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Design of 3D Graphene-Oxide Spheres and Their Derived
Hierarchical Porous Structures for High Performance

Supercapacitors

Zhuangnan Li, Srinivas Gadipelli,* Yuchen Yang, and Zhengxiao Guo*

Graphene-oxide (GO) based porous structures are highly desirable for
supercapacitors, as the charge storage and transfer can be enhanced by
advancement in the synthesis. An effective route is presented of, first,

synthesis of three-dimensional (3D) assembly of GO sheets in

architecture (GOS) by flash-freezing of GO dispersion, and then development
of hierarchical porous graphene (HPG) networks by facile thermal-shock
reduction of GOS. This leads to a superior gravimetric specific capaci-
tance of =306 F g' at 1.0 A g7, with a capacitance retention of 93% after
10 000 cycles. The values represent a significant capacitance enhancement
by 30-50% compared with the GO powder equivalent, and are among the
highest reported for GO-based structures from different chemical reduction
routes. Furthermore, a solid-state flexible supercapacitor is fabricated by
constructing the HPG with polymer gel electrolyte, exhibiting an excellent
areal specific capacitance of 220 mF cm=2 at 1.0 mA cm~2 with exceptional
cyclic stability. The work reveals a facile but efficient synthesis approach of

GO-based materials to enhance the capacitive energy storage.

1. Introduction

Supercapacitors, or electrochemical capacitors, offer great
potential for large-scale energy storage due to their unique
advantages of rapid charge-discharge rate, long cycle life, and
ultrahigh power density (10 kW kg™!).ll Those are ideal for
fast energy storage and delivery, e.g., for smart power grids
and hybrid electric vehicles.’!l. However, their energy density
(3-5 Wh kg™) is relatively low, compared with the traditional
batteries (25-35 Wh kg™). In order to boost their performance,
efforts have been devoted to increase the specific capacitance
of the electrode material, both in terms of the power and the
energy densities. In general, the specific capacitance (gravi-
metric and volumetric) of an electrode material is influenced
directly by its surface functionality, specific surface area, pore
volume, and pore size distribution, which allows efficient
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charge transport and storage.’l In addi-
tion, the intrinsic density of the elec-
trode and the electrical conductivity play
a critical role in achieving a high volu-
metric capacitance and rate capability.l¥
Therefore, significant research has been
focused on materials design via synthesis
techniques of top-down and bottom-up
approaches.®! A wide spectrum of solids
have been investigated including metal-
oxide/hydroxide complexes, supported
metallic adducts of oxides, nitrides, phos-
phides, and sulphides, and inorganic
porous structures of polymers, metal-
organic frameworks (MOFs), biomass, and
the family of carbon nanostructures.’-13l

Porous structures with heteroatom
dopants and implanted metal-complexes are
highly desirable, due to their superior capa-
bility for tuning ion accessible porosity, sur-
face chemistry, and chemical stability.' The
best examples are carbon based-nanostruc-
tures, which are also highly abundant and can be readily synthe-
sized and scaled up."” Specifically, the desirable porosity, density,
and surface functionality can be tailored by the selection of appro-
priate carbon precursors and synthesis techniques. For instance,
porous carbons with ultrahigh specific surface area, generated by
chemical activation of biomass or petroleum pitch, show largely
enhanced energy storage.®!% Similarly, the bottom-up design of
porous frameworks (coordinated polymers, MOFs, biomass, etc.)
derived carbons yields multifunctional features, leading to ultra-
high specific capacitance, where a major contributing factor is the
pseudocapacitance of the surface functional groups.!'”!

In recent years, graphene-oxide (GO) based carbons have
emerged as promising electrode materials for electrochemical
energy storage and conversion devices owing to their highly
tunable surface chemistry.’8-2% The top-down synthesis of GO
precursor from graphite is a viable method for further devel-
opment of functional porous structures.?!! In this context,
processing of GO is the key factor and can yield outstanding
multifunctional structural features.?”) For example, layered
materials with tunable interlayer spacing can be designed by
the introduction of pillaring moieties and/or the reduction of
surface lamellar oxygen groups under controlled chemical or
thermal treatment.*2-26] Such techniques yield a densely packed
structure with relatively low porosity. Further advancement in
their structural characteristics has been achieved by solution-
processing of GO, including hydrothermal/solvothermal
curing, filtration, chemical reduction, and activation.?’-3%

a spherical
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Direct solid-state exfoliation by microwave and thermal shock
has also been applied.’'**! Typical gravimetric capacitance
(=250 F g7!) of such structures is still less than the theoretical
value of 550 F g! due to the strong overlapping/aggregation
of graphene layers via 7—7 aromatic interactions, thus leading
to reduced accessibility of the interlayer spacing.**-3% Consider-
able efforts have been devoted to minimize the aggregation. For
instance, sacrificial templates were utilized as a backbone to
prepare hierarchical structures.***l In addition, different types
of molecular nanostructures were inserted between graphene
sheets as spacers to facilitate charge transport and storage.[*>~#4

Apart from surface area, pore volume and pore-size distri-
bution across micropore (<2 nm), mesopore (2-50 nm), and
macropore (>50 nm) regimes (a hierarchical pore structure)
play a crucial role in facilitating ion storage, transport, and
distribution.®] A highly porous structure can provide suffi-
cient pore volume with micropores and mesopores for charge
adsorption and ion transport.*®l Evidently, aggregation of
layers limits the true charge capacity.’*8] Here, we report a
method of producing three-dimensional (3D) assembly of GO
sheets by flash-freezing the droplets of GO dispersion directly
in liquid nitrogen (at 77 K). The idea is to retain the separa-
tion and random orientations of the GO sheets in a diluted
liquid phase. Thus, the subsequent freeze-drying leads to GO
spheres (GOS) of 2-3 mm diameter. Such GOS samples syn-
thesized at various concentrations of GO in the solution show
distinctly different structural characteristics to that of precursor,

Liquid nitrogen

small

www.small-journal.com

GO. Therefore, the supercapacitors designed from the GOS
sample exhibit a highly enhanced charge storage capacity of
30-50% compared to the GO powder sample, when processed
under similar thermal reduction conditions. Specifically, the
thermal-shock of GOS (at =400 °C in less than 5 min) derived
hierarchical porous graphene (HPG) networks shows an excel-
lent specific capacitance of =306 F g™ (at 1.0 A ¢! in 1.0 M
KOH electrolyte) and a long-term cyclic stability with a capaci-
tance retention of >93% after 10 000 cycles. The reported gravi-
metric specific capacitance of over 300 F g™' at 1.0 A g! in our
HPG is clearly higher to many other GO-based structures in
the literature. Moreover, the HPG-based solid-state flexible
supercapacitor exhibits an impressive areal specific capacitance
of 220 mF cm™ at 1 mA cm™ and cyclic capacity retention of
~90% after 5000 cycles.

2. Results and Discussion

Figure 1a shows schematically the typical synthesis procedures
for 3D assembled GO sheets via flash-freezing. First, precursor
GO was synthesized from a synthetic graphite powder (<20 um)
by an improved Hummers’ method (see the Experimental Sec-
tion). Then, the GO sheets were fully dispersed in water at
different concentrations (2, 4, and 10 mg mL™) by ultrasoni-
cation. Naturally, these delaminated GO sheets distribute very
differently in the solution compared to their 2D packed form in
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Figure 1. Preparation and structural characteristics of graphene-oxide spheres (GOS). a) Schematic illustration of the preparation procedure for GOS.
From left to right: Obtaining GO solution under ultrasonication; Photograph: formed 2 mg mL™' GO aqueous solution; Droplet of GO solution into
liquid nitrogen (77 K) by pipette; Photograph: formed GOS after dropped into liquid nitrogen; Freeze-drying of GOS. b) PXRD (Mo-Kc radiation) pat-
terns of GO and GOS. c¢) TGA and DSC (inset) curves of GO and GOS. d) XPS C 1s spectra of GO and GOS.

Small 2017, 13, 1702474 1702474 (2 of 9)

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

www.advancedsciencenews.com

bulk solid-state.**>% The abundant oxygen-containing surface
functional groups, such as epoxides, hydroxyls, and carboxyls
(Figure S1, Supporting Information), make the GO highly
hydrophilic, thus easily producing a homogeneous GO disper-
sion. Subsequently, the GO solution was dropped into liquid
nitrogen (77 K) with a 2 mm diameter pipette. The randomly
oriented GO sheets were rapidly entrapped in the ice skeleton of
the frozen droplets. The ice crystals formed during the freezing
process act as spacers among GO sheets, thus preventing them
from aggregation. The size of the sphere and the free-volume
among the GO sheets can be tuned by the size of droplets and
the concentration of GO in the solution, respectively. Spheres
obtained at a suitable concentration can yield fully isolated GO
sheets, assembled in highly random orientations. In order to
obtain a homogeneous 3D assembly, one needs to control the
volume of liquid or droplet-size and the speed of dropping, this
is to compromise with the high specific heat capacity of water
(see the Experimental section). Finally, the GOS were obtained
after careful freeze-drying to remove ice crystals via sublima-
tion without disturbing the formed 3D assembly of GO.
Powder Xray diffraction (PXRD) pat-
terns (Figure 1b) of samples show the (0 0 @
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spaces in the 3D graphene layers of GOS can work as channels to
readily escape decomposed volatile surface functional groups. On
the contrary, due to the diffusion/kinetics limitation pertaining
to the 2D stacked layers in the GO sample, the structure has to
undergo huge pressure and thus exfoliation occurs. These struc-
tural characteristics are also well supported by morphology and
gas uptake measurement (Figures S4 and S5, Supporting Infor-
mation), in which GOS sample shows an enhanced specific sur-
face area compared with stacked layers in GO.

Next, these GO and GOS samples were reduced by simple
thermal treatment (with a slow heating rate of 2 °C min™,
to prevent the exfoliation, and are respectively named as
stGO and srGOS) and examined the supercapacitor proper-
ties (Experimental Section). Details of XPS results for various
srGOS samples are provided in Figure S6 and Table S1 (Sup-
porting Information). Cyclic voltammetry (CV) curves at a scan
rate of 10 mV s7! display a combined electrochemical double
layer capacitor and pseudocapacitor behavior (Figure 2a;
Figure S7, Supporting Information). This is also evidenced by
the quasi-triangular shape of the galvanostatic charge/discharge

1) characteristic peak at 20 = =4.8°, with a
corresponding c-axis d-spacing of =0.85 nm
(derived by Bragg's equation for the Mo Ko
radiation), which is more than double to the
interlayer spacing of 0.344 nm in graphite
(Figure S2, Supporting Information). The
obviously weaker and broader nature of such
characteristic (0 0 1) peak in GOS suggests a
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(TGA) (Figure 1c) exhibits severe mass loss at
around 200 °C due to the decomposition of the
actual structure, containing different oxygen
functional groups (—C—0O—C, —C—OH, and
—COOH) in the form of CO/CO,. Here, it
is worth noting that the decomposition of
the structures is associated with exothermic
reaction (see the inset differential scanning
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tionation reactions of carbon atoms.’” Com-
paratively, more mass loss (between 100 and
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the GOS further indicates the more structure
bound water molecules in their 3D layers and
a reduced degree of stacking, which is indi-
cated by a more pronounced endothermic peak
of GOS at =90 °C in DSC curves. This can be
also evidenced by the comparatively increased
oxygen content in X-ray photoemission spec-
troscopy (XPS) spectra (Figure 1d; Table SI,
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Supporting Information). TGA curves also 0
show the explosive decomposition of GO
sample compared with GOS, when performed
the tests under similar conditions and for the
same given amount (10 mg) of sample packed
in 70 puL volume of alumina sample crucible
(Figure S3, Supporting Information). The void
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Figure 2. Supercapacitor performance of srGO and srGOS in 1.0 M KOH aqueous electro-
lyte. a) CV curves at the scan rate of 10 mV s7'. b) Galvanostatic charge/discharge curves at
1.0 A g7'. c) Comparison of specific capacitance at different current densities derived from the
discharge curves. d) Nyquist plot. Inset: magnified view of the high-frequency region. e) Cyclic
stability for 4000 cycles at the current density of 5.0 A g7
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curves (Figure 2b). In a constant potential window (AV), a
longer time of discharge (At) at constant applied current (I)
yields a higher charge storage capacity in the sample (according
to C =1 x At/AV). Accordingly, srGOS electrode exhibits a supe-
rior specific capacitance of 265 F g™! at 1.0 A g1, compared with
206 F g'! in the srGO electrode, under identical current den-
sity. The specific capacitance of each sample at different current
densities is shown in Figure 2c (and Table S2, Supporting Infor-
mation). As can be seen, srGOS electrode exhibits about 30%
higher capacitance compared to srGO electrode and also shows
a good rate capability of 195 F g™! at 10.0 A g. Such enhance-
ment in the capacitance can be directly attributed to the effi-
cient ion transport in the sample. This behavior is further dem-
onstrated in detail by electrochemical impedance spectroscopy
(EIS) (Figure 2d). Nyquist plot with a more vertical slope at the
low frequency region suggests further ideal capacitive behavior
for srGOS. At the high frequency region (inset of Figure 2d),
comparatively smaller diameter of semicircle and shorter 45°
Warburg region indicates a better diffusion of electrolyte and
lower resistance of charge transport in the srGOS sample.

The other important characteristic of supercapacitors is a
long-term cyclic stability, i.e., the ability to retain the capaci-
tance for the thousands of charge—discharge cycles. As shown
in Figure 2e, the srGOS exhibits a large drop in capacitance to
31% within the first 4000 cycles, which is slightly better than
the 38% drop in srGO, but is relatively poor compared with
other carbon-based structures.[*3%4%l Such capacitance stability
degradation can be directly ascribed to pseudocapacitance
introduced by excess surface oxygen-containing functional
groups, and charge losses caused by internal and charge trans-
port resistances.[*)) Unlike double-layer capacitance which only
involves the charge rearrangement, the pseudocapacitance is
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related to redox reactions, such as: >C—OH < C—0O + H" + ¢,
—COOH > —COO + H* + ¢7, and >C—0 + € «> >C—0".[104]
However, some of those chemical reactions are irreversible and
thermodynamically unstable during the long-term cycling and
hence diminish the performance.l’3 To further confirm this, the
partly reduced srGOS sample (srtGOS@200) with more oxygen
content (>19 at%) at lower reduction temperature of 200 °C
was synthesized and measured (Figure S8, Supporting Infor-
mation). Clearly, the enhanced surface oxygen group contribu-
tion can be seen with appearance of prominent redox peaks in
CV thus leading to additional capacitance, reaching 290 F g!
at 1.0 A g7'. Note that this value is about 25 F g' higher to
the srGOS (with an oxygen content of =15.8 at%). However,
as attributed, the specific capacitance of srGOS@200 sample
shows a rapid deterioration in cyclic test, reduced by 45.0%
within 4000 cycles. Moreover, the Nyquist plot also indicates a
poor ion transport capability in the srGOS@200 sample with a
higher oxygen content. Note that the higher reduction leads to
more stable cyclic performance, but it comes at the expense of
the capacitance (Figure S8, Supporting Information).
Therefore, a further efficient reduction route is needed for
simultaneously enhancing the overall energy storage capa-
bility: specific capacitance, cyclic stability, and charge transport/
distribution. Thermal-shock is an ideal reduction strategy as
GO decomposition is associated with large exothermic heat
release, which in combination largely enhances the sudden
volatility of the surface oxygen groups to create a substantial
level of internal pressure, further props-up the GO sheets.}
Therefore, the thermal-shock of GOS, conducted at 400 °C (in
a preheated furnace) for less than 5 min, eventually produced
a highly hierarchical porous graphene networks with a further
enhanced degree of reduction (Figure 3; Figures S2 and S9,
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Figure 3. Structural characteristics of thermally reduced GOS samples. a) FTIR spectra with respect to the precursor, GOS. b) XPS C Ts spectra. ¢) N,

adsorption—desorption isotherm at 77 K. d) Pore size distribution curves.
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Supporting Information). For instance, Fou-
rier transform infrared (FTIR) and XPS
spectra show comparatively more reduction
in HPG over stGOS (Figure 3a,b). The C/O
ratio is increased to =6.5 in HPG compared
to =5.2 in srGOS, with respective oxygen con-
tent of =13.0 and =16.0 at%. Specifically, the
porosity characteristics (specific surface area,
pore volume, and pore size distribution*)
reveal a highly hierarchical porous nature in
HPG (Figure 3 c,d), yielding a specific surface
area and a total pore volume of 695 m? g!
and 5.2 cm® g7!, respectively, compared to
278 m? g! and 0.5 cm® g! in the srGOS.
Moreover, the HPG sample also exhibits a
wide pore-size distribution and pore devel-
opment at both the micropore and narrow
mesopore regions with corresponding pore
volumes of 0.11 and 3.44 cm® g7 respec-
tively, comparatively higher than the srGOS
(0.07 and 0.23 cm?® g). A considerable
macropore volume of =2.0 cm? g is also
seen in HPG sample. Worth noting that
the porosity in our HPG derived from GOS
is higher than those previously reported
thermal-shock reduced GO structures.*?]

Surface morphology by scanning elec-
tron microscopy and transmission electron
microscopy (SEM and TEM) further illus-
trates the differences between srGOS and
HPG samples (Figure 4; Figure S10, Sup-
porting Information). A clear change in lay-
ered morphologies can be seen from pre-
cursor srGO to srGOS and HPG samples. The
heavily stacked GO platelets are delaminated
into single/few layers in srGOS (Figure 4a,b).
Moreover, the srGOS shows folded layers with
extensive wrinkles, maybe which can prevent
them from forming strong aggregation.>" A
further exfoliation induced graphenic networks can be seen in
the HPG. TEM images of HPG also reveal a highly intercon-
nected structure, which is in good agreement with SEM results
(Figure 4c—f).

Such combination of unique structural characteristics of
HPG with highly exposed surface area and pore accessibility
can synergistically yield enhanced double-layer supercapacitor
performance (Figure 5; Figures S11 and S12, Supporting Infor-
mation). Thus, the HPG electrode exhibits a superior specific
capacitance of 306 F g7! at 1.0 A g! (Figure 5a,b). To the best
of our knowledge, the gravimetric specific capacitance of over
300 F gt at 1.0 A g! is one of the best values among many GO-
based structures, reported so far (Table S3, Supporting Infor-
mation). Most of the literature shows capacitance of around
150-250 F g! at equivalent or even lower current densities.
Here, it is worth noting that srtGO powder or srGOS shows a
maximum capacitance of about 200 or 260 F g~!. Furthermore,
the HPG sample exhibits a significantly improved cyclic sta-
bility, which retains 93% of its initial value after 10 000 cycles
(Figure 5c). The better charge transport properties in HPG

Small 2017, 13, 1702474 1702474 (5 of 9)
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Figure 4. Morphology of thermally reduced GOS samples. a—d) SEM and e,f) TEM images of
srGO (a), srGOS (b), and HPG (c—f) at different magnifications.

sample are clearly evidenced in EIS (Figure 5d). Briefly, in addi-
tion to the higher slope in the low-frequency region, the ultras-
mall semicircle in high-frequency region suggesting a greatly
enhanced ionic and charge transport behavior. The increased
ion migration is also evidenced by Bode plot (Figure S11, Sup-
porting Information). At the phase angle of —45°, where the
capacitive and resistive impedances are equal, HPG yields a
characteristic frequency (f) of 0.37 Hz, which corresponds to a
relaxation time constant (7, = 1/fy) of 2.7 s. Note that this value
is comparatively lower to 8.3 s in srGOS and the traditional
activated carbons (=10 s).>°! All these characteristics indicate
a faster frequency response and enhanced ion transport in the
HPG sample.

We also note that the concentration of GO in the disper-
sion to obtain GOS samples, 2 mg mL™! (GOS) to 10 mg mL™!
(GOS-10), leads to interesting structure—performance relation-
ship (Figure 5d,e). From the PXRD patterns and SEM micro-
graphs it is understood that layers become denser and tend to
stack together with increasing concentration of GO, i.e., when
going from sample GOS to GOS-10 (Figure 5f,g; Figures S13

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Supercapacitor performance of HPG, HPG-4, and HPG-10. a) CV curves of HPG at different scan rates. b) Galvanostatic charge/discharge
curves of HPG at different current densities. c) Cyclic stability of HPG for 10 000 cycles at the current density of 5.0 A g”'. Inset: comparative galva-
nostatic charge—discharge curves initial and after 10 000 cycles. d) Nyquist curves of HPG, HPG-4, and HPG-10. Inset: magnified view of the high-
frequency region. ) Comparison of specific capacitance of HPG, HPG-4, and HPG-10 at different current densities. f,g) SEM images of HPG (f) and

HPG-10 (g) at a same magnification.

and S14, Supporting Information). More specifically, when the
precursor concentration is increased, there is an isotropic to
nematic orientation transition for GO sheets in the solution.>%l
Similarly, HPG-10 sample derived from GOS-10 yields a less
porosity (Figure S15, Supporting Information). Accordingly,
a definite precursor concentration-dependent capacitance is
observed (Figure 5e; Table S2, Supporting Information). Both
the CV and charge/discharge curves suggest a reduced capaci-
tance in HPG-10 compared to the HPG derived from GOS
(Figure S16, Supporting Information).

Overall, the results demonstrate a critical structure—perfor-
mance relationship in energy storage (Figure S17, Supporting
Information). The unprocessed GO flakes exhibit a 2D aligned
graphenic structure due to strong van der Waals attraction.
Whereas, our flash-freezing approach of GO dispersions leads
to a 3D layer assembly with the characteristic wrinkles, further
preventing them from aggregation. Moreover, the increased
specific surface area of HPG results in an enhanced ion acces-
sibility and distribution into the structure. The hierarchical
porous architecture facilitates the rapid flow of electrolyte and
hence also favorable to charge transport and storage.”® The
large pore volumes of mesopores and macropores contribute
for charge storage and also act as channels for fast diffusion
and transfer of ions.”] Therefore, HPG exhibits a considerable
performance improvements over other GO-based structures.

Finally, we have fabricated a HPG-based all-solid-state
supercapacitor with polyvinyl alcohol (PVA)/KOH gel electro-
lyte since the development of wearable electronics and flex-
ible power supply devices becomes increasingly attractive.l’’]
The device fabrication process is described in Figure 6a. Here,

Small 2017, 13, 1702474 1702474 (6 of 9)

the solidified PVA/KOH gel not only functions as the electro-
lyte but also acts as the separator. Two identical electrodes with
1 x 1 cm? working area were then pressed to form a sandwich
structure with a gel layer. The device is highly flexible even sub-
jected to arbitrarily bending (Figure 6b). It exhibits an areal spe-
cific capacitance of =220 mF cm™ at 1.0 mA cm™2 (equivalent to
a gravimetric specific capacitance of 176 F g! based on a single
HPG electrode, at 0.2 A g!), which is higher than, or compa-
rable to, other reported flexible devices.[**>7%8] It also exhibits
an areal specific capacitance of 149 mF cm™ at a high current
density of 50 mA cm™ (Figure S18, Supporting Information),
maintaining 68% of its initial value measured at 1 mA cm™.
Such a rate capability in the solid-state gel is comparable to an
aqueous electrolyte (67%), and can be attributed to the exist-
ence of relatively large pores in the HPG samples for effective
infiltration of the PVA/KOH gel into electrodes. Furthermore,
flexibility—capacitance relation of the device is carried out with
CV measurements, which shows a negligible effect on the
capacitive behavior under different bending angles (Figure 6c).
The cyclic stability tests exhibit very little capacitance decay,
only =10% drop is seen after 5000 cycles under various bending
conditions, demonstrating the high durability and mechanical
robustness of the supercapacitor (Figure 6d). Similar stability
is also achieved in an acidic condition, with PVA/H3;PO, gel
electrolyte (Figure S19, Supporting Information). The specific
energy density and power density of the flexible device are sum-
marized in a Ragone plot with respect to the commercial super-
capacitors (Figure S20, Supporting Information). Furthermore,
a tandem device was fabricated by connecting three superca-
pacitor units in series. Compared to a single supercapacitor,

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Fabrication and electrochemical performance of HPG-based all-solid-state flexible supercapacitor device. a) Schematic illustration of the fab-
rication procedure of electrode and device. b) Photograph of assembled flexible device under bending. c) CV curves of solid-state device under different
bending angles, measured all at the scan rate of 10 mV s7'. d) Cyclic stability test of the device under different bending conditions. e) Galvanostatic
charge/discharge curves of single and three in-series HPG-based supercapacitors at 1.0 A g™'. Inset: An LED powdered by tandem device.

which only operates within 0.8 V, the tandem device extended
the potential window to 2.4 V with nearly unchanged charge/
discharge time, indicating that the performance of each indi-
vidual unit is well maintained (Figure 6e). The practical applica-
tion of the device is demonstrated by lighting-up a light-emit-
ting diode (LED, with a minimum threshold potential of 1.8 V)
(Figure S18, Supporting Information).

3. Conclusions

We have demonstrated an effective synthesis strategy of pro-
ducing 3D GO structures for the development of fully acces-
sible hierarchical porous networks and thereby to enhance their
performance in supercapacitors. The GOS samples prepared
via the flash-freezing and freeze-dry approach of GO disper-
sion can effectively avoid extensive restacking and aggregation
of GO sheets. Such structure shows 30-50% enhancement in
their charge storage capacity compared with unprocessed GO
powder samples. For example, the HPG sample, obtained from
GOS under simple thermal-shock, yielded an extraordinary spe-
cific capacitance of >300 F g! at 1.0 A g!. This value is con-
siderably higher than the reported graphene-based structures
of a typical value of about 150-250 F g~!. The coexistence of
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hierarchical pores across the microporous to mesoporous and
macroporous regimes acts as charge storage reservoirs and fast
ion transport channels. Therefore, HPG exhibits an excellent
cyclic stability with a retention capacity of over 93% even after
extended period of 10 000 cycles. Finally, a symmetric all-solid-
state flexible supercapacitor constructed with the HPG sample
shows an areal capacitance of 220 mF cm™ at 1.0 mA cm™.
Our proposed approach can effectively contribute to the fur-
ther developments of GO-based structures and energy storage
technologies.

4. Experimental Section

Materials: All chemicals were used as purchased without further
purification. Graphite powder <20 pm (Sigma-Aldrich), potassium
permanganate, 299.0% (Sigma-Aldrich), sulphuric acid, 95-97%, puriss
(Sigma-Aldrich), phosphoric acid, 285 wt%,), hydrochloric acid, 35%,
technical 38% (VWR), hydrogen peroxide solution, 34.5-36.5% (Sigma-
Aldrich), potassium hydroxide, >86%, puriss, pellets (Sigma-Aldrich),
poly(vinyl alcohol) 98-99% hydrolyzed (Sigma-Aldrich), poly(vinylidene
fluoride) powder (Sigma-Aldrich), 1-methyl-2-pyrrolidinone, 99%
(Sigma-Aldrich), and nickel foam for battery (MTI Corporation).

Synthesis of GO: GO was prepared by an improved Hummers’
method as reported in the literature.?*%° Briefly, graphite powder
(1 g) was added to 9:1 mixture of concentrated H,SO4 and H;3;PO,

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(22.5 mL:2.5 mL) under vigorous stirring at 0 °C. KMnO, (6 g) was then
slowly added to the mixture under persistent stirring at a temperature
below 5 °C. The mixture was then left to cool down to 0 °C and kept
stirring overnight. Then the mixture was slowly heated to 50 °C in oil
bath and left for another day. After that the solution turned to a brown
paste. Deionized (DI) water (120 mL) was added to dilute the paste
and left stirring for an hour. Subsequently, 35.5% H,0, (9 mL) was
added to the solution drop by drop to reduce any unreacted excess
KMnOy; during this the color of the solution changed to bright yellow.
It was stirred for another 30 min and left for settling. Then the GO was
washed by dilute HCI (3.5%) acid (750 mL) to remove remaining salts
followed by washing with DI water to neutral. The GO powder sample
was obtained by freeze-drying.

Preparation of GOS: As-prepared GO powder (100 mg) was dissolved
in DI water (50 mL) under ultrasonication to form homogeneous
solution. Then the solution was dropped into liquid nitrogen by a
2 mm diameter pipette followed by freeze-drying to obtain the GOS. In
controlled experiment, a batch of samples named GOS-4 and GOS-10
were synthesized, where the numbers shown are GO solution precursor
concentration (4 and 10 mg mL™").

Here it is worth noting that the speed of freezing against the volume
of GO solution must be taken into consideration. As the specific heat
capacity of water is high, it is very difficult to achieve a “congruent
freezing” or “flash-freeze,” for the high volumes of water dispersion
using the liquid nitrogen or any other coolants. In this case, the ice
only grows gradually from outside interface to inside, during which
the layers tend to concentrate at the boundary of ice crystals and align
vertically.f%61] In order to obtain a homogeneous 3D assembly, the
GO dispersion should be congruently frozen. Thus, the volume of the
dispersion must be minimized. For this case, we chose to use a 2 mm
diameter pipette to drop the dispersion into the liquid nitrogen, where
the frozen GOS size is actually depended on the droplet size (around
2-3 mm diameter). The subsequent freeze-drying is only to remove
the ice via sublimation, the size of formed GOS remains to be in the
2-3 mm diameter range.

Preparation of Simple Thermal Reduced GO (srGO) and GOS (srGOS):
GO powder and obtained GOS samples were directly subjected to a slow
heating rate of 2 °C min™' from room temperature to 400 °C and kept
for 1 h then cooled down. As obtained samples were named as simple
thermal reduced GO (srGO) and GOS (srGOS). For comparation, the
sample reduced at different temperature of 200 °C was also synthesised
and named as srGOS@200.

Preparation of Facile Thermal-Shock Reduced GOS (HPG): The GOS
sample was placed in a glass tube and inserted in to the preheated
tube furnace at 400 °C for no more than 5 min. The thermal shock
occurred in less than 2 min after the sample vial put in the furnace.
During this process, the bright yellow spheres turned to black color.
Then the vial was kept in the furnace for another 2 min to ensure the
complete reduction process. The obtained sample was named as
hierarchical porous graphene networks. All samples (srGO, srGOS, and
HPG) were directly utilized for electrochemical capacitors test and other
characterizations.

Structural Characterization: The morphology and microstructure
of prepared samples were performed with SEM (Jeol 6700) and
TEM (Jeol). TGA and DSC analyses were carried out on Setsys
from Setaram Instrument at a heating rate of 3 °C min™' under N,
atmosphere. PXRD patterns were collected by Stoe Stadi-P, Mo-K-or
(wavelength of 0.71073 A), and Cu-K-a (wavelength of 1.54056 A).
FTIR data were obtained in transmittance mode by Nicolet 6700 FTIR
with background correction. XPS measurements were investigated by
Al-K-o, Thermo Scientific. The N, adsorption—desorption isotherms
were measured by Quantachrome Autosorb-iQC at 77 K. The specific
surface area was calculated from isotherms based on the Brunauer—
Emmett-Teller method. The pore size distribution was obtained
from desorption data according to a combination of quenched solid
density functional theory for micropores and mesopores <40 nm and
Barrett—Joyner—Halenda method for mesopores and macropores
>40 nm.
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Electrochemical Characterization: CV, charge—discharge, EIS and cyclic
stability tests were measured by Autolab (Metrohm PGSTAT302N)
electrochemical workstation. For the three-electrode configuration, 1.0 m
KOH aqueous solution was used as the electrolyte. Ag/AgCl and
platinum foil used as a reference electrode and a counter electrode,
respectively. The working electrode was prepared by directly compressing
1 mg activate materials (with 0.01 mg accuracy) onto 1 cm x 1 cm area
of precleaned 1 cm x 3 cm nickel foams at 50 MPa for 1 min. The CV test
potential range of all samples was maintained between —0.8 and 0 V and
scanned at different rates between 5 and 200 mV s7'. The galvanostatic
charge—discharge tests were carried out in the potential window between
—0.8 and 0 V with different current densities from 1.0 to 10.0 A g™'. The
EIS tests were performed at open circuit potential with a sinusoidal
signal in a frequency range from 100 kHz to 10 mHz at an amplitude
of 10 mV. The cyclic stability test was conducted for continuous 10 000
cycles at a constant charge—discharge current density of 5.0 A g™'. The
galvanostatic specific capacitance of the srGO, srGOS, and HPG samples
were calculated from charge—discharge curves according to following
equation: C = (I X At)/(m x AV), where C is the galvanostatic specific
capacitance (F g™"), | is the discharge current (A), m is the mass of the
electrode material (g), At is the discharge time (s), AV is the operating
discharge potential window (V) after IR-drop correction (subtracted by
the Vdrop)'

For the all-solid-state supercapacitor device, PVA/KOH gel was used
as electrolyte. The device was prepared as follow: First, PVA (2 g) was
added to DI water (15 mL) and heated to 75 °C under vigorous stirring
until the solution became clear. KOH (2 g) in DI water (5 mL) was then
added dropwise into PVA solution and further stirred for 30 min. The
working electrode was prepared by coating active sample on the nickel
foam current collector. Typically, the mixture of active material and
polyvinylidene fluoride (PVDF) with a weight ratio of 90:10 was ground
with 1-methyl-2-pyrrolidinone (NMP) to form a homogenous slurry.
As-prepared slurry was uniformly coated on to the 1 cm x 1 cm area
among 1 cm X 3 cm nickel foam. After drying at 100 °C for 12 h, the
foam was compressed at 50 MPa to form the working electrode with
an active material loading of =2.5 mg. Next, the formed PVA/KOH
solution was cast onto the electrodes and dried at room temperature
for 12 h. Finally, two symmetrical electrodes were assembled together
and sealed with Kapton tape to fabricate the device. The solid-state
device with acidic electrolyte was fabricated by simply replacing the gel
electrolyte and current collector with PVA/H;PO, gel and carbon paper,
respectively. The gravimetric and areal specific capacitance of device
were calculated by C s = (I X At) /(m X AV) and C, e, = (I X At) /(S X AV),
respectively, where C. is the gravimetric specific capacitance
(F g1, Curea is the areal specific capacitance (F cm™), | is the discharge
current (A), m is the total mass of two electrodes, S is the geometric
working area of the device (cm?), At is the discharge time (s), AV is
the discharge potential window (V) after IR-drop correction. Therefore, the
gravimetric energy density (Wh kg™') and power density (W kg™") of the
device were calculated by Egeyice = (Cmass X AV?)/2 and Pgeyice = Edevice/ At
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