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ectrolytic g-MnO2 generation:
non-noble metal electrocatalyst gas diffusion
electrode as cathode in acid solution

Jing Tang, *a Hui Min Mengb and Mei Yang Jib

g-MnO2, which is commercially used as an electrode material in batteries, is produced using large amounts

of energy and leads to the production of high pollution as a secondary product. Ideally, this material should

be fabricated by energy efficient, non-polluting methods at a reasonable cost. This study reports the green

fabrication of g-MnO2 into a gas diffusion electrode with Pt-free catalysts in acid solution. Cobalt oxide

nanoparticles were deposited on few-layer graphene sheets produced via a simple sintering and

ultrasonic mixing method, leading to the fabrication of cobalt oxide/few-layer graphene. Co3O4

nanoparticles are irregularly shaped and uniformly distributed on the surface of the few-layer graphene

sheets. Characterization was conducted by X-ray diffraction, X-ray photoelectron spectroscopy, and field

emission scanning electron microscopy. Electrochemical characterization revealed the performance of

cobalt oxide/few-layer graphene gas diffusion electrode in an electrolyte of 120 g L�1 manganese sulfate

+ 30 g L�1 sulfuric acid at 100 A m�2 at 80 �C. The cobalt oxide/few-layer graphene gas diffusion

electrode exhibited a lower cell voltage of 0.9 V and higher electric energy savings of approximately 50%

compared with traditional cathodes (copper and carbon).
Introduction

Electrolytic manganese dioxide (EMD) may be potentially inex-
pensive, relatively energy dense, safe, water compatible, and
non-toxic when used as an electrode material.1 However, the
deposition of EMD, particularly at an industrial scale, not only
consumes excessive electric energy but also causes environ-
mental damage because of the acid fog generated by the elec-
trolytic cell.2 Factories have ceased producing EMDs to protect
the environment. To overcome this problem, optimization
methods have been proposed to reduce the energy required for
electrodeposition of manganese dioxide (MnO2). Biswal3 et al.
investigated the energy consumption of MnO2 electrodeposi-
tion with the introduction of F127 (25F) in the bath and found
that energy consumption can be decreased by up to 11%. In our
previous work, a platinum (Pt) catalyst gas diffusion electrode
(GDE) used as a cathode for electrodeposition of MnO2 is
proposed to save energy by approximately 60% and protect the
environment.4 In theory, when a Pt catalyst GDE is applied, the
oxygen reduction reaction (ORR) replaces the hydrogen evolu-
tion reaction (HER). Pt and its alloys are the best-known ORR
catalysts5 in acid. However, catalyst-based metal-free materials,
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such as Pt, are not widely applied6 due to their high cost and low
abundance. Although the eld of electrode manufacturing has
progressed considerably, the development of oxygen electrode
catalysts with high activity at low cost in acid remains
challenging.7

Herein, a metal-free catalyst GDE with cobalt oxide nano-
particles on few-layer graphene (FLG) is proposed as a cathode
to save electrical energy (50%) and achieve environment-
friendly electrodeposition to meet production requirements.
The proposed catalyst and method surprisingly exhibited high
performance in acid solution. The manufacturing method of
the Co3O4/FLG GDE is simple and inexpensive; it may poten-
tially replace the commercial Pt/C GDE in electrodeposition of
MnO2.
Experiment

A general two-step method was used to synthesize the Co3O4/
FLG catalyst. First, 2.5 g of cotton was sintered with 5 g of cobalt
nitrate solution to produce Co3O4 nanoparticles, aer which
calcination was performed at 400 �C for 2 h8 and then it was
milled for 3 h. Then, 0.2 g of Co3O4 nanoparticles was dispersed
in 20 mL of ethanol by sonication. Subsequently, few layer
graphene wrapped in a microporous membrane (450 mm) was
dipped and sonicated in the Co3O4 solution for 8 h and
centrifuged to form the Co3O4/FLG hybrid (Fig. 1). The sample
was freeze-dried overnight at 60 �C. The GDE is a three-layer
structure which consists of diffusive layer, substrate and
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the methods used to prepare the Co3O4/FLG nanocatalyst and Co3O4/FLG GDE.
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View Article Online
catalyst layer. Before the experiment began, the 60% PTFE was
painted onto carbon paper (Phychemi Company Limited,
China), and then it was sintered at 350 �C for 30 min. 0.25 g of
acetylene black, 0.3 g of Na2SO4, 0.25 g of activated carbon
This journal is © The Royal Society of Chemistry 2019
powder, 0.17 g of 60% PTFE (Hesen, Shanghai, China), and
100 mL of ethanol was mixed and then stirred at 80 �C to wet
paste. The wet paste was cool pressed to prepare the diffusion
layer (0.4 mm). The catalyst layer was prepared by blending non-
RSC Adv., 2019, 9, 24816–24821 | 24817
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Fig. 3 Characterization of Co3O4/FLG and Co3O4 catalysts.
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noble metal electrocatalysts, carbon black, activated carbon
powder, 60% PTFE and 100 mL of ethanol as a dispersant and
the rolling process was same as the diffusion layer. Further-
more, the diffusion layer and the catalyst layer was rolled on two
sides of the carbon paper to obtain about 0.8 mm at sheet. The
structures and crystal phases of the catalyst were analyzed by X-
ray diffraction (XRD Ultima VI) with Cu Ka radiation (l ¼
0.15406 nm) operating at 40 kV and 40 mA. The microstructures
of the catalyst and GDE were investigated using a transmission
electron microscope (TEM, JEOL JEM-2100F). Surface charac-
terization of the samples was conducted by X-ray photoelectron
spectroscopy (XPS, AxIS-ULTRA-DLD) with a Mg Ka anode.
Binding energies were calibrated based on the C 1s peak (284.8
eV).9 Electrochemical tests were performed using a potentiostat.
Here, the working electrodes were GDEs, and a Ti–Mn array was
used as the counter electrode at 100 A m�2. The electrolyte was
120 g dm�3 + 30 g dm�3 at 80 �C (Fig. 2).
Fig. 4 High Resolution Transmission Electron Microscope (HRTEM)
images of the Co3O4/FLG and Co3O4 inside.
Results and discussion

XRD was applied to determine the phase identity and structural
information of the samples. Fig. 3 shows the XRD patterns of
Co3O4 and Co3O4/FLG. The characteristic peaks of (111), (220),
(311), (222), (400), (422), (511), and (440) are in agreement with
those of the standard patterns of Co3O4 with a face-centered
cubic structure,10 thereby suggesting that Co(NO3)2$6H2O was
transformed into Co3O4 at 400 �C. The relatively sharp diffrac-
tion peak at 2q¼ 24.5�–27.5� in the XRD pattern can be indexed
as the graphite layer (200), indicating that the graphene is not
single layer. This result is same as the research of Junming Xu.11

The Co3O4 in Co3O4/FLG is relatively weaker than pure Co3O4,
possibly resulting in more disordered stacking and less
agglomeration on the graphene sheets in the composite.12

Graphene sheets present the advantages of a highly exposed
surface area and electrical conductivity, which contribute to the
improved electrochemical performance of Co3O4.

TEM was performed to conrm the structure of the Co3O4/
FLG. The TEM images in Fig. 4 shows several large Co3O4
Fig. 2 Schematic of Co3O4/FLG GDE electrolysis.

24818 | RSC Adv., 2019, 9, 24816–24821
nanoparticles formed on the graphene sheets, thus suggesting
that Co3O4 nanoparticles were doped onto the graphene sheets
by the dipping method. Even aer considerable sonication
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Cell voltage of traditional electrode, carbon electrode, Cu
electrode, C GDE, Co3O4/FLG GDE and Pt/C GDE at 100 A m�2 in 30 g
dm�3 H2SO4 + 120 g dm�3 MnSO4 at 80 �C.
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during the preparation of the TEM specimen, Co3O4 nano-
particles were still closely distributed on the graphene surface.
Co3O4 nanoparticles are irregularly shaped and uniformly
distributed on the surface of the graphene sheets. The inter-
planar distance with a spacing of 0.47 nm is consistent with the
(111) facet of Co3O4.13

The XPS spectra reveal the elemental information of the
Co3O4/FLG catalyst. From the survey scan of the Co3O4/FLG
(Fig. 5a), Co, C, and O are the three elements that make up
Co3O4/FLG. This result demonstrates that Co was successfully
doped into the graphene sheets via the proposed two-step
process. The peak at 284.4 eV (Fig. 5b) is assigned to the char-
acteristic peaks of C 1s.14 Peaks at 284.4, 285.3, and 288.9 eV are
attributed to sp2 graphitic carbon (C]C) bonds, carbon bonds
with sp3 hybridization, and O–C–O bonds, respectively.15 The
peaks located at 780.62 and 795.93 eV (Fig. 5c) are assigned to
the binding energies of Co 2p3/2 and Co 2p1/2, respectively, with
two prominent shake-up satellite peaks at 786.5 and 804.1 eV,
both of which conrm that Co3O4 was obtained.16 The
predominant O 1s peak (Fig. 5d) at 530.1 and 532.5 eV corre-
sponds to that of O species in the spinel Co3O4 phase and the
hydroxyl groups adsorbed on the surface due to our ex situ
experimental conditions, respectively.17 Therefore, Co3O4/FLG
is likely composed of Co3O4 on the graphene sheets surface.

Fig. 6 shows the cell voltage of traditional electrode, C GDE
and Co3O4/FLG GDE at 100 A m�2 in 30 g dm�3 H2SO4 + 120 g
Fig. 5 XPS spectra of (a) the Co3O4/FLG, (b) C 1s spectra of the Co3O4

Co3O4/FLG.

This journal is © The Royal Society of Chemistry 2019
dm�3 MnSO4 at 80 �C. All the average anode potential of the
experiments is almost the same which is about 0.62 V vs. Hg2SO4

at 100 A m�2 and the electrodeposition efficiency of g-MnO2 is
not affected. However, the cell voltage of the electrodeposition of
MnO2 using Co3O4/FLG GDE as cathode is lower than that of the
electrodeposition of MnO2 using traditional electrode. It is
because the anode reaction of traditional electrode is the same as
that of gas diffusion electrode. The gas diffusion electrode is
/FLG, (c) Co 2p spectra of the Co3O4/FLG and (d) O 1s spectra of the

RSC Adv., 2019, 9, 24816–24821 | 24819
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Fig. 7 Cell voltage test: Co3O4 GDE, FLG GDE, Co3O4/FLG GDE,
Co3O4/C GDE, MnO2/FLG, Pt/C GDE at 100 Am�2 in 30 g dm�3 H2SO4

+ 120 g dm�3 MnSO4 at 80 �C (all the anode potential of the experi-
ment is almost the same which is about 0.62 V vs. Hg2SO4).

Fig. 8 The product of electrolysis using Co3O4/FLG GDE.
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employed in the electrolytic manganese dioxide cell instead of
the traditional electrode, the electrochemical reaction is:

Anode: Mn2+ + 2H2O / MnO2 + 4H+

+ 2e, E0 ¼ 1.23 V vs. SHE (1)

Traditional cathode: 2H+ + 2e / H2, E
0 ¼ 0 V vs. SHE (2)

Gas diffusion electrode as cathode: overall 4 electron reac-
tion forming water

O2 + 4H+ + 4e / 2H2O, E0 ¼ 1.229 V vs. SHE (3)

Or two electron process, forming unwanted H2O2

O2 + 2H+ + 2e / H2O2, E
0 ¼ 0.67 V vs. SHE (4)

Aer doping of the Co3O4 nanoparticles into the graphene
sheets, the cell voltage of the Co3O4/FLG GDE decreased dras-
tically to 0.9 V, similar to the ORR catalyzed by a high-quality
commercial Pt/C GDE (0.8 V). The Pt/C catalyst is acknowl-
edged to be the most effective catalyst for oxygen reduction
reaction in acid media. In our previous studies, the ORR, cata-
lysed by the Pt/C catalyst, proceeds via both the two electron
transfer and the four-electron transfer, but four-electron trans-
fer is the main process in 30 g dm�3 H2SO4 + 120 g dm

�3 MnSO4

at 80 �C.18 However, cell voltage of C GDE in H2SO4 is 0.5 V
higher than the Pt/C GDE, as expected, since C GDE features
a two electrons transfer to product H2O2 in acid solution which
is same as the research of Ichiro Yamanaka.19 The cell voltage of
C GDE is 1.3 V which is 0.4 V higher than that of Co3O4/gra-
phene GDE in electrodeposition of g-MnO2 while it was similar
to Pt/C GDE, indicating that ORR of Co3O4/FLG GDE in 30 g
dm�3 H2SO4 + 120 g dm�3 MnSO4 at 80 �C is both two electrons
transfer (eqn (4)) with the formation of H2O2 and the four-
electron transfer (eqn (3)) producing H2O.20

In order to manifest the cause of the high activity of the
Co3O4/FLG GDE in the electrodeposition of MnO2, a two-
electrode cell assembly was fabricated using the proposed
GDE as the cathode, a Ti-based Ti–Mn array as the anode, and
120 g L�1 MnSO4 + 30 g L�1 H2SO4 as the electrolyte. Fig. 7
shows the cell voltage–time curves of Co3O4 GDE, FLG GDE,
Co3O4/FLG GDE, Co3O4/C GDE, MnO2/FLG, Pt/C GDE, carbon
electrode, and copper electrode at 100 A m�2. Co3O4 exhibited
very poor ORR activity with an initial cell voltage of 1.3 V that
increased slowly to 1.6 V aer 10 h due to its poor conductivity
and the small surface area of Co3O4.21 However, The Co3O4/C
GDE revealed poor ORR like Co3O4 GDE indicating that C didn't
make Co3O4/C GDE work better. The cell voltage of FLG GDE
and MnO2/FLG GDE revealed poor ORR activity with a cell
voltage of 1.3 V because of low corrosion resistance of the MnO2

and low ORR activity of graphene. However, the Co3O4/FLG
nanocatalyst is muchmore active than either pure Co3O4 or FLG
nanocatalysts in the electrodeposition of MnO2. The Co3O4/FLG
GDE can save up to �50% of the electric energy required by
traditional cathodes (Cu and C) in Fig. 6. The increased activity
of the proposed GDE may be attributed to synergistic effects
24820 | RSC Adv., 2019, 9, 24816–24821
between the Co3O4 nanoparticles and FLG22 with the large
electrochemically active surface area23 and excellent conduc-
tivity,24 which can improve the conductivity and change the
charge transfer across the interface. Therefore, Co3O4 doping of
FLG plays a key role in improving the electrocatalytic activity of
GDEs for green electrodeposition of MnO2 in acid solution.

Fig. 8 exhibits XRD patterns of the product of electrolysis.
The four sharper peaks appeared at 37.3�, 42.7�, 56.5� and 67.3�

which are ascribed to the (021), (121), (221) and (061) planes of
g-MnO2.25,26
Conclusion

In summary, a nanocomposite of Co3O4/FLG was synthesized
through a pyrolysis and dipping process. The nanocomposite is
simple and easily obtained in the industry. Co3O4/FLG was used
as a nanocatalyst to catalyze the ORR in the electrodeposition of
MnO2. The proposed Co3O4/FLG nanocomposite GDE exhibited
a high activity of 0.9 V at a current density of 100 A m�2, 50%
This journal is © The Royal Society of Chemistry 2019
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energy savings, and an approximately one fold enhancement
compared with those of pure Co3O4 and FLG electrodes, Co3O4/
C GDE, and MnO2/FLG GDE. The Co3O4/FLG nanocomposite
GDE also displayed better durability in an acid solution (100 h
at 100 A m�2 in 120 g L�1 MnSO4 + 30 g L�1 H2SO4) than the Pt-
free GDE.
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