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Abstract A template-free anodic electrodeposition process

was utilized to deposit Mn oxide and Mn oxide/PEDOT

rods onto Ni foam substrates for use as supercapacitor

electrodes. Deposit morphology was optimized by varying

deposition conditions and by characterization using elec-

tron microscopy. The deposits were poorly crystalline, and

electron diffraction patterns could be indexed to either a

cubic spinel structure (Mn3O4) or a hexagonal birnessite

structure (MnO2). The deposits had an overall oxidation

state of Mn3? before cycling and Mn4? after 500 cycles.

The maximum capacitance values for deposits with and

without PEDOT were 159 and 120 F g-1 (500 and

290 mF cm-2), respectively, measured using CV at a scan

rate of 5 mV s-1. The addition of the PEDOT coating

reduced Mn oxide dissolution during cycling up to 500

cycles. Uncoated samples showed an increase in capaci-

tance during cycling, which is attributed to the oxidation

state change and the redeposition of Mn oxide in areas of

high conductivity. Capacitance retentions after 2000 cycles

were 46 and 120 % for deposits with and without PEDOT,

respectively.
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1 Introduction

The increasing emphasis on renewable energy sources,

driven by the move away from fossil fuels, has sparked

growing interest in energy storage. Electrochemical

supercapacitors (ES) are candidates for energy storage

because of their high power densities and long cycle lives.

These devices bridge the power/energy gap between bat-

teries and conventional capacitors. Applications include

hybrid and electric vehicles, portable electronics, and

renewable energy grids [1–4].

Depending on their dominant charge storage mecha-

nism, ES can be classified into two groups: electrical

double layer capacitors (EDLC) and Faradaic capacitors.

EDLC store charge through the accumulation of ions at an

electrode surface, while Faradaic capacitors store charge

through reversible redox reactions in the bulk as well as at

the surface of the electrode. For both charge storage

mechanisms, the capacitance of an electrode is highly

dependent on its surface area [1, 4].

Many materials exhibit supercapacitance, including

transition metal oxides [5–9], carbon materials [10–14],

and conducting polymers [15–17]. Of these materials, Mn

oxide is of particular interest because it is environmentally

benign, inexpensive, and has a large theoretical capacitance

(1100–1300 F g-1). Charge storage in Mn oxide is mostly

Faradaic, with some contribution from the electrochemical

double layer. Because of Mn oxide’s poor electronic and

ionic conductivity, it is difficult to achieve the theoretical

capacitance while maintaining a reasonable level of mass

loading. Another challenge for Mn oxide is dissolution

during cycling. There are multiple ways of addressing the

dissolution problem, including application of a protective

coating or by modifying the electrolyte. [3, 4] Being a

transition metal, Mn forms oxides in a variety of

stable compositions and crystal structures. The electro-

chemical properties of Mn oxide are dependent on its

atomic and crystal structure, as well as a number of other

factors including morphology, porosity, and defect chem-

istry. By altering these structural parameters, it is possible

to modify and optimize the electrochemical properties of a

Mn oxide deposit [4, 5].

For the development of Mn oxide ES, the capacitance of

a device can be improved by tailoring the Mn oxide in two

ways. The first method is to improve the specific capaci-

tance [F g-1] of the Mn oxide, i.e., to improve the uti-

lization of each gram of material deposited. This can be

achieved in a number of ways, such as increasing the

surface area or improving the conductivity of the deposit.

The second way to improve the capacitance of a device is

to increase the amount of material deposited, also known as

mass loading (g cm-2). By increasing the amount of active

material on the substrate, more charge can be stored,

resulting in improved areal capacitance (F cm-2). How-

ever, increasing the mass loading will usually result in

morphology changes that degrade the specific capacitance;

there is typically a tradeoff between mass loading and

specific capacitance. This is largely because of Mn oxide’s

poor electronic and ionic conductivities; thicker deposits

are highly resistive, which reduce electron and ion access

to parts of the deposit.

As described in previous work [18–21], our group has

developed a template-free anodic electrodeposition process

to deposit high surface area, rod-like Mn oxide onto Au-

coated Si. This template-free process allows for easy pro-

duction of high surface area Mn oxide deposits compared

with template-assisted methods, such as those using anodic

alumina oxide, which can be quite complex and are

impractical for large-scale applications [5, 18]. Elec-

tropolymerization of 3,4-ethylenedioxythiophene (EDOT)

was used to coat the deposits with the conductive polymer,

polyethylenedioxythiophene (PEDOT). The PEDOT coat-

ing improved capacitance from 185 to 285 F g-1 and also

improved capacitance retention after 250 cycles from 75 to

92 %. This increase in performance was attributed to the

PEDOT shell providing an interconnected network that

facilitated charge-transfer and electron conduction, and

reduced dissolution during cycling. [19] The purpose of

this paper is to reproduce this rod-like Mn oxide/PEDOT

structure on Ni foam, with the aim of improving the mass

loading and, subsequently, areal capacitance. Nickel foam

was selected as the substrate because it is inexpensive,

conductive, and its porosity should facilitate high degrees

of mass loading.

Several studies in the literature have focused on

achieving high areal capacitance on planar surfaces with

Mn oxide and Mn oxide composites, and these typically

achieve values around 100–300 mF cm-2 [22–24]. Man-

ganese oxide and Mn oxide composites prepared using high

surface area substrates such as Ni foam have capacitances

ranging from 100 to 2790 mF cm-2 with most values in

the range of 500–1000 mF cm-2 [25–28].

2 Experimental

2.1 Mn oxide deposition

All electrodepositions were performed on Ni foam disks,

which were 1.8 cm in diameter. The disks were ultrasoni-

cally cleaned in acetone and then ethanol for 10 min each.

Depositions were performed using a modified cell and

modified electrolyte, relative to the one used in our pre-

vious work [18, 19, 21]. The electrodes were horizontal,
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instead of vertical, which provided better deposit unifor-

mity. A schematic of the cell configuration is shown in

Fig. 1. Electrolyte was flushed through the Ni foam before

deposition to remove trapped air in the porosity of the

foam. Samples were rotated at 75–200 rpm at a distance of

1 cm away from the Pt mesh counter electrode. Manganese

oxide was anodically electrodeposited onto the Ni foam

disks using a solution of 0.01 M Mn(C2H3O2)2 (Mn acet-

ate), 0.02 M NH4(C2H3O2) (ammonium acetate), and 10 %

C2H6OS (dimethyl sulfoxide (DMSO)). Depositions were

performed at 60 �C for 2.5–10 min with a current density

of 5–25 mA cm-2. Current density was calculated using

the geometric area of the Ni foam. The initial deposition

conditions were taken from our previous work, as these

conditions resulted in well-defined rod structures on Au-

coated Si [18–21]. The deposition conditions were then

varied to apply the deposition process to Ni foam. After

deposition, the samples were rinsed in deionized water,

dried in air at 100 �C for 60 min, and then stored in a

vacuum desiccator. The mass of the deposits was measured

using a Mettler-Toledo UMX2 ultra-microbalance with an

accuracy of 0.1 lg.

2.2 PEDOT deposition

PEDOT was deposited through electropolymerization

using a three electrode set up, with a saturated calomel

electrode (SCE) as the reference electrode and Pt mesh as

the counter electrode. The working electrode was the

electrodeposited Mn oxide on Ni foam. The counter and

working electrodes were placed vertically 2 cm apart. The

electrolyte consisted of 0.08 M EDOT, 0.2 M LiF4B, and

0.14 M sodium dodecyl sulfate. It was important to use a

freshly prepared electrolyte, as solutions older than 24 h

produce poor quality deposits. Electropolymerization was

performed at a constant potential of 1 V vs. SCE for 45 s at

25 �C. The conditions and solution composition used for

electropolymerization of PEDOT were taken from our

previous work, as these conditions provided the best

improvement to capacitive performance [19].

2.3 Electrochemical characterization

Electrochemical testing was performed using a Biologic

SP-300 potentiostat. All electrochemical tests were con-

ducted using an electrolyte of 0.5 M Na2SO4, with a Pt

counter electrode and an SCE reference electrode; all

reported potentials are with respect to SCE. Cyclic

voltammetry (CV) was used to determine capacitive per-

formance of Mn oxide deposits. All CV measurements

were performed in the 0–0.9 V range. Extended cycling

was performed using CV for up to 2000 cycles at a scan

speed of 20 mV s-1.

2.4 Microstructural characterization

Deposit morphology was characterized using two scanning

electron microscopes (SEMs); a Tescan Vega-3 SEM and a

Zeiss Sigma SEM. All imaging processes were performed

using secondary electrons (SE). A Zeiss Orion He-ion

microscope (HIM) was used for higher-resolution, surface-

sensitive imaging.

Two field emission transmission electron microscopes

(TEMs) were used for high-resolution imaging and crys-

tallographic analysis. The two instruments used were a

Phillips CM-20, equipped with an Oxford EDX detector

and operated at 200 kV; and the other a Hitachi HF-3300,

operated at 300 kV. To prepare samples for TEM analysis,

deposits were scraped off the substrate and ultrasonically

suspended in ethanol. One or two drops of the suspension

were then placed on a C-coated Cu grid and allowed to dry.

The oxidation states of the elements in the Mn oxide

deposits were determined using X-ray photoelectron spec-

troscopy (XPS) (Kratos AXIS Ultra spectrometer), with a

monochromatic Al source. The system was operated at 210 W

with a pass energy of 20 eV. XPS spectra were calibrated

using the C 1 s peak located at a binding energy of 285 eV.

3 Results and discussion

3.1 Mn oxide deposition conditions

Using porous Ni foam as the substrate for electrodeposition

introduced some challenges for obtaining reproducible andFig. 1 Cell schematic for Mn oxide deposition on Ni foam
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uniform microstructures. Initial depositions, using a solu-

tion containing only Mn(C2H3O2)2, produced deposits with

poor uniformity. Ammonium acetate (NH4(C2H3O2)) and

DMSO were chosen as additives and greatly improved

deposit uniformity and reproducibility. Ammonium acetate

acts as a buffer, and DMSO improves the wettability

between the substrate and electrolyte. All deposits reported

in this work are fabricated from electrolytes containing

0.01 M Mn acetate, 0.02 M ammonium acetate, and 10 %

DMSO.

Manganese oxide deposits were fabricated over a range

of nominal current densities (based on the geometrical

area), from 5 to 25 mA cm-2 for 2.5 min, in order to

optimize the deposition conditions. Images of some sub-

optimal deposits are shown in Fig. 2. Deposits prepared at

current densities less than 20 mA cm-2 resulted in a thin

uniform layer of Mn oxide across the surface (Fig. 2a).

Deposits prepared at 25 mA cm-2 yielded fused Mn oxide

rods (Fig. 2b), which suffered from delamination from the

Ni surface. Well-defined and adhered rods were obtained at

a current density of 20 mA cm-2; this is the current density

chosen for all subsequent depositions for this study.

Using the cell configuration shown in Fig. 1, samples

were rotated horizontally during deposition. By rotating the

sample in a horizontal configuration, we were able to

minimize the variation in agitation, improving the unifor-

mity of the deposition. Deposits were prepared using

rotation speeds from 50 to 100 rpm. The optimal speed was

determined to be 75 rpm, which resulted in a uniform

coating of free-standing Mn oxide rods. Deposits prepared

at 50 rpm were nonuniform (Fig. 2c), and deposits pre-

pared at 100 rpm were thick layers of fused Mn oxide rods

(Fig. 2d).

Samples were prepared at various deposition times in

order to obtain different degrees of mass loading. The

average masses of the deposited Mn oxide were 1.5, 3, and

5 mg cm-2 for deposition times of 2.5, 5, and 10 min,

respectively. The microstructures of the deposits are shown

in Fig. 3. For a deposition time of 2.5 min, the deposit

consists of Mn oxide rods across the majority of the sample

(Fig. 3a, d). The packing of the rods is not very tight,

which means that a large portion of the Ni foam surface is

not utilized. Increasing the deposition time to 5 min does

not change the structure of individual rods drastically, but

tighter packing of the rods occurs (Fig. 2b, e). Because of

their similar structure, it is expected that the 2.5- and 5-min

samples exhibit similar specific capacities. Cyclic voltam-

metry at 10 mV s-1 yields specific capacities of 133 and

130 F g-1 for the 2.5- and 5-min deposits, respectively. A

deposition time of 10 min produces a deposit consisting of

Mn oxide rods that have fused together to create a near

continuous layer of Mn oxide (Fig. 2c, f). Because there is

a volume change upon drying, this layer cracks and peels

during drying. The specific capacitance for the 10-min

deposit was 57 F g-1 at 10 mV s-1. The drop in capaci-

tance as the deposition time is increased from 5 to 10 min

is attributed to the thickness of the deposit, the fusion of the

rods preventing electrolyte access, and delamination of the

deposit from the current collector. Although the 10-min

sample had a higher mass loading than the 2.5- and 5-min

samples, the detrimental changes to deposit morphology

caused a substantial drop in specific capacitance, resulting

in a drop in areal capacitance as deposition time was

increased from 5 to 10 min. Deposits at 2.5, 5, and 10 min

exhibited areal capacities of 220, 330, and 250 mF cm-2,

respectively. Because the 5-min sample exhibited the

highest areal capacitance, 5 min was selected as the opti-

mal deposition time.

For the optimal electrodeposition conditions, i.e., 5-min

deposition time, 75 rpm rotation speed, and a current

density of 20 mA cm-2, the morphology consists of rod-

shaped Mn oxide across most of the sample surface. Cur-

rent efficiencies were estimated for electrodeposition.

Accurate values could not be determined, because the exact

oxide composition was not known due to the mixed

valence of the deposited Mn oxide. However, the lowest

efficiency was calculated as *42 % assuming Mn3O4

deposition (Mn3?/Mn2?) and close to 100 % for MnO2; the

actual efficiency is likely some value between the two.

Trapped air bubbles during deposition create areas that

allow for imaging of the rods from the side; one such area

is shown in Fig. 4a. The rods are about 10 lm in length,

tapered toward the substrate, and about 2 lm wide at their

largest width. Edges of the Ni foam act as current risers,

resulting in denser packing of rods in these areas. The rods

themselves are very fibrous and are composed of many thin

Fig. 2 SEM SE images of Mn oxide deposits prepared under

suboptimal conditions: a 10 mA cm-2, b 25 mA cm-2, c 50 rpm,

20 mA cm-2, d 100 rpm, 20 mA cm-2. All deposits were prepared

using 2.5 min as the deposition time
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sheets. The fibrous structure of the rods increases the sur-

face area of the deposit, improving the capacitive perfor-

mance. The surface area of the rods was measured in a

recent publication by our group, using Brunauer–Emmett–

Teller (BET) analysis; a value of 143 m2 g-1 was obtained

along with an average pore diameter of 13.5 nm. [20]

Deposition of Mn oxide extends into the porosity of the Ni

foam; e.g., see Fig. 4b. Manganese oxide has been

observed to be deposited as deep into the foam as SEM

imaging allows, which is about four layers deep. SEM

imaging becomes more difficult in areas deep within the

porosity. The morphology of the deposit within the Ni

foam porosity varies from continuous coatings to well-

defined rods. The porous structure of the Ni foam affects

the agitation and effective current density that different

areas of the Ni foam experience during deposition. These

variations in conditions give rise to a variety of

microstructures in areas deep within the porosity of the

foam.

3.2 PEDOT deposition

Electropolymerization was utilized to produce coaxial

core/shell Mn oxide/PEDOT rods on the Ni foam. At rel-

atively low magnifications, there is no noticeable mor-

phology difference between the two types of deposits

(Fig. 5a–d). The presence of PEDOT was confirmed by

EDX microanalysis in the SEM. The spectra (not shown

here) from coated samples had a distinct S peak (from the

EDOT), not present in uncoated samples. HIM was used to

view the microstructures at much higher magnification and

with improved surface sensitivity. The HIM images clearly

show a difference in structures between the coated and

uncoated samples; the thin sheet structure of the rods is

clearly visible in the uncoated sample (Fig. 5e). The Mn

oxide rods are conformally coated by porous PEDOT, with

an apparent loss in surface area (Fig. 5f).

3.3 Transmission electron microscopy

TEM results for the as-deposited and cycled (500 cycles at

20 mV s-1) Mn oxide deposits, prepared at 20 mA cm-2

and 75 rpm for 5 min, are shown in Fig. 6. Figure 6a

shows a cluster of Mn oxide sheets from a single rod. A

selected area electron diffraction (SAED) pattern was

obtained from the area in Fig. 6a. The diffraction pattern

shown in Fig. 6b consists of three weakly intense and

diffuse rings, which indicate that the structure is poorly

crystalline. There are different possible Mn oxides; how-

ever, the best indexing of the diffraction pattern was

achieved for either the cubic spinel Fd-3m Mn3O4 structure

or the hexagonal birnessite R-3m MnO2 structure [29]. The

Fig. 3 SEM SE images of Mn oxide deposits prepared under varying deposition times: a, d 2.5 min, b, e 5 min, and c, f 10 min. Deposition

current density was 20 mA cm-2, and the rotation speed was 75 rpm

Fig. 4 SEM SE images of Mn oxide deposits: a Side view of Mn

oxide rods, and b Mn oxide deposit within the Ni foam porosity.

Deposition current density was 20 mA cm-2, and the rotation speed

was 75 rpm
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d spacings for the rings are 0.240, 0.209, and 0.140 nm,

which, respectively, correspond to the (311), (400), and

(440) planes of the cubic spinel structure. The 0.240 and

0.140 nm spacings also match, respectively, with the (006)

and (119) planes of the hexagonal birnessite structure. The

0.209-nm ring matches with the birnessite diffraction data

as well, but Miller indices were not assigned for that

reflection [29]. A faint spot is present at a d spacing of

0.165 nm, which is consistent with the (511) plane of the

cubic spinel structure and the (301) plane of the hexagonal

birnessite structure. It should be noted that X-ray diffrac-

tion was also performed on these samples, but no signifi-

cant peaks appeared because of the poor crystallinity.

The bright field image for the cycled deposit (Fig. 6c)

shows a cluster of Mn oxide sheets, which are very similar

to the as-deposited sample. The diffraction pattern (Fig. 6d)

obtained from these sheets consists of three rings at d

spacings of 0.241, 0.211, and 0.140 nm, which are very

similar to the values for the as-deposited sample. The rings

for the cycled sample are more defined, indicating better

crystallinity. For the cycled sample, as with the as-deposited

sample, the diffracted rings can be indexed to either the

cubic spinel structure (Mn3O4) or the hexagonal birnessite

structure (MnO2). There is evidence of preferred orientation

of the Mn oxide deposit as well. The darkfield image in

Fig. 6e, taken with part of the first two diffracted rings,

shows many nanoscale grains of about 5 nm diameter.

High-resolution images of the as-deposited and cycled

deposits are shown in Fig. 6f, g. Figure 6f (the as-de-

posited Mn oxide) was generated using a large enough

objective aperture to include all three rings in Fig. 6b and

shows Mn oxide sheets. The sheet in the center of the

image is folded in such a way that allows part of the sheet

to be viewed edge on. Using this image, the thickness of

the sheet was determined to be about 3 nm. Other sheets

are up to 5 nm in thickness. Lattice planes are observed on

a few parts of the sheet, i.e., the crystalline portions, with a

lattice spacing of about 0.52 nm. The observed lattice

planes are likely the (111) planes of the cubic spinel

structure or the (101) planes of the hexagonal birnessite

structure; these planes have d spacings of 0.49 and

0.48 nm, respectively. Any differences in d spacings

between the images and the diffraction database are likely

due to distortion of the sheets.

Figure 6g shows a high-resolution image of a cycled

deposit; this image was also generated by including all

three rings, in Fig. 6d, in the objective aperture. Figure 6g

shows a few agglomerated Mn oxide sheets, with one sheet

viewed edge on. Along the length of this sheet, lattice

planes are observed with a spacing of 0.56–0.61 nm which

is relatively close to the (101) plane spacing for the

hexagonal birnessite structure (d = 0.48 nm) and the (111)

plane spacing for the cubic spinel structure (d = 0.49 nm).

Lattice planes are also observed on a sheet oriented per-

pendicular to the beam direction. The spacings of these

planes is in the range of 0.22–0.24 nm, which is consistent

with the (006) plane (d = 0.244 nm) of the birnessite

structure and two planes from the cubic spinel structure

((311) and (222) with spacings of 0.254 and 0.243 nm,

respectively).

3.4 X-ray photoelectron spectroscopy

The Mn 3s XPS spectra for the as-deposited and cycled Mn

oxide deposits, prepared at 20 mA cm-2 and 75 rpm for

5 min and then annealed at 100 �C for 1 h, are shown in

Fig. 7a. The cycled sample underwent 500 cycles at a scan

rate of 20 mV s-1. Peak splitting of the Mn 3s spectrum

was used to determine the oxidation state of the Mn oxide

deposits. Peak splitting was determined by fitting a pair of

best-fit curves to the experimental data and measuring the

peak-to-peak separation of the curves. The separation of

the Mn 3s peak increases with decreasing Mn valence due

to fewer unpaired electrons in the 3d orbital. Peak splitting

data from Chigane et al. [30] and Gorlin and Jaramillo [31]

have been compiled and are plotted in Fig. 7b. Figure 7b

Fig. 5 SEM SE images of Mn oxide deposits: a, c without PEDOT;

b, d with PEDOT. HIM SE images of Mn oxide deposits: e without

PEDOT and f with PEDOT. Mn oxide deposits were prepared using

20 mA cm-2 for 5 min at 75 rpm. The PEDOT coating was prepared

at 1 V for 45 s
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also shows the peak splitting measured from the as-de-

posited and cycled samples. The measured peak splitting

for the as-deposited and 500 times cycled samples were 5.1

and 4.5 eV, respectively. Comparing these results with the

plot in Fig. 7b shows that the cycled sample has an oxi-

dation state of Mn4?, and the as-deposited sample has an

oxidation state of Mn3?. With cycling, the Mn3? present in

the as-deposited sample is oxidized; after 500 cycles, the

deposit is composed almost entirely of MnO2 (Mn4?).

Combining the XPS results with the electron diffraction

analysis above indicates that MnO2 in the cycled sample is

likely in the form of birnessite.

3.5 Cyclic voltammetry

Cyclic voltammetry results for Mn oxide and Mn oxide/

PEDOT deposits are shown in Fig. 8. At scan speeds of 5

and 10 mV s-1, anodic and cathodic waves are observed at

around 0.5 and 0.35 V, respectively. These waves are

caused by cation deintercalation during oxidation and

cation insertion during reduction [25]. These waves dis-

appear at larger scan rates because the intercalation/dein-

tercalation kinetics are limited by Mn oxide’s poor ionic

conductivity.

The PEDOT coating provides a conductive pathway for

electrons to access the poorly conductive Mn oxide.

Manganese oxide has a conductivity of around 10-6–10-5

S cm-1, while PEDOT has a conductivity on the order of

100 S cm-1 [32, 33]. The improved conduction of deposits

with PEDOT yields higher capacitance, improved rate

capability (up to 100 mV s-1), and a voltammogram closer

to the ideal rectangular shape. Maximum capacitance val-

ues were 159 F g-1 (500 mF cm-2) and 120 F g-1

(290 mF cm-2) at 5 mV s-1 with and without PEDOT,

Fig. 6 TEM results for Mn oxide deposits. a, b, f The as-deposited;

and c–e, g cycled 500 times at 20 mV s-1. a, c Bright field images; b,

d SAED patterns from the regions shown in a and c. e dark field

image, and f, g high-resolution TEM images of the as-deposited f and

cycled g samples at 20 mV s-1 for 500 cycles. The samples were

deposited at 20 mA cm-2 for 10 min, with a rotation speed of

75 rpm. The SAED patterns can be indexed to either a spinel or

birnessite structure. Spinel: 0.209–0.211 nm (400); 0.240–0.241 nm

(311); 0.140 nm (440). Birnessite: 0.209–0.211 nm (no indices in

database [29]); 0.240–0.241 nm (006); 0.140 nm (119)
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respectively. Deposits of PEDOT only on Ni foam have a

capacitance of 56 F g-1, which indicates a synergistic

effect between PEDOT and Mn oxide; the capacitance of

the composite is more than the sum of its parts.

The mass loading of Mn oxide was around 3 mg cm-2

and that for the PEDOT coating was 0.5–1 mg cm-2. At

5 mV s-1, Ni foam samples exhibited areal capacitances of

500 and 290 mF cm-2 for deposits with and without

PEDOT, respectively. Compared with the results from our

previous work [19] on planar Au, the aerial capacitance has

been significantly improved; deposits on Au with and

without PEDOT had capacitances of 57 and 39 mF cm-2,

respectively. The Mn oxide deposits on Au had higher

specific capacitances (285 and 195 F g-1 for coated and

uncoated rods, respectively), but the flat substrate only

sustained a mass loading of 0.15–0.2 mg cm-2 before

cracking, and delamination occurred.

The capacitance values obtained on Ni foam are com-

parable with the lower-end values reported in the literature.

Yang et al. [28] reported a very high areal capacitance of

2.79 F cm-2 (67 F g-1) for electrodeposited Mn oxide on

Ni foam. Deposition was performed using cyclic voltam-

metry and resulted in a continuous flat layer across the

surface of the Ni foam, extending over the porosity. The Ni

foam acted as a conductive support, which allowed elec-

trolyte access to both sides of the deposit. Yang et al. [28]

obtained such a high areal capacitance because they were

able to achieve a high mass loading without significantly

compromising the specific capacitance. Although the

specific capacitances of our deposits were higher than

Yang et al.’s (159 for this work and 67 F g-1 for [28]), we

were unable to increase the mass loading sufficiently to

reach a very large areal capacitance. The mass loading of

our deposits could be increased by using Ni foam with a

smaller pore size or if deposition extended throughout the

entirety of the foam, instead of just the first few layers.

Manganese oxide deposits without PEDOT exhibit good

cyclability, as shown in Fig. 8d. Over the first 500 cycles,

capacitance increased to 138 % of the initial capacitance.

Over the next 500 cycles, the capacitance dropped slightly

to 125 % of the original capacitance and stabilized at

120 % of the original capacitance between cycles 1000 and

2000. The capacitance increase is believed to be due to a

combination of the change in oxidation state from Mn3? to

Mn4? and dissolution and redeposition of material during

cycling. MnO2 has a higher specific capacitance than

Mn2O3. Manganese oxide deposits with PEDOT experi-

enced very little capacitance change over the first 500

cycles. However, after 500 cycles, the capacitance began to

drop, and at cycle 2000, the capacitance had dropped to

46 % of its initial value. The cyclability of deposits pre-

pared on Ni foam vary somewhat compared with the results

of our previous work on planar Au. PEDOT-coated Mn

oxide rods had a capacitance retention of 92 % after 250

cycles, while uncoated Mn oxide rods had a retention of

75 %. [19] The difference in capacitance retentions for the

flat Au and Ni foam substrates arises from the dissolution

and redeposition of Mn oxide. Mn oxide that dissolves

during the cathodic sweep can be redeposited during the

anodic sweep. Redeposited material preferentially deposits

in areas of good conduction, close to the substrate surface.

For flat Au substrates, the entire surface is already covered

with Mn oxide, leaving very little area for redeposition to

occur. For Ni foam substrates, there is a significant amount

of bare Ni exposed deep within the porosity to allow for

redposition. Ni foam facilitates redeposition of Mn oxide,

leading to improved capacitance retention.

Figure 9 shows deposit morphologies after cycling.

Figure 9a and e show deposits that have been cycled 500

times; Fig. 9a shows that the uncoated sample experiences

significant fusing and delamination. Delamination breaks

the electronic contact between the deposit and Ni current

Fig. 7 a XPS Mn 3s spectra for the as-deposited and cycled Mn

oxide (500 cycles). Mn oxide deposits were prepared at 20 mA cm-2

for 5 min at 75 rpm. b Mn 3s XPS peak splitting as a function of Mn

oxidation state in Mn oxide. Data were compiled from Chigane et al.

[30] (squares) and Gorlin and Jaramillo [31] (triangles)
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collector, causing a drop in capacitance. The fusion of the

rods is caused by the redeposition of dissolved Mn oxide

between rods in combination with volume changes during

cycling. Up to cycle 500, the PEDOT coating successfully

prevents the dissolution of the Mn oxide and subsequent

fusion and delamination of the deposit. Aside from a small

degree of cracking, deposits with PEDOT that have been

cycled 500 times are nearly identical to uncycled deposits.

Figure 9b–d show uncoated deposits that have been

cycled 2000 times. Note the structural differences within

the cracks; for the uncoated sample, material has rede-

posited in areas of cracking. This redeposited material

helps to maintain adhesion between the Mn oxide and Ni.

For the PEDOT-coated sample, cracking of the Mn oxide/

PEDOT deposit causes the film to curl and delaminate from

the Ni (indicated by arrows in Fig. 9f). For the uncoated

sample, significant dissolution and redeposition have

occurred. The dissolved material redeposits in areas of

good electronic conductivity, i.e., any exposed Ni. Rede-

position of Mn oxide during cycling helps to reduce

delamination of the deposit. If a section of the deposit

begins to delaminate, material is deposited on the newly

exposed Ni underneath the delaminated area, bridging the

space between the Ni and the delaminated deposit with

newly formed Mn oxide. The redeposited material has a

very fibrous-high surface area morphology and is also in

areas of good conduction. These factors allow the rede-

posited material to have improved specific capacitance

compared with the as-deposited Mn oxide rods, contribut-

ing to the capacitance improvement with cycling (along

with the change in oxidation state from Mn3? to Mn4?). As

the uncoated deposit is cycled, parts of the Mn oxide begin

to peel, exposing the underlying Ni; Mn oxide is then able

to redeposit onto the exposed Ni. The delamination and

redeposition effects reach a dynamic equilibrium, causing

the plateau in capacitance after cycle 1000. Figure 9c

shows an area of successive cracking and redeposition of

the uncoated deposit.

Images of a PEDOT-coated sample that has been cycled

2000 times are shown in Fig. 9f–h. Figure 9f shows that

significant delamination of the deposit has occurred, indi-

cated by arrows. During cycling, the PEDOT layer swells

and shrinks, and after about 500 cycles, the PEDOT layer

has degraded enough to allow for dissolution of the Mn

oxide [4]. Unlike the uncoated sample, the Ni exposed

during delamination experiences only a very small degree

of Mn oxide redeposition; not enough material is rede-

posited to balance the capacitance loss from delamination.

Figure 9g shows that only a few Mn oxide nuclei are

present on the exposed Ni surface. Figure 9g and h also

show that redeposition is concentrated between rods; the

rods have fused together into a thick film. Mn oxide

Fig. 8 CV curves at varying

scan speeds for deposits:

a Without PEDOT and b with

PEDOT. c Capacitance values

at various scan speeds.

d Capacitance values as a

function of cycle number, at a

scan rate of 20 mV s-1. Mn

oxide deposits were prepared at

20 mA cm-2 for 5 min at

75 rpm. The PEDOT coating

was prepared at 1 V for 45 s
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redeposits more readily between rods than on the Ni, per-

haps due to the enhanced conductivity provided by the

PEDOT. Without the presence of the PEDOT coating, Mn

oxide rods do not experience significant fusing, individual

rods are still visible (Fig. 9d). The transition of the deposit

from a rod-like structure to a thick film further enhances

the delamination problem for PEDOT-coated deposits;

volume changes during cycling lead to higher stresses for a

fused deposit.

Although the capacitance (at 20 mV s-1 scan speed) for

the PEDOT-coated sample at cycle 10 (110 F g-1, 350 mF

cm-2) is significantly higher than that for the uncoated

sample (45 F g-1, 150 mF cm-2), the capacitance loss

experienced by the coated sample and the capacitance

improvement of the uncoated sample resulted in similar

capacitances after 2000 cycles (51 F g-1, 160 mF cm-2

with PEDOT and 54 F g-1 and 180 mF cm-2 without

PEDOT).

4 Conclusions

A template-free electrodeposition process has been devel-

oped to deposit high surface area Mn oxide and Mn oxide/

PEDOT rods (*2 lm in diameter and several lm in

length), for supercapacitor applications, onto porous Ni

foam substrates. The Mn oxide deposits are poorly crys-

talline, with grain sizes of *5 nm, as determined through

electron diffraction and imaging in the TEM. Cycled

samples show improved crystallinity, and diffraction pat-

terns can be indexed to a hexagonal birnessite MnO2

crystal structure. Cycling changes the oxidation state for

Mn oxide from Mn3? to Mn4?.

Capacitance was measured using cyclic voltammetry.

The addition of PEDOT increased the maximum capaci-

tance and improved the rate capability of the electrode. The

maximum capacitances were 159 and 120 F g-1 (500 and

290 mF cm-2) at 5 mV s-1 with and without PEDOT,

respectively.

The cycling behaviors (at 20 mV s-1) for uncoated and

PEDOT-coated samples were different. For samples with-

out PEDOT, there was an initial increase in capacitance

during the first 500 cycles, followed by leveling off and a

slight decrease; capacitance retention was 120 % after

2000 cycles. PEDOT-coated samples had higher initial

capacitances, with little decrease over the first 500 cycles.

This was followed by a steady capacitance decrease to

2000 cycles. The capacitance retention was 46 %; final

capacitance values were comparable to those for uncoated

Mn oxide after 2000 cycles. The capacitance increase

during cycling for deposits without PEDOT can be

explained by the change in oxidation state as well as dis-

solution and redeposition of Mn oxide, resulting in

improved coverage of the Ni foam. Deposits with PEDOT

experienced significant delamination during cycling (after

500 cycles), causing losses in electronic conductivity and

capacitance.
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Fig. 9 SEM SE images of Mn oxide deposits after cycling. a–

d Without PEDOT and (e–h) with PEDOT; a, e 500 cycles and b–d,

f–h) 2000 cycles. Areas of delamination are indicated with arrows in

f. c, g Higher magnification images of cracked regions of the deposits.

Note the layers of redeposited Mn oxide in the uncoated sample and

the minimal amounts of redeposited material (Ni grain boundaries are

visible, and Mn oxide nuclei are indicated with arrows) in the

PEDOT-coated sample. (d, h) show cross-sectional views taken from

cracks within the deposit. Note that for the uncoated sample,

individual rods are apparent, whereas the coated rods experienced

significant fusion of the rods; only the bases of the rods are visible

(circled). Mn oxide deposits were prepared at 20 mA cm-2 for 5 min

at 75 rpm. The PEDOT coating was prepared at 1 V for 45 s
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