
RESEARCH ARTICLE
www.small-methods.com

Understanding and Optimizing Capacitance Performance in
Reduced Graphene-Oxide Based Supercapacitors

Srinivas Gadipelli,* Jian Guo, Zhuangnan Li, Christopher A. Howard, Yini Liang,
Hong Zhang, Paul R. Shearing, and Dan J. L. Brett*

Reduced graphene-oxide (RGO)-based electrodes in supercapacitors deliver
high energy/power capacities compared to typical nanoporous carbon
materials. However, extensive critical analysis of literature reveals enormous
discrepancies (up to 250 F g−1) in the reported capacitance (variation of
100–350 F g−1) of RGO materials synthesized under seemingly similar
methods, inhibiting an understanding of capacitance variation. Here, the key
factors that control the capacitance performance of RGO electrodes are
demonstrated by analyzing and optimizing various types of commonly applied
electrode fabrication methods. Beyond usual data acquisition parameters and
oxidation/reduction properties of RGO, a substantial difference of more than
100% in capacitance values (with change from 190 ± 20 to 340 ± 10 F g−1) is
found depending on the electrode preparation method. For this
demonstration, ≈40 RGO-based electrodes are fabricated from numerous
distinctly different RGO materials via typically applied methods of solution
(aqueous and organic) casting and compressed powders. The influence of
data acquisition conditions and capacitance estimation practices are also
discussed. Furthermore, by optimizing electrode processing method, a direct
surface area governed capacitance relationship for RGO structures is revealed.
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1. Introduction

Supercapacitors (SCs) designed with
nanoporous carbon materials (NPCs)
have shown to deliver unprecedented en-
ergy and power densities. The relatively
low-cost and high tunability of these
NPCs makes them an attractive proposi-
tion for a wide range of applications.[1–4]

Meanwhile, SCs are being increasingly
integrated with battery and fuel cell sys-
tems to enhance efficiencies and overall
capabilities of electrochemical energy
storage systems (EESs).[5–7] The energy
storage mechanism of NPCs-based SCs
is predominantly via the electrical double
layer capacitance (EDLC). In this mech-
anism, upon charging, electric charges
and adsorbed counter ions accumulate
on the electrode surface and it is this
phenomenon that directly defines the
output capacitance or energy/power
density. Such adsorption is strongly gov-
erned by the surface binding energy and

accessible surface related parameters; surface heterogeneity,
pore-size, pore volume, and specific surface area (SSA). In ad-
dition, electrochemical activity is promoted by charge/electron
transfer dynamics/phenomena and electrolyte–electrode interfa-
cial area. Given these interlinked and widely tunable parameters,
numerous synthesis routes have been explored, aiming to pro-
duce high performing NPC based nanostructured electrodes.[8]

Impressive capacitance performance, including high gravimet-
ric energy and power densities has been achieved with highly
porous NPC materials that are usually produced via template or
metal salt impregnation followed by high temperature chemical
activation or pyrolysis.[9–11] However, the potential of these sys-
tems (e.g., cost per unit power delivery along with volumetric
densities and solid-state devices) is compromised due to poorly
controlled porosity, modest electrical conductivity, and density
of the key structural features required for charge storage.[9,11–14]

The optimal characteristics often have complex trade-off rela-
tionships. For example, optimizing for ultrahigh porosity in
NPCs to improving the ion/charge adsorption capacity can also
result in detrimental overall performance (e.g., rate capability,
areal capacitance, and charge accumulation density, which is
high in ion size matching pore widths but reduced in larger
pore widths) because highly porous materials also often have a
high large pore size fraction.[9,12] High porosities in NPCs can
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Figure 1. Summary overview of literature on RGO based supercapacitors performance with materials synthesis and electrode fabrication methods,
electrochemical measurements, and charge storage characteristics. a) C:O ratio of different GO precursors. b) C:O ratio of RGO materials. c) Electrode
fabrication routes. d) Electrochemical test systems. e,f,g) Typically observed CV, GCD, and rate capacitance curves: green curves (in plot 1) are mostly
associated with ideal EDLC or with highly graphitized NPCs; light blue and dark purple curves (in plot 2) represent combined surface related EDLC and
psuedocapacitive related Faradic redox reactions, and purple curves in (plot 4) are associated with Faradic redox reactions. The red curves (in plot 3) are
associated with experimental condition with extended potential range and/or ultra-low current densities. h) Specific capacitance values of ≈200 RGO
samples taken from the literature (where possible data is deduced from GCD discharge curves at 0.5–1.0 A g−1 or CV curves). i) Specific surface area
dependence of specific capacitance values (taken from same condition as in (h); see Table S1, Supporting Information for more details for GO, RGO
samples, along with C:O ratio, measurement conditions, electrolyte, capacitance values, and references). To be more realistic, capacities are deduced
at very low current densities or from unrealistic CV and GCD curves and structures with significant contribution from Faradic redox reactions (e.g., the
red and purple data, respectively in (e,f) has been omitted where possible as these conditions tend to overestimate capacity). For comparison, RGO
structures generated under high temperature (of more than 300 °C or 400 °C) reduction, activation, pyrolysis, and carbonization routes are excluded
from this figure and table data.

also increase defect/sp3 carbon concentration at the expense of
their electrically-conductive sp2 graphite components and fur-
thermore, highly porous materials can have low densities. These
factors can combine to increase the resistive path for electron
transport; thus, limiting the performance. Furthermore, 3D NPC
particles with typical sizes ranging from hundreds of nanometers
to microns show considerable variation in their energy storage
capacity;[10,11,15] large carbon particles can limit overall electro-
chemical activity due to increased resistive electron path length.
For example, porous carbons synthesized via the uniform pore
structure metal–organic frameworks (MOFs) and their subfam-
ily zeolitic imidazolate frameworks (ZIFs) as sacrificial templates
have shown a considerable variation in their capacitance values
and rate performance.[11,15–19] Carbons produced from biomass
or inorganic or polymeric precursors require high temperatures
treatment to improve their graphitization; and thus, electrical
conductivity.[9–11,15–19]

Highly conducting 2D layered structures, such as
graphite, graphitic carbon nitride, and metal carbides (MX-
enes)/dichalcogenides, are promising candidate materials for
SC electrodes if their layers are manipulated to accommo-
date charge storage.[20–25] The most common method is to

delaminate the layers fully in liquids and reassemble them to
form a suitable nanostructured macroscopic material.[12,13,26]

Most typical graphene-based materials are scalably derived
from bulk graphite, via oxidation, to form graphite-oxide or
graphene-oxide (GO) for processing/delamination, and then
chemically and/or thermally reduced to form conductive struc-
tures (RGO). This area of research is extremely active and
many different approaches have generated a huge range of con-
ducting graphene networks with exceptionally varied porosity
from ultra-small/slit-like pores to micro-porosity and high in
meso- and macro-porosity that can potentially host high charge
storage and ion transfer to form extensive electrical double-
layers.[9–14,21–25,27–42] Thus, RGO-based graphene networks are
demonstrating attractive energy storage capacities in SCs. How-
ever, progress is held back by a lack of understanding of how to
optimize these structures (and how they are processed) for the
most efficient performances. Evidence of trends of structure-
related capacity in the RGO samples is currently lacking. As
summarized in Figure 1; Table S1, Supporting Information, an
analysis of more than 200 RGO samples reveals a large variation
in capacitance values when measured under aqueous (acid and
alkaline) electrolyte. The actual experimental parameters, such

Small Methods 2023, 2201557 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2201557 (2 of 11)

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202201557 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [13/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-methods.com

as whether the measurement is performed in two- or three-
electrode configuration, in acidic or alkaline electrolyte, and at
which current density or scan rate the capacitance is deduced,
are all detailed in Figure 1h; Table S1, Supporting Information.
Here, the associated oxidation/reduction levels in GO/RGO
materials and SSA relevant capacitance are presented in Fig-
ures 1a,b and 1i, respectively. The typical cyclic voltammetry (CV)
and galvanostatic charge–discharge (GCD) curves for capacity
calculation are shown in Figure 1e,f.[43] The data shows a large
variation in capacitance values between 100 and 350 F g−1 for
the RGO electrode materials produced under similar reduction
routes at mild temperatures of ≈300 °C or lower; this includes
solution and solid-state reduction routes. The second noteworthy
observation is that the data in Figure 1h or 1i show no conclusive
evidence that redox reactions of acidic electrolyte yield favorable
capacitance values compared to alkaline electrolyte. In fact, the
capacitance is unpredictable in both electrolytes and varies over a
similar range. The third notable point is that capacitance values
of three-electrode and two-electrode measurement systems
show large discrepancies and span between 100 and 350 F g−1.
Accordingly, one cannot extract any clear trends from this data
nor select a particular structure. The capacitance data against
SSA presented in Figure 1i (Table S1, Supporting Information)
again shows no apparent trend across the different RGO sam-
ples. Instead, the values are seemingly randomly populated with
a capacitance difference of more than 200 F g−1 at any given
value of a SSA of RGO material. Such a capacitance difference
is also observed for a SSA change from 100 to 1000 m2 g−1.
Such complexity means no meaningful structure-related capac-
itance that one can consider/understand to design RGO-based
supercapacitors. Most of the data in Figure 1i lies between SSA
and capacitance values in the range of 100 to 500 m2 g−1 and
100 to 300 F g−1, respectively. Some variation in capacitance is
expected due to differing degrees of oxidation/reduction of the
GO/RGO structures (Figure 1a,b) that result in disproportional
conductive, nonconductive, and oxygenated or other heteroatom
functionalized graphene sp2/sp3 carbon components, and ac-
cessible porosity of the graphenic framework for facilitating
charge storage and its dynamics.[12–25,27–42,44–53] Other factors
(Figure 1c; Table S1, Supporting Information) that can affect the
overall capacitance performance include electrode preparation
routes resulting in different mass-loadings and thicknesses
(ultra-low mass loadings or ultrathin layers of active materials
often show high capacities over thicker counterparts due to
enhanced charge and mass transfer).[53,54] The nature of the
capacitance measurements/calculations also contributes to the
variations in performances (Figure 1e–g). In general, the capac-
itance performance of the material is determined via CV and
GCD tests, and capacity values deduced at very low scan rates
or current densities or capacitances reported from an arch- or
long tail-like discharge curves (e.g., red data in figures) usually
overestimate the capacities by 50% to 100%.

Our work addresses the above ambiguities; and therefore,
identifies clear methods for optimizing the efficient charge stor-
age in RGO based networks. To this end, we produced a series
of GO precursors with a carefully controlled degree of oxidation
(C:O ratio), from very mild to high. Following this, a thermal-
shock exfoliation of the GO samples was carried out under a wide
range of temperatures (160 °C to 1000 °C) in a preheated fur-

nace. The thermal-shock exfoliated GO products (EGs) offered
significant control over structural properties, porosities (SSA,
pore size and distribution, and pore volume), alongside degree
of reduction, sp2/sp3 carbon ratio, and residual oxygen function-
ality or C:O ratios. GO samples with a high degree of oxidation,
synthesized by excess acid–salt mixtures in modified Hummer’s
method, showed a higher exfoliation degree compared with GO
samples obtained in a typical Hummer’s method or at lower acid–
salt concentrations. Different electrode preparation routes, such
as water and N-methyl-2-pyrrolidone (NMP) organic solution dis-
persion based drop and dip casting, and direct dry powder press-
ing onto glassy carbon and nickel foam substrate electrodes were
carried out to understand and optimize charge storage capaci-
ties. All the measurements were performed in a three-electrode
test system with 1 m KOH aqueous electrolyte. An unpredictable
capacitance variation in the electrode structures fabricated from
both water and NMP based EG-dispersions was observed and it
was found that the capacitance largely depends on the substrate
electrodes and surface binding. Interestingly, relatively high ca-
pacitance values (340 ± 10 F g−1 at 0.5 A g−1 vs 190 ± 20 F
g−1 in electrodes made from EG-dispersions) were observed in
electrodes made with packed dry powder samples in compressed
nickel foam that used no additives such as binder and conducting
carbon black agents. The data from dry powder-based electrodes
also show SSA governed capacity relationship with an impressive
capacitance of 240 ± 10 F g−1 at 1.0 A g−1 for a given SSA of 800
± 25 m2 g−1 due to the highly accessible electrode–electrolyte in-
terface and strong EG-substrate interactions. Overall, our work
offers clear insights into the origin of the large discrepancies in
capacitance performance relationships of RGO based structures.
Moreover, we demonstrate a simple and scalable processing route
for producing extensively interconnected graphene networks via
rapid thermal-shock exfoliation of GO with optimized oxidation
(C:O ratio), promising for other energy storage applications such
as high voltage and energy density organic and ionic liquid SCs
as well as alkali-metal batteries.

2. Results and Discussion

Figure 2 shows the synthesis and processing of our GO and EG
samples and their structural characteristics. GO samples with
mild to intense (1–9) oxidation are represented with GO-1 to GO-
9 and their thermally-shock exfoliated products as EG-1 to EG-9.
The GO samples were examined under powder X-ray diffraction
(PXRD) and X-ray photoemission spectroscopy (XPS), which in-
dicate a controllably increased oxidation degree (Figure 2a,b,c;
Figures S1 and S2 and Table S2, Supporting Information). The
oxidation degree, that is, the oxygen content, was increased from
27.0 at% to >33.0 at% for GO-1 to GO-9. This is equivalent to a
C:O ratio change from 2.67 to ≈2.0 for highly oxidized GO sam-
ples. PXRD patterns with (1 0 0) reflection in the 2𝜃 region of
10° to 11° suggest a gradually increased interlayer distance with
increasing oxidation from 0.74 to 0.82 nm. This is a significant
change, more than doubling the spacing to that of 0.34 nm in the
graphite starting material. The above results are in agreement
with reported GO samples, noted in Table S1, Supporting Infor-
mation; and thus, can represent different types of GO samples
and for further processing to generate a range of RGO materi-
als. Next, EG materials, were produced by thermal-shock exfoli-
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Figure 2. Structural characteristics of GO precursors and as-produced EG samples. a,d) PXRD patterns of GO and EG. b,e) XPS C 1s spectra of GO and
EG. Same color code key applies for the data in (a), (b), and (e). c,f) XPD survey deduced C and O atomic concentrations in GO and EG.

ation at 300 °C, resulting in a destruction of their layered struc-
ture and reduction with significantly reduced oxygen functional
groups (Figure 2d,e,f; Figure S3 and Table S3, Supporting Infor-
mation). PXRD patterns of EG obtained from mildly oxidized GO
show a weak graphitic feature with broader (2 0 0) and (1 0 0)
reflections at ≈24° and ≈43° of 2𝜃 values and corresponding d-
spacing of 0.37 nm, indicating partial retention of the graphitic
layered structure. However, this feature gradually weakened, fully
disappearing in EG samples generated from highly oxidized GO,
evidencing a more complete exfoliation of GO layers. As sum-
marized in Table S3, Supporting Information, as-produced EG
samples show oxygen content between 11.4 at% and 13.3 at% or
with resultant C:O ratio between 6.5 and 7.8, indicating a high
reduction degree as the C:O ratio is increased substantially from
2.0 for GO-9. Such reduction of the C:O ratio is comparatively
higher than many RGO materials obtained via thermal, chemical,

or hydrothermal or combined reduction routes (see the literature
summary in Figure 1b; Table S1, Supporting Information). Inter-
esting porous networking features of the EG are observed from
electron microscopy and porosity characterizations. For example,
scanning and transmission electron microscopy (SEM and TEM
respectively) images in Figure 3 reveal gradually expanded and
interconnected graphenic layered structures produced from GO-
1 to GO-9 precursors of low to intensely oxidized forms. Clearly,
EGs derived from low oxidized GO precursors (e.g., GO-1 to
GO-3) result in mildly exfoliated or expanded structures, closely
stacked layers in SEM and/or thick slabs like morphology in TEM
images (Figure 3a,f), which is consistent with PXRD data (Fig-
ure 2d). In contrast, extensive exfoliation can be seen for the EG
samples derived from highly oxidized GO materials. Here, it is
worth mentioning that such exfoliation also produces greatly in-
terconnected graphene networks. As shown in Figure 4, these

Small Methods 2023, 2201557 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2201557 (4 of 11)
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Figure 3. Surface and interface morphological characteristics of EG samples. SEM (top panel, with scale bar of 1 μm) and TEM (bottom panel) micro-
graphs of a,f) EG-1, b,g) EG-2, c,h) EG-3, d,i) EG-6, and e,j) EG-9 samples.

Figure 4. Porosity characteristics of EG samples. a,b) N2 adsorption–desorption isotherms. c,d) Isotherm-deduced BET specific surface area and total
pore volume. e,f) Pore-size distribution and pore volume (on the right axis) curves (the same color code key of (a,b) applies to (e) and (f), respectively.

EG porous networks exhibit high amounts of N2 molecular ad-
sorption capacities of 2000 to 4000 cm3 g−1 at −196 °C (77 K)
under relative pressure of 0.995. The qualitative behavior of N2
adsorption–desorption isotherm data suggests a highly hierarchi-
cal porous structure with porosity spanning across micro-porous
(with pore widths of below 2 nm), meso-porous (pore widths
across 2 to 50 nm), and macro-porous (pore widths of over 50 nm)
regions. The SSA values deduced by the Brunauer–Emmett–
Teller (BET) method and the total pore volume by N2 adsorbed

amounts at a relative pressure of 0.995 indicate a gradual increase
in the porosity (Figure 4c,d; Table S4, Supporting Information)
for EG materials, derived from GO precursors of increased oxida-
tion degree. Pore size and pore size distribution data (Figure 4e,f),
obtained by applying quenched solid density functional theory
(QSDFT) with slit/cylindrical pore fitting models to the desorp-
tion isotherms also suggest continuously enhanced pore popu-
lation across all three porosity regimes, in agreement with in-
creased exfoliation, supported by XRD (Figure 2d) and SEM/TEM

Small Methods 2023, 2201557 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2201557 (5 of 11)
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Figure 5. Supercapacitor characteristics of EG-water dispersion drop-casted GCE discs. a) CV curves at a scan rate of 100 mV s−1. b) GCD curves at
current density of 5.0 A g−1. c) Rate capacitance curves deduced from discharge data of GCD curves. d,e) CV curves of EG-3 and EG-9 at scan rates
between 50 and 500 mV s−1. f) Specific surface area dependence of specific capacitance values, derived from discharge data of GCD curves at current
density of 1.0 and 5.0 A g−1.

(Figure 3) data. Together, these results demonstrate that more
oxygen functional groups in the GO structures can result in effi-
cient exfoliation and highly networked open porous structures.

Structurally, GO comprises stacked layers with interlayer hy-
droxyl or water molecules and sudden volatility or decomposi-
tion of edge and interlayer bound carboxyl and hydroxyl/water
molecules under rapid heat creates an enormous pressure build-
up between layers and eventually leads to exfoliation/detonation
of the GO structure.[55] The decomposition of carboxylic and
epoxide groups during the exfoliation process offers greatly re-
duced EG products of extremely open pore framework structure.
Here, it is worth mentioning that the SSA values of more than
800 m2 g−1 in EG materials produced under optimal conditions
in this work are comparatively higher than RGO structures in the
literature (Figure 1i; Table S1, Supporting Information), which
are mostly limited to 500 m2 g−1. In addition, to establish an op-
timal mild exfoliation temperature, two representative GO sam-
ples, GO-3 and GO-9, are subjected to a range of exfoliation tem-
peratures between 160 °C and 1000 °C. This process suggests a
temperature of 300 °C as an optimum at which efficient exfolia-
tion occurs in less than 5 min. GO exfoliated at lower or higher
temperatures offers no advantage in terms of exfoliation; higher
temperature can reduce the exfoliation time; for example, exfoli-
ation can be achieved in less than a minute at ≥800 °C and GO
subjected at temperatures of 160 °C reveals a partial or inefficient
exfoliation, which also takes a longer time of more than 20 min.
The relevant experimental and structure-related properties, such
as XPS and porosity deduced data are summarized in Figure 4c,d;
Figures S4 and S5 and Tables S5 and S6, Supporting Informa-
tion. The mild exfoliation yields a reduced porosity in the sam-

ples; however, exfoliation at all other higher temperatures offers
similar EG structures with nearly identical reduction and porosity
characteristics, meaning that a temperature of ≈300 °C is optimal
to generate EG with efficient exfoliation and reduction. Overall,
the results support the conclusion that the exceptional porosities
in EG samples are obtained by not only optimizing the GO pre-
cursors but also by exploiting the exfoliation conditions, such as
temperature and precursor loading amounts.

These as-produced EG samples, without carrying out any fur-
ther reduction treatments such as high temperature thermal
or hydrothermal/solvothermal annealing routes, were directly
screened for their supercapacitive charge storage performance.
All the samples were characterized in a three-electrode system
containing 1 m KOH alkaline electrolyte by performing CV and
GCD tests at different potential scans and current densities, re-
spectively. In each case, the samples had been tested multiple
times. Figure 5 shows the capacitance characteristics of EG sam-
ples measured on water-EG dispersion deposited glassy carbon
electrode (GCE) discs. Briefly, a dispersion was prepared via ultra-
sonication of EG (2.00 g) in deionized water (2.0 mL) and Nafion
binder solution. The finely water-dispersed EG was drop-casted
onto a GCE disc for a dry sample mass loading of ≈0.01 mg
or areal mass loading equivalent of ≈0.14 mg cm−2. The quasi-
rectangular CV curves and quasi-triangular GCD curves of these
samples—typical features of RGO samples or other microporous
inorganic networks—evidence impressive capacitance values,
reaching higher than 200 F g−1 at a high current density of 1.0
A g−1. An improvement in capacity for samples EG-3 to EG-9 can
be seen. However, there is a clear inconsistency in their capaci-
tance values with respect to the rate capacitance and samples with
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Figure 6. Supercapacitor characteristics of EG-NMP dispersion dip-casted nickel foam electrodes (top panel) and electrodes made directly from EG-dry
powder sample on to a nickel foam (bottom panel). a,d) Rate capacitance curves deduced from discharge data of GCD curves. b,e) GCD curves at
current density of 1.0 A g−1. c,f) Specific surface area dependence of specific capacitance values, derived from discharge data of GCD curves at current
density of 1.0 A g−1.

increased porosity (surface area). The rate capacitance at higher
current densities seems to fall rapidly in the highest SSA EG (e.g.,
EG-9) samples (Figure 5c). Such variation is also observed in their
CV curves; for instance, a continuously reduced area under the
CV curves of EG-6, EG-9, and EG-91 at increased scan rates indi-
cates rapidly reduced capacitance compared to more or less iden-
tical CV curves of EG-3 or EG-31 samples under similar scan rates
((Figure 5d,e; Figure S6, Supporting Information). A noteworthy
irregularity is seen in their capacitance plotted against the SSA
of the samples (Figure 5f). For example, similarly reduced (i.e.,
similar C:O ratio, in Table S3, Supporting Information) EG sam-
ples with a SSA of 350, 430, and 570 m2 g−1 exhibit capacitance of
120±6, 160±7, and 208±12 F g−1, respectively at 1.0 A g−1, yield-
ing an approximately linear relationship. Whereas, EG-6 and EG-
9 samples with higher SSA of 700 and 770 m2 g−1, respectively,
show no further improvement in capacities, and observed values
of 214±10 and 205±15 F g−1 are lower than expected ones as per
the SSA-capacity linear relation. A rapid capacitance drop in the
cyclic test (Figure S6, Supporting Information) and sample leach-
ing out into electrolyte is also visibly observed during tests, par-
ticularly in the highly porous samples deposited on GCE discs.

These observations motivated us to undertake further exper-
iments to understand the true structure–performance relation-
ship, for which the samples are extensively screened by perform-
ing measurements using newly fabricated nickel foam based
electrodes (which can offer higher surface area and accessibil-
ity for both sample deposition and electrolyte access). In these
experiments, the EG samples were dispersed in NMP organic
solution, instead of water for an easy and efficient dispersion,

with polyvinylidene fluoride (PVDF) binder via ultrasonication
following dip-casting onto pre-cleaned nickel foam and dried at
180 °C in an oven under ambient air. The electrode casting was
optimized for solution concentration and mass loading (achieved
between 0.7 and 1.7 mg cm−2) onto centimeter wide nickel foam
strips. As shown in Figure 6a, the rate capacitance curves derived
from GCD curves demonstrate significantly enhanced capacities,
reaching 280±20 F g−1 at 0.5 A g−1, compared to a limited capac-
ity of 214±10 F g−1 from GCE disc tests (in Figure 5). Another
noteworthy observation is that the capacity at 1.0 A g−1 tends to
exhibit an increased capacitance relation against the SAA of EG
samples (Figure 6b,c). Here, somewhat lower capacitance values
are obtained compared with the results of the GCE discs. This re-
duction can be linked to a high mass-loading of ×100 that of GCE
(i.e., 1.00 mg compared to 0.01 mg, or up to ×10 of areal mass
loading, ≈1.50 mg cm−2 to ≈0.14 mg cm−2) that limits the elec-
tronic and ionic mass transfer kinetics.[12,13,53] The nickel foam
based EG electrodes also offer improved cyclic stability over GCE
based EG under long-term operation (Figure S7, Supporting In-
formation) and a capacitance drop of less than 10% in ≈10 000
repeated charge–discharge cycles at a high current density of 5.0
A g−1. Although the data in Figure 6c seems to establish a definite
SSA-governed capacity trend, it should be noticed that the capac-
ity of the same nominal sample (prepared multiple times) and/or
samples of similar SSA (i.e., a difference of less than 50 m2 g−1

or with an error margin of ±25 m2 g−1) show a capacity variation
of up to 40 F g−1 (or ±20 F g−1). For some electrode structures,
this variation can be linked to dissimilarity in their mass load-
ing (some electrodes were measured with lower mass loadings of

Small Methods 2023, 2201557 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2201557 (7 of 11)
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≈0.80 mg cm−2 and others contain more than 1.2 or up to 1.70 mg
cm−2 for EG samples of lower porosity). Another factor for this
is variation manifests in their rate capacitance, which is shown
in Figure 6a. Here, it is worth noting that although most of the
samples exhibit identical rate behavior (solid line data curves),
some of the rate capability drops faster (identified by thick dotted
line data curves) than others. This rapid capacitance loss or poor
rate capacitance is seen more often in the highly porous EG sam-
ples, possibly due to a weaker interaction between highly porous
EG and nickel foam electrode with such graphene flakes even
visibly detaching from the electrode to fall into the electrolyte.
To improve adhesion, more binder was added to the NMP-EG
dispersion for the highly porous samples, and the ultrasonica-
tion time was extended as well as pressing the electrode struc-
tures under 1 to 5 tonnes of pressure using a hydraulic press.
These adaptations did not result in any noticeable improvement
in their capacitance performance. It is further observed that a
large batch of the NMP-EG dispersion prepared in a vial directly
dried at 180 °C under ambient air retained a significant amount
of NMP (about 30% by mass) in the structure, which is identified
by weighing samples before dispersing in NMP and after drying
NMP-EG dispersion. The sample dried at 250 °C under dynamic
vacuum overnight in a porosity analyzer also showed retention
of a considerable amount of NMP residue and the porosity mea-
surement on this large batch of NMP-EG dried sample showed a
comparatively low SSA with respect to its EG counterpart. There-
fore, it indicates that the charge storage performance of highly
porous EG samples could be further improved if electrodes were
fabricated using other routes or avoiding especially NMP but also
water and organic solvent dispersion based casting methods on
current collector substrates.

By taking advantage of highly interconnected open networks
and low-dense fluffy-like EG materials (Figure S8, Supporting In-
formation, and from the electron microscopic and porosity data
in Figures 3 and 4), electrodes were fabricated directly from dry
powers of as-produced EG samples, without the use of binder
or additional conducting carbon components. For this, EG pow-
der of 1.00 mg was spread on to a piece of flattened nickel
foam over which another piece of flattened nickel foam was
pressed at 1.0 tonnes of pressure using a hydraulic press to form
a sandwich/pouch-like assembly to prevent sample leaking out
into the electrolyte. As shown in Figure 6d, the rate capacitance
curves obtained from these newly fabricated electrodes exhibit
identical behavior among the samples and offer substantially en-
hanced capacities, reaching 340±10 F g−1 at 0.5 A g−1. This is
an increase of more than 130 and 50 F g−1 over the electrodes
fabricated from water- and NMP-based EG dispersions, respec-
tively. Moreover, the overall capacities deduced at 1.0 A g−1 in all
the EG samples are about 20% higher than the values obtained
from the NMP-EG dispersions based electrodes (Figure 6e,f).
This confirms that the dry powder pressed electrodes are free
from binder and NMP residue elements, and in addition, there is
a strong EG sample and current collector nickel foam interaction;
thus, readily facilitating extensive interfacial surface for charge
storage and electron transfer reactions.[12–15] It is also noted that
most of the dry compressed EG samples are firmly enclosed and
bound to the nickel foam; thus, there is greatly reduced sample
loss into the electrolyte. Other plate or foil-type enclosures, into

which dry powders are pressed, are promising, as discussed in
the literature.[15]

The critical analysis, along with extensive data accumulated
from numerous samples, reveals a large variation in the capac-
itance values measured on electrode structures fabricated using
different methods. Together these data can reconcile the large dis-
crepancies in the capacities of RGO materials presented in Fig-
ure 1. The capacitance performance of EG samples in this study
follows their structure-relevant features of exfoliation, reduction
degree, and porosity. That is, as in this case, the samples with
similar C:O ratio have a capacitance that is proportional to SSA
(Figure 6). As presented in Figure 1b, the literature data of RGO
materials mainly fall between capacities of 100 and 300 F g−1 and
SSAs of between 100 and 500 m2 g−1. Here, the high capacitance
values in Figure 1 can be linked to a lower reduction with a C:O
ratio of less than 6.0 (e.g., hydrothermally reduced/etched RGO
structures) and/or heteroatom dopants and micro-porosity (e.g.,
in RGO films with ultra-small/slit-like pores to micro-pores) in
the RGO samples, and such factors induce a significant amount
of pseudo-capacitance.[13,19–25,29,43,56] These combined properties
actively enhance EDLC and pseudo-capacitance significantly and
contribute to boosting the total capacitance. In this context, it
is worth noting that in many cases, porous graphene structures
in the literature have been developed with an extended post-
synthesis chemical manipulation of as-synthesized GO. Notably,
for instance, as-synthesized GO has been subjected to prolonged
ultrasonication to achieve an exfoliated GO suspension; then,
further processed by hydro-/solvo-thermal curing, vacuum fil-
tration or cast into templates of mesostructured foams followed
by reduction either with chemical and/or thermal routes (see
details in Table S1, Supporting Information). Nevertheless, the
high capacitance values of 280±20 to 340±10 F g−1 at 0.5 A g−1

in EG samples in this work are higher than most of the RGO
based structures in the literature and superior to direct solid-
state thermal-/microwave-shock exfoliated and plasma reduced
graphene counterparts,[28,29,51,57–67] which typically show capaci-
tance of <250 F g−1 (Figure S9, Supporting Information). Such
an improvement of up to 40% suggests that despite using similar
techniques, our optimized synthesis and processing conditions
can lead to significant enhancement in their final device perfor-
mance. Another interesting point to note is that the capacitance
values of 240±10 F g−1 at 1.0 A g−1 in EG samples are compara-
tively superior, at most more than 50 F g−1 or ≈100 F g−1, to typi-
cal mesoporous carbon nanostructures of identical or far higher
surface areas between 1000 and 3000 m2 g−1[9,11,15–19,68–75] For ex-
ample, NPCs generated via salt or organic templates and after
high temperature pyrolysis or activation with a specific surface
area of 800 m2 g−1 show a capacitance of 200 F g−1 at 0.5 A g−1.
Moreover, the SSA-normalized capacitance values of EG samples
presented here spanning from 20–45 μF cm−2 are also relatively
higher than most of the other extremely high surface area car-
bon based materials in the literature,[9,11,75] usually less than 10
μF cm−2 (Figure S10, Supporting Information). Highly microp-
orous NPCs can offer enhanced areal capacities but area limit to
under 20 μF cm−2.[9,11,75] Such superior capacitance values in EG
can be directly attributed to the residual oxygen groups associ-
ated with enhanced electrode–electrolyte interaction[74] (efficient
wetting), extensive meso-porosity, hierarchical pore networking,
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and conducting samples. Therefore, our results show that the
graphene/carbon related materials can be tuned to achieve high
performance electrochemical energy storage and conversion and
guest molecular capture/storage.

3. Conclusion

This study was designed to demonstrate and understand the
large discrepancies in capacitance data for RGO based structures
generated under nominally identical and/or mild reduction pro-
cesses. For this, we measured over 40 RGO based electrodes that
are fabricated from over 20 RGO materials via three different pro-
cessing methods, via solution (aqueous and organic) casting and
compressed powders onto glassy carbon and nickel foam sup-
ports. Electrochemical tests on these electrodes made from dif-
ferent methods showed different capacitance values with differ-
ence of more than 100% or capacitance change from 190±20 to
340±10 F g−1; thus, linking the capacitance variation to difference
in electrode production. In addition, our work also reveals a typi-
cal SSA governed capacitance with a directly proportional depen-
dence of charge storage capacity on SSA of RGO structures with
an identical degree of reduction. Such a relationship could not
be derived from the literature data, which showed a capacitance
difference of up to 250 F g−1 for a given SSA in RGO. Overall,
the significant difference in the C:O ratio, along with heteroatom
dopants and electrode preparation routes yields a difference in
mass loading, structure packing, slit-like pores or micro-porosity
to meso-porosity, accessible electrode–electrolyte interface to in-
fluence electrochemical charge storage, mass and electron trans-
fer phenomenon. Optimized GO samples synthesized by control-
ling the oxidation degree, treated at ≤300 °C for a few minutes
readily yield RGO networks with a residual oxygen content of<13
at%, along with exceptionally interconnected hierarchical poros-
ity with a specific surface area of 800 m2 g−1 and pore volume
exceeding 6.0 cm3 g−1. This structural property is ideal for accept-
ing high amounts of guests and for their mass/electron transfer
reactions readily. Moreover, this synthesis route is highly scalable.

4. Experimental Section
Materials: All chemicals were used as received, commercial grade.

Synthetic graphite powder of<20 micron (Sigma–Aldrich); potassium per-
manganate of ≥99.0% (Sigma–Aldrich); potassium hydroxide of ≥86%,
puriss, pellets (Sigma–Aldrich); sulfuric acid of 95–97%, puriss (Sigma–
Aldrich); phosphoric acid of ≥85 wt%, ACS reagent (Aldrich); hydro-
gen peroxide solution of 34.5–36.5% (Sigma–Aldrich); hydrochloric acid
of 35%, technical 38% (VWR); polyvinylidene fluoride (PVDF) powder
(Sigma–Aldrich); N-methyl-2-pyrrolidone (NMP) of 99% (Sigma–Aldrich);
Nafion (5% solution, Sigma–Aldrich); N2 gas of research grade purity,
BOC gases, UK; nickel foam for battery, 1.6 mm thick, surface density:
350 g m−2, area: 0.30 m2 (MTI Corporation).

Synthesis of GO Samples: GO-1 to GO-11 samples of different degrees
of oxidation were prepared by Hummer’s and modified Hummer’s meth-
ods. GO-3 sample was synthesized as follows; graphite powder, typically
10 g was stirred with cold concentrated H2SO4 (230 mL at 0 °C). KMnO4
(30 g) was added to the suspension slowly to prevent a rapid rise in the
temperature (less than 20 °C). The solution underwent a color change at
this point from black to a very dark green. After removal of the ice-bath, the
mixture was stirred at room temperature for another 2 h. Deionized water
(230 mL) was slowly added to the reaction vessel to keep the temperature
under 98 °C. The diluted suspension was stirred for an additional 15 min

and further diluted with DI water (1.4 L) before adding H2O2 (100 mL).
Upon addition, vigorous foaming occurred and the solution turned brown.
The mixture was stirred for 2 h at room temperature and left overnight. The
product settled at the bottom was separated from the excess liquid by de-
cantation followed by centrifugation. The product was washed by centrifu-
gation until the pH reached neutral and then freeze-dried to obtain a final
product. GO-1, GO-2, and GO-4 were prepared under similar conditions
but with a change in graphite:KMnO4 weight ratio, for example, in 1:1,
1:2, and 1:4 g g−1, respectively. GO-6 sample was synthesized as follows;
graphite powder (2.0 g) was added to 9:1 mixture of concentrated H2SO4
(45 mL) and H3PO4 (5 mL) under stirring at cold (≈0 °C). KMnO4 (12.0 g)
was then added slowly to prevent the sudden temperature rise, not more
than 10 °C. The solution became a very dark green. The reaction mixture
was then heated to 50 °C and left for 3 h under stirring. At this point, the
mixture turned into a brown paste. Deionized water (240 mL) was added
very slowly, again to prevent a sudden temperature rise of highly exother-
mic reaction (water to a concentrated acid) to the mixture, which turned
to a dark brown color. The reaction mixture was left to stir for several min-
utes. In the final step, H2O2 (16 mL) was slowly added to the solution
causing vigorous foaming and a color change to a bright yellow. The solu-
tion was stirred for another 30 min at a warm state (50 °C) and left to settle
overnight at room temperature. The solid product was separated from the
excess liquid by centrifugation followed by decantation. The product was
then washed in dilute HCl (3.4%, 750 mL) to remove any remaining salts,
followed by further washing in DI water until the washings were pH neu-
tral. The GO-6 sample was obtained after being freeze-dried for ≈7 days.
GO-7, GO-8, and GO-9 were prepared under similar conditions as GO-6
but with a change in reaction (graphite + acid + KMnO4 mixture) heating
temperature and heating time; the mixture was stirred for 8 h at 50 °C for
GO-7 and overnight for GO-8, and 6 h at 80 °C for GO-9. GO-5, GO-10, and
GO-11 were prepared under similar conditions as GO-6 but with a change
in graphite:KMnO4 weight ratio of 1:5, 1:8, and 1:10 g g−1, respectively
and reaction (graphite + acid + KMnO4 mixture) heating time set to 6 to
8 h under stirred conditions at 50 °C.

Synthesis of EG Samples: Thermal exfoliation was carried out at 300
°C (unless specified) in a pre-heated vertical tube furnace. 0.2 to 2.0 g of
GO sample was charged into a glass tube of 1.5 in. diameter and 12 in.
length under ambient air. The tube was then covered with a paper towel
and placed in a furnace. From this point, the exfoliation could be seen in
≈ 2 to 5 min; some of the samples were exfoliated in multiple steps. Thus,
the sample tube was still left in a furnace for additional 2 min for complet-
ing the process. After this, the sample tube was removed from the furnace
and left on the bench to cool down. Exfoliated samples were collected for
further characterization. No further chemical treatment was performed.
The as-exfoliated samples were examined straight away for characteriza-
tion including gas adsorption and processing for electrode materials. EG-1
to EG-6 samples were produced using 2.0 g GO in a single batch. EG-
4*, EG-6* to EG-9* samples were produced using 1.0 g GO in a single
batch. EG-9** to EG-11** samples were produced using 0.5 g GO in a
single batch. EG-9*** sample was produced using 0.2 g GO in a single
batch. EG-31 to EG-310 and EG-91 to EG-910 samples were produced via
thermal-shock exfoliation described above using 1.0 g of GO-3 and GO-9
precursors in a single batch and under different pre-heated temperatures
of 160 °C, 200 °C, 250 °C, 300 °C, 400 °C, 600 °C, 800 °C, and 1000 °C.
At 160 °C and 200 °C, exfoliation took more than 10 and up to 30 min,
whereas at or above 800 °C, the process was completed rapidly in about a
minute or less.

Characterization for GO and EG Samples: Powder X-Ray diffraction
(PXRD, Cu K𝛼 radiation, Thermo Scientific) was carried out in the scan
range of 2𝜃 = (2–60)° and at a step size of 0.01°. X-ray photoemission
spectroscopy (XPS, Al-K-alpha, Thermo Scientific) data, scanning electron
microscopy (SEM, Jeol), and transmission electron microscopy (TEM,
Jeol) measurements were carried out on the samples supported on a car-
bon tape or a carbon-coated copper TEM grid. N2 adsorption–desorption
isotherms in the pressure range of vacuum to 0.995 of relative pressure
were measured at 77 K using a Quantachrome Autosorb-iQC. The spe-
cific surface area was determined from the N2 isotherm, according to the
Brunauer–Emmett–Teller (BET) method. QSDFT (quenched solid density
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functional theory, available within the Quantachrome ASiQwin isotherm
analysis software) method with slit/cylindrical pores (≤50 nm) was ap-
plied to obtain a pore-size distribution and cumulative pore volume. The
total pore volume was estimated from the amount of N2 adsorbed at a
relative pressure, P P0

−1 of ≈0.995. The samples were initially degassed
at 180 °C for up to 24 h prior to the actual adsorption isotherm measure-
ments.

Fabrication of Supercapacitor Electrodes: Working electrodes were pre-
pared via three different methods of 1) water dispersion and drop casting
on to a GCE disc; 2) NMP dispersion and dip casting onto a nickel foam;
and 3) direct dry powder packing in a nickel foam. Water dispersion and
drop-casting method were obtained as follows; the active EG material of
2.00 mg for dry weight was dispersed in a total 2 mL solution consisting
of 20–100 μL of Nafion binder (high amount of between 50 and 100 μL
was used for highly porous EG samples) under sonication. The sonication
was carried out for up to an hour or more to get a uniform dispersion ink.
Out of this, 10 μL was micropipetted and dropped on to a glassy carbon
electrode (GCE) disc followed by drying at 60 °C in an oven prior to the
electrochemical tests. This yield showed a fixed EG mass loading deposi-
tion of ≈0.01 mg (or 0.14 mg cm−2) on a 3 mm diameter (or area of 0.0707
cm2) GCE disc. NMP dispersion and dip-casting method were obtained as
follows; the active EG material of 2.00 mg for dry weight was dispersed in a
certain amount of NMP (1 to 2 mL depending on the EG porosity) organic
solution consisting of 10 wt% of PVDF binder (up to 20 wt% also used for
highly porous EG samples; all to make a materials weight ratio of 90:10 or
up to 80:20) under sonication. The sonication was carried out for up to an
hour or more to get uniform dispersion ink. The pre-cleaned (with hot HCl
acid under sonication followed by washing and drying) nickel foam pieces
(of 1 cm width and 3 cm long) were dipped into ink and dried at 180 °C in
an oven under ambient air. Direct dry powder packing in a nickel foam was
obtained as follows; 1.00 mg of EG materials (with 0.01 mg accuracy) pow-
der directly spread uniformly onto a 1 cm × 1 cm area of pre-cleaned and
hand flattened 1 cm × 3 cm nickel foam strips and sealed into a pouch-like
cell with another piece of nickel foam and compressed at 1.0–1.5 tonne of
pressure for 1 min.

Electrochemical Tests of Electrodes: All electrochemical tests were car-
ried out using an Autolab (Metrohm) electrochemical workstation, by
a three-electrode method. Prefabricated EG-based GCE discs or nickel
foam strips were used as working electrodes, and (1 cm × 1 cm) Pt and
Ag/AgCl/saturated KCl as counter and reference electrode, respectively in
1 m KOH electrolyte at room temperature. All the electrochemical test
results were reported with respect to the reference, Ag/AgCl. Before ac-
tual measurements, the electrode was subjected to several CV cycles at a
voltage-sweep rate of 100 mV s−1 until a stable CV was obtained. Then,
the actual CV tests were conducted at different scan rates of 10 to 500 mV
s−1 in a fixed potential range of −0.8 to 0.0 V. The charge–discharge curves
with lower and upper and cut-off potentials of −0.8 and 0.0 V, respectively
were recorded at a wide range of discrete applied current densities be-
tween 0.5 and 10.0 A g−1. Long-term cyclic stability tests were conducted
with multiple charge–discharge cycles of over 10 000 cycles at a constant
applied current density of 5.0 A g−1. The specific gravimetric capacitance
(F g−1) was calculated on the basis of charge–discharge curves at differ-
ent current densities using the following equation: C = (I × ∆t)/(m × ∆V),
where C is the galvanostatic specific capacitance (F g−1), I is the discharge
current (A), m is the mass of the electrode material (g), Δt is the discharge
time (s), and ΔV is the operating discharge potential window (V).
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Supporting Information is available from the Wiley Online Library or from
the author.
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