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ulticomponent deposition of
ultrathin amorphous metal oxides on arbitrary
substrates: highly durable cobalt manganese
oxyhydroxide for efficient oxygen evolution†

Ren-Huai Jhang, Chang-Ying Yang, Ming-Chi Shih, Jing-Qian Ho, Ya-Ting Tsai
and Chun-Hu Chen *

Deposition of ultrathin multicomponent coatings (<10 nm) commonly encounters difficulties of

discontinuous grains, elemental segregation, and specific limits of dimensions and physical properties

of substrates. We present a large-scale, solution-processable deposition of metal oxides capable of

introducing diverse elemental combinations (ternary oxides of Fe, Mn, Co) and conducting substrate-

universal deposition (including non-conductive plastics) under aqueous conditions. The redox-coupled

film growth of amorphous binary cobalt manganese oxyhydroxide (CMOH) results in homogeneous

elemental distribution, strong film adhesion and integrity, lower sheet resistance (7.41 to 13.0 � 107 U

sq�1), and high visible light transparency (98.4%). The effects of deposition time, temperature, precursors,

additives, and elemental ratios on film growth and compositions were investigated through cross-

section, in situ growth monitoring, and elemental analysis. Experimental studies and molecular dynamics

(MD) simulations reveal the strong dependence of film thickness on precursor anions, where acetate

anions are responsible for achieving ultrathin deposition (6–10 nm). Amorphous CMOH shows higher

OER activities (overpotential of 0.39 V) and more durable stability compared to its crystalline counterpart

and benchmark RuO2 (overpotential of 0.59 V). Various electrodes (Ni foam, carbon cloth, Cu foil, and

glassy carbon) exhibit significantly enhanced OER performance with CMOH coating.
1. Introduction

Ultrathin multicomponent deposition (<10 nm) over large
dimensions is of great interest to engineers and scientists, but it
commonly suffers from island-like discontinuity and elemental
segregation. Transition metal oxide thin lms with uniform
thickness and continuous coverage are shown to be essential in
a wide range of modern devices and architectures, including
exible and wearable electronics.1–3 Well-established chemical
and physical depositions (e.g. chemical vapor deposition, evap-
oration, sputtering, atomic layer deposition, etc.)4,5 require a high
standard of operation conditions (e.g. delicate chemicals, high
vacuum/energy consumption, expensive instrumentation, etc.)
but provide limited production scales. Solution processable
deposition, due to its low-cost and easy operation, emerges to
explore low temperature,6–8 massive-scale fabrication on
substrates of low thermal-durability (plastics/so materials) and
complex 3D structures.2,9 Many typical solution-processable
sen University, Kaohsiung, Taiwan 80424.

tion (ESI) available. See DOI:

hemistry 2018
depositions (e.g. drop-casting, sol–gel, spray/dip/spin coating,
etc.) require pyrolysis to remove an organic residue and to
promote lm adhesion,7,10–15 however, they are not suitable for
amorphous/metastable deposition and so/exible substrates.9

Electrodeposition may be considered as a substitute to avoid
pyrolysis, but highly conductive substrates are generally needed.
The drawbacks of pinhole formation, rapid deposition rates
hindering ultrathin coatings, and inhomogeneous multi-element
deposition due to varied deposition potentials for individual
elements,16,17 also limit its control in active site formation and
charge transport resistance for electrocatalysis.18,19

Electrocatalytic water splitting to generate hydrogen and
oxygen is a clean process crucial for energy storage of inter-
mittent power sources (e.g. solar, wind, etc.).20,21 Thin lms of
earth-abundant transitionmetal oxides with easy deposition are
promising candidates to achieve efficient oxygen evolution
reaction (OER) at a reasonable cost.22–35 Notably, studies have
shown that amorphous transition metal oxides, including
intermediate states present during electrocatalysis, possess
greater activities than their crystalline forms.12,36–45 However,
only a few examples of amorphous oxide coatings were
successfully reported due to a pyrolysis step commonly involved
in solution processable deposition. The Nocera group utilized in
J. Mater. Chem. A, 2018, 6, 17915–17928 | 17915
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situ electrodeposition to generate amorphous cobalt-based
electrocatalysts to execute the OER in neutral conditions.36

Berlinguette and coworkers have demonstrated photochemical-
assisted metal organic routes to produce amorphous coatings
composed of mixed metal oxides active for the OER.12,42

Despite the promising OER activities, the high resistivity of
an amorphous metal oxide is problematic in electrocatalysis. To
improve the intrinsic conductivity and reduce the charge
transport barrier, achieving multicomponent metal oxide coat-
ings with mixed valence and homogeneous distribution is
a highly challenging but effective strategy to enhance the elec-
tron hopping process and thus conductivities.26,46–48 Ultrathin,
highly continuous deposition of amorphous multicomponent
metal oxides is therefore an optimal and desirable model for
OER electrocatalysts.

In this work, we report a simple, scalable approach to realize
ultrathin amorphous multicomponent metal oxide coatings on
arbitrary substrates (including exible plastics) under ambient
conditions. The ultrathin coatings exhibit high continuity and
elemental uniformity over a centimeter-scale surface with
a thickness of 6–10 nm. As KMnO4 is a strong stain reagent on
various surfaces (e.g. fabrics, plastic, and even human skin), we
were inspired to utilize this nature of KMnO4 to achieve strong
lm adhesion on arbitrary substrates without pyrolysis treat-
ment. Co(OAc)2 and KMnO4 interactions result in self-limited
redox-coupled lm growth governed by ligand coordination
effects. For electrocatalytic OER applications, amorphous
CMOH exhibits superior activities and durability to its crystal-
line counterpart and also benchmark RuO2.
2. Experimental section
2.1. Preparation of CMOH thin lms

The reaction mixtures for deposition were prepared by dis-
solving cobalt precursors (i.e. Co(OAc)2, CoSO4, and Co(NO3)2)
(Showa) and KMnO4 (J. T. Baker) in deionized (DI) water (18.2
MU cm) with a typical Co/Mn mole ratio of 3/1. As a substrate,
we mainly used uorine-doped tin oxide (FTO) glass obtained
from Hartford Glass. FTO was rinsed with acetone, isopropyl
alcohol (IPA), DI water, and 5.2 MHNO3 under sonication for 10
min, followed by the exposure to O2 plasma (25 W) for 20
seconds to complete the cleaning process. The deposition area
is typically 0.5 � 0.5 cm2, patterned by nail-polish oil masking.
We also performed deposition on copper foil (Alfa Aesar), Ni
foam (Innovation Materials), carbon cloth, glassy carbon elec-
trode (GCE), SiO2/Si wafers, and glass. In a typical deposition,
substrates were vertically placed in reaction mixtures of KMnO4

and Co(OAc)2 with 500 rpm stirring at 80 �C for 15 min. The
subscript of CMOH represents the anions of cobalt precursors
used in the deposition. CMOH without specic subscript refers
to Co(OAc)2-deposition. Aer the deposition, the coatings were
rinsed with DI water and the nail-polishmask was removed with
acetone. The CMOH annealing was carried out at 500 �C for 1 h
under argon to obtain cobalt manganese oxide (CMO) lms.
The temperature-dependent CMOH deposition was carried out
at room temperature, 50 �C, 80 �C, and 95 �C.
17916 | J. Mater. Chem. A, 2018, 6, 17915–17928
Reaction mixtures with varied Co/Mn mole ratios were
prepared (Co : Mn ¼ 1 : 3, 1 : 1, 3 : 1, 5 : 1, 7 : 1, and 9 : 1). For
the redox deposition of iron manganese oxide coatings, we used
Fe(OAc)2 (Acros Organics) as the precursor with a Fe/Mn mole
ratio of 3/1 in the reaction mixture. In the synthesis of ternary
metal oxide lms, Co(OAc)2, Fe(OAc)2, and KMnO4 were mixed
with a Fe/Co/Mn ratio of 1/2/1.

2.2. Electrochemical measurements

Electrochemical results were acquired using a three-electrode
system on a CHI 614D Electrochemical Analyzer. FTO glass with
CMOH coatings was used as the working electrode, where a Pt
plate and Hg/HgO were used as the counter and reference
electrodes, respectively. OER activities were evaluated by linear
sweep voltammetry (LSV) with a scan rate of 5 mV s�1 under 0.1
M KOH. All the overpotentials (h) were recorded at 10 mA cm�2.
The potentials presented herein are based on the reversible
hydrogen electrode (RHE) following the equation:49

ERHE ¼ EHg/HgO + 0.098 + 0.059 � pH (1)

Faradaic efficiency (FE) was obtained using a gas chro-
matograph (GC) equipped with a thermal conductivity detector
(TCD) to analyze the quantity of molecular oxygen. The FE was
acquired from the ratio of O2 measured/O2 theoretical, where O2

theoretical was integrated from the current–time (i–t) curve. A
quartz crystal microbalance (QCM/CHI 401) was used to
monitor the in situ growth of CMOH coatings at room temper-
ature. The fundamental resonant frequency of QCM is 8 MHz.
The weight change was calculated using the Sauerbrey
equation:

Df ¼ �(2 � f0
2 � Dm)/[A(ra � Ga)

1/2] (2)

where f0 is the fundamental resonant frequency of QCM, ra is
the density of quartz (2.648 g cm�3),Ga is the shear wave velocity
of the quartz crystal (2.947 � 1011 g cm�1 s�2), and A is the
active electrode area of QCM. For all the QCM measurements,
Au/quartz substrates were rst kept in DI water until frequency
equilibrium is reached. Aerwards, Co and Mn precursors were
carefully injected into the system to initiate coating growth.
Pure Co(OAc)2 and KMnO4 were also tested in QCM as control
samples. To study the effect of counter ions, cobalt precursors
with different anions of Co(OAc)2, CoSO4, and Co(NO3)2 were
used following the same deposition conditions. Sodium acetate
(Acros Organics) was used as the source of the acetate anion.

2.3. Characterization

Scanning electron microscopy (SEM) images were obtained
using a FEI Inspect F50 and Zeiss Supra 55 Gemini with accel-
eration voltages of 10–20 kV. The X-ray photoelectron spec-
troscopy (XPS) measurements were done on a PHI 5000
VersaProbe. The lm composition prole was studied by Ar-
sputtering XPS with a removal rate of 3 nm min�1. The grazing
incident X-ray diffraction (GIXRD) was used to characterize
CMOH thin coating with 1� grazing angle on a Bruker D8
Advance diffractometer with a CuKa X-ray source. Field
This journal is © The Royal Society of Chemistry 2018
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emission transmission electron microscopy (FE-TEM) images
were collected with a FEI E.O Tecnai F20 G2 at 120 kV. TEM foils
were prepared using a focused ion beam (FIB) using a SMI 3050.
The CMOH/FTO samples were rst coated with platinum and
a subsequent carbon layer, followed by ion beam cutting and
thinning. Samples were analyzed by energy dispersive X-ray
spectroscopy (EDXS) under SEM and TEM. The Raman spectra
were obtained using a WITec Confocal Raman Microscope with
a 532 nm wavelength laser source. The CMOH samples were
deposited on gold substrates to enhance the Raman signals via
surface-enhanced Raman scattering. The X-ray absorption
spectra (XAS) were collected at 17C1 in the National Synchro-
tron Radiation Research Center, Taiwan (NSRRC) with trans-
mission mode. The roughness of CMOH lms was analyzed by
atomic force microscopy (AFM, Bruker Dimension Edge) with
contact mode. The conductivity measurement was conducted
using a four-point probe on a Quatek 5601Y Sheet Resistivity
Meter. The UV-vis spectra were obtained with a Jasco V-630 UV-
visible spectrometer. Inductively coupled plasma mass spec-
trometry (ICP-MS) measurements were carried out with a Per-
kinElmer ELAN 6100 DRC Plus for elemental analysis. To
determine Co/Mn ratios, CMOH samples were dissolved in
a solution composed of HNO3 (60%) and H2O2 (35%) with a 2 : 1
volume ratio. To study the elemental leaching issue, the OER
electrolyte solution (0.1 M KOH) aer 10 000 cycle sweeps was
sampled to determine the contents of Co and Mn.
2.4. Simulation of CMOH deposition behavior

Molecular dynamics (MD) simulations were carried out to
investigate the growth of the CMOH lm on the FTO surface.
The cases of Co(OAc)2 and CoSO4 deposition were investigated.
The composition of the MD cell in the acetate system includes
1500 Co2+, 3000 OAc�, 500 MnO4

�, 500 K+, and 2000 H2O
(solvent), while that of the sulfate system includes 1500 Co2+,
1500 SO4

2�, 500 MnO4
�, 500 K+, and 2000 H2O. The crystalline

tin oxide (SnO2, 100 � 100 � 8 Å3) substrate was established to
imitate FTO glass for the deposition. All simulations were
computed by using Material Studio soware. COMPASS force
eld and NVT ensemble were adapted for the simulations.50,51

The density of the liquid phase in each system was set to be 1.0 g
cm�3. The initial temperature of MD simulations was 298 K
until a thermal equilibrium was reached; then the temperature
was further increased to 353 K. This temperature setting
corresponds to the real reaction temperature. The pair
distances between Co2+ and Mn7+ (in MnO4

�) to O on the SnO2

surface, as well as Co2+ to O in MnO4
� (i.e. (MnO4)–Co

complexes), were analyzed. The metal cation-to-O distances
shorter than 3.0 Å were recognized to be due to the bond
formation for yielding precipitate. This linking process was
repeated ve times for every 75 picoseconds.
3. Results and discussion
3.1. Deposition and characterization of CMOH coating

The solution processed deposition of binary CMOH lms was
carried out in a single-step redox process under ambient
This journal is © The Royal Society of Chemistry 2018
conditions. The aqueous reaction mixtures were prepared by
dissolving various Co(II) precursors with KMnO4 (as the metal-
containing oxidant)52 without any additives (e.g. organic
solvents, surfactants, polymers, etc.). To clearly demonstrate
lm deposition, transparent FTO was selected as the substrate
as shown in Fig. 1. The one-step CMOH deposition produced by
the Co(OAc)2 precursor (i.e. CMOHacetate) can be accomplished
by dipping pristine FTO in the reaction mixture, aging for
a certain period of time, and removing it aer complete depo-
sition (Fig. 1a–c). Neither an inert atmosphere nor delicate
operation was required. The uniformly dark contrast of depo-
sition can be obtained with the homogeneous distribution of
cobalt and manganese as proven by EDXS (Fig. S-1†). The ICP-
MS analysis conrms the bulky composition of Co/Mn ¼ 2.92
(Table 1), similar to the selected-area composition of 3.08
acquired by EDXS.

Compared to other solution-based depositions, homoge-
neous binary elemental distribution generally requires specic
reaction conditions due to potential mismatch in properties
(e.g. hydrolysis rates, Ksp constants, thermal stabilities, etc.)
between precursors. The xed electron exchange stoichiometry
dependent on the redox synthesis provides a reliable composi-
tion homogeneity for multi-precursor deposition. Different
from typical dip-coating or polymer-assisted deposition, our
procedure does not need thermal annealing to eliminate
organic/polymer components and to consolidate coating adhe-
sion,10 thus preserving the amorphous feature.

The SEM image (Fig. 1d) of the CMOH lm deposited on
a SiO2 wafer shows the smooth and highly continuous coating
with a root-mean-square (RMS) value of 3.16 nm as acquired
using AFM (Fig. 1e). The GIXRD patterns of the samples
deposited using Co(OAc)2 and CoSO4 precursors (CMOHsulfate)
show no diffraction peaks, indicating the amorphous features
of CMOH coatings (Fig. 1f). The Raman spectra of CMOHacetate

exhibit a broad band at 599 cm�1 (Fig. S-2†), which is also in
agreement with the presence of amorphous cobalt oxide.27 The
signals of amorphous manganese oxide are difficult to recog-
nize due to their relatively small amounts (<25%), signicant
peak broadening, and similar Raman wavenumbers to cobalt
oxide.34 By annealing CMOHsulfate at 500 �C for one hour, the
coatings are shown to be crystalline corresponding to the spinel
Co3O4 phase, denoted as cobalt manganese oxide (CMOsulfate)
(Fig. S-3†). To further verify the lm crystallinity, the focused
ion beam (FIB)-cut foils of CMOHacetate were characterized
by high-resolution TEM. The TEM image of uncalcined
CMOHacetate clearly shows amorphous features without any
ordered lattice fringes (Fig. 1g and S-4†), in agreement with the
amorphous deposition shown in Fig. 1f. The coating cross-
section is highly continuous and pinhole/void-free with a major
thickness of 6–10 nm, comparable with the thickness of 11 nm
under AFM (Fig. S-5†). At this thickness, the reported coatings
fabricated by physical deposition still remain discontinuous.53

The annealed CMOacetate lms exhibit crystalline lattices with
a d-spacing of 0.244 nm, corresponding to the (311) plane of
spinel Co3O4 (Fig. 1h).54 The lm conductivities are summarized
in Table 2, showing that CMOH coatings exhibit the sheet
resistance in the range of 7.4 � 107 to 13.0 � 107 (U ,�1). The
J. Mater. Chem. A, 2018, 6, 17915–17928 | 17917
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Fig. 1 Deposition procedure and characterization of CMOHacetate. (a) Dipping a transparent FTO substrate into the aqueous reaction mixture of
Co(OAc)2 and KMnO4, (b) aging FTO for 15 min, and (c) removing the FTO substrate after complete deposition (the darker contrast area). (d) The
SEM image and (e) AFM data of the coatings. (f) The grazing-angle XRD patterns of thin and thick CMOH deposition by Co(OAc)2 and CoSO4,
respectively. (g) The HR-TEM image of CMOHacetate foils, and (h) CMOacetate after annealed at 500 �C. (i) TEM image of CMOH after 10 000 cycles
of OER tests. The insets in (g)–(i) are the corresponding Fourier transform patterns of the CMOH area.

Table 2 The conductivity of CMOH and CMO coatings with varied
divalent cobalt precursors and Co-to-Mn ratios

Co(OAc)2-precursor coating
Sheet resistance
(U ,�1) � 107
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annealed CMO generally displays a smaller sheet resistance (as
low as 0.469 � 107 U ,�1) than amorphous CMOH.
CMOHsulfate is slightly more conductive than CMOHacetate.
Different Co/Mn ratios show insignicant inuence on the lm
resistance. The controlled samples of manganese oxide coatings
possess a sheet resistance that exceeds measurement limits,
Table 1 The elemental composition of CMOH films with varied
deposition times and different precursor Co-to-Mn ratios

Deposition time

Co/Mn ratios of CMOH 1 min 5 min 15 min 30 min 60 min
3.03 2.87 2.92 2.86 2.91

Co(II)-to-Mn(VII) precursor ratios

Co/Mn ratios of CMOH 3 : 1 5 : 1 7 : 1 9 : 1
2.92 2.95 4.46 5.72

Co : Mn ¼ 3 : 1 13.0
Co : Mn ¼ 7 : 1 11.5
Co : Mn ¼ 3 : 1 (annealed) 10.6
Co : Mn ¼ 7 : 1 (annealed) 8.95

CoSO4-precursor coating
Sheet resistance
(U ,�1) � 107

Co : Mn ¼ 3 : 1 7.41
Co : Mn ¼ 7 : 1 7.40
Co : Mn ¼ 3 : 1 (annealed) 0.470
Co : Mn ¼ 7 : 1 (annealed) 0.469

17918 | J. Mater. Chem. A, 2018, 6, 17915–17928 This journal is © The Royal Society of Chemistry 2018
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suggesting that homogeneous binary oxide coatings exhibit
a much lower sheet resistance than single oxides.
3.2. Large scale fabrication and properties of CMOH

With the easy operation procedure, we attempted to achieve
high throughput fabrication by parallel dipping of numerous
substrates in one batch of the reaction mixture. Fig. 2a and
b show the success of parallel deposition to produce six
Fig. 2 Deposition condition tests. (a) The photographs of parallel depos
FTO films from (a) with uniform coating contrasts. (c) Large scale deposi
CMOH deposition at room temperature (R.T.) and others. The red arrow
CMOH coatings shown in (d). (f) The CMOH adhesion tests by Scotch t
CMOH coating on a Si trench. (h) Tests of arbitrary substrate deposition: (
foam; (ii) homogeneous deposition on the cylinder-shape surface of sc
patterns onto a 100 cm2 glass substrate by masking. The CMOH coated
and folding for 100 cycles; (v) the CMOH coated curved wooden surfac

This journal is © The Royal Society of Chemistry 2018
individual, uniform and well-dened CMOHacetate coatings on
FTO, more efficient than batch-to-batch deposition such as spin
coating. In addition, shape- and size-specic deposition can be
controlled by masking techniques. Fig. 2c shows the realization
of large-scale arrays of square-shaped deposition over 10 � 10
cm2 dened by the resin-based masks. All the patterned units of
CMOH are well dened in shapes, interval distance, and show
highly similar contrast. The scalable and throughput redox
deposition appears highly practical for massive production.
ition on six individual FTO substrates and (b) the products of six coated
tion of CMOH with a highly ordered array over a 100 cm2 FTO film. (d)
s indicate the corners of the deposition areas. (e) The transparency of
ape peeling for more than 100 cycles. (g) The cross-section profile of
i) CMOH coated on 3D porous Ni foam with the comparison of bare Ni
rew pairs; (iii) CMOH coating with transfer of large-size complicated
PET (iv), where no appreciable cracking can be observed after bending
e; (vi) CMOH coated on the metallic surface of Cu foils.

J. Mater. Chem. A, 2018, 6, 17915–17928 | 17919
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Notably, the as-coated CMOH also exhibits high visible-light
transparency. By changing the deposition temperatures
(Fig. 2d), the coating contrasts become darker as the tempera-
ture increases indicating the formation of a thicker coating. The
transparency (at 550 nm) of CMOH deposited at room temper-
ature, 50 �C, 80 �C, and 95 �C was measured to be 99.2%, 98.4%,
97.4%, and 95.2%, respectively (Fig. 2e). Room-temperature
CMOH forms a thin, uniform, and barely visible coating (see the
arrows in Fig. 2d). This property becomes relevant as binary
metal oxides recently gained attention as materials for trans-
parent OER-active thin lms.55,56 Moreover, CMOH exhibits
a higher transparency than the reported binary FeNiOx that is
active for photoelectro-chemical cells (PEC) and sunlight-driven
water splitting applications.56

Film adhesion is a crucial concern particularly for low-
temperature deposition. As shown in Fig. 2f, we conducted peel-
off tests with Scotch-tape on CMOH over 100 cycles. There were
no appreciable lm detachment or breaking observed. This
strong adhesion is comparable to the annealed crystalline CMO
samples, which allows CMOH to be directly used in the amor-
phous form. The step coverage studies show that CMOH coating
can be deposited along the top, side wall, and base of SiO2

trenches with a similar thickness of 9.1 nm, 9.5 nm, and 10.1
nm, respectively (Fig. 2g); hence, homogeneous CMOH depo-
sition strongly attached on 3D complex architectures and
porous tunnels can be expected.57,58 As shown in Fig. 2h, we
further successfully demonstrated CMOH deposition on
complex 3D structures (Ni foam) and cylinder-shape substances
(screw pairs). On different types of surfaces, including rigid
glass, so plastics (polyethylene terephthalate, PET), wood, and
metal foils (Cu), CMOH deposition exhibits strong adhesion
and high homogeneity (Fig. 2h). In particular, the coating on
PET can completely tolerate the bending strain without appre-
ciable lm breaking aer 100 cycle tests under 180� folding,
agreeing with the excellent adhesion and mechanical
properties.
Fig. 3 Spectroscopic and profile studies of CMOH. The XPS data of (a) C
(d) Co K-edge and (e) Mn K-edge. (f) The film composition profile.

17920 | J. Mater. Chem. A, 2018, 6, 17915–17928
3.3. Redox interaction

To verify the underlying principles of CMOH formation, oxida-
tion states of cobalt and manganese are investigated. In the XPS
spectra (Fig. 3a), the binding energy of Co 2p1/2 at 796.2 eV, 2p3/2
at 781.1 eV, and the satellite peaks at 790.8 eV reveals the
presence of Co(III).46 The XPS data also show that signals from
Mn 2p3/2 and 2p1/2 are 641.8 and 654.2 eV, respectively, where
Mn3+ and Mn4+ are barely distinguishable (Fig. 3b).46 In the
spectra of O 1s, the strong hydroxide signals can be observed at
532.0 eV and a weak signal of O2� at 530.0 eV (Fig. 3c), showing
similar ratios to metal oxyhydroxide species.39 Aer lm
annealing at 500 �C, the hydroxide signals signicantly decrease
while O2� signals are much stronger due to the conversion of
amorphous oxyhydroxide to crystalline oxide (Fig. S-6†).
Therefore, the presence of Co(III) and hydroxide/oxide signals
indicates CoOOH-like amorphous CMOH.46,52 We further con-
ducted X-ray near edge structure studies of CMOH conrming
the oxidation states of Co and Mn. The K-edge signals of Co
(Fig. 3d) are observed at 7728.6 eV, corresponding to the re-
ported octahedral-coordinated Co(III) at 7729 eV,59which further
agrees with the XPS data. The Mn K-edge spectra (Fig. 3e) show
the peak at 6563 eV, nearly identical to that of MnO2 at 6562.2
eV instead of Mn(III) at 6554.2 eV.60 The results, therefore,
unambiguously conrm the presence of Co3+ and Mn4+ in
CMOH coatings. As the elemental analysis highly agrees with
ideal redox stoichiometry between Co2+ and Mn7+ as 3 : 1 (i.e.
2.86 to 3.03, see Table 1),46 it is evident that the redox-driven
CMOH deposition can be expressed as Co1�xMn3x/4OOH.
Therefore the net redox equation is shown as following:

9Co2+(aq) + 3MnO4
�
(aq) + 14H2O(l) /

Co9Mn3O26H13(s) + 15H+
(aq) (3)

The lm composition proles of CMOH acquired by XPS
(Fig. 3f) exhibit uniform Co : Mn mole ratios (i.e. 3.30 by
o 2p, (b) Mn 2p, and (c) O 1s for uncalcined coating. The XAS spectra of

This journal is © The Royal Society of Chemistry 2018

http://dx.doi.org/10.1039/c8ta05629c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
01

8 
4:

16
:0

2 
PM

. 
View Article Online
average) from top to bottom, corresponding well with the redox-
coupled lm growth as shown in eqn (3). The depth prole
studies show residue signals for sulfur and carbon to be less
than 0.01%.

3.4. Coating formation process

We conducted QCM to monitor the loading mass and lm
growth of CMOH on Au/quartz substrates in situ.11,56 First, we
conducted control experiments of deposition with the precursor
either Co(OAc)2 or KMnO4 only. The proles of Fig. 4a show no
increase of mass loading in the Co(OAc)2-only case, while the
appreciable lm formation can be observed in the KMnO4-only
case. In addition, the deposition tests on carbon-based and
transparent substrates also show that only KMnO4-deposition
contributes to lm formation (see Fig. S-7†). This further
conrms that the strong oxidative staining ability of KMnO4 is
critical for lm formation and immobilization on substrates.
For the tests combining Co(OAc)2 and KMnO4, the QCM proles
Fig. 4 The QCM studies of film growth with different precursor recipes.
The comparison of cobalt and manganese precursor-only cases with the
in the cobalt precursors. (c) The effect of additional ligands on CMOH gr
prepared by CoSO4. (e) The CVs of cobalt precursors with different anio

This journal is © The Royal Society of Chemistry 2018
indicate a much faster and greater increase in mass loading
than the previous two control experiments, verifying the redox-
coupled nucleation.52

As Co2+ is the quantity-dominant species in the reaction
mixture, attraction between the substrate-anchored MnO4

�

anion and Co2+ cation could facilitate on-site redox interaction
on the substrate surface to form CMOH coating. Despite the
reported studies of cobalt oxyhydroxide preparation via the
redox route (e.g. interaction of Co2+ and S2O8

2� to yield
CoOOH),54,61,62 their thin lm deposition has been rarely
recognized. Successful cobalt incorporation into the thin lm
form was rst revealed in this work through redox interaction
with KMnO4. Theoretically, each Mn7+ would transfer charge
directly to three neighboring Co2+ ions, giving the probability to
construct interconnected networks holding multiple Co atoms
with one Mn together through oxygen-bridged bonding. As
a result, this network-like nucleation may favor the formation of
continuous coating even at the ultrathin scale of several
All the tests were conducted under identical preparation conditions. (a)
two precursor mixed condition. (b) The comparison of different anions
owth. (d) The cross-sectional SEM image and EDXS mapping of CMOH
ns and ligands.
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nanometers, rather than island-like, discontinuous deposition
frequently observed in physical vapor deposition. Therefore,
KMnO4 is proposed to play the dual roles of both a surface-
anchoring oxidant and a cobalt-xation reagent in the binary
oxide deposition process.
3.5. Effect of the precursor anion on deposition

To investigate the control parameters of the lm thickness,
notably, we observed that lm growth was highly dependent on
the counterions of cobalt precursors. Under identical condi-
tions, as shown in Fig. 4b, CoSO4 and Co(NO3)2 precursors
exhibit the general trend that the CMOH thickness is
proportional to the deposition time. Their deposition rates
(0.059 mg min�1 for CoSO4 and 0.086 mg min�1 for Co(NO3)2) are
6 to 9 times faster than that for Co(OAc)2 (0.0097 mg min�1). In
fact, the CoSO4 and Co(NO3)2 deposition can continuously go
beyond several hours to generate a much thicker coating. On
the other hand, the Co(OAc)2-deposition grew linearly at the
rst 50 min, and then became saturated at 60 min with the
maximized loading mass of 2.97 mg cm�2 (Fig. 4b). This self-
limiting phenomenon was also observed at different deposition
temperatures of CMOHacetate. The results clearly show that the
deposition thicknesses produced vary depending on the
precursor anions. As shown in Fig. 4d, the cross-sectional SEM
image of CMOHsulfate for 2 hour deposition, featured with the
homogeneous elemental distribution for 180 nm thickness with
the absence of cracks or pinholes/voids. Together with the
ultrathin thickness of CMOHacetate, the lm thickness can be
controlled ranging from several nanometers up to submicrons
via precursor anions. To lower the interfacial barrier of elec-
trocatalysis, we adopted Co(OAc)2 deposition to produce ultra-
thin CMOHacetate for the later OER studies.

To further investigate the effect of anions, we carried out the
control experiments by adding acetate ions to CoSO4-deposition
(Fig. 4c). The addition of two acetate ion equivalents, whose
quantity is comparable to that of Co(OAc)2, yielded a nearly
identical saturation time and coating mass to that of Co(OAc)2-
deposition. However, the addition of one acetate ion equivalent,
which corresponds to half of that in Co(OAc)2, behaved similar
to that of CoSO4-deposition but no saturation was observed. In
addition, the loading mass lies in between those of CoSO4 and
Co(OAc)2 deposition. These phenomena clearly indicate that the
self-limiting lm growth is due to the presence of the acetate
anion. Morales-Guio et al.56 also observed similar lm growth
inhibition with the identical anion combination of Fe2(SO4)3
and Ni(OAc)2 to our case. Indeed, acetate anions may act as
a buffer species to inuence the pH conditions and also the
deposition. Their pH variation studies were partially effective
but comprehensive understanding of the saturation growth of
binary iron nickel oxides remained uncertain. Since the acetate
anion possesses the stronger intrinsic coordination capability
than the other two, it is most likely that the ligand coordination
effect may rationalize the anion inuence.

To verify the coordination effect, we added the hexadentate
ligand of ethylenediaminetetraacetic acid (EDTA) as the much
stronger coordination ligand than acetate for comparison. No
17922 | J. Mater. Chem. A, 2018, 6, 17915–17928
coating formation can be observed in the presence of EDTA
(Fig. 4c), indicating that its ability to coordinate with Co2+

signicantly inuences CMOH deposition. We therefore
compared the oxidation potentials of EDTA- and acetate-coor-
dinated Co(II) under the deposition conditions. The Co2+/Co3+

oxidation potentials in the presence of acetate and sulfate
anions are 1.55 and 1.63 V, respectively (Fig. 4e(I) and (V)). With
the addition of the acetate ligand to Co sulfate (mole ratio 2 to 1,
see Fig. 4e(II) and (III)), the Co2+/Co3+ oxidation potentials
decrease which is eventually similar to that of Co(OAc)2. On the
other hand, the addition of a stoichiometric amount of sodium
sulfate to Co(OAc)2 shows no signicant change of Co2+ oxida-
tion peaks. By adding EDTA to CoSO4, a drastic decrease in the
Co2+/Co3+ oxidation potential to 0.67 V has been observed
(Fig. 4e(IV)). This oxidation potential drop for Co2+ should make
the redox deposition even easier andmore spontaneous. But the
observed absence of CMOH indicates that the ligand effect
governs the deposition growth rather than the redox potential
changes. The EDTA ligand traps Co2+ tightly and may keep the
coordinated Co2+ away from the substrate for lm growth.
Compared to EDTA, the relatively labile and weak coordination
of acetate may result in the suppressed deposition rather than
a complete stop. It is also likely that the addition of coordina-
tion ligands may establish a new equilibrium unfavorable for
the CMOH deposition. Thus, the precursor anion effect could
be mainly attributed to the ligand coordination ability. As
a result, the precise control of the thickness can be feasible
through the proper selection of ligand additives.
3.6. Simulation study of CMOH growth

Fig. 5 shows the MD simulation studies of (MnO4)–Co
complexes that are yielded aer the redox reaction in sulfate
(Fig. 5a) and in acetate (Fig. 5b) deposition. The red, blue, and
purple dots represent O, Co, andMn, respectively. Two different
(MnO4)–Co complexes, one forms in solutions as a colloidal
precipitate (Fig. 5c) while the other binds with SnO2 substrates
(Fig. 5d) as lm deposition, were depicted and studied. The
quantity of colloidal complexes in sulfate solution was observed
to be larger than that in acetate solution. By correlating the
numbers of (MnO4)–Co colloidal complexes formed versus
simulation time (Fig. 5g), it is found that the formation rates in
the sulfate solution are more than those in the acetate solution.
The saturated number of (MnO4)–Co colloidal complexes in
acetate solution is found to be 480. Since the total number of Co
ions is 1500 at the initial stage, about one-third of Co ions in the
acetate solution form the colloidal complexes. For ions in
sulfate solution, the maximum number of colloidal complexes
at the end of our simulation time is 780, that is, larger than one
half of the number of Co ions.

Co ions are not only bonded to the oxygen in MnO4, but also
to the oxygen of the SnO2 surface to form deposition (see Fig. 5e
(sulfate system) and Fig. 5f (acetate system)). Similarly, the
number of surface-linked complexes in sulfate solution was
larger than that in acetate solution. Within the simulation time
period, the number of surface-linked complexes in the acetate
solution saturates but not in the sulfate case (Fig. 5h). These
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The MD simulated studies of CMOH growth. The illustration of simulation cells of the (a) sulfate system and (b) acetate system while the
simulation is in progress after linking. Removal of all the unreacted Co2+ and MnO4

� ions, counter ions (OAc�, SO4
2�), and solvent (H2O) was

conducted to enable the clear presentation of (MnO4)–Co complexes. (c) The enlarged view of a (MnO4)–Co complex as a colloidal precipitate in
cells (a) and (b). (d) The enlarged view of surface-linked (MnO4)–Co complexes (CMOH film) deposited on the SnO2 substrate in (e) the sulfate
system and (f) the acetate system. (g) The numbers of Co–O–Mn bonds of the colloidal complexes, analyzed from cells of (a) and (b). (h) The
numbers of Co–O–Mn bonds of the surface linked complexes, analyzed from (e) and (f). (i) The RDF analysis of Co2+ ions with O atoms of acetate
(Oacetate) and sulfate (Osulfate) ions.
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simulation results agree well with the aforementioned experi-
mental observation of ligand-governed CMOH deposition.

To further investigate the formation of the (MnO4)–Co
complex, we calculated the radial distribution function (RDF) of
Co ions to O in sulfate (gCo–O(sulfate)) and O in acetate (gCo–O(acetate)).
In Fig. 5i, gCo–O(acetate) has a peak appearing around 3.5 Å, while
gCo–O(sulfate) has no corresponding peak. This means that acetate
anions closely surround Co ions with a high local density rather
than being homogeneously dispersed in the whole solution cell.
Such acetate-ion aggregation restricts the coordination of Co2+ to
This journal is © The Royal Society of Chemistry 2018
other oxygen atoms (e.g. O of SnO2 substrates), and may also
accumulate a great negative charge barrier to repulse away the
MnO4

� anion from facilitating redox interaction. The signicantly
inhibited CMOH deposition can also be explained to be due to
change in ligands, from acetate to EDTA.
3.7. Electrocatalysis of the OER

Fig. 6a shows a comparison of a linear sweep voltammogram
(LSV) of amorphous CMOHacetate and crystalline CMOacetate
J. Mater. Chem. A, 2018, 6, 17915–17928 | 17923
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Fig. 6 Electrocatalytic oxygen evolution studies of CMOH coatings on FTO. (a) The comparison of amorphous CMOH and calcined CMO with
benchmark RuO2 recorded at 0.1 M KOH. Inset is the zoom-in plot. (b) Tafel plot comparison of materials in (a). (c) Current density–potential
curves of CMOH coatings produced with varied Co-to-Mn ratios in the reaction mixtures. Stability comparison between amorphous and
crystalline coatings in i–t curves (d) and LSV cycle tests (e). (f) The comparison of coatings with different cobalt precursors.

Table 3 OER performance

Sample

Electrochemical performance

Onset
potential (V)

Potential (V) @
10 mA cm�2

Tafel slope
(mV dec�1)

Co : Mn ¼ 1 : 3 1.50 1.73 64.0
Co : Mn ¼ 1 : 1 1.47 1.71 62.9
Co : Mn ¼ 3 : 1 1.43 1.68 62.0
Co : Mn ¼ 5 : 1 1.41 1.67 61.2
Co : Mn ¼ 7 : 1 1.28 1.62 60.9
Co : Mn ¼ 9 : 1 1.45 1.77 77.8
CMO 1.47 1.69 72.8
RuO2 1.42 1.82 73.6
CMOH/Nickel foam 1.23 1.54 80.1
CMOH/Cu foil 1.25 1.64 78.1
CMOH/Carbon cloth 1.36 1.57 68.9
CMOH/GCE 1.44 1.65 63.3
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deposited on FTO under 0.1 M KOH. No appreciable OER activi-
ties can be observed with bare FTO up to 1.9 V. The OER onset and
over potentials (h at 10 mA cm�2) for amorphous CMOH are at
1.28 V and 390 mV, respectively. Crystalline CMO shows a higher
onset potential than CMOH at 1.47 V with h of 460 mV. At an over
potential of 400 mV, the current density of CMOH is 11.60 mA
cm�2, which is 4.7 times greater than that of CMO. As compared
to benchmark RuO2, CMOHhas the smaller onset potential of 180
mV and an overpotential of 200mV. In Fig. 6b, CMOH exhibits the
favorable OER kinetics with a smaller Tafel slope of 60.9mV dec�1

than that of CMO (72.8 mV dec�1). The faradaic efficiency of
CMOH was measured to be nearly 100%, indicating that no side
electrochemical reaction occurred during the OER (Fig. S-8†). In
general, the greater conductivities enable the higher electro-
catalytic performance. Amorphous CMOH, despite its lower
conductivity, exhibits higher OER performance as compared to
crystalline CMO (Table 2), clearly showing the intrinsic OER
superiority of amorphous materials over crystalline ones. The
comparison of OER performance with the reported thin coating is
summarized in Table S-1.†

Metal oxyhydroxide (e.g. CoOOH, NiOOH) has been identi-
ed as the activity species for the OER.24,40,63 Thin amorphous
metal oxyhydroxides are commonly obtained from the electro-
chemical conversion of metal hydroxides as pre-catalysts during
the OER, rather than produced by direct deposition. Electro-
chemical conditioning is needed to transform crystalline metal
hydroxides to oxyhydroxides for enhanced OER activity.11 We
found that no appreciable electrochemical conditioning was
needed for CMOH to enhance OER performance (Fig. 6a) since
it may be already in the form of oxyhydroxide.

To investigate the optimal composition, the coatings with
varied Co/Mn ratios have been produced by changing the
17924 | J. Mater. Chem. A, 2018, 6, 17915–17928
precursor ratios in the initial reaction mixtures (See Table 1). By
increasing the contents of cobalt precursors, the coatings are
generally produced with greater Co/Mn ratios. Due to the redox
interaction, the Co/Mn ratios of coatings are shown to be less
varied (i.e. 2.92–5.72) compared to those of the reaction
mixtures ranging from 3/1 to 9/1. The Co/Mn precursor ratio of
7/1 yielded the most active coatings (CMOH7/1) with the small-
est onset potential among the others (Fig. 6c, S-9† and Table 3).
The cobalt XPS data of CMOH7/1 (Fig. S-10†) show a high
similarity to those of CMOH3/1, indicating that Co3+ is still the
main species of the coatings, instead of Co2+. This might also
suggest that Co3+ is the active species responsible for the OER
rather than Mn sites. Compared to the ideal redox stoichiom-
etry and binary compositions, the relatively lower quantity of
This journal is © The Royal Society of Chemistry 2018
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Mn in CMOH7/1 may suggest Mn4+ substitution by Co3+ yielding
cation vacancies in the framework of lms due to charge
compensation. These defects in small quantity could increase
material conductivity and improve catalytic activities as those
observed in CMOH7/1 (see Table 2), but large contents of defects
can weaken the structure stability.64 The signicant drop of
activities at Co/Mn ¼ 9/1 is thus attributed to the observed
incomplete lm formation due to even higher cation vacancies
that collapse the framework of CMOH.

The OER stability tests of i–t curves (Fig. 6d) were conducted
at a current density of 10 mA cm�2 for 60 000 seconds contin-
uously. No appreciable drops (<2%) of current density for
CMOH can be observed, while CMO shows the decrease of 18%
of the current density. RuO2 displays the more severe current
density decrease of 67%, much larger than those of both CMOH
and CMO. In addition, we compared cyclic LSV tests for 10 000
scans. Amorphous CMOH exhibits the nearly identical curves to
the rst run (Fig. 6e), while crystalline CMO shows the current
density decay of 16% with the increase of overpotential by 16
mV. Benchmark RuO2 exhibits even greater current density
decay of 18% and an increase of overpotential by 44mV aer the
tests. In fact, both CMOH and CMO can be more stable than
RuO2 over the whole cycle tests. In the TEM characterization,
the CMOH aer the 10 000 cycle tests still remains amorphous
without any crystalline features (Fig. 1i), indicating that the
exceptional oxygen evolution activities and stability were due to
the amorphous characteristics despite the possible local struc-
tural rearrangement during the OER.

We further conducted leaching studies by sampling the OER
electrolyte solutions (0.1 M KOH) aer 10 000 cycles. The ICP-
MS data show that crystalline CMO coatings release both Co
Fig. 7 Current density–potential curve comparison of amorphous CMO
carbon cloth, and (d) glassy carbon electrode (GCE).

This journal is © The Royal Society of Chemistry 2018
andMn twice more than amorphous CMOH, whichmay explain
the poor stability of CMO compared to CMOH over time
(Fig. 6d). The spinel phase has been recognized as an unfavor-
able structure to be transformed to oxyhydroxide.11 Well-crys-
talline spinel CMO with a rigid, ordered coordination
environment may restrict the exibility of structural alteration.
The high lattice stress due to phase transformation increases
the probability of irreversible bond breaking, leading to the
observed Co and Mn leach. In contrast, the disordered amor-
phous CMOH is more structurally exible to tolerate the greater
degrees of structural rearrangement, including Co3+/4+

exchange in OER mechanisms.16,37

We studied the thickness effect on the OER by varying
deposition time and with different precursors of Co(OAc)2 and
CoSO4. As shown in Fig. 6f, under the same deposition time, the
Co(OAc)2-coatings generally exhibit better activities than CoSO4-
coatings. The nearly identical OER activities between 15 min
and 60 min Co(OAc)2-coatings consist of the observed self-
limiting growth and negligible difference in thickness (also see
Fig. S-11†). For the case of CoSO4-coatings, the longer deposi-
tion time results in the weaker OER performance closely asso-
ciated with their drastic thickness difference. As ultrathin
coating facilitates charge transport in electrocatalysis, the
thickness control of CMOH through the ligand coordination
effect can be a promising route to manipulate OER
performance.
3.8. OER on various substrates

With the substrate-universal deposition and easy operation, we
tested ultrathin CMOH on various substrates commonly used
H coated on typical substrates for the OER: (a) Ni foam, (b) Cu foils, (c)

J. Mater. Chem. A, 2018, 6, 17915–17928 | 17925
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for the OER, including metal foils (Cu foils), carbon cloth, 3D Ni
foams, and a glassy carbon electrode (GCE).16,57,65,66 As shown in
Fig. 7, the electrochemical results generally show the superior
OER enhancement compared to the uncoated substrates, sug-
gesting (1) the strong interfacial contacts between CMOH and
the substrates for electrocatalysis, and (2) the exceptional OER
activity of amorphous CMOH coatings. Notably, the LSV curve
for bare Ni foam shows the oxidation peak at 1.34 V, corre-
sponding to the transformation of Ni(II)/(III).57 However, the
CMOH coating on Ni foam does not reect the Ni(II)/(III) signal,
but it exhibits an OER onset potential of 1.234 V which is very
close to the theoretical one (1.23 V) together with a small
overpotential of 0.31 mV. The improved OER performance has
been summarized in Table 3. Under a 3 V electrolysis setup
made by a series connection of two commercial batteries (1.5 V
for each), the operation video clips (see ESI†) show vigorous O2

bubbling solely from the CMOH coated area rather than the
uncoated ones. Compared to CMOH-coated electrodes, the
commercial pristine carbon rods and Pt wires are relatively
weaker in O2 production under the same conditions. These
results conrm that CMOH is responsible for the oxygen
evolution with the superior OER activity to the substrates,
including highly conductive and electrocatalytically active
copper foils and Ni foam.
3.9. Ternary oxide lm deposition

Following the deposition principle above, we explored diverse
lm compositions by replacing Co2+ with other transition
metals, such as Fe2+. The preliminary results show the success
of iron manganese oxide coatings with a Fe/Mn ratio of 2.39,
suggesting the feasibility of various metal oxide combinations
through the redox protocol. Furthermore, with the presence of
both Co2+ and Fe2+ with KMnO4, the ternary iron-cobalt-
manganese oxide coatings on FTO have been successfully
produced, in which their component ratios are similar to the
precursor ratios (Fe : Co : Mn ¼ 1 : 2.11 : 0.77, see Fig. S-12†).
The metal ion xation role of KMnO4 has been observed again
for both Co2+ and Fe2+. According to previous work, metal-
containing oxidant KMnO4 in the redox synthesis can poten-
tially be replaced by other oxometallates (i.e. K2Cr2O7),52 not
limited to KMnO4 only. The realization of diverse combinations
of multi-component amorphous coatings can be thus system-
atically studied via this redox protocol.
4. Conclusion

We reported the scalable, solution-processable protocols for
multicomponent ultrathin metal oxide coatings capable of
achieving pinhole-free, continuous, and substrate universal
deposition. The redox-coupled lm formation was proved crit-
ical for lm growth, xation, and homogeneous elemental
distribution. As there is no more need for pyrolysis treatment,
this protocol is a suitable alternative for amorphous deposition
and substrates with low thermal durability. CMOH thickness
and compositions can be controlled by means of ligand selec-
tion. This protocol might be useful for the fabrication of
17926 | J. Mater. Chem. A, 2018, 6, 17915–17928
wearable semiconductor devices, such as gate material deposi-
tion. For oxygen evolution, the new exploration of multi-
component amorphous metal oxides (e.g. more than four
different metals) can be pursued for even greater durability and
efficiency. The high transparency and lm integrity by the redox
protocol may open a new avenue for light-assisted PEC
applications.
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