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Abstract

As a new generation of high quality graphene, electrochemically exfoliated graphene is
an ideal platform for constructing integrated high-performance nanocomposites as
advanced electrode materials for energy storage and conversion devices. To take on a
challenge of direct growth of nanoparticles on electrochemically exfoliated graphene
with limited oxygen-containing functional groups and its hydrophobic nature, a
systematic study is carried out on growth of SnO; nanocrystallites on the surface of
electrochemically exfoliated graphene. The results indicate that these nanocrystals can
efficiently grow on the functional group-free surface of electrochemically exfoliated
graphene, if the precursor molecules can polymerize into larger molecules and
aggregate on electrochemically exfoliated graphene followed by decomposition and
phase transformation into the final metal oxide nanocrystallites. Some key factors
affecting this non-classical crystal growth are investigated. Addition of a small amount
of water in a polar aprotic solvent to stimulate polymerization of the precursor

molecules and a solvothermal treatment to facilitate decomposition of the disordered
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aggregates of the polymerized precursors are crucial to the growth of nanocrystals on
electrochemically exfoliated graphene. The improved electrical conductivity and
structural stability of the hybrids may promote the performance of the materials in

various applications, such as exceptional lithium storage capability.

Keywords: electrochemically exfoliated graphene, tin dioxide, polymerization, crystal

growth, lithium-ion battery

1. Introduction

Since 2004, graphene has attracted wide attention due to its outstanding electrical,
mechanical, thermal and optical properties [1,2]. Integration of graphene with various
functional materials may promote their performance in some applications, such as
exceptional lithium storage capability and electrocatalytic activity [3-5]. Although most
of metal oxides possess high theoretical capacities (e.g. SnOz: 782 mA h g!) [6,7], the
low electronic conductivity and severe volume change of metal oxides during cycling
seriously hinder their practical application in lithium-ion batteries (LIBs) [8,9].
Integration with graphene can enhance the electronic conductivity of the composites and
effectively buffer the strain from the volume variation of metal oxides, leading to the
improved electrochemical performance [10-12].

To date, graphene has been generated by several synthetic routes, including
exfoliation of graphite through mechanical, chemical or electrochemical processes,
growth of graphene nanosheets on substrates (e.g. chemical vapor deposition, SiC
decomposition) and organic synthesis [13-15]. The pristine graphene has an inert
surface with few active oxygen-containing groups. On the contrary, graphene oxide

(GO) generated by chemical exfoliation of graphite contains many oxygen-containing



functional groups on the surface (carboxyl, hydroxyl, carbonyl and epoxide groups)
[16,17]. Accordingly, functional nanoparticles can be directly formed or anchored on
the surface of GO by creating covalent bonds (e.g. grafting) or noncovalent interactions
(e.g. electrostatic interactions) [18,19]. However, the electrical conductivity of GO is
much lower than pristine graphene. Although the residual functional groups of GO in
hybrids can be largely removed by thermal or chemical reduction, the electrical
conductivity of the reduced graphene oxide (rGO) is still not comparable to that of
pristine graphene due to a large number of surface defects [20].

Recently, mass production of high-quality graphene with a large lateral size has been
achieved through a modified electrochemical exfoliation method [21,22]. Relatively
fewer defects and higher electrical conductivity of these electrochemically exfoliated
graphene (EEG) make it more suitable to replace rGO as building component for the
construction of graphene hybrids, which may exhibit better performance than rGO-
based composites. However, lack of oxygen-containing surface groups makes it more
difficult to anchor or grow functional nanoparticles on the surface. Furthermore, EEG
can only be dispersed in polar aprotic solvents (e.g. N,N-dimethylformamide, DMF)
due to its inert surface and hydrophobic nature, limiting the synthesis conditions [21].

Up to now, there are few researches on the fabrication of EEG hybrids and on their
physico-chemical properties in spite of their potential wide applications. Some rare
examples revealed difficulties of preparing the EEG hybrids in some conventional
methods. Feng’s group described a typical assembly of EEG hybrids (Si, Fe;O4 and Pt
nanoparticles) with a sandwich-like structure [23]. According to their report, polyaniline
acted as a versatile dopant to couple nanoparticles onto EEG through electrostatic
interactions or hydrogen bonding. However, such a complicated noncovalent linkage of

nanoparticles- polyaniline-EEG would reduce the electrical conductivity and chemical



stability of the EEG hybrids. EEG-based metal oxides (e.g. Fe2O3) can also be obtained
by electrochemical exfoliation of graphite in electrolyte solution containing metal oxide
precursors (e.g. FeSOas) [24,25]. The whole process includes alternating deposition of
metal oxides onto the surface of graphite electrodes and exfoliation of outer graphene
layer attached with the metal oxides. However, the gradual change in concentration of
electrolyte solution may cause the non-uniformity of nanocrystal-decorated EEG. In
addition, to avoid stacking of EEG in water, nickel foam supported EEG or EEG foils
were selected to fabricate the EEG hybrids [26,27]. It is true that a simple and facile
methodology for growing functional nanoparticles on EEG, especially in polar aprotic
solvents, is yet to be developed.

In the present work, a new method is proposed, in order to overcome the inert
property of the EEG surface. We try to introduce oxygen-containing active groups into
the precursor molecules and allow them to polymerize into larger molecules, which can
be adsorbed on the EEG surface via multiple interaction sites. Nucleation and crystal
growth then occur in the adsorbed precursor aggregates. A systematic study has been
carried out on the direct growth of SnO; functional nanocrystals on the surface of EEG
in a polar aprotic solvent (DMF), as an example to demonstrate this crystal route. The
new mechanism of crystal growth is investigated in detail. The advantages of the EEG
hybrids in comparison with rGO hybrids are discussed, in particular, about their
outstanding electrochemical performance, such as exceptional lithium storage capability.
This novel and facile method for the synthesis of EEG-supported metal oxides offers a
great promise for the development of advanced EEG hybrids utilized in various

applications.

2. Experimental



2.1 Sample preparation

EEG, GO and rGO. EEG and GO were synthesized according to the published
literature (see the Supporting Information for details) [21,28]. rGO was produced by
reduction of GO. In a typical preparation, 0.1 g of GO was dispersed into 75 mL of
distilled water under ultrasonication. The solution was then transferred into a 100 mL
Teflon-lined stainless steel autoclave and maintained at 160°C for 12 h. GO was
reduced to rGO during this hydrothermal process. The product was collected by
centrifugation, washed with distilled water, and dried at 60°C.

EEG-Sn0:. In a typical synthesis, 0.03 g of EEG was dispersed in 60 ml of DMF
under ultrasonication for 1 h. 0.16 g of SnCls-5H>O and a small amount of distilled
water (0.1, 0.3 or 0.5 mL) were added to the above suspension. After stirring for 20 min,
the mixture was transferred into a 100 ml Teflon-lined stainless steel autoclave and
maintained at 160°C for 12 h. After cooling down to room temperature, the product was
collected by centrifugation, washed with ethanol and distilled water, and dried at 60°C.
For comparison, EEG-SnO; was also prepared under the same synthesis conditions
except without addition of water or solvothermal treatment at 100°C, instead of 160°C,
for 12 h.

rGO-Sn0O:. In a typical synthesis, 0.1 g of GO was dispersed into 75 mL of distilled
water under constant ultrasonication. 0.074, 0.106 or 0.146 g of SnCls-5H>0 was then
added into the GO suspension with vigorous stirring for 20 min. Subsequently, the
suspension was transferred into a 100 mL Teflon-lined stainless steel autoclave and
maintained at 160°C for 12 h. The product was collected by centrifugation, washed with

distilled water, and dried at 60°C.

2.2 Sample characterisation



Specimens were characterized by the following techniques. X-ray diffraction (XRD)
was performed on a Phillips X’pert Pro MPD diffractometer with Cu Ka radiation. The
Fourier transform infrared (FT-IR) was performed on a Nicolet-380 Fourier-transform
infrared spectrometer in the range of 400-4000 cm™!. X-ray photoelectron (XPS), was
carried out on a Shimadzu Axis Ultra spectrometer with an Mg Ka = 1253.6 eV
excitation source, Raman scattering spectra were recorded on a Jobin-Yvon Laser
Confocal Micro-Raman Spectrometer with a 633 nm laser source. The elemental
analysis for C, H and N contents was performed on a LabRAM ARAMIS analyzer.
Mass spectra were obtained on an AB Sciex TripleTOF 5600™ mass spectrometer. The
thermogravimetric analysis (TGA) was carried out on a NETZSCH STA 409 PC/PG

~1. Transmission

thermal analyzer and carried out in air at a heating rate of 5°C min
electron microscopy (TEM) and high-resolution TEM (HRTEM) images were recorded
on a JEOL JEM-2011 electron microscope and a FEI Titan Themis electron microscope,
both operated at 200 kV. Scanning electron microscope (SEM) and energy-dispersive
X-ray microanalysis (EDX) were performed on a JEOL JSM-6700F electron

microscope at an accelerating voltage of 5 kV.

2.3 Electrochemical measurement

The electrochemical performance of specimens were tested using a LR2032-type coin
cell. The lithium metal was used as the negative electrode. The positive electrode was
prepared by mixing the specimens, Super P carbon black and polyvinylidene difluoride
(PVDF) dissolved in N-methyl-2-pyrrolidine (NMP) in a weight ratio of 80 : 10 : 10.
The mixed slurry was pressed onto a copper foil and dried at 110°C in vacuum for 24 h.
The electrolyte was 1 M solution of LiPFs dissolved in a EC : DEC : DMC solution

witha 1 : 1 : 1 vol ratio. Cell assembly was carried out in an Ar-filled glove box. The



area of the electrode was 2.0 cm? and the mass loading of active materials was about 2.5
mg cm 2. Cyclic voltammetry tests were performed between 0.01 and 3.0 V with a scan
rate of 0.5 mV s™!. The galvanostatic charge-discharge tests were performed on a
LAND test system at room temperature, and the voltage range was from 0.01 to 3.0 V
(versus Li/Li"), with a constant current of 0.1-2 C (1 C equals to the theoretical capacity
of SnO», 782 mA h g!). The electrochemical impedance spectroscopy (EIS) was carried
out in the frequency range from 100 kHz to 10 mHz on a Gamry Interface 1000
electrochemical station. The electrical conductivity of samples were measured by a four

point probe set up from a Keithley 2400 source meter.

3. Results and discussion
3.1 EEG and rGO

EEG was produced using a modified electrochemical exfoliation method, which
offers high quality graphene with a large lateral size (Fig. 1a) [21]. For comparison,
conventional rGO was prepared via hydrothermal reduction of GO. The details of the
synthetic methods of these specimens and all other samples are given in the
Experimental Section.

It can be expected that EEG has less oxygen-containing functional groups and defects
on the surface, and thereby presents higher electrical conductivity than rGO. The
surface structures of GO, rGO and EEG were studied by using FT-IR, XPS and Raman
spectroscopies.

Compared to the FT-IR spectrum of GO, the C—O and C=0 bands disappear and the
intensity of C—OH band decreases sharply in the FT-IR spectrum of rGO (Fig. S1a in
Supporting Information). Moreover, the intensity ratio of C 1s peak to O 1s peak

significantly increases in the XPS spectrum of rGO (Fig. S1b), indicating that most



oxygen-containing functional groups of GO (e.g. carboxyl and carbonyl groups) have
been removed by the hydrothermal treatment [29]. The C s peak in the high resolution
XPS spectrum (Fig. S1¢) can be further resolved into four components, corresponding
to C—C (~284.6 eV), C-O (~286.6 e¢V), C=0 (~287.6 ¢V) and O—C=0 (~288.8 eV)
groups, respectively. The peaks related to oxygen-containing groups (C-O, C=0O and
O—-C=0) almost disappear in the XPS spectrum of rGO, which is consistent with the
FT-IR result [30]. Similarly, there is few oxygen-containing functional groups on the
surface of EEG, confirmed by FT-IR and XPS (Fig. Sla-¢). The C/O molar ratios of
EEG and rGO determined by CHN analysis (Table S1) are 7.68 and 5.64 respectively,
much higher than that of GO (1.28) [31].

In the Raman spectra (Fig. S1d), the D band around 1346 cm™! is related to the
vibration of sp* carbon atoms of disordered graphite, and the G band around 1590 cm™!
is related to the in-plane vibration of sp? carbon atoms in a 2D hexagonal lattice [32].
The intensity ratio of the D band and G band (/p/Is) of rGO (0.98) is very close to that
of GO (1.13), reflecting that many defects remain on the surface of rGO after removal
of the oxygen-containing groups. On the contrary, EEG possesses much less defects on
the surface (Ip/lg = 0.32), guaranteeing a fast electron transport.

A four point probe technique was used to measure the electrical conductivity of
samples (Table S2) [33]. The electrical conductivity of EEG film is 240.4 S cm™!, much
higher than that of rGO (29.0 S cm™!). Therefore, EEG is more suitable to be used as
graphene substrate than rGO, and fabrication of EEG-supported nanomaterials is of
great interest for developing advanced electrodes with excellent electrochemical or
electrocatalytic performance. However, as mentioned above, it remains challenging to
anchor or grow nanocrystallites on the surface of EEG due to its limited surface

functional groups. Furthermore, EEG can only be dispersed in polar aprotic solvents



(e.g. DMF) due to its hydrophobic nature and inert surface property, further hindering
the synthesis processing. As shown in Fig. 1b, GO can be dispersed in water, while

EEG can be dispersed evenly in DMF, but not in water.

3.2 EEG-SnO; and rGO-SnO»

EEG-based SnO; nanocomposites (EEG-SnOz) were successfully prepared in DMF
solvent through a solvothermal method. For comparison, rGO-based SnO>
nanocomposites (rGO-SnO») were also prepared by using a hydrothermal method. All
the peaks in the XRD patterns of EEG-SnO> and rGO-SnO: (Fig. 1¢) are indexed into
the tetragonal structure of SnO: (space group P42/mnm) and no crystalline impurities are
detected. The broadness of the peaks indicate that the SnO> crystallites in both samples
are quite small.

SEM and TEM images of EEG-SnO> (Fig. 1d,e) reveal that SnO> nanocrystallites
with a diameter of 2~3 nm are well-distributed on the surface of EEG without obvious
aggregation. HRTEM image (Fig. 1f) further confirms that the ultrathin EEG substrate
(triple-layer graphene as seen at the curled edge) is decorated with SnO» nanocrystallites.
A d-spacing is measured from the observed fringes on a nanocrystallite to be ~0.335 nm,
in a good agreement with the interplanar spacing of the (110) planes of the SnO»
crystalline structure. Comparing with the SEM and TEM images of rGO-SnO: (Fig.
S2a-c), there is no obvious difference in crystal size, morphology and dispersibility of
the SnO; nanocrystallites between EEG-SnO, and rGO-SnQO..

Furthermore, TGA curves (Fig. S2d) show that the content of SnO> in EEG-SnO is
32.9 wt%, even slightly larger than the value in rGO-SnO; (31.5 wt%), further

confirming the similarity of the deposition of SnO> nanocrystallites on both EEG and



rGO. Therefore, any possible difference in the electrochemical properties of these
hybrids would mainly depend on the quality of graphene substrates.

The crystallinity of EEG and rGO in the composites was also characterized by
HRTEM. The characteristic hexagonal atomic lattices of graphene are clearly observed
around SnO> crystals in the HRTEM image of EEG-SnO:; (Fig. 2a). The lattice spacing
of ~0.21 nm is assigned to the (100) planes of graphite [34]. On the contrary, rGO
shows much poor ordering in the crystal structure compared to EEG (Fig. 2b),
indicating that many defects formed after removal of oxygen-containing groups [35]. It
is noted that a group of fringes of the SnO> nanocrystal in Fig. 2a is parallel to the (100)
fringes of the EEG substrate, implying that the connection of the two components is
more likely covalent.

FT-IR and C Is XPS spectra of rGO-SnO, (Fig. 2c,e) reveal that most oxygen-
containing groups of GO have been removed during the hydrothermal synthesis.
However, according to the high Ip/Is value of rGO-SnO> (1.08) in the Raman spectrum
(Fig. 2f), many defects are remained on the surface of rGO, which is consistent with
HRTEM observation. In contrast to rGO-SnO», less oxygen-containing groups are
present in EEG-SnO> according to the higher intensity ratio of C 1s peak to O 1s peak
(Fig. 2d). Besides, the Ip/lg of EEG-SnO> is 0.60, much lower than that of rGO-SnO,
(1.08). As a consequence, EEG-SnO> has much higher electrical conductivity (40.5 S
cm ) than rGO-SnO; (20.7 S cm™!) (Table S2). On the other hand, the Ip/I¢ of pristine
EEG is 0.32, lower than that of EEG-SnO, (0.60). It is an evidence to demonstrate that
the growth of SnO> nanocrystals leads to generation of additional defects on the surface
of EEG. In other words, many original sp>-type carbon atoms underneath the SnO,

nanocrystallites have changed to sp’-type via formation of C-O-Sn bonds. The Sn-O
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band in the FT-IR spectrum (Fig. 2¢) and the Sn 3d peak in the XPS spectrum (Fig. 2d)
verify the formation of SnO: on the surfaces of EEG and rGO.

Graphene-based functional materials are deemed as promising electrode materials for
energy storage and conversion devices, such as LIBs and DMFCs. Accordingly, cyclic
voltammetry and galvanostatic charge/discharge tests were performed to evaluate the
electrochemical performance of EEG-SnO; and rGO-SnO». The CV curve of EEG-SnO»
(Fig. 3a) in the first cycle shows one pair of peaks at 0.68/1.33 V, corresponding to the
conversion reaction

SnOs +4Li* + 4e” <> Sn + 2Li>O (1)
and one pair of peaks at 0.16/0.72 V, corresponding to the alloying and dealloying
reaction [36,37]

Sn + xLi* + xe™ <> LixSn, 0<x<4.4. (2)

The reduction peaks shift to 1.03 V in the subsequent cycles owing to the polarization
of the electrode. The subsequent scans almost overlap with each other, reflecting a good
reversibility of EEG-SnO». Fig. S3 depicts voltage profiles of EEG-SnO> and rGO-
SnO; for the 1st, 2nd, 10th and 50th charge/discharge cycles. Four voltage plateaus at
ca. 0.2, 0.6, 1.0 and 1.3 V are observed, which are consistent with the CV results.

The cycle and rate performance of EEG-SnO2 and rGO-SnO:> are shown in Fig. 3b,c.
The reversible capacity of rGO-SnO; decreases dramatically after 40 cycles, and only
516 mA h g! is achieved at 0.1 C after 100 cycles. In contrast, EEG-SnO> exhibits
excellent cycling stability, and a capacity of 917 mA h g! is achieved at 0.1 C after 100
cycles, which corresponds to 103% capacity retention versus the second cycle (894 mA
h g!). When the current density increases to 2 C, the reversible capacity of EEG-SnO;
decreases to 495 mA h g!, still much higher than that of rGO-SnO; (293 mA h g™!).

When the current density returns to 0.1 C, a capacity of 900 mA h g! is recoverable,
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demonstrating the good cycling stability of EEG-SnOz. It is worth noting that the initial
capacity of EEG-SnO> (1380 mA h g! at 0.1 C) (Fig. 3b) is much higher than the
theoretical capacity of SnO;, which can be attributed to the formation of a solid
electrolyte interface (SEI) film on the surface of EEG-SnO». The formed SEI films also
result in large irreversible capacity losses in the initial cycles. Some methods such as
fabrication of TiO» nanofilms on the surface of graphene-SnO; can be employed to
reduce its irreversible capacity [38].

As a high-quality graphene substrate, EEG can offer higher electronic conductivity
and stronger mechanical strength than rGO in graphene-based composites, which may
highly improve the lithium storage capability of the composites. To evaluate the
electron transfer rate in the composites, electrochemical impedance spectroscopy (EIS)
measurements of EEG-SnO, and rGO-SnO, were performed after 3 cycles. Fig. 3d
shows the Nyquist plots consisting of two overlapping semicircles in the high and
medium frequency range, which reflect the migration of the Li* through the SEI film (Ry)
and the charge transfer resistance (R.;), and a sloping straight line in the low frequency
range, which reflects the diffusion properties of Li" in solid materials (Z,) [39].
Apparently, the diameter of the semicircle for EEG-SnO> is much smaller than that for
rGO-SnOy, indicative of a lower contact and charge transfer resistances of EEG-SnOx.
Based on a Randles equivalent circuit model (the inset of Fig. 3d), the Rrand R.; values
of EEG-SnO; are calculated to be 3.7 and 11.8 Q, respectively (Table S2), smaller than
those of rGO-SnO; (4.7 and 18.5 Q).

The structure and morphology of these samples after 100 cycles were also examined
using TEM. The aggregation of Sn/SnO: nanocrystallites (Sn is produced according to
equ. 1) is inevitable on the rGO substrate in view of severe SnO; volume change and

particle movement during cycling (Fig. S4a), whereas separated Sn/SnO;
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nanocrystallites are preserved on the EEG substrate (Fig. S4b). The long-term structural
stability of EEG-SnO, may be attributed to the outstanding mechanical properties of
EEG [40], which effectively relieve the stress caused by the volume variation of SnO;.
The improved electrical conductivity and structural stability of EEG-SnO; is conducive

to improving the electrochemical performance of the electrodes.

3.3 Higher loading of SnO> on EEG and rGO

EEG-SnO; and rGO-SnO> with higher loadings of SnO; were also controllably
synthesized and denoted as EEG/rGO-SnO>-M (middle loading) and EEG/rGO-SnO,-H
(high loading). The TGA curves (Fig. S5) show that the content of SnO> is 52.6 wt% for
EEG-Sn0»-M, 53.5 wt% for rGO-Sn0O:-M, 66.0 wt% for EEG-SnO»-H, and 65.3 wt%
for rGO-SnO,-H. The contents of SnO: in both EEG- and rGO-based specimens were
controlled to be similar in order to investigate the comparative effects of two different
types of graphene on the electrochemical performance of the electrodes. It is worth
noting that the content of SnO: in rGO-SnO; can be simply adjusted by controlling the
dosage of the Sn-containing precursor (e.g. SnCls) in water. However, the content of
SnO> in EEG-SnO; cannot be merely adjusted by controlling the dosage of SnCls. For
instance, when excessive SnCly is present, the content of SnO; in EEG-SnO> increases
with increasing the dosage of water in DMF, indicating that water plays an important
role in the formation of SnO».

SEM and TEM images of EEG-SnO>-M and EEG-SnO»2-H (Fig. 4a-d) reveal that
most of SnO> nanoparticles are well-dispersed on the surface of EEG even at high
loading of SnO;, and few SnO; agglomerates inevitably form with the increase of SnO»

content. It seems that more SnO; agglomerates obviously form on the surface of rGO
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with the increase of the SnO; content (Fig. S6), which may be attributed to the different
crystal growth mechanism in water and in DMF.

Raman spectra (Fig. 4e,f) indicate that the /p//c value increases from 0.60 of EEG-
SnO; (Fig. 2f) to 0.74 of EEG-SnO>-M and 0.90 of EEG-SnO»-H, whereas the Ip/Ic of
rGO-SnO; (1.08) is very similar to that of rGO-SnO2-M (1.12) or rGO-SnO»-H (1.10).
It is reasonable to say that SnO> crystals grow on the surface of GO by reaction with the
epoxy and hydroxyl groups to form C-O-Sn bonds [40], while the SnO» crystals grow
directly on the carbon of EEG to create new defects. Consequently, the number of
defects of the rGO substrate does not change much after the growth of SnO- crystals.
When almost all the sites of the epoxy and hydroxyl groups in GO are occupied by
SnO; crystals, the new nanoparticles may be developed near the existing
nanocrystallites, leading to the particle aggregation. On the contrary, the increase of
defects in EEG with the increase of the SnO; loading implies that the SnO; crystals can
grow on the graphitic surface of EEG, free of the epoxy and hydroxyl groups. It is
further confirmed that the sp? carbon atoms in a 2D hexagonal lattice change to sp’
carbon atoms by forming C-O-Sn bonds after the growth of the SnO; crystals, resulting
in the increase of defects in EEG. Since the nanocrystallites can grow anywhere on the
EEG surface, its distribution become more even and the number of agglomerates can be
greatly reduced.

To further verify the advantages of the EEG substrate for the electrodes, the
electrochemical performance of EEG/rGO-SnO;-M and EEG/rGO-SnO.-H were studied
by galvanostatic measurements. Although the theoretical capacity of SnO> (782 mA h
g 1) is slightly higher than that of graphene (744 mA h g!), the electrochemical
performance of rGO-SnO» decreases considerably with the increase of SnO» content. As

shown in Fig. 5a,c, rGO-SnO>-M and rGO-SnO,-H exhibit capacities of 438 and 298
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mA h g ' at 0.1 C after 100 cycles respectively, much lower than that of rtGO-SnO> (516
mA h g!). At a high current density of 2 C (Fig. 5b,d), rGO-SnO>-M and rGO-SnO»-H
deliver capacities of 214 and 175 mA h g! respectively, still lower than that of rGO-
Sn0O2 (290 mA h g!). The poor electrochemical performance of rGO-SnO, with high
content of SnO; can be attributed to the heavy aggregation of SnO> nanoparticles as
well as the increased resistances of the composites. The electrical conductivity of rGO-
Sn02-M and rGO-SnO,-H is 15.8 and 10.0 S cm™! respectively (Table S2), lower than
that of rGO-SnO; (20.7 S cm ™). Nyquist plots (Fig. Se,f) also demonstrate that the R
value of the electrode increases from 18.5 Q of rGO-SnO; to 20.1 Q of rGO-SnO>-M
and 32.1 Q of rGO-SnO>-H.

On the contrary, EEG-SnO> shows a good cycling stability even at high loading of
SnO,. After 100 cycles at 0.1 C, the reversible capacities of EEG-SnO>-M and EEG-
Sn0»-H are maintained at 830 and 768 mA h g! respectively (Fig. 5a,¢), much higher
than those of rGO-SnO2-M and rGO-SnO;-H. As the current density increases to 2 C,
EEG-Sn0O2-M and EEG-SnO»-H still deliver favorable capacities of 475 and 443 mA h
g1, respectively (Fig. 5b,d). The good electrical conductivity and mechanical strength
of EEG are beneficial to improving the electrochemical performance of the electrodes.
Compared to rGO-SnO2-M and rGO-SnO2-H, EEG-SnO>-M and EEG-SnO2-H have
higher electrical conductivity (28.3 and 18.8 S cm™!, Table S2) and lower charge-
transfer resistances (16.3 and 21.0 Q) (Fig. Se,f). It is believed that fewer SnO;
agglomerates formed on the EEG substrate may also contribute to the superior

electrochemical performance of the composites.

3.4 Growth Mechanism of SnO; on EEG.
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To explore key factors affecting the crystal growth in DMF, EEG-SnO: was prepared
under the same synthesis condition for EEG-SnO;-H except no addition of water
(referred to as EEG-SnO2-NW, NW for no water addition) or reducing the temperature
of the solvothermal reaction (referred to as EEG-SnO»-LT, LT for low temperature).
SEM images of EEG-SnO>-NW and EEG-SnO»-LT (Fig. 6a,b) demonstrate that small
numbers of SnO; nanoparticles are present on the surface of EEG. The diffraction peaks
corresponding to the stacking of graphene nanosheets instead of the crystal structure of
SnO; are detected in the XRD patterns (Fig. 6¢), implying low contents of SnO> in these
samples. TGA curves (Fig. 6d) indicate that the contents of SnO, in EEG-SnO>-NW
and EEG-SnO»-LT are only 15.8 and 13.3 wt%, respectively, much lower than that in
EEG-SnO>-H (66.0 wt%). Consequently, the addition of water and the solvothermal
process play important roles on the formation and growth of SnO> crystals on the EEG
substrate in DMF.

Recently, the formation mechanism of SnO: nanocrystallites in acidic ethanol
solution was systematically studied [41]. It has been found that a mixture of tin chloride
monomeric complexes composed of [SnCls(H20)]~, SnCls(H20)> and [SnCl3(H20)3]*
was present in the initial solution. After addition of water and aging at room
temperature, polynuclear tin-oxo clusters with double- or triple-chain structures were
formed and further interconnected to form SnO» nanoparticles. A densification of SnO»
nanoparticles followed by an advanced nanocrystallite growth occurred during heating
and aging at high temperature (70°C).

In the present work, the polynuclear tin-oxo clusters in DMF were also identified by
mass spectroscopy, and water addition favors the formation of clusters. Besides tin
chloride monomeric complexes of [SnCl3(H2O):]" and SnCly(H20): efc., some

polymerized larger molecules were also detected in the mass spectrum. Fig. S7 shows
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some typical examples, including dimmers Sn>Clo(OH)s(H20)2, Sn2Cls(OH)3(H20)2,
trimer Sn3Cl(OH)11(H20)2, and tetramer SnsClo(OH)14(H20),. The full mass spectrum is
shown in Fig. S8b. The formation of the large polymerized molecules is extremely
important in the growth of SnO:; nanoparticles on EEG, since the inter-molecular
interaction between the polymer molecules and EEG increases with the size of the
molecules. As detected previously [23], the surface of EEG is negatively charged in
DMF solvent. On the other hand, in the present work, the polymerized molecules are
positively charged under an acidic condition (pH ~4). Consequently, the molecules
intend to migrate to the surface of EEG driven by electrostatic interactions.

The polymerized molecules can further aggregate into larger clusters on the EEG
surface due to strong intermolecular interaction. The clusters then decompose during the
solvothermal treatment and crystallize into SnO> nanoparticles, which link to the EEG
surface with multiple covalent bonds of C-O-Sn.

Consequently, the growth of SnO> nanocrystals on EEG does not follow the classical
crystal growth route, i.e. starting with nucleation on the EEG surface and growth via
layer-by-layer deposition of the building units, tin cations and oxide anions. We then
proposed a new multistep mechanism, as illustrated in Figure 7. Step 1, SnCly is
hydrolyzed slowly in DMF with a small amount of water, forming monomer
hydrolysates, SnCI3(OH)(H20). and SnCl(OH)>(H20); etc. Two or more such
hydrolysates connect to form a dimer, trimer, tetramer or even larger tin chloride based
polymerized clusters (Fig. 7a), as detected by mass spectroscopy. In fact, without
addition of water, very small amount of large molecules were formed in the system (see
Fig. S8a) and the formation of SnO2 on the EEG surface became very difficult. Step 2,
these polymer clusters deposit on the EEG surface through inter-molecular interactions

or electrostatic interactions, and grow larger (Fig. 7b). Evidence of such deposition has
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been obtained from SEM, EDX and HRTEM (see further discussion below). Step 3, all
the chloride ions will be dissociated in a process of surface hydrolysis. The resulted tin
hydroxide undergoes further dehydration, decomposition and phase transformation into
SnO; nanocrystallites during a solvothermal process. More likely, the particles link to
carbon on the surface of EEG to form C-O-Sn bonds (Fig. 7¢).

Crystallization of disordered aggregates of precursors is a common crystal growth
route as seen in non-classical reversed crystal growth of many materials [42,43].
Although the growth of SnO> may also take place on defect sites including the sites of
functional groups, it is not a principal route due to a small number of these active sites
in EEG.

To further confirm the proposed mechanism, a few more experiments were performed.
Solid specimens from the mixtures of EEG and SnCls-5H>0 in DMF before and after
the solvothermal treatment were collected (referred to as EEG-SnCl4 and EEG-SnO»-Hx,
respectively), and examined using SEM. In contrast to the pristine EEG with smooth
surface, the surface of EEG-SnCls adsorbs some loose and low density particles (Fig.
S9a). The particles are likely aggregated polymer clusters. The Sn, O, Cl elements were
detected in the EDX spectrum (Fig. S9c¢), also verifying the presence of polymer
clusters on the EEG substrate. An HRTEM image showing polymerized precursor
molecules on the EEG surface is shown in Fig. S10.

After the solvothermal treatment for a short time (0.5 h), SnO; nanocrystals (very
small white spots) can be distinguished on the EEG surface (Fig. S9b), indicating that
the solvothermal treatment is important to promote the hydrolysis process. The Cl
element is hardly detected in the EDX spectrum of EEG-SnO;-Hx (Fig. S9d), which is
ascribed to the release of chlorine anions from the condensed SnO; nanoparticles. These

nanoparticles are highly dispersed on the surface of EEG and no aggregation is
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observed. Thus we believe that SnO> nanocrystals can directly grow on the surface of
EEG in absence of functional groups, but a certain amount of energy barriers need to be
overcome (e.g. a solvothermal treatment is required) [44]. In addition, EEG alone is
treated in DMF with water under solvothermal condition. The /p//; of treated EEG does
not change much in the Raman spectrum (not shown), illustrating that water cannot
create the defects in EEG even under solvothermal treatment. The defects of EEG

should be generated during the formation and growth of SnO; crystals.

4. Conclusions
In summary, we have developed a novel and facile method for the synthesis of SnO:
nanocrystals on the surface of EEG in DMF. Unlike the classical growth route for metal
oxides-decorated rGO, the formation of SnO: nanocrystals relies on phase
transformation from metal-containing precursors to metal hydroxides and finally metal
oxides via dehydration. Accordingly, the solvothermal process in DMF with addition of
a small amount of water plays an important role on the growth of nanocrystals on EEG.
The EEG substrate used instead of rGO has several advantages for the performance
improvement of the composites: (1) EEG exhibits better properties than rGO, such as
higher electrical conductivity and stronger mechanical strength. (2) The newly
generated defects of EEG caused by the growth of nanocrystals are limited, whereas a
large number of defects have been already present on the surface of rGO, even at low
loading of nanocrystals. (3) In contrast to the dispersed nanocrystals on the EEG
substrate, nanocrystals tend to grow and aggregate on the defects of rGO. All the above
factors are beneficial to improving the electrochemical or electrocatalytic performance

of EEG hydrides. This novel strategy for integration of EEG with functional materials
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offers access to the development of advanced electrode materials for energy storage and

conversion devices such as batteries and fuel cells.
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Figure Captions

Fig. 1. (a) SEM image of EEG. (b) Photographic illustration of EEG in DMF, EEG in
H>O and GO in H>O. (¢) XRD patterns of rGO-SnO, and EEG-SnO». The peaks are
indexed to the tetragonal structure of SnO,. (d) SEM, (e) TEM and (f) HRTEM images
of EEG-SnOs.

Fig. 2. HRTEM images of (a) EEG-SnO; and (b) rGO-SnO; with a SnO; crystallite at
the top-right corner. (c¢) FT-IR, (d) XPS survey, (e) high-resolution C 1s XPS and (f)
Raman spectra of rGO-SnO2 and EEG-SnO..

Fig. 3. (a) CV curve of EEG-SnO; at a scan rate of 0.5 mV s™!. (b) Cycle performance
of rGO-SnO; and EEG-SnO> at 0.1 C. (c) Rate performances of rGO-SnO, and EEG-
SnO; at 0.1-2 C. (d) The electrochemical impedance spectra of rGO-SnO, and EEG-
SnO; after 3 cycles. The inset of (d) is the Randles equivalent circuit for rGO-SnO and
EEG-SnO..

Fig. 4. SEM and TEM images of (a, b) EEG-SnO>-M and (¢, d) EEG-SnO>-H. Raman
spectra of (e) rGO-SnO2-M, EEG-Sn0O;-M, and (f) rGO-SnO,-H, EEG-SnO,-H.

Fig. 5. Cycle performance of (a) EEG/rGO-SnO>-M and (d) EEG/rGO-SnO»-H at 0.1 C.
Rate performances of (b) EEG/rGO-Sn0O>-M and (e) EEG/rGO-SnO,-H at 0.1-2 C. The
electrochemical impedance spectra of (¢) EEG/rGO-SnO>-M and (f) EEG/rGO-SnO;-H
after 3 cycles.

Fig. 6. SEM images of (a) EEG-SnO>-NW and (b) EEG-SnO,-LT. (¢) XRD patterns
and (d) TGA curves of EEG-SnO>-NW and EEG-SnO>-LT.

Fig. 7. Schematic illustration of the proposed formation mechanism of SnO:
nanocrystals on the EEG surface. (a) Polymerized precursor molecules. (b) An
aggregate of the polymerized precursor molecules on the EEG surface. (c) A SnO»

nanocrystallite developed in a disordered aggregate.
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Figures
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Fig. 6.
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electrochemically exfoliated graphene
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