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Manganese oxide was deposited from a non-aqueous solution, dimethyl sulfoxide (DMSO), via the

reduction of dissolved oxygen. The formed superoxide radical ion (O2
�c) reacts rapidly with the

manganese ions forming a smooth and thin film (80 nm) of manganese oxide. From an in situ EQCM

study, it could be concluded that MnO2 was the most probable oxide which was deposited at an average

growth rate of 0.049 mg s�1 or 0.077 nm s�1. Since the direct deposition of a phase pure MnO2 layer was

not confirmed by XRD, it is more likely that a variety of manganese oxides has been deposited during the

electro-precipitation reaction and thus further optimization or post-treatments are required to obtain an

active manganese oxide layer for thin film deposits. The key property of this new deposition technique is

the self-limiting behavior, proven by rotating ring-disk electrode experiments. This is crucial to

electrodeposit thin films conformally on high aspect ratio structures for 3D all-solid-state lithium-ion

batteries or supercapacitors.
1 Introduction

Rechargeable all-solid-state batteries will play an important role
in future devices such as small medical implants, smart textiles,
integrated lighting solutions and many other autonomous
devices. Due to the lack of a liquid electrolyte, all-solid-state
batteries are inherent safer and thus suited for a broader range
of applications. Planar solid-state thin lm batteries are rapidly
emerging but reveal several drawbacks, such as a relatively low
energy density.1 In order to overcome these limitations a 3D-
integrated all-solid-state battery concept with a signicantly
increased surface area has been developed.2–6 By using etching
techniques known from microchip manufacturing, high-aspect
ratio structures can be made, e.g. trenches, holes, pillars, etc. on
materials like silicon. The challenge is to nd low-cost and fast
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deposition techniques for battery materials that are able to
cover the 3D structures in a conformal manner.6 Electrodepo-
sition is such a technique, because the amount of deposited
material can be controlled via the applied charge through the
electrodes. In order to conformally coat 3D substrates by elec-
trodeposition, two approaches can be used. The rst method is
controlling the charge transfer kinetically. Since in this case the
deposition is not limited by diffusion of ionic species, deposi-
tion rates are equal everywhere on the high-aspect ratio struc-
tures and are thus only controlled by the applied (pulsed)
currents. On the other hand, if the deposition is mass-transport
controlled, the lm thickness will vary along the structures. An
alternative method to obtain a conformally covered substrate is
via a self-limiting deposition technique: by depositing a mate-
rial which is sufficiently blocking the electron-transport
through the deposited layer, a higher growth rate is obtained on
the more conductive original substrate. Upon layer formation,
the electrodeposition reaction is inhibited and eventually
no further electron transport is possible. At that moment,
the charge transfer reaction stops and a closed layer is obtai-
ned. This approach has been demonstrated for polymer
electrolytes.7,8

Manganese dioxide (MnO2) can be used as an alternative
material to LiCoO2 or LiFePO4 in the positive electrode of
lithium-ion batteries. It offers the advantages of a low cost and
high capacity (theoretically 308 mA h g�1).9 Although manga-
nese dioxide has been used in primary and secondary batteries
(both aqueous and non-aqueous), its incorporation into
J. Mater. Chem. A, 2016, 4, 13555–13562 | 13555

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ta03471c&domain=pdf&date_stamp=2016-08-25
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta03471c
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA004035


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
ag

os
to

 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
6/

07
/2

02
5 

12
:2

9:
08

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
secondary non-aqueous lithium-ion batteries has encountered
difficulties. Evolution of structural water present in manganese
dioxide during cycling results in gassing and loss of cell
capacity, while heat-treatment to remove water leads to the
transition from g-MnO2 to a mixed g/b-MnO2 phase10,11 causing
signicant capacity loss upon cycling.12 g-MnO2 is most
commonly prepared via electrodeposition from aqueous solu-
tions and is called electrolytic manganese dioxide (EMD).
Different techniques were used for the anodic deposition,
including galvanostatic, potentiostatic and pulse deposi-
tion.13,14 Sarciaux et al. showed that the structure of the EMD
depends on the deposition conditions of temperature, pH and
current density.15,16 Many studies have been devoted to solving
the issue of structural water in MnO2. These approaches such as
heat treatment improve the quality of the batteries. However,
these extra processes add costs to the industrial production of
MnO2 as a battery material. A single-step deposition process
from non-aqueous solutions would eliminate these issues with
structural water.

Besides as a battery material, MnO2 is also used for super-
capacitors. There is currently a lot of research towards transi-
tion metal oxides that exhibit pseudocapacitance, which arises
when reversible redox reactions occur.17 However MnO2 does
not possess a high electronic conductivity,18 as a result, charge
storage in MnO2 occurs within a thin layer of the surface.19 This
was also proven by Cross et al. for electrolytic manganese
dioxide, where a signicantly higher capacitance was measured
for a thin lm of approx. 40 nm.20,21 As a consequence
composite systems look very promising. They combine the good
conductivity from materials such as graphene, gold, carbon
nanotubes, etc. with the high pseudo-capacitance from MnO2

thin lms.22–25

In this paper, a new electrodeposition method is proposed
for the synthesis of manganese oxide. An electro-precipitation
reaction via oxygen reduction is used to deposit manganese
dioxide from non-aqueous solutions. Thanks to the poor elec-
tron conductivity of the electro-precipitated oxides, a self-
limiting process is obtained and a closed thin lm is formed on
a planar substrate.

2 Experimental
2.1 General methods

All electrochemical experiments were performed at room
temperature in a three-electrode set-up, using an Autolab 302N
potentiotstat with NOVA 1.10.3 soware. All reported potential
values are relative to a real reference electrode which consists of
a silver wire (Chempur, 99.98%) in a glass tube with a porous
ceramic frit lled with a 0.1M AgNO3 and 1M LiTf2N solution in
DMSO, unless mentioned otherwise. A platinum coil was used
as a counter electrode. For the EQCM experiments, a Quartz
Crystal Microbalance (Maxtex RQCM) was used with a platinum-
coated QCM-crystal (1 inch) with an electrochemically active
surface area of 1.27 cm2. The crystal was mounted in a home-
made cell to enable bubbling of oxygen gas through the elec-
trolyte solution, but the commercial crystal holder was used in
combination with Kalrez O-rings (Fig. S1†). SEM imaging was
13556 | J. Mater. Chem. A, 2016, 4, 13555–13562
performed using a Nova600 NanoLab, equipped with a dual
beam SEM/FIB for nanoscale characterization of the thin lm
deposits. Crystallization of MnxOy thin lms in a controlled
atmosphere (95% O2, 5%He) was studied by in situ heating XRD
(Bruker D8 Discover with experimental heating chamber).26 A
linear detector was used, recording a diffraction pattern with
a 2q range of 28� to 45� every 5 seconds within a temperature
range of 25 to 1000 �C (with a heating rate of 0.2 �C min�1). The
RRDE experiments were conducted using a platinum disk (f ¼
4.57 mm) and ring (finner ¼ 4.93 mm, fouter ¼ 5.38 mm, both
99.99% Pt, mirror polished, Pine Instrument E7R8 RRDE tips),
separated by an insulating PTFE thin gap (180 mm). The elec-
trochemical activity and energy storage capability of the MnxOy

thin lms were measured via cyclic voltammetry. For the
capacitance data, a 0.5 M K2SO4 (Sigma-Aldrich, $99%)
aqueous solution was used and a Ag/AgCl reference electrode
and a Pt counter electrode. For lithiation and delithiation a 1 M
LiClO4 (Sigma-Aldrich, 99.99% battery grade) in anhydrous
propylene carbonate (Sigma-Aldrich, 99.7%) was used.

2.2 Synthesis

Manganese(II) bis(triuoromethylsulfonyl)imide, Mn(Tf2N)2,
was synthesized by stirring a solution of manganese(II) oxide
(1.00 g; 14.1 mmol) and hydrogen bis(triuoromethylsulfonyl)
imide (80% solution in water) (9.91 g; 28.2 mmol) in water for 3
hours at 75 �C. The remaining solids were ltered; subsequently
the excess solvent was removed on a rotary evaporator and the
product was dried at a vacuum line (100–200 Pa), resulting in
Mn(Tf2N)2 with a melting point of 58 �C. Anhydrous dimethyl
sulfoxide (DMSO) ($99.9%, <0.005% H2O) was purchased from
Sigma-Aldrich and used as received. All reagents and solutions
were prepared and stored inside an argon-lled glovebox with
oxygen and water concentrations less than 1 ppm. An electrolyte
stock solution of 1 M Mn(Tf2N)2 in DMSO was prepared inside
the glovebox, from which dilutions were made to obtain lower
Mn2+ concentrations in solution. Once assembled, the electro-
chemical cell was taken outside of the glovebox and oxygen was
dissolved in the electrolyte solutions by bubbling oxygen gas
(Air Liquide Alphagaz, 99.999% purity, H2O < 0.5 ppm) through
the electrolyte solution for 30 minutes prior to the electro-
chemical experiments.

3 Results and discussion
3.1 Oxygen reduction and oxygen evolution reactions in
DMSO without Mn2+ ions

The oxygen reduction reaction (ORR) and the oxygen evolution
reaction (OER) were studied by cyclic voltammetry (Fig. 1,
eqn (1)).

O2 + e� # O2
�c (1)

Electrochemical experiments were conducted in oxygen-
saturated DMSO solutions with tetrabutylammonium perchlo-
rate (TBAP) as the supporting electrolyte. A clear reduction peak
and an oxidation peak could be observed, indicating the
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Cyclic voltammograms of a DMSO solution containing 1 M
TBAP and saturated with oxygen gas. Different cathodic vertex
potentials were applied, using a glassy carbon disk (f ¼ 1 mm) as the
working electrode and a platinum coil as the counter electrode. The
scan rate was 50 mV s�1.

Fig. 2 Disk and ring currents recorded in an oxygen-saturated 1 M
TBAP solution in DMSO with different rotation speeds at room
temperature. The disk current was generated from the cyclic vol-
tammetry with a scan rate of 50 mV s�1, and the ring was kept at
a potential of �0.2 V (vs. Ag/Ag+).
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reversibility of the reduction of oxygen in DMSO with TBAP.
These experimental observations are similar to what had been
described by Laoire et al. in a more detailed study.27

Due to the reversibility of the reduction of oxygen, the
diffusion coefficients of both oxygen and superoxide radicals
can be obtained by means of rotating ring disk electrode (RRDE)
experiments. Cyclic voltammetry was applied on the disk, while
the ring was kept at a potential of �0.2 V vs. Ag/Ag+ (Fig. 2).
During the cathodic scan, oxygen was reduced to the superoxide
radical ion O2

�c, but when the O2
�c ions reached the ring, they

were re-oxidized to O2. At lower rotation speed, small oxidation
peaks could be observed on the reverse scan on the disk which
illustrates the slow diffusion of O2

�c in the solution. At slow
scan rates, all the superoxide radicals have enough time tomove
from the disk to the ring, so there was no oxidation peak on the
disk even at low rotation speed.

The RRDE was calibrated using a ferri/ferro redox couple and
a collection efficiency of 20.4% was calculated based on the
following equation:

Nk ¼ � iring

idisk
(2)

where Nk is the collection efficiency, and iring and idisk are the
limiting current on the ring and disk, respectively. The experi-
mentally determined value of 20.4% is lower than the RRDE's
geometrical dened collection efficiency of 22%.

It takes time for the superoxide radical ion to migrate from
the disk to the ring. The transient time depends on the diffusion
coefficient of the superoxide radical ion and the rotation speed
of the rotating ring-disk electrode, and is given by eqn (3):28

Ts ¼ K
� n

D

�1=3

u�1 (3)

where Ts is the transient time (s), u (rpm) is the rotation speed,
K (¼ 43.1[log(r2/r1)]

2/3) is a constant depending on the geometry
of the rotating ring-disk electrode, and n (m2 s�1) is the
kinematic viscosity of the solution, which is 3.48� 0.018� 10�6

m2 s�1. The transient time can be obtained by stepping the disk
This journal is © The Royal Society of Chemistry 2016
potential from open circuit potential to the potential where
reduction of oxygen to the superoxide radical ion is diffusion-
limited. In the meanwhile, a constant potential where the
oxidation of superoxide radical ions to oxygen molecules is
diffusion-limited was applied on the ring. When the reduction
potential was applied on the disk, oxygen was reduced and the
superoxide radical ion moves towards the ring electrode. Before
the superoxide radical ion reached the ring, there was no
current ow and the time before an oxidation current was
detected on the disk is the transient time (Fig. S2a†). The
diffusion coefficient of oxygen was obtained in a similar way.
Instead of holding the ring potential at +0.3 V (vs. Ag/Ag+), the
potential was held at �1.6 V (vs. Ag/Ag+) where the reduction of
oxygen is diffusion limited (Fig. S2b†). Based on the linear
relationship between the transient time and the inverse of the
rotation speed, the diffusion coefficient of O2

�c could be derived
from the slope (Fig. 3). The diffusion coefficient of O2

�c is 3.4
10�10 m2 s�1 and the diffusion coefficient of O2 is 3.0 10�9 m2

s�1 which is 3 times greater than the value reported by Laoire
et al.27

The concentration of oxygen in the DMSO can be calculated
from the Levich equation:

jL ¼ 0.62nFn�1/6D2/3u1/2c (4)
J. Mater. Chem. A, 2016, 4, 13555–13562 | 13557
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Fig. 3 The transient time change with the inverse of the rotation
speed in an oxygen-saturated 1 M TBAP solution in DMSO.

Fig. 4 Cyclic voltammograms of the DMSO solution containing 0.1 M
Mn(Tf2N)2 without dissolved oxygen (blue, solid line) and with dis-
solved oxygen (black, dashed line). The working electrode was a plat-
inum disk (f ¼ 1.5 mm). The real reference electrode was a silver wire
in a glass tube with frit, filled with 0.1 M Ag(NO3) and 1 M LiTf2N in
DMSO. The counter electrode was a platinum coil and the scan rate
was 50 mV s�1.

Fig. 5 Mass change was measured by EQCM (dashed line) while
performing cyclic voltammetry in an oxygen-saturated DMSO solution
with 0.1 M Mn(Tf2N)2. A platinum coated quartz crystal was used as the
working electrode (f ¼ 12.7 mm), a platinum coil was used as the
counter electrode and a silver wire was used as the pseudo-reference
electrode. For the cyclic voltammograms, a scan rate of 50mV s�1 was
applied, with �1.4 V and +0.5 V vs. Ag as vertex potentials.
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where jL is the limiting current density (A m�2), F is the faradic
constant, D (m2 s�1) is the diffusion coefficient, u (rad s�1) is the
rotation speed, and c (mol m�3) is the concentration of dis-
solved oxygen. The limiting currents at different rotation speeds
were read from Fig. 2. The concentration of O2 in DMSO was
calculated to be 1.9 mM, which is comparable with the value
reported by Laoire, 2.1 mM.

If the concentration is known, the diffusion coefficient of O2

can be also derived from the Randles–Sevcik equation:

jp ¼ 0:4463

�
F3

RT

�1=2

n3=2D1=2cv1=2 (5)

where jp (A m�2) is the peak current density of the cyclic vol-
tammogram, F is the Faraday constant (96 485.33 C mol�1), R is
the gas constant (J mol�1 K�1), T is the temperature (K), n is the
number of electrons involved in the reaction, and n (V s�1) is the
scan rate. The cyclic voltammograms with different scan rates
are shown in Fig. S3a.† The peak current density shows a linear
relationship with the square root of the scan rate (Fig. S3†), and
the diffusion coefficient was calculated from the slope, which is
2.7 � 10�9 m2 s�1. This value is very close to the one obtained
from the transient time, indicating that the methods used for
calculating the diffusion coefficients and the concentration are
reliable.

3.2 ORR in DMSO with Mn2+ ions present

Cyclic voltammograms of the DMSO solutions containing 0.1 M
Mn(Tf2N)2 with and without dissolved oxygen gas were recorded
(Fig. 4). When there was no O2 dissolved in the solution,
reduction starts at�2.50 V vs. Ag/Ag+ and reaches a peak current
density of �0.024 A dm�2 at �2.96 V vs. Ag/Ag+ on the cathodic
scan (Fig. S4†). This peak corresponds to the reduction of Mn2+

to Mn0, which was conrmed by EDX (Fig. S5†). The manganese
deposit can be oxidized again upon the positive scan, with an
oxidation peak position at �0.39 V vs. Ag and a peak current
density of +0.007 A dm�2. Aer dissolving oxygen in the solu-
tion, by bubbling oxygen gas through the solution for 30 min,
a cyclic voltammogram was measured (Fig. 4, dashed line).
When the potential was now scanned negative, a reduction
reaction started at �0.55 V vs. Ag/Ag+ and resulted in a broad
13558 | J. Mater. Chem. A, 2016, 4, 13555–13562
wave up to the vertex potential of �1.5 V vs. Ag/Ag+, with an
average current density of �0.052 A dm�2. The initial reduction
reaction resulting in this broad wave was assigned to the
reduction of oxygen to the superoxide radical ion (cfr. eqn (1)).
Subsequently the superoxide reacts with manganese cations in
solution, forming a MnxOy layer on the electrode. All superoxide
radical ions react rapidly with the manganese ions and thus no
superoxide can be oxidized upon the positive scan.

The electro-precipitation of manganese oxides was investi-
gated by electrochemical quartz microbalance experiments
(Fig. 5). Cyclic voltammograms were used to reduce oxygen
followed by a precipitation of MnxOy (Fig. S6†). For practical
reasons a silver wire was used as the pseudo-reference electrode
instead of a real reference electrode as for the other experi-
ments, which can cause a small shi in peak potential for the
reduction of oxygen. During the rst cycle, the highest reduc-
tion current density of �0.075 A dm�2 is reached at a potential
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta03471c


Fig. 6 Electro-precipitated MnxOy, deposited via dissolved oxygen
reduction in a 0.1 M Mn(Tf2N)2 in DMSO solution. The deposition was
made by applying cyclic voltammetry for 10 cycles with vertex
potentials of �1.4 V and +0.5 V vs. Ag. As substrate and working
electrode, a platinum coated (90 nm) silicon wafer was used with a TiN
buffer layer (50 nm). A focussed ion beam of gallium ions was used to
etch the sample. To obtain a high-resolution image of the etch pattern,
a tungsten layer (100 nm) was deposited on top of the 80 nm thick
MnxOy layer.

Fig. 7 m vs. Q plots based on the cyclic voltammograms in an
oxygen-saturated DMSO solution containing 0.1 M Mn(Tf2N)2. M/z
values are reported and determined via a linear fit.
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of�0.9 V vs. Ag. All subsequent cycles have a progressively lower
current density and less pronounced peaks are observed. For
none of the cycles an oxidation current was observed during the
reverse scan. This already indicates that, cycle aer cycle, the
surface progressively becomes blocked due to the precipitation
of non-conductive manganese oxides.

This hypothesis is conrmed by using a RRDE and the mass
changes on the quartz crystal microbalance, only a mass
increase was observed during cycling and no mass decrease,
which leads to the conclusion that manganese oxides are
precipitated via oxygen reduction, but not re-oxidized and dis-
solved during the positive scan. It can be seen that the relative
mass increase per cycle (Dm) changes upon cycling (Fig. 5).
During the rst cycle the mass increased by 8.0 mg, but this Dm
decreased to 4.5 mg for the h cycle, aer which the Dm
remains constant with a value of approx. 4 mg per cycle. During
the rst ve cycles Dm decreases upon cycling due to the surface
which becomes progressively blocked due to an insulating
MnxOy layer. This insulating layer causes an iR-drop, thereby
changing the oxygen reduction from a mass-transport
controlled reaction to a kinetic controlled reaction, which
explains the missing peak in the cyclic voltammogram aer the
rst few cycles (Fig. S6†).

From cycle ve to ten, the mass increase per cycle (Dm)
changes linearly with time (red, dotted line in Fig. 5, with an R-
square value of 0.99951). The average deposition rate equals
0.049 mg s�1. Assuming that MnO2 is the main precipitation
product (vide infra), the average growth rate can be estimated
using the following equation:
This journal is © The Royal Society of Chemistry 2016
r ¼ d

rA
(6)

where r is the growth rate (m s�1), d is the deposition rate (g
s�1), r is the mass density of MnO2 (5.026 � 106 g m�3) and A is
the electrode area of the quartz crystal (1.27 � 10�4 m2). This
results in an average growth rate of 0.077 nm s�1 or 5.8 nm per
cycle for cycle ve to ten of the cyclic voltammogram with a scan
rate of 50 mV s�1. The total mass deposited during the experi-
ment is 48 mg which corresponds to a MnO2 layer with a thick-
ness of approx. 75 nm. In Fig. 6 it can be seen that the thickness
measured by nanoSEM was approx. 80 nm which is in close
agreement with the calculated value based on the EQCM
experiment.

EQCM can also be used to gain in situ information about the
type of manganese oxide (MnO, MnO2, Mn2O3 or Mn3O4) that is
formed during the precipitation reaction. Therefore the Sauer-
brey equation is combined with Faraday's law of
electrochemistry

m ¼ �CDf (7)

and

m ¼ MQ

zF
(8)
J. Mater. Chem. A, 2016, 4, 13555–13562 | 13559
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Table 2 Theoretical z values for various MnxOy based on the experi-
mental M/z ratio

Compound M/g mol�1

Z

Cycle 1 Cycle 1–10

MnO 70.937 1.7 1.6
MnO2 86.937 2.0 1.9
Mn2O3 157.87 3.7 3.5
Mn3O4 228.81 5.3 5.1

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
ag

os
to

 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
6/

07
/2

02
5 

12
:2

9:
08

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where m is the mass deposited on the quartz crystal,

Q ¼
ðt
0
iðsÞ ds is the charge in Coulomb, M is the molar mass of

the deposited compound, z is the number of electrons in the
electrochemical reaction and C is the proportionality constant
in the Sauerbrey equation. This constant C was experimentally
determined for our EQCM set-up by silver deposition from
DMSO.29,30

In Fig. 7, the m vs. Q plots are shown for the rst cycle
(Fig. 7a) and for the overall experiment of ten subsequent cycles
(Fig. 7b). The charge Q is calculated by integrating the current
over time and the massm is obtained from experimental Df and
eqn (7). From this plot theM/z ratio can be calculated using eqn
(8) and the slope of the linear t which isM/zF.M/z is the molar
mass of the added load on the crystal over the number of
electrons consumed in the reaction. When analyzing the rst
cycle, a linear t with an R-square value of 0.99979 could be
obtained, resulting in a M/z value of 42.9 g mol�1 (Fig. 7a). The
little curl in the upper le corner of the graph indicates that
there is no mass decrease and no positive charge was measured
during the cyclic voltammetry. Therefore it was also possible to
t a linear curve for all ten cycles at once, resulting in a M/z
value of 44.8 g mol�1 with an R-square value of 0.99974 (Fig. 7b).
These linear ts indicate a directly proportional relationship
between m and Q, which leads to the conclusion that a fast
deposition is obtained and all reduced oxygen molecules
precipitate as manganese oxide. This direct proportionality is
expected for metal depositions, but unexpected compared to the
formation of Li2O2 in Li-air batteries, where the superoxide is
partially soluble in DMSO.31 However, as opposed to metal
deposition, analyzing the EQCM results for manganese dioxide
precipitation can be challenging due to the various compounds
that can be formed during precipitation.

There are two ways to clarify the complexity of various
possible manganese oxides formed during precipitation. One is
to calculate theoretical M/z values and compare these with the
experimental value (Table 1). Another option is to calculate the
experimental z value which corresponds to the various
compounds using the experimental M/z (Table 2). Since the z
value corresponds with the number of electrons consumed in
the reaction, this value has to be an integer. Both methods lead
to the same conclusion that MnO2 is the main deposition
product during the precipitation reaction involving two
electrons.

XRD spectra were measured as-deposited and aer anneal-
ing at 1000 �C (Fig. 8). The as-deposited spectrum shows a peak
for MnO2 at 27� and at 32�, the latter disappears upon annealing
Table 1 Theoretical M/z values for various MnxOy

Compound M/g mol�1

z

1 2 3 4 5

MnO 70.937 70.9 35.5 23.6 17.7 14.2
MnO2 86.937 86.9 43.5 29.0 21.7 17.4
Mn2O3 157.87 157.9 78.9 52.6 39.5 31.6
Mn3O4 228.81 228.8 114.4 76.3 57.2 45.8

13560 | J. Mater. Chem. A, 2016, 4, 13555–13562
whereas the former at 27� decreases in intensity, but increases
again when cooling down the sample (Fig. 9 and S7†). Before
annealing, next to MnO2, also Mn2O3 peaks are observed, one at
33� which increases in intensity aer annealing and one extra
peak at 23� only visible aer annealing. It is believed that
initially a small amount of crystalline MnO2 and Mn2O3 is
deposited next to an amorphous deposition of MnxOy. This
amorphous deposit crystallizes upon heating into Mn2O3 at
a temperature of 496 �C (Fig. S8†).

Rotating ring-disk electrode experiments show that the
oxygen reduction reaction in Mn2+-containing electrolytes
differs from TBA+-containing electrolytes (Fig. 10). Ten subse-
quent cyclic voltammograms were measured on the disk elec-
trode, while the ring electrode was kept at a constant potential
of �0.7 V vs. Ag/Ag+. At the latter potential, the oxygen evolution
reaction should be in the mass-transport controlled region.
Thus an oxidative current should be observed when the super-
oxide is successfully stabilized in the electrolyte and trans-
ported to the ring (Fig. 2). As can be seen in Fig. 10 no oxidative
current is observed on the ring, in other words all the super-
oxide radical ions formed on the disk reacted with manganese
cations and are precipitated on the disk. The lack of a plateau
feature, replaced instead by a broad peak, in the RRDE curve
can be understood by the deposition of an insoluble electrically
insulating reduction product (MnxOy) which blocks the oxygen
from reaching the electrochemical interface and thereby
prevents the occurrence of a plateau. The precipitation of an
insulating layer is also illustrated by the decreasing current
density upon cycling, whereas the rst cycle reached a peak
Fig. 8 XRD pattern of the electro-precipitated MnxOy thin film as
deposited (black) and after annealing at 1000 �C (red).

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 In situ temperature XRD in air of the electro-precipitated MnxOy

thin film.

Fig. 10 Disk (bottom) and ring (top) currents recorded in an oxygen-
saturated 0.1 M Mn(Tf2N)2 DMSO solution at 25 �C. The RRDE rotates
at a constant speed of 1000 rpm. On the disk cyclic voltammograms
were measured with a scan rate of 50 mV s�1 and the ring was kept at
a constant potential of �0.7 V vs. Ag/Ag+.

Fig. 11 Capacitance measured via cyclic voltammetry in 0.5 M K2SO4

aqueous electrolyte using a Pt counter electrode and an Ag/AgCl
reference electrode. A MnxOy thin film of approx. 80 nmwas deposited
on a planar TiN working electrode (dashed) and on TiN coated Si pillars
as the 3D substrate (dotted). The capacitance of the pillars without
MnxOy (solid) is shown as a reference.
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current of�1.3� 10�4 A, and the second only reached a current
of �0.9 � 10�4 A and decreased further with the cycle number.
This decrease cannot be attributed to the decrease of oxygen
atoms, because there is a constant ow and transport of oxygen
towards the RRDE. Although the RRDE was rotating at 1000 rpm
and a thin gap RRDE was used, no current was measured on the
ring, which indicates that the precipitation reaction is very fast.

The as-deposited lms showed electrochemical activity for
both supercapacitor and Li-ion battery applications. Platinum
was used as the substrate throughout this study as an inert
electrode, although it is highly unlikely that platinum will be
used in the nal application. Therefore also other substrates
were used as current collectors, like carbon nanosheets (height
of 20 – 70 nm) and TiN seed layers. As a model for high aspect
ratio structures, silicon pillars coated with TiN were used
(Fig. S9†). The surface enhancement factor is 5.2.

For the planar platinum substrate, the capacitance was
measured at various scan rates for a thin MnxOy lm of approx.
80 nm or 46 mg. The specic capacitance calculated from the
CVs was 259, 174, 125, 96.1 and 70.0 F g�1 for scan rates of 5, 50,
100, 200 and 500 mV s�1, respectively (Fig. S10†). For the carbon
nanosheet covered substrate the capacitance was a little bit
higher. And it maintained a better performance at higher scan
rates with 195, 185, 173 and 151 F g�1 for scan rates of 50, 100,
200, and 500 mV s�1, respectively (Fig. S11†).

Even more interesting is the performance of the MnxOy lm
on the 3D substrate. Due to the self-limiting property of the
deposition technique, high aspect ratio structures can be
coated. A thin lm of approx. 80 nm was deposited on a planar
TiN substrate and a 3D substrate with a surface enhancement of
approx. 5 times the surface of the planar substrate. Here the
areal specic capacitance is compared for the footprint of the
working electrode. For the planar substrate a capacitance of
7.88 mF cm�2 was calculated, whereas for the 3D substrate
a capacitance of 37.8 mF cm�2 was obtained. This is 4.8 times
higher than the areal capacitance on the planar substrate and
thus in close approximation with the area enhancement of the
3D substrate (Fig. 11).

These MnxOy deposits can also be used in Li-ion batteries as
cathode materials. Lithiation and delithiation of MnO2 thin
lms were observed in the 3 V vs. Li+/Li range. The performance
This journal is © The Royal Society of Chemistry 2016
of this lm depends however on the thickness as has been
shown in the literature.32 A lm of approx. 300 nm was depos-
ited on the substrate with carbon nanosheets (height 2 mm). The
performance of the lm increased upon cycling (Fig. S12†). This
is probably due to the increase of porosity upon cycling and
thus a better accessibility for the electrolyte and the lithium
J. Mater. Chem. A, 2016, 4, 13555–13562 | 13561
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ions. It should be noticed that normally electrode materials are
post-treated, e.g. heat annealed, to improve the performance of
the materials. Here the electrochemical energy storage data
were measured on the as-deposited lms.

4 Conclusions

Electro-precipitation of manganese oxide via dissolved oxygen
reduction is a fast, self-limiting deposition technique suited for
the deposition of thin lms for all-solid-state lithium-ion
batteries. The fast precipitation reaction was proven by using
a thin gap rotating ring disk electrode, which also illustrated the
self-limiting property of the electro-precipitation reaction.
Electrochemical quartz crystal microbalance (EQCM) was used
as an in situ technique to study the deposition mechanism,
which led to the conclusion that a two electron reduction
resulted in the electro-precipitation of MnO2 at a growth rate of
0.077 nm s�1. Since the XRD pattern shows no characteristic
MnO2 peak, post-treatments are necessary to obtain the correct
MnO2 crystal structure that is needed for lithium-ion batteries
and/or supercapacitors.
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