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Introduction

The search for innovative energy-storage devices in microelec-

tronics applications and devices has considerably expanded
over the last few years.[1–9] Most energy-storage devices in mi-

croelectronics today are based on batteries. The fundamental
drawbacks of microbatteries, however, are the low power den-

sity, low energy retention, and safety issues.[10, 11] Microsuperca-

pacitors have emerged as promising substituents of traditional
microbatteries as they exhibit high power densities and effi-

cient capacitance retention.[1, 6, 12] Two technologies have been
mainly pursued in supercapacitor research, specifically electri-

cal double-layer capacitors (EDLCs), and pseudocapaci-
tors.[1, 3, 13–15] Although EDLCs exhibit high power densities, their
low energy densities constitute a major impediment for their

energy-storage application in microelectronics. Pseudocapaci-
tors, usually based on transition metal oxides that store energy
through fast and reversible faradaic redox reactions, have
shown great potential owing to their high energy-storage ca-

pabilities compared to EDLCs.[8, 16] A significant drawback in
many reported pseudocapacitors is that despite of the high ca-

pacitance reported, the latter has been generally normalized
to either the weight or the volume of the active material.[17–21]

Although these values underscore high overall capacitance,

the specific capacitances of many such devices, which include

also the weight/volume of the complete device (primarily the
electrode scaffolding that serves as the current collector), are

low and not suitable for commercial uses. Furthermore, there
is generally no linear relationship between the volume/weight

of the active material and device performance, limiting applica-

bility of pseudocapacitor technology for practical energy-
storage applications.[17, 18, 21] Varied freestanding carbon-based

electrodes and supercapacitors have been reported in recent
years, however, the energy density of such device has general-

ly been low.[22–25] Accordingly, enhancing the areal capacitance,
a more pertinent parameter for energy-storage capabilities,
has become a critical strategy for advancing microsupercapaci-

tor technologies. Recent studies reported varied strategies for
construction of pseudocapacitor-based devices exhibiting high
areal capacitance.[26–30]

Here, we present a new freestanding composite electrode

consisting of gold/reduced graphene oxide (rGO) porous
matrix coated with pseudocapacitive MnO2, which exhibits su-

perior electrochemical performance and overcomes many of
the above-mentioned limitations for microsupercapacitor ap-
plications. The Au/rGO/MnO2 electrode was fabricated through

a simple solution-based method consisting of self-assembly of
highly porous Au/rGO scaffold followed by electrodeposition

of MnO2. The electrode displayed excellent electrochemical
properties, particularly very high areal capacitance. A symmet-

ric solid-state microsupercapacitor comprising Au/rGO/MnO2

electrodes was assembled, exhibiting high areal energy density
and making the new electrode technology a promising con-

duit for energy-storage applications in microelectronics.

Microsupercapacitors are touted as one of the promising “next
frontiers” in energy-storage research and applications. Despite

their potential, significant challenges still exist in terms of

physical properties and electrochemical performance, particu-
larly attaining high energy density, stability, ease of synthesis,

and feasibility of large-scale production. We present new free-
standing microporous electrodes comprising self-assembled

scaffold of gold and reduced graphene oxide (rGO) nanowires
coated with MnO2. The electrodes exhibited excellent electro-

chemical characteristics, particularly superior high areal capaci-

tance. Moreover, the freestanding Au/rGO scaffold also served
as the current collector, obviating the need for an additional

electrode support required in most reported supercapacitors,

thus enabling low volume and weight devices with a high
overall device specific energy. Stacked symmetrical solid-state

supercapacitors were fabricated using the Au/rGO/MnO2 elec-
trodes in parallel configurations showing the advantage of
using freestanding electrodes in the fabrication of low-volume
devices.
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Results and Discussion

Electrode characterization

Scheme 1 illustrates Au/rGO/MnO2 electrode fabrication. The
assembly of the Au scaffold was based upon a recently report-

ed simple chemical process in which KAu(SCN)4 (prepared by
mixing chloroauric acid and potassium thiocyanate), is self-
reduced into metallic Au nanostructures without coaddition of

reducing agents.[31, 32] As depicted in Scheme 1, the initial step
consisted of mixing KAu(SCN)4 and GO in water/acetonitrile

and slowly drying the suspension upon a glass surface. The
porous microwire network formed was subjected to air

plasma, which was previously shown to aid complete reduc-
tion of the Au framework,[31] and reaction with hydrazine de-

signed to generate the conductive metallic Au/rGO framework.

In a final step, electrodeposition of MnO2 was performed yield-
ing the freestanding Au/rGO/MnO2 electrode (Scheme 1, right).

Scanning electron microscopy (SEM) analysis was done to
assess the electrode morphology (Figure 1). The SEM images of

the Au/rGO matrix prior to MnO2 deposition in Figures 1 A–C
show a highly porous microwire network. Close inspection of

the surfaces of the Au/rGO wires reveal a sponge-like morphol-

ogy featuring abundant nanopores (Figure 1 C). Importantly,
the incorporation of rGO within the Au framework was found

to enhance mechanical stability of the microwires and overall

resilience of the composite structure. X-ray photoelectrons
spectroscopy (XPS) (Figure S1 in the Supporting Information),

Raman spectroscopy (Figure S2), and X-ray diffraction (XRD,
Figure S3) analyses confirm that the microwires depicted in
Figure 1 A–C consist of both metallic Au and rGO following air
plasma and hydrazine treatments.

The SEM images of the Au/rGO microwire framework after
MnO2 electrodeposition indicate effective coating of the micro-
wires with the pseudocapacitive MnO2 (Figure 1 D–F). Cross-

section microscopy experiments confirmed MnO2 deposition
also within the internal core of the Au/rGO microwire layer
(Figure S4). Electrochemical analysis, measured for deposition
time between 4–16 min, indicates optimal MnO2 electrodeposi-

tion time of 12 min. Although the specific capacitance is
known to decrease with thicker coating,[33] 12 min-MnO2 depo-

sition produced in our case the highest areal capacitance (Fig-

ure S5). XPS analysis of the Mn 2p peaks confirmed that elec-
trodeposition indeed yielded a MnO2 layer (Figure S6). In par-

ticular, the SEM data in Figure 1 D–F demonstrate that MnO2

deposition did not adversely affect the microwire scaffold or-

ganization, and the nanoporous surface area was retained.
Overall, the microscopic characterization in Figure 1 attests to

the highly porous organization and extensive surface area of

the Au/rGO/MnO2 electrode, which constitute critical parame-
ters for its electrochemical performance, as these structural

features enable unhindered ion diffusion and efficient charge
transfer processes.[2, 34–38]

Electrochemical performance

Electrochemical characterization of the Au/rGO/MnO2 electrode
was done by cyclic voltammetry (CV) and galvanostatic meas-

urements (Figure 2) using a three-electrode cell configuration
in 1 m LiCl solution as electrolyte. Figure 2 A depicts the CV

curves for scan rates ranging from 1 to 100 mV s@1. The sym-
metrical semirectangular shapes of the curves confirm the
pseudocapacitive behavior of the electrode,[1, 39] as well as its

low resistivity indicating effective ion diffusion and charge
transfer at the electrode interface.[40, 41] CV analysis of the

Au/rGO electrode without MnO2 electrodeposition (Figure S7)
showed an order-of-magnitude lower capacitance than that

shown in Figure 2 A, confirming that the pronounced capaci-
tance of the Au/rGO/MnO2 electrode arises from the MnO2

layer. This capacitance is much higher than the capacitance
achieved using only Au scaffold.[31] Figure 2 B depicts specific
areal capacitance values at different scan rates, calculated from

Scheme 1. Fabrication of Au/rGO/MnO2 electrode. The porous microwire scaffold (middle) is comprised of rGO (grey) interspersed with Au (yellow). The micro-
wire scaffold is subsequently coated uniformly with MnO2 (shown in black, right).

Figure 1. Morphology of Au/rGO/MnO2 electrode: A–C) SEM images of the
Au/rGO electrode (before MnO2 deposition) at different magnifications. The
darker domains apparent on the surfaces of the wires in B) and C) corre-
spond to rGO, whereas the brighter areas are ascribed to metallic Au. D–
F) SEM images of the Au/rGO electrode after electrodeposition of MnO2.
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the CV curves shown in Figure 2 A. The significant areal capaci-

tance of the Au/rGO/MnO2 electrode is higher than values re-
cently reported,[27, 42, 43] and highlights the effective utilization

of the electrode surface area for efficient charge transfer.
The total and outer areal capacitance outlined in Figure 2 C–

D further attest to the ion accessibility and charge transfer
upon the electrode surface.[16, 28, 44] Specifically, the total area ca-

pacitance, extrapolated from the curve of q@1 (inverse areal vol-
tammetric charge) as a function of the square root of scan rate
(v) (Figure 2 C), was almost 4000 mF cm@2, which is higher than

recently published values.[28, 44] Notably, the outer surface areal
capacitance of the Au/rGO/MnO2 electrode was 2556 mF cm@2,

obtained from extrapolating the curve of q versus v@0.5 to
v@0.5 = 0 (Figure 2 D), is significant, emphasizing the potential

utilization of the electrode in supercapacitor applications. The

calculated ratio between the outer surface and total area ca-
pacitance of the Au/rGO/MnO2 electrode is 66 %, which is

among the highest values published so far,[45–48] similarly indi-
cates suitability for energy-storage devices.

Additional measurements attest to the superior electro-
chemical performance of the Au/rGO/MnO2 electrode. Galvano-

static charge/discharge (GCD) curves were recorded to charac-
terize the electrode response at constant currents (Figure 2 E).
The almost linear and symmetrical appearances of the GCD
curves at current densities ranging from 5 to 25 mA cm@2 indi-

cate that the electrode facilitates reversible redox reactions
and its performance is close to ideal supercapacitance.[49, 50] In
particular, the high capacitance was retained even at a high
current density of 25 mA cm@2, exhibiting a long (58 s) dis-

charge time (Figure 2 E). The specific areal capacitance calculat-
ed from the GCD curves is presented in Figure 2 F, further dis-
playing the excellent capacitance properties of the electrode
even at high current densities. Specifically, the capacitance of
2540 mF cm@2 recorded at a current density of 5 mA cm@2 is

higher than the corresponding values obtained for previously
reported electrodes[27, 29] (a detailed comparison between the

properties of the Au/rGO/MnO2 electrode and previously re-

ported electrodes is provided in Table S1). Figure 2 F indicates
a high (71 %) areal capacitance retention when the current

density was increased from 5 to 25 mA cm@2, consistent with
high conductivity and good electrolyte diffusion. Indeed, the

equivalent series resistance corresponding to the Au/rGO/
MnO2 electrode (2.00 W cm2) is rather small, as shown in the

Nyquist plot (Figure S8), and lower than recent metal-based

pseudocapacitive devices.[29, 44] In addition, the near-vertical line
in the low frequency region of the Nyquist plot indicates

a near-ideal capacitor behavior.[11, 51–53]

Solid-state supercapacitors

Figure 3 depicts utilization of the Au/rGO/MnO2 electrodes in

a symmetric solid-state microsupercapacitor. Figure 3 A i shows
a scheme of the symmetric microsupercapacitor, assembled by

using two Au/rGO/MnO2 electrodes, filter paper as the spacer
between the electrodes, and LiCl/polyvinyl alcohol (PVA) as the

electrolyte (Figure S9 shows the assembly process of the sym-

metric device, and Figure S10 exhibits photos of the freestand-
ing electrode and the solid-state device). A microsupercapaci-

tor device comprising of two stacked electrodes in parallel is il-
lustrated in Figure 3 A i. Figure 3 B presents the GCD curves for

current densities from 1.5 to 25 mA cm@2 recorded for the sym-
metric device outlined in Figure 3 A i. The near linearity and

symmetrical appearance of the curves indicate that the solid-
state device exhibits a near-ideal supercapacitor behavior.[49, 50]

Notably, the inset in Figure 3 B reveals a voltage drop (IR drop)
of 25 mV at a current density of 1.5 mA cm@2, indicating an
overall device resistance of 16.7 W cm@2. This resistance value is

low compared to recently published devices[28] and makes the
symmetric Au/rGO/MnO2 supercapacitor practical even at high

current densities. From the voltage drop, a maximum power
density of 9.58 mW cm@2 (269.9 mW cm@3) can be calculated,

comparable to previously published symmetric devices

(Table S1).
Figure 3 C depicts the specific areal capacitance of the

symmetric two-electrode device, calculated from the GCD
curves. The graph in Figure 3 C indicates a capacitance of

1532 mF cm@2 at 1.5 mA cm@2, yielding an energy density of
0.136 mWh cm@2. When considering two electrodes, each with

Figure 2. Electrochemical characterization of the Au/rGO/MnO2 electrode:
A) CV curves at scan rates of 1, 5, 10, 20, 50, and 100 mV s@1 in 1 m LiCl.
B) Calculated areal capacitance as a function of scan rate. C) Reverse areal
voltammetric charge as a function of the square root of the scan rate. The
dashed line corresponds to the linear fitting of the data. D) Areal voltammet-
ric charge as a function of reverse square root of the scan rate. The dashed
line corresponds to the linear fitting of scan rate between 0.1 to 1.0 mV s@1.
E) Galvanostatic charge/discharge at current densities of 5, 10, 15, 20, and
25 mA cm@2 in 1 m LiCl. F) Calculated areal capacitance as a function of the
current density.
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a thickness of 130 mm, and filter paper as separator (100 mm),
a volumetric energy density of 3.83 mWh cm@3 is calculated.
This value is higher than many recently published devices

(Table S1), and indicates the potential use of Au/rGO/MnO2-
based solid-state devices in energy-storage applications. The
nonlinear decrease of the areal capacitance as a function of
current density (Figure 3 C) likely reflects ion diffusion effects;

a similar phenomenon was reported in other solid-state super-
capacitors.[36, 37] The two-electrode microsupercapacitor exhibit-

ed excellent stability, retaining 83 % of the initial capacitance
after over 2000 cycles at a current density of 15 mA cm@2 (Fig-
ure 3 D).

An important advantage of the Au/rGO/MnO2 electrode is
the fact that the Au/rGO matrix constitutes both the scaffold

for the pseudocapacitive layer and the current collector. Con-
sequently, several electrodes can be stacked to produce low-

volume and low-weight parallel device configurations (device

illustrated in Figure 3 A ii). Figure 3 E presents the GCD curves
recorded at a current density of 1.5 mA cm@2 corresponding to

a single (left GCD curve) and two-stacked microsupercapacitors
(right GCD curve), comprising two and four Au/rGO/MnO2 elec-

trodes, respectively. The capacitance values calculated from
the GCD curves in Figure 3 E reveal an increase in capacitance

from 1532 mF cm@2 (single device) to 3700 mF cm@2 (stacked
device). Notably, previous studies have shown a linear increase

in capacitance of parallel device configurations, depending
upon the number of linked devices.[27, 54, 55] In the case here, the

increase in capacitance of the stacked assembly is more than
doubled compared to the single device (Figure 3 E). The non-

linear increase in capacitance could be attributed to the lower
mean ion-diffusion pathway enabled by the vertical stacking of

the electrodes.[6, 56] This result constitutes further evidence of

the advantages in the Au/rGO/MnO2 device architecture. Over-
all, the excellent electrochemical performance of the Au/rGO/
MnO2-based microsupercapacitors, outlined in Figure 3, dem-
onstrates the potential of the electrodes as viable conduits for

energy-storage applications.

Conclusions

A new high areal energy density microsupercapacitor compris-

ing freestanding microporous gold/reduced graphene oxide/

manganese oxide (Au/rGO/MnO2) electrodes was constructed.
The electrode was fabricated through a simple self-assembly

synthetic route, producing a conductive Au/rGO framework
serving both as scaffold for deposition of the pseudocapacitive

MnO2 layer as well as the current collector of the electrode
thereby reducing the overall volume and weight of the elec-

trode and devices. The nano-to-micro porous structure of the

Au/rGO/MnO2 electrodes provided an extensive surface area
and enabled highly efficient diffusion of the electrolyte, as re-

flected in the superior electrochemical properties of the elec-
trode, particularly low resistance and high areal capacitance at

high current densities. Symmetric solid-state devices com-
posed of two and four Au/rGO/MnO2 electrodes were fabricat-

ed, exhibiting high areal energy densities. Notably, the intrinsic

freestanding nature of the electrodes enables multielectrode
stacking in parallel supercapacitor devices having small vol-

umes and excellent energy-storage capabilities. A vertical par-
allel-stacked microsupercapacitor was constructed, exhibiting

a nonlinear increase in capacitance ascribed to the decrease in
the mean ion-diffusion pathway due to the interdigitated

architecture of the stacked electrodes.

Experimental Section

Materials

HAuCl4·3 H2O and KSCN were purchased from Sigma–Aldrich and
used as received. Sodium nitrate, potassium permanganate, lith-
iumchloride, manganous acetate, lithium sulfate, and sodium sul-
fate were purchased from Alfa Aesar and used as received. Aceto-
nitrile was purchase from Bio Lab Ltd (Jerusalem, Israel). Water
used in the experiments was doubly purified by a Branstead D7382
water purification system (Branstead Thermolyne, Dubuque, IA), at
18.3 MW resistivity.

Synthesis of graphene oxide

GO was synthesized through modified Hummers method.[57] Briefly,
graphite flakes (1 g) were added to a round-bottom flask contain-

Figure 3. Electrochemical characterization of symmetric solid-state micro-
supercapacitors comprising Au/rGO/MnO2 electrodes: A) Schematic of a
single device (i) and a stacked device of two supercapacitors in parallel (ii).
B) Galvanostate charge/discharge at current densities of 1.5, 5, 10, 15, 20,
and 25 mA cm@2. The inset shows the IR drop at a current density of
1.5 mA cm@2. C) Calculated capacitance as a function of the current density.
D) Capacitance retention at a current density of 15 mA cm@2 over
2000 cycles. E) Galvanostate charge/discharge at a current density of
1.5 mA cm@2 for devices assembled from one (left) and two (right)
symmetric microsupercapacitors in parallel configuration.
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ing H2SO4 (46 mL) cooled in an ice bath. The mixture was then
stirred for 1 h to disperse the graphite. After shifting the flask to
a water bath, NaNO3 (1 g) and KMnO4 (6 g) were successively
added very slowly (within 15 minutes). The temperature of the
water bath was increased to 40 8C and the reaction mixture was
stirred for 3 h. Deionized water (50 mL) was slowly added to the re-
action mixture, followed by H2O2 (5 mL). Stirring was continued for
another 10 min. The reaction mixture was then centrifuged
(5000 rpm, 20 min) to separate the precipitate. Centrifugation was
repeated until the supernatant showed a neutral pH. The resultant
brown-colored GO residue was immersed in liquid nitrogen and
freeze-dried using a lyophilizer. The GO was stored at 4 8C.

Synthesis of KAu(SCN)4 complex

HAuCl4 solution (1 mL, 20 mg mL@1) was mixed with KSCN solution
(1 mL, 24 mg mL@1), and centrifuged at 4000 g for 20 min. The re-
sulting precipitate was separated and dried at ambient conditions.

Preparation of Au/rGO hybrid electrode

GO solution (15 mg mL@1) in a mixture of water/acetonitrile (3:5
volume ratio) was sonicated for 1 h. The GO solution (160 mL) was
mixed with KAu(SCN)4 (23 mg) and sonicated, at an ice bath, until
the solution became homogeneous. After the GO/KAu(SCN)4 mix-
ture was cooled it was deposited on a 0.5 cm V 2 cm glass and left
to dry at 4 8C. After solvent evaporation the glass samples were ex-
posed to air plasma for 10 min at a pressure of 0.7 mbar and
power of 85 W. After plasma treatment, the samples were im-
mersed in water and left to dry before treated again with air
plasma. After the third plasma treatment, the samples were incu-
bated in a chamber containing of hydrazine (0.5 mL) at 90 8C for
overnight reduction of the GO.

Deposition of MnO2 on Au/rGO hybrid electrode

Au/rGO electrode was immersed in a 0.5 m Mn(CH3COO)2 and 0.5 m
Na2SO4 solution. The deposition was done using a three-electrode
configuration where the Au/rGO electrode was the working elec-
trode, platinum wire was used as counter electrode, and Ag/AgCl
as reference electrode. The deposition of MnO2 was done at
pulsed rate of 10 s, in which the voltage was set to 3 and 0 V (for
10 s) at different deposition times, ranging from 4 to 16 min.

SEM

For SEM measurements, Au/rGO and Au/rGO/MnO2 were grown as
described above on glass substrates. The SEM images were record-
ed using a JSM-7400 SEM (JEOL LTD, Tokyo, Japan) at an accelera-
tion voltage of 3 kV and working distance of 8 mm.

Symmetric pseudocapacitor device fabrication

LiCl electrolyte was prepared by dissolving of LiCl (2 g) and PVA
(2 g) in water (10 mL) at 80 8C overnight. The Au/rGO/MnO2 elec-
trode was placed on a silver paste deposited on polydimethylsil-
oxane (PDMS) stamp (Figure S9). A filter paper soaked with the LiCl
electrolyte was then placed on the Au/rGO/MnO2 electrode and fi-
nally another Au/rGO/MnO2 electrode was placed on the filter
paper. The electrolyte (80 mL) was drop-casted on the device and
left to dry for 2 hours. The layer of PDMS was cast on the device
and dried for 2 hours at 80 8C.

Electrochemical characterization

For CV and galvanostatic measurements a three-electrode configu-
ration was used. Au/rGO electrode or Au/rGO/MnO2 electrode was
used as the working electrode, platinum wire as counter electrode,
and Ag/AgCl as reference. The measurements were conducted in
a 1 m LiCl solution at different scan rates and current densities.
Device performance was evaluated in a two-electrode configura-
tion. Experiments were conducted on a BioLogic SP-200 instru-
ment.
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