying
regular variation of different charge transfer kinetics. Figure 7b shows that the b values
of the ZVO/NC anode are 0.89 =+ 0.004 for the anodic peaks and 0.94 = 0.019 for the
cathodic peaks, suggesting that the sodium storage kinetics of the ZVO/NC anode are
also a mixture of pseudocapacitive behaviour and ion diffusion control. The detailed
pseudocapacitive fraction of the ZVO/NC anode at 0.4 mV s'! is also illustrated in
Figure 7c. As shown in Figure 7d, the pseudocapacitive contribution increases from
76% to 93% as the scan rate increases from 0.2 mV s! to 1.0 mV s™. These results
verify that the pseudocapacitive behaviour plays a key role in the entire capacity of the
ZVO/NC anode. This might be attributed to the effect on the N atom doping in carbon,

as there are more redox reactions on the surface of the carbon matrix.

3.2.3. Electrochemical performance for PIBs

In view of the remarkable performance of ZVO/NC in SIBs, PIBs were also
assembled and tested. Recently, different electrolytes and organic solvents have been
studied as for anode materials for PIBs, which is significant for enhancing the
electrochemical performance of K-ion storage. In the literature, the most common
electrolyte for PIBs is potassium hexafluorophosphate (KPF¢), which is dissolved in
different organic solvents, similar to SIBs. As shown in Figure 8a, we can observe that
the capacity of the ZVO/NC anode in the EC/DEC electrolyte is higher than those when
other organic solvents are used. Utilizing 1.0 M KPF4 in EC/DEC as the electrolyte, a

stable SEI layer forms that can effectively protect against solvent penetration of the
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active materials to maintain stablity between the electrode and electrolyte interface,
thereby achieving superior electrochemical performances for PIBs [66, 67]. In Figure
8b, the ZVO/NC electrode exhibits a superior discharge capacity of 264 mAh g'!, while
the capacity of ZVO/ZO/NC is only 159 mAh g'! after the 80" cycle at 0.1 A g-!. The
ZVO/NC electrode offers reversible capacities of 280, 242, 198, 169, 139 and 110 mAh
g'lat0.1t04.0A g, respectively. Even when the current density returns to 0.1 A g,
it still exhibits a capacity of 266 mAh g!. Moreover, even at higher rate current of 0.5
A g!, a discharge capacity of 140 mAh g'! remain at the 1000™ cycle with a Coulombic
efficiency of almost 100% (Figure 8c). The CV of the ZVO/NC electrode recorded at
0.1 mV s™! within the voltage range of 0.01-3.0 V (versus K/K"), is shown in Figure
S4a. There are no obvious redox pair peaks and just one well-defined peak centred ca.
0.95 V in the initial cathodic scan, which can be attributed to the formation of
nonstoichiometric K*-intercalated compounds, accompanied by the formation of a
stable SEI layer on the electrode/electrolyte interface. After the subsequent anodic scan,
the anodic peak is located at 1.37 V which may be due to the reversible extraction of K
ions in the electrode. To further ascertain the potassium-ion insertion/extraction
reaction kinetics of the ZVO/NC electrode, additional CV measurements were further
carried out ranging from 0.2 to 1.0 mV s, as shown in Figure 8d. The b values could
be individually quantified as 0.78 + 0.011 (cathodic peak) and 0.83 + 0.010 (anodic
peak), which indicates that the reaction dynamics of K™ are mainly dominated by a
surface induced pseudocapacitance behaviour, Such behaviour suggests rapid ionic

migration during the K* insertion/extraction process, as shown in Figure 8e. Figure 8f
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shows that the ratio of capacitive behaviour is approximately 67% for the specific
voltage curve at 0.6 mV s°!, in which the pink shaded domain represents the dominant
capacitive contribution in the whole region. Figure 8g depicts the histograms of the
two processes at diverse scan rates. Distinctly, as the sweep rate of v augments, the
capacitive contribution of the ZVO/NC electrode gradually enlarges from 52% to 63%,
then 67%, then 73% and finally to 77%. Such a high capacitive contribution can
presumably be attributed to the synergistic effect of the uniformly distributed Zn,VO,
nanoparticles and superior conductivity of the carbon matrix.

In addition, to comprehensively understand the enhanced electrochemical behaviour
of ZVO/NC, we employed -electrochemical impedance spectroscopy (EIS) to
characterize the electrodes before and after the 5 cycle. The Nyquist plots (Figure 9)
consist of three parts: the intercept is located at the x-axis, the depressed semicircle
appears at the high-medium frequency and a slope line presents at low frequency,
corresponding to the internal resistance (Rs), the impedance of the SEI layer(Rs) and
the charge-transfer impedance of the electrode/electrolyte interface (Rct), and the semi-
infinite diffusion of ions [68-72]. According to the equivalent circuit, the special value
of each impedance is listed in Table S2. The R¢ values of the fresh cells were 39.7,
127.7, and 230.5 Q in LIBs, SIBs and PIBs, respectively. The R¢increased to 46.1,
159.3, and 373.8 Q after 5 cycles. The comparison of ZVO/NC to other vanadates
(Table S3) and traditional materials (Table S4) for storage performance in the field of
alkali ion batteries as reported in previous literature is provided. Despite direct

statistical comparisons, zinc vanadate materials are suitable as anodes for LIBs/SIBs
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and exhibit decent electrochemical performance. As an anode material for sodium ion
batteries, such materials are rarely able to exhibit excellent stability in long cycles
(>5000 cycles). Of particular note is the superior electrochemical storage performance
of ZVO/NC including the superior reversible capacity (807 mAh g'! after 200 cycles at
0.5 A g!) for LIBs, the ultralong cycling performance (145 mAh g! after 7000 cycles
at 2.0 A g'") for SIBs, and the excellent cycle stability (140 mAh g! after 1000 cycles
at 0.5 A g!) for PIBs. This performance is superior to some representative vanadate
anode materials, which should be ascribed to the meticulously tailored polyhedron with
an N-doped porous matrix and accessible active sites of ZVO/NC, favour improved
electrode/electrolyte interfacial exchange of alkali ions and speedy electron trafficking.
This shows that ZVO/NC shows electrochemical performance comparable to those of

previous reports.

As demonstrated in Scheme 2, the outstanding Li"/Na*/K* storage performance of
ZVO/NC can be ascribed to the following characteristics: (i) Each individual
polyhedron structure (100-300 nm) behaves as a stable nanoreactor and isolation
chamber forming an effective physical barrier and providing heterogeneous-phase
confinement for dispersed Zn,VO, nanoparticles. This helps to avoid excessive
agglomeration of nanoparticles and ensures better ionic transport kinetics. (ii) The
porous characteristics and larger reasonable specific surface area (351 m? g'!) of the
carbon matrix not only ensure sufficient electrolyte/electrode contact, but also offer
expanded space to serve as a cushion for volumetric variation in the repeated charge-
discharge processes. (ii1) The nitrogen-doped nanostructure supplies more active sites
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for storing Li*/Na*/K*, and provides a vital pseudocapacitance effect. As shown in
Figure S5, the ZVO/NC electrode maintains its polyhedral structure without a visible
large range of aggregations after cycling for 50 cycles, while the ZVO/ZO/NC electrode
shows large aggregations and obvious pulverization, indicating the high structural
stability of the ZVO/NC electrode. This novel architecture and suitable electrolyte
surmount the depressed reaction kinetics and relieve the volume changes that occur

during the electrochemical process in LIBs/SIBs, and even in PIBs.

4. Conclusions

In summary, a self-assembly strategy followed by in situ pyrolysis was developed to
fabricate Zn,VO, nanoparticles encapsulated in the an N-doped nanocarbon network,
which were derived from a V/Zn-MOF precursor. Compared to previous higher-costly
strategies (such as solvothermal method) to synthesize bimetallic vanadate material [30,
33], we utilized a convenient ZIF-8 self-assembly route, placing V species into suitable
cavities to form zinc vanadate polyhedron. The adopted N-doped carbon encapsulated
Zn, VO, polyhedron, which display a uniform size distribution of approximately 100-
300 nm and a larger specific surface area (351 m? g™!), tends to improve the diffusion
kinetics, favors enhanced electrochemical behaviour. When evaluated as an anode
material for alkali ion batteries, ZVO/NC exhibits superior electrochemical
performance. In particular, it delivers a superior reversible capacity (807 mAh g! after
200 cycles at 0.5 A g!) for LIBs, and presents an ultralong cycling performance (145
mAh g! after 7000 cycles at 2.0 A g'") for SIBs. It also shows excellent cycle stability

140 mAh g! after 1000 cycles at 0.5 A g!) for PIBs. We also investigated different
g
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electrolytes for SIBs and PIBs, which provided suggestions for bimetallic oxide
electrodes. Inspired by such strategy, series of advanced bimetallic oxide electrodes can
be tailored and applied for other energy storage fields such as Li-S batteries, aqueous
Zn-ion batteries, and supercapacitors.
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Figure captions

Scheme 1 Preparation of ZVO/ZO/NC and ZVO/NC nanocomposites.

Figure 1. (a) XRD patterns and (b) Raman spectra of ZVO/NC and ZVO/ZO/NC
samples; (¢) TG curves of ZVO/NC samples; (d) N, adsorption—desorption isotherms
and pore size distributions (insert) of ZVO/NC samples.

Figure 2. (a) Survey spectra, (b) Zn 2p, (c) V 2p, (d) O 1s, (e) C Is and (f) N 1s high-
resolution XPS spectra of the ZVO/NC sample; (g) graphical presentation of the
configurations and contents of three types of N in the ZVO/NC sample.

Figure 3. (a-b) SEM and (c-e) HR-TEM images of the ZVO/NC composite; (f)
Elemental mapping results of ZVO/NC.

Figure 4. Electrochemical performance of LIBs: (a) Cyclic voltammetry curves of
ZVO/NC at a scan rate of 0.1 mV s°!; (b) Charge-discharge profiles of ZVO/NC at
0.5 A g! within a voltage range 0f 0.01-3.0 V; (¢) The cycling performance of ZVO/NC
and ZVO/ZO/NC electrodes at a current density of 0.5 A g!; (d) The rate capability of
ZVO/NC and ZVO/ZO/NC electrodes at different current densities between 0.5 and 8.0
A g, (e) Long-term cycling performance of ZVO/NC and ZVO/ZO/NC electrodes at
5.0 A g'! and coulombic efficiency of the ZVO/NC electrode.

Figure 5. (a) Cyclic voltammetry curves of the ZVO/NC electrode for LIBs at different
scan rates from 0.2 to 10.0 mV s!; (b) log(i) versus log(v) plots at different oxidation
and reduction peaks; (¢) Capacitive contribution (pink area) of ZVO/NC at 1.0 mV s!;
(d) The diffusion controlled (green) and capacitive (pink) capacities of ZVO/NC at
different scan rates.

Figure 6. Electrochemical performance of SIBs: (a) Comparison of cycling

performances of ZVO/NC electrodes at 0.1 A g-'over 50 cycles using 1.0 M NaPFg, 1.0
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M NaClO4 and 1.0 M NaCF;S0Os as the electrolyte; (b) The cycling performance of the
ZVO/NC and ZVO/ZO/NC electrodes at a current density of 0.1 A g!; (¢) The cycling
performance of ZVO/NC and ZVO/ZO/NC electrodes at 1.0 A g*! and the coulombic
efficiency of the ZVO/NC electrode; (d) The coulombic efficiency and long-term
cycling performance of the ZVO/NC electrode at a high current density of 2.0 A g!.
Figure 7. (a) Cyclic voltammetry curves of the ZVO/NC electrode for SIBs at different
scan rates from 0.2 to 1.0 mV s!; (b) Log(i) versus log(v) plots at different oxidation
and reduction peaks; (c) capacitive contribution (pink area) of ZVO/NC at 1.0 mV s!;
(d) diffusion controlled (green) and capacitive (pink) capacities of ZVO/NC at different
scan rates.

Figure 8. Electrochemical performance of PIBs: (a) Comparison of cycling
performances of ZVO/NC electrodes at 0.1 A g-lover 50 cycles using 1.0 M KPFg in
ester or ether-type organic solvents as the electrolytes, respectively; (b) The cycling
performance of ZVO/NC and ZVO/ZO/NC electrodes at a current density of 0.1 A g';
(c) The coulombic efficiency and long-term cycling performance of the ZVO/NC
electrode at a high current density of 0.5 A g!; (d) Cyclic voltammetry curves of the
ZVO/NC electrode for PIBs at different scan rates from 0.2 to 1.0 mV s!; (e) Log(i)
versus log(v) plots at different oxidation and reduction peaks; (f) capacitive contribution
(pink area) of ZVO/NC at 1.0 mV s’!; (g) diffusion controlled (green) and capacitive
(pink) capacities of ZVO/NC at different scan rates.

Figure 9. EIS spectra of the ZVO/NC electrode before and after 5 cycles at a current
density of 0.5 A g! for LIBs, SIBs and PIBs, respectively.

Scheme 2 (a) Schematic illustration of the excellent structural stability of the ZVO/NC
nanocomposite; (b) Schematic illustrations of the degradation mechanisms, and the

morphology evolution during the charge/discharge process in the ZVO/NC electrode
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(taking intercalation/deintercalation of lithium as an example).
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The N-doped carbon encapsulated Zn,VO, polyhedron composite (ZVO/NC) with
enhanced pseudocapacitive behavior for Li"/Na*/K* storages are designed and
fabricated by a self-assembly strategy and followed by the calcination procedure.
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Highlights
® The Zn,VO,4 nanocrystals embedded in N-doped carbon was derived from V/Zn-
MOFs.
® The Zn,VO, phase was used as anode of SIBs/PIBs for the first time.
e Excellent stability and high capacity were realized for SIBs (145 mAh g-! at 7000®

cycles).
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