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ABSTRACT: New electrode materials for supercapacitor devices are the primary focus of current research into energy-storage
devices. Besides, exact control of the proportions of these new materials while forming electrodes for coin cell supercapacitor devices
is very important for the large-scale manufacturing or at industrial scale. Here we report a facile synthesis of CrOOH with ascorbic
acid and explore an exact composition with reduced graphene oxide to achieve a highly efficient electrode material for supercapacitor
devices. The rGO is synthesized by modified Hummer’s method followed by reduction with ascorbic acid, whereas ultrasmall
CrOOH nanoparticles result via hydrothermal treatment of the reactants Cr(NO3)3, NaOH, and ascorbic acid at 120 °C for 12 h.
The ultrasmall CrOOH nanoparticles show an amorphous phase with particle size range 3−10 nm and a calculated band gap of 3.28
eV. Six different composites are prepared by varying the proportion of CrOOH and rGO materials and further utilized as active
electrode materials for fabrication of the coin cell supercapacitor devices. We report the highest specific capacitance for the 70%
CrOOH and 30% rGO composite that exhibits a capacitance of 199.8 mF cm−2 with a long cyclic stability up to the tested 10,000
charge/discharge cycles. The proposed supercapacitor device exhibits a high energy and power density of 8.26 Wh kg−1 and 3756.9
W kg−1, respectively, at Ragone Plot, showing the commercial viability of the device.

1. INTRODUCTION
The continuously increasing concerns on the world’s energy
consumption and environmental pollution have led to
immensely increased research into the area of sustainable
energy sources.1 Renewable energy resources such as solar,
hydro, and wind energy are the most promising solutions for
addressing these concerns. However, due to the large
fluctuations in the generation, electricity produced from
these renewable energy sources must be efficiently stored to
supply the world with energy on demand. Currently, lithium-
ion batteries with a high energy density of 100−250 Wh kg−1

are the widely utilized commercially available products for
these applications, but they still suffer from low power density,
limited cycle life, safety issues, high cost, limited availability of
lithium resources, and lack of ecofriendliness.2−5 These critical
issues have inclined the researchers to investigate about new
and exotic materials or composites as electrode materials for
efficient device fabrication to meet the current needs, driven by

human development as well as environmentally benign
concerns too.6

Keeping in view the high rate capability, pulse power supply,
long cycle life, simple principles, high dynamics of charge
propagation, and low maintenance cost, the supercapacitor is a
suitable candidate for the new and efficient energy-storage
device.7 A simple array, as in the case of batteries, formed by
two current collectors, two electrodes, and a separator between
the electrodes and the electrolyte are the main components of
a supercapacitor cell.8 Supercapacitors are energy-storage
devices, the main element of which is the electrode, which
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may consist of carbon-based materials or derivatives, metal
oxides, and conducting polymers.9 The principle of operation
of these devices is based on the high-speed electrostatic or
Faradaic charge storage electrochemical process. The charge is
mainly stored at the electrode−electrolyte interface of the
active materials. By using one active electrode material with
1000 times higher surface area, the specific capacitance and
energy density are increased by a factor of 100,000 or even
greater than that of regular capacitors. Furthermore, by
pseudo-capacitance (fast Faradaic reactions), the super-
capacitors can even store energy up to several thousand
Farads per device, which is much higher than the micro- or
milli-Farads stored by conventional capacitors.3

Metal oxides have attracted the attention of the scientific
community as ideal candidates for manufacturing super-
capacitors, because of their abundance, low cost, and several
oxidation/reduction reactions that they can go through during
the storage process.10 Among the various metal oxides used so
far, Cr2O3 has been widely studied and has shown very good
performance to be used as an active material.11−14 However, in
most reports, the process of synthesis of Cr2O3 demands
CrOOH as a precursor.15,16 Here we report the generation of
ultrasmall nanoparticles of chromium oxide (CrOOH) by a
simple, fast, and facile hydrothermal approach utilizing
ascorbic acid (first time utilized for CrOOH synthesis) as a
reducing agent for the reduction of chromium nitrate
(Cr(NO3)3 × 9H2O), which is more economical, energy,
and significantly time saving in comparison to the earlier
reports of Cr2O3 particles. The reduced graphene oxide (rGO)
was synthesized using modified Hummer’s method followed by
reduction with ascorbic acid (C6H8O6); further, various
composites of rGO and CrOOH were formed in different
proportions and utilized as electrode materials for super-
capacitor devices.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Ultrasmall CrOOH Nanoparticles. In

a typical experimental procedure, 0.1 M of Cr(NO3)3 × 9H2O
was dissolved in 100 mL of deionized water and then 2 M of
sodium hydroxide (NaOH) was added with constant stirring
for 20 min. Further, 6 g of C6H8O6 was added to the solution
under stirring for 30 min and the resultant solution was then
transferred into a Teflon-lined stainless-steel autoclave (200
mL capacity) for hydrothermal treatment at 120 °C for 12 h.
Once the reaction time was completed, the system was
automatically cooled down to room temperature. The as-
obtained product was washed several times with deionized
water to remove water-soluble organic/inorganic byproducts.
The as-obtained sample was freeze dried in a freeze dryer,
which resulted in the form of a powder sample and was utilized
for further characterizations.
2.2. Synthesis of rGO. Graphene oxide (GO) was

synthesized from graphite powder using modified Hummer’s
method.17 In brief, 1 g of graphite and 100 ml of sulfuric acid
were mixed, followed by the addition of 6 gm of potassium
permanganate (KMnO4) under constant stirring. During the
mixing of KMnO4, the beaker temperature was maintained at
∼5 °C in an ice bath to avoid any kind of explosion due to the
rise in temperature of the mixture because of exothermic
reaction, and further, the mixture was stirred at room
temperature for 2 h. The resulting solution was sonicated for
1 h and then left for stirring for 48 h. This solution was diluted
by adding 400 mL of water under vigorous stirring for 1 h to

obtain GO. Hundred milliliters of the as-obtained GO solution
was taken, and thereafter, 10 g of C6H8O6 was added under
constant stirring for 20 min. The resulting solution was washed
several times with deionized water and dried in a freeze dryer.
2.3. Structural/Microstructural Characterizations. The

crystallographic information of the freeze-dried powder
samples of CrOOH was gathered by powder X-ray diffraction
(XRD) using a XRD-Shimadzu 6000 powder diffractometer
(Cu-Kα radiation, 40 kV, and 30 mA). The microstructural
characterizations were done using a scanning electron
microscope (SEM Zeiss at 30 kV) and a transmission electron
microscope (TEM) using a Hitachi Model HT7700 at 120 kV.
The optical spectra were recorded using Perkin Elmer′s
Lambda 750 ultraviolet/visible/near-infrared (UV/vis/NIR)
spectrophotometer.
2.4. Coin Cell Supercapacitor Device Fabrication

Using the CrOOH/rGO Composite. The two-electrodes
configuration was utilized for coin cell device fabrication. The
electrodes were made of poly(methyl methacrylate) (PMMA)
binder, solvent acetone, and commercial-grade activated
carbon (AC) mixed with active material. The activated carbon
and binder, constituting 40% of the electrode material,
remained constant in each set of electrode material. The
other 60% of active materials were formed from CrOOH and
rGO, which were mixed in six different proportions, as shown
in Table 1. The final mixture was made in two steps. As a first

step, CrOOH and rGO were mixed in the desired proportion
in 5 mL of acetone and sonicated for 40 min to form the
CrOOH/rGO slurry. In the second step, PMMA and activated
carbon were mixed with the as-obtained slurry and further
sonicated for 20 min until a viscous mixture was obtained. This
slurry was deposited on stainless-steel thin disks by using the
spin coating technique and the solvent was evaporated. The
electrodes were separated by a filter film soaked in liquid
electrolyte, sandwiched with stainless-steel cell with a pressure
of 1.33 MPa, and formed the final coin cell supercapacitors.
2.5. Electrochemical Characterization of Coin Cell

Supercapacitor Device. The electrochemical properties and
capacitance measurements of the supercapacitor electrodes and
devices were studied in a two-electrode configuration by cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanic charge/discharge (GCD) through an
Interface 5000E Gamry instrument.

3. RESULTS AND DISCUSSION
Figure 1 shows a schematic presentation of the experimental
details as described in the Experimental Section. The as-

Table 1. Active Electrode Materials Prepared with Different
Proportions of the CrOOH and rGO Composite for Coin
Cell Supercapacitor Device Fabrication

proportion

60% active material 40% binder and AC

samples
mass loading
(mg cm−2)

CrOOH
(%)

rGO
(%)

AC
(%)

PMMA
(%)

S0 1.82 0 100 75 25
S30 0.80 30 70 75 25
S50 1.09 50 50 75 25
S70 1.42 70 30 75 25
S80 0.96 80 20 75 25
S100 1.62 100 0 75 25

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05670
ACS Omega 2022, 7, 42446−42455

42447

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


synthesized light green color product was characterized by
various techniques for the structural determination, phase
identification, and morphological and microstructural charac-
terization.
3.1. Structural, Morphological, and Optical Charac-

terization of the CrOOH Sample. Figure 2a shows the
optical image of the as-synthesized light green color material.
In general, the suspended particles seem very light and take a
long time to settle down. The X-ray spectra of the as-
synthesized and freeze-dried sample are shown in Figure 2b.
The spectra show peaks of CrOOH with very low intensity,
which can be due to the very small size and poor crystallinity of
the synthesized nanoparticles. All of the peaks match well with
the amorphous phase of CrOOH (ICSD No. 01-070-
0621).16,18 The asymmetry in the three main peaks also
indicates the overlapping and superimposition of various other
peaks located in the vicinity of the more intense peaks. The
peak broadening is also due to the formation of ultrasmall
particles and overlapping of CrOOH peaks with various
characteristics.15,19 This overlapping effect can be divided into
the superposition of the peaks corresponding to 2θ = 35.4,
37.3, 40.4, 44.3, and 49 to form the first intense peak that we
observe between 30 and 50; the superposition of peaks
corresponding to 60.2, 62.2, 62.4, and 66 for the second
intense peak in between 60 and 70 and the third intense peak

located around 80° results from the superposition of the peaks
that correspond to the positions 79.5 and 80.9° of the
diffractogram also reported by others works.20 Thus, the
diffractogram shape obtained is due to the amorphous
character of the nanoparticles as well as their ultrasmall size.
Electrical conduction is a fundamental characteristic for

choosing materials to manufacture supercapacitors. Because of
the poor crystallinity of CrOOH, we studied the band gap of
the material to know its electrical conduction. UV−visible
absorption is a process in which transition to high-energy levels
occurs, producing absorption-radiant energy. In this process,
the spectrum obtained due to optical absorption can be
analyzed to get the energy band gap of the material. This
energy band gap is calculated using the Tauc plot relation21

h A h E( )1/2=
where A is a constant, α is the absorption coefficient, and n is a
constant for a given transition, which is equal to 1/2 for direct
band gap, h is Planck’s constant, and v is the frequency. The
band gap is determined by the extrapolation of the straight
portion of the plotted graph to the energy axis at α = 0. The
energy gap is estimated by using the τ ratio. Figure 2c shows
the recorded absorbance spectrum of ultrasmall CrOOH
nanoparticles in the range of 300 to 800 nm. The graph inset
shows the band-gap calculation from the Tauc relation as
described above. The extrapolated line cuts the band-gap axis
at an energy gap value of Eg = 3.28 eV, which can be assigned
to the band-gap transition of Cr3+ ions.22

Figure 2d shows an optical image of the as-obtained and
freeze-dried rGO sample after reduction with ascorbic acid.
Figure 2e is a typical XRD pattern of the rGO sample, and all
of the peaks are in accordance with JCPDS-Card No. 41-1487.
The broad and the most intense peak at position ∼25.9°
represents the 002 plane of graphite, which is a characteristic
peak of rGO. The second intense peak (∼43.8°) corresponds
to the (100) plane of graphite.23

Figure 2f shows the Raman spectra of the as-obtained rGO
sample, which show the two highest peaks corresponding to D
and G bands located at 1348 and 1596 cm−1, respectively.
These peaks are the main characteristic lines in the Raman
spectrum of rGO. The peak G is characteristic of graphene and
the peak D corresponds to the allowed high-frequency phonon
E2g, which gives information on the structural defects induced
to the basal plane of graphene during the oxidation of graphite.
For the chemically synthesized graphene, the relative intensity
of the D and G bands or the intensity ratio ID/IG provides a
measure of the degree of disorder in the crystallite sizes and
aromatic structure of the graphitic materials, which indicates
the capacity of the reducing agent utilized for the reduction of
oxygen-containing functional groups.24 The high intensity of
the D band represents the formation of a large number of
defects and disorders at the graphene surface due to the
efficient reduction by ascorbic acid. The intensities of the G
and D bands are 1537.7 and 1616.4 a.u., resulting in an
intensity ratio of ID/IG = 1.1. This indicates that the
synthesized rGO has a high defect density, which could be
associated with a chemical interaction, surface dislocation,
corrugation, or vacancies. Additionally, the presence of the
two-dimensional (2D) peak at 2697.2 cm−1 and the D + D′
peak at 2930.4 cm−1 indicates the improved graphitization and
the presence of few layered graphene sheets, whereas the 2D′
peak at 3184.6 cm−1 is the D′ overtone. Since 2D and 2D′
originate from a process where the momentum conservation is

Figure 1. Schematic representation of the experimental details: (i)
synthesis of rGO and CrOOH and (ii) electrodes and coin cell device
fabrication.
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Figure 2. (a) Optical image of the as-synthesized green color nanoparticles before freeze drying. (b) XRD of the freeze-dried ultrasmall CrOOH
nanoparticles; the inset is an optical image of the freeze-dried sample. (c) UV−visible absorption spectra of the CrOOH powder as obtained after
the freeze drying process; the inset is a band-gap calculation from the obtained spectra. (d) Optical image of the freeze-dried rGO sample. (e) XRD
pattern and (f) Raman spectra of rGO.

Figure 3. Low (a, b) and high (c, d) magnification SEM images of the CrOOH sample.
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satisfied by two phonons with opposite wavevectors, no defects
are required for their activation and are thus always
present.23,25,26

SEM was used for the morphological and surface analysis of
the synthesized materials. The morphology of the surface is
shown in Figure 3. The low- and high-magnification images are
shown in Figure 3a−d. The low-magnification image shows
large numbers of agglomerated block structures of different
sizes and thicknesses. Figure 3b represents the lateral view of
such a block structure formed by CrOOH particles. The length
and width of this block are ∼30 μm each, and the thickness is
∼10 μm. Figure 3c shows a higher-magnified SEM image of an
individual block, showing that these large, agglomerated blocks
are of nonuniform shapes and rough surfaces. In Figure 3d a
large number of agglomerated small-sized particles can be
observed at the surface of the block, which indicates that these
blocks are made up of agglomerated CrOOH nanoparticles.
The agglomeration observed in the SEM micrographs may

be due to the freeze-drying process of the as-synthesized
suspended materials (as shown in Figure 2a) to obtain the
dried samples. Firstly, the sample was frozen in a freezer at
−20 °C (without using any dispersant or surfactant) and
secondly, it was dried in a freeze dryer by the vacuum process.
All of these processes resulted in the agglomerated nano-
particles taking the form of big blocks.11

To verify the size of the as-obtained hydrogel-like suspended
materials, few drops of the sample were coated on a formvar
and carbon-coated TEM grid and dried for further TEM
analysis. The panels of Figure 4 represent the low- and high-
magnification TEM images of the as-obtained sample. In
Figure 4a, small nanoparticle-like structures can be seen. Figure
4b also shows clusters of agglomerated nanoparticle-like
structures. The higher-magnified images show (Figure 4c,d)
the formation of ultrasmall nanoparticles having sizes in the
range of 2−4 nm. The nanoparticles are of undefined shape
and size, which indicates the amorphous nature of the particles,
also confirmed by XRD, as shown in Figure 2b. To observe the
homogeneity of the structure, the materials were also explored
in different regions. Figure 4e,d shows the TEM images of the
sample in different regions. From the X-ray analysis and TEM

images, it can be concluded that the nanoparticles are not only
ultrasmall but also of amorphous nature.
A plausible formation and growth mechanism can be given

by the following equation.

Cr(NO ) 2C H O 2NaOH

CrOOH 3HNO 2C H O Na
3 3 6 8 6

3 6 7 6

+ +

+ +

Ascorbic acid acted as a surfactant and slowed down the
reaction kinetics, which did not allow the formation of bigger-
sized particles and agglomeration. It also plays an important
role in the controlled growth of nanoparticles such as
CuO.27−29

3.2. Electrochemical Performances of Coin Cell
Supercapacitor Devices. The capacitive performances of
the coin cell supercapacitor devices, which were made of
CrOOH/rGO composites in six proportions (as described in
Table 1), were evaluated by CV, GCD, and EIS by utilizing the
two-electrode configuration according to the best-known
practice for these types of tests.30,31 The CV was taken at
ambient temperature by using a 6 M KOH aqueous solution as
the electrolyte. Figure 5a shows the CVs of the six CrOOH/
rGO-based devices with various compositions in a potential
window of −1 to 0 V at different scan rates of 5, 10, 15, 25, 50,
100, 150, and 200 mV s−1, respectively. No redox peaks are
observed in the CV curve of the devices and they show a
typical supercapacitor shape,32 indicating that charge separa-
tion is dominated by double-layer capacitor behavior, i.e., by
physical adsorption of charges. The curves show a small degree
of nonlinearity in comparison with the ideal supercapacitor
behavior, which may be due to the adsorption of the electrolyte
species with surface oxygen.33 From the CV curves obtained in
Figure 5a, the specific capacitance (Cs) was calculated for each
device by using the following equation

C
I V

v V

d

2s =

where I, V, Φ, and v are the response current density (A),
potential (V), surface area of the electrodes (cm2), and
potential scan rate (mV s−1), respectively.31 To estimate which

Figure 4. (a−f) TEM images of the as-synthesized CrOOH material.
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of the devices shows a better specific capacitance value, the Cs
values of all of the curves were calculated at 5 mV s−1 and
plotted as a function of the percentage of nanoparticle
concentration used for the effective electrode material (%
NPs-CrOOH), as shown in Figure 5b. Each point in the curve
shows the as-obtained specific capacitance by CV analysis of
the corresponding devices at different compositions. Each
point in the curve represents the device fabricated by the
corresponding sample’s name and details as mentioned in the
table. For example, the point S0 refers to the specific
capacitance of the device fabricated without CrOOH and
100% rGO, which has a Cs value of ∼104 mF cm−2. The
obtained Cs values of all of the devices are very high in
comparison to other reports of supercapacitor devices made of
rGO where the values are ∼17 mF cm−2 or ∼700 μF cm−2.34

Similarly, the other points corresponding to S30, S50, and
S70 indicate the increase in the proportion of NPs of CrOOH
as 30, 50, and 70%, respectively. From the graph, it can be
clearly observed that as the concentration of nanoparticle is
increased in the electrode material, the capacitance also
increases, approaching a maximum value of 199.8 mF cm−2 for
70% of CrOOH concentration. For higher concentrations
(more than 70%), the capacitance decreases, as shown in
Figure 5b for the S80 and S100 devices, where the electrode of
the S100 device is made up of CrOOH nPS active material
only. This indicates that the optimized maximum concen-
tration of nanoparticles is 70%.
Based on the excellent performance shown by the S70

device, it was further explored for various other performance
measurements (Figure 6). Figure 6a represents the specific
capacitance values of the corresponding device, which indicates

Figure 5. (a) CV curves of the samples. S0 is 100% rGO; in the other samples, the number represents the proportion of CrOOH (e.g., S70 is 70%
CrOOH and 30% rGO). (b) Graph of the estimated highest specific capacitance obtained at 5 mV s−1 for all of the devices.
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the highest calculated value of specific capacitance as ∼199.8
mF cm−2 at the lowest scan rate of 5 mV s−1, and the lowest
value of specific capacitance as ∼58.9 mF cm−2 for the highest
scan rate of 250 mV s−1. The gradual decrease of the specific
capacitance while increasing the scan rate can be considered
due to the limit of penetration of the electrolytic ions in the
electrode materials.
The electrochemical performance of the S70 device was also

studied by carrying out EIS within the frequency range of 0.1
Hz to 1 MHz. The Nyquist plot for device S70 is shown in
Figure 6b, which suggests that the device behaves as a resistor
at high frequencies, while it acts as a pure capacitor at lower
frequencies. In the range where the Nyquist plot of the device
shows its behavior like a pure condenser, the curve is fitted
according to the Levenberg−Merquardt method or damped
least-square (DLS). The calculated internal resistance (R1) and
charge transfer resistance (R2) are 7.18 Ω and 868.9 mΩ,
respectively, indicating low and optimum values of these
parameters for a supercapacitor device.
Figure 6c,d shows the long-term cycling behavior of the S70

device tested by continuous charge−discharge measurements
at the current density of 1 Ag−1 for 10,000 cycles. Figure 6c
shows the potential curve as a function of the real-time

charging and discharging for 1000−1004 cycles and Figure 6d
shows the capacity retention of the device up to 10,000
charge−discharge cycles. The specific discharge capacitance of
the device in the first 260 cycles shows an initial random
fluctuation in the first few cycles and thereafter, a considerable
increment in the capacitance from 135 to 142 mF.
Furthermore, the rise in capacitance was nearly saturated,
reaching the value of 149 mF in the 1000th cycle. From 1000
to 10,000 cycles, the capacitance ranges from 149 to 153 mF,
as shown in the shaded region of Figure 6d. This represents a
percentage change in the shaded area of 3%, and in general, the
percentage change in the 10,000 cycles; taking the first cycle as
100%, the change is 12% from the lowest point of capacitance
to the highest. The increase in capacitance in the first few
cycles of charge and discharge can be attributed to a process of
activation,35−37 already observed in electrodes made up of
Cr2O3 nanoparticles.

11 The curve indicates the very high-
capacity retention and cyclic stability of the device in the long-
term charge and discharge process.
To understand the highest performance of the S70 sample

(i.e., 70% CrOOH and 30% rGO), a plausible mechanism is
given in Figure 7, which is a schematic representation of the
electrodes prepared with various concentrations of CrOOH as

Figure 6. Electrochemical performances shown by the S70 device. (a) Specific capacitance of the S70 coin cell device at different scan rates. (b)
Nyquist plot and equivalent circuit of the S70 sample; the inset shows the equivalent circuit of the proposed device. (c) Charge−discharge curve.
(d) Capacity retention of the supercapacitor; the shaded region represents very low fluctuation in the capacity retention (around 3%).
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already named and mentioned in Table 1. When the electrode
is prepared only using the as-obtained rGO sample (S0) and
dried in air, graphitization of the rGO takes place; it not only
reduces the interplanar separation between the planes but also
converts rGO into a more graphitic structure and hence
decreases the overall surface area available for charging and
discharging of the supercapacitor. The electrodes prepared
using various concentrations of CrOOH, such as 30, 50, and
70%, resulted in a high increase in the specific capacitance due
to the following reasons. There are two phenomena occurring
while increasing the concentration of CrOOH nanoparticles.
First, as we increase the concentration of CrOOH (0 to 70%),
it occupies the spaces at the surface and in between the distinct

layers of rGO. It is worth mentioning that nanoparticles do not
insert into the interlayer separation of graphene as the size of
the nanoparticles is bigger than the interlayer separation of
graphene, i.e., 0.335 nm. This not only increases the overall
surface area of the composite but also maintains it by reducing
the graphitization while drying the electrode material. The
increment in surface area and ionization at the electrode−
electrolyte interface results in higher charge storage and hence
higher specific capacitance of the supercapacitor.38

Second, as the concentration of CrOOH NPs increases up
to a certain extent, i.e. more than 70%, simultaneously, the
concentration of rGO decreases and the nanoparticles cover
most of the surface area of rGO. Higher concentrations cover

Figure 7. Plausible mechanism for the high performance of the S70 sample with 70% CrOOH and 30% rGO active material.

Figure 8. Ragone Plot for the proposed and reported supercapacitor devices.39−41
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more and more of the rGO surface, resulting in a lower
available overall graphene surface as well as poorer ionic
conductivity for charging and discharging. As a result, this
reduces the performance of the electrode material for
supercapacitor devices, reaching the least when the concen-
tration of rGO is zero.
For the overall performance, the energy density and power

density of the device are also calculated. The energy density is
calculated using the following equation

E C V1/2 ( )D s
2=

where Cs is the specific capacitance, taken from the CV curves
(Figure 5a) at 5 mV s−1, and ΔV is the potential window. Also,
for the calculation of power density, the following equation is
used

P E t/D D=

where Δt is the rate of discharge of the cell.
To compare the performance of the proposed device,

considering all energy-storage devices, the results are plotted
on a Ragone diagram, as shown in Figure 8. It can be clearly
observed that the fabricated device with the proportion named
as S70 has the typical characteristics of a supercapacitor, having
a simultaneous high-power density (3756 W kg−1) and high
energy density (8.26 Wh kg−1). The performances of other
reported devices are also plotted against the proposed S70
device for comparison. In the same Ragone diagram, the
corresponding values of other reported supercapacitors can
also be observed, such as bare rGO,39 for a coin cell device
fabricated with another form of chrome oxide (CrOxNy)

40 and
a flexible supercapacitor based on MoS2/rGO.

41 It is evident
that the energy density and power density values of our
CrOOH/rGO coin cell device are higher and comparable to
those of other devices42 made of similar materials, indicating
that our device is a very good candidate for further study as a
low-cost supercapacitor.

4. CONCLUSIONS
CrOOH ultrasmall nanoparticles were synthesized in a facile
way by utilizing ascorbic acid. A high-performance coin cell
supercapacitor device is proposed, made up of electrode
materials of CrOOH nanoparticles and rGO with an optimized
ratio of 70 and 30%, respectively, which exhibited a high areal
capacitance value of 199.8 mF cm−2. Furthermore, the device
showed an excellent capacity retention and long cyclic stability
up to 10,000 cycles tested. The values of energy and power
densities, plotted in a Ragone diagram, are within the accepted
range for capacitors, where the high energy density stands out.
The supercapacitor fabricated and proposed in this work has a
high efficiency and low cost, and is easy to manufacture and
commercially viable. This method of synthesis of active
materials by utilizing ascorbic acid as a reducing agent can
be further exploited for various other graphene-based metal
composites such as Au, Ag, and Cu.
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