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S
upercapacitors are promising energy
storage devices, especially surge power
providers, in a broad range of applica-

tions, including energy harvesters, microelec-
tromechanical systems (MEMS), portable
electronics, electric vehicles, and high-perfor-
mance, hybridpower sourcesbycouplingwith
batteries.1�4 They have garnered interest due
to their high power density, quick charging,
long cycling life, and great reversibility.5�7

Supercapacitors based on different electrode
materials store/deliver energy with different
working principles. Carbonmaterials are used
extensively for electric double layer capacitors

(EDLC) where charge is stored by nonfaradaic
surface interactions.8�10 On the other hand,
conductive polymers11,12 and various transi-
tionmetal oxides13�18 are used for reduction�
oxidation (redox) capacitors where faradaic
reactions can be employed to improve
charge/energy storage capability, while
typically compromising the charge/discharge
rate, power density, and cyclability to a
certain degree.19

Among the transition metal oxides, man-
ganesedioxide (MnO2) is especially attractive
due to its low cost, environmental friendli-
ness, abundance in nature and relatively
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ABSTRACT

It is commonly perceived that reduction�oxidation (redox) capacitors have to sacrifice power density to achieve higher energy density than carbon-based electric

double layer capacitors. In this work, we report the synergetic advantages of combining the high crystallinity of hydrothermally synthesizedR-MnO2 nanorods with

alignment for high performance redox capacitors. Such an approach is enabled by high voltage electrophoretic deposition (HVEPD) technology which can obtain

vertically aligned nanoforests with great process versatility. The scalable nanomanufacturing process is demonstrated by roll-printing an aligned forest ofR-MnO2
nanorods on a large flexible substrate (1 inch by 1 foot). The electrodes show very high power density (340 kW/kg at an energy density of 4.7 Wh/kg) and excellent

cyclability (over 92% capacitance retention over 2000 cycles). Pretreatment of the substrate and use of a conductive holding layer have also been shown to

significantly reduce the contact resistance between the aligned nanoforests and the substrates. High areal specific capacitances of around 8500 μF/cm2 have been

obtained for each electrode with a two-electrode device configuration. Over 93% capacitance retention was observed when the cycling current densities were

increased from 0.25 to 10 mA/cm2, indicating high rate capabilities of the fabricated electrodes and resulting in the very high attainable power density. The high

performance of the electrodes is attributed to the crystallographic structure, 1D morphology, aligned orientation, and low contact resistance.

KEYWORDS: electrophoretic deposition . high power supercapacitors . scalable nanomanufacturing . aligned nanoforests
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high specific capacitances. Manganese dioxide exists in
different crystallographic structures owing to the dif-
ferent ways the MnO6 octahedra are interlinked, that
result in various tunnel sizes. These tunnels allow for
foreign cations to be stored within them, while en-
abling the conversion of Mn4þ ions to Mn3þ ions for
charge balance.20 The quantity of cations that can be
stored depends on the size of these tunnels. Among
the different MnO2 structures, R-MnO2 with 2 � 2
tunnels formed from double chains of MnO6 has one
of the largest tunnel sizes.20�22 As a result,R-MnO2 can
store more foreign cations in reversible faradaic reac-
tions, rendering it with the highest specific capacitance
among all the known crystal phases of MnO2.

21

The performance of a supercapacitor can be strongly
affected by the crystallographic structure of active
material, as well as other factors like morphology,
exposed surface area, electrical contact with current
collectors, amount of cations present, etc. It is well-
known that one-dimensional (1D), nanostructured
morphology allows for large surface area, short diffu-
sion paths that enable fast electron/ion transfer, better
stress/strain accommodation, and modified electro-
chemical properties.23 Ordered architectures with
vertically aligned forests of such 1D nanostructures
provide additional advantages like greater packing
density, ballistic electron transport along the vertical
axis, better electrolyte access and better electrical
contact that consequently lead to higher rate capabil-
ities and greater cyclic stabilities.24,25 Aligned forests of
CNTs have inspired a few innovative configurations of
electrodes and devices, such as interdigitated planar
devices,26 Origami-folded electrodes,27 and forests of
nanoflowers on vertically aligned stems.28 For exam-
ple, by integrating aligned CNT nanoforest into a
microscale supercapacitor using a novel synthesis
process, Jiang et al. achieved an impressive perfor-
mance improvement by 3 orders of magnitude,26

indicating the power of alignment and opening the
door to newopportunities. Electric-field-induced align-
ment has been tried for carbon nanotubes or metallic
nanoparticles using methods based on electrophoretic
deposition (EPD)29�33 and dielectrophoresis (DEP).34�37

DEP is limited in its process versatility and scalability due
to the required small microfabricated electrode gaps and
preferable deposition on electrode edges. EPD, on the
otherhand, has facedproblems likebundle formation, low
density, poor alignment, and difficulty in control. In any
case, such innovative methods have been tried pre-
dominantly for carbon nanotubes and have not yet been
used to obtain aligned forests of MnO2 nanoparticles.
MnO2 nanostructures have been synthesized by

various methods such as coprecipitation, chemical
reduction, sol�gel synthesis, thermal decomposition,
and electrochemical deposition.6,38�40 Ordered/aligned
MnO2 nanostructures have also been obtained by sol�
gel template synthesis,41 template-based electrochemical

deposition,42 electrochemical anodization43 and anodic
electrochemical deposition,44 etc. However, it has been
challenging to obtain nanomaterial with both optimal
crystallographic structure and highly ordered/aligned
morphologyat the sametime.Asa result, theperformance
can deteriorate quickly at high charge/discharge rate and
during long cycling even if the nanorods can originally be
well aligned, due to the lack of pure crystallographic
structures, optimal 1D morphology, and low electrical
contact resistance. Furthermore, the use of templates
and high temperatures in the above-mentionedmethods
seriously limits the ability to obtain large flexible electro-
des on current-collecting substrates for applications in
large-scale supercapacitor devices.
On the other hand, hydrothermal synthesis has been

used to produce 1D nanostructures of MnO2 with
superb process control and highly crystalline structures,
due to the relatively higher process temperature and
pressure.22,45�48 Improved capacitive behavior of highly
crystalline 1D MnO2 nanostructures by hydrothermal
synthesis has been repeatedly observed.21,49,50 More-
over, the relatively high yields of hydrothermal synthesis
made it a good choice for scale-up production. How-
ever, hydrothermal synthesis has not been reported
to directly produce ordered arrays on conductive sub-
strates that can take the aforementioned advantages
and innovative device/electrode configuration of align-
ed nanoforests.26�28,51 A versatile, scalable, and facile
technique for device fabrication using ordered, high-
quality MnO2 nanostructures is yet to be realized,
together with the demand on process compatibility
(e.g., with flexible substrates and Si-microfabrication
processes).
In this work, we propose to first obtain highly crystal-

lineR-MnO2 nanorods by low-cost, scalable hydrother-
mal synthesis method, and then align/deposit them by
our previously reported post synthesis method named
high voltage electrophoretic deposition (HVEPD).52

Electrophoretic deposition (EPD) is a process in which
DC voltage is used tomove charged particles in a stable
dispersion toward the oppositely charged electrode.
As a result, the particles are deposited on the electrode
surface due to surface interactions.53 HVEPD enables
great flexibility on the choice ofmaterial (e.g., CNTs and
various types ofMnO2) and substrates (e.g., flexible and
transparent). It is also a template-free, room-tempera-
ture process with high compatibility to microfabrica-
tion. We have previously reported aligned nanoforests
of CNT and β-MnO2 nanorods using HVEPD and proved
that the process is compatible with flexible and trans-
parent electrodes.52 In this work, we have been able to
show the full advantages of combining hydrothermal
synthesis and HVEPD which turns out to enable super-
capacitor electrodes with excellent retention of capac-
itance over high current density and long cycling.
Furthermore, the prospect of durable, high-power
supercapacitors on roll-printed large flexible substrates
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has been demonstrated by verifying that such scale-up
leads to no performance deterioration. The high per-
formance in this work has been attributed to the
optimal crystallographic structures of the hydrother-
mal R-MnO2 nanorods, the alignment parameters
optimized for the nanorods, the conductive holding
layer and the pretreated substrate to remove any
existing oxide layer. The work has provided a unique
opportunity to look at MnO2-based redox capacitors
from the perspectives of not only material but also
device configuration and electrode morphology.

RESULTS AND DISCUSSIONS

Hydrothermal Synthesis of r-MnO2 Nanorods. Crystalline
R-MnO2 nanorods were first synthesized using a facile
hydrothermal synthesis technique.54 KMnO4 was used
to oxidize MnSO4 under hydrothermal conditions and
produce uniform nanorods. An optimal ratio of the
reactants was adopted to obtain the desired morphol-
ogy and crystallographic structure. It is believed that
the formation of the R-MnO2 nanorods is through the
transformation of initially formed δ-MnO2 phase dur-
ing hydrothermal process.54 The as-produced R-MnO2

nanorods were characterized using the field emission
scanning microscopy (FESEM) and by X-ray diffraction
analysis (XRD) (Figure 1). The nanorods appeared fairly
uniform with a length of 2�6 μm and diameter of about

20�80 nm. XRD peaks were indexed by comparison to
literature54,55 and JCPDS 44�141, which confirms the
crystalline structure of the synthesized nanorods as
R-MnO2. The sharp peaks in the XRD analysis indicate
high crystallinity of the synthesized material.

High Voltage Electrophoretic Deposition. HVEPD was
used to obtain aligned forests of as-synthesized
R-MnO2 nanorods. The method relies on using a rela-
tively high voltage (i.e., strong electric field) to align the
nanorods along the electric field, maintaining a low
concentration dispersion to avoid bundle formation
during deposition and simultaneous deposition of a
holding layer to maintain the aligned orientation.
Figure 2 shows the working mechanism of the HVEPD
process with the schematic of the continuous roll-
printing HVEPD setup. R-MnO2 nanorods were dis-
persed in isopropyl alcohol (IPA) with a precursor salt
for the holding layer also being dissolved. A nonaqu-
eous dispersion system was chosen to eliminate bub-
ble formation during deposition caused by water
electrolysis. With its optimal concentration, the pre-
cursor salt fulfills two functions: ions in the solvent are
adsorbed onto the surface of nanoparticles to stabilize
themand facilitate their deposition,53while excess ions
get reduced and deposit as the holding layer during
HVEPD.52 During deposition, the charged nanorods are
moved through the dispersion by using a certain

Figure 1. FESEM image and XRD analysis of R-MnO2 nanorods synthesized by hydrothermal synthesis.
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voltage, which, if high enough, would polarize the
nanorods to overcome Brownian motion and align
them along the electric field.56,57 However, the polar-
ized nanorods generally tend to attract oppositely
charged ends and aggregate during deposition.58 To
limit such aggregation, relatively low concentration of
the nanorods has been used to obtain densely aligned
nanoforests.52 The time of deposition can also be
controlled to avoid over deposition or crowding.

Control experiments were carried out to find the
optimal parameters needed to align the as-synthesized
R-MnO2 nanorods. Alignment was first achieved with a
nonconductive Mg(OH)2 holding layer by using a Mg
precursor salt. Good alignment was obtained at a
deposition voltage of 800 V and time of 30 s. The
concentration of R-MnO2 nanorods was maintained at
0.01 mg/mL and that of the Mg precursor salt was kept
at 0.005 mg/mL. In order to improve the electrical
contact between the nanorods and the rigid stainless
steel (SS) substrates, a conductive Ni holding layer has
also been employed in this work. A Ni salt was used as
the precursor with a concentration of 0.0075 mg/mL,
while the nanorod concentration was kept at 0.01 mg/
mL. It has been noticed that the amount of ions
adsorbed on the nanorod surface, ionic mobility and
the optimal amount of ions in the dispersion vary with
the type of precursor salts. The salt concentrations
have to be adjusted to provide enough charge on
the nanorods and deposit a sufficiently thick holding
layer. On the other hand, an excess of precursor salt
may lead to unstable dispersion, deteriorated align-
ment, and reduced specific capacitance due to excess
Ni content. The deposition voltage and time for opti-
mal alignment (determined by FESEM observation and
electrochemical testing) were found to be 800 V and
30 s respectively, same as the values for HVEPD with
Mg salt as the precursor. Figure 3 shows the tilted side

views of the aligned nanoforests with the two different
holding layers. The observed alignment is in the ver-
tical direction relative to the substrate as opposed to a
random or horizontally aligned network. It has been
shown in our previously published work that such
vertically aligned nanoforests could not be achieved
using drop casting or EPD with lower voltage.52,59 The
alignment on the vertical direction, although not per-
fect, has previously been quantitatively revealed by
their improved electrochemical performance, higher
contact angle (to superhydrophobicity) after applying
polymer coating, and capability to electrically connect
two separated electrodes over a larger distance.52

There is certainly room for further improvement in
the quality of alignment. The vertically aligned nano-
forests prepared by HVEPD lead to increased surface
area and reduced contact resistance that enable the
high electrochemical performance, as to be outlined in
this paper. Dense nanoforests of R-MnO2 nanorods
could be achieved using both the precursor salts. How-
ever, it is observed that the alignment and uniformity
have been slightly improved in the samples with a Ni
holding layer. It can be attributed to the avoidance of
electric field distortion by the patchy, nonconductive
Mg(OH)2 holding layer in the former case.

To further improve the electrical contact, the SS
substrates were pretreated to remove any existing
oxide layer on the surface. A standard Wood's strike60

was used to remove the oxide layer and deposit a thin
layer of Ni on the surface of the SS substrate. The
Wood's strike is commonly used in electroplating
applications to improve mechanical adhesion.60 In this
case, the Wood's strike was used to provide better
electrical contact between the nanorods and the sub-
strate while improving the adhesion. HVEPD was then
conducted on the pretreated substrate to obtain
aligned nanoforests with low contact resistance.

Figure 2. Schematic and working mechanism of continuous HVEPD setup.
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Electrochemical Characterization. The effect of improved
electrical contact on the electrochemical performancewas
studiedusinga two-electrodeSwagelok cell. Testingwitha
two-electrode setup represents the scenario of a practical,
packaged cell.61 Three types of samples were prepared,
characterized, and compared, as shown in Table 1.

Galvanostatic charge�discharge was carried out to
find the specific capacitance for the three samples.
Figure 4a shows the typical charge�discharge curves
measured at a constant current density of 0.25 mA/cm2.
The IR drop, as defined as the drop in voltage at the point
of current switching, is indicativeof thecontact resistance
of the sample. The capacitance values were calculated
using the linear part of the discharge curve after the IR
drop (Table 2). The total areal specific capacitance of the
complete two-electrode systemwas calculated using the
relation given below

CA ¼ C=A ¼ (I � dt)=(dv� A) (1)

,where C is the total measured capacitance of the two-
electrode system; I is the constant current used during
discharge; dt is the discharge time from the near linear
part of the discharge curve after the IR drop; dv is the
voltage difference during time dt and A is the area of a
single electrode.

As compared with samples II and III, the use of a
conductive holding layer and pretreated substrate in
sample I has led to greatly reduced IR drop which
indicates a lower contact resistance. It is well-known
that reduced contact resistance helps improve electro-
chemical capacitance.8 The impact of improved contact
is seen by a roughly 2-fold increase in the capacitance
values. This effect is also seen in the cyclic voltammetry
(CV) curves shown in Supporting Information S1, which
shows no distortion in the near-rectangle shape at high
scan rates. As a result, the stability of the sample during
high rate cycling has opened up its great potential for
high power applications to bedemonstrated later in this
work. Supporting Information S2 shows the Nyquist
plots for the three samples taken by electrochemical
impedance spectroscopy (EIS). The EIS data agrees well
with the conclusion drawn from IR drop that sample I
has the lowest contact resistance.

Thehigh rate capability of these sampleswas checked
by characterizing at different current densities. Figure 4b

shows the variation of CA (the areal specific capacitance)
in response to∼40 times increase in the current density,
from 0.25 mA/cm2 up to 10 mA/cm2. The highest reten-
tion in CAwas seen for sample I, which retained over 93%
of its original value. In comparison, samples II and III were
able to retain around 88 and 78% of their original CA
values, respectively. High rate capability of the reported
samples, especially sample I, is attributed to the crystal-
lographic structure of the nanomaterials used which
allows for faster intercalation/deintercalation of ions. It
is known that the material utilization in a pseudocapa-
citor decrease with faster charge/discharge as the speed
of intercalation/deintercalation may not be able to keep
up with the speed of the current. Thus, at high current
densities the charge storage phenomena becomesmore
of a surface phenomenon than redox reactions.46 A well-
aligned crystalline nanoforest with good electrical con-
tact allows for higher rates of intercalation/deintercala-
tion, better electrolyte access to the material and faster
ion/electron transport through the current collector. This
allows for better capacitance retention as well as low
contact resistance that enable high power performance.
It has also been reported that the rate capabilities of
MnO2 improves when doped by certain materials62,63 or
when combined with conductive materials in the
deposit.64 In case of samples I and II, Ni ions get adsorbed
and deposited over the nanorod surface which may also
have contributed to the improvement of the high rate
stability of the electrode. To confirm this, the nanorods
were removed from the HVEPD substrate to check for Ni
present on the surface of nanorods while avoiding the
interference from the Ni in the holding layer. The pre-
sence of Ni on the nanorods was revealed using EDX
mapping, which shows mostly overlapping distribution
patterns for O, Mn, and Ni elements. (see Supporting
Information S3).

Figure 3. FESEM images of aligned nanoforests of R-MnO2 nanorods with different holding layers.

TABLE 1. Three Types of Samples Fabricated andCharacter-

ized

Sample I aligned R-MnO2 nanorods on pretreated SS substrate
with Ni holding layer

Sample II aligned R-MnO2 nanorods on untreated SS substrate
with Ni holding layer

Sample III aligned R-MnO2 nanorods on untreated SS substrates
with Mg(OH)2 holding layer
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Another important factor in gauging the perfor-
mance of a supercapacitor electrode is its cycle life.
Although EDLCs are known for their excellent durabil-
ity, substantial loss of capacitance during long cycling
is common with redox capacitors. The main degrada-
tion mechanisms considered for such capacitance
fading are the loss of material during cycling and
deteriorating contact between with the current
collector.21,65 Physiochemical feature evolution of the
material during cycling may also cause significant loss
of capacitance.44,65 In the reported approach, nano-
crystalline structures allow for better structural accom-
modation with more free space allowance for stress
relief during ion intercalation/deintercalation. The ten-
dency for lattice structure distortion or morphology
change during long-term cycling would thus be less in
highly crystalline nanomaterials.44 At the same time,
well-aligned nanoforests and good electrical contact
allow for better electrolyte access, little deterioration of
contact due to better stress accommodation on the
tiny end of nanorods, and less loss of material. As a
result, the loss of capacitance over cycling has been
dramatically reduced as compared to previously re-
ported for similar nano-MnO2 systems, which is typi-
cally 70�85% over 1000 cycles.66 For example, 69.0%
retention over 1000 cycles has been reported for nano-
MnO2 system, which was improved to 84.1% by in-
corporating graphene oxide.67 Figure 5 shows the
capacitance fading over 2000 cycles for the three
samples. Samples II and III are able to retain about 87
and 81% of their original capacitance. Sample I on the
other hand shows excellent capacitance retention of
over 92%. The results have confirmed that the cycle

stability of a redox capacitor can be dramatically im-
proved by synergistically combining highly crystallinity
of hydrothermal nanorods with alignment and reduc-
tion of contact resistance. At the same time, the results
also indicate good adhesion between the nanoforests
and the substrate.

High rate capability of the aligned R-MnO2 nano-
forests achieved with sample I implies its great poten-
tial for high power applications. The power and energy
densities for the three samples were calculated accord-
ing to the following relations:

PD ¼ IV=2m; (2)

ED ¼ CV2=2(2m) (3)

.Here I is the constant current at which galvanostatic
charge�discharge cycles were run; V is the voltage
drop in the near-linear portion of the discharge curve
after the IR drop (i.e., attainable cell voltage); m is
the mass of active material on one electrode and C is
the total capacitance measured from the two-electrode
system. The power and energy densities are correlated
with each other in the Ragone plots as Figure 6 shows,
where each data point is calculated from the capaci-
tance and voltage values from a particular discharge
current. It is important to note that as the cycling rate

Figure 4. (a) Galvanostatic charge discharge curves at 0.25 mA/cm2 current for the three types of samples defined in Table 1
and (b) variation of device capacitance with increasing current density for sample I showing high rate stability.

TABLE 2. IR Drop and Capacitance Values for the Three

Types of Samples Defined in Table 1

IR drop (V) areal specific capacitance (μF/cm2)

Sample I 0.03 8501
Sample II 0.11 4140
Sample III 0.40 3023

Figure 5. Drop of device capacitance over 2000 cycles for
the three types of samples defined in Table 1.
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(current during cycling) changes, the IR drop tends to
change accordingly, leading to a different attainable
cell voltage V for the calculation of attainable power
density and the corresponding energy density at a
particular discharge current. Generally speaking, good
rate capability with high capacitance and low contact
resistance can enable high power characteristics. The
Ragone plots of all three types of samples are shown
in Figure 6. Sample I shows an impressive trait to
offer high power density without significantly sacrifi-
cing its energy density. Particularly, when the power
density was increased by ∼3500 times from 97 W/kg
to 340 kW/kg, the energy density only dropped by
∼27% from 6.5 Wh/kg to 4.7 Wh/kg. As a result, well-
balanced performance on power and energy can be
achieved.

For example, to take the high power density before
a significant drop in energy density occurs, sample I
can achieve a power density of 340 kW/kg with an
energy density of 4.7 Wh/kg. In comparison, samples II
and III achieved power density of around 104 and 61
kW/kg respectively before severe drop of energy den-
sity happens. Such high performance of sample I is a
direct result of its capability to retain high attainable
cell voltage. For reference, the Ragone plot is also
marked with a few examples of the highest perfor-
mance achieved with MnO2 nanostructures and their
composites in the most recent literature.66,68�70 It is
noticed that the 340 kW/kg attainable power density
obtained in this work is about 3 times of that reported
in ref 66 and more than 1 order of magnitude higher
than the typical values withMnO2-based systems.68�70

The power density achieved in this work is also sig-
nificantly higher than that of a typical CNT-based
EDLC.71 The excellent high-power performance can
be again attributed to the combination of highly
crystalline redoxmaterial, 1Dmorphology, well aligned
dense nanoforests, and good electrical contact, espe-
cially in sample I.

It should be noted that higher power density can be
obtainedwith hydrous rutheniumoxide (e.g., 1100 kW/
kg at 76.4 Wh/kg).72 However, the toxicity and high
cost of the latter may seriously limit its practical
applications. It is also interesting to note that the
performance of the R-MnO2 nanorods may be signifi-
cantly affected by their length, which is currently 2�6
μm in this study. With an increasing length of the
nanorods, a larger surface area may be available for
energy storage. Meanwhile, the increased resistance
and decreased material utilization may negatively im-
pact the energy and power density. An in-depth study
may be able to yield an optimum length at which
maximum specific capacitance, energy density, and/or
power density can be obtained. This may be explored
in future work. Nevertheless, the HVEPD technique
allows great flexibility on material and substrate se-
lection. The reported approach can thus enable the

fabrication of aligned forests ofmany high capacitance
1D nanomaterials, including ruthenium oxide nano-
rods or nanotubes of different sizes, on highly con-
ductive substrates.

Continuous HVEPD. In many practical applications,
such as electrical vehicles, the size of capacitors needs
to be significantly larger than typical lab-scale devices,
to provide enough total power and energy.73,74 The
HVEPD approach demonstrated in this work allows for
scaling up the electrodes to much larger substrates,
due to its mild deposition condition and robust pro-
cess. Moreover, the orientation control makes the
reported approach stand out among existing electrode
preparation methods that might be scalable or applic-
able to flexible substrates, such as rod coating or
pasting nanomaterials.75 To demonstrate such scal-
ability, a continuous HVEPD setup, as illustrated in
Figure 2, was built to achieve aligned nanoforests on
long strips of flexible SS sheets. The flexible SS sheet
was mounted on nonconductive rollers and run
through the HVEPD dispersion using a DC motor. To
achieve a well-aligned nanoforest all through the long
substrate, it was important to control three key factors,
namely feed speed of substrate, constant concentra-
tion of the dispersion and moderate dispersion agita-
tion to ensure uniformity of the dispersion while
avoiding disturbance on alignment of the nanorods.
The feed speed of flexible SS substrate, together with
its total length that is immersed in the dispersion,
determines the time of deposition, which should
match the optimal deposition time found on the rigid
small substrate (30 s in this case). The total area on
which deposition occurs also depends on the width of
the strip being used. This width, together with its
length immersed in the dispersion, thus determines
the total areal speed of deposition for a large-scale
production process. A 1 in. wide strip was used in this

Figure 6. Ragone plot for the three types of samples
defined in Table 1, as compared with a few examples of
the highest performance achieved with MnO2 nanostruc-
tures and their composites in themost recent literature. The
340 kW/kg attainable power density obtained in this work is
about 3 times of that reported in ref 66 and more than 1
order of magnitude higher than the typical values with
MnO2-based systems.68�70 The power density achieved is
also significantly higher than that of a typical CNT-based
EDLC.71

A
RTIC

LE



SANTHANAGOPALAN ET AL. VOL. 7 ’ NO. 3 ’ 2114–2125 ’ 2013

www.acsnano.org

2121

case, thus a total areal deposition speed of 2 in.2/min or
5.08 cm2/min was achieved. The speed of deposition
can be increased further by using a larger deposition
container. For future commercialization, the deposi-
tion speed can be benchmarked against that of com-
mercial batteries and capacitors. As deposition occurs
on the long moving strip, the R-MnO2 nanorods and
Ni2þ ions in the HVEPD dispersion get depleted. A
multichannel pump was used to continuously replen-
ish the dispersion while keeping the volume constant.
A stock dispersion with a higher concentration was
used to replenish the HVEPD dispersion. The concen-
tration ofR-MnO2 nanorods andNi precursor salt in the
stock dispersion was calculated using a simple mass
balance:

Mass in depositþMass being pumped out
¼ Mass required to be pumped in: (5)

During replenishment, the incoming/outgoing fluid
flow may agitate the dispersion and thus affect the
disposition. Fortunately, under laminar conditions the
fluid flow would not cause a torque on the nanorods
but only a constant drag force.76 The alignment will
thus not be affected. However, if the nanorods experi-
ence significant random motion due to turbulent
disturbance, the electric field required to align them
would have to be increased to overcome that motion.
To avoid such effect, the speed at which the HVEPD
dispersion is replenished was controlled to avoid
turbulent disturbance of the HVEPD dispersion. This
speed was maintained constant by running the pump
at a rate of 8 mL/min. Considering the flow between
parallel plates as a plane Couette flow, the maximum
Reynold's number (Re) are calculated to be∼4, far from
the turbulent regime Re >4000. In our previous work,77

aligned nanoforests of CNTs were achieved on long
strips of flexible SS sheets by controlling these key
factors at similar range. The quality of nanoforests had
been confirmed to be near identical on the large
flexible substrate by continuous HVEPD and the small

rigid substrate, providing further evidence that no
excess torque would act on the nanomaterials. It is
thus expected that the alignment and deposition in
this work will also not be significantly disturbed by the
flow of dispersion, which will be confirmed in the
following paragraph.

Figure 7a shows part of the long strip placed against
a 6-in. ruler. The high-quality deposition over thewhole
strip has been confirmed visually as a uniform mirror-
like finish. The FESEM image in Figure 7b shows the
alignment of the deposited R-MnO2 nanorods on a
piece cut from the long strip sample. There is no visible
deterioration of alignment in the sample obtained by
the continuous HVEPD process. Figure 7c shows the
galvanostatic charge�discharge curves for parts of
the long strip with similar area as a small rigid sample I.
It has been tested in a two-electrode setup and evaluated
against the galvanostatic charge�discharge curves of
sample I. The specific capacitance and IR drop values
found for the long strip were 8496.8 μF/cm2 and 0.036 V
respectively, as compared with 8501.3 μF/cm2 and 0.038
V measured in sample I. No substantial deterioration in
the electrochemical performance has been observed in
the scaled up electrodes. It is thus verified that the
continuous HVEPD has the potential to print large-scale
electrodes with aligned forests of R-MnO2 nanorods for
various applications, which had been difficult with
electrode preparation methods based on templated
deposition and many other existing methods.

Figure 7. (a) Aligned nanoforests of R-MnO2 nanorods deposited on a long flexible strip. (b) FESEM image of part of the long
strip. (c) Galvanostatic charge discharge curves of part of the long strip compared to the small rigid substrate.

Figure 8. Deposition current during continuous HVEPD.
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In this work, the flexible SS sheets were also first
pretreated with a continuous Wood's strike. Subse-
quently, aligned forests of R-MnO2 nanorods were
deposited uniformly on 1-foot-long SS strip using the
continuous HVEPD setup. The deposition current dur-
ing continuous HVEPD is monitored and used as an
indicator of uniform deposition over the long strip.
Figure 8 shows the deposition current measured over
3min (the time to deposit on a long strip of about 6 in.)
using a digital multimeter connected in series with the
continuous HVEPD setup. The current stays pretty
constant during the entire deposition process, indicat-
ing that the concentration of the HVEPD dispersion is
maintained constant. A significant variation in the
deposition current would indicate a distortion of de-
position, whichmay be caused by errors such as loss of
wire connections, stuck strip, empty tank of stock
solution etc. With this simple in-process monitoring
mechanism, such errors can be immediately recog-
nized and corrected.

CONCLUSIONS

Aligned forests of highly crystalline R-MnO2 nano-
rodswithexcellent electrical contact to thecurrent-collect-
ing substrates have been fabricated by a novel HVEPD
process. The effect of improving electrical contact, with a
conductive holding layer and pretreated substrate, on the
electrochemical performancehas been investigated using
cyclic voltammetry, galvanostatic charge�discharge and

electrochemical impedance spectroscopy. Highly crystal-
line R-MnO2 nanorods, well-aligned nanoforests, good
electrical contact and strong adhesion have been simulta-
neously achieved, yielding a high single electrode capaci-
tance of 200 F/g. Excellent capacitance retention of 92%
over 2000 cycles has been observed with the fabricated
electrodes.
The high rate capability of the electrode was also

confirmed by retaining 93% of its original specific
capacitance in response to ∼40 times increase in
the current density, up to 10 mA/cm2. The high rate
capability has led to a high power density of 340 kW/kg
at an energy density of 4.7 Wh/kg. The high power
density achieved in this work thus provides clear
evidence against the common perception that redox
capacitors have to sacrifice power density to achieve
higher energy density than EDLCs. HVEPD was also
shown as a versatile, simple method to achieve such
high performance electrodes on a large scale by con-
tinuous printing on long strips of flexible electrodes. A
simple in-process monitoring mechanism, based on
current measurement, can be employed to continu-
ously detect process errors and ensure the process
reliability. Large-scale electrodes produced by contin-
uous HVEPD have been shown to have consistent
electrochemical performance as the small rigid sam-
ples. The excellent scalability has made the reported
approach very promising in practical applications of
various cell sizes.

METHODS

Chemicals. All the chemicals used in the experiments were
analytical grade and used as purchased without further purifi-
cation. Deionized water was produced in-house and used for
the hydrothermal synthesis. Manganese sulfate (MnSO4 3H2O)
and potassium permanganate (KMnO4) used for nanorod synth-
esis were obtained from Sigma Aldrich.

Hydrothermal Synthesis of r-MnO2 Nanorods. The R-MnO2 nano-
rods were produced in-house by adopting a hydrothermal
process reported in literature.54 Typically, 0.21 g of KMnO4

and 0.49 g of MnSO4 3H2O were dissolved in 40 mL deionized
water and magnetically stirred for about 20 min to form a
homogeneous solution. Then, the solution was transferred into
a Teflon-lined stainless steel autoclave and kept at 160 �C for
12 h. The product was collected by centrifugation, washed with
DI water, and then dried at 60 �C for 8 h.

Material Characterization. The as-synthesized nanorods and
the supercapacitor electrodes prepared by HVEPD were ob-
served using the Hitachi S-4700 FESEM. Powder X-ray diffraction
patterns of the R-MnO2 nanorods were recorded using a
Scintag XDS-2000 powder diffractometer with CukR radiation
(λ = 1.5418 Å). The readings were taken with an operating
voltage and current of 40 kV and 40 mA respectively and the 2θ
rangewas set as 10�70� in steps of 0.02�with a count time of 2s.

High Voltage Electrophoretic Deposition. Stable dispersions of as-
synthesized R-MnO2 nanorods (0.01 mg/mL) in isopropyl alco-
hol (IPA) were prepared by sonicating their mixture for 20 min
using a probe sonicator (Sonics andMaterials Inc., Connecticut).
Precursor salts, Mg(NO3)2 3 6H2O (0.005 mg/mL) and NiCl2 3 6H2O
(0.0075 mg/mL) (Fisher Scientific, Pennsylvania), were then
added to their respective R-MnO2 nanorod dispersions and
sonicated for an additional 15 min. The concentrations of the

nanorods were determined from control experiments to max-
imize deposition density while avoiding bundle formation
during HVEPD. The salt concentrations were chosen as the
minimal value that the nanorods can receive sufficient positive
charges and a uniform holding layer can be formed by
the electroplating co-occurring with HVEPD. The dispersions were
found stable for at least a couple of weeks. Small, rigid stainless
steel (SS) electrodes (McMaster, Illinois) with an exposed area of
2.00 � 2.54 cm2 were used in the electrophoretic cell with an
electrode gap of 10 mm controlled by a spacer. Care was taken
to ensure that the electrodes were parallel to each other. A high
voltage power source (Stanford Research Systems, California)
provided the high voltages needed for HVEPD. The weight of
the deposit was measured using a micro balance (Adam Equip-
ment Inc., Connecticut) as 0.08mg/cm2. About 10 samples were
measured to obtain an accurate average value for the weight of
the deposit. HVEPD for the R-MnO2 nanorods with the Ni
holding layer was also conducted on pretreated stainless steel
substrates to further reduce contact resistance. A standard
Wood's strike was used as pretreatment of the SS substrate to
remove its oxide layer andcoat a thin layer of nickel.Wood's strike
was conducted on the SS electrodes with a nickel counter
electrode. The two electrodes were placed in parallel and kept
10mmaway fromeach other in an electrochemical cell. A current
density of around 200 A/m2 is then applied in the wood's strike
solution with 240 g/L of NiCl2 3 6H2O and 125 mL/L of HCL.

Electrochemical Characterization. A two-electrode Swagelok cell
was used to characterize the redox capacitor electrodes using
an electrochemical workstation (Princeton Applied Research,
Tennessee). The Swagelok cell was constructed by placing two
HVEPD samples in parallel to each other with a filter paper
(Whatman, New Jersey) as the separator and 0.1 M Na2SO4 as
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the electrolyte. The electrolyte was purgedwith nitrogen before
testing. Cyclic voltammetry was conducted within a voltage
window of �0.2 � 0.8 V at different scan rates to check the
distortion in the shape of the curves at high cycling rates.
Galvanostatic charge�discharge testing was conducted within
a voltage window of 0�1 V at different current densities to
estimate the capacitance and its retention at high cycling rates.
Two thousand cycles were run to check the capacitance reten-
tion over charge�discharge cycles. Electrochemical impedance
spectroscopy was conductedwith a 0 VDC bias using a small AC
excitation of 10 mV from 10 mHz to 100 kHz.

Continuous HVEPD. The continuous HVEPD setup shown in
Figure 2 was used for the deposition of aligned R-MnO2

nanorods on a long, flexible strip. A 2.54 cm wide, ∼13 μm
thick flexible SS strip (McMaster, Illinois) was mounted on the
nonconductive rollers and fed at a speed of 5.08 cm/min using a
DC motor (McMaster, Illinois). The feed speed of the strip was
determined so that any particular point on it can get a deposi-
tion time of 30 s, the deposition time for a single layer of densely
aligned nanoforest found with the small, rigid samples. Before
HVEPD, a continuous Wood's strike was first conducted on the
flexible SS sheet, and followed by washing and drying under
room temperature. Continuous HVEPD was then conducted on
the long strip of pretreated SS sheet. The deposition chamber
was first filled with 100mL of HVEPD dispersion. Amultichannel
peristaltic pump (Thermo Scientific FH100M, Illinois) was used
to continuously replenish the HVEPD dispersion to keep the
concentration and volume constant. The pump was set to
obtain an inlet and outlet pumping rate of 8 mL/min. The stock
dispersion used to replenish the HVEPD bath had a R-MnO2

nanorod concentration of 0.048 mg/mL and a Ni precursor salt
concentration of 0.02 mg/mL. The current was recorded during
the continuous HVEPD using a digital multimeter (Universal
Enterprises Inc., Orlando) to check for any variations and
possible process errors. The deposited long strip was then dried
at room temperature. Parts of the long strip with aligned
nanoforest were cut and used for FESEM visualization and
electrochemical testing.
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