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ABSTRACT: Amorphous GeO,-coated reduced graphene oxide (rGO) balls with sandwich
structure are prepared via a spray-pyrolysis process using polystyrene (PS) nanobeads as
sacrificial templates. This sandwich structure is formed by uniformly coating the exterior and
interior of few-layer rGO with amorphous GeO, layers. X-ray photoelectron spectroscopy
analysis reveals a Ge:O stoichiometry ratio of 1:1.7. The amorphous GeO,-coated rGO balls
with sandwich structure have low charge-transfer resistance and fast Li*-ion diffusion rate. For
example, at a current density of 2 A g_l, the GeO,-coated rGO balls with sandwich and filled
structures and the commercial GeO, powders exhibit initial charge capacities of 795, 651, and
634 mA h g™, respectively; the corresponding 700th-cycle charge capacities are 758, 579, and
361 mA h g_l. In addition, at a current density of S A g_l, the rGO balls with sandwich
structure have a 1600th-cycle reversible charge capacity of 629 mA h g™' and a corresponding
capacity retention of 90.7%, as measured from the maximum reversible capacity at the 100th

GeO,-Coated rGO Ball

cycle.
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1. INTRODUCTION

Owing to their high theoretical capacities, group IVA elements
(Si, Ge, and Sn) have attracted attention as promising anode
materials for lithium (Li)-ion batteries."° Of these elements,
Ge with properties such as high reversible capacity (~1600 mA
h g™"), fast Li-ion ion diffusivity, and high electrical conductivity
is the most well-suited for use as anode materials."*™* Ge can
store 4.4 mol of Li ion/mol of Ge via Li—Ge alloying.
Therefore, Ge undergoes a large volume change upon Li-ion
insertion/extraction, which leads to pulverization and loss of
the electrical contact in, and hence capacity fading of, the
electrode.'*™2° Recently, Ge-based compounds, such as GeO,,
GeO,, GeS, and GeSe, were found to exhibit significantly better
cycling stability than pure Ge.*' ~>* This improved cycling and
rate performance stems from the Ge metal nanocrystals,
dispersed in the Li,O, Li,S, or Li,Se matrix, which were formed
by the electrochemical conversion reaction of Ge compounds
in the first discharge process (Li-ion insertion process).”' >
Considering the two-dimensional (2D) nature of reduced
graphene oxide (rGO), an ideal second-phase material should
be 2D as well, so that a surface-to-surface contact can be
formed.>® The 2D metal oxide/rGO composite with high
structural stability during repeated Li insertion and desertion
processes had an ideal structure as anode materials for Li-ion
batteries. To the best of our knowledge, 2D GeO,/rGO
composite with sandwich structure has not been reported in the
previous literature.

In previous studies, carbonaceous materials, such as
graphene, amorphous carbon, and carbon nanotubes, were
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successfully applied as buffer layers in order to accommodate
the large volume change of the active materials.**~*" Owing to
their high electronic conductivity, carbonaceous materials
combined with active materials facilitate high Li-ion mobility,
which results in excellent high rate performance.**~*' There-
fore, composites of nanostructured germanium oxide (GeO,)
and carbonaceous materials have also been developed. For
example, Jin et al. synthesized vertically aligned graphene@
amorphous GeO, nanoflakes, which exhibited a stable capacity
of 1008 mA h g™' and an excellent rate performance.”!
Similarly, Lv et al. successfully synthesized a self-assembled
GeO,/rGO composite via a facile one-step reduction approach;
the well-dispersed rGO sheets, nanosized particles, and
amorphous phase significantly enhanced the electron transfer
and lithiation/delithiation kinetics in the composite.22 There,
the rGO sheets acted as a critical buffer layer against capacity
degradation in the fabricated electrodes.

In this study, and for the first time ever, amorphous GeO,-
coated rGO composite powders with sandwich structure were
prepared via a spray-pyrolysis process, which uses polystyrene
(PS) nanobeads as sacrificial templates. Porous rGO balls retain
the outstanding intrinsic properties of rGO sheets, such as large
surface area, novel physical properties, and excellent electrical
conductivity.** ™ These balls facilitate fast electron transfer
into the electron collector and can also serve as a void space for
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Figure 1. Morphologies, SAED pattern, and elemental mapping images of the amorphous GeO,-coated rGO composite powders with sandwich
structure: (a and b) FE-SEM, (c—e) TEM, and (f) HR-TEM images; (g) SAED pattern; (h) elemental mapping images of the Ge, O, and C

components.

volume expansion of the electroactive materials during Li
insertion and extraction. The spray-pyrolysis process also
produced large amounts of dense, uniform coatings of
amorphous GeO,, in the rGO ball.

2. EXPERIMENTAL DETAILS

Synthesis Method. Graphene oxide (GO) was synthesized using a
modified Hummer’s method.*” The as-obtained GO was redispersed
in distilled water and exfoliated by ultrasonication in order to generate
GO sheets. A portion (500 mL) of the exfoliated GO solution (1 mg
mL™) was added to 1.5 g of germanium oxide (GeO,; Samchun
Chem.) and 20 mL of ammonia solution (NH,OH; Samchun Chem.).
Then, 3.0 g of 100 nm polystyrene (PS) nanobeads was added to the
solution of GO sheets and GeO,. PS nanobeads were synthesized by
an emulsion-free polymerization. Styrene (30.0 mL), sodium 4-
styrnenesulfonic acid (0.25 g), and sodium carbonate (0.15 g) were
dissolved in water (300 mL), and the solution was stirred at 70 °C for
1 h. Thereafter, potassium persulfate (0.15 g) was added, and the
solution was vigorously stirred by a fluid mixer (300 rpm) at 70 °C for
18 h under a nitrogen atmosphere. PS nanobeads in the spray solution
bonded to GO through hydrophobic interactions and helped
dispersion of the GO sheets in the spray solution.***’ GeO,/rGO
balls were subsequently prepared by ultrasonic spray pyrolysis at 700
°C using a 1200 mm (length) X SO mm (diameter) quartz reactor,
with an argon-gas flow rate (carrier gas) of 5 L min~". The schematic
diagram of the spray-pyrolysis process was shown in Figure S1 in the
Supporting Information (SI). In addition, the aqueous spray solution
without PS nanobeads was used to prepare crumpled GeO,/rGO
composite microspheres.

Characterization. The crystal structures of the powders were
determined via X-ray diffraction (XRD; X’pert PRO MPD), using Cu
Ka radiation (A = 1.5418 A). Moreover, the morphological features
were investigated using field-emission scanning electron microscopy
(FE-SEM; Hitachi S-4800) and high-resolution transmission electron
microscopy (HR-TEM; JEM-2100F) at an accelerating voltage of 200
kV. The specific surface areas of the microspheres were calculated from

a Brunauer—Emmett—Teller (BET) analysis of the nitrogen
adsorption measurements (TriStar 3000). These microspheres were
also examined using X-ray photoelectron spectroscopy (XPS;
ESCALAB-210) with Al Ka radiation (1486.6 eV). Furthermore,
thermal gravimetric analysis (TGA; SDT Q600) was performed in air
at a heating rate of 20 °C min™" in order to determine the amount of
graphene in the powders.

Electrochemical Measurements. The capacities and cycling
properties of the GeO,-coated porous graphene balls were determined
using a 2032-type coin cell format. The electrode was prepared from a
mixture containing 70 wt % active material, 20 wt % Super P, and 10
wt % poly(acrylic acid) binder. Li metal and microporous
polypropylene film were used as the counter electrode and separator,
respectively. The electrolyte used was a solution of 1 M LiPFq in a 1:1
volume mixture of ethylene carbonate/dimethyl carbonate to which §
wt % fluoroethylene carbonate was added. In addition, the charge/
discharge characteristics of the samples were determined by cycling in
a potential range of 0.001—3.0 V at fixed current densities. Cyclic
voltammetry (CV) was performed at a scan rate of 0.1 mV s™'. The
dimensions of the negative electrode were 1 cm X 1 cm, and the mass
loading of active materials was approximately 1.2 mg cm™
Furthermore, electrochemical impedance spectroscopy (EIS) was
performed at frequencies ranging from 100 kHz to 0.01 Hz.

3. RESULTS AND DISCUSSION

Figure 1 shows the morphologies of the GeO,/rGO composite
powders that were prepared directly by spray pyrolysis from the
spray solution containing PS nanobeads. The SEM images
(Figure lab) reveal the embossed structure of the spherical
composite powders. The drying of droplet-containing PS
nanobeads formed the composite powder with the embossed
structure as an intermediate product. The powders formed
from the decomposition of Ge;O,,” and the thermal reduction
of GO into rGO; the nanovoids in the powders were generated
by decomposition of the PS nanobeads.*® TEM images (Figure
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Scheme 1. Schematic Diagram for the Formation Mechanism of the Amorphous GeO,-Coated rGO Composite Powder with
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lc—e) reveal that these nanovoids are uniformly dispersed in
the powder. Although the GeO,, crystals were not observed in
the HR-TEM images (Figure lef), the selected-area electron
diffraction (SAED) pattern (Figure 1g) shows the amorphous-
like structure of the composite powder. In addition, the
elemental mapping images (Figure 1h) show that the Ge and C
components are uniformly distributed in the powder. The
amorphous GeO,, layers, which were not observed from the
HR-TEM images, are also uniformly distributed over the
embossed rGO ball; a schematic of the embossed GeO,/rGO
composite powder is shown in Scheme 1. The powder has a
sandwich structure and consists of a thin wall, which has a
thickness of several nanometers. The exterior and interior of
few-layer rGO were uniformly coated with amorphous GeO,
layers in order to form the sandwich structure. This scheme
shows that the multiple coating layers of the Ge salt—GO—Ge
salt, which cover the PS nanobeads, were formed by the drying
of the droplet. Moreover, the multilayered sandwich-structured
GeO,@rGO@GeO, results from decomposition of the Ge salt
into amorphous GeO, and the thermal reduction of GO into
rGO. Figure 2 shows the morphologies of the GeO,/rGO
composite powders, which were prepared directly by spray
pyrolysis from the spray solution without PS nanobeads. These
composite powders had crumpled and filled structures (Figure
2a—c); the HR-TEM image (Figure 2d) shows the rGO layers,
as indicated by the arrow. GeO, crystals were, however, not
observed in this image. The crumpled GeO,/rGO composite
powders with filled structure are also composed of amorphous
GeO,, layers, which are uniformly dispersed therein.

Figure 3 shows the results of XRD, XPS, TGA, and BET of
the GeO,-coated rGO composites with sandwich and filled
structures. The XRD patterns (Figure 3a) of the composites
prepared by using the spray solutions with and without PS
nanobeads are consistent with those of amorphous materials.
The thin amorphous GeO, layer resulted from the uniform
distribution of GeO, on the rGO layers. Peaks correspondin:
to crystalline GeO, are absent from the XRD pattern.”' >
However, as Figure S2 in the SI shows, the XRD pattern of the
commercial GeO, powders exhibits peaks that are associated
with the GeO, crystal. The broad peaks at 25° in the XRD
pattern of the sandwich-structured GeO,-coated rGO balls
(Figure 3a) are attributed to the diffraction of rGO nanosheets
and short-range-ordered Ge—O structures in amorphous
GeO,.”* XPS analysis was performed in order to identify the
chemical state of Ge in the two types of composites. The Ge 3d
peak in the XPS profile could be separated into five

Figure 2. Morphologies and elemental mapping images of the
amorphous GeO,-coated rGO ball composite powders with filled
structure: (a and b) FE-SEM, (c) TEM, and (d) HR-TEM images; (e)
elemental mapping images of the Ge, O, and C components.

components, namely, Ge’, Ge*, Ge?*, Ge*', and Ge*, which
correspond to peaks at 29.3, 30.1, 31.1, 32.0, and 32.6 eV,
respectively.so In addition, the main peak, at 32.5 eV, of the Ge
3d spectrum (Figure 3b) was fitted to three separate peaks
centered at 31.1, 32.0, and 32.6 eV corresponding to Ge™,
Ge*, and Ge*, respectively. These Ge 3d components
accounted for 23% (Ge®"), 31% (Ge®*), and 32% (Ge*") of
the total composite.”® Furthermore, the absence of a peak at
29.3 eV indicates that there was no elementary Ge metal in the
sandwich-structured GeO,-coated rGO balls. In fact, the XPS
Ge 3d result revealed a Ge:O stoichiometry ratio of 1:1.7. The
Ge 3d spectrum of the GeO,-coated rGO balls with filled

structure that were prepared from the spray solution without
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Figure 3. Properties of the amorphous GeO,-coated rGO composite powders with sandwich and filled structures: (a) XRD patterns; (b) XPS Ge 3d
spectrum of the composite with sandwich structure; (c) XPS C 1s spectrum of the composite with filled structure; (d) TG curves of both samples.

a) , S b) 15 —
15 ——Filled GeOx-rGO
1 ’ ——Sandwich GeOx-rGO |
2 ; 12 —— Commercial GeO2 |
é 0 <
- g o9 i
S —— 1% cycle ©
[ 1 -
5 —2": cycle E 0.6 J
o 2 _3‘,' cycle | Current=2Ag"
——4" cycle 0.3
Scanrate=0.1mVs" ——5" cycle
. L L L L A 0.0 L L L .
%.0 02 04 06 08 10 1.2 0 400 800 1200 1600 2000 2400
. El
Voltage (V) Capactiy (mA hg")
c) d)
1000 : : r
- = Filled GeOx-rGO
’-‘m 800 + Sandwich GeOx-rGO |
i = 1.0
£ 600 = v
= - 5.0 .
.*? 400 é L—eeewveray N1 ] |
g g sesessness 9.0
% = Filled GeOx-rGO % 400 Eupummnns Desessseee J
O 200 . Sandwnch_Ger-rGO ) 10 a0l | S—— |
4 Commercial GeO2 Current=2Ag Unit=Aq"
ol v oL Unit=A9 .,
0 100 200 300 400 500 600 700 0 10 20 30 40 50 60
Cycle number Cycle number

Figure 4. Li-ion storage properties of the amorphous GeO,-coated rGO composite powders with sandwich and filled structures and commercial
GeO, powders: (a) CV curves of the composite with sandwich structure; (b) initial charge/discharge curves at a current density of 2 A g™'; (c)
cycling performances at a current density of 2 A g”; (d) rate performances of the amorphous GeO,-coated rGO composite.

PS nanobeads also has a main peak at 32.5 eV, as shown in to three separate peaks centered at 284.6, 286.6, and 288.1 eV.
Figure S3 in the SL This peak was fitted to two separate peaks These peaks correspond to sp>bonded carbon (C—C), epoxy
centered at 32.0 and 32.6 eV, which correspond to Ge®* and and alkoxy groups (C—0), and carbonyl and carboxylic (C=

Ge*, respectively. These low oxidation states resulted from the O) groups, respectively.’”>> The sharp peak at ~284.6 eV
enhanced reducing atmosphere around the composite powders. corresponds to the thermal reduction of GO into rGO for both
The main peak, at 285.0 eV, in the C 1s spectrum of the GeO,- the sandwich-structured and densely structured GeO,-coated

coated rGO balls with sandwich structure (Figure 3c) was fitted rGO balls. The Raman spectrum of the amorphous GeO,-
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coated rGO composite powders was investigated to confirm the
reduction of GO into rGO. The Raman spectrum shown in
Figure S4 in the SI consisted of two peaks, one around 1360
cm™" called the D peak (disordered or amorphous) and another
around 1598 cm™' called the G peak (graphite).>>>* The high
peak intensity of the D band suggested an increase of the
defects on the GO nanosheets by thermal reduction.**
Moreover, the thermogravimetric (TG) curves (Figure 3d) of
the rGO balls reveal a sharp decrease in weight at temperatures
higher than 500 °C, owing to the combustion of the rGO
sheets. The rGO sheets typically have low combustion
temperatures around 350 °C. However, in this case, the rGO
sheets, which constitute 17 and 15 wt % of the sandwich- and
filled-structured GeO,-coated rGO balls, respectively, have high
combustion temperatures of 500 and 810 °C. In addition, the
sandwich structure resulted in two-step combustion of rGO by
protecting the contact of rtGO with oxygen. The BET surface
areas of the amorphous GeO,-coated rGO composite powders
with sandwich and filled structures were 35 and 6 m” g/,
respectively. The GeO,-coated rGO composite powders with
sandwich structure had more well-developed mesopores than
those of the powders with filled structure, as shown in Figure
SS in the SL

The Li-ion storage properties of the GeO,-coated rGO balls
with sandwich and filled structures and the commercial GeO,
powders were investigated via CV and galvanostatic charge/
discharge measurements. Figure 4a shows the CV curves of the
sandwich-structured GeO,-coated rGO balls. These curves
were obtained at a scan rate of 0.1 mV s™' for potentials ranging
from 0.001 to 1.2 V. In the first cathodic sweep, the peak at 0.9
V is attributed to the interfacial Li storage and formation of the
solid electrolyte interface (SEI) layer on the surface of the
GeO,-coated rGO balls.*' > The broad peaks observed at
voltages of 0.4 and 0.1 V are attributed to the conversion of
GeO, to Ge metal and amorghous Li,O and the alloying of Ge
and Li metals, respectively.”'° In the first anodic sweep,
dealloying of the Li—Ge alloys occurs at ~0.5 V.*'*° From the
second cycle onward, the cathodic and anodic curves in the CV
scans overlap substantially, indicating that the electrodes of the
GeO,-coated rGO balls exhibit outstanding cyclability for
repeated Li-ion insertion/extraction.

Figure 4b shows the first charge and discharge curves of the
GeO,-coated rGO balls with sandwich and filled structures and
the commercial GeO, powders at a current density of 2 A g
The first discharge curves of the GeO,-coated rGO balls with
sandwich and filled structures exhibit smooth long slopes
between 1.0 and 0.001 V. On the other hand, the highly
crystalline commercial GeO, powders exhibit a long plateau at a
potential of 0.3 V. Similar phenomena have been reported for
coarse-grained metal oxides, which are used as anode
materials.> The GeO,-coated rGO balls with sandwich and
filled structures and the commercial GeO, powders had initial
discharge capacities of 1908, 1758, and 2144 mA h ¢! and
corresponding initial charge capacities of 795, 651, and 634 mA
h g7!, respectively. The high initial irreversible capacity losses
result from the formation of SEI layers on the surface of the
active materials and the formation of amorphous Li,O
materials.”' ~>* Figure 4c shows the cycling performances of
the three types of samples at a constant current density of 2 A
g~ The initial discharge and charge capacities are not shown in
Figure 4c. The GeO,-coated rGO balls with sandwich and filled
structures and the commercial GeO, powders delivered 700th-
cycle charge capacities of 758, 579, and 361 mA h g' and

corresponding capacity retentions of 95, 87, and 51%,
respectively, as measured from the second cycle. The bare
rGO microspheres prepared by spray pyrolysis delivered a
reversible discharge capacity of 125 mA h g™ at a current
density of 2 A g™', as shown in Figure S6 in the SI. Therefore,
the rGO contributed slightly to the capacities of the GeO,-
coated rGO balls with sandwich structure. The poor cycling
performances of the commercial GeO, powders during
repeated Li insertion and desertion processes result from
their poor structural stability. This result indicates that the rGO
sheets reduced the stress induced by volume expansion of the
GeO, materials, thereby resulting in improved cycle stability of
the GeO,-coated rGO balls. The TEM and elemental mapping
images for the fully charged state after the 700th cycle (Figure
S7 in the SI) reveal that the sandwich-structured GeO,-coated
rGO balls prevented the aggregation of GeO, during cycling,
thereby enhancing the cycle stability; the overall porous
morphology of the balls was also maintained after cycling.
The GeO,-coated rGO balls with sandwich and filled structures
were cycled at current densities ranging from 1 to 9 A ¢!
(Figure 4d) in order to determine their rate performances. The
charge and discharge curves for rate performance tests are
shown in Figure S8 in the SI. At respective current densities of
1, 3,5 7 and 9 A g/, the former exhibits reversible charge
capacities of 864, 728, 615, 525, and 450 mA h ¢! and the
latter corresponding values of 789, 592, 426, 331, and 258 mA
h ¢! The rGO balls with sandwich and filled structures
delivered reversible charge capacities of 858 and 793 mA h g™/,
respectively, when the current density was returned to 1 A g~".
Furthermore, the porous balls with sandwich structure had
faster Li-ion storage properties than their filled-structure
counterparts. EIS analysis was performed in order to under-
stand the superior rate performance of the balls with sandwich
structure compared to that of the balls with filled structure. The
semicircle in the high-to-medium-frequency region represents
the charge-transfer resistance (R) of the electrode.”> ™% In the
low-frequency region, the straight line of the relationship
between Z,, and @~"/? (where w is the angular frequency in the
low-frequency region, @ = 27f) helps in understanding the Li-
ion diffusion properties. The small slope gradient of the straight
line is indicative of good Li-ion kinetics in the electrode
materials. The Nyquist plots of the GeO,-coated rGO balls with
sandwich and filled structures before cycling (Figure Sa) show
that the semicircle of the former has a substantially smaller
diameter than that of the latter. Accordingly, the charge-transfer
resistance values of the balls with sandwich and filled structures
are 39 and 103 €, respectively. In addition, in the low-
frequency region (Figure Sb), the sandwich-structured balls
exhibit lower slope than their filled-structure counterparts.®”>®
This lower slope is attributed to the macroporous rGO
structure that facilitates electrolyte penetration into the powder,
thereby resulting in a short Li-ion diffusion pathway. The long-
term cycling performance of the GeO,-coated rGO balls with
sandwich structure at a high current density of 5 A g™" is shown
in Figure 6. The balls have 1st and 100th reversible charge
capacities of 588 and 692 mA h g™/, respectively. The reversible
capacity increases from cycles 1 to 100 owing to the gradual
conversion of GeO, at the aforementioned high current
density. Moreover, the balls exhibited a 1600th reversible
charge capacity of 629 mA h g™! and a corresponding capacity
retention of 90.7%, as measured from the maximum reversible
capacity at the 100th cycle. The porous GeO,-coated rGO balls
with sandwich structure exhibited excellent Li-ion storage
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frequency region of the amorphous GeO,-coated rGO balls with
sandwich and filled structures. (a) Nyquist plots before cycling and (b)

linear fits in the low-frequency region before cycling.

properties owing to the synergistic effect of the amorphous
GeO, materials and the porous rGO ball structure.

4. CONCLUSIONS

In this study, the electrochemical properties of amorphous
GeO,-coated rGO composite powders with sandwich and filled
structures, which were prepared by one-pot spray pyrolysis,
were compared to those of commercially produced GeO,
powders. The large amount of uniformly coated amorphous
GeO, in the rGO ball resulted in superior Li-ion storage
properties of the GeO,/rGO composite powders compared to
those of the commercial GeO, powders. The nanovoids formed
by decomposition of the PS nanobeads improved the Li-ion
storage properties of the GeO,/rGO composite powders at
high current densities by shortening the Li-ion diffusion

pathway. In addition, the amorphous GeO,-coated rGO
composite powders, which have an ideal structure for the
anode materials of high-performance Li-ion batteries, exhibited
high stable reversible capacities and exceptional long-term
cycling performance.
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