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Abstract

The output of graphene nanoscrolls (GNSs) has been greatly enhanced to gram-level
by improved spray-freezing drying method without damaging the high transforming
efficiency (>92%). The lowest bulk density of GNS foam reaches 0.10 mg/cm’. Due
to the unique morphology and high specific surface area (386.4 m%/g), the specific
capacitances of GNSs (90-100 F/g at 1 A/g) are all superior to those of multiwall
carbon nanotubes meanwhile holding the excellent rate capabilities (60-80% retention
at 50 A/g). For the first time, all-graphene-based films (AGFs) are fabricated via the
intercalation of GNSs into graphene layers. AGF exhibits a capacitance of 166.8 F/g
at 1 A/g and rate capability (83.9% retention at 50 A/g) better than pure reduced

graphene oxide (RGO) films and carbon nanotubes/graphene hybrid films (CGFs).
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1. Introduction

Graphene nanoscrolls (GNSs) have drawn an increasing attention to researchers
recently due to their unique one-dimensional tubular topology. ">’ The open structure
of GNS enables a more efficient utilization of the surface area of graphene sheets and
inherits the morphology advantages of traditional carbon nanotubes (CNT). The

above specialties provide GNS with abundant applications like hydrogen storage, **>°

14,23 11,19

supercapacitors, >’ 18:21. 24 patteries, sensors'~ and electronic devices

The fabrication history of GNS has experienced the period from high energy
consuming, low yields to the facile, environment green ways. Besides, the conflict
between high quality and large quantity is still an unsolved issue. Harsh reaction
condition like ultra-active metal intercalation' and bottom-up high temperature
synthesis4’ 7 are not suitable for massive production. The methods that make use of the
interface forces, such as surface strain, > Langmuir-Blodgett compression, “capillary
reaction® and molecular combing, ' all give rise to the high quality GNSs with tiny
amount. Nanoparticle template-induced formation is another major technique and has
larger output than the above ones. Sharifi et al reported the reversible formation of
GNS with the help of magnetic y-Fe,Os; nanoparticles, which also means the
instability of pristine GNS.'' Mai and his group members designed the semi hollow
bicontinuous GNS with V;0; or MnO, templates, which have enhanced energy
storage performances. '* Other templates such as carbon nanotubes, "> TiOs, > Co304,

* Fe304 and Ag'” have also been reported. The cost and removal difficulty of

templates are their main hindrance to large scale production and applications.
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Recently, our group has reported the high efficient synthesis of GNS by
well-controlled lyophilization. 3! The main factors including freezing speed, reduction
degree and solution concentration that affect GNS transformation have also been
revealed. Enlightened by the mechanism, here we have reformed our former
production method by spray-freezing method to reduce the size of liquid drops, which
ensures the fast freezing speed of samples. The output has been enhanced to
gram-level by increasing of the feeding GO dispersion without damaging the
transforming efficiency (>92%). The density of the obtained GNS can be regulated
flexibly from 0.1 to 0.5 mg/cm’. Based on a 3D framework constituted by scrolls of
giant graphene sheets, the density can be as low as ~0.10 mg/ cm’. This value is lower
than world’s lightest solid material (0.12 mg/ cm?®). ** **Moreover, the high density
GNS enables quantity-costing characterizations like Brunauer-Emmett-Teller (BET)
which has not been given in vast majority of GNS related papers. The specific surface
area (SSA) of GNS reaches 386.4 m”/g, the highest value among the reported GNS
materials.

Given the intrinsic graphene nature with large surface area and good electrical
conductivity, GNS is supposed to have similar energy storage performance as
graphene. Due to the one-dimensional CNT-like nanostructure and unique swelling
behavior, *' GNS will avoid sheets restacking and may have better rate performance
than pure graphene. GNS-based supercapacitors in previous reports mainly exhibit
good performance as we predicted but the rate performances were scarcely mentioned.

Here, we have discovered the better specific capacitances of GNSs (90-100 F/g at 1
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A/g) than multiwall carbon nanotubes (MWNTs) (~ 40 F/g at 1 A/g) without
sacrificing the rate capabilities of GNSs (60-80% rate retention at 50 A/g). Due to the
ascendant electrochemical performance and characteristic reversible swelling

. 26,2731
behavior, “> "

we have prepared all-graphene-based films (AGFs) by adding GNS
into graphene oxide followed by solution casting. The best specific capacitance of
AGFs reached 166.8 F/g at 1 A/g and reserved 83.9% (140 F/g) at 50 A/g, which
performs better than carbon nanotubes/graphene hybrid films (CGFs) and RGO films.
The excellent performance of AGFs guarantees facile incorporation with other guest

materials and large scale application in film supercapacitors with high specific

capacitance and rate capability.

2. Experimental Section

2.1 Materials

Ultra large single-layer graphene oxide (#GO-3) (Average sheet size: ~71 pm;
Thickness: 0.8-1.0 nm; Polydispersity: 0.45) was purchased from C6G6
(www.c6g6.com). Multiwall carbon nanotubes (OD>50nm, 95%) were bought from
Chengdu Institute of Organic Chemicals Co., Ltd. 85% N;H4.H,O solution, ethanol,
dimethylformamide (DMF), acetonitrile (AN), were obtained from Sinopharm
Chemical Reagent Co., Ltd and used as received. 1-ethyl-3-methylimidazolium

tetrafluoroborate (EMIM " BF;’) was purchased from Aladdin Industrial Inc.

2.2 Characterizations
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SEM images were taken on a Hitachi S4800 field-emission SEM system. BET surface
area measurement is conducted by the Quantachrome instrument (Autosorb-1-C).
XRD data were collected with a D/MAX-MB diffractometer using monochromatic Cu
Kal radiation (A = 1.5406 A) at 40 kV 250 mA. Raman measurements were
conducted on inVia-Reflex. Electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were
performed using an electrochemical workstation (CHI 660e, CH Instruments, Inc.).
Cycling performance test was conducted by CT2001A small current battery testing

system.

2.3 Preparation of GNSs

The giant graphene oxide (GGO) was purchased from C6G6 and the synthesis method
is based on the modified Hummers’ method previously reported by our group. ***’
The initial GGO aqueous dispersions were from 0.01 mg/mL to 0.5 mg/ml. N,H4.H,O
solution was added dropwise into GGO dispersions (weight ratio of 85% N,H4.H,O
solution to GGO was about 15:1) followed by 5 min magnetic stirring. The above
GGO dispersions were transformed into chemical reduced graphene (CRG) by
transferring to 60 °C oil bath and kept for 30 min with stirring. CRG dispersions were
sprayed into liquid nitrogen bath with the product of grey colored ice particles (Figure
1A). The ice particles were freezing dried in lyophilizer with an optimized

temperature programme and GNSs with low reduction degree were obtained. The low

reduction degree GNSs were kept in a sealed container with N,Hy at 90 °C for 12 h to
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obtain GNSs.

2.4 Preparation of AGFs and CGFs

GNSs were dispersed in DMF with ultrasonic cell disruptor for 10 s at 480 W,
resulting a 2 mg/mL dispersion. Different amount of GNS dispersion was added into
20 mg/mL GO/DMF dispersion resulting GNS/GO suspensions (weight ratio of GNS:
GO ranges from 5:95 to 15:85, final concentration of GO solution was 7~8 mg/mL).
MWNT/GO suspensions were prepared by the same procedure as GNS/GO. The
above suspensions were directly poured on PTFE boards and knocked on the desk for
several times to remove bubbles. After that, the boards were placed in the oven
horizontally and kept at 50 °C for 12h to evaporate most of the DMF. Then, the
half-dried films were peeled off the substrate by soaking with ethanol. The peeled-off
films were immersed in 90 °C N,H4.H,O/ethanol/water mixed solution (0.75 mg/mL
N;H4.H,O) for 12h, resulting AGFs and CGFs. For the wet films, ethanol is
exchanged by electrolytes (IM H,SO4 or IM (EMIM"™ BF,) in acetonitrile) before
using. For the dry films, ethanol is evaporated before using. With the different guest
materials, AGFs are named as AGF1 (GNS: GO=5:95), AGF2 (GNS: GO=10:90) and
AGF3 (GNS: GO=15:85), respectively. Similarly, CGFs are named as CGF1, CGF2
and CGF3, respectively. For electrochemical tests, all the above films were cut into
round shapes and sealed into a detachable stainless steel cell (custom-made from

Institute of Physics CAS) with mixed cellulose acetate ester membrane (aqueous
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electrolyte) or Nylon membrane (organic electrolyte) as a separator (purchased from

Yaxing Purification Materials Factory, ®=0.45 pm).

3. Results and discussion
3.1 Massive production of GNS

The main factors that affect GNS transformation efficiency include the freezing
speed, reduction degree of GGO and concentration of GGO solution which were
systematically studied by our group. The three factors interact with each other: with
the increase of GGO reduction degree and solution concentration, the freezing speed
should be elevated, correspondingly. In the light of this mechanism, massive
production of GNS can be realized by changing the freezing speed. The bulk freezing
method was changed by spray-freezing method. Here, GNSs with different initial
concentrations of GGO solutions (0.01, 0.05, 0.1, 0.2, 0.5 mg/ml) are named as GNSI
to GNSS5, respectively. As shown in Figure 1A, CRG solution is sprayed into liquid
nitrogen bath through a tailored spray head. Due to the shrink of drop size, the
freezing rate has been significantly increased than a large piece of ice. As shown in
Figure 1B and C, 150 mL GNS foam with 0.5 mg/ml density was fabricated and the
transforming efficiency is above 92% (Figure S1). The similar scroll-like morphology
(Figure 1D and E) was also obtained. Moreover, due to the increase of concentration,

some GNS bundles also exist.

3.2 Low density of GNS foam
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The bulk density of GNS can be regulated flexibly from a relatively high value to a
very low limit. The physical entanglements of one-dimensional (1D) scrolls and
intrinsic elastic force of graphene sheets result the three-dimensional (3D) framework
of GNS foam. The lowest bulk density achieved by experiment is as low as 0.10
mg/mL (Figure 1F, Figure S2), which is among the lowest density of solid materials.
A very simple geometric model for density calculation is proposed in Figure S2. The
calculated density of GNS foam p=6/(S*h) (where S denotes the specific surface area
and / represents the average length of GNS. More details of this modeling are shown
in supporting information). The calculated lowest bulk density of GNS is 0.032
mg/mL, when S is the ideal value of graphene (2630 m?/g) and 4 is the average lateral
width of our GGO (71um). For the typical case of GNS5 (h=10~20um observed by
SEM), the calculated density of GNS5 is 0.112~0.227 mg/mL, which is closed to our
experimental value. This simple model clearly demonstrates that the larger of the
GNS length and specific surface area, the lower of the bulk density. With the decrease
of density, the networks of GNS can be seen by naked eyes (Figure S3). The flyweight

GNS foam can stand on a piece of cotton without deforming it (Figure 1G).

3.3 Characterizations of GNS

Massive production of GNS is crucial to its characterization and application.
Limited by the low output, only a few groups have reported the specific surface area
of GNS. > %2 Here, we have solved the massive production of GNS and obtained the

highest specific surface area of GNS ever reported. The nitrogen
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adsorption/desorption isotherms shown in Figure 2A indicates GNS5 has an
interconnected pore system with the characteristic [UPAC H2 hysteresis. * The low
pressure region (P/Py=0~0.1) reflects the strong adsorption affinity for the
micro-pores and nitrogen. At the medium pressure region (P/Py=0.3~0.8), the linear
plots reveal the nitrogen condensation in meso-pores. Based on the linear relative
pressure range 0.1~0.3, the calculated SSA is 386.4 m?%/g. Figure 2B shows the
well-defined pore volume and pore size distribution of GNS based on the quenched
solid state density function theory (QSDFT). The cumulative pore volume reaches to
0.5 cm’/g. The micro-pores mostly centralized in a narrow size range of ~0.7nm. The
meso-pores are mainly distributed at 2.7 nm size.

As to the large SSA and unique structure, we test the electrochemical performances
of GNSs. Figure 2C and 2D reflect good electrochemical double layer capacitance
(EDLC) performance with the rectangular shape CV curves and triangle GCD curves.
The specific capacitances (Cs) of GNSs are in the range of 90-100 F/g at 10 mV/s and
show 45-60% retention at 2 V/s (Table S1). The retention rates are as good as
MWNTs (42.5%) with a twice larger Cs than MWNTs (46.7 F/g). Same tendencies
are also found in GCD tests (Table S2) and the retention rates are in the range of
60-80%. The high specific capacitance and rate performance can be ascribed to the
characteristic nano-structures of GNS. The scrolled morphology provides large SSA
which is beneficial to higher specific capacitances. Furthermore, unlike graphene
sheets, the tube-like morphology prevents self-aggregation and is beneficial to fast

transportation of electrolytes. Moreover, the special behavior of reversible swelling in
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electrolytes has not been found in the seamless concentric structure MWNTs. The
performances further prove that GNS is an ideal alternative of MWNT in

supercapacitors.

3.4 Electrochemical performance of GNS-based films

Graphene-based films are main candidate materials of supercapacitors originating
from the excellent EDLC behavior, facile incorporation with other particles and the
capability of flexible electrodes. *** Nevertheless, the assembly of graphene usually
leads to restacking of graphene sheets, which hinders the performance of macroscopic
graphene-based materials. Many efforts have been spent to prevent the restacking and

improve the electrochemical performances, such as introducing separating guests (like

42-44,48 50, 52

carbon nanotubes, *' nano-particles and electrolyte molecules ), wrinkled or

#9.31.33. 3% and pores * to the systems. Here, with the

vertically oriented structures
assist of GNSs which can act as spacer, the interlayer space of graphene sheets is
expanded and the swelling behavior further promotes the interlayer space enlarging
process. The enlargement of interspace greatly enhanced the rate capability of
graphene films.

As shown in Figure 3A, the typical axisymmetric and rectangular CV curves prove
the good EDLC property of AGF3. Similar performances can also be observed in
other AGF samples (Figure S4). The rectangular shape deterioration trends of AGFs

are slower than RGO film and CGFs (Figure S5). The Cs of AGF3 calculated from

GCD method is 166.8 F/g at 1 A/g (Figure 3B). With the increase of current density to
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50 A/g, 83.9% (Cs =140.0 F/g) Cs retention can be observed (Figure 3C). The specific
capacitance of AGF1 at 1 A/g and 50 A/g are 150.0 F/g and 133.4 F/g, respectively.
The corresponding capacitance retention is 88.9%. For AGF2, 82.9% capacitance
retention is obtained from 1 A/g (152.5 F/g) to 50 A/g (126.5 F/g). For CGF1 to CGF3,
16~50% capacitance retentions are observed from 1 A/g (98.1 F/g, 113.4 F/g and
108.0 F/g, respectively) to 50 A/g (16.3 F/g, 54.2 F/g and 41.5 F/g, respectively). The
retention rates of RGO film from 1 A/g (115.7 F/g) to 50 A/g (61.0 F/g) is 52.7%. It is
obvious that the performances of AGFs are all superior to RGO and CGFs. Compared
with other related high rate capability works (Figure 3D and E), AGFs have relatively
high Cs as well as capacitance retentions at extremely high current density (77.4% at
100 A/g). The Ragone plots of RGO, AGF3, CGF3, GNS and MWNTs were shown in
Figure S6. Both the energy density and power density are better than other control
samples.

The electrochemical impedance spectroscopy (EIS) was conducted from 0.01 Hz to
100 kHz, which further confirmed the fast ion transport of AGFs (Figure 3F).
Compared with the relatively compact morphology of RGO and CGF3, fluffy
morphology of AGF3 leads to lower electric conductivity and larger equivalent series
resistances (ESR) of AGF3. However, within the testing frequency range, Nyquist
plot of AGF3 is more vertical to the axis than RGO and CGF3, demonstrating the
ideal EDLC behavior. At the high frequency range, the semi-circle of AGF3 is
negligible comparing with RGO film and CGF3, proving the small charge-transport

resistance and interfacial resistance. The characteristic frequencies at -45° of the three



Nanoscale

samples are 0.15 Hz, 2.61 Hz and 0.68 Hz for RGO film, AGF3 and CGF3,

respectively (Figure S7). The higher frequency means a better power capability. 38,45,

46
For the organic electrolyte system, AGFs have also showed their advantages (Table
S3, S4). With the addition of GNSs, Cs of RGO film at 1 A/g increased from 100.9
F/g to 122.2 F/g. The retention rate from 1 A/g to 20 A/g is 3.9% for AGF3, much
better than RGO film (0.001%). The cycling stability has also been investigated and
104.4% initial capacitance was reserved in aqueous electrolyte at 5 A/g (Figure S8).

The reason for the better performance of AGFs than CGFs can be ascribed to the
reversible swelling behavior of GNSs. GNSs act as reversible elastic spacers that
increase the interspace among the graphene sheets. When immersed in electrolytes,
the film will be further swollen, beneficial to the ion transportation. As shown in
Figure 4A-C, with the same feed quantity of GO, GNS and MWNTs, the thickness of
AGF3 is obviously larger than RGO film and CGF3. More details of the
morphologies are shown in Figure S9.The imitation cartoons (Figure 4D-F) express
the morphologies of the three kinds of films.

XRD is provided to further prove the intercalation and swollen behavior (Figure SA
and 5B). The characteristic Peak 1 at around 22-24° that attributes to reduced
graphene oxide can be observed for all the graphene-based films. Aside from peak 1, a
new shoulder Peak 2 at around 15-18 ° appears. ' The arise of Peak 2 is ascribe to the
half-dried film making method that gives rise to residue solvent among the interlayer.

According to Bragg Equation, the d-space of both Peak 1 and Peak 2 are given in

Page 12 of 24



Page 13 of 24

Nanoscale

Table 1. The expansions of inter-layer distance for AGFs are larger than CGFs.
Moreover, to evaluate the swollen behavior, XRD of electrolyte-soaked films were
also tested. As shown in Figure 5B, Peak 2 shift to smaller angles. AGF3 shifted to a
7.4°, which means a larger d-space (11.9 A) was achieved than other samples (9.17 A
for RGO, 9.7 A for CGF3).

Figure 5C show the Raman spectra of RGO, AGF3, CGF3 and GO film. D band is
obviously stronger than G band in GO film. After reduction, the intensity of D band in
all the reduced graphene-based films becomes weaker than that of G band, indicating
the structure restoration in the chemical reduction process. This suggests that the
emergence of Peak 2 is due to the half-dried film making procedure rather than the

existence of GO.

4. Conclusions

The production method of GNS has been reformed by spray freezing drying and the
density of GNS foam can be regulated from 0.1-0.5 mg/ml, which can meet different
demands of applications. The lowest bulk density of GNS foam (0.1 mg/mL) is
comparable to the lightest solid material ever reported. The high density GNS helps to
realize large scale characterizations and applications. The SSA of GNS is 386.4 m*/g,
which exceed the ever reported value. The micro-pore and meso-pore distributions are
at ~0.7 nm and ~2.7 nm, respectively. With the special 1D scrolled open morphology,
the specific capacitance (90-100 F/g at 10 mV/s) is larger than MWNTs along with a

same level of rate capability (45-60% at 2 V/s).With the addition of GNS into GO, we
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have produced the all-graphene films with the enhanced electrochemical rate
performances. The specific capacitance reaches 166.8 F/g at 1 A/g and 83.9% of
initial capacitance (140 F/g) is obtained at 50 A/g. The better rate performance than
RGO and CGF is mainly caused by the intercalation and swelling behavior of GNS
that induce larger expansion of inter-layer space. The facile preparation and excellent
electrochemical performance promise AGFs to be applied in real high power density

devices.
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Figure 1 (A) Illustration of spray-freezing procedure; (B) and (C) Photo of GNSS5,
scale bar: 2 cm; (D) and (E) SEM images of GNSS5, scale bar: 100 and 10 um; (F)

Photo of GNS1; (G) Photo of GNS2 comparing with cotton, scale bars: 1 cm.
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Figure 2 (A) High resolution, low pressure N, isotherm of GNS4; (B) Cumulative
pore volume and pore size distribution for N, (using a slit pore QSDFT model) of
GNS4; (C) CV curves of GNS2 in IM H,SOy4; (D) GCD curves of GNS2 in 1M

H,S04..
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Figure 3 (A) CV curves of AGF3; (B) GCD curves of AGF3; (C) Electrochemical

performances of different films characterized by GCD. (D) Specific capacitance

comparison of this work with other related works; (E) Capacitance retention

comparison of this work with other related works; (F) electrochemical impedance

spectroscopy comparison of RGO film, AGF3 and CGF3; All the above tests were
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conducted in aqueous electrolyte (1M H,SOy).

Figure 4 SEM image of RGO film (A), AGF3 (B) and CGF (C); Cartoon illustration

of RGO film (D), AGF3 (E) and CGF (F), the scale bars in SEM images are 1pm.
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Figure 5 (A) XRD peaks of AGFs, CGFs, RGO films, GNS and CNT; (B) XRD
peaks of dry films (solid lines) and wet films swollen by organic electrolyte (dash dot

lines); (C) Raman spectra of RGO film, AGF3 , CGF3 and GO.
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Table 1 XRD peaks and d-space of samples.

Name Peak1 (°) di (A) Peak2 (°) d> (A)
AGF1 21.24 4.18 16.67 5.31
AGF2 21.14 4.20 15.89 5.57
AGF3 20.36 4.36 15.23 5.81
CGF1 22.65 3.92 16.73 5.30
CGF2 22.50 3.95 17.40 5.09
CGF3 22.99 3.87 17.99 4.93
RGO 22.36 3.97 17.21 5.15
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