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A B S T R A C T   

Reduced graphene oxide (rGO) is a widely studied electrode material for energy storage, however, its strong re- 
stacking tendency during chemical reduction always leads to a degraded specific surface area and thus limits its 
performance. Therefore, it is necessary to control the morphology of rGO during the reduction process. Here, we 
develop a novel in-situ membrane-based method for the reduction of graphene oxide (GO) using a green and 
efficient vitamin C (VC) aqueous solution as reductant. The obtained electrode material (vitamin C reduced GO 
via membrane-based method, VG-M) exhibits a specific capacitance of 174 F/g at 1 A/g and 75.9% of retention at 
40 A/g, which is about 9 times better than the highly self-stacked material from conventional methods (vitamin C 
reduced GO via stirring method, VG-S). This designed method successfully achieves the maintenance of rGO 
sheet morphology through laminar confinement in GO membrane and presents a simple approach towards two- 
dimensional (2D) material morphology control.   

1. Introduction 

Graphene oxide (GO) is a promising two-dimensional (2D) material 
with high specific surface area. As a graphene derivate, its carbon 
skeleton is decorated with oxygen functionalities, which largely limits 
its electrical conductivity and application in electrochemical energy 
storage, especially in supercapacitors. Therefore, reducing GO to pro
duce reduced graphene oxide (rGO) has become a widely used method 
for obtaining high performance electrode materials with a high con
ductivity and large specific surface area [1]. Among the large number of 
methods to reduce graphene oxide, chemical reduction is one of the 
most investigated methods since it is simple, cost-effective and scalable 
[2]. However, chemical reduction of GO usually involves organic sol
vents and toxic reductants which are environmental friendly [3]. 
Recently, reducing GO with green and efficient reductant in aqueous 
solution has attracted many interests, and vitamin C (VC) is one of the 
most promising green reductants which is water soluble and can provide 
an efficiency as high as those conventional reductants [3]. With such 

favorable features, using VC to reduce GO may still cause some unfa
vorable changes of the materials that is similar to other chemical 
reduction methods, for example, the destruction of laminar structure 
and morphology. 

Graphene oxide sheets tend to self-stack, and this self-stacking can be 
reopened by water molecules and the interlayer space can be accessible. 
However, in the reduction of GO, due to the removal of the hydrophilic 
oxygen functionalities, the self-stacked rGO sheets can hardly be sepa
rated again and thus it is difficult to recover the interlayer space [4]. 
Moreover, the increased in-plane strain caused by the removal of func
tionalities may lead to the self-folding of rGO sheets [5]. These unfa
vorable morphology changes will largely reduce the effective specific 
surface area of the materials and thus limit their performance [6]. 
Introducing surfactants or physical spacers is commonly performed to 
resist the self-stacking and aggregation of rGO materials during their 
synthesis [7]. However, these widely used approaches will inevitably 
associate with undesirable impurities which are usually difficult to be 
removed. Accordingly, we suggest that it will be more optimized if GO 
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can be reduced without undesirable chemical impurities or physical 
spacers while keeping its sheet morphology. 

Herein, we propose a novel in-situ membrane-based method for 
reducing GO using a VC aqueous reductant. With the support of density 
functional theory (DFT) simulations, we first verified the feasibility of 
using VC to reduce GO and further revealed the reaction mechanism 
behind the high reactivity between VC and GO. The rGO membranes and 
materials were characterized with contact angle, X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), X- 
ray diffraction (XRD), Raman spectroscopy, scanning electron micro
scopy (SEM), atomic force microscopy (AFM) and transmission electron 
microscopy (TEM). We thus suggested that with this novel method, GO 
sheets can be sufficiently reduced by VC under a highly laminate- 
confined environment in GO membrane (GOM) and largely remain 
their morphology. 

2. Experimental 

2.1. Materials 

Polyvinylidene fluoride (PVDF) substrates (0.2 μm pore size, 25 mm 
and 47 mm diameters) were purchased from the Sterlitech Co. All the 
used chemicals including vitamin C (VC, L-ascorbic acid), Nafion (5 wt% 
dispersed in alcohols), H2SO4 (98%) and ethanol (99%) were purchased 
from Sigma-Aldrich Co. 

2.2. GOM fabrication 

GO solution is purchased from NiSiNa Materials Japan Co. The 
concentration of the obtained original GO suspension was 15 mg/mL, 
and then the original suspension was further diluted to 1 mg/mL stock 
concentration with de-ionized (DI) water. The fabrication of GOM was 
carried out with vacuum filtration. In a typical process, 2 mL of GO stock 
suspension (1 mg/mL) was added into a beaker and added DI water to 
50 mL, then the diluted suspension was ultrasonicated for 10 min under 
ambient conditions. The obtained suspension was added into the vac
uum filtration setup with a PVDF substrate (0.2 μm pore size, 47 mm 
diameter) and a pressure of about 0.9 bar. The loading mass of GO on 
PVDF substrate was 0.15 mg/cm2 (effective area of PVDF coated by GO 
was 13.84 cm2). The GOM fabrication process time was 4 h. 

2.3. In-situ chemical reduction of GOMs 

After the fabrication of GOM, 300 mL of VC aqueous solution with a 
VC content of 0 mg, 2 mg, 20 mg, 200 mg, 300 mg and 400 mg was very 
carefully added into the feed compartment of vacuum filtration setup, 
respectively. After the solution was completely filtrated out, the ob
tained VC reduced GOMs (VGMs) were dried in the air for 24 h. The 
samples were denoted according to their VC/GO mass ratio (e.g., VGM 
200 stands for 400 mg of VC/2 mg of GO). 

2.4. Preparation of rGO working electrodes 

The fully reduced VGM 200 with a loading mass of 2 mg was soaked 
into 50 mL of DI water for 1 h and then ultrasonicated for 30 min to 
obtain the VC reduced GO material (VG-M) aqueous suspension. The 
VG-M samples were re-dispersed in ethanol to obtain a more homoge
neous dispersion for more uniform electrode fabrication. For electrodes 
fabrication, the ink was prepared using 200 μL of VG-M suspension (1 
mg/mL) mixing with 20 μL of Nafion ethanol solution (1 mg/mL) and 
ultrasonicated for 1 h. The ink was then drop-casted on strictly 1 cm2 

working area of a piece of 2 cm2 carbon fiber paper. As prepared carbon 
paper was dried in an oven at 60 ◦C for 1 h to fabricate the working 
electrode. The VC reduced GO using conventional stirring method (VG- 
S) was prepared following a previously reported method for comparison 
[8], generally, 50 mg of VC was added to 50 mL of GO aqueous 

suspension (0.1 mg/mL) with vigorous stirring under ambient condi
tions for 48 h. The obtained VG-S aqueous suspension was vacuum fil
trated, washed and dispersed in ethanol with a concentration of 1 
mg/mL. The VG-S working electrode was fabricated with the same 
method as the VG-M working electrode. The active material loading 
mass of the working electrode was controlled to be around 0.2 mg by 
weighing before and after drop-casting. 

2.5. Characterizations 

The characterization of GOMs, VGMs, VG-M and VG-S samples were 
carried out using a range of analytical techniques. The surface hydro
phobicity was measured by contact angle using the contact angle goni
ometer from Ossila. The VC concentration of the feed and permeate 
solutions was quantitatively analyzed by ultraviolet–visible spectro
photometer (UV–vis, PerkinElmer Lambda 365) with an external stan
dard curve method. Field-emission scanning electron microscopy (FE- 
SEM, FEI Nova NanoSEM 230) was applied to characterize the surface 
morphology and cross-sectional structure of the synthesized materials 
and fabricated membranes. In addition to SEM, the topological infor
mation of GO sheets, VG-M and VG-S was also provided by atomic force 
microscopy (AFM, Bruker Dimension ICON SPM). Transmission electron 
microscopy (TEM, JEOL JEM-F200 Multi-Purpose FEG-S/TEM) was 
used to study the dimension of GO and VG-M sheets on lacey carbon 
grids. The X-ray diffraction (XRD) patterns were obtained to investigate 
the interlayer spacing (d-spacing) of the materials and membranes using 
PANalytical Empyrean I Thin-Film XRD at 45 kV 40 mA, and PAN
alytical MPD at 40 kV 40 mA with Cu Kα radiation (λ = 0.154 nm). The 
Fourier transform infrared spectroscopy (FT-IR) was characterized in 
ambient temperature with PerkinElmer Spectrum 100 spectrometer. The 
samples were scanned using universal attenuated total reflectance (ATR) 
mode from wavenumber of 650 cm− 1 to 4000 cm− 1 for obtaining the 
functional group information. The chemical composition was also 
investigated by an X-ray photoelectron spectrometer (XPS, Thermo 
ESCALAB250i) using a monochromatic Al Kalpha soft X-ray source for 
surface analysis and a monoatomic argon ion beam for depth profiling. 
Raman spectra were recorded from 1000 cm− 1 to 3500 cm− 1 on a 
Renishaw inVia Raman Microscope with 532 nm excitation laser. 

2.6. Electrochemical measurements 

All electrochemical measurements were carried out in three- 
electrode system using electrochemical workstation (WonATech Elec
trochemical Workstation ZIVE SP1) at ambient temperature. The pre
pared active material ink modified carbon fiber paper was used as 
working electrodes, an Ag/AgCl electrode with saturated KCl solution 
was used as reference electrode working with a platinum foil (2.5 cm ×
2.5 cm) as counter electrode. 1 M H2SO4 solution was used as electrolyte 
of the cell. We performed several methods for measurements including 
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 
electrochemical impedance spectroscopy (EIS) to study the electro
chemical profiles and supercapacitor performance of the fabricated 
working electrodes. The equations (eqn. 1 to eqn. 6) and detailed 
calculation are shown in Supplementary note 1. CV was performed 
from 10 mV/s to 1000 mV/s for VG-M and VG-S, and the capacitive 
contribution of VG-M was calculated through SI 1 equation 1 [9]. GCD 
was performed from 1 A/g to 40 A/g for VG-M and VG-S, and the specific 
capacitance can be obtained from the discharging curves of GCD as SI 1 
equation 2 [10]. EIS was performed from 100 kHz to 10 mHz with an 
amplitude of 5 mV based on a stabilized open circuit potential (OCP). 
The dielectric relaxation time constant (τ0) can be expressed by SI 1 
equation 3 [10]. The real part of complex capacitance and imaginary 
part of capacitance can be converted from the experimentally obtained 
impedance results from SI 1 equation 4–6 [10]. 
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2.7. Computational methods 

The density functional theory (DFT) calculations were performed at 
the PW6B95-D3BJ/def2-SVPP level of theory, carrying out geometries 
and harmonic vibrational frequencies of all structures [11,12]. Based on 
Becke–Johnson damping potential, Empirical D3 dispersion corrections 
are considered in the calculations [13,14]. Within such calculations, we 
obtained the Zero-point vibrational energies (ZPVEs), enthalpic tem
perature corrections (H298–H0) as well the entropic corrections. Real 
harmonic frequencies were verified at all equilibrium structures and 
only one imaginary frequency at the transition structures. The confir
mation of connectivity of the transition and equilibrium structures was 
performed using intrinsic reaction coordinate (IRC) calculations [15]. 
The electronic energies were refined using the 
PWB95-D3BJ/def2-QZVPP level of theory [11,12]. CPCM continuum 
solvation model was used to include the bulk solvent effects in aqueous 
solution during calculations [16]. All calculations were obtained using 
the Gaussian 16 rev. C.01 program suite [17]. 

3. Results and discussion 

3.1. Design of in-situ chemical reduction of GOMs 

The widely used and studied well-aligned laminar structure of GOM 
[18–22] gave us an inspiration that confining GO sheets in GOM during 
reduction may maintain their morphology and resist the self-folding 
effect. Therefore, we designed an in-situ membrane-based GO reduc
tion method using VC to obtain VC rGO membrane (VGM). The sche
matic of the designed synthesis process is illustrated in Fig. 1. The VC 
rGO material (VG-M) for electrochemical research was obtained by 
ultrasonicating sample VGM 200 due to its highest reduction degree. 
The reduction degree of the reduced GOMs were characterized via 
multiple techniques and will be analyzed and discussed below. It should 
be noted that VGM 200 is the highest reduced product we can obtain 
with this method, with higher VC content, the reduction degree of VGMs 
cannot reach higher level. For comparison, a previously reported con
ventional stirring method for reducing GO with VC was also performed 
to prepare VC rGO (VG-S). The sample photos and contact angle mea
surement results are shown in Fig. S1. Rejection tests were carried out to 
verify that VC molecules can pass through GOM and the results are 
shown in Fig. S2. 

3.2. Computation of the VC-GO reaction mechanism 

We carried out computational simulations to further understand the 
mechanism of VC-GO reduction. The mechanism of VC-GO reaction has 
been reported previously, where hydroxyl and epoxy groups on GO are 
mainly removed by VC [2,23–25], however, the detailed reaction pro
cesses are still unclear. Here, we performed density functional theory 
(DFT) calculations to gain insights into the mechanism of the reduction. 
These calculations were performed using the PW6B95-D3BJ exchan
ge-correlation functional [26,27], which has been extensively bench
marked and found to provide excellent performance for both reaction 

energies and barrier heights [28–38]. For full computational details, see 
the Supplementary note 2. The Gibbs free potential energy surface 
(PES) in a simulated aqueous environment is shown in Fig. 2a–as well as 
the located local minima and each transition structure. Gibbs free re
action energies (ΔG298) and barrier heights (ΔG‡

298) are given relative to 
the separated VC and GO nanosheet with a single epoxy functional group 
(labeled as free reactants). We find that the reduction of the epoxy group 
proceeds via a multistep reaction mechanism, which involves two 
consecutive proton transfers associated with relatively low-lying tran
sition structures. The barrier for the first proton transfer (TS1) is 54.2 
kJ/mol relative to the free reactants, while that of the second proton 
transfer (TS2, can be considered as the reduction of hydroxyl group on 
GO) is 55.6 kJ/mol, which is practically barrierless relative to the in
termediate complex (IC) formed in the first step (see Fig. 2a). Accord
ingly, there is no clear rate-determining step in this stepwise reaction 
mechanism. The final step is highly exergonic, which provides the entire 
reaction the thermodynamic driving force, also noticing the product 
complex shows dramatically lower energy as much as 173.1 kJ/mol than 
the free reactants. The computational results demonstrate that the 
reduction of GO with VC is a highly exergonic process associated with 
low-lying transition structures and will therefore proceed rapidly at 
room temperature. 

3.3. Chemical composition 

XPS and FT-IR were performed to understand the changes in chem
ical states during the reduction. The high resolution XPS C1s spectra of 
GOM, VGM 200 and VG-S are shown in Fig. 2b–d. The significantly 
declined C–O peaks (286.9 eV) in VGM 200 and VG-S indicate the 
removal of hydroxyl and epoxy groups after the VC-GO reaction [39,40]. 
The XPS survey spectra are shown in Figs. S3a–c, the C/O ratio of VGM 
200 is 3.2 while the C/O ratio of VG-S is 4.6, the lower level of oxygen 
functionalities in VG-S indicates its higher reduction degree. The lower 
reduction degree of VGM 200 can be explained that compared to the free 
reduction environment of VG-S, the formation of GOM causes certain 
sites that are inaccessible for VC reduction. Additionally, the high res
olution XPS O1s spectra of GOM, VGM 200 and VG-S are shown in 
Figs. S3d–f and detailed atomic percentages are shown in Table S1. 

FT-IR spectra of samples with PVDF substrates and free-standing 
samples are shown in Fig. 2e and f respectively. The absorption bands 
at around 3195 cm− 1, 1725 cm− 1, 1620 cm− 1, 1390 cm− 1, 1220 cm− 1 

and 1050 cm− 1 are attributed to -O-H in hydroxyl of GO and water, 
–C––O in carbonyl and carboxyl, sp2-hybridized C––C, -O-H in carboxyl, 
alcohol and phenol, -C-O in epoxy and ether groups and -C-O in alkoxy 
and alkoxide, respectively [41–43]. Fig. 2e further supports the XPS 
results mentioned above, where compared to GOM, the hydroxyl and 
epoxy related peaks in VGM 200 and VG-S are reduced significantly. 
Particularly, the more decrease of -O-H peak at around 3195 cm− 1 

qualitatively implies that VG-S has a higher reduction degree than VGM 
200. In order to better reveal the relationship between the VC addition 
(VC/GO mass ratio) and the functional group change without the 
interference from PVDF substrate, the GOM and VGMs were peeled off 
from the PVDF substrates to obtain free-standing samples, and then 

Fig. 1. Schematic illustration of the in-situ membrane-based reduction processes of GOM with VC.  
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characterized by FT-IR. Fig. 2f demonstrates that with the increase of 
VC/GO mass ratio, the intensities of -O-H peak (3195 cm− 1, hydroxyl 
group) and -C-O peak (1220 cm− 1, epoxy group) are gradually and 
obviously decreased. The observation of the decrease of -O-H peak and 
-C-O peak intensity confirms that the removal of hydroxyl and epoxy 
groups are the most significant reactions in VC-GO reaction, and these 
reactions can occur with a small addition of VC (at VC/GO mass ratio of 
1). The results of XPS and FT-IR support the computational results we 
have demonstrated above that the predominant reaction mechanisms in 
VC-GO reaction are the removal of hydroxyl and epoxy groups on GO 
basal plane, and the reduction degree of VG-S in free reduction envi
ronment is higher than that of VGM 200, which is reduced in a confined 
laminar membrane. 

3.4. Material structure 

The structure of the materials was characterized by XRD and Raman 
spectroscopy. As shown in Fig. 3a, the original GOM shows a distinct 
(001) peak at 10.5◦ attributed to an 8.42 Å of interlayer space [21]. The 
strong intensity and sharp shape of the peak indicate the highly ordered 
laminar structure of GOM. With the increase of addition amount of VC, 
the (001) peaks of VGMs demonstrate a trend of shifting to a higher 
position and reducing their intensities, indicating the gradual decrease 
of the interlayer space due to the removal of oxygen functionalities on 
the GO basal plane. The changes of VGM (001) peaks are plotted and 
linear fitted with high agreement (Fig. 3b), indicating the high linear 
correlation between VC/GO mass ratio and the interlayer space in the 
VC in-situ reduction of GOM. In addition, the (001) peak is eliminated in 

Fig. 2. DFT simulations of the reduction mechanism and chemical compositions of the materials. (a) Reaction profile (PW6B95-D3BJ/Def2-QZVPP, ΔG298, kJ/mol) 
for the multistep reduction of a single epoxy group and hydroxyl group (second step) on the GO surface by VC in a simulated aqueous environment. The energies of 
the reactants, reactant complexes (RC), transition structures (TS1 and TS2), intermediate complex (IC), and product complex (PC) are given relative to the free 
reactants. The white, gray and red spheres represent H, C and O atoms, respectively. H-bonds are represented by white dashed lines, and the protons being transferred 
in the transition structures are highlighted in yellow. High resolution XPS C1s spectra of GOM (b), VGM 200 (c) and VG-S (d). (e) FT-IR spectra of GOM, VGM 200 and 
VG-S. (f) FT-IR spectra of GOM and VGMs. 
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the XRD pattern of VG-S, which represents the highest reduction degree 
was achieved in this study. Since the signal of (002) peak originated 
from the reduced GO interlayer space was covered by the signal of PVDF 
substrate (dashed box region in Fig. 3a), GOM and VGMs were carefully 
peeled off from the PVDF substrates and characterized by XRD to further 
understand the in-situ reduction process (Figs. S4a and b). In Fig. S4a, 
compared to Fig. 3a–a similar variation trend of (001) peak can be 
found. However, anomalously, in VGMs, with the decrease of (001) peak 
signal, the signal of (002) peak is not increased and even not obviously 
appeared (Fig. S4b), and only sample VGM 200 exhibits a broad (002) 
peak centered at around 21◦ (Fig. S4c). This gives a hint that the in-situ 
reduction may cause the disorder of the laminar alignment in the 
membrane due to the incomplete removal of functionalities on the GO 
basal plane. 

Raman spectroscopy is a versatile technique for characterizing the 
material structure at a molecular level. D band (~1340 cm− 1) and G 
band (~1604 cm− 1) are the two mainly concerned regions in the Raman 
spectrum of GO and rGO materials (Fig. 3c), where D band corresponds 
to sp3-hybridized carbons, edges and defects [44], and G band is related 
to the sp2-hybridized carbons [45]. Additionally, a defect activated peak 
denoted as D + G mode can also be found at ~2920 cm− 1 located in the 
2D region [2]. The change of D/G ratio (ID/IG) were extracted from the 
Raman spectrum and plotted in Fig. S4d. The linear increase of VGM 
D/G ratio from 0.96 to 1.21 (Fig. 3d) indicates the highly corresponding 
relationship between the molecular disorder degree of the VGMs and the 
addition of VC (VC/GO mass ratio), where the higher (chemical) 
reduction degree causes more defects on rGO sheets. The increase of D/G 
ratio which represents the increase of defect ratio can be attributed to 
the mild reducing condition. Under ambient conditions, the reduction 
process will mainly remove hydroxyl and epoxy groups and restore 
C––C. It can be explained that a large number of double bonds were 
created, and only a relatively smaller number of defect-free graphitic 
domains were restored. Therefore, the increased D/G ratio can reason
ably interpret that the reduction process statistically increases the total 

quantity of graphitic domains, but decreases the average size of sp2 

domains, especially the newly formed domains, and thus increase the 
fraction of edges and defects on rGO sheets [46]. 

3.5. Electrochemical performance 

The electrochemical profile and supercapacitor material perfor
mance were evaluated to further understand the features of the VG-M 
material and explore its potential application. In order to evaluate the 
morphology influence on electrochemical profiles of VGM, we applied 
ultrasonication on VGM and using VG-M dispersion as the electrode 
material working in the three-electrode system rather than fabricating 
VGMs into a two-electrode system as reported in a previous study [47]. 
VG-M and VG-S working electrodes were fabricated via a simple 
drop-casting method (active material loading mass is ~0.2 mg) for 
electrochemical measurement in 1 M H2SO4 electrolyte (Fig. S5). Cyclic 
voltammetry (CV) was carried out to determine the electrochemical 
profiles of the fabricated electrodes. As shown in Fig. 4a, the CV curves 
of VG-M and VG-S at a scan rate of 100 mV/s both present as a nearly 
flawless rectangle within a pair of symmetric and broad redox. Such 
shape indicates their combined mechanism of electrical double-layer 
capacitance (EDLC) and pseudo-capacitance. The pseudo-capacitance 
behavior can be attributed to the Faradaic reactions introduced by the 
residual oxygen functionalities [48,49]. The CV curves with different 
scan rates are shown in Figs. S6a and b. The capacitive contribution of 
VG-M was calculated as ~75.8% at 100 mV/s (Fig. S6c) according to a 
kinetic calculation [9], which strongly supports its 
capacitance-controlled charge storage mechanism. Galvanostatic 
charge-discharge (GCD) was also performed to evaluate the perfor
mance of the materials (Figs. S6d–f). The capacitance performance and 
rate capability can thus be obtained via GCD. As shown in Fig. 4b, VG-M 
has a highest specific capacitance of 174 F/g at 1 A/g, and has a high 
retention of 75.9% at 40 A/g, while VG-S has a significantly lower 
capacitance of 19 F/g and a slightly higher retention at 40 A/g. Cycle 

Fig. 3. Material structure characterizations of the membranes and materials. (a) XRD patterns of GOM, VGMs and VG-S on PVDF substrates. (b) The plot of (001) 
peak position and intensity vs. VC/GO mass ratio. (c) Raman spectra of GOM, VGMs and VG-S. (d) The plot of D/G ratio vs. VC/GO mass ratio. 
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performance of VG-M was measured by applying GCD with a current 
density of 40 A/g, and a high retention of 93% can be achieved after 10, 
000 cycles (Fig. S7). 

In order to have a deeper insight into the electrochemical systems, 
electrochemical impedance spectroscopy (EIS) was applied from 100 
kHz to 10 mHz with an amplitude of 5 mV based on a stabilized open 
circuit potential (OCP). The Nyquist plots are shown in Fig. 4c, both VG- 
M and VG-S feature nearly vertical curves in low frequency region, 
indicating their highly capacitive behaviors [48]. Meanwhile, in high 
frequency region, VG-M shows a smaller resistance than VG-S. VG-M 
samples have an equivalent series resistance (ESR) of 0.61 Ω and a 
charge transfer resistance (RCT) of 0.43 Ω, which are smaller than that 
of VG-S with 0.88 Ω and 0.65 Ω, respectively. Bode plots further reveal 
the frequency corresponding behaviors of the measured systems. As 
shown in Fig. 4d, VG-M and VG-S exhibit a phase angle of − 82.4◦ and 
− 83.7◦ respectively at 10 mHz, representing their nearly ideal capacitor 
behaviors (− 90◦ at low frequency) [10]. In addition, a characteristic 
frequency (f0) at the phase angle of − 45◦ correlated to the peak fre
quency in the plot of imaginary capacitance (Fig. 4e) can also be 
extracted. Accordingly, a time constant can be calculated by τ0 =

1/(2πf0) [10], where VG-S has a smaller τ0 of 5 ms (39.8 Hz) than 32 ms 
of VG-M (6.3 Hz). This indicates that VG-S system has a faster ion 
migration and diffusion, and thus will have a better rate capability [50], 
which is supported by the GCD results. The real capacitance plot is 
shown in Fig. 4f, the real capacitances of VG-M and VG-S at 10 mHz are 
128 F/g and 17 F/g, respectively. The low frequency value of real 
capacitance corresponds to pure EDLC, where most of the electrolyte 
ions can access deeply inside the material [51]. The much higher real 
capacitance of VG-M reveals that more electron-conductive sites in 
VG-M are available for electrolyte ions. By concluding the results, it is 
clear that VG-M has a significantly higher specific capacitance while 
VG-S performs better in rate capability. The similar electrochemical 
behaviors of the two materials indicate their same chemical nature. 
However, the obvious differences between VG-M and VG-S in perfor
mance and frequency-dependent behaviors are required to be further 

analyzed, and the mechanisms behind these features suggestively link to 
the morphology of the materials [6]. 

3.6. Morphology 

The morphology of the samples was characterized by SEM, AFM and 
HRTEM. The cross-sectional (Fig. 5a–c) and surface (Figs. S8a, c, e) 
morphology of GOM, VGM and VG-S thick film on PVDF substrates were 
obtained from SEM. GOM shows a well-defined laminar cross-sectional 
feature and a smooth surface morphology. VGM 200 shows a roughly 
same cross-sectional and surface morphology with an increase of wrin
kles. However, VG-S thick film exhibits a completely different 
morphology. The cross-section of VG-S can be defined as a thick film 
formed by stacking of fiber-like nanoparticles and the surface of VG-S 
presents a high degree of roughness and non-uniformity. In order to 
better understand the morphology of the materials that were used to 
fabricate the electrodes, VG-M, VG-S and GO (for comparison) were also 
characterized by SEM (Figs. S8b, d, f), and the results were in consistent 
with those of membranes and thick films, where GO can form a smooth 
and continuous surface via drop-casting, wrinkle-rich sheets can be 
found in VG-M sample, and severely aggregated fiber-like nanoparticles 
were observed in VG-S sample. The AFM topography shown in Fig. 5d–f 
provides detailed information of thickness and surface morphology of 
GO, VG-M and VG-S. Typically, GO sheets with a flat morphology and 
well-defined boundary can be found, and only a few continuous and 
smooth wrinkles exist on some of the sheets. Monolayer GO sheets with a 
height of ~1 nm can be discovered easily, which can be ascribed to the 
high hydrophilicity and dispersibility of GO. Significantly different from 
GO, the representative AFM image of VG-S shows a largely crumpled 
fiber-like particle with a length of 2 μm and width of 500 nm but with a 
height of more than 200 nm, which demonstrates its self-folded and 
aggregated features. Compared to VG-S, VG-M exhibits sheet features 
which are closer to GO sheets, however, presenting more homoge
neously distributed wrinkles. Additional AFM images are shown in 
Fig. S9. In addition to AFM, HRTEM was also performed and images are 

Fig. 4. Electrochemical profiles of VG-M and VG-S in 1 M H2SO4 in a three-electrode cell setup. (a) CV curves at a scan rate of 100 mV/s. (b) Rate capability study 
under various current densities from 1 A/g to 40 A/g. (c) Nyquist plots with an insert showing the magnified high frequency region. (d) Bode plots of phase angle vs. 
frequency. (e) Bode plots of imaginary capacitance vs. frequency. (f) Bode plots of real capacitance vs. frequency. 
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shown in Fig. S10. 

3.7. Discussion 

As mentioned above, the different charge storage performances and 
frequency-dependent behaviors of VG-M and VG-S may be suggestively 
related to the morphology. In order to clarify the influence of chemical 
functionalities on specific capacitance, as reported by a previous study, 
in 1 M H2SO4, the capacitance contribution of carbonyl group can be 
estimated as 13.55 F/g at%− 1. In our work, the XPS results show that the 
atomic percentage of C––O in VGM is 8.06 which is about 2 times higher 
than VG-S of 4.12. Therefore, based on the reported carbonyl group 
contribution, VG-M will theoretically have a specific capacitance of 
54.2 F/g higher than VG-S due to higher carbonyl group content. 
However, we observed that VG-M has a specific capacitance of 174 F/g 
while VG-S has only 19 F/g. Considering the 54.2 F/g of specific 
capacitance which is attributed to the chemical functional group, VG-M 
still exhibits 119.8 F/g of specific capacitance which is 6.3 times higher 
than that of VG-S. 

Beyond that, it is also reported that the reduction of rGO influences 
the supercapacitance of the material [52]. Lowering the reduction de
gree of rGO can indeed increases the specific capacitance, however, it 
will cause poor rate performance and stability. It is evident that 
increasing the reduction degree via chemical reduction (in a free envi
ronment) will cause the re-stacking of rGO and results in the decrease of 
its specific surface area and thus lower the specific capacitance [53]. 
Therefore, the higher supercapacitor performance of VG-M can be 
mainly attributed to the retained sheet morphology and the lower 
capacitance of VG-S may be attributed to the fiber-like morphology, 
which the self-folding caused by free reduction leads to the decrease of 
surface area. Due to the increase of hydrophobicity, electrolyte ions 
cannot access the depth of the particles. However, from a macroscopic 
perspective, the large pores created from the stacking of particles pro
vide an ion diffusion path for high-speed ion migration, and thus im
proves the rate capability. As a contrast, VG-M with a sheet morphology 
achieves a much higher capacitance. This can be explained that the 
much thinner sheets improve the surface area where more electrolyte 
ions can access. In addition, the sheet-to-sheet attachment enables better 

connection for electron migration, and then activates more sheets to 
store charges. As a price, this better material connection and more 
compact material structure to some extent limit the ion diffusion 
channel and result in a slightly lower rate capability. 

On the basis of the experimental results that we have analyzed and 
discussed above, the significant morphology difference between VG-S 
and VG-M is originated from their different reduction methods, and 
this morphology difference can be explained with the following hy
pothesis. VG-S is obtained from a conventional stirring method, where 
GO sheets are reduced by VC in a free environment. The rGO sheets are 
highly distorted in such a free environment due to the strong in-plane 
strain caused by the oxygen functionality removal [5,7], and thus 
form highly self-folded nanoparticles. More detailed morphology in
formation can be observed by AFM peak force mode, as shown in Fig. S9. 
However, in the case of in-situ reduction of GOM, the GO sheets are 
restrictively confined by each other in a layer-by-layer stacked structure, 
where each GO sheet can be considered as a template and a confined 
material simultaneously. The high pressure (＞1 GPa) inside the inter
layer of GO [54,55] is assumed to play a vital role in countering the 
in-plane strain caused by reduction. This laminar confinement phe
nomenon potentially keeps the near original GO laminar-membrane and 
sheet morphology of VGM and VG-M, respectively. 

4. Conclusions 

To summarize, we have demonstrated that an in-situ membrane- 
based GO reduction method using VC aqueous solution can largely 
retain the sheet morphology of rGO via laminar confinement. DFT 
simulations revealed that the mechanism toward the reduction of the 
epoxy and hydroxyl groups on GO by VC proceeds via low-lying tran
sition structures and has a strong thermodynamic drive. Thus, these 
reductions are both kinetically and thermodynamically favorable. The 
VG-M material from our method exhibited much better supercapacitor 
performance than VG-S from conventional method in a free environ
ment. Generally, for VG-M, a specific capacitance of 174 F/g can be 
obtained at 1 A/g and 75.9% of retention can be achieved at 40 A/g, 
which is about 9 times better than VG-S. The significant performance 
superiority of VG-M can be attributed to the retained sheet morphology 

Fig. 5. Morphological characterizations of the membranes and materials. Cross-sectional SEM images of GOM (a), VGM 200 (b) and VG-S thick film (c). AFM images 
of GO (d), VG-M (e) and VG-S (f). 
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that provides more available sites for electrolyte ion storage. Compared 
to VG-S that is reduced in a free environment, VG-M is reduced in a 
highly confined environment, where the confinement counters the 
increased in-plane strain from reduction and thus maintains its original 
morphology. This study not only proposes a simple and promising pro
cess for producing a high-performance supercapacitor material but also 
provides a new insight for tuning the morphology of 2D materials. 
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