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known as supercapacitors or ultraca-

pacitors, are of practical interest owing
to their high power electrical energy stor-
age and exceptionally long cycle life; they
currently fill the gap between batteries and
conventional electrostatic capacitors.' On
the basis of the charge storage mechanism,
ECs can be categorized as electric double-
layer capacitors (EDLCs) and pseudocapaci-
tors. EDLCs store energy by forming a dou-
ble layer of electrolyte ions on a conductive
surface and commonly use high-surface-area
carbon-based materials for electrodes.>™
Pseudocapacitors depend on the fast and
reversible redox reactions at the electrode
surface for charge storage; typical active
materials include transition-metal oxides
such as ruthenium oxide, iron oxide, nickel
hydroxide, manganese oxide,”~® as well as
electrically conductive polymers such as
polyanilines, polypyrroles, and polythio-
phenes.'®~ "3 To date, lower operating volt-
ages and limited cycle life have prevented
widespread commercialization of pseudo-
capacitors. However, the large specific
capacitance of these faradaic electrodes
(typically 300—1000 F/g) exceeds that of
carbon-based materials with pure EDLC ca-
pacitance, resulting in great interest to over-
come these limitations.'*

Manganese dioxide (MnO,) is a promis-
ing pseudocapacitive electrode material
for ECs due to its low cost, relatively
environmentally benign properties, and high
theoretical specific capacitance (~1380
F/g)."> As such, it is a promising alternative
to RuO,-based acid systems or state-of-the-

Electrochemical capacitors (ECs), also
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Manganese dioxide (Mn0,) particles 2—3 nm in size were deposited onto a porous “activated

microwave expanded graphite oxide” (aMEGO) carbon scaffold via a self-controlled redox

process. Symmetric electrochemical capacitors were fabricated that yielded a specific

capacitance of 256 F/g (volumetric: 640 F/cm®) and a capacitance retention of 87.7% after

1000 cycles in 1 M H,S0,; when normalized to Mn0,, the specific capacitance was 850 F/g.

Asymmetric electrochemical capacitors were also fabricated with aMEGO/Mn0, as the positive

electrode and aMEGO as the negative electrode and had a power density of 32.3 kW/kg (for an

energy density of 20.8 Wh/kg), an energy density of 24.3 Wh/kg (for a power density of 24.5

kW/kg), and a capacitance retention of 80.5% over 5000 cycles.
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art commercial carbon-based EDLCs.'0~'8

However, its poor electrical conductivity and
low mass loading in a planar ultrathin con-
figuration have significantly limited the en-
ergy storage capacity of MnO,.">~?' One
strategy to increase capacity is to deposit a
thin MnO; layer on support materials that are
highly conductive, have a high specific sur-
face area, and are electrochemically stable.
For example, a hybrid structure with a several-
micrometer-thick crust of MnO, deposited on
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carbon nanofoam?? yielded a specific capacitance
of about 110 F/g (for the hybrid nanofoam/MnO,
material) and a specific capacitance of 170—230 F/g
(when normalized to just the MnO,). Composites with
different sizes of MnO, nanoparticles embedded into
the mesoporous carbon matrix>> demonstrated spe-
cific capacitances of up to 220 F/g with 26 wt % load-
ing of MnO, for a specific capacitance of 600 F/g
when normalized to MnO,. More recently, a thin layer
(20—30 nm) of MnO, was deposited onto a three-
dimensional mesoporous structure that consists of
chemically modified graphene, showing a high specific
capacitance up to 389 F/g.* Total capacitance has
been improved by depositing MnO, in porous carbon
materials; however, the specific capacitance normal-
ized to the MnO, phase is usually far below the
theoretical value of MnO, ultrathin films (~1380 F/g),"®
which could be due to the low surface-to-volume ratio
of the MnO, particles. Because pseudocapacitance
depends on surface reactions, MnO, particle size plays
a crucial role in realizing its full pseudocapacitance.
Relatively large pores (and thus a low mass density) in
the carbon structures used as scaffolds will also lead to
poor volumetric capacitances. Thus, by choosing a
carbon support structure with high conductivity, suit-
able porosity, and high specific surface area, one may
expect to not only achieve a high specific gravimetric
capacitance but also improve the volumetric capaci-
tance. An example of a system where high values of
500—1250 F/g were reported is that of nanoscale MnO,
particles electrodeposited onto sheets composed of
multiwalled carbon nanotubes (CNTs).?>

In our previous work, a novel porous and highly
conductive carbon material was synthesized using
potassium hydroxide chemical activation of exfoliated
graphite oxide.?® The activated microwave expanded
graphite oxide (@MEGO) has extremely high specific
surface areas (up to 3100 m%/g), a continuous three-
dimensional (3D) network of highly curved atom thick
walls of carbon, and an ultraporous structure with pore
sizes ranging from about 0.6 to 5 nm. With a measured
powder electrical conductivity of ~500 S/m and ex-
cellent electrochemical stability (a specific capacitance
retention of 97% after 10000 cycles in ionic liquid
electrolyte), aMEGO is an attractive scaffold candidate
for MnO..

Herein, we report the fabrication of aMEGO/MnO,
(in short, AGMn) composites via a simple and cost-
effective redox process. The self-controlled reaction
between aMEGO and potassium permanganate (KMnQ,4)
under neutral pH conditions led to the formation of a
homogeneous deposition of nanoscale MnO, particles
throughout the ultraporous aMEGO structures. The
resultant 3D AGMn composite architecture retained
most of the structural properties of the aMEGO, which
facilitates easy access of the electrolyte ions into the
electrodes. With the AGMn composites as electrodes in
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Scheme 1. Schematic illustration showing the self-controlled
redox deposition of manganese oxide in aMEGO.
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ECs, specific gravimetric capacitances of up to 256 F/g
were obtained in 1 M H,SO, aqueous solution,
corresponding to a volumetric specific capacitance of
640 F/cm?, with a capacitance retention of 87.7% after
1000 cycles (for the AGMn sample with 38.1 wt % MnO,).
The specific capacitance is 850 F/g when normalized to
MnO, content (for the AGMn sample with 8.1 wt %
MnO,). Furthermore, asymmetric EC devices with
AGMn (for the AGMn sample with 8.1 wt % MnO,) as
the positive electrode and aMEGO as the negative
electrode in T M Na,SO, electrolyte had a power den-
sity of 32.3 kW/kg (at the energy density of 20.8 Wh/kg),
an energy density of 24.3 Wh/kg (at the power density
of 24.5 kW/kg), and a cycling performance of 80.5%
capacitance retention over 5000 cycles. The aMEGO
could serve as a scaffold for other transition-metal
oxides as well as conducting polymers.

RESULTS AND DISCUSSION

Different amounts of MnO, were deposited by soak-
ing aMEGO in KMnO,4 aqueous solution with reaction
times ranging from 5 to 120 min, leading to samples
denoted here as AGMn-xmin (x =5, 10, 30, 60, 90, 120).
The preparation of AGMn nanostructures is illustrated
in Scheme 1.Under a neutral pH condition, the reaction
between carbon and KMnOQ, is as follows:?’

4MNnO,4 ~ + 3C + H,O — 4MnO, 4+ CO3?~ + 2HCO; ~

The mass loadings of MnO, in the AGMn samples as
estimated by thermogravimetric analyses (TGA) were
8.1, 10.2, 15.5, 24.3, 29.9, and 38.1% by weight in the
order of increasing reaction times. The MnO, loading
follows a nearly linear dependence for deposition
times longer than 5 min (Figure S1a in Supporting
Information). Moreover, the derivative thermogravi-
metric (DTG) curves (Figure S1b) suggest that the
temperature for carbon combustion was lower for
higher MnO, content, which can be explained by the
local modification of carbon species by MnO, and the
catalytic function of the Mn species as studied in our
previous work.?

Figure 1 shows the X-ray diffraction (XRD) patterns
for the AGMn composites with different reaction times
(10 and 120 min), as well as that of aMEGO. For all
samples, two diffraction peaks appear at around 23°
and 43°, corresponding to the (002) and (101) diffrac-
tion peaks of graphitic carbons,>>?° respectively. The
peak intensity (after removing the background) was
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lower for the AGMn composites and is mainly attrib-
uted to the incorporation of MnO, nanoparticles. No
obvious MnO, diffraction peaks can be observed in the
spectra of AGMn compared to that of aMEGO, probably
due to the fact that the MnO, particles in the samples
are of such small size and likely have an amorphous or
poorly crystalline structure.? There is a slight upward
sloping at around 36.8 and 65.7° for AGMn-10min and
AGMn-120min, and these two peaks become more
obvious after calcination in air at 400 °C for 3 h (AGMn-
120min-h) and correspond to the (006) and (119) peaks
of birnessite MnO, (JCPDF 18-0802), respectively. In
addition, the XPS spectrum (Figure S2) for AGMn-
10min contains a Mn 2ps,, peak at about 641.8 eV
and a Mn 2p,,, peak at about 653.6 eV, with a spin-
energy separation of 11.8 eV, showing that the pre-
dominant Mn oxidation state is a valence state of +4.3°
No obvious Mn 2ps,, signal of KMnO, at 647 eV was
observed, indicating that the permanganate ions have
been reduced to Mn0,.22

The SEM images in Figure 2a,b show that the as-
prepared AGMn-10min composite retains the 3D struc-
ture and porous morphology of aMEGO; the composite
looks very similar to the aMEGO as described in our
previous report,®® suggesting that the redox reaction

—— AGMn-120min-h
—— AGMn-120min
——— AGMn-10min
aMEGO

—— JCPDF 18-0802

Intensity (a.u.)

10 20 30 40 50 60 70 80
26 (degree)

Figure 1. XRD patterns of aMEGO and AGMn-120min and
the same sample after being annealed (AGMn-120min-h) as
well as the standard pattern of birnessite MnO, (JCPDF
18-0802).
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between carbon and KMnO, did not change the overall
morphology of aMEGO. In addition, both the high-
resolution SEM image (Figure 2b) and the bright-field
scanning transmission electron microscopy (BF-STEM)
image (Figure 2c) for the same area show that
a homogeneous distribution of MnO, nanoparticles
has been obtained without any sign of additional
MnO, formed on the exterior surface of this AGMn-
10min sample. The uniform distribution of MnO, was
also confirmed by energy-dispersive spectroscopy
(EDS) elemental mapping. Figure 2d shows a SEM
image of the same area combined with EDS mapping
images made from K-line energy densities of C, Mn,
and O. Compared to the C mapping image, the Mn and
O mappings show lower distribution intensity, further
indicating that there is little MnO, present on the
exterior of the carbon. Only for the longest deposition
time of 120 min does the formation of MnO, nano-
flakes on the external structure become noticeable
(Figure S3). We surmise that nanoscale amorphous
MnO, particles are incorporated within the interior of
the nanoporous structure of aMEGO, and the porous
structure prevents the reaggregation of MnO, nano-
particles during the high-temperature calcination process.

The dispersion of MnO, nanoparticles in the aMEGO
can also be observed with transmission electron micro-
scopy (TEM) imaging. The low-magnification images
(Figure 3a,b) show that MnO, nanoparticles (indicated
by the dotted circles) appear as particles with size of
~2—3 nm with no larger aggregates present. At higher
magnification (Figure 3c), highly curved carbon layers
with fringes were observed, showing that the porous
structure of aMEGO has been preserved after the
incorporation of MnO,. The measured lattice spacing
of the MnO, particles of ~2.42 A is close to the value of
244 A of the (006) planes of birnessite®' and corre-
sponds to the peak at 36.8° in the XRD pattern
(Figure 1). No larger aggregates of MnO, nanoparticles
were found even after the sample was annealed at
400 °C for 3 h (Figure S4), implying that the MnO,

100 nm

Figure 2. (a) Low-magnification and (b) high-magnification SEM images of the AGMn-10min composite, (c) BF-STEM image of
the same area as (b), (d) SEM image combined with EDS mapping in the same area and relative intensities of C (red), Mn

(green), and O (blue) elements.
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Figure 3. (a,b) Low- and (c) high-magnification transmission electron micrographs of AGMn-10min showing nanoscale MnO,

particles in aMEGO.
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Figure 4. (a) Nitrogen adsorption isotherms of aMEGO and AGMn composites with various reaction times. (b) Pore size

distributions of aMEGO and two typical AGMn composites.

TABLE 1. MnO, Loadings and Pore Structure Parameters
of the aMEGO and AGMn Composites

MnO, content  specific surface  pore volume  pore size

sample (%) area (m%/g) (cm’/g) (nm)
aMEGO 0 2690 1.44 1.8
AGMn-10min 8.1 2483 1.14 1.8
AGMn-30min 15.5 1998 0.98 18
AGMn-90min 29.9 1417 0.82 18
AGMn-120min 38.1 1391 0.78 18

nanoparticles are homogeneously dispersed within
and tightly confined by the porous aMEGO structure.

The porosity of the AGMn composites was studied
by nitrogen adsorption, and the adsorption isotherms
for aMEGO and for the AGMn composites are shown in
Figure 4a. All samples are found to have typical IV
isotherm curves indicating a micromesoporous struc-
ture.?® The specific surface area (Table 1) decreases
from 2690 m?/g for aMEGO to 2483 m?/g for AGMn-
10min and to 1391 m?%/g for AGMn-120min, still sig-
nificantly higher than other reported carbon/MnO,
composites.?2?53233 The cumulative pore volume de-
creases from 1.44 cm?®/g for the aMEGO to 1.14 and
0.78 cm®/g for the samples with 10 and 120 min
deposition times, respectively. The decrease in the
specific surface area and the total pore volume with
increase of the MnO; loading is, we think, mainly due to
the higher density of the composites rather than the
pore-filling of MnO,, which is confirmed by the un-
changed average pore size and the pore size distribu-
tion shown in Figure 4b. On the basis of previous
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reports, > 3¢ pore-filling would significantly reduce

the pore size, even at a relatively low loading level of
guest materials. The negligible change in the pore size
and its distribution after the treatment with KMnO,
indicated that the MnO, nanoparticles did not occupy
or block the space of the pores, but possibly embedded
in the pore walls of the aMEGO, as previously reported
for mesoporous carbon,? thus preserving the contin-
uous 3D architecture of the pristine aMEGO.

To explore the AGMn composites as EC electrodes,
the electrochemical properties of our samples were
first characterized in symmetric two-electrode ECs with
cyclic voltammogram (CV), galvanostatic charge/
discharge, and frequency response measurements in
a 1 M H,SO,4 aqueous solution. Figure 5a shows the CV
curves foraMEGO and AGMn composites at a scan rate
of 20 mV/s. The relatively symmetrical rectangular
shape of the CV plots indicates that the samples have
an ideal EC behavior; the gravimetric current density
increases with MnO, deposition time, suggesting that
the capacitance is improved by incorporating pseudo-
capacitive materials into the 3D nanoporous struc-
tures. This also can be confirmed from the tri-
angle shape of the charge/discharge curves and an
increase of discharge times in Figure 5b. Furthermore,
the AGMn-120min composite maintains good perfor-
mance from both CV curves and charge/discharge plots
at increasing scan rates (Figure S5a,b).

The specific capacitance for the AGMn compo-
site electrodes was calculated from the discharge
curves (Experimental Section); the specific pseudo-
capacitance contributed from just the MnO, was also
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Figure 5. (a) Cyclic voltammograms (at 20 mV/s) and (b) charge/discharge curves (at 0.5 A/g) for bare aMEGO electrode and
AGMn composite electrodes with various loadings. (c) Specific capacitances of aMEGO and AGMn composites with various
loadings plotted as the function of charge/discharge current densities. (d) Gravimetric capacitances based on MnO, as a
function of the loadings at a current density of 0.25 A/g. (e) Nyquist curves of aMEGO and AGMn composites. (f) Capacitance
retention of symmetric cells based on aMEGO and AGMn electrodes measured in a 1 M H,SO, aqueous electrolyte.

determined. As shown in Figure 5d, specific capaci-
tances normalized to MnO, reach 850 F/g at 0.25 A/g
for the AGMn-10min sample, much higher than MnO,
in other carbon/MnO, composites and comparable to
CNT/MnO, composites.'®*” The high value shows
that the homogeneous dispersion of nanoscale MnO,
particles could reduce the diffusion length of ions
within the pseudocapacitive phase, ensuring a greater
utilization of the active materials.>® However, perfor-
mance begins to decrease for deposition times longer
than 10 min, probably due to excess MnO, on the
outside of the aMEGO, as shown in the SEM image for
AGMn-120min (Figure S3). In spite of the excess MnO,,
a total gravimetric specific capacitance of up to 256 F/g
for the AGMn-120min sample at a scan rate of 0.25A/g
is still achieved for longer deposition times (Figure 5c).
As the current density is increased from 0.25 to 20 A/g,
this value falls to 187 F/g and then remains approxi-
mately constant, still higher than that of other carbon/
MnO, or conductive polymer hybrid electrodes
(80—170 F/g) at the same current density.>%*>*
Afrequency response analysis (FRA) in the frequency
range from 1 MHz to 10 mHz yields the Nyquist plot for
aMEGO and AGMn composites, as shown in Figure 5e
with an expanded view of the high-frequency region in
the inset. All plots feature the most vertical line in a
low-frequency region, indicating a nearly ideal capaci-
tive behavior. From the magnified data in the high-
frequency range, both AGMn-10min and AGMn-120min
composites show very low equivalent series resistance
(ESR) values (about 0.34 and 0.4 ohms, respectively)
close to that of aMEGO (about 0.28 ohms), suggesting
that the AGMn electrodes have very small resistance
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with good ion response at high-frequency ranges even
with a high loading of MnO,. The small resistances
are also confirmed by observing the negligible volt-
age drops at the beginning of discharge curves in
Figure 5b. The very low ESR values indicate that the
aMEGO material with its ultrahigh specific surface area
can indeed act as a highly conductive substrate for
MnO, deposition.

Several unique characteristics of the AGMn compo-
sites which make them a promising candidate as high-
performance EC electrode materials include the follow-
ing: (i) the unique architecture and extremely high
surface areas of aMEGO permit a large loading of MnO,
particles and also facilitate free access of electrolyte
ions to the electrode surfaces; and (ii) the conformal
and homogeneous dispersion of nanoscale MnO, par-
ticles throughout the conductive, ultraporous aMEGO
structures reduces the diffusion length of ions within
the pseudocapacitive phase ensuring an efficient uti-
lization of the active materials. Furthermore, a capaci-
tance retention of 87.7% was achieved after 1000
cycles for the AGMn-120min sample when scanned
at a high current density of 15 A/g (Figure 5f), indicat-
ing both good high-rate performance and good stabi-
lity of the as-prepared AGMn composites.

Asymmetric EC systems that incorporate a different
material for each electrode promise a wider operating
voltage and thus provide increased energy densities.**~*°
We assembled hybrid ECs using AGMn-10min compo-
sites (with 8.1 wt % MnO,) as the positive electrodes
and aMEGO as the negative electrodes in aqueous elec-
trolyte, as shown in Figure 6a. According to a previous
investigation of an activated carbon MnO,/activated
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Figure 6. (a) Schematic of the assembled structure of asymmetric hybrid EC cells based on AGMn as positive electrode and
aMEGO as negative electrode in aqueous electrolyte. (b) Cyclic voltammograms and (c) galvanostatic charge/discharge curves
measured with different scan rates for the assembled hybrid ECs. (d) Ragone plot of energy density versus power density for
our hybrid ECs (red points) and others using similar systems reported in the literature. (e) Cycling performance of our hybrid
ECs showing capacitance retention of 80.4% after 5000 cycles of charge/discharge cycling at a current density of 2 A/g, and
small change in EC's equivalent series resistance taken from impedance measurement every 1000 cycles.

carbon asymmetric system,*® the operating voltage
window in acid electrolyte was limited due to H, gas
evolution from the reaction of H' ions. In a neutral
electrolyte, the concentration of H" and OH™ ions is
too low to induce gas evolution reactions, thus extend-
ing the operating voltage for asymmetric systems. For
our asymmetric cells, the operating voltage with 1 M
H,SO, aqueous electrolyte was limited to ~1.2 V;
while in Na,SO, aqueous electrolyte, good capaci-
tive behavior with rectangular CV curves at a scan
rate of 20 mV/s with a potential window up to 2.0 V
was obtained (Figure S6). Thus, a T M Na,SO,4 aqu-
eous solution was chosen as the electrolyte for the
asymmetric systems.

Figure 6b shows the CV curves of the asymmetric ECs
measured at scan rates ranging from 5 to 400 mV/s.
Between 0 and 2 V, these CV curves exhibit nearly
rectangular shapes without obvious redox peaks. As
the scan rate is increased to 200 mV/s, the shape of
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CV curve shows some deviation from that of an ideal
capacitor, possibly due to increasing overpotentials
from ion transport between the electrolyte and MnO,."®
Galvanostatic charge/discharge testing was also per-
formed with different current densities with a voltage
window of 0—2 V (Figure 6c). The specific capacitance
calculated on the basis of the total mass of active
materials from positive and negative electrodes
reached 175 F/g at a current density of 0.25 A/g. The
energy (E) and power densities (P) for the asymmetric
ECs were calculated from galvanostatic discharge
curves and plotted on the Ragone diagram shown in
Figure 6d. We also included the performance of other
hybrid ECs that have been reported in the literature.
The maximum energy density of 24.3 Wh/kg (at a
power density of 24.5 kW/kg) and power density
of 32.3 kW/kg (at a energy density of 20.8 Wh/kg)
were achieved using hybrid ECs at an operating vol-
tage of 2 V. These values are not only higher than
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most of the hybrid ECs based on MnO,/carbon elec-
trodes' 44043454749 Kt also comparable to those of
CNT-based hybrid systems.?>*4*3° |n addition, our
hybrid ECs also show good cycle life with a capacitance
retention of 80.4% after 5000 charge/discharge cycles
at a current density of 2 A/g. A frequency response
analysis was performed after every 1000 cycles to
monitor any changes in the equivalent series resis-
tance of the cell. It demonstrates a small drop of ESR
values (from 1.4 to 0.8 ohms) in the first 2000 cycles
with only subtle changes for the remaining cycles.

CONCLUSION

In summary, aMEGO/MnO, composites were synthe-
sized via a straightforward and scalable self-controlled

EXPERIMENTAL SECTION

Preparation of AGMn Composites. The “activated microwave
expanded graphite oxide” (aMEGO) powder was synthesized
by KOH chemical activation of microwave exfoliated graphite
oxide as described in our previous report.’® The aMEGO powder
was first vacuum-dried at 120 °C for about 5 h. The aMEGO/
MnO, composites (AGMn) were then prepared using a self-
controlled redox deposition process as follows: 25 mg of
aMEGO powder was added to 600 mL of 0.5 mM KMnQ, diluted
aqueous solution while stirring in ambient at room tempera-
ture. After the reaction, the samples were filtered, washed
repeatedly with deionized water, and dried in air at about
80 °C for 24 h. Different reaction durations ranging from 5 to
120 min were used to control the mass loading of MnO,. The
as-prepared samples are designated as AGMn-xmin (x = 5, 10, 30,
60, 90, 120). The AGMn-10min and AGMn-120min samples were
further calcined in air at about 400 °C for 3 h to obtain AGMn-
10min-h and AGMn-120min-h. It should be pointed out that the
calcinations did not change the oxidation of MnO, nanoparticles
as the powder maintains its structural characteristics after heat
treatment at temperatures lower than 400 °C for 3 h.>'>?

General Characterization. The structure of the AGMn compo-
sites obtained was characterized by X-ray diffraction (XRD)
(Xpert, Philips) using Cu Ka radiation. Transmission electron
microscopy (TEM, JEOL 2010F, 200 kV) and scanning electron
microscopy (SEM, Hitachi S5500, 30 kV) equipped with scann-
ing transmission electron microscopy (STEM) and energy-
dispersive spectroscopy (Bruker EDS Quantax 4010) were used
to study the morphology and microstructure of the composites.
An EDS mapping with specimen-drift autocompensation en-
abled imaging the elemental distribution with enhanced sensi-
tivity and spatial resolution across the sample. In SEM-EDS
mode, the image contrast is proportional to the mass density
times the atomic number squared. Thermogravimetric analysis
(TGA, Perkin-EImer TGA 4000) was measured with a heating rate
of 5 °C/min under 20 mL/min of flowing air. X-ray photoelectron
spectroscopy (XPS) analysis was conducted with two separate
systems equipped with monochromatic Al Ko sources (Kratos
AXIS Ultra DLD, Omicron Nanotechnology XM1000/EA 125 U7)
to analyze the chemical composition of the samples. The
measurement of the nitrogen adsorption isotherms was done
with a Quantachrome Nova 2000 at 77.4 K.

Supercapacitor Measurements. A two-electrode cell configura-
tion was used to measure the performance of supercapacitors
composed of aMEGO and AGMn composite electrodes in 1 M
H,SO,4 and 1 M Na,SO, aqueous electrolytes. Polytetrafluoro-
ethylene (5 wt %) (PTFE; 60 wt % dispersion in water) was added
to the aMEGO and AGMn as a binder. Typically, the aMEGO and
AGMn powders were mixed into a paste using a mortar and
pestle, rolled into uniform sheets with thicknesses ranging
between 40 and 50 um, and finally punched into ~1/4 cm
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redox process. The aMEGO with its high electrical
conductivity and nanoscale pore size distribution was
shown to be an excellent scaffold for MnO, nanopar-
ticles. The resultant 3D AGMn composite architecture
facilitates transport of both electrolyte ions and elec-
trons to the electrode surface. The uniform size and
spatial distribution of MnO, nanoparticles enhances
the utilization of the pseudocapacitive materials,
giving the composite a high specific capacitance, good
rate capability, and long cycle life. We believe that such
low-cost, high-performance composites using earth-
abundant and environmentally friendly materials and
created by a scalable solution-based process can offer
great promise in grid-scale energy storage device
applications.

diameter electrodes. A pair of typical electrodes had a weight
between 0.7 and 1.4 mg after drying overnight at a ~120 °C
under vacuum. In a symmetric system, the two identical (by
weight and size) aMEGO or AGMn composite electrodes were
assembled in a test cell as shown in our previous report,®® which
consisted of two current collectors, two electrodes, and an ion-
porous separator (Celgard 3501) supported in a test fixture
consisting of two stainless steel plates. Conductive carbon-
coated aluminum foils (Expoack 0.5 mil 2-side coating) were
used as current collectors. The asymmetric hybrid EC cells were
assembled in the same test fixture using AGMn composites for
the positive electrodes and aMEGO for the negative electrodes.
For the asymmetric cells, the electrodes were ~1/4 cm in
diameter with thicknesses of ~40—50 um.

The total gravimetric specific capacitances were calculated
from the constant current charge/discharge curves using the
following equation: C = 4/At/(mAV), where | (A) is the discharge
current, At (s) is the discharge time, m (g) is the mass of the two
identical electrodes, and AV (V) is the voltage range of the
discharge portion. Equivalent series resistance (ESR) was esti-
mated using the voltage drop at the beginning of the discharge,
Varop (V), at certain constant current / (A), with the formula Resg =
Varop/(2l). The energy density was estimated by using the
formula E = CVpmax’/8. The power density, calculated from the
constant current discharge curves and normalized with the total
weight of two electrodes m (g), is given by P = (Vipax —
Varop)*/(4Respm).
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