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ABSTRACT: Polyoxometalates (POMs), possessing multiple-electron redox ability, controllable size, and precise structure, hold
much promise to be applied as anode materials in lithium-ion batteries (LIBs). However, the applications of them have been largely
limited by the low conductivity and dissolution in an electrolyte. Herein, we report a series of covalently connected MnMoz—2NH,—
GO ultrathin nanosheets (as thin as ~1.1 nm), in which MnMo,—2NH, as the electron sponge is covalently linked to graphene
oxide and the covalent bond as the electron bridge is highly adventurous for battery applications. Specifically, MnMos,—2NH,—GO-2
presents a reversible capacity of 1143 mAh g™ (0.1 A g') after 100 cycles, and the capacity retention is nearly 100% at 1000 mA g~
over 500 cycles. In addition, it also shows excellent rate capability (301 mAh g™" in S A g™"). This work paves a new way in designing
POM-based novel electrode materials for high-performance LIBs.

1. INTRODUCTION

The yearly increasing pollution problem caused by fuel burning
has transferred the attention of scientists from the fuel-energy-
related area to green power supply techniques.' > Power
supply techniques, such as lithium-ion batteries (LIBs), have
envisioned prosperous development during the past few
decades, owing to the huge energy demand for application
scenarios, such as portable devices (e.g., cellphones or laptops),
vehicles, utility industry, etc.”” The production of LIBs
around the world has reached 316 GWh in 2019 and is
predicted to reach more than 1200 GWh in 2025.° The vital
roles of LIBs in the power-supply field are ascribed to their
higher energy density compared to other rechargeable battery
systems, enabled by the desi%n and development of high-
performance electrode matrials.””~"* However, the commonly
applied graphite-based anodes show relatively low practical
capacity and poor rate capability, which still hampers their
further development to meet the booming requirements of
energy supply.”~'> Besides, the safety issues caused by the
problems, such as Li dendrite, have largely obstructed the
development of broader application areas, especially for the
more and more strict demand for powerful devices coupling
with the novel techniques altered from day to day.'®”'® It has
become an important target all around the world to explore
novel, safe, and low-cost LIB anode materials with high
capacity and excellent rate or cycling performance.
Polyoxometalates (POMs) are a class of anionic polynuclear
metal oxides based on high-valence transition metals, such as
V, Mo, and W, possessing advantages, such as redox properties,
nanosize, tunable topology, and O-enriched surfaces.'” >
They have shown much promise in diverse applications, such
as ener()gy storage, catalysis, sensing, proton conductivity,
etc.”>7%° As one of the most promising candidates, POMs with
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multiple-electron redox characteristics and high chemical and
thermodynamic stability are suitable for the applications of
LIBs,”’~* especially for the redox properties of POMs that can
reversibly withdraw and donate electrons (called an “electron
sponge” or “electron-rich aggregates”) during the electro-
chemical process, which is also much more beneficial for the
potential applications in LIBs.**>* However, there are still two
inevitable problems that obstruct the applications of POMs in
LIBs: the low conductivity and potential dissolution in an
electrolyte, which have largely affected the cycling stability of
POMs and limited their further applications in LIBs. To
overcome these shortcomings, a series of strategies have been
investigated to improve the upper limit of POMs for the
potential applications of LIBs and can be mainly classified into
two categories: the physical mixing POMs with conducting
materials or the direct growth of POMs onto the surface of
conductive materials. For the physical mixing method, POMs,
such as MnMog or Na;[AlMo4O,,H,], have been physically
mixed with conductive materials, such as carbon substrates
[e.g, Ketjen Black, carbon nanotubes (CNTs), etc.] to
investigate their LIB performance.‘%’36 However, the non-
uniformly distributed morphology or separated phase of them
are limited in the interface contact and ion/electron transfer,
which has resulted in insufficient activity of the mixed
materials. For the direct growth methods, various POMs or
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Figure 1. Schematic illustration of the formation of MnMos—2NH,—GO-x.

POM-based catalysts have grown onto the surface of
conductive materials, such as CNTs or graphene oxide
(GO).*”** However, most of the interactions generated during
this process are weak interactions, such as hydrogen bonds or
intermolecular forces, and the uniform dispersion of POMs is
still challenging. Therefore, it might be more desirable to
produce POM-based hybrid materials with stronger inter-
actions, such as a covalent band, to explore their potential
applications in LIBs, in which the covalent band would largely
improve the dispersion, stability, or transmission of POMs and
inhibit the dissolution of POM:s in electrolytes.

As a proof of concept, we decide to assemble MnMog—
2NH, and GO to construct covalently connected hybrid
materials (Figure S1 of the Supporting Information). The
corresponding considerations are listed as follows: (1)
MnMoz—2NH,, including six Mo®, is easily transferred into
the mixed valence state of Mo** and Mo®" when triggered by
the redox reaction or bias stimulus, serving as an “electron
sponge” that can easily donate and withdraw electrons;*”*" (2)
GO, where the inherent epoxy functional groups can interact
with the amino groups in MnMog—2NH, to generate covalent
bonds, has proven to be a desirable conductive platform;*' ~**
(3) the connection between MnMog—2NH, and GO will
presumably create an electron transportation pathway (also
called “electron bridge”) under the motivation of an electric
field to facilitate the multiple electron-donating/withdrawing
process; and (4) the covalent bond generated between
MnMog—2NH, and GO can guarantee the strong interaction
to facilitate the uniform dispersion of MnMos—2NH, and
inhibit the dissolution of MnMog—2NH, in electrolytes, thus
improving the battery properties. From the above, we deduce
that the hybrid materials that covalently connect MnMog—
2NH, and GO will probably be the promising candidates in
LIBs, while the assembly of this type of material has been
rarely reported.

Herein, we have facilely synthesized a series of MnMos—
2NH,—GO hybrid materials through a one-pot hydrothermal
method (Figure 1). The synergistic combination of MnMo,—
2NH, and GO in these hybrid materials can indeed serve the
role of gathering a redox component and conductive substrate
in a system to overcome the problems of solubility and poor
conductivity of POMs. MnMog—2NH, as the electron sponges

can be covalently connected with GO, and the connection
would serve as an electron bridge, highly advantageous for the
redox process, ion/electron transfer, dispersion, or stability of
POMs. As expected, these hybrid materials present high
performance in LIBs. The best of them, MnMos—2NH,—GO-
2, exhibits excellent cycling performance and achieves a high
capacity as a LIB anode, which can deliver a high discharge
capacity of 1143 mAh g™' at 100 mA g~' after 100 cycles as
well as impressive rate capability (301 mAh g™ in § A g7%).
The high performance of MnMogz—2NH,—GO hybrid
materials might be ascribed to the covalent bonds generated
between POMs and GO as supported by sufficient contrast
experiments and characterizations. This work paves a new
avenue in designing novel electrode materials based on POMs
and conductive materials and might advance the applications
of POMs in LIBs.

2. EXPERIMENTAL SECTION

2.1. Material Preparation. 2.1.1. Synthesis of [N(C,Ho),l,[a-
MogO,¢]. [N(C,Hy),]s[a-MogO,s] was synthesized according to the
reported literature.'* C1sH3eBrN (3.34 g) was dissolved in distilled
water (10 mL). Then, Na,MoO, (5 g) was dissolved in mixed
solution of distilled water (12 mL) and HCI (5.17 mL, 6 M) and
stirred for 2 min. Then, C,¢H;4BrN solution was added to Na,MoO,
solution under stirring. The product was filtered and washed
thoroughly with water, ethanol, acetone, and ether. A kind of white
powder was obtained after drying at 80 °C under vacuum for 12 h.

2.1.2. Synthesis of [N(C,Hg),J5[IMnMogsO;4{(OCH,);CNH,},]
(MnMoz—2NH,). [N(C,Ho),]s[a-MogO,4] (8.00 g, 3.7 mmol),
Mn(CH;CO0);2H,0 (1.49 g, 5.6 mmol), and C,H;;NO; (1.56 g
12.8 mmol) were mixed and dissolved in acetonitrile (150 mL) in a
250 mL round-bottom flask. After refluxing at 80 °C for 16 h in an oil
bath and cooling to room temperature, the obtained orange solution
is then filtered to remove the unreacted residues. Then, the filtrate
was exposed to ether vapor by a solvent diffusion method, and the
resulted white precipitate was filtered out after 2 h. After that, the
filtered orange solution was exposed to the ether vapor again and
orange crystals were obtained after a few days. The final product was
collected after filtration, washing with acetonitrile and drying at 80 °C
under vacuum for 12 h.

2.1.3. Synthesis of (NH,),[MnMogz0,,H4l-5H,0 (MnMog). MnSO,
(0.453 g, 3 mmol) was dissolved in distilled water (20 mL), and then
the above solution was added to 80 mL of water solution containing
(NH,)sMo,0,,-4H,0 (5 g, 4.2 mmol) under stirring. After that, 300
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Figure 2. Characterization of MnMoz—2NH,—GO-2: (a) PXRD patterns of MnMog—2NH, and MnMoy—2NH,—GO-2, (b) FTIR spectra of
MnMog—2NH,—GO-2, MnMog—2NH,, and MnMo,/GO, (c) SEM image of MnMo,—2NH,—GO-2, (d) TEM image of MnMo,—2NH,—GO-2
(inset is the square in panel d), and (e) EDS elemental mapping images of Mn, Mo, N, and O.

mL of acetone was slowly added to the solution, and brownish yellow
power was obtained by filtration.

2.1.4. Synthesis of MnMosz—2NH,—GO-x (x = 1-5). GO was
prepared according to reported methods with slight modification.>®
The MnMoy—2NH,—GO-x (x = 1—S5) were synthesized through a
facile hydrothermal method. Taking MnMog—2NH,—GO-2 for
instance, first, GO (0.01 g, 0.83 mmol) was dispersed in distilled
water (10 mL) with ultrasound for 30 min to produce a suspension
with a concentration of 1 mg mL™". Then, MnMo,—2NH, (0.153 g,
0.08 mmol) was added to the suspension, followed by stirring for 30
min. The suspension was then transferred into a 20 mL autoclave and
heated at 120 °C for 40 h. After cooling to room temperature, the
product is filtered and washed with H,O and ethanol each 3 times.
The product was then dried at 100 °C under vacuum for 24 h. As a
comparison, MnMos—2NH,—GO-1 and MnMos—2NH,—GO-3 were
synthesized through the same procedures, except that 0.04 and 0.16
mmol of MnMos—2NH, were used to replace 0.08 mmol of MnMos—
2NH,. We have also synthesized MnMog—2NH,—GO-4 and
MnMog—2NH,—GO-$ with different GO contents, applying a similar
method, except that the GO concentrations were changed to 0.5 and
2 mg mL™".
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2.2. Material Characterization. Fourier transform infrared
spectroscopy (FTIR) was collected by the KBr method on the
spectrometer of NEXUS 670. Powder X-ray diffraction (PXRD)
patterns were recorded on a D/max 2S00VL/PC diffractometer
(Japan) equipped with a graphite monochromatized Cu Ka radiation
source (4 = 1.54060 A). The corresponding working voltage and
current are 40 kV and 100 mA, respectively. JEOL-2100F and JEOL-
JSM-6700m transmission electron microscopes were used to
characterize the morphology of transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HR-
TEM). The accelerating voltage was 200 and 300 kV, respectively.
Scanning electron microscopy (SEM) tests were recorded on JEOL-
JSM-7600F, and the accelerating voltage was 0.1—30 kV. Nitrogen
adsorption—desorption isotherms were recorded at 77 K using a
Quantachrome instrument (Quantachrome Instruments Autosorb
1Q2).

2.3. Electrochemical Characterization. The samples were
treated to remove water before they were used as battery electrodes.
The working electrodes were prepared by mixing 70 wt % active
material, 20 wt % acetylene black (Super-P), and 10 wt %
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidinone
(NMP). The mixture was ground into a kind of uniform slurry and

https://dx.doi.org/10.1021/acs.energyfuels.0c03482
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Figure 3. AFM and XPS spectra of MnMog—2NH,—GO-2: (a) AFM topographical image, (b) height profile of the presented line in panel a, (c)
XPS spectra of MnMog—2NH,—GO-2, (d) Mo 3d, (e) Mn 2p, and (f) C Is.

drop-casted on the Cu foils with the same thickness. After drying at
90 °C for 6 h to remove NMP, the coating electrode was obtained.
Then, the coating electrode were cut into a round pellet with a
diameter of 14 mm by a stamping die and then dried at 90 °C under
vacuum for 24 h. After cooling to room temperature, the electrode
was weighed, and the loading of the active substance on the electrode
was about 1 mg. The button half battery used a CR2032 shell and was
assembled in a glovebox filled with high-purity argon, where water and
oxygen concentrations were strictly limited to less than 1 ppm. In the
battery, lithium metal was applied as the counter electrode and
Celgard 2400 membrane was applied as the diaphragm to separate the
positive and negative electrodes. The electrolyte was a mixture of
C;H,0; and C;H4O; (volume ratio of 1:1) containing 1 M LiPF,.

Electrochemical impedance spectroscopy (EIS) measurements and
cyclic voltammetry (CV) were conducted on a CHI 660e (Shanghai,
China) electrochemical workstation. CV curves were tested from 0.02
to 10 mV s, and voltage was from 0.01 to 3 V versus Li/Li*. The EIS
frequency was selected ranging from 100 kHz to 0.01 Hz. The
battery-measuring system (CT20014, Landt, China) was applied to
complete the constant current charge and discharge tests of electrode
materials at room temperature. The current density was selected from
50 to 3000 mA g_l, and the voltage range was from 0.01 to 3 V versus
Li/Li". The specific capacity was calculated on the basis of the total
mass analysis of the active substance.
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3. RESULTS AND DISCUSSION

The preparation procedures of MnMog—2NH,—GO-x (x = 1—
S, which stands for the various ratios of MnMos—2NH, and
GO) are listed as follows: When MnMos—2NH,—GO-2 is
taken as an example, a mixture of GO and MnMog—2NH, was
treated at 120 °C for 40 h, followed by washing with H,O and
ethanol each 3 times. The obtained product was then dried
under vacuum at 100 °C for 24 h. Upon tuning the ratios of
precursors added, hybrid materials with different MnMog—
2NH, and GO contents were synthesized under similar
hydrothermal conditions. The PXRD tests were used to
characterize the crystal phases (Figure 2a). MnMo,—2NH,—
GO-2 exhibits remaining crystalline integrity of MnMog—
2NH, when compared to that of MnMos,—2NH, and GO
(Figure 2a). Similarly, MnMoz—2NH,—GO-x (x = 1, 3, 4, and
S) show approximate peak patterns, in good agreement with
that of MnMog—2NH,—GO-2, confirming the high phase
purity and good crystallinity (Figure S2 of the Supporting
Information). Furthermore, the SEM and TEM tests have been
conducted to reveal the morphology of these samples.
MnMog—2NH,—GO-2 displays large-scale and thin nanosheet
morphology, consistent with the morphology of GO (Figure 2c

https://dx.doi.org/10.1021/acs.energyfuels.0c03482
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Figure 4. Electrochemical performance of the MnMoz,—2NH,—GO-2 hybrid material and other comparative samples: (a) cycling performance at a
current density of 100 mA g™', (b) cycling performance at various current densities, (c) charge/discharge profiles of MnMog—2NH,—GO-2 for
different cycles constantly at S0 mA g~', (d) CV profiles of MnMog—2NH,—GO-2 at a scan rate of 0.2 mV s~', (e) Nyquist plots of MnMog—
2NH,—GO-2, MnMog—2NH,, and MnMo,/GO, and (f) cycling performance MnMog—2NH,—GO-2 at a current density of 1000 mA g~".

and Figure S4 of the Supporting Information). To further
detect the inner morphology, TEM has been conducted, and it
can be seen that MnMog—2NH, nanoparticles with ~3 nm in
diameter are uniformly distributed in the GO nanosheet
(Figure 2d). In addition, an element mapping image shows
that Mn, Mo, N, and O are uniformly distributed in the
nanosheet (Figure 2f). Besides, atomic force microscopy
(AFM) tests have been conducted to evaluate the thickness
of the samples, and MnMos—2NH,—GO-2 shows a thickness
of ~1.1 nm (panels a and b of Figure 3). To reveal the possible
interaction between MnMo,—2NH, and GO, MnMoq as the
contrast sample without amino groups has been applied to
replace MnMos—2NH, and prepared MnMos/GO following
similar steps. However, the morphology of MnMos/GO shows
that MnMoy in a larger size (50—200 nm) is non-uniformly
distributed in GO, implying that the strong interaction
generated between MnMos—2NH, and GO might ensure the
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uniform distribution and inhibit the self-aggregation of
MnMo,—2NH, (Figure S3 of the Supporting Information).
As a comparison, MnMoz—2NH,—GO-x (x = 1, 2, and 3)
with changed MnMos—2NH, and an intact amount of GO in
the precursor have been prepared. MnMos—2NH,—GO-1 with
a smaller amount of MnMos—2NH, displays uniform
morphology in the TEM tests, while some aggregated
MnMog—2NH, nanocubes have been envisioned in
MnMog—2NH,—GO-3 with larger loading of MnMos—2NH,
when compared to MnMo,—2NH,—GO-2 (Figure SS of the
Supporting Information). In addition, MnMoz—2NH,—GO-x
(x =2, 4, and S) with changed amounts of GO and an intact
amount of MnMog—2NH, have also been prepared as another
group of comparisons. For MnMog—2NH,—GO-4, the lower
content of GO results in obvious aggregation of MnMoy—
2NH, and ~300 nm nanocubes can be observed (Figure S6 of
the Supporting Information). In contrast, almost no
aggregation of MnMos—2NH, can be detected in MnMos—
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2NH,—GO-5 with higher GO loading (Figure S6 of the
Supporting Information). Therefore, a series of MnMos—
2NH,—GO-x (x = 1-5) with tunable morphology and
compositions have been successfully prepared.

To reveal the interaction between MnMog—2NH, and GO,
FTIR and Raman tests have been conducted. When MnMogy—
2NH,—GO-2 is taken as an example for instance, the
characteristic peaks observed at 1004, 1551, 1634, and 3130
cm™! in the FTIR spectra correspond to the bonds of C—O,
C=C, C=0, and C—H in GO, respectively. Besides, the new
characteristic peaks at 934, 673, 1646, and 1564 cm™' are
ascribed to the tensile vibration of v(Mo—0), ¥(Mo—O—Mo),
v(C—N), and v(N—H) of MnMog—2NH,. The results indicate
the integration of both MnMos—2NH, and GO in the hybrid
materials (Figure 2b). To further prove it, the Raman spectra
of MnMog—2NH,, MnMoy/GO, and MnMog—2NH,—GO-2
have been tested and the peak/intensity ratios of D and G
bands for GO in MnMog—2NH,—GO-2 are obviously stronger
than those of MnMoy/GO (Figure S2 of the Supporting
Information). This indicates that GO is partially reduced to
RGO during the reaction, resulting in the decrease of surface
oxygen groups and the enhancement of the D band (Figure S2
of the Supporting Information).” In addition, the peaks for
MnMo,—2NH, (ie, 906 and 937 cm™) in MnMo,—2NH,—
GO-2 are slightly shifted to 830 and 890 cm™" when compared
to those in MnMoz—2NH, and MnMoy/GO, respectively,
indicating the strong interaction generated between MnMog—
2NH, and GO.

To estimate the electronic state of the hybrid materials, X-
ray photoelectron spectroscopy (XPS) tests have been
conducted. The spectra demonstrate the existence of C, Mn,
Mo, and O elements in MnMoz—2NH,—GO-2 (panels c—f of
Figure 3). The C 1s spectrum shows that the binding energy
peaks of 284.79, 285.79, 286.49, 287.19, and 288.89 eV are
detected, which can be ascribed to C—C/C=C, C—N, C-0,
C=O0, and —COO bonds, respectively (Figure 3f). The
existence of the C—N bond indicates that MnMog—2NH, and
GO in MnMos—2NH,—GO-2 electrode materials are possibly
connected by a covalent bond. There are two peaks of 232.5
and 235.85 eV in the energy spectrum of Mo 3d,
corresponding to the binding energies of Mo 3d;/, and Mo
3ds/, in MnMog—2NH,, respectively, ascribing to Mo®*
(Figure 3d).*7°* In the energy spectrum of Mn 2p, two
peaks (i.e, 641.9 and 653.85 eV) attributed to Mn 2P;,, are
observed (Figure 3e). On the basis of the XPS results, Mn>"
and Mo®" are detected in MnMog—2NH,—GO-2, which can
predict that there are numerous changeable valences in
MnMo,—NH, (panels d and e of Figure 3).

Nitrogen (N,) sorption tests have been applied to evaluate
the porosity of the hybrid materials (Figure S8 of the
Supporting Information). MnMoz—2NH,—GO-2 shows a
specific surface area (Sggr) of 101 m* g™' and a pore volume
(V) of 0.88 cm® g™', while lower values are detected for
MnMog/GO (Sggr, 68 m* g7%; V,, 0.30 cm® g™') and MnMog—
2NH, (Sggr, 85 m* g7'; V,, 0.14 cm® g'), indicating that
MnMos—2NH, and GO might have a synergistic effect on the
improvement of the porosity (Figure S8 of the Supporting
Information). The developed porosity of the hybrid materials
might promote the rapid transfer of Li* and electrons and
facilitate the full contact with the electrolyte, which would be
expected to improve the battery performance.

Above all, a series of porous hybrid materials with tunable
morphology and compositions have been successfully

prepared, holding much promise as electrode materials in
LIBs. The electrochemical performance of the hybrid materials
was evaluated by assembling them into coin cells with lithium
as the counter electrode and cycled between 3.0 and 0.01 V
versus Li*/Li. When MnMoy—2NH,—GO-2-based LIBs are
taken as an example for instance, they present a small envelope
peak at about 0.7 V, which can be distinguished from the CV
curve in the first cycle (Figure 4d). The signal indicates the
formation of a solid electrolyte interface (SEI) film in the first
cycle, and the peak disappears in the subsequent cycle.”* The
SEI is a protecting layer formed on the complex electrode of
LIBs as a result of electrolyte decomposition, mainly during the
first cycle. In the first CV curve, there are two significant
cathode peaks (i.e., ~0.36 and ~1.38 V) and anode peaks (i.e.,
~0.10 and ~1.47 V), attributed to the reduction and oxidation
of Mo in MnMos—2NH,, respectively (Figure 4d).>® The
electrode materials of MnMog—2NH,—GO-2 discharged to
0.01 V are also characterized by XPS tests (Figure S7 of the
Supporting Information). The results show that, in addition to
two peaks belonging to Mo®, there is a new peak that
appeared at 231.7 eV, corresponding to the redox peak of Mo*"
in the CV curve (Figure 4d).*® Therefore, there are mixed
valences of Mo in the hybrid materials, proven to be electron
sponges with high redox properties and are capable of electron
donating and withdrawing. Additionally, it is observed that the
binding energy positions of 642.3 and 655.1 eV are ascribed to
two peaks of Mn 2p;/, and Mn 2p;,, in the energy spectrum of
Mn 2p, respectively, implying the remaining trivalent form of
Mn when discharged to 0.01 V (Figure S7 of the Supporting
Information). This result suggests that MnMog—2NH, in the
hybrid material can be easily triggered and possesses redox
properties during battery tests.

Besides, the CV curve of MnMog—2NH,—GO-2 is almost
overlapped after the first cycle, showing excellent cycle stability
when applied as anode materials in LIBs. When the current
density is 100 mA g~', the charge—discharge curves of the 1st,
5th, 10th, and 50th cycles of the MnMo,—2NH,—GO-2 hybrid
material are shown in Figure 4c. The discharge capacity of
MnMog—2NH,—GO-2-based LIBs in the first cycle is 1642
mAh g, which decreases to 1077 mAh g~' in the second
cycle. This might be due to the formation of the SEI film that
leads to the significant decrease of capacity in the initial few
cycles, commonly existing in the LIB electrode. In addition, the
cycling stabilities of MnMos—2NH,, MnMo4/GO, and
MnMog—2NH,—GO-2 at a current density of 100 mA g™’
have been tested (Figure 4a). The first cycle discharge capacity
of MnMog—2NH,—GO-2 is 1642 mAh g™' and maintains up
to 1143 mAh g~" after 100 cycles with a capacity retention rate
of 69.6% (Figure 4a). In contrast, MnMos,—2NH, and
MnMog/GO display relatively lower discharge capacity in
the first cycle (MnMog—2NH,, 1367 mAh g™'; MnMoy/GO,
1200 mAh g ') yet largely decrease after 100 cycles (MnMog—
2NH,, 125 mAh g™; MnMog/GO, 517 mAh g™') with
capacity retentions of only 9 and 43%, respectively. The results
reveal the superiority of MnMogz—2NH,—GO-2 over MnMog—
2NH, and MnMog/GO, suggesting the synergistic effect of
MnMog—2NH, and GO in the improvement of battery
performance. To prove the vital role of MnMos—2NH, in
LIBs, we applied ethylenediamine (EDA) and p-phenylenedi-
amine (PDA) that could react with GO and be treated under
similar processes to synthesize the contrast samples. The
results show that the EDA—GO-2-based battery has no
capacity, and the capacity of the PDA—GO-2-based battery
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is only 1193 mAh g™' in the first cycle at 100 mA g~' and
quickly decreases to 669 mAh g™ in the second cycle (Figure
S11 of the Supporting Information). The much poorer
performance of contrast samples can be ascribed to the lack
of a core component, such as MnMog—2NH,, with a high
redox ability that has a giant influence on the performance of
LIBs. Besides, the reversible capacity of MnMog—2NH,—GO-2
is about 1143 mAh g_1 at 100 mA g_l, whereas the theoretical
capacity of MnMog—2NH,—GO-2 is calculated to be about
339.5 mAh g™' (for details, see the Supporting Information).
We speculate that this value exceeding the theoretical value is
possibly attributed to the hybrid behavior of the battery
supercapacitor on account of MnMog—2NH,—GO-2.*"" The
battery component is caused by the reversible redox reactions
of Mo during the lithiation/delithiation cycles. At the same
time, the capacitive behavior that is ascribed to GO also
promotes the performance.

EIS of MnMoz—2NH,—GO-2, MnMoy—2NH,, and
MnMoy/GO has also been conducted to reveal the trans-
mission of these samples (Figure 4e). MnMoz—2NH,—GO-2
displays a much smaller charge transfer resistance (~210.2 Q)
compared to MnMoy—2NH, (~800.7 ) and MnMo,/GO
(~386.1 Q). The Nyquist curve shows that the semicircle
diameters of the MnMoys—2NH,—GO-2 electrode material in
the high-frequency regions are smaller after three charge/
discharge cycles in comparison to MnMog/GO and MnMog—
2NH,, indicating the lower contact resistance and charge
transfer resistance of MnMog—2NH,—GO-2 (Figure 4e). This
demonstrates the faster charge transfer kinetic for MnMogs—
2NH,—GO-2, which is more favorable for LIBs. The ability of
lithiation/delithiation is also the key factor to judge whether
the LIB electrode material can be used in practice. For this
reason, we have tested the rate capacity performance of
MnMog—2NH,—GO-2 as anode materials in the voltage range
from 0.01 to 3.0 V and current density range from 0.1 to 5 A
g~ (Figure 4b). It can be seen from the rate performance that
the first discharge capacity at 0.1 A g~' is tested to be 1641
mAh ¢! for MnMog—2NH,—GO-2, gradually decays in the
next cycle, and is finally maintained at 1143 mAh g'. It can
also be reversibly cycled at various current densities; the
average specific capacities are approximately 966, 851, 739,
574, 455, and 301 mAh g_1 at the current densities of 0.2, 0.5,
1,2, 3, and 5§ A g, respectively. Besides, when the current
density is reduced back to 0.1 A g™' after 70 cycles, a high
capacity of 1040 mAh g™' is immediately resumed, suggesting
the good reversibility of the MnMog—2NH,—GO-2 electrode
(Figure 4b). In contrast, MnMoy/GO can only be restored to
780 mAh ¢! when the current density returns to 0.1 A g™
after 70 cycles. The rate performance of MnMos—2NH,—GO-
2 is much better than that of MnMo4/GO, implying that the
covalent interaction between MnMoys—2NH, and GO indeed
has a positive effect on the improvement of the battery
performance (Figure 4b). In addition, MnMosz—2NH,—GO-2
exhibits extraordinary long-term cycling performance, and
reversible capacities of 643 and 555 mAh g™' can be achieved
after 200 and S00 cycles at 1 A g, respectively (Figure 4f).
From the above-mentioned experimental data, we can envision
that the battery property of MnMog—2NH,—GO-2 is better
than both the single component and contrast samples without
covalent interactions. This might be ascribed to the strong
effect of the covalent chemical bond existing between
MnMog—2NH, and GO that can inhibit the dissolution of

POMs in an electrolyte and enhance the overall transmission
and electrochemical activity to boost the battery performance.
After that, we have further studied the effects of different
GO (MnMog—2NH,—GO-1 and MnMog—2NH,—GO-3) and
MnMog—2NH, contents (MnMog—2NH,—GO-4 and
MnMog—2NH,—GO-S) on the electrochemical properties
(Figures S9 and S10 of the Supporting Information).
MnMog—2NH,—GO-1 and MnMos—2NH,—GO-3 show
lower capacity and poorer cycle performance and rate
capability than MnMos—2NH,—GO-2. For MnMog—2NH,—
GO-1, the poorer performance might be attributed to the
lower GO loading in MnMog—2NH,—GO-1, resulting in
relatively poorer conductivity (Figure S9 of the Supporting
Information). On the contrary, the higher concentration of GO
loading in MnMosz—2NH,—GO-3 will increase the folding
degree of GO, which will further affect the distribution of
MnMog—2NH, to hinder the contact between Li* or electrons
and active substances during battery cycles. For MnMog—
2NH,—GO-4 and MnMos—2NH,—GO-S, less content of
MnMog—2NH, in MnMos—2NH,—GO-5 will lead to the
insufficient amount of active components (Figure S10 of the
Supporting Information). However, the excessive addition of
MnMog—2NH, in MnMoz—2NH,—GO-4 will lead to the
agglomeration of MnMos—2NH, in the material compared to
MnMos—2NH,—GO-4 and result in reducing the battery
performance (Figure S10 of the Supporting Information).

As mentioned above, we have synthesized a series of
powerful anode materials for LIBs. The covalent bonding
generated between MnMos—2NH, and GO has largely
improved the chemical stability and transmission of the hybrid
materials, which is also beneficial for the multi-electron transfer
process in LIBs. The advantages of MnMos—2NH,—GO-x can
be summarized as follows: (1) It was confirmed by various
characterizations that these hybrid materials have a covalent
bond, which can promote the uniform dispersion of MnMog—
2NH, and act as the electron bridge to facilitate the
transmission of electrons and Li*. (2) The epoxy functional
groups on the surface of GO have partially reacted with amino
groups of MnMog—2NH,, and GO is simultaneously reduced
to RGO with improved conductivity. (3) The covalent bond
acting as an electronic bridge can ensure the close contact
between GO and MnMos—2NH, to construct a conductive
system, which would sufficiently integrate an electron sponge
with a conductive substrate together. (4) The strong covalent
connection between GO and MnMog—2NH, can effectively
inhibit the dissolution of MnMogz—2NH, in the electrolyte and
improve the cycle stability of the battery.

4. CONCLUSION

In summary, we have successfully prepared a series of
MnMo,—2NH,—GO ultrathin nanosheets (as thin as ~1.1
nm) through the self-assembly of MnMo,—2NH, and GO.
The synergistic integration of MnMog—2NH, and GO in the
ultrathin nanosheets can serve the role of gathering POMs and
a conductive substrate in a system to overcome the problems
of solubility and poor conductivity of POMs. Thus, obtained
materials can combine both the advantages of MnMos—2NH,
and GO, in which MnMos—2NH, serving as the electron
sponge can be covalently connected with GO and applied as
high-efficiency anode materials for LIBs. Notably, MnMos—
2NH,—GO-2 exhibits a reversible capacity of 1143 mAh g™
(0.1 A g™') after 100 cycles, and the capacity retention is
nearly 100% at 1000 mA g~' over 500 cycles, the highest
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among POM-based electrode materials. In addition, it also
shows excellent rate capability (301 mAh g"'in S A g "). This
study not only provides a promising pathway to efficiently
connect POMs with conductive materials at the molecular level
but also proposes a new strategy to develop novel electrode
materials for LIBs.
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