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Manganese oxide presents very promising electrochemical properties as an electrode material in
supercapacitors, but there remain important open questions to guide further development of the
complex manganese oxide/carbon/electrolyte system. Our work addresses specifically the influence of
carbon ordering and the difference between outer and inner porosity of carbon particles for the
application in aqueous 1 M Na,SO,4 and 1 M LiClO4 in acetonitrile. Birnessite-type manganese oxide was
hydrothermally hybridized on two kinds of carbon onions with only outer surface area and different
electrical conductivity, and conventional activated carbon with a high inner porosity. Carbon onions with
a high degree of carbon ordering, high conductivity, and high outer surface area were identified as the
most promising material, yielding 179 F g~ Pore blocking in activated carbon yields unfavorable
electrochemical performances. The highest specific energy of 164 W h kg~ was measured for
a symmetric full-cell arrangement of manganese oxide coated high temperature carbon onions in the
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1. Introduction

Supercapacitors are fast and efficient electrochemical energy
storage devices."™ Typically, they are classified in electrical
double-layer capacitors (EDLCs), pseudocapacitors, and hybrid
devices. EDLCs store energy via electrosorption of electrolyte
ions at the charged surface of high surface area carbons, which
is a capacitive, non-faradaic process. The physical nature of ion
electrosorption in EDLCs enables faster and more efficient
charge storage compared to chemically-driven redox reactions.
Therefore, EDLCs are promising for high power applications
utilizing rapid charge and discharge rates, moreover present
high efficiency, and long lifetimes. Current EDLC devices
suffer from low specific energies, compared to conventional
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proved as a facile way to enhance the electrochemical performance stability.

batteries."**” To overcome this issue, the energy storage
capacity can be increased by improving the properties of the
electrode material, the electrolyte, and the cell preparation/
design. General requirements for suitable electrode materials
are a high specific surface area (SSA) with well-developed pore
size distribution, good conductivity, and high electrochemical
stability.®® A variety of carbon materials has been studied so
far, including activated carbon (AC),'"*"* carbide-derived
carbons,** templated carbons,* onion-like carbon (OLC),"*"
graphene,'®"® carbon nanotubes (CNTs),>** carbon nano-
fibers,”>* and carbon aerogels.*® AC is currently the most
commonly used electrode material; typically, ACs present
surface areas in the range of 1500-2000 m> g~ resulting in
capacitances of 100-200 F g~ and specific energies between
2 W h kg 'and 20 W h kg™ ' (depending on the electrolyte and
operation parameters).*

The ability to improve the specific energy of EDLCs by
further increasing the porosity/surface area and optimizing the
pore structure is limited by the minimum pore size accessible to
ions, among others, and leads to a saturation of capacitance
versus surface area.>® An alternative approach to further increase
the specific energy is the implementation of redox active
materials. Common redox active materials used in combination
with carbon are transition metal oxides, such as manganese
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oxide,”” ruthenium oxide,*® nickel oxide,*** electrochemically
active polymers, like polyaniline,***>**% and polypyrrole,*** as
well as surface functional groups, like quinones.?****> Depen-
dent on the resulting electrochemical response, we can differ-
entiate between a battery-like or pseudocapacitive behavior.*

Manganese oxide is an attractive pseudocapacitive material
because of its high redox activity, the low synthesis costs, and
high availability/abundance.””*** The charge storage mecha-
nism of manganese oxide is related to faradaic surface reac-
tions, the adsorption of positively charged electrolyte ions such
as H', Li*, Na*, and K", but also to faradaic reactions in the bulk
(cation intercalation). In these cases, redox transitions between
Mn(m) and Mn(wv) states occur.>”*»*¢*® The specific capacitance
of manganese oxide is typically in the range of 100-200 F ¢~ in
neutral aqueous electrolytes. Much higher values have also been
published,* for example, up to 1380 F g~ * for thin films (5 um)*
in the same order of magnitude than the maximum theoretical
value of 1233 F g~ "% The electrochemical performance of
manganese oxide is not only determined by its morphology,
phase, composition, and crystal structure,*** but also by
thickness of the electrode/coating/particles.*>** Although
manganese oxide as supercapacitor material is already exten-
sively studied, for example, by the groups of D. Bélanger, T.
Brousse, and F. Favier,**#°%+% remaining challenges are its
low structural stability, low long-time stability, small negative
voltage stability, high self-discharge, and poor electrical
conductivity. A more comprehensive overview about the prop-
erties of manganese oxides for supercapacitors can be found in
the literature.*

The low conductivity of manganese oxide (ca. 107> S cm ™)™
limits the power performance. The latter can be improved by
doping with metals or the hybridization with highly conductive
carbon materials.*” Several carbon substrates were used in
combination with different types of manganese oxide, like
activated carbon fiber,>* carbon nanotubes, graphene,
graphene oxide,*"* carbon nanofoams,*** aerogels,*»** nano-
graphite sheets,®* carbon onions,***" and ordered meso-
porous carbon.’* These carbon materials differ in crystal
structure, grain/particle size, chemical composition, and
oxidation state. However, the use of different electrode prepa-
ration methods, various amounts and kinds of polymer binder
and conductive additive, and different electrode thicknesses
make a direct comparison of electrochemical performance
ratings difficult and often inconclusive. For example, Fleisch-
mann et al. compared activated carbon and carbon onions as
substrate for vanadium oxide coated with atomic layer deposi-
tion technique.® The findings regarding the influence of high
internal or external surface area on the electrochemical prop-
erties were related to the synthesis process. In a study by
Gambou-Bosca et al., the difference between activated carbon
and carbon black as substrates for manganese oxide was
investigated.®® Yet, no comprehensive set of data exists showing
the influence of the carbon substrate regarding different
degrees of ordering, and carbons with high internal or external
porosity. Especially when comparing organic and aqueous
media, this absence complicates the development of optimiza-
tion strategies for this promising class of hybrid material.
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In the present study, the influence of carbon on the electro-
chemical performance of carbon/manganese oxide hybrid elec-
trodes is systematically investigated for organic and aqueous
media. For these two types of electrolytes, we also provide, for the
first time, S-value testing to quantify the maximum width of the
electrochemical voltage window. Commercially available acti-
vated carbon (AC) and nanodiamond-derived carbon onions
(OLC: onion-like carbon)*® synthesized at 1300 °C and 1700 °C
were hybridized with MnO, by hydrothermal synthesis. By this
way, the impact of internal vs. external surface area on the
nanohybrid material performance can be investigated. Carbon
onions have recently been hybridized with MnO,, but no
comparison between different degrees of carbon ordering was
presented.®® Our data explicitly includes activated carbon
because the performance of this common type of electrode
material for supercapacitors combined with manganese oxide
remains ill-explored.”**>*® Manganese oxide operated in organic
and aqueous media is finally benchmarked with regard to charge
and energy efficiency to assess the practicality of their imple-
mentation for energy storage applications.

2. Experimental
2.1 Materials and synthesis

Activated carbon (AC) powder YP80 was used as received (Kur-
aray). Carbon onions (OLC) were produced using annealing of
detonation nanodiamonds (NaBond Technologies). The powder
was used without further purification and placed in graphite
crucibles. The typical amount of material was ~10 g. Nano-
diamond powder was annealed in a high temperature furnace
(Thermal Technology) in flowing argon with a purity of 4.6 and
a flow rate of 1.3 L min~". Two annealing temperatures of
1300 °C for 10 h or 1700 °C for 1 h were used with heating and
cooling rates of 20 °C min~". The resulting carbon onions are
called OLC1300 and OLC1700.

Manganese oxide/carbon hybrids were produced by hydro-
thermal synthesis using potassium permanganate (KMnOj,,
Sigma Aldrich) as precursor in aqueous solution. Carbon
powders (500 mg) were dispersed in 100 mL deionized water
(MilliQ) via tip sonication of ~4 W for 5 min. In a second step,
potassium permanganate was added to the solution and
continuously stirred and refluxed at 100 °C for 4 h until the
color changed from purple to dark brown/black. Several mass
ratios of KMnO,/carbon were used to reach different loadings of
manganese oxide on the carbon substrate. For example, a ratio
of 3 : 1 stands for 1.5 g of KMnO, and 500 mg carbon powder.
The nomenclature for the samples, for example “M-OLC1700
(3 : 1), includes the loading with manganese oxide (M), the type
of carbon substrate (AC, OLC1300, OLC1700), and the mass
ratio KMnO,/carbon (e.g, 3 : 1). We recently described the same
synthesis route and identified the manganese oxide phase as
birnessite,*® in agreement with earlier works employing
permanganate as precursor.*” For simplicity, “birnessite-type
manganese oxide” is shortened to “manganese oxide” in this
study, although we would like to remind that the produced
phase is not pure MnO,, but classifies rather as metal hydroxide
with some amounts of potassium (~12 mass%).

This journal is © The Royal Society of Chemistry 2016
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To investigate structure and electrochemical performance of
just manganese oxide, the latter was synthesized using an
adapted co-precipitation method from ref. 51. KMnO, was dis-
solved in deionized water and stirred while MnCl, was added.
The mass ratio of KMnO,:MnCl, was 2:3. The brown
manganese oxide was directly collected. All samples were
washed at least 3 times with deionized water, centrifuged, and
dried at 90 °C and 20 mbar. Commercial MnO, was used as
received (Sigma Aldrich).

2.2 Analysis of chemical composition, structure, and
porosity

The elemental composition was measured using energy-
dispersive X-ray analysis (EDX) with a X-Max-150 detector
from Oxford Instruments in a JSM-7500F from JEOL. The elec-
trodes containing 10 mass% polytetrafluorethylene (PTFE)
binder (see Section 2.3 for details on the electrode preparation)
were placed on a carbon tape and spectra were taken at three
different positions using 10 kV acceleration voltage.

Transmission electron microscopy was performed with
a JEOL 2100F microscope using 200 kV acceleration voltage.
Powder samples were dispersed in isopropanol, tip sonicated
for 10 s and drop casted on a copper grid with a lacey carbon
film (Gatan).

Prior to focused ion beam (FIB) cross-sectioning in a scan-
ning electron microscope (SEM), the samples were coated with
ZnO by allowing diethyl zinc and water to react in a cyclic
manner at 50 °C in a vertical-flow, hot-wall reactor (OpAL,
Oxford Instruments) as described in ref. 97. This increases the
contrast between pores and solid material in the SEM. Subse-
quently, imaging was carried out with a Zeiss Auriga 60 dual
beam. The cut surface was prepared by a focused ion beam with
an accelerating voltage of 30 kV and 20 pA beam current. The
SEM images were acquired with the in-lens detector at 5 kV.

Thermogravimetric analysis (TGA) was used to identify the
amount of manganese oxide in the hybrids. A TG 209 F1 Libra
system from Netzsch was used, equipped with an automatic
sample changer and alumina crucibles. Samples were heated up
to 900 °C in synthetic air with a rate of 20 °C min~ " to avoid
contaminations of the system. To investigate the difference in
carbon ordering and phase in detail, the pure carbon powders
were heated in synthetic air with a rate of 5 °C min~'. The
sample mass ranged between 5 mg and 10 mg. The amount of
manganese oxide was measured by the remaining sample mass
after heating to 900 °C when carbon was completely oxidized.

The skeletal density was analyzed with an AccuPyc 1330 gas
pycnometer (Micromeritics) using helium gas with a purity
grade of 5.0. The steel crucible had a volume of 1 cm?® and the
sample mass was between 100 mg and 200 mg. First, 20 purges
were applied followed by 20 separate measurements. Both
purge and analysis filling pressures were 134 Pa. An equilibra-
tion rate of 34 Pa min ™' was used.

Porosity and surface area were measured using nitrogen gas
sorption measurements at —196 °C with an Autosorb iQ system
(Quantachrome). Beforehand, the powder samples were
degassed at 10> Pa and 300 °C for 24 h to remove any water

This journal is © The Royal Society of Chemistry 2016
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residuals from the synthesis. During the measurement, the
relative pressure was varied from 5 x 10”7 to 1.0 in 68 steps. The
specific surface area (SSA) was calculated with the ASiQwin-
software using the Brunauer Emmett Teller (BET) equation in
the linear relative pressure range of 0.01-0.2.** The DFT SSA and
pore size distribution (PSD) were derived via quenched-solid
DFT (QSDFT) with a slit pore shape model between 0.56 nm
and 37.5 nm.*® Values for the total pore volume correspond to p/
Do = 0.95.

Raman spectroscopy was performed with a Renishaw inVia
Raman Microscope equipped with a Nd-YAG laser (532 nm). For
all samples a 50x objective was used with a power of 0.2 mW at
the surface of the sample. The spectra were recorded with 10
accumulations and 20 s acquisition time. For each D- and G-
mode we used one Voigt-profile peak and two Voigt peaks to
fit the contribution of amorphous carbon (including amor-
phous carbon at 1520 cm ™, transpolyacetylene at ca. 1100 cm ™"
and the broad signal which does not correspond to sp’-
hybridized carbon). The same methodology was used in our
recent study for carbon onions.*® All spectra were normalized
and background subtracted with a linear baseline.

The electrode conductivity was measured with a custom built
four-point probe. The diameter of the tips was 1.5 mm and the
tip distance 1.75 mm. The areal resistance was measured at 5
different positions of the electrode. Using eqn (1) the electrode
conductivity normalized to the thickness can be calculated.

In(2) 1
o= —~" " 1
© Ud (1)
I is the current, U the voltage, and d the thickness of the elec-
trode measured with a micrometer screw. The thickness was
kept constant for all samples (60 + 10 pm).

2.3 Electrochemical characterization

Free-standing and flexible PTFE-bound electrodes were used for
electrochemical measurements. Carbon and hybrid powders
(typically ca. 200 mg) were dispersed in ethanol and stirred in
a mortar until most of the ethanol was evaporated and a carbon
slurry resulted. For all samples 10 mass% PTFE (60 mass%
aqueous solution, Sigma Aldrich) were added and mixed in
a mortar until a dough-like carbon paste was formed. Using
a rolling machine (MTI HRO1, MTI Corp.) electrodes with
a thickness of 60 pm (£10 pm) were rolled and dried over night
at 90 °C and 20 mbar.

Electrochemical characterization was carried out in 1 M
LiClO, in acetonitrile (ACN) from BASF or 1 M Na,SO, (aqueous)
from Sigma Aldrich. For all measurements, a two- and three-
electrode setup was used, corresponding with full- and half-
cell configuration, respectively. The electrodes were punched
out to obtain discs with a diameter of 8 mm (3-5 mg) and were
separated by a glass-fiber disc with diameter of 13 mm (type GF/
D, GE Healthcare). The electrode/separator/electrode arrange-
ment was compressed between two platinum disks (diameter 12
mm, thickness: 200 pm, Carl Schifer) using spring-loaded
titanium pistons, sealed by a polyether ether ketone (PEEK)
body. For measurements using 1 M LiClO, in ACN, the cells

RSC Aadv., 2016, 6, 107163-107179 | 107165
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were dried at 90 °C and 20 mbar before they were put in an
argon-filled glove box (MBraun Labmaster 130; O,, H,O < 1
ppm). The cells were vacuum back-filled with a syringe con-
taining the electrolyte. The aqueous 1 M Na,SO, electrolyte was
directly vacuum filled in the cells without drying. Full-cell
measurements were carried out either with a symmetric (same
size, same material) or asymmetric (charge balanced counter
electrode from activated carbon YP80) configuration. In a half-
cell set-up, a ca. 5 times oversized AC counter electrode was
used together with a reference electrode; the latter was a plat-
inum wire for the aqueous electrolyte and PTFE-bound acti-
vated carbon YP50 from Kuraray for the organic electrolyte.

Electrochemical characterization was performed using
a VSP300 and VMP300 potentiostat/galvanostat from Bio-Logic
in cyclic voltammetry (CV) and galvanostatic mode with
potential limitation (GCPL). The potential window for all full-
cell measurements was 0.8 Vin 1 M Na,SO, and 2.2 Vin1 M
LiClO, in ACN. Half-cell measurements were used to determine
the capacitance of one electrode and the stability window. For
data obtained with cyclic voltammetry, a scan rate of 1-10 mV
s~ was used and the specific capacitance of two electrodes
dependent on the cell voltage (cell performance) was calculated
using eqn (2):

Cean(U) = Vi (2)
with I(U) the measured current, v the applied scan rate, and M
the active mass of both electrodes. Active mass in all cases
means the mass of the carbon and the manganese oxide
(without binder).

Galvanostatic measurements with potential
(GCPL) were used to calculate the capacitance for different
specific currents as well as the specific energy and power. The
current was normalized to the active mass and specific currents
from 0.1 A g ' to 20 A g ! were applied. After charging the
system to 0.8 V or 2.2 V, there was a 10 s resting time prior to
discharge to 0V cell voltage to enable facile assessment of the IR
drop. Every GCPL cycle was repeated at least two times with 10 s
of resting time in between. The specific discharge capacitance
of two electrodes normalized to the active mass was calculated

according to eqn (3):
)
Idt
[,

Ucorrected M

limitation

Ccell - (3)
with M the active mass of both electrodes, I the applied current,
t; and ¢, the start and end of discharging, and Ucorrectea the
applied voltage minus the IR-drop. The IR drop was determined
as the voltage loss after 5 s of reaching the applied voltage. The
same technique was used to calculate the capacitance of one
electrode in a half-cell setup with a potential window of 0.5 V
and normalization to the active mass of one electrode. The
specific energy (Especisic) and specific power (Pspecific) of the full-
cell (two electrodes) were calculated using eqn (4) and (5):
th

Expeciic = J U dr x 1% (4)

n
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E%peciﬁc ( 5)

Pypecific =
P t— 1

with M the active mass of both electrodes, I the applied current,
t; and ¢, the start and end of discharging. The charge and energy
efficiencies were calculated dividing the respective value from
charging by the value from discharging and are presented in %.

3. Results and discussion

3.1 Morphology analysis

Two types of carbon onions (OLC) with different degrees of
carbon ordering and one nanoporous activated carbon (AC)
were selected for this study. TEM images of the carbon mate-
rials are shown in the ESI, Fig. S1.

Both types of carbon onions were derived from nano-
diamonds by thermal annealing in argon at either 1700 °C
(“high temperature”) or 1300 °C (“low temperature”). The
primary particle size of carbon onions ranged between 4 nm
and 10 nm featuring several carbon shells (ESI, Fig. S1A and BY).
While differences in morphology were not observable in trans-
mission electron micrographs, an increasing degree of carbon
ordering for higher annealing temperatures is to be ex-
pected.®®**°* In contrast to OLC, AC presented a porous structure
with a high level of nanocrystalline disorder (ESI, Fig. S1C¥).

Even when using the same ratio of carbon and manganese
oxide, different morphologies were observed for the different
carbon substrates (Fig. 1). M—OLC1700 (3 : 1) had a homoge-
nous coating of the agglomerate particles (Fig. 1D and E).

The thickness of the nanocrystalline coating was in the range
of a few nanometers (~10 nm) as determined by TEM (Fig. 1F).
In contrast, M-OLC1300 (3 : 1) showed a fibrous coating with
nanocrystalline structure (Fig. 1A-C). The skeletal density of
OLC1300 (2.2 g cm™>) was 16% higher than for OLC1700 (1.9 g
cm?). Therefore, the same mass content of MnO, would lead to
a larger volumetric coating compared to the coating on the
lower density substrate material. However, we see the same
fibrous structure for M—~OLC1300 (2 : 1) and (3 : 1) (Fig. 1A). A
similar morphology was observed for M-AC (3 : 1) coated with
the same amount of manganese oxide (Fig. 1J-L). Long and thin
manganese oxide fibers grew on the surface of the activated
carbon particle with a length of several hundred nanometers
and a diameter of ~20 to 50 nm (Fig. 1L). These observations
align with findings in literature: depending on the reaction ratio
of permanganate and carbon,’® as well as the reaction time,*
the structure of manganese oxide varies from layers and nano-
particles to nanorods with differing crystallinity. Use of a much
smaller amounts of permanganate for the synthesis (M-AC
(1:2)) yielded a thin coating of around 3 nm thickness,
completely covering the carbon particles (Fig. 1G-I). Etching of
carbon during the formation of manganese oxide is evidenced
in Fig. 1C: the graphitic shells on the outside of OLC1300 were
removed, while a partially amorphous and diamond-like core
remained in the center of the particles. This is in accordance
with results of Raman spectroscopy in Section 3.4.

The coating of carbon by manganese oxide can also be seen
in cross-sectional scanning electron micrographs of the PTFE-

This journal is © The Royal Society of Chemistry 2016
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Fig.1 Transmission electron micrographs of the carbon/manganese oxide hybrids. (A—C) M—OLC1300 (3 : 1), (D-F) M—OLC1700 (3 : 1), (G-I)

M-AC (1:2), and (J-L) M-AC (3 : 1).

bound electrodes (Fig. 2). The initial AC electrode shows parti-
cles in the range of several micrometers in direct contact to each
other (Fig. 2A-C). Additional ZnO coating was applied to
increase the contrast and allow recognition of the AC particle
shape. After coating with manganese oxide (M-AC (3 : 1)), an
additional MnO, layer is visible partially covering the AC
particles as depicted in Fig. 2D-F. Local inhomogeneous
covering with MnO, as well as the existence of a few uncoated
parts of the AC particles can be the result of particle agglom-
eration during the wet chemical synthesis. The small size of
OLC and the tendency to form agglomerates of several hundred
nanometers leads to more compact electrodes (Fig. 2G).
Manganese oxide deposition (M-OLC1700 (3 : 1)) takes place
inside the agglomerates as well as on the outside, forming
a homogenous and dense composite (Fig. 2J-L).

3.2 Chemical and thermogravimetric analysis

All three carbon substrates were hydrothermally hybridized
with manganese oxide using KMnO, as the precursor. This
synthesis routine is well-established,* including work by us on
the high power handling ability.?® Different manganese oxide
mass loadings were realized by using different carbon-to-
KMnO, ratios. The chemical composition and the manganese
oxide content were measured using EDX and TGA (Table 1).
The chemical analysis showed fluorine in addition to Mn, O,
and C, which originates from the PTFE binder. Functional

This journal is © The Royal Society of Chemistry 2016

groups on AC account for an oxygen content of 3.3 mass%. This
value is almost identical to that of low temperature carbon
onions (OLC1300:3.1 mass%); yet, the high-temperature
annealing process of OLC1700 yields a lower oxygen content
(1.9 mass%) in alignment with literature.”® The content of
manganese oxide for the different samples is given in Table 1.
By using a higher amount of permanganate for the synthesis,
the manganese oxide content increased. For example, the
amount of manganese oxide coating on OLC1700 varied from 35
mass% to 87 mass%. Different carbon substrates with the same
amount of permanganate led to similar compositions with 56,
57, and 60 mass% manganese oxide for M-OLC1700 (3 : 1), M-
OLC1300 (3 : 1), and AC (3 : 1).

Thermogravimetric analysis of manganese oxide showed up
to ca. 120 °C an initial mass loss of around 4 mass% due to the
loss of surface adsorbed water, followed by evaporation of
interlayer water and dehydration of the manganese oxide until
ca. 470 °C with a mass loss of ~11 mass% (Fig. 3A).**'*> The
mass loss due to progressing birnessite dehydration is depen-
dent on the surface area and the corresponding amount of
initially adsorbed water. Birnessite-type manganese oxide
(K,MnO,) also undergoes a phase transformation to K,Mn,Oj; at
around 480 °C, as seen for the carbon/manganese oxide
hybrids.'”* The burn-off temperatures of 631 °C for OLC1700
and 597 °C for AC were slightly higher than for OLC1300 with
566 °C, due to the higher degree of sp>-carbon ordering.

RSC Adv., 2016, 6, 107163-107179 | 107167
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Fig. 2 Scanning electron micrographs of the cross sections prepared from electrodes containing 90 mass% active material (i.e., carbon and
manganese oxide) and 10 mass% PTFE as binder. ZnO was deposited by means of atomic layer deposition onto the carbon particles to increase
the contrast. Colored images in C, F, |, and L were used to differentiate the carbon and manganese oxide phases in B, E, H, and K.

. M-OLC1700 (3:1)

Table 1 Chemical composition by EDX of the samples and manganese oxide content based on EDX and TGA

Elemental composition Manganese oxide

C (mass%) Mn (mass%) O (mass%) K (mass%) F (mass%) EDX (mass%) TGA (mass%)
OLC1700 91.8 + 1.8 0 1.9+ 0.5 0 6.3 = 2.3 0 0
M-OLC1700 (1: 1) 64.1 + 1.3 13.9 £ 0.5 17.2 £ 1.9 4.2 £0.2 0.7 £ 0.1 35+£3 34
M-OLC1700 (3 : 1) 40.5 £ 6.6 27.4+9.3 219 £ 6.4 6.8 £ 2.5 3.5+1.8 56 + 18 58
M-OLC1700 (4 : 1) 28.1 +1.9 41.0 £ 3.7 22.4 + 3.4 7.7 £ 0.9 0.7 £0.1 71£38 63
M-OLC1700 (8 : 1) 12.3 £ 4.3 47.4 + 13.7 28.2 +11.4 11.0 £ 2.2 1.1+ 0.4 87 + 27 73
OLC1300 93.6 + 1.0 0 31+£0.1 0 3.2+1.0 0 0
M-OLC1300 (2: 1) 65.5 £ 8.6 15.5 + 4.8 142 £ 2.5 35+1.5 1.5+ 0.8 33+9 31
M-OLC1300 (3 : 1) 38.8 £ 6.9 22.8 +4.4 29.3 £+ 3.8 5.3 +£0.9 3.8+1.3 57+9 60
AC 95.5 £ 1.04 0 3.3+05 0 1.2 £ 0.6 0 0
M-AC (1:2) 82.2 £ 32.0 8.9 + 3.0 7.0 £1.3 1.2+21 0.7 £ 0.4 17+ 6 18
M-AC (1:1) 72.3 £5.8 12.6 £ 7.0 12.8 + 3.7 1.9 £ 0.9 0.4 £ 0.2 27 +12 31
M-AC (3:1) 369+ 7.2 24.9 £ 5.9 29.2 £ 1.3 6.3 £ 1.7 2.8 £2.5 60 £9 59

All carbons were completely volatized between 500 °C and carbon by evaporating water, oxygen-containing gases, and
700 °C. For the hybrid materials, the burn-off temperature catalytic effects of the manganese oxide.***'** The remaining
shifts to 300-500 °C because of an enhanced etching of mass was identical to the amount of manganese oxide in the
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Fig. 3 TGA of the manganese oxide, the carbon powders, and the carbon/manganese oxide composites in synthetic air. All measurements were
performed in synthetic air with a heating rate of 5 °C min~? for the carbon powders and 20 °C min~* for the hybrids. (A) Carbon onions and
carbon onion/manganese oxide hybrids and (B) AC and AC/manganese oxide hybrids.

composite and was comparable to the values derived from
EDX (Table 1).

3.3 Analysis of porosity, skeletal density, and electrical
conductivity

Carbon onions have only outer surface area with a large fraction
of mesopores (Fig. 4A), whereas activated carbon is mostly
characterized by interparticle micropores (Fig. 4B). The skeletal
density of both carbon onion varieties increased after adding
more manganese oxide and the pore volume decreased (Fig. 4C
and Table 2). The skeletal density of the AC hybrids increased
from 2.2 g cm ™ to 2.4 g cm™?, while the pore volume decreased

AR

from 1.07 ecm® g~ ' to 0.17 cm® g~ ' similarly to carbon onions
(Fig. 4C and Table 2). This finding is in agreement with TEM
micrographs, showing the homogenous covering of AC by
manganese oxide and blocking the pores from the outside
(Fig. 1I). Pore blocking led to a decrease of the pore volume, but
not to an increase in density to the same extend because the
pore walls and internal pore space are not directly coated.

For all three carbon materials, we see a strong decrease in
specific surface area (DFT) after hybridization with manganese
oxide (Fig. 4D and Table 2). We determined a specific surface
area of 323 m* g~ ! and 404 m*> g~ for pristine OLC1300 and
OLC1700, respectively. For a reaction ratio of (3 : 1), these values
were reduced to 116 m”> g ' and 142 m® g~ ', respectively. A

=
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(A) Cumulative pore size distributions from nitrogen gas sorption analysis of the carbon onion samples and (B) of the AC samples. (C)

Skeletal densities from helium gas pycnometry and the pore volumes from nitrogen gas sorption. (D) DFT specific surface areas from gas sorption

and (E) normalized surface areas.
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Table 2 Surface areas, pore volumes, skeletal densities of the samples based on gas sorption analysis, gas pycnometry and 4-point probe
measurements. “n.d.”: not detectable (i.e., the value was smaller than the detection limit of the method)

SSA DFT (m> g™ )

Pore volume (cm® g™ )

Skeletal density (g cm™>) Conductivity (S em™)

OLC1700 404 1.23
M-OLC1700 (1: 1) 266 0.58
M-OLC1700 (3 : 1) 142 0.26
M-OLC1700 (4 : 1) 65 0.12
M-OLC1700 (8 : 1) n.d. 0.01
OLC1300 323 1.11
M-OLC1300 (2 : 1) 234 0.70
M-OLC1300 (3 : 1) 116 0.19
AC 1783 1.07
M-AC (1:2) 1075 0.65
M-AC (1:1) 737 0.44
M-AC (3:1) 193 0.17

similar value (193 m?® ¢~ ") was measured for M-AC (3 : 1), which
corresponds with a more than 90% decrease of the initial value
(1783 m? g !). The composition of (3 : 1) was used for further
comparison of the electrochemical performance because
manganese oxide loading as well as surface area are comparable
for the different carbon materials.

Fig. 4E shows the relative decrease of the specific surface
area after manganese oxide hybridization normalized to the
initial value of the carbon materials. An ideal behavior would
correspond with high manganese oxide mass loading without
pore blocking. This could be approached with thin coatings
while maintaining the initial accessible surface area. All studied
samples deviate from ideality and pore blocking occurs to
a varying degree. For carbon onion hybrids, the surface struc-
ture was retained up to a maximum loading of ~60 mass%
manganese oxide due to the absence of internal pores (Fig. 2A
and D),” preventing extensive pore blocking (Fig. 4E). For
higher loadings, thick coatings engulfed the agglomerates and
led to a strong decrease in specific surface area. Correspond-
ingly, interparticle pores were almost completely filled with
manganese oxide, as shown in Fig. 4A. The amount of micro-
and mesopores decreased for OLC samples after manganese
oxide hybridization, similar to what was observed when using
AC (Fig. 4B).

3.4 Raman spectroscopy

The Raman spectra of all carbon materials showed typical
features of incompletely graphitized carbon, namely the
D-mode at ~1340 to 1350 cm ', the G-mode at ~1585 to
1600 cm ™', and a pronounced second order spectrum (2200~
3500 cm ™ '). OLC1700 and OLC1300 showed a Raman spectrum
typical for carbon onions.*®?>'%1% Both carbon onion varieties
exhibited a nanocrystalline structure and a distinct contribu-
tion from amorphous carbon at ~1520 cm ™' was seen in form
of a broad transition between the D- and the G-mode. The latter
was more pronounced for OLC1300 than for OLC1700 due to
incomplete graphitization.”® The curved shape of the G-mode
for both types of carbon onions relates to the emergence of
few-layer graphene between the carbon onions as a result of the

107170 | RSC Adv., 2016, 6, 107163-107179

1.92 £ 0.03 1.78 + 0.54
2.22 £ 0.02 1.98 + 0.85
2.55 £ 0.01 0.09 £+ 0.01
2.72 £ 0.03 0.02 £ 0.0
3.01 = 0.04 n.d.

2.21 £ 0.02 1.12 + 0.45
2.40 £ 0.03 n.d.

2.95 £ 0.01 n.d.

2.20 £ 0.02 0.28 £+ 0.03
2.27 £ 0.03 0.05 £ 0.03
2.31 £ 0.01 n.d.

2.43 £ 0.01 n.d.

synthesis from nanodiamonds in argon.?® The Raman signal of
the activated carbon presented a G-mode at 1599 cm ™" indica-
tive of nanocrystalline carbon.™® Nanocrystallinity was also seen
in TEM micrographs (ESI, Fig. S1Ct), showing small crystalline
domains connected by amorphous/disordered carbon forms.
The amount of amorphous carbon was slightly smaller than for
OLC1300 and the degree of carbon ordering in the nanoscopic
domains was higher, as indicated by the smaller FWHM of the
G-mode."’

After hydrothermal synthesis, all samples showed additional
Raman bands associated with manganese oxide between 250
em™ ' and 750 cm ™" (Fig. 5). For OLC1700, the G-mode position
shifted from 1591 cm ™" to 1599 cm™" for the highest manga-
nese oxide loading (Fig. 5A). The redshift of the G-mode was
a result of the hydrothermal synthesis, which led to superficial
etched carbon particles resulting in smaller domain sizes.'"*
The relative increase in amorphous carbon was less than 20%
for the highest loading indicative for a highly ordered material
(Fig. 5E). In case of OLC1300, the change of carbon structure
was not characterized by a shift of the G-mode to larger wave-
numbers because the initial value was already lowered to 1599
em™ ! due to its smaller size (Fig. 5B). The relative increase in
amorphous carbon neared 100% for the highest loading of
manganese oxide on OLC1300 (Fig. 5E) due to the removal of
graphitic outer shells and remaining diamond-like and amor-
phous carbon in the core (Fig. 1C). Similar to OLC1700, the
etching of outer shells led to an increase of the D- and G-mode
FWHM because of the combined effect of increasing defect
density and decreasing domain size (Fig. 5F). The same can be
seen for AC with increasing D- and G-mode FWHM, as well as
increasing relative amorphous carbon content (Fig. 5C, E and
F). In contrast to OLC1300, the content of amorphous carbon
did not increase linearly, but reached a constant value (+60%)
once a manganese oxide loading of 30% had been reached
(Fig. 5E). Obviously, the comparably small external surface area
of an AC particle cannot be coated with the same amount of
manganese oxide than carbon onions and the impact on the
carbon structure remained limited. The birnessite-type
manganese oxide phase was varied as a function of the
synthesis parameters. Typically, octahedral MnOg layers present

This journal is © The Royal Society of Chemistry 2016
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avacancy in one over every six octahedral sites.'”> Between these
layers, ions (Li*, K, Mn®") or water molecules are intercalated
depending on the synthesis and the precursor."> Raman
spectra and the frequency positions can be analyzed according
to the polymerization of the MnOg octahedra with modes at 506,
575, and 646 cm~ ".**? All coated carbon onion samples showed
a typical Raman spectrum of birnessite-type manganese oxide
with vibrational frequencies typical for birnessite at 575 cm™,
618 cm ™', and weak frequencies at 500 cm ™" and 730 cm ™~ 1.2
The Raman peak at 646 cm ' is attributed to the Mn-O
symmetric stretching vibration within the octahedra.

The lower frequency mode at 575 cm ™' comes from the
stretching vibration of Mn-O in the basal plane of MnOg sheets
and is particularly strong for Mn(wv) fraction. The higher
frequency mode was shifted to 618 cm™* for carbon onions
because of its strong dependence on the lattice spacing in the

This journal is © The Royal Society of Chemistry 2016

birnessite*** which is varied due to intercalation of potassium

ions or hydration reactions.® The insertion of ions or mole-
cules into the lattice resulted in a local deformation, yielding
shorter Mn-O bonds and partial reduction of Mn(wv) ions,
leading to a blueshift in the Raman spectrum. Manganese oxide
on carbon onions exhibited particularly small domain sizes of
a few nanometers, as seen by TEM (Fig. 1E and F). Grain
boundaries as well as distortion due to inner-grain tension may
further contribute to a variation in lattice spacing and could
also explain the broadness of the high frequency mode.

While no significant difference was observed for carbon
onions with different manganese oxide loadings, the birnessite
Raman spectrum of activated carbon hybrids showed differ-
ences dependent on the reaction ratio of permanganate to
carbon. For small loadings of manganese oxide, a rather sharp
high frequency mode is observed at 647 cm ™" which is close to
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the expected value for ideal birnessite (646 cm™').}*> Seemingly,
after initial nucleation, manganese oxide layers continue to grow
with rather high crystalline ordering on activated carbon. For
comparison, we see much stronger nanocrystallinity with smaller
manganese oxide domain sizes (ca. 2-3 nm) when using carbon
onions. We conclude that carbon onions exhibit a much higher
density of nucleation sites for the growth of manganese oxide.
After using higher permanganate-to-activated carbon ratios, the
Raman spectrum was similar to carbon onion hybrids due to the
formation of nanocrystalline manganese oxide needles.

3.5 Electrochemical measurements

Electrochemistry was performed in aqueous (1 M Na,SO,) and
in organic electrolyte (1 M LiClO, in ACN). The electrochemical
potential window was investigated using incremental voltage
window opening in half-cells using cyclic voltammetry at 1 mV
s~' scan rate (Fig. 6A). The electrochemical stability limit
(voltage window), on first approximation, can be assessed by
using S-value testing, as outlined by Weingarth et al.'** S-Value
testing is a quantitative measure of the irreversible charge

View Article Online

Paper

invested during cyclic voltammetry and the limit for stable
performance is conventionally set to a value of 10%. The
resulting values are shown in (Fig. 6B). For the aqueous elec-
trolyte, a potential window from —0.4 V to +0.8 V vs. platinum is
seen. The cyclic voltammograms in Fig. 6A show irreversible
reactions, well known for manganese oxide measured in
aqueous media especially during negative polarization.®****> A
very high initial S-value at —0.1 V vs. Pt vanishes after condi-
tioning (i.e., after several charge/discharge cycles). Using the
organic electrolyte, a stable potential range from —1.2 V to
+1.2 V vs. carbon can be identified.***

For full-cell setups, a cell voltage of 0.8 V and 2.2 V can be
used in aqueous and organic electrolyte which is also in
agreement with literature.* However, we note that it is not
absolutely clear if S-value testing is the most comprehensive
method to assess the maximum voltage window width for
pseudocapacitive materials, because it was developed for
ideal ELDC systems with the degradation mechanism related
to electrolyte decomposition instead of possible electrode
deterioration."™*
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Fig.6 (A) Potential window opening in a half-cell using M—OLC1700 (3 : 1) as working electrode, 1 mV s* as scan rate and aqueous 1 M Na,SO,
and 1 M LiClO4 in ACN as electrolytes. (B) Corresponding S-values after Weingarth et al. (ref. 114). (C) Half-cell capacitance dependent on the
manganese oxide loading. (D—G) Full-cell cyclic voltammograms at 10 mV st in aqueous 1 M Na»SOs.
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The capacitance of an electrode material can be measured
reliably using half-cells with an oversized counter electrode
(activated carbon, YP80 + 5 mass% PTFE). The capacitance was
measured using galvanostatic cycling to +0.5 V vs. carbon with
a rate of 0.1 A g~ . By increasing the manganese oxide loading
on OLC1700, the specific capacitance increased linearly until
the maximum value of 150 F g~ * for 58 mass% manganese oxide
(M-OLC1700 (3 : 1)) was reached (Fig. 6C). By further increasing
the metal oxide content, the capacitance decreased. Ultimately,
we see a very high electrical resistance (e.g., for M—OLC1700
(8 : 1)) similar to that of pure manganese oxide and no charge
storage capacity was able to be determined anymore.*® The
maximum value of 150 F g~ ' in aqueous medium is somewhat
smaller compared to other studies with maximum reported
values between 200 and 400 F g~" (Table 3). However, a fair
comparison of capacitance values is only possible when similar
materials and same normalizations and measurement tech-
niques are used. Table 3 presents capacitance values of different
birnessite or manganese oxide materials with KMnO, as
precursor, measured in half-cells and neutral aqueous electro-
lytes. Different manganese oxide contents in the composite as
well as different amounts of conductive additive and binder
were used. To compare the data, all capacitance values were
normalized either to the MnO, content or to the electrode
without binder. After normalizing to the amount of manganese
oxide, the literature values ranged from 61 to 420 F g~ '. The
capacitance values reported in this study are comparably high
between 226 and 309 F g ', and are attributed to the high
conductivity and easy ion accessibility of the composite. The
high value of 868 F g~ reported by Makgopa et al. might stem
from the use of ultrathin electrodes.®® When comparing data
normalized to manganese oxide and carbon content, the
capacitances are in line with most of the studies showing values
in the range of 48-408 F g~ ' (Table 3).

Fig. 6D depicts CVs of the full-cells of OLC1700. The rect-
angular shape of OLC1700 demonstrates nearly ideal double-
layer capacitor behavior, in alignment with literature.'®'” By
increasing the metal oxide loading, the cell capacitance
increased by maintaining the quasi rectangular shape, which
evidences the highly pseudocapacitive behavior of the hybrid
electrodes.*****® With a loading of 73 mass% manganese oxide,
the resistivity of the electrode was too high and no significant
capacitance could be measured (Fig. 6D and Table 2). The
conductivity of the electrodes followed the same trend with 1.78
+0.54 S em™ ! for OLC1700, 1.98 + 0.85 S em™ ' for M—~OLC1700
(1:1), and decreasing values until the conductivity for the
highest loading was smaller than the detection limit (Table 2).
By adding 10 mass% OLC1700 as conductive additive during
electrode fabrication to the material (M-OLC1700 (8 : 1) + 10%
OLC), the conductivity of the electrode was enhanced to 1.52 +
0.44 S cm ™, leading to a pronouncedly rectangular shape of the
CV (Fig. 6E).

During the synthesis, manganese oxide first nucleates on the
carbon substrate leading to a thin layer with low resistivity and
rather low electrode capacitance (M-OLC1700 (1 : 1)). Further
coating increases the layer thickness until a balance of electrical
conductivity and electrochemical response (i.e., maximum

This journal is © The Royal Society of Chemistry 2016
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capacitance) is reached (M-OLC1700 (3 : 1)). As this process
continues, the conductivity decreases significantly (M-OLC1700
(8:1)) (Table 2). This is also supported by the growth of
manganese oxide needles which are not directly in contact with
conductive carbon. Adding carbon onions as conductive addi-
tive between the non-conductive parts of thick layer or needle-
like manganese oxide (M-OLC1700 (8:1) + 10% OLC) is
a facile approach to significantly increase conductivity and
capacitance (Table 2). The direct influence of conductivity and
electron support of the manganese oxide by the conductive
carbon is supported by the low performance of OLC1300 in the
composite (Fig. 6D).

Low temperature carbon onions (OLC1300) present a lower
degree of carbon ordering than OLC1700 (Fig. 5D), explaining
the lower electrode conductivity of 1.12 + 0.45 S cm™' and
inferior rate handling.’®'*****>> The cyclic voltammogram of
OLC1300 is similar to OLC1700 with a nearly perfect rectangular
shape (Fig. 6D). After adding manganese oxide, the capacitive
behavior vanished. Even for very small manganese oxide load-
ings, the high resistivity (Table 2) of the electrode prevents the
emergence of a characteristic pseudocapacitive behavior and
results in negligible capacitance. As shown by Raman spec-
troscopy and TEM analysis, the hydrothermal synthesis of
manganese oxide coating on carbon involves etching of outer
graphitic layers, resulting in less conductive amorphous carbon
cores. Consequently, the electrochemical performance of
carbon/manganese oxide hybrids is directly influenced by the
degree of carbon ordering and the electrical conductivity, since
all other parameters were kept constant.

For AC, using the same synthesis, no significant increase in
capacitance was observed after variation of the manganese
oxide loading (Fig. 6B and E). The highest value of 96 F g~ " at
0.5 V in a half-cell is seen for the initial AC without additional
redox activity and 84 F g~ for M-AC (1 : 2). In recent literature,
somewhat larger values of 117 F g~ " (ref. 24) and 252 F g~ " (ref.
96) were reported for activated carbon (fiber)/manganese oxide
composites. Coating of the porous particles with a dense layer of
metal oxide resulted in pore blocking, leading to a decrease in
surface area as shown by TEM, gas sorption, and gas pycnom-
etry. Still, for thin layers (i.e., M-AC (1 : 2) and M-AC (1 : 1)), the
capacitance was similar to the initial AC, even if the surface area
decreases to ~60% of the initial value (731 m* g~ "). Cyelic vol-
tammograms indicate a sufficiently high conductivity (Table 2)
in comparison with OLC1300/manganese oxide hybrids and
a rectangular shape (Fig. 6E). For higher manganese oxide
loadings, the capacitance quickly drops and the electrochemical
response becomes more resistive. The layer thickness as well as
the growth of needles starts at much lower amounts of
manganese oxide precursor compared to OLC. For M-OLC1700
(3 :1), the best performance was measured with the highest
capacitance of 150 F g~ ', whereas the same amount of metal
oxide with AC as substrate showed a negligible capacitance (ca.
10Fg).

Coating thickness,**** morphology,” and structure®* of the
manganese oxide phase not only influence the (equilibrium =
low-rate) capacitance, but also result in differing power perfor-
mances. Fig. 7A and B present the rate handling by applying
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Fig. 7 (A) Rate handling plot: full-cell capacitance dependent on the applied current density. (B) Normalized rate handling plot. (C) Cyclic

voltammograms of M—OLC1700 (3 : 1) in full-cell mode using aqueous 1 M Na,SO4 and 1 M LiClO4 in ACN. (D) Galvanostatic cycling plots of M—
OLC1700 (3 : 1) aqueous 1 M Na,SO, using different specific currents. The inset shows the IR drop by applying a specific current of 10 A g%, (E)
Normalized IR drop: normalized to IR drop at 0.1 A g~* (0.8 V and 2.2 V for aqueous and organic electrolyte). All measurements were done in

aqueous 1 M Na,SOy, electrolyte if not otherwise declared.

different current densities in full-cell mode. In agreement with
literature, the rate behavior of OLC was demonstrated to be
superior to AC with a capacitance retention of more than 80% at
20 A g ' compared to less than 40% at 10 A g~ '.** For M-AC
(1 : 2) with a surface area > 1000 m”> g™, a significant contri-
bution of double-layer capacitance can be assumed. However,
the thin and highly conductive coating enabled a very fast
system response due to fast surface redox and intercalation
effects. Therefore, OLC1700 hybrids resulted in a higher
capacitance and in a better rate handling due to higher
conductivity and highly accessible outer surface area (Fig. 7A
and B). For M-OLC1700 (8 : 1), thick metal oxide layers resulted
in high contact resistances between the particles and less facile
electron support. After adding 10 mass% OLC (M-OLC1700
(8:1) + 10 mass% OLC), the conductivity of the manganese
oxide surface coating was increased. M-OLC1700 (3 : 1) with
a manganese oxide content of 58 mass% exhibited the best
performance with the highest measured capacitance of 150 F
g ' and good rate handling. However, the specific energy for
0.8 V cell voltage in aqueous electrolyte results in only 2.8 W h
kg ", 40% larger than for AC (~2 W h kg™ "). To further improve
the specific energy, the maximum cell voltage can be increased
when using an organic electrolyte instead of an aqueous
medium. In our case, we investigated 1 M LiClO, in ACN. The
capacitance of M—OLC1700 (3 : 1) was increased to 176 F g~ ' at
0.5Vand 179 F g "at1Vand 0.1 Ag~ " (measured in a half-cell).
Corresponding cyclic voltammograms for the full-cell setup are

This journal is © The Royal Society of Chemistry 2016

given in Fig. 7C. The extended voltage window translates to an
enhanced specific energy of 16.4 W h kg~ " which is more than 5-
times higher than in aqueous media.

Up to a specific current of 1 A g™ 7, the cell capacitance in the
organic medium was comparable to the same material operated
in the aqueous electrolyte (Fig. 7A and B). For higher rates, the
capacitance retention dropped more severely compared to
aqueous medium. The normalized IR drop is shown in Fig. 7E
and the corresponding charge-discharge curves in Fig. 7D
present higher values in organic medium compared to the
aqueous electrolyte. For electrodes with higher conductivity
(Table 2), the IR drop was smaller and the resulting cell voltage
larger (Fig. 7E). The initial carbon onions (OLC1700) presented
an increase in IR drop of ~20% when increasing the specific
current from 0.1 A g~ ' to 20 A g~ ' due to high conductivity and
high ion accessibility. The same was measured for M—-OLC1700
(3 : 1) with a thin manganese oxide coating.

Electrochemical energy storage devices can be compared
conveniently via Ragone plots.”*® Fig. 8A shows the specific
energy of the cell normalized to the active mass of both elec-
trodes versus the specific power derived from galvanostatic
cycling by using different rates. Carbon onions (OLC1700)
present excellent specific power of more than 10 kW kg™, but
with a comparable low specific energy of less than 0.4 W h kg ™"
in aqueous electrolyte. Values for the specific energy were at 2.8
W h kg~ " for M—~OLC1700 (3 : 1), which is larger than activated
carbon with ~2 W h kg~ ". The energy capacity can be increased

RSC Adv., 2016, 6, 107163-107179 | 107175
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(A) Ragone plot derived from galvanostatic cycling with potential limitation using 0.8 V and 2.2 V cell voltage for agueous and organic

electrolyte. All values are normalized to two electrodes. (B) Charge efficiency and (C) energy efficiency dependent on the applied specific
currents. (D) Long-time stability test using 10 000 galvanostatic cycles using symmetric and asymmetric full-cells. All measurements were done

in aqueous 1 M Na,SOy4 electrolyte if not otherwise stated.

when using organic electrolyte with 2.2 V cell voltage to 16.4
W h kg~ '. By adding carbon onions as conductive additive, the
specific power can be slightly increased for the manganese
oxide hybrid (M-OLC1700 (3:1) + 10 mass% OLC), but the
specific energy is decreased due to smaller capacitance. Addi-
tional manganese oxide loading (M-OLC1700 (8 : 1) + 10 mass%
OLC) decreased the specific power as well as the specific energy.

The optimum performance was found for 58 mass%
manganese oxide, which is in agreement with recent studies
using similar amounts.***** Good performance at low and high
rates is important, but only when also sufficient long-time
stability is maintained. For manganese oxide in organic and
neutral aqueous media, the potential window in the negative
range is limited to —1.2 V vs. carbon and —0.4 V vs. Pt (Fig. 6A
and B). For aqueous media, the stability is rather low due to the
dissolution of manganese oxide in the negative range.®®°*'*®
This potential-dependent stability makes manganese oxide an
attractive electrode material for positive polarization, but not
for the negative side in aqueous media.** Although a small cell
voltage of 0.8 V for aqueous electrolyte and 2.2 V for organic
electrolyte was used, the electrodes lost more than 40% of
capacitance after 10 000 galvanostatic cycles, in agreement with
the measured stability range in Fig. 6A and B. Even in organic
electrolyte at 2.2 V, the material had a capacitance retention of

107176 | RSC Adv., 2016, 6, 107163-107179

less than 40%. This clearly shows that S-value stability testing
for pseudocapacitive materials, including faradaic reactions,
may overestimate the actual potential windows.

For low rates and high loadings, the charge efficiency falls
below 80% (Fig. 8B). Irreversible reactions take place, for
example influenced by electrode dissolution like the Mn(w)
reduction, whereas the charge efficiency for the pristine carbon
powders remains constant. For higher rates, these reactions still
occur, but are not visible in the electrochemical data because of
the high currents related to fast reactions. Taking into account
the increase in IR drop in Fig. 7E and the charge efficiency (as
a result of irreversible reactions; e.g., dissolution of the mate-
rial) in Fig. 8B, the change of energy efficiency (Fig. 8C) can be
explained. The latter shows low values for low and high rates
coming from a voltage loss at high rates and low charge effi-
ciency at low rates.

The low stability of manganese oxide in the negative range
can be avoided by using an asymmetric fabrication tech-
nique.*»**¢*5 In this study, a charge balanced AC counter
electrode was used (negative polarization) and the carbon
onion/manganese oxide hybrid (positive polarization). Fig. 8D
demonstrates the improved long-time stability of asymmetric
devices in aqueous and organic electrolyte, with a capacitive
retention of around 72% after 10 000 charge/discharge cycles.

This journal is © The Royal Society of Chemistry 2016
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Clearly, the instability of manganese oxide remains a key chal-
lenge for further adaption of the technology, but asymmetric
device architectures can greatly improve the performance
stability.

4. Conclusions

This study provides a comprehensive data set of hydrothermally
synthesized birnessite-type manganese oxide on different
carbon substrates for supercapacitor applications. As observ-
able in our data, the metal oxide coatings block the internal
pores of activated carbon. Depending on the amount of
manganese oxide loading, its specific surface area decreased by
more than 80%. The very low external surface area of AC did not
provide enough active sites for the reaction with permanganate
(i.e., the manganese oxide precursor), so that needle-like
structures with high resistivity form which protrude into the
interparticle space of the electrode. For comparison, high
temperature carbon onions, with accessible surface area only on
the outer side were homogenously coated, resulting in a strong
increase in capacitance and overall good rate behavior with
~75% capacitance retention at 10 A g~ ' applied specific current.

Besides porosity and morphology of the carbon substrate,
also the degree of carbon ordering strongly influences the
electrochemical performance of carbon/manganese oxide
hybrids. High and low temperature carbon onions (OLC1700
and OLC1300) with different degrees of carbon ordering were
compared. The lower conductivity of OLC1300 was found to be
insufficient to overcome the low conductivity of manganese
oxide, resulting in a very high resistance of the system. For
OLC1700, a strong increase in capacitance from ~20 F g~ to
150 F g~ was measured with a specific energy of 2.8 Wh kg™ " in
aqueous and 16.4 W h kg ' in organic electrolyte, while
showing a good rate handling behavior. The limited long-time
stability, a well-known problem of manganese oxide, was
strongly improved by building asymmetric full-cells with acti-
vated carbon on the negative side. However, the stability
remains a key challenge for further advancements of the
technology.
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