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Abstract

Electrolytic hydrogen production is heavily restricted by high-energy consumption majorly due to the relatively
high potential of anodic oxygen evolution reaction (OER). Development of OER-alternative reaction at the anode has
been recently proposed as a promising pathway to address the associated issues. In this work, we report a hybrid acid/
alkali dual-electrolyte electrolyzer by coupling acidic hydrogen evolution reaction (HER) using commercial Pt/C
cathode with alkaline electrocatalytic glycerol oxidation (GOR) which is implemented by developing a nickel foam
(NF) supporting Co3O4 nanosheets anode that shows low overpotential and high selectivity toward GOR for formate
production. The hybrid acid/alkali electrolyzer only requires an applied voltage of 0.55 V to achieve the electrolytic
current density of 10 mA$cm�2 for glycerol conversion into formate at the anode and H2 production at the cathode
with the Faraday efficiency of about 100%. The present work may open a new avenue to maximize the electron uti-
lization efficiency and implement the energy-saving green route for H2 generation.

Keywords: Self-supporting electrode; Glycerol oxidation; Electrocatalysis; Acid/alkali dual-electrolyte electrolyzer;
Hydrogen generation

1. Introduction

The development of green renewable energy to
replace fossil fuel is imperative for humans due to
the increasingly serious environmental pollution
and energy crisis. Hydrogen has been considered
an ideal energy carrier in the future thanks to its
non-pollution, high energy density, and rich
source [1,2]. However, the traditional methane
reforming to produce hydrogen uses fossil fuels as
energy, which is high energy consumed with
releasing huge amount of CO2 [3]. Hydrogen pro-
duction by electrolysis of water is regarded as the
most simple, efficient and green hydrogen pro-
duction method, which can work in tandem with

renewable electricity (e.g., solar, wind) for the
future large-scale hydrogen production [4e6].
However, the sluggish kinetics and high over-
potentials of anodic OER require a large amount of
energy, severely limiting its development [7e10].
In addition, the low-value O2 produced in the

anodemaymixwithH2 to form explosiveH2/O2 gas.
It has become an innovative strategy to improve the
overall energy conversion efficiency of hydro-
chemical hydrogen production by replacing OER
with electrooxidation reaction of the thermody-
namically more favorable anodic reactions [11e15].
Electrocatalytic glycerol oxidation (GOR) theoreti-
cally requires a significantly lower theoretical
oxidation potential (0.003 V vs. RHE) than OER

Received 1 June 2022; Received in revised form 23 June 2022; Accepted 29 August 2022
Available online 31 August 2022

* Corresponding author, Su-Qin Ci, Tel: (86-791) 83953378, E-mail address: sqci@nchu.edu.cn.
* Corresponding author, Zhen-Hai Wen, Tel: (86-591) 6317353, E-mail address: wen@fjirsm.ac.cn.

https://doi.org/10.13208/j.electrochem.2215005
1006-3471/© 2023 Xiamen University and Chinese Chemical Society. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

mailto:sqci@nchu.edu.cn
mailto:wen@fjirsm.ac.cn
https://doi.org/10.13208/j.electrochem.2215005
http://creativecommons.org/licenses/by-nc/4.0/


(1.23 V vs.RHE).Moreover, glycerol, one of themain
by-products of biodiesel production, is excess and
cheap [16e18]. And glycerol can be converted into a
variety of high value-added products, like dihy-
droxyacetone (DHA), glyceraldehyde (GALD),
glyceric acid (GLA), formic acid, and other value-
added products in the GOR process [19e24].
Therefore GOR instead of OER on the anode side
could not only reduce the energy consumption of
the electrolytic water hydrogen production system
but also obtain liquid phase products and clean
hydrogen with more added value than oxygen,
realizing multiple benefits. Precious metals-based
materials have been widely used as electrocatalysts
for GOR, but the high cost and the scarcity of res-
ervoirs hinder their practical application [25e27]. In
recently, transition metal oxides/hydroxides, such
as NiO, Ni(OH)2, Co3O4, Co(OH)2, CuO, and
Cu(OH)2, were reported to show decently high ac-
tivity and selectivity for glycerol electrooxidation,
which has attracted much attention due to low cost
and low price [28e31]. However, the inherent low
conductivity of naked transition metal oxides/hy-
droxides affect their practical application in GOR.
Moreover, the concept of electrochemical neutrali-
zation energy (ENE) provides a new idea and
method for the design and innovation of electrolytic
cells in hydrolysis systems. By designing an acid-
alkaline dual-electrolyte electrolyzer can provide a
good pH environment for the anode GOR and
cathode HER, respectively, which can not only
reduce the required electrical energy but also pro-
mote the reaction kinetics [15,32e34].
Herein, we report a simple hydrothermal-calci-

nation process for in-situ growth of Co3O4 nano-
sheets (Co3O4/NF) on NF substrates as an efficient
electrocatalyst for GOR, which only requires 1.21 V
vs. RHE to reach 10 mA$cm�2 and showing high
selectivity with Faraday efficiency (FE) of over 85%
in a wide potential (1.2e1.5 V vs. RHE) toward
formate products.
Then, an acid-alkaline dual-electrolyte electro-

lyzer device was designed and assembled by
paring Co3O4/NF as the anode of GOR in alkaline
electrolyte with commercial Pt/C as the cathode of
acid electrolyte. The electrolytic cell requires only a
low applied voltage of 0.55 V to reach 10 mA$cm�2

and exhibits capability to produce H2 and formate
in high stability and a high FE.

2. Experimental section

2.1. Reagents and chemicals

Cobalt nitrate hexahydrate (Co(NO3)2$6H2O),
methanol, ethanol, hydrochloric acid, and glycerol
were purchased from Sinopharm Chemical

Reagent Co., Ltd (Shanghai, China). 2-methyl-
imidazole and Dimethyl sulfoxide (DMSO) were
purchased from Shanghai Titan Technology Co.,
Ltd respectively. D2O and Pt/C (20 wt.%) were
bought from Macklin. All the deionized water used
in the experiment was self-made in the laboratory.
NF was purchased from Suzhou Taili Foam Metal
Factory. All reagents are analytically pure and can
be used without further purification.

2.2. Materials characterizations

X-ray diffraction (XRD) analysis of the sample
structure and crystal morphology, X-ray diffrac-
tometer (Cu Ka) (D8ADVANCE-A25, Bruker,
Germany). Scanning electron microscope (SEM)
images were taken using a scanning electron mi-
croscope (Nova NanoSEM 450, FEI). Transmission
electron microscope (TEM) and energy-dispersive
X-ray spectroscopy (EDS) images were performed
on Talos F200X (FEI, USA). Surface compositions of
the catalysts were examined by X-ray photoelec-
tron spectroscopy (XPS) (ESCALAB 250Xi, Thermo
Scientific, USA). The products of glycerol oxidation
were characterized by superconducting nuclear
magnetic resonance spectroscopy (NMR)
(AVANCE 400, Jobin Yvon, France).

2.3. Preparation of catalyst

The self-supporting Co3O4 nanosheets cathode
material is grown in situ on NF by a simple hy-
drothermal-calcination method. First, 2 � 3 cm2 NF
was intercepted for pretreatment: NF was put into
3 mol$L�1 HCl, ethanol, and deionized water for
ultrasonic treatment for 10 min, respectively, and
dried for use. 2.91 g Co(NO3)2$6H2O and 0.164 g
2-methylimidazole were dissolved in 20 mL
methanol respectively, stirring for 30 min to form
solution A and solution B. Solutions A and B were
then mixed and stirred evenly to obtain solution C.
Afterward, the solution C and treated NF were put
into the stainless steel autoclave (lined with
Teflon), after reaction at 140 �C for 12 h, cool
naturally at room temperature, clean the sample
surface with methanol and ethanol, and then dry it
in a 60 �C vacuum drying oven for 12 h. Finally, put
the sample into a tubular furnace and burn it at
350 �C (heating rate: 2 �C$min�1), and air atmo-
sphere for 2 h to obtain Co3O4/NF catalyst.

2.4. Electrochemical characterization

To test the catalytic activity of the material,
the electrochemical test was carried out in a
three-electrode system using the CHI 760E elec-
trochemical workstation (CH Instruments,
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Shanghai, Chenhua Co., Ltd.). Co3O4/NF electrode
(1 cm�2) is directly used as the working electrode,
carbon rod as the counter electrode, and Hg/HgO
(1 mol$L�1 KOH) as the reference electrode. All
potentials of electrochemical test refer to reversible
hydrogen electrode (RHE)

E(RHE) ¼ E(Hg/HgO)þ0.05916 � pHþ0.098

To eliminate the interference of oxygen with the
test results, N2 is introduced into the electrolyte for
30 min before the test. Prior to the electrochemical
test, cyclic voltammetry (CV) measurements were
performed several times until the cycle stabilized
to activate the system. Linear sweep voltammetry
(LSV) was carried out in 1 mol$L�1 KOH electro-
lyte at a scanning rate of 5 mV$s�1, with and
without 0.5 mol$L�1 glycerol. Determination of
electrochemical impedance spectroscopy (EIS),
which is carried out in the frequency range of
0.1e10,000 Hz and amplitude of 5 mV. In the non-
Faradaic reaction potential region, the electro-
chemical double-layer capacitance (Cdl) of the
material in the potential region was confirmed by
CV at different scanning speeds, and the electro-
chemical active area (ECSA) was calculated based
on Cdl data.

2.5. Assembly and tests of the acid-alkaline dual-
electrolyte electrolyzer

We have designed and Assembly an acid-alka-
line dual-electrolyte electrolyzer based on ENE
theory, in which Co3O4/NF is used as the anode in
1 mol$L�1 KOH solution containing 0.5 mol$L�1

glycerol and Pt/C as the cathode in 0.5 mol$L�1

H2SO4. A bipolar membrane (BPM) was used to
separate the cathode chamber from the anode
chamber in which glycerol is electrooxidized on
the alkaline anode to produce electrons, the elec-
trons are transferred to the acidic cathode through
the external circuit, and the electrons obtained by
Hþ are reduced to H2, while Kþ enters the cathode
chamber through the bipolar film, and SO4

2� enters
the anode chamber from the cathode chamber
through the bipolar film to form a complete circuit.
The hydrogen in the device was collected by
drainage method, and the electrochemical test was
carried out with a double electrode system on the
CHI760E electrochemical workstation, and the
products after anodic glycerol oxidation were
tested and analyzed.

2.6. Product quantification

The electrolytes oxidized by anodic glycerol in
the three-electrode system and double-electrode

system were tested by NMR. For each NMR mea-
surement, 2 mL electrolyte with addition of 400 mL
D2O and 3.4 mL DMSO as an internal standard
were used to analyze the liquid products. The
standard solutions of glycerol and HCOOK are
also dissolved in 1 mol$L�1 KOH solution for nu-
clear magnetic resonance testing. The FE of
formate in GOR can be calculated by the following
Eq. (1), and the Faraday efficiency of hydrogen
precipitation in HER can be calculated by the
following Eq. (2) [15,32].

FE
�
formate

�¼N
�
fomate

�

Q1=ðz1 � FÞ � 100% ð1Þ

FEðH2Þ¼ NðH2Þ
Q2=ðz2 � FÞ � 100% ð2Þ

where Q1 and Q2 are the total charges passed
through the electrodes, z1 ¼ 8/3 is the number of
electrons that form a mole of formate, z2 ¼ 2 is the
number of electrons that produce a molecule of H2,
and F is the Faraday constant (96,485 C$mol�1).

3. Results and discussion

Noticing that cobalt-based oxides have good
GOR properties, we have designed a process for
in-situ growth of Co3O4 on NF as a self-supporting
electrode (Co3O4/NF). The schematic synthesis
process of Co3O4/NF is illustrated in Fig. 1a. Firstly,
the precursors of Co-based oxides grown on NF
were uniformly grown on the NF framework
(Fig. 1c) by hydrothermal method, but only the
pretreated NF showed a smooth metal surface
(Fig. 1b). After calcination and annealing, the
morphology of Co3O4/NF still appears as nano-
sheets grown on the surface of NF (Fig. 1d), but the
nanosheets are more wrinkled and rougher than
that before annealing. Co3O4 nanosheets are uni-
formly and densely distributed on the NF matrix.
The high-resolution TEM image (Fig. 1e) shows
clear lattice stripes with a lattice fringe spacing of
0.243 nm corresponding to the Co3O4 (311) plane.
The elemental pattern (Fig. 1f) shows that Co and
O elements are uniformly distributed in the
nanosheets.
The crystal structure information of Co3O4/NF

nanosheets was analyzed by XRD, as shown in
Fig. 2a. Except for the diffraction peaks of nickel,
the peaks at 19, 31.3, 36.9, 44.8, 59.4 and 65.3�

belong to (111), (220), (311), (400), (511) of Co3O4

(PDF 42-1467), respectively and (440) planes. And
the XRD pattern of the samples obtained by
treating the remaining powder after the hydro-
thermal reaction with the same experimental
method further proves that the in situ growth on
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NF is Co3O4 nanosheets. In addition, the
precursors of Co3O4/NF were also tested by
XRD, and the results only showed a single peak
of nickel (Fig. S1). The survey XPS spectrum in
Fig. 2b confirmed the co-existence of Co, O ele-
ments on the surface of Co3O4/NF. The high-res-
olution XPS of Co 2p can be observed that the Co
2p region is two pairs of spin-orbit double star
peaks and two pairs of related jitter satellite peaks
(Fig. 2c). The bimodal Co 2p3/2 and Co 2p1/2 of the
two pairs of spin orbits are Co3þ (779.3 eV and
794.6 eV) and Co2þ (780.7 eV and 795.9 eV),
respectively, and the satellite peaks are (786.9 eV
and 803.7 eV) and (788.2 eV and 805.2 eV) [35].
Fig. 2d shows the high-resolution XPS of O 1s,
showing that the two characteristic peaks are
531.4 eV and 529.1 eV, respectively, in which the
peak at 531.4 eV represents the defect oxygen with

low oxygen coordination in the Co3O4 matrix, and
the peak at 529.1 eV represents the lattice oxygen
with low binding energy [35e37].

4. Electrocatalytic performance of GOR

The electrocatalytic properties of GOR were
investigated at the set of electrodes in a three-
electrode system (Fig. 3aec). Fig. 3a shows the LSV
curve of the Co3O4/NF electrode with and without
0.5 mol$L�1 glycerol in 1 mol$L�1 KOH solution. In
the absence of 0.5 mol$L�1 glycerol in the elec-
trolyte, the Co3O4/NF shows moderate OER ac-
tivity with reaching a current density of
10 mA$cm�2 at 1.53 V vs. RHE, this potential value
significantly decreases to 1.21 vs. RHE in
1.0 mol$L�1 KOH containing 0.5 mol$L�1 glycerol,
indicating GOR is thermodynamically favorable

Fig. 1. (a) Scheme showing the synthesis strategy of Co3O4/NF (b) SEM of the NF. (c) SEM of the precursors of Co3O4/NF. (d) SEM of the Co3O4/
NF. (e) HRTEM of the Co3O4/NF. (f) Corresponding element mappings of the Co3O4/NF nanosheets.
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relative to OER on Co3O4/NF catalysts. To show
the reaction potential of GOR and OER corre-
sponding to 10 cm�2 and 100 cm�2 more clearly,
Fig. 3b was drawn according to the LSV curve of
Fig. 3a. Fig. 3b showed that the catalytic activity of
the Co3O4/NF electrode was the highest when
0.5 mol$L�1 glycerol was added, and the catalytic
initial potential changed to 1.21 V vs. RHE. In
addition, we also compared the LSV curves of
Co3O4/NF, precursors of Co3O4/NF, and NF after
adding 0.5 mol$L�1 glycerol to 1 mol$L�1 KOH
electrolyte (Fig. S2a). Co3O4/NF has the best cata-
lytic performance. Fig. 3c shows the Tafel curve
based on the LSV curve, which shows a lower
Tafel slope of GOR (121.5 mV$dec�1) than that of
OER (134.1 mV$dec�1), the results further illustrate
that the catalytic kinetics of Co3O4/NF electrode in
GOR is faster than that in OER. In addition, the
effect of glycerol concentration in the electrolyte
on the performance of glycerol in anodization was
investigated, and the glycerol concentration was
optimized, the catalyst was found to have the

highest GOR activity in 1 mol$L�1 KOH containing
0.5 mol$L�1 glycerol (Fig. S2b). Moreover, the
ECSA of the electrode was estimated by calcu-
lating the double-layer capacitance (Cdl) of the
electrode through the cyclic voltammetry (CV)
curve (Fig. S3). The Cdl value of Co3O4/NF (16.5
mF$cm�2) is significantly higher than that of
Co3O4/NF precursor (11.3 mF$cm�2) and NF (0.3
mF$cm�2), indicating that Co3O4/NF has the
largest ECSA and exposes more active sites. EIS
results show that the Co3O4/NF electrode has a
smaller charge transfer resistance than other
electrodes (Fig. S4), indicating that the charge
transfer rate is the fastest.
The GOR stability of Co3O4/NF was evaluated

by chronopotentiometry (CP) technique at a
fixed current density of 10 mA$cm�2, which
shows after 12 h of continuous operation of the
Co3O4/NF electrode, the potential did not in-
crease significantly, and the LSV curve after the
stability test only decreased slightly (Fig. S5). As
shown in Fig. 3d, the reaction products were

Fig. 2. (a) XRD pattern. (b) The survey XPS spectrum of Co3O4/NF. (c) High-resolution XPS spectra of Co 2p and (d) O 1s.
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qualitatively and quantitatively analyzed by 1H
NMR, and the results showed that the anodic
glycerol electrolysis product was only formate.
Fig. 3eef shows the Co3O4/NF electrode ach-
ieved a high selectivity to formate production

with FE over 85% in a wide voltage range of
1.2e1.5 V vs. RHE, and the FE of formate rea-
ches the highest at 1.3 V vs. RHE (89.7%). At the
same time, may be due to the generation of
some gas product (e.g., CO2, O2) in the

Fig. 3. (a) The LSV curve of electrocatalytic oxidation of Co3O4/NF electrode in 1 mol·L�1 KOH with or without 0.5 mol·L�1 glycerol added to the
anode. (b) The potential corresponds to the LSV curve at 10 cm�2 and 100 cm�2. (c) The Tafel curve corresponds to the LSV curve of whether or not
0.5 mol·L�1 glycerol is added to the 1 mol·L�1 KOH of the Co3O4/NF electrode. (d) Using DMSO as the internal standard (purple), the 1H NMR
spectra of the products before and after glycerol (blue) oxidation for 12 h on the Co3O4/NF electrode were determined. And the nuclear magnetic
resonance spectrum of standard formate (yellow) proved that formate is the main product of glycerol oxidation. (e) Using DMSO as the internal
standard to determine the 1H NMR spectrum of oxidized glycerol under different charges. (f) FE produced for formate.
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electrolysis process, resulting in the calculated
formate FE of less than 100%.
Then, as shown in Fig. 4a and Fig. S6, an acid-

alkaline dual-electrolyte electrolyzer was set up by
using Co3O4/NF as the, in which Co3O4/NF is used
as the anode with the electrolyte of 1 mol$L�1 KOH
solution containing 0.5 mol$L�1 glycerol as the
anolyte, pairing with Pt/C as the cathode in
0.5 mol$L�1 H2SO4. And a BPM was used to sepa-
rate the cathode chamber from the anode chamber
in which glycerol is electrooxidized on the alkaline
anode to produce electrons, the electrons are
transferred to the acidic cathode through the
external circuit, and the electrons obtained by Hþ

are reduced to H2, while Kþ enters the cathode
chamber through the bipolar film, and SO4

2� enters
the anode chamber from the cathode chamber
through the bipolar film to form a complete circuit.
As shown in Fig. 4b, when there is no glycerol in the
anolyte, the pH gradient between the anodic
(pH ¼ 14) and cathodic (pH ¼ 0) chambers can
contribute a considerable voltage (0.059 � DpH)
thanks to the electrochemical neutralization energy

(ENE), acid-alkaline dual-electrolyte electrolyzer
can deliver a current density of 10 mA$cm�2 at an
applied voltage of 0.91 V, which is much lower than
the theoretical voltage (1.23 V) for water electrol-
ysis. As expected, with addition of 0.5 mol$L�1

glycerol into the anolyte, due to the thermody-
namically favorable GOR over OER and the joint
contribution of ENE, the applied voltage can be
further reduced to 0.55 V to achieve an electrolytic
current density of 10 mA$cm�2, which is much
lower than traditional alkaline electrolytic cell and
those reported small-molecule oxidation-assisted
water splitting (Table S1 and Fig. S7). At the same
time, we also set up an acid-alkaline dual-electro-
lyte electrolyzer to test the bare NF as the anode of
GOR, and the results further proved the modifica-
tion and electrocatalytic effect of Co3O4 on NF
(Fig. S8). Moreover, we compared the actual
hydrogen production of HER in the acid-alkaline
dual-electrolyte electrolyzer with the theoretical
calculation, and the results showed that the
measured hydrogen production was consistent
with the theoretical one (Fig. S9).

Fig. 4. (a) Schematic diagram of the Pt/C/CC jj Co3O4/NF acid-alkaline dual-electrolyte electrolyzer. (b) Comparison of LSV curves of GOR and
OER in the acid-alkaline dual-electrolyte electrolyzer. (c) Stability test of the acid-alkaline dual-electrolyte electrolyzer at a current density of
50 mA·cm�2. (d) FEs of formate and H2 in the acid-alkaline dual-electrolyte electrolyzer at 10 mA·cm�2
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As shown in Fig. 4c, the stability of the acid-
alkaline dual-electrolyte electrolyzer is evaluated
by CP at 50 mA$cm�2. The results showed that the
cell could operate stably for 50 h with some po-
tential fluctuations, which could be recovered by
refreshing the electrolyte. The increase of potential
required by electrolysis can be attributed to the
consumption of Hþ, OH� and glycerol in the
electrolyte. The potential required by electrolysis
can be recovered by restoring the concentration of
the electrolyte. The FE of hydrogen and formate in
the acid-alkaline dual-electrolyte electrolyzer was
tested by drainage method (Fig. S10) and 1H NMR,
respectively. As shown in Fig. 4d, only liquid
formate product was detected in the anode elec-
trolyte with the FE of around 87.02%, and the
average FE (100%) of H2 production is nearly
consistent with those of theoretical ones. However,
it is obvious that the variation of FE for H2 gener-
ation. This may be because the process of H2

generation was majorly due to the self-made
drainage method. During the process of H2 gen-
eration, the accumulation and release of hydrogen
bubbles on the material surface will lead to
changes and differences in readings and may
cause errors. Therefore we will further improve the
device in the follow-up work.

5. Conclusions

In summary, a self-supported electrode grown in
situ on nickel foam by a simple hydrothermal-
calcination method, which displayed high electro-
catalytic performance for GOR in the alkaline
electrolyte, capable of reaching a current density of
10 mA$cm�2 at 1.21 V vs. RHE and glycerol can be
converted into formate under a wide potential
window with a high FE (over 85%). And an acid-
alkaline dual-electrolyte electrolyzer only de-
mands an extremely low voltage of 0.55 V to reach
the current density of 10 mA$cm�2 due to the ENE
and glycerol oxidation, realizing the feasibility of
energy-saving and efficient electrocatalytic glyc-
erol value-added conversion auxiliary hydrogen
evolution. This work not only provides ideas for
the development and design of advanced electro-
catalysts for glycerol oxidation but also provides a
sustainable, low-cost, energy-efficient approach to
develop routes for the production of value-added
chemicals.
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