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/Abstract: Lithium ion battery (LIB) electrodes require a
stable connection between a redox-active metal oxide for
charge storage and an electrically conductive (often carbon-
based) material for charge transport. As charge transfer
within the metal oxide is often a performance-limiting
factor, one promising concept is the linking of charge trans-
fer and charge storage components on the nanoscale. This
would maximize the interfacial contact area and improve
charging/discharging behavior. This work presents a one-
step, room-temperature route giving nanostructured manga-
nese vanadium oxide/graphene quantum dot (GQD) compo-

\

site electrodes. Manganese vanadium oxide clusters are
used as solution-processable precursors, which are deposit-
ed on GQDs using a sonication-driven conversion leading to
electroactive, lightweight composites. Incorporation of the
composites as anodes in LIBs shows high electrochemical
performance featuring discharge capacities of 970 mAhg™'
over 100 cycles with coulombic efficiencies near 100%. The
study shows how 3d-metal oxide/GQD nanostructures can
be accessed by a scalable sonication route starting from
soluble, chemically tunable metal oxide clusters and gra-
hene quantum dots.
p q )

Introduction

The efficient and stable linkage between charge storage and
charge transport components is a major challenge in contem-
porary battery electrode design. In modern high-performance
lithium ion batteries, 3d-metal oxides such as LiCoO, or
LiMn,0,/LiMnO; are employed due to their relatively low
weight, high energy density, and long-term stability. However,
these metal oxides feature low electronic and ionic conductivi-
ty so that charge transfer between the metal current collector
and the electrode material is often a major performance limita-
tion.l" Despite these challenges, metal oxides are promising
anode materials for LIBs as they feature high redox potentials
(typically in the range of 1.0-13V vs. Li*/L) and promising
specific capacities (in the order of 500 to 1200 mAhg™' for 3d-
metals), leading to high theoretical specific energy densities.”*
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To harness these benefits, new synthetic routes are required,
which address the challenges in interfacing metal oxides with
conductive substrates and electrolytes. One highly successful
approach is the combination of nanostructured metal oxides
and nanostructured carbon materials so that a maximum inter-
facial contact area is achieved for charge transfer™ Various
routes have been reported that allow the deposition of nano-
structured metal oxides on carbon substrates such as carbon
nanotubes (CNTs) or graphene-based materials.”™

Over recent years, the use of molecular metal oxides, so-
called polyoxometalates (POMs)," for charge storage in LIBs
has received significant interest, mainly based on their unique
structural and electronic properties; POMs are based on redox-
active, early transition metals and additional heterometals from
throughout the periodic table can be introduced into their
metal oxide framework."” Furthermore, the covalent attach-
ment of organic functional groups to the POM anions is possi-
ble," so that their reactivity as well as their linkage to carbon
substrates can be tuned by chemical design.*'?

Thus far, mainly molybdate POMs have been employed as
LIB anode materials and various covalent and non-covalent an-
choring methods have been used to link them to CNTs or gra-
phene materials.”*'® In contrast, the use of the highly redox-
active, lighter polyoxovanadates'”'® in battery research has re-
ceived significantly less attention, although several studies in
recent years have shown their high potential as battery elec-
trodes."®? In a recent landmark study, Stimming and col-
leagues demonstrated the high electron storage capability of
vanadium oxides and reported that the decavanadate cluster
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[V,00,51°" can be reversibly reduced by up to ten electrons.?”

One bottleneck in current vanadate electrodes is their specific
capacity, which is typically in the region of ~250-
350 mAhg .2 Thus, the development of new materials,
where increased capacities are achieved by structural modifica-
tion of the metal oxide or by improved interfacing between
charge storage and charge transport sites, could lead to the
broader usage of vanadates in lithium or post-lithium batter-
ies‘[zz]

One pressing challenge in the field is the permanent immo-
bilization of metal oxide clusters on conductive surfaces using
facile means to avoid desorption and loss of electroactivity
during operation.”® One particularly promising approach is the
conversion of molecular vanadium oxides into nanostructured
solid-state vanadium oxides.***! While this concept is estab-
lished for nanostructure development,”*? it has thus far not
been used in LIB electrode design. Thus, the merging of nano-
structured vanadium oxides with graphene quantum dots can
lead to high-performance electrode materials; graphene quan-
tum dots (GQDs)?® have attracted significant interest for nano-
structured electroactive materials as they are easily accessible,
feature unique electronic properties such as high electron mo-
bility and high mechanical stability and flexibility.?*>% The
presence of functional groups (alcohols, carboxylic acids,
amines, amides)®'¥ enable enhanced linkage to other materi-
als such as metal oxides, particularly for energy storage devi-
Ces.[25'34’35]

Here, for the first time, we show how redox-active, light-
weight (i.e., 3d-metal based) molecular metal oxide clusters
can be used as precursors for the fabrication of GQD/metal
oxide composites as technologically relevant LIB anodes.

The manganese vanadate (nBu,N);(DMA)[(MnCl)V,,05,Cll (=
(nBu,yN)sIMnV,,)%*” was employed as a model vanadate pre-
cursor as it contains redox-active, earth-abundant manganese
and vanadium centers with known activity in LIB anodes.®**"

Results and Discussion

The composite was prepared based on a simple ultrasonica-
tion-driven assembly method recently reported by us:"® an
aqueous dispersion of GQDs (10 mL, 30 gL ")*" and an aceto-
nitrile solution of {MnV,,} (20 mL, 1.0 mm)®® were mixed and
sonicated (300 W, 45 kHz) for 12 h at 25°C. Composite 1 was
recovered by centrifugation, washed three times with ethanol,
and vacuum-dried (see Scheme 1). Composite 1 was obtained

Composite 1
Scheme 1. Schematic illustration of the fabrication of composite 1 by sonica-
tion-driven deposition of a manganese vanadium oxide on graphene quan-

tum dots (GQDs) using a molecular manganese vanadate ({MnV,,}) precur-
sor.
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in yields of ca. 93 wt.% based on the total amount of precur-
sors ({MnV,,} and GQDs) used. The composite was fully charac-
terized using FT-IR-, UV/Vis-, emission-, energy-dispersive X-ray
and X-ray photoelectron spectroscopies, high-resolution trans-
mission electron microscopy and thermogravimetry (for details,
see below and the Supporting Information). The composite
formation can also be detected by emission spectroscopy;
whereas the GQDs (dispersed in water) exhibit a characteristic
green-blue luminescence when irradiated with broadband UV
light (Aemission, max =425 Nm), significant emission quenching is
observed upon addition of {MnV,,} to the reaction solution
(Figure 1i).

—GaDs
—GQDs +{MnV,,}

g w h

Composite 1
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Emission intensity (a. u.)

3500 2500 1500 500
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Figure 1. Characterization of composite 1: TEM images of (a, b) graphene
quantum dots (inset: luminescence of the as-prepared GQDs under broad-
band UV irradiation); (c) {MnV,,} drop-cast on TEM grid; (d) composite 1;
(e,f) HRTEM of composite 1 (inset in f: Fast Fourier transform); (g) EDX spec-
trum of composite 1; (h) FT-IR spectra of GQDs (black), {MnV,,} (red), and
composite 1 (blue); () emission spectra of GQDs in the presence and ab-
sence of {MnV,,} in acetonitrile/water (2:1, v:v).

The nanoscale structure of the precursors and the composite
were examined using high-resolution transmission electron mi-
croscopy (HRTEM). For the as-prepared GQDs, TEM shows non-
aggregated, disk-shaped particles with a diameter of approx.
20 nm and a narrow size distribution (Figure 1a,b). TEM analy-
sis of {MnV,,} was performed by dissolving {MnV,,} in acetoni-
trile, drop-casting the solution on the TEM grid and air-drying.
High-resolution TEM shows “superstructures” where several
smaller rods are aligned in a co-parallel fashion to give struc-
tures up to =150 nm in length. Analysis of lattice fringes using
Fast Fourier transforms (FFTs) of HRTEM images show layered
structures with layer spacings of 0.35 nm. Composite 1 shows
distinct smooth, rod-like structures with high aspect ratios
(length between =400-800 nm, diameter between ~30-
50 nm). The analysis of FFTs of HRTEM images shows that the
composite features a layered structure with layer spacings of
1.0 nm. It is suggested that the conversion between the pre-
cursor structures and the composite nanorods 1 is triggered
by the energy input provided by sonication where structural
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changes (e.g., delamination-realignment) of the GQDs"? as
well as structural changes of the metal oxide"®*? could lead to
the observed formation of composite 1.

TEM-coupled energy dispersive X-ray spectroscopy (EDX)
confirms that the composite contains the expected elements
C, O, V, and Mn (Figure 19g), highlighting that a true GQD/
metal oxide composite is formed. Notably, the formation of
the nanocomposite during synthesis can be observed by emis-
sion spectroscopy; after sonication of {MnV,,} acetonitrile solu-
tion and the strongly emitting GQDs dispersion, a significant
loss of emission intensity is observed (Figure 1i), indicating the
formation of interactions between both species.***’ FT-IR
spectroscopy of composite 1 shows the characteristic GQD vi-
brational modes (mainly C—C, C—N, C-0O, C—H)®? as well as
metal oxide modes (mainly M—O and M—O—-M (M =V, Mn))®®
(see Figure Th and the Supporting Information for detailed as-
signments).">*%

Thermogravimetric analysis (TGA) of GQDs, {MnV,,} and
composite 1 under air flow is shown in Figure 2. The GQDs
show total oxidation between 220-750°C, in line with their
composition based on C, H, O, and N, only. For {MnV,,}, a
weight loss of 41.6 wt% is noted between 150-500°C; this is
in line with a loss of the organic components nBu,N* and
Me,NH,* (calcd: 38.5 wt.%) and lattice solvent.*® Composite 1
shows a continuous weight loss between 250-550°C with a
total loss of 92.8wt.%. This suggests that approximately
7 wt.% of 1 is composed of inorganic manganese vanadium
oxides, whereas the remaining 93 wt.% are based on GQDs
and organic components derived from {MnV,,}.

The chemical composition of the composite and the precur-
sors was further analyzed using X-ray photoelectron spectros-
copy (XPS). Deconvolution of the XPS data for the GQDs (Fig-
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Figure 2. Thermogravimetric analysis of GQDs, {MnV,,} and composite 1.

ure 3a—c) gives four specific carbon signals (at 284.4, 285.6,
286.5, and 288.6 eV), which can be assigned to sp>carbon (C=
C, C=N), sp*-carbon (C—0, C—N) and oxidized C (C=0), respec-
tively.*" The deconvoluted N 1s spectrum features two signals
at 398.6 and 401 eV, which are attributed to pyrrolic and
graphitic N, respectively.*" The deconvoluted O 1s spectrum of
GQDs features three signals at 530.5, 532.0, and 533.3 eV,
which are assigned to (=0, C—OH and C—0—C, respectively."”
For {MnV,,}, XPS reveals characteristic signals for O 1s at 532.0
and 530.2eV, Mn2p at 641.5eV, and V2p at 517.2 eV (Fig-
ure 3g and h and Figure S1 in the Supporting Information). In
the composite, all signals can be observed also; however,
minor shifts are observed for the N1s and O 1s signals (typical-
ly ~0.2-0.8 eV), which could be indicative of structural
changes within the manganese vanadium oxide as well as for
bonding interactions between the GQDs and the metal oxide
(see below).*” For the vanadium signal, no significant change
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Figure 3. X-ray photoelectron spectroscopy (XPS) and deconvoluted XPS spectra of GQDs (a—c), {MnV,,} (f,g), and composite 1 (d, e, h, and i.
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is observed, indicating that the chemical environment of the V
does not change significantly upon composite formation. As
expected, composite 1 features one additional signal in the
O 1s spectrum (at 529.6 eV), which is related to the presence of
the metal oxide. (Figure 3i and Figure S1).**? The binding
mode between the metal oxide particles and the GQDs is still
under investigation and could be due to electrostatic interac-
tions, the formation of covalent bonds (e.g., M—O-C; M=V,
Mn) or supramolecular interactions such as hydrogen bonding
(e.g., C—OH-+O—M, M=V, Mn), or indeed a combination of
these. However, purely based on the XPS and FT-IR data, no
more detailed insights are possible and future studies using
Raman and X-ray absorption spectroscopies (NEXAFS, XANES)
will be performed to gain insights into this important question,
which has implications for the battery performance discussed
below.™

The performance of composite 1 as an anode in a coin-cell
lithium ion battery was examined: to this end, coin cells were
assembled in an argon-filled glove box with the anode as-fab-
ricated (composite 1: carbon black: poly(vinylidene fluoride),
weight ratio 50:40:10), metallic lithium foil as a counter elec-
trode, and 1.0m LiPF4 solution in ethylene carbonate (EC)/di-
ethyl carbonate (DEC) (1:1, v:v) as electrolyte. Cyclic voltamme-
try of 1 (Figure 4, scan rate: 0.1 mVs™'; scan range: 0.01-3 V vs.
Li*/Li) shows an irreversible reduction peak at approx. 0.7 V in
the first reduction run, which indicates the formation of a solid
electrolyte interface (SEI)."™ Consequently, the peak is not ob-
served in subsequent cycles.

The reduction signal between 0.01-0.2 V is attributed to the
Li* insertion reaction. The corresponding oxidation peak at ca.
0.2V observed in the charging process is assigned to Li* ex-
traction from composite 1. This signal can be observed in the
following cycles, suggesting that Li* insertion/extraction is re-
versible under the given experimental conditions. Two addi-
tional redox transitions are observed in the 2nd and 3rd cycle.
The process at E.4=0.99 V/E,,=1.17 V is tentatively assigned
to the V"V redox couple, whereas the weak signal at F. =
1.85 V/E,,=2.36V is tentatively assigned to the Mn"" couple
(Supporting Information, Figure 52).59 Figure 4b shows the
first three charge-discharge cycles of composite 1 at a current
density of 100mAg~'. The first discharge capacity is
1645 mAg~' and is reduced to 985 mAg~' in the third cycle.
Over subsequent cycles, the specific capacity stabilizes at ca.
970 mAg™' (Figure 5). As described above, this behavior is as-
signed to the formation of a solid-electrolyte interface (SEI)."”

The rate performance of composite 1 was evaluated at cur-
rent densities between 50 mAg~' and 2000 mAg™' at voltages
between 0-3.0V vs. Li*/Li. (Figure 5a). As expected, higher
current densities result in lower charge and discharge capaci-
ties; for example, at a current density of 50 mAg™, the dis-
charge capacity is ~ 1,000 mAhg™', whereas at a current densi-
ty of 2000mAg~', discharge capacity decreases to
~750 mAhg~". When the current density is re-set to the origi-
nal value after 60 cycles, the original discharge capacity is re-
covered and a slight increase to ~ 1,100 mAhg™" is noted, indi-
cating performance enhancing chemical/structural changes
within the material that are still under investigation.**>? Fur-

Chem. Eur. J. 2017, 23, 16637 - 16643 www.chemeurj.org

16640

CHEMISTRY

A European Journal

Full Paper

0.00

-0.04 -

-0.08 -

Current (mA)

-0.12 4

0 1 2 3
Voltage (V vs. Lit/Li )

(=2
g
w

—_—
E ——1* discharge
+ ——1 charge
= 24\ —— 2" discharge
g) ——— 2" charge
S 3" discharge
L) ——3" charge
©
s 14
c
[¢]
it
<} \
o :
o T T T T
0 400 800 1200 1600

Specific Capacity (mAh g)

Figure 4. (a) Cyclic voltammograms of composite 1 (scan rate 0.1 mVs™) in
the potential range 0.01-3 V vs. Li*/Li. (b) The first three charging and dis-
charging cycles of the LIB containing composite 1 at a current density of
100 mAg™". Note that the signal at 1.6 V in cycle 1 could be related to elec-
trode or electrode-electrolyte redox processes and is still under investiga-
tion.

thermore, the stable cycle performance at higher rates indi-
cates fast solid-state Li* ion diffusion and is indicative of a
short diffusion path length and structural stability.!"
Electrochemical cycling of the battery is shown in Figure 5b
and illustrates the cycling stability, specific capacity, and cou-
lombic efficiency of composite 1 at a current density of
100 mAg™'; after an initial drop (associated with SEl forma-
tion), the specific capacity reaches ca. 970 mAhg™' and re-
mains stable for 100 cycles. In contrast, when tested under
identical conditions at identical weight loadings, the precursors
(GQDs, {MnV,,}) and a physical mixture of the components
(obtained by grinding both components together) show signif-
icantly lower specific capacities (GQDs: 320 mAhg~', {MnV,,}:
560 mAhg~', physical mixture: 660 mAhg™'). Examination of
the coulombic efficiency shows that after an initial condition-
ing phase, a stable plateau at 99% efficiency is reached after
20 cycles and is retained for 1000 cycles (see the Supporting
Information). Comparative analyses using an LIB anode fabri-
cated with a higher active material content (weight ratio com-
posite 1: carbon black: poly(vinylidene fluoride=280:10:10
showed a lower specific capacity after 100 cycles (750 mAhg™',
—23% compared with the 50:40:10 electrode). The coulombic
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Figure 5. (a) Rate performance of composite 1 at current densities of

50 mAg™' to 2000 mAg~', (b) specific discharge capacity and coulombic effi-
ciency vs. cycle number for the precursors and composite 1 measured at a
current density of 100 mAg™".

efficiency was ca. 100% and no loss of activity was noted over
100 cycles, see the Supporting Information for details.

The sheet resistance of composite 1 was measured to be
1.9x 10> Qcm™2, whereas the sheet resistance of GQDs and the
physical mixture of {MnV,,} and GQDs were 3.1x10* and 8.2 x
10> Qcm™2, respectively. This finding is further supported by
electrochemical impedance spectroscopy (EIS, see Figure 6),
which showed lower charge transfer resistance (R;) and lower
electrolyte resistance (Rg) compared to the reference com-
pounds (for details, see the Supporting Information). In sum-
mary, this study illustrates that the sonication-driven assembly
of GQDs and {MnV,;} clusters into graphene quantum dot/
metal oxide nanocomposites results in a high-performance LIB
anode material that combines electronic/ionic conductivity
with high cycling stability. Comparison of the LIB anode per-
formance of composite 1 with related manganese vanadium
oxide systems is given in Table 1 and illustrates that 1 features
promising specific capacity in addition with facile synthetic
access and the use of earth-abundant, lightweight materials.

Conclusion

In conclusion, we report the facile one-step synthesis of a
nanostructured graphene quantum dot (GQD)/manganese va-
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Figure 6. Nyquist plots of composite 1 as well as the physical component
mixture and the pure GQDs used as anode material in an LIB. Inset: The si-
mulated equivalent circuit of the electrode/electrolyte interface used to ex-
amine the composite. R: electrolyte resistance, Rqy: charge-transfer resist-
ance, Z,: Warburg impedance, CPE: constant-phase element.

Table 1. Comparison of specific capacities reported for manganese vana-
dium oxide anodes.

Material Current density  Discharge capacity  Ref.

[mAg™] [mAhg™]

MnV,0, 200 768 [38]
MnV,04 50 600 [39]

Mn, 5(H,0)(NH,)V,0,, 100 980 [40]

LiVO, 100 340 [53]
LisMnV,04 100 500 [54]
Composite 1 100 970 This work

nadate composite with well-defined rod-like morphology,
which shows excellent performance as anode material in lithi-
um ion batteries. High specific discharge capacities of
~970 mAhg™" are observed together with coulombic efficien-
cies near 100% over one hundred electrochemical cycles. It is
further shown that the sonication-driven materials assembly is
critical and leads to significant improvements in battery per-
formance compared to the pure precursors or a “simple” physi-
cal mixture of the precursors. Future work will expand this
study and explore the incorporation of other redox-active 3d
metals with a focus on cobalt and iron vanadates to identify
the most promising materials for further development. Theo-
retical and experimental spectroscopic and electron microscop-
ic studies on the GQD/metal oxide interface will further explore
the molecular-level structural features and mode of linkage be-
tween metal oxide and graphene quantum dots.

Experimental Section

Materials: All reagents were obtained from Sigma Aldrich, ABCR or
ACROS and were of reagent grade. The chemicals were used with-
out further purification unless stated otherwise. Graphene quan-
tum dots (GQDs) were prepared according to ref. [41].
(nBuyN);(DMA)[(MnCI)V,,0,,ClI-EtOAc ({MnV,,}) was prepared ac-
cording to ref. [36].
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Preparation of composite 1: {MnV,,}*® and GQDs“" were synthe-
sized according to published procedures. The composite is formed
by mixing an aqueous suspension of GQDs (10 mL, 30 gL™") and
an acetonitrile solution of {MnV,,} (20 mL, 1.0 mm). The resulting
mixture was sonicated (300 W, 45 kHz) for 12 h at room tempera-
ture. The composite was isolated by centrifugation and washed
three times with ethanol. The final product was obtained by drying
in a vacuum oven at 40 °C overnight. Yield: ca. 93 wt.%.
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