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Scalable solid-state synthesis of 2D transition
metal oxide/graphene hybrid materials and their
utilization for microsupercapacitorst
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Two-dimensional metal oxide (MO) nanostructures have unique properties compared with their bulk or
0D and 1D (nanoparticle and nanowire) counterparts. Their abundant surface area and atomically thin 2D
structure are advantageous for their applications in catalysis and energy, as well as integration with 2D
layered materials such as graphene and reduced graphene oxide (rGO). However, fast and scalable syn-
thesis of 2D MOs and their nanocomposites remains challenging. Here, we developed a microwave-
assisted solid-state synthesis method for the scalable generation of 2D MOs and 2D MO/rGO nano-
composites with tunable structure and composition. The structures and properties of 2D Fe,Oz and 2D
ZnO as well as their nanocomposites with rGO were systematically investigated. The excellent electro-
chemical properties of such 2D MO/rGO nanocomposites also enable us to use them as electrode
materials to fabricate microsupercapacitors. This work provides new insights into the scalable and solid-
state synthesis of 2D nanocomposites and their potential applications in catalysis, energy conversion and
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1. Introduction

With the ever-increasing demand for energy and the pressing
need for sustainable energy sources, the development of high-
performance energy storage devices has become of great
importance.’™ These devices, including batteries and super-
capacitors, are not only essential for storing energy from
renewable sources like solar and wind, but also critical for
powering up electric vehicles and consumer electronics.*®
Supercapacitor is a type of electrochemical energy storage
device that has attracted significant attention in industry and
academia. They are capable of delivering high power density,
fast charge/discharge, and long cycling stability.” However,
their major limitation is their relatively low energy density
when compared to rechargeable batteries. The development of
new electrode materials with enhanced performance is of criti-
cal importance to overcome such limitations.®

Based on the energy storage mechanisms of supercapacitors,
they can be classified into two types: electrochemical double-
layer capacitors (EDLCs) and pseudocapacitive capacitors. The
difference mainly comes from their behavior at the electrode/
electrolyte interface. EDLCs are mainly based on carbonaceous
electrode materials, and they achieve separation of charges in a
Helmholtz double layer at the electrode/electrolyte interface.
Pseudocapacitance is achieved by faradaic electron charge trans-
fer with redox reactions, intercalation or electrosorption. The
corresponding electrode materials (metal oxides/hydroxides or

This journal is © The Royal Society of Chemistry 2024
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conductive polymers) usually have the ability to provide higher
specific capacitance.>*°

Transition metal oxides (MO) have emerged as important
electrode materials for supercapacitors due to their tunable
valency, high theoretical capacitance, abundance in nature, re-
sistance to corrosion and good thermal stability.'"'> The com-
bination of transition metal oxides with carbon nanomaterials
(especially graphene and reduced graphene oxide (rGO)) to
form hybrids or nanocomposites is a promising strategy to
further enhance their energy storage performance due to the
synergy between EDLCs and pseudocapacitance
mechanisms."*™"” Most of the previous reports involve physical
mixing or blending of MO nanostructures with graphene. The
MO nanostructures are usually in the form of 0D nanoparticles
or 1D nanorods and nanowires. Their synthesis is also primar-
ily based on sol-gel, hydrothermal/solvothermal, and vapor
phase deposition,"® ! which are time-consuming, expensive,
and not scalable.”>>*

Because of the 2D atomically thin nature of graphene, it is
expected to have stronger and more intimate interactions with
MOs if the MOs also have 2D atomically thin structures. The
abundant contact area and strong van der Waals interaction
between graphene and 2D MOs will lead to synergistic property
enhancement.>*° There are several pioneering works on the
synthesis and characterization of 2D MOs. For instance, 2D
iron oxide (Fe,0;) was synthesized by liquid exfoliation in di-
methylformamide from natural ore hematite (a-Fe,O;3) and
named hematene.’® Exfoliation of 2D Fe,O; in melamine
aqueous solution under mild sonication was also reported.’
Chahal et al. developed a microwave-assisted synthesis of 2D
MOs in dimethylformamide or isopropanol solvent using
metal chlorides as precursors.*> These 2D MOs have already
been investigated for applications including catalysis,>*™?
optics,***’ electronics,?**” and sensing.*®° However, scalable
and solid-state synthesis of 2D MO/rGO nanocomposites and
their utilization in energy storage have not been demonstrated
before.

To fill this knowledge gap, in this work, we developed a
microwave-assisted solid-state synthesis approach for 2D MOs
and 2D MO/rGO nanocomposites. Our approach is simple,
fast, and scalable. Two different 2D MOs (Fe,O3; and ZnO) and
their rGO nanocomposites were prepared and systematically
investigated. The electrochemical properties of 2D MO/rGO
nanocomposites were studied and they showed excellent per-
formance. We also used the 2D Fe,0;/rGO nanocomposites as
the main electrode materials to fabricate symmetric and asym-
metric microsupercapacitors (MSCs). Our research provides a
versatile and important platform for the scalable synthesis of
2D MO/rGO nanocomposites and their use in energy storage.

2. Experimental
2.1 Materials

Graphite flakes, polyvinyl alcohol (PVA), zinc chloride (ZnCl,),
potassium hydroxide (KOH) and potassium permanganate
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(KMnO,) were purchased from Sigma Aldrich. Anhydrous iron
chloride (FeCl;) was purchased from Thermo Scientific.
Ethanol, and sulfuric acid (H,SO,) were purchased from
Fisher. Hydrogen peroxide (H,O,) was purchased from VWR
Chemicals. GO was synthesized using a modified Hummers’
method.*® The obtained GO suspension was directly freeze-
dried for future use. Electrochemically exfoliated graphene
(EG) was prepared by using expanded graphite as the working
electrode and a platinum wire as the counter electrode in 0.1
M H,S0, electrolyte under a 10 V bias. The exfoliated material
was collected and washed with deionized (DI) water by vacuum
filtration, and then sonicated to further separate the graphene
flakes.

2.2 Solid-state synthesis of 2D MOs and 2D MO/rGO
nanocomposites

The 2D Fe,0; was synthesized using a microwave-assisted
method in solid state. Specifically, FeCl; powder was placed in
a glass Petri dish and placed inside a microwave furnace at
1000 W power for 20 s, and then cooled down for 1 minute to
prevent overheating. Such a process was repeated 10 times
(total microwave time: 200 s). Then the obtained red-brownish
product was collected and washed with water to remove the
excess metal precursors. Subsequently, the product was dis-
persed in ethanol and subjected to sonication (10 minutes
probe sonication followed by 1 hour bath sonication) to obtain
the final 2D Fe,O;.

For the synthesis of 2D Fe,05;/rGO nanocomposites, FeCls
powder was first mixed with graphene oxide in a calculated
mass ratio, and then the mixture was used for the same micro-
wave-assisted synthesis and washing processes as described
above. The synthesis of 2D ZnO/rGO nanocomposites follows a
similar procedure by using ZnCl, as the metal precursor. The
weight ratio of metal chloride and GO in the mixture can be
tuned to control the final composition of the 2D
nanocomposites.

2.3 Fabrication of microsupercapacitors

Two approaches were used for the fabrication of MSCs based
on the 2D Fe,05;/rGO nanocomposites as electrode materials.
The first approach is based on photolithography and vacuum
filtration, which produces arrays of symmetric MSCs.
Specifically, a nylon filter membrane was used as the substrate.
A photolithography pattern with the opposite geometry of the
interdigitated electrodes was generated on a nylon filter mem-
brane with an SU-8 photoresist. Such a patterned filter mem-
brane was then used for vacuum filtration so that the electrode
materials would be deposited only within the pattern. EG was
deposited as the first layer (0.001 mg mm™>) and acted as a
metal-free current collector. Then the 2D Fe,O5;/rGO nano-
composites (0.004 mg mm™~?) were deposited on top of the EG
layer. Lastly, a conductive silver paste layer (0.002 mg mm™?)
was deposited on top to generate good electrical contact with
copper wires. After the fabrication process, the SU-8 pattern
was removed and the MSC was completely dried in a vacuum
oven. The gel electrolyte used was KOH/PVA, which was pre-
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pared by dissolving 1 g of KOH in 5 ml of DI water and 1 g of
PVA in 10 ml of DI water and mixed them together. The KOH/
PVA was used a gel electrolyte for the solid-state MSCs.

The second approach for MSC fabrication is based on laser
cutting and spray coating, which allows the fabrication of asym-
metric MSCs. Laser cutting was used to create a polyester
shadow mask for spray coating of the electrode materials with a
commercial handheld airbrush. A controlled amount of the
ethanol suspension of 2D Fe,03;/rGO nanocomposites was
spray-coated through the shadow mask on a preheated (130 °C)
polyimide substrate and a calculated amount of EG was added
to the ink as a conductive additive. Then another shadow mask
was used for the spray-coating of EG on the polyimide substrate
as the second electrode. The ink for the positive electrode con-
tains 13.5 mg of 2D Fe,05/rGO nanocomposites and 3.5 mg of
EG. The ink for the negative electrode contains 17.5 mg of EG.
Subsequently, the KOH/PVA gel electrolyte was applied to the
electrodes to complete the device fabrication.

2.6 Characterization

SEM was conducted with a JEOL-7401 FE-SEM. TEM (FEI Tecnai
F20 S) was used to obtain high-resolution images. X-ray diffrac-
tion (XRD) was conducted with an Ultima IV X-ray diffractometer
(Rigaku, Tokyo, Japan) operated at 40 kv and 35 mA with a Cu Ka
energy frequency (wavelength of 1.54 A). X-ray photoelectron spec-
troscopy (XPS) was performed using a PHI 5000 Versaprobe II
system. Raman Spectroscopy was carried out using a Renishaw
inVia confocal Raman. UV-Vis spectroscopy was performed using
a HP 8453 UV-Vis absorption spectrometer.

Electrochemical measurements were performed in both
3-electrode and 2-electrode systems. For the 3-electrode test,
the working electrode was prepared by mixing the active
material, carbon black and polyvinylidene fluoride (PVDF) in a
mass ratio of 90: 5: 5 to make a slurry, then it was coated onto
Ni foam, followed by drying in a vacuum oven. KOH solution
(1M) was used as the electrolyte, Ag/AgCl was used as the refer-
ence electrode, and a platinum wire was used as the counter
electrode.

All the measurements were carried out using a CHI 660D
electrochemical workstation. Cyclic voltammetry (CV) was per-
formed at different scan rates ranging from 1 mV s~ to
100 mV s~'. Galvanostatic charge and discharge (GCD) curves
were recorded at different current densities from 1 mA cm™> to
10 mA cm™>. Electrochemical impedance spectroscopy (EIS)
was performed between a frequency range of 0.1 Hz and
1 MHz. The capacitance calculation equation used can be seen
in the ESL ¥

3. Results and discussion

3.1 Solid-state synthesis of 2D MOs and their
nanocomposites

The schematic representation of our solid-state synthesis of 2D
MO/rGO nanocomposites and their application as electrode
materials for energy storage devices is shown in Fig. 1. The
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Fig. 1 (a) Schematic of the microwave-assisted solid-state synthesis of

2D MO/rGO nanocomposites. (b) Utilization of 2D MO/rGO nano-
composites as electrodes for the fabrication of energy storage devices
such as microsupercapacitors.

solid-state synthesis approach uses metal chlorides as metal
precursors and GO as the microwave absorber and conductive
component after its reduction. The high energy generated by
microwaves induces the chemical conversion of metal chlor-
ides to metal oxides, and at the same time, reduces GO into
rGO. After the microwave-assisted synthesis, the products were
further purified by washing and exfoliated by sonication in
ethanol. We used this approach to synthesize two types of 2D
MOs (2D Fe,0; and ZnO) and their nanocomposites with rGO.

Microwave irradiation contains both the electric field and
magnetic field that act normal to each other. The metal chlor-
ide precursors absorb electromagnetic energy and convert it
into thermal energy, which can be further enhanced with the
incorporation of GO. Such a local high thermal energy can
rapidly break the metal chloride bonds when the thermal
energy exceeds the bond dissociation energy.’’ The
oxygen molecules from air are also excited by microwave
irradiation and generate radicals, which react with activated
metal atoms to form metal oxides.>**' The small amount of
moisture in air can also participate in the reaction.*> The prob-
able reaction equations are: 4FeCl; + 30, — 2Fe,0; + 6Cly;
FeCl; + H,O — FeOCl + 2HCI; and 2FeOCI + H,O — Fe,O; +
2HCI (for 2D Fe,03). And 2ZnCl, + O, — 2ZnO + 2Cl,; ZnCl, +
H,0 — Zn(OH)CI + HCl; and Zn(OH)Cl — ZnO + HCI (for 2D
ZnO).

The exact mechanism for the formation of 2D metal oxides
under such a condition requires further investigation. Our
hypothesis is that the electric field from microwave irradiation
acts in a static plane (with sinusoidal magnitude over time)
facilitates the atom rearrangement in a 2D plane. In addition,

This journal is © The Royal Society of Chemistry 2024
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the incorporation of 2D GO nanosheets can act as an atomic-
ally thin 2D template to further promote 2D MO formation.

We estimated the yield of such a solid-state synthesis of 2D
Fe,0; and ZnO by measuring the ratio of the actual product
weight and the theoretical amount. Without the incorporation
of GO, the yield for 2D Fe,O; is about 10.2%, and the yield
increases to 36.0% when 10 wt% of GO is incorporated into the
precursors (GO has a 7 wt% weight loss during this reduction
process, which was taken into consideration during the yield
calculation). The yield for 2D ZnO under the same reaction con-
ditions is lower (7.9%) due to the lower microwave absorption
capability. Therefore, in the following discussion, we will focus
on the 2D Fe,0; and 2D Fe,O; nanocomposites. We also varied
the weight fraction of GO in the metal chloride precursors for
the solid-state synthesis, for instance, the 2D Fe,O3/rGO (10/1)
sample has the amount of GO equals to 10 wt% of iron chloride
in the precursor and the 2D Fe,03/rGO (20/1) sample has the
amount of GO equals to 5 wt% of iron chloride in the precursor.

3.2 Characterization of 2D MOs and their nanocomposites

The morphologies of 2D Fe,0; and the 2D Fe,O5/rGO (10/1)
nanocomposite were studied by high-resolution electron
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microscopy. The SEM image of 2D Fe,Oj; (Fig. 2a) shows a high
density of nanoflakes, and some of them have a relatively large
aspect ratio. AFM characterization (Fig. 2b and c) of a more
diluted sample shows that 2D Fe,O; has the lateral size gener-
ally below 500 nm and an average thickness of 10.0 nm from
the cross-section analysis. Such a thickness indicates that
most of the 2D Fe,0; nanosheets have a few-layer (<10) struc-
ture. TEM image (Fig. 2d) of 2D Fe,O; shows their lateral size
in the range of 100-500 nm. From high-resolution TEM
(Fig. 2e and f), well-defined lattice fringes can be observed
with a lattice spacing of 0.35 nm.

The SEM image (Fig. 2g) of the 2D Fe,03/rGO (10/1) nano-
composite shows that it has a nanosheet morphology with
lateral sizes in the range of 100-800 nm. The TEM image
(Fig. 2h) shows that domains of higher contrast which corres-
pond to 2D Fe,O; are on the surface of rGO nanosheets. The
high-resolution TEM images (Fig. 2i-k) further show that these
two domains have different crystalline structures: the one
(Fig. 2k) with well-defined lattice fringes and a d spacing of
0.35 nm corresponds to 2D Fe,O; and the other one with lower
contrast and large spacing (0.44 nm) corresponds to the few-
layer graphene domain. The SEM image of the 2D ZnO/rGO

=}
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Fig. 2 Morphology and structural characterization of 2D Fe,Osz and the 2D Fe,Oz/rGO (10/1) nanocomposite. (a) SEM image of 2D Fe,Os. (b and c)
AFM image of 2D Fe,Osz and the representative thickness profile from cross-section measurement. (d and e) TEM images of 2D Fe,O3 at two
different magnifications. (f) High-resolution TEM image of 2D Fe,Os showing the lattice structure. (g) SEM image of the 2D Fe,O3/rGO nano-
composites. (h and i) TEM image of 2D Fe,O3/rGO at two different magnifications. (j and k) High-resolution TEM images of two different locations

on 2D Fe,;03/rGO marked by red boxes in panel i.
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nanocomposites shows a similar morphology (Fig. S11) with
2D ZnO nanosheets dispersed on the surface of rGO flakes.
The EDX spectrum (Fig. S1t) further confirms the existence of
2D ZnO nanosheets in the nanocomposites.

To further investigate the structure and properties of the 2D
MOs and their nanocomposites, several types of spectroscopy
and scattering were conducted. Raman spectroscopy was used
to characterize the structures of 2D Fe,O; and the 2D Fe,O3/
rGO nanocomposites (Fig. 3a). Characteristic peaks of the
a-phase of Fe,O; can be clearly observed, including the peak at
224 cm™" which corresponds to the A;; mode and the peaks at
296, 410, and 613 cm™" which correspond to the E, mode, and
the peak at 1315 cm™' is attributed to two-magnon
scattering.”>** Moreover, a forbidden disorder-originated
vibrational peak at 650 cm™' confirms the formation of 2D
crystals since there is no such disorder in conventional 3D
crystals.”® In addition, the intensity ratio of A;, and E, peaks
at 224 and 296 cm™" was calculated to be 0.77, which further
confirms the 2D nature of the synthesized Fe,O; nanosheets,
because a such ratio is larger than 1.0 for bulk crystals.*® For
the 2D Fe,0;/rGO nanocomposites, the major peaks for 2D
Fe,O; remain and the peaks corresponding to the G band and
D band of rGO at 1570 and 1360 cm™" can also be observed. It
is noted that the peak at 1315 cm™' has a substantially
reduced intensity for the 2D Fe,03/rGO nanocomposites, the
probable reasons include the intimate contact between rGO
and Fe,O; leads to changes in the two-magnon interaction or
the reduced FeOOH side product in the nanocomposites.*®

We also characterized the 2D ZnO/rGO nanocomposites by
Raman spectroscopy (Fig. S21). The three characteristic gra-
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phene peaks, the D band (1360 cm™"), G band (1570 cm™%),
and 2D band (2700 cm™'), are present in the Raman spectrum.
In addition, two peaks at 94 cm™' and ~430 cm™' are
observed, which correspond to the E, vibration mode of
Zn0.***® The peaks from ZnO have relatively small intensity,
which is due to the lower yield during the solid-state synthesis.

The crystalline structure was further investigated by XRD
(Fig. 3b). 2D Fe,0; shows all the characteristic peaks of
a-Fe,0; with a well-defined shape. For the 2D Fe,05/rGO nano-
composite, besides all the peaks from a-Fe,O3, there is also an
additional peak with a 26 value of 26°, which corresponds to
the (002) crystal plane of multilayered rGO.**° This peak
intensity is relatively low because rGO is the minor component
in the 2D Fe,0;/rGO (10/1) nanocomposite.

The UV-vis spectrum of 2D Fe,O; shows absorption peaks
at 246, 365, and 551 nm (Fig. 3c). The optical adsorption spec-
trum can be used to estimate the band gap energy of 2D Fe,03
by using the Tauc plot (Fig. 3c inset). The calculated band gap
for our 2D Fe,O; is 2.86 eV, which is consistent with literature
reports. Such a band gap is larger than that of bulk Fe,O; crys-
tals due to the quantum effect when the size reduces to the
nanoscale.?®?**°! For the 2D Fe,03/rGO nanocomposites
(Fig. 3d), the peaks for 2D Fe,O; at 246 and 365 nm can clearly
be observed. There is also a strong peak at 221 nm, which
corresponds to the absorption peak of rGO in the nano-
composites. The band gap calculation from the Tauc plot
shows almost the same value (2.85 eV) as that of 2D Fe,O;.

XPS was conducted to confirm the structures and compo-
sitions of 2D Fe,O; and the 2D Fe,03/rGO nanocomposites.
The survey scan (Fig. S31) of the 2D nanocomposites shows
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Fig. 3 Characterization of 2D Fe,O3z and the 2D Fe,O3z/rGO (10/1) nanocomposite. (a) Raman spectra of 2D Fe,O3 and the 2D Fe,O3/rGO nano-
composites. (b) XRD spectra of 2D Fe,Oz and the 2D Fe,0z/rGO nanocomposites. (c and d) UV-vis spectra of 2D Fe,Os and the 2D Fe,Os/rGO nano-
composites. The inset in each panel corresponds to the Tauc plot derived from the absorption data. (e) XPS spectrum of the Fe 2p peak for 2D
Fe,Os. (f) XPS spectrum of the O 1s peak and its deconvolution for the 2D Fe,O3/rGO nanocomposites.
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characteristic peaks of oxygen, iron, and carbon. The high-
resolution scan of the Fe 2p peak (Fig. 3e) shows two distinct
peaks located at 709.3 eV and 722.6 eV, corresponding to the
two spin states of iron: Fe 2ps, and Fe 2pqp,
respectively.’***%* The energy separation between the two
peaks is 13.3 eV, which is consistent with previous reports on
Fe,05;.°! In addition, a satellite peak at 717.1 eV appears,
which is characteristic of Fe*" ions in Fe,0,,>” this further con-
firms that the 2D iron oxide is primarily Fe,O; rather than
other forms such as Fe;0,.°° The high-resolution scan of the O
1s peak and its deconvolution (Fig. 3f) shows three sub-peaks,
the major one at 530.3 eV is attributed to the lattice oxygen
involved in the binding of a-Fe,O; and two minor peaks at
531.6 eV and 533.3 eV primarily correspond to the residue
surface oxygen groups including C=0 and C-O from rGO.>”®

3.3 Electrochemical properties of 2D MOs and their
nanocomposites

Our nanocomposites composed of in situ synthesized 2D metal
oxides integrated with graphene have the potential to be high-
performance materials for energy storage applications due to
their combination of electrochemical activity and conductivity.
We first investigated the electrochemical performance of the
2D MO/rGO nanocomposites in a three-electrode setup. The
2D MO/rGO nanocomposites were mixed with PVDF as a
binder and carbon black as a conductive filler (with a mass
ratio of 90:5:5) to form a slurry, which was then coated on
nickel foam as the working electrode. The reference electrode
was Ag/AgCl and the counter electrode was a platinum wire,
and 1 M KOH was used as the liquid electrolyte.
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CV scans of the 2D Fe,0;/rGO (10/1) nanocomposite at scan
rates from 5 mV s™* to 50 mV s~' are shown in Fig. 4a. The
curves display a pair of typical redox peaks corresponding to
the valence state change of iron between Fe’" and Fe>*, which
indicates pseudocapacitive behavior. With the increase of scan
rate, the CV curves maintain the overall shape, the anodic
peaks shift toward larger potential values, and the cathodic
peaks shift toward lower potential values. The shift can be
explained by the Randles-Sevcik equation®® and the increased
ionic diffusion resistance at a high scan rate.’*%*

Galvanostatic charge-discharge (GCD) measurements of
the 2D Fe,03/rGO (10/1) nanocomposite at different current
densities were also conducted (Fig. 4b). Charging to 0.35 V is
completed in a few seconds, followed by a slower charging to
0.47 V. In the discharge curves, there is a plateau at around
0.25 V in low current density measurements, which is charac-
teristic of pseudocapacitive behavior and matches with the
reduction peak in CV measurements. The most pronounced
plateaus for both 2D MOs were observed in the low current
density curves, this is due to the sufficient time that ensure
the electrolyte ions to interact with the electrode at a low char-
ging/discharging rate. When the current density increased, the
plateaus were obviously shortened since the insufficient time
for the ions to reach the entire electrode surface area and the
redox reaction become more restricted to the more easy acces-
sible area, which limits the charge storage capability.®>°°

Moreover, we also studied the electrochemical performance
of pristine 2D Fe,O; (without incorporation of graphene oxide
during the synthesis) and 2D Fe,0;/rGO nanocomposites with
different ratios between the two components. The CV scans of
2D Fe,0; and 2D Fe,03/rGO (20/1) are shown in Fig. S4.1 Both
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5-50 mV s71. (e) GCD curves at different current densities of 2D ZnO/rGO
(10/1), and 2D ZnO/rGO (20/1).
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samples show similar shapes and peak positions in the CV
curves compared with 2D Fe,O;/G (10/1), but the current
density and area within the CV curves are smaller. The calcu-
lated specific capacitance values for the three samples were
compared and are presented in Fig. 4c. It can be seen that pris-
tine 2D Fe,0; has the lowest capacitance of 45.7 F g™ (at a
scan rate of 10 mV s™*), primarily due to the low electrical con-
ductivity. The two 2D Fe,03/rGO composites have substantially
improved capacitance, especially for 2D Fe,O3/rGO (10/1), with
a capacitance of 258.9 F g at 10 mV s~ " and 331.4 F g " at
1 mV s, respectively.

The electrochemical capacitance of pristine 2D Fe,O3 is
limited by its intrinsic low conductivity that limits charge
transfer.'® After the incorporation of rGO, there are three
factors that can contribute to the electrochemical performance
of the 2D Fe,03/rGO nanocomposites. First, the intercalated
hybrid structures with smaller 2D Fe,O; nanosheets on the
surface or between rGO flakes increase the electrochemically
active sites. The enhanced intercalation and surface accumu-
lation of ions increase the electrochemical kinetics.'*®”
Second, the high conductivity of rGO promotes charge transfer
during the reversible charge storage-release process.’>°
Third, rGO also exhibits a certain extent of pseudocapacitive
behavior due to the oxygen-containing groups that can contrib-
ute to the overall pseudocapacitive capacitance.?”¢%°

Our solid-state synthesis approach is versatile and can be
used to synthesize other types of 2D MO/rGO composites
including 2D ZnO/rGO. The electrochemical properties of the
2D ZnO/rGO nanocomposites were also investigated. The CV
curves of 2D ZnO/rGO (20: 1) at different scan rates are shown
in Fig. 4d. A pair of redox peaks located at around 0.25 V and
0.42 V can be observed, which primarily correspond to the
intercalation and deintercalation of K' from the electrolyte
into ZnO (ZnO + K" + e~ < ZnOK).”® GCD tests for 2D ZnO/
rGO (20:1) at different current densities were also conducted
(Fig. 4e). In the discharge curves, there is a plateau at around
0.30 V, which is characteristic of pseudocapacitive behavior
and matches with the reduction peak in CV measurements.

We also varied the ratio of ZnO to rGO in the 2D ZnO/rGO
nanocomposites. The specific capacitance values for two
samples, 2D ZnO/rGO (20:1) and 2D ZnO/rGO (10:1), are
summarized in Fig. 4f (see also Fig. S51), which shows that the
two samples have a capacitance of 247.3 F g~' and 199.0 F g/,
respectively, at a scan rate of 10 mV s . Such performance is
comparable to the 2D Fe,O3/rGO nanocomposite. Due to the
higher yield of 2D the Fe,0;/rGO nanocomposites in the solid-
state synthesis, we will focus the following discussion of super-
capacitor devices to those with the 2D Fe,03/rGO electrodes.

We compared the electrochemical performance of our 2D
Fe,03/rGO nanocomposites with literature reports on similar
material systems composed of iron oxide and carbon nano-
structures, including Fe,O;@N-doped porous carbon,”’ Fe;0,
nanoparticles on rGO,””> o-Fe,0; nanotube arrays,”
RGO-Fe;0,4,°° Fe;0,/MWCNTs,”? hydrothermal Fe;O, nano-
particles,”” and Fe,0;/3D graphene aerogels.”® The results are
summarized in Fig. S6 and Table S1.7 Our 2D Fe,O3/rGO nano-

8396 | Nanoscale, 2024, 16, 8390-8400

View Article Online

Nanoscale

composite has superior specific capacitance (230.1 F g
capacitance at 1 A g~ from GCD data) compared with others.
The excellent electrochemical performance in combination
with scalable solid-state synthesis makes the 2D Fe,03/rGO
nanocomposites promising candidates as electrode materials
for energy storage devices.

3.4 Fabrication and characterization of MSCs based on 2D
Fe,03/rGO nanocomposites

Two approaches were used for the fabrication of microsuperca-
pacitors (MSCs) based on the 2D Fe,0;/rGO nanocomposites,
the first approach is based on photolithography and vacuum
filtration and the second approach is based on laser cutting
and spray coating. In the first approach, 2D Fe,03/rGO was de-
posited on filter paper through a photolithography-patterned
mask as an interdigitated electrode. PVA/KOH gel electrolyte
was then deposited on top of the electrodes. Controlled
amount of electrochemically exfoliated graphene (EG) was also
mixed with the 2D Fe,0;/rGO nanocomposites in the electro-
des, because the as-prepared 2D Fe,03/rGO nanocomposite
has limited conductivity, which results in a relatively low
capacitance of the MSC device (Fig. S77).

The fabricated MSC device is shown in Fig. 5a, the length
of each interdigitated electrode is 4 mm, the width is 0.4 mm,
and the gap between neighboring fingers is 0.2 mm. The
overall device size is 5.4 x 7.7 mm. The optical microscope
image shows the lithography-patterned electrode with a well-
defined size and shape. The SEM image of the electrode
surface shows a high density of 2D Fe,03/rGO nanoflakes.

CV measurements of the MSC device with an electrode com-
posed of a 2D Fe,03/G and EG mixture (1:1 weight ratio) at
different scan rates are shown in Fig. 5b. The data show
characteristics of both pseudocapacitive and EDLC features
originated from the 2D Fe,03/rGO nanocomposites. The redox
peaks become less pronounced at scan rates of 50 mV s™' and
above. This could be attributed to the limitation of the ion
transport rate to the electroactive surface and the more pro-
nounced double-layer charging at high scan rates. The GCD
curves of the MSC device are shown in Fig. 5c¢. At a low current
density (such as 0.6 mA cm™?), there is a plateau in the dis-
charge process (potential range of 0.2-0.4 V), which can be
attributed to redox process at this range and the rate of which
is slower than double-layer discharging. At high current den-
sities, the GCD curves have a symmetric triangle shape without
any plateau.

We also studied the effect of incorporating EG into the 2D
Fe,03/rGO nanocomposites on the MSC device performance.
The electrochemical performance of two types of devices, one
using only 2D Fe,0;/rGO as the electrodes and the other using
2D Fe,03/rGO mixed with EG (weight ratio 1: 1) as the electro-
des, was compared by plotting their specific capacitance at
different scan rates (Fig. 5d). It can be seen that the incorpor-
ation of EG effectively increased the capacitance. For instance,
the device with the mixture in the electrodes has a capacitance
of 35.5 mF ecm™2 at 5 mV s~ ', while the MSC with only 2D
Fe,0,/rGO in electrodes shows a capacitance of 10.9 mF cm ™2

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Electrochemical performance of MSCs with the 2D Fe,O3/rGO (10/1) electrode. (a) Photo and optical microscopy image of the MSC device;
the SEM image shows that the electrode surface has a high density of 2D nanoflakes. (b) CV scans at different scan rates from 5 mV s to 200 mV
s~ (c) GCD curves from 0.6 mA cm™2 to 1.0 mA cm™2. (d) Specific capacitance comparison of MSCs with their electrodes compared of either 2D
Fe,O3/rGO (10/1) or its mixture with EG. The inset shows the Nyquist plots and fitting from EIS measurements.

at the same scan rate. The Nyquist plots of the two devices
from EIS measurements and their fitting are shown in the
inset (more details are given in Fig. S8 and Table S2t). The
MSC with mixture electrodes shows a larger intercept on the
real axis and a substantially higher slope in the low-fre-
quency region.>””” This result indicates that the enhanced
performance of MSC with mixture electrodes is primarily due
to the enhanced ion adsorption and diffusion rate, and the
increased contribution from the electric double-layer
capacitance.

For the symmetric MSC devices discussed above, despite
their high resolution fabrication and small form factor, the
main limitation is the relatively narrow operation window (0.8
V) due to the symmetric electrodes. In order to expand the
operation window, we used another approach, which is based
on laser cutting and spray coating, to fabricate asymmetric
MSCs. Two different suspensions can be used to spay-coat and
fabricate the two different electrodes on each side.

For the asymmetric MSC device shown in Fig. 6a, the inter-
digital electrodes on the two sides are 2D Fe,03/rGO (10/1) and
EG, respectively. The SEM image shows the surface of the elec-
trodes has a high density of loosely connected 2D nanosheets.
The CV scans of the two individual electrodes in the half-cell
configuration are shown in Fig. 6b, from which the specific

This journal is © The Royal Society of Chemistry 2024

capacitances (at a scan rate of 50 mV s™') of 2D Fe,05/rGO (10/
1) and EG were calculated to be 150.8 F ¢”' and 22.1 F g™,
respectively. The mass of each electrode to be deposited was
calculated based on their capacitance to reach charge balance
during operation.

CV scans of the asymmetric MSC at different scan rates are
shown in Fig. 6¢c. The operation voltage window substantially
increased to 1.5 V. The CV curves show both pseudocapacitive
and EDLC features. The GCD data (Fig. 6d) show relatively fast
charging and discharge. At a low discharge rate (0.02 mA
ecm~?), there is a plateau at around 0.25 V in the curve, which
corresponds to the redox peak in the CV scan. The area-
specific capacitance of the asymmetric MSC is lower than that
of the symmetric MSC (for instance, 2.5 mF cm™> vs. 35.4 mF
em™? at 10 mV s scan rate). The main reason is the loose
structure and smaller thickness of the electrodes from the
spray coating method, as shown by the SEM image in Fig. 6a,
which can lead to less continuity and lower conductivity com-
pared with electrodes prepared by the vacuum filtration
method.

To further confirm that such differences in the MSC per-
formance is mainly due to the fabrication method, we fabri-
cated symmetric MSC devices also by the spray coating
method using the 2D Fe,O3/rGO (10/1) nanocomposites. The

Nanoscale, 2024, 16, 8390-8400 | 8397
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Fig. 6 Electrochemical performance of the asymmetric MSC fabricated with 2D Fe,Oz/rGO (10/1) as one electrode and EG as the other electrode.
(a) Photos of the MSC devices before and during testing. The SEM image on the right shows the surface of the 2D Fe,O3/rGO electrode. (b) CV
curves of two electrodes tested separately in a half-cell configuration at 50 mV s™. (c) CV scans of the asymmetric MSC at different scan rates from

10 mV s~ to 500 mV s7*. (d) Charge—discharge curves of the asymmetric MSC at different current densities from 0.01 mA cm™2 to 0.1 mA cm

CV scan curves and GCD curves of the MSC are shown in
Fig. S9.7 Such a device has a much lower capacitance (0.59 mF
ecm ™ at 10 mV s~ ') compared with the symmetric MSC fabri-
cated by vacuum filtration (Fig. 5b and c), but close to that of
the asymmetric MSC (2.50 mF cm™?) also fabricated by the
spray coating method. Such a comparative study also confirms
that the asymmetric MSC has higher capacitance due to the
enlarged electrochemical operation window.

4. Conclusions

In summary, we have developed a simple, efficient, and scal-
able method for the synthesis of 2D MO/rGO nanocomposites.
Our method is microwave-assisted and conducted in the solid-
state without the need for solvents or direct heating. Two-
dimensional Fe,O; and ZnO as well as their rGO nano-
composites were successfully obtained. The ratio of 2D MO
and rGO components in such 2D nanocomposites can be
easily tuned during the solid-state synthesis.

Systematic characterization of these 2D MOs and 2D MO/
rGO nanocomposites was conducted using spectroscopies,
electron microscopies and diffraction methods. The electro-
chemical properties of the 2D Fe,O3/rGO nanocomposites
were investigated, which show an excellent specific capacitance
of 331.4 F g' at a 1 mV s~ " scan rate. Such 2D Fe,0;/rGO
nanocomposites were further used as the main electrode
materials to fabricate MSCs. Both symmetric and asymmetric

8398 | Nanoscale, 2024, 16, 8390-8400

-2

MSCs were fabricated and tested, and their energy storage
capability was demonstrated. This work is of high importance
to the fields of solid-state chemistry, electrochemistry, and
energy storage and has the potential to be used in next-gene-
ration supercapacitors and batteries as high-performance elec-
trodes. Our approach is also highly flexible and can be used
for the synthesis of mixed MO nanostructures and their gra-
phene nanocomposites. Such multifunctional nanocomposites
with multiple types of MOs can have highly tunable band gaps
and electrochemical activities for broad applications.
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