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The high energy consumption during zinc electrowinning is mainly caused by the high overpotential of the

oxygen evolution for Pb–Ag alloys with strong polarization. The preparation of new active energy-saving

materials has become a very active research field, depending on the synergistic effects of active particles

and active oxides. In this research, a composite material, a(b)-PbO2, doped with Co3O4 and CNTs on the

porous Ti substrate was prepared via one-step electrochemical deposition and the corresponding

electrochemical performance was investigated in simulated zinc electrowinning solution. The composite

material showed a porous structure, finer grain size and larger electrochemical surface area (ECSA),

which indicated excellent electrocatalytic activity. Compared with the Pb–0.76 wt% Ag alloy, the

overpotential of oxygen evolution for the 3D-Ti/PbO2/Co3O4–CNTs composite material was decreased

by about 452 mV under the current density of 500 A m�2 in the simulated zinc electrowinning solution.

The decrease in the overpotential of oxygen evolution was mainly ascribed to the higher ECSA and lower

charger transfer resistance. Moreover, it showed the lowest self-corrosion current density of 1.156 �
10�4 A cm�2 and may be an ideal material for use in zinc electrowinning.
1. Introduction

Globally, 80% of zinc is produced by zinc hydrometallurgy, for
which 80% of the energy consumption originates from the
electrowinning procedure. The Pb–(0.5–1 wt%)Ag alloy anode is
widely used as an insoluble anode because it is conductive and
relatively stable in rigorous working media. However, its high
overpotential for oxygen evolution and high cost due to the
addition of Ag are still unacceptable. In the past few years,
extensive attempts have been devoted to the design of high
electrocatalytic activity Pb–Ag based composited anodes and the
electrocatalytic activity was greatly improved when some
precious metals oxides were added.1,2

The oxygen evolution reaction (OER) plays a crucial role in
hydrogen production and zinc electrowinning (ZW) and the
sluggish OER kinetics always presents a challenge. Although
some precious metals have shown great electrocatalytic activity
for the OER in strongly acidic media, their high cost still limits
their applications in industry. Therefore, the development of
rous Metal Resources Clean Utilization,
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base metal electrode materials with superior electrocatalytic
activity and higher stability is urgently needed. Lead dioxide
(PbO2) has drawn much attention due to its good electrical
conductivity, low cost and high resistance to corrosion.3

However, there are still some drawbacks such as high over-
potential for oxygen evolution, low stability, and low electro-
catalytic activity in view of its limited active surface.4 To solve
these problems, some researchers have made unremitting
efforts to prepare modied PbO2 anodes with active coatings,
such as RuO2,5 IrO2,6 Ta2O5,7 MnO2,8 Co3O4 (ref. 4) and carbon
nanotubes (CNTs).9

The PbO2 electrode with excellent electrocatalytic activity
and stability requires two key conditions. The rst is a highly
active surface, which is benecial for the interface electro-
chemical reaction; the second is the stability of its physical
structure. In order to obtain a highly active surface, the O2

bubble-templated deposition of a porous oxide was explored
and a novel method to prepare PbO2 electrodes modied by
MnO2 and Co3O4 was developed. The study showed that the
porous electrode could provide more surface area, which is
desirable for the electrode capacity.10–14

As is known, porous titanium is used as the electrode
substrate material due to its good electrical conductivity, high
surface area and excellent corrosion resistance.15 Comparative
studies of the PbO2 electrode on the plate-like and porous Ti
substrates were reported, and higher electrocatalytic perfor-
mance was obtained.16,17 A porous Ti/SnO2–Sb2O3-CNT/PbO2
RSC Adv., 2020, 10, 1351–1360 | 1351
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electrode was prepared by thermal decomposition and electro-
deposition technology, in which PbO2 coating covered the
surface of porous Ti and formed a ne crystalline structure,
possessing a longer service life.18 Another nanostructured 3D-
Ti/Sb–SnO2-Gr electrode was fabricated by a fast-evaporation
process, which achieved a great enhancement in the structure
and electrochemical performance, especially in its electro-
catalytic activity.19

Sulfonate medium has been widely used as an environ-
mentally friendly electrolyte in nickel deposition but is seldom
reported for PbO2 electrodeposition.20 Co3O4 is attractive in the
electrocatalytic eld due to its excellent electrocatalytic activity.
In addition, CNTs provide a promising strategy for boosting the
conductivity of semiconductors with wide band gaps, or insu-
lators.21 In this study, in order to obtain a material with a lower
oxygen evolution reaction overpotential, higher active surface
area and higher electrocatalytic properties, a(b)-PbO2 doped
with Co3O4 and CNT porous composite materials on a porous Ti
substrate was prepared from an electrolyte of Pb(CH3COO)2–
NH2SO3H. The phase structures and surface microstructures
were investigated by XRD and FE-SEM, the electrocatalytic
activity was evaluated by anodic polarization, CV and EIS, and
the corrosion resistance was also tested by Tafel plots.
2. Experimental
2.1 Preparation of porous composite materials

Firstly, porous titanium substrates (20 mm � 10 mm � 1 mm)
with an average pore size of 100 mmwere mechanically polished
and then cleaned with deionized water and acetone to remove
solid impurities. Aer that, they were degraded with 10 wt%
sodium hydroxide (NaOH) solution, etched in boiling hydro-
chloric acid (HCl) with concentration 30 wt% for 60 min, and
then washed by ultrasonication in deionized water.

3D-Ti/PbO2, 3D-Ti/PbO2–Co3O4, 3D-Ti/PbO2–CNTs and 3D-
Ti/PbO2–Co3O4–CNTs composite materials were prepared via
anode electrodeposition from an electrolyte of Pb(CH3COO)2–
NH2SO3H. The basic electrolyte composition included 0.2 M
Pb(CH3COO)2 and a certain amount of H2NSO3H to adjust the
pH value of the solution (1.0). For the doped materials, the
concentrations of the second phase particles Co3O4 and CNTs
were controlled at 10 g L�1 and 0.5 g L�1, respectively. The
electrodeposition process conditions were as follows: current
density, 20 mA cm�2; bath temperature, 40 � 2 �C; deposition
time, 60 min. For the doped materials, Co3O4 and CNTs were
processed by ultrasound for 30 min before the electrodeposi-
tion. In addition, for the CNTs doped materials, 0.01 M
surfactant sodium dodecyl sulfate (C12H25SO3Na, SDS) was
added during the ultrasonic treatment. During the electrode-
position, mild stirring of 400 rpm to 600 rpm was carried out
using a magnetic stirrer. Aer the electrodeposition, the
composite materials were rinsed with deionized water and dried
under vacuum for further characterization.

The formingmechanism of PbO2 was reported by Feischman
and it has been widely accepted. The detailed pathways are
shown below:
1352 | RSC Adv., 2020, 10, 1351–1360
H2O / OHads + H+ + e (1)

Pb2+ + OHads + OH� / Pb(OH)2,ads
+ (2)

Pb(OH)2,ads
+ / Pb(OH)2,ads

2+ + e (3)

Pb(OH)2,ads
2+ / PbO2(s) + 2H+ (4)

The electrodeposition cell sketch is shown in Fig. 1a. A
schematic illustration of the formation of a(b)-PbO2 doped with
Co3O4 and CNTs porous composite materials is given in Fig. 1b,
which includes the following four steps: mass transfer,
absorption, deposition and growth.
2.2 Characterization of the composite materials

The phase structures of the composite materials were measured
using a D/max2200 X-ray diffractometer (XRD, Cu Ka radiation).
The surface morphologies and chemical composition were
tested using a Nova Nano-SEM450 eld emission scanning
electron microscope (FE-SEM) equipped with energy dispersive
spectroscopy (EDS).

The anodic polarization, CV and Tafel curves were carried
out using an electrochemical workstation (CHI760E) with
a standard three-electrode system. In which, the composite
materials were used as the working electrode and its effective
area was 1 cm2. A saturated calomel electrode (SCE) was used as
the reference electrode and the counter electrode was a stain-
less-steel plate. The reference electrode and the working elec-
trode were linked by a Luggin capillary lled with agar and
potassium chloride. In addition, the distance between the
capillary and the working electrode was approximately 2d (d is
the diameter of the capillary). The compositions of the tested
simulated solution were 50 g L�1 Zn2+ and 150 g L�1 H2SO4, and
the temperature was maintained at 35 �C. For impedance
measurements, a Solartron Analytical (ModulLab XM) was used.
3. Results and discussion
3.1 Structure and surface morphology of PbO2 and its
composite materials

The XRD patterns of PbO2 (a), PbO2–Co3O4 (b), PbO2–CNTS (c)
and PbO2–Co3O4–CNTS (d) deposits are presented in Fig. 2.

It can be seen from Fig. 2 that the main diffraction peaks of
b-PbO2 appeared at 25.4� and 31.9�, and their corresponding
crystal planes were (110) and (101), in accordance with the
standard card (JCPDS no: 41-1492). The main diffraction peaks
of a-PbO2 appeared at 28.6�, 36.2� and 49.0�, and their corre-
sponding crystal planes were (110), (200) and (130), in accor-
dance with the standard card (JCPDS no: 45-1416). Co3O4

diffraction peaks were observed in the patterns of PbO2–Co3O4

and PbO2–Co3O4–CNTS deposits, showing that some Co3O4

particles from the electrolyte were co-deposited into the struc-
tures of a(b)-PbO2. In particular, for the PbO2–Co3O4 deposit,
the co-deposition of Co3O4 particles into the a(b)-PbO2 obvi-
ously promoted the crystallization of PbO2 and made the
diffraction intensity sharper at 25.4�, 31.9�. In addition, it can
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Sketch of the electrodeposition cell; (b) schematic illustration of the fabrication of composite materials.

Fig. 2 XRD patterns of (a) PbO2, (b) PbO2–Co3O4, (c) PbO2–CNTs and
(d) PbO2–Co3O4–CNTS deposits.
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View Article Online
be observed from Fig. 2c and d that the characteristic peaks of
CNTs were not observed; this might be due to low content.22

The abovementioned research showed that a-PbO2 and b-
PbO2 deposits doped with Co3O4 particles on the porous Ti
substrates were obtained simultaneously from an electrolyte of
Pb(CH3COO)2–NH2SO3H, PbO2 and its composite materials
mainly consisted of the a-PbO2 and b-PbO2 phases, and a small
portion Co3O4 particles. Whether CNTS were co-deposited into
the a(b)-PbO2 deposit cannot be judged according to XRD
patterns only.
This journal is © The Royal Society of Chemistry 2020
Fig. 3 shows the SEM images of the porous titanium
substrate and the different composite materials, where Fig. 3a,
b, c, d and e represent the porous titanium substrate, the
deposits of PbO2, PbO2–Co3O4, PbO2–CNTs and PbO2–Co3O4–

CNTs, respectively.
It can be observed from Fig. 3a that some irregular pores

existed on the surface and inside of the Ti substrate. Aer a(b)-
PbO2 deposition for 60min (Fig. 3b–e), these pores were still not
completely lled up by deposited PbO2. The PbO2 can deposit
on the outside and the inside of the porous Ti substrate to make
the deposit porous. The existence of pores can promote the
formation of an embedded structure, making the combination
between the PbO2 deposit and the substrate more compact. In
addition, the pores can also help to eliminate the internal stress
generated in the crystals.23 Hence, it is very important to form
a porous microstructure to meet the requirements for physical
and electrochemical performance. In general, the pores can be
gradually covered by PbO2 with increasing depositing time.
Therefore, it is crucial to control the deposited time to obtain
a porous microstructure. It also can be observed from Fig. 3b
that the morphology of the deposit is a polygonal crystallite
microstructure, which is different from the pure a-PbO2 or b-
PbO2; this might be caused by its composition of mixed phases
of a-PbO2 and b-PbO2.

As for PbO2–Co3O4 (Fig. 3c), PbO2–CNTs (Fig. 3d) and PbO2–

Co3O4–CNTs (Fig. 3e) deposits, the surfaces of these deposits
are different from the PbO2 deposit (Fig. 3b). Apparently, the
surfaces of these deposits are rougher as compared to the PbO2

deposit. From Fig. 3c–e, some other pores can clearly be
observed, whichmight mean that the manner of nucleation and
growth of PbO2 was changed.
RSC Adv., 2020, 10, 1351–1360 | 1353
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Fig. 3 SEM images of the deposits: (a) porous substrate; (b) 3D-Ti/PbO2 deposit; (c) 3D-Ti/PbO2–Co3O4 deposit; (d) 3D-Ti/PbO2–CNTs deposit;
(e) 3D-Ti/PbO2–Co3O4–CNTs deposit. (f) EDS of selected points in (d00). (g–j) The element mapping results of zone (e00).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 7
/1

8/
20

25
 7

:5
6:

30
 A

M
. 

 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
It can be observed from Fig. 3d00 that CNTs have been co-
deposited and distributed uniformly in the PbO2 deposit,
which was also proven by EDS results (Fig. 3f). When SDS was
1354 | RSC Adv., 2020, 10, 1351–1360
added to the Pb(CH3COO)2–NH2SO3H electrolyte, the negatively
charged [CNTs-SDS]n� was probably formed and the aggrega-
tion of CNTs was decreased in the electrolyte. Moreover, [CNTs-
This journal is © The Royal Society of Chemistry 2020
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SDS]n� could migrate toward the anode surface in the electric
eld, promoting the co-deposition of CNTs with PbO2.24,25

Similarly, Co3O4 and CNTs were also simultaneously co-
deposited into PbO2 deposits (Fig. 3e and elements mapping
Fig. 3g–j). Hence, it was conrmed that a(b)-PbO2 doped with
Co3O4 and CNTs porous composite materials were successfully
fabricated.

In addition, the crystal grain sizes (D) of different deposits
were calculated by Debye–Scherrer's eqn (5):

D ¼ kl

b cos q
(5)

where q is the diffraction angle, l is the X-ray wavelength and
b is the full width at half-maximum. The results are displayed in
Table S1† and Fig. 4.

As shown in Fig. 4a, the grain sizes at the (110), (101) and
(130) crystal faces of different deposits, arranged from largest to
smallest, are as follows: PbO2–Co3O4, PbO2–Co3O4–CNTs, PbO2

and PbO2–CNTs. The PbO2 deposit doped with single Co3O4

showed the maximum crystal grain size at the (110), (101) and
(130) crystal faces. This may be due to the formation of larger
grains of Co3O4 particles that were covered by PbO2 grains. The
PbO2–CNTs deposit displayed the minimum crystal grain sizes,
revealing that CNTs could rene the crystal grains. This may be
because CNTs with superior electrical conductivity improved
the nucleation of PbO2 when adsorbed on the surface of the
substrate (Fig. 4b), and the growth rate of the PbO2 grains
decreased. The crystal grain sizes of PbO2–Co3O4–CNTs were
slightly larger as compared to PbO2–CNTs, suggesting that the
inuence of CNTs on the growth of PbO2 grains played a more
important role during the co-depositing of PbO2, Co3O4 and
CNTs.
3.2 The electrocatalytic activity for OER characterizations

In zinc electrowinning, the sluggish kinetics of the OER deter-
mines the electric energy consumption. Hence, the OER elec-
trocatalytic activity is a key factor in evaluating an anode
material. To investigate the OER electrocatalytic activity of PbO2
Fig. 4 (a) The grain size on different crystal faces of different deposits a

This journal is © The Royal Society of Chemistry 2020
and its composite materials, anode polarization technology was
adopted at a scan rate of 10 mV s�1 in a simulated zinc solution
(50 g L�1 Zn2+, 150 g L�1 H2SO4); the results are presented in
Fig. 5a. The electrocatalytic activity of the PbO2 and its
composite materials arranged from good to poor are as follows:
3D-Ti/PbO2–Co3O4–CNTs, 3D-Ti/PbO2–CNTs, 3D-Ti/PbO2–

Co3O4 and 3D-Ti/PbO2, according to the OER potential.
Fig. 5b presents the OER potential and overpotential of PbO2

and its composite materials. The OER potential and over-
potential of 3D-Ti/PbO2, 3D-Ti/PbO2–Co3O4, 3D-Ti/PbO2–CNTs
and 3D-Ti/PbO2–Co3O4–CNTs, arranged from high to low, are as
follows: 1.762 V, 1.624 V, 1.512 V, 1.424 V, and 0.7583 V,
0.6203 V, 0.5138 V, 0.4203 V, respectively, at a current density of
500 A cm�2. The OER potential and overpotential of the PbO2

composite materials doped with Co3O4 and CNTs were obvi-
ously lower as compared to 3D-Ti/PbO2, indicating that Co3O4

and CNTs are benecial for enhancing the OER electrocatalytic
activity. Besides, the abovementioned potentials and over-
potential were obviously lower than those of the Pb–0.76% Ag
alloy with potential 1.870 V and overpotential 0.872 V.26

The inset in Fig. 5a is the Tafel linear tting curves (h ¼ a +
b log i) for PbO2 and its composite materials. The parameters of
Tafel linear tting are listed in Table 1 (linear tting range: 300–
600 A m�2).

h is the OER overpotential, a is the intercept, b is the Tafel
slope and i0 is the exchange current density. Among these
parameters, the exchange current density (i0) as a primary driver
is the most important factor for evaluating the electrocatalytic
activity; a large i0 suggests that the OER occurs easily and with
less power consumption. It can be seen from Table 1 that 3D-Ti/
PbO2–Co3O4–CNTs showed the largest i0 value with 2.055 �
10�3, representing the optimal electrochemical activity.

It can be concluded from the above research that 3D-Ti/
PbO2–Co3O4–CNTs showed the optimal electrochemical
activity. The reason may be that the second phase, such as
Co3O4 and CNTs, improved the electrocatalytic activity.

The spinel Co3O4 consists of two kinds of Co ions (Fig. 6):27

Co2+ located in the tetrahedral site and two other Co3+ ions in
nd (b) the nucleation of lead dioxide on the CNTs.

RSC Adv., 2020, 10, 1351–1360 | 1355
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Fig. 5 (a) Anodic polarization curves of PbO2 and its composite materials. (b) The potential and overpotential of PbO2 and its composite
materials at the current density of 500 A m�2 in a simulated zinc solution.

Table 1 The oxygen evolution reaction kinetic factors of four types of
materials

Material type

OER kinetic factors

a b (V dec�1) i0

3D-Ti-PbO2 1.2697 0.3922 5.789 � 10�4

3D-Ti/PbO2–Co3O4 0.9589 0.2563 1.814 � 10�4

3D-Ti/PbO2–CNTs 1.0105 0.3732 1.954 � 10�3

3D-Ti/PbO2–Co3O4–CNTs 0.7043 0.2621 2.055 � 10�3
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the octahedral site.28 The extraordinary structure may be related
to its extra electrocatalytic activity. Besides, the transformation
between Co2+ and Co3+ might correspond to the electrocatalytic
activity. It has been reported that a small portion of Co3O4 could
turn into Co2+ in aqueous solution at a higher potential, which
is benecial for the oxygen evolution. Once a few Co3O4 formed
Co2+, the redox couple of Co2+ and Co3+ is absorbed at the active
sites of PbO2. This process can be described by eqn (6)–(9). The
existence of these reactions reduced the oxygen potential.1,29–32
Fig. 6 The spinel structure of Co3O4.

1356 | RSC Adv., 2020, 10, 1351–1360
Co(abs)
2+ 4 Co3+ (6)

Co3+ + OH 4 CoOH2+ (7)

CoOH2+ 4 Co2+ + H2O + O (8)

O + O ¼ O2 (9)

The superior electric conductivity of CNTs would help to
improve the OER electrocatalytic activity, which has been
demonstrated in a recent report.33 When Co3O4 and CNTs were
doped into PbO2, a synergetic effect contributed to the OER
electrocatalytic activity.34,35

Secondly, the second active phase may alter the kinetics,
specically, the rate determination step (rds) during the OER
process.

In the electrowinning process of zinc, the anodic reaction
can be ascribed to the eqn (10):

2H2O � 4e� / 4H+ + O2 (10)

The detailed reaction pathways for OER on the active metal
oxides electrode are described in Table 2:36

S indicates the active site on the metal oxide surface, S–
OHads and S–Oads represent adsorbed intermediate species and
b is the Tafel slope. Among the 4 steps in Table 2, the rds is
commonly associated with the Tafel slope (b) for the OER. For
PbO2, the generation of the adsorbed intermediate S–Oads (11)
Table 2 The reaction pathways for the OER in acidic medium

Step b/V dec�1 —

S + H2O / S–OHads + H+ + e� 0.12 (11)
S–OHads / S–Oads + H+ + e� 0.04 (12a)
2S–OHads / S–Oads + S + H2O 0.03 (12b)
2S–Oads / S + O2 0.015 (13)

This journal is © The Royal Society of Chemistry 2020
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was be supposed to be rds when b is equal to or greater than
0.12 V dec�1.36 The b values of PbO2 and its composite materials
ranged from 0.2563 to 0.3922 V dec�1, and were larger than
0.12 V dec�1; hence, step (11) was rds in the present research.
Consequently, the outstanding electrocatalytic activity of the
PbO2 composite materials doped with Co3O4 and CNTs may be
attributed to more S–Oads when Co3O4 and CNTs were doped
into PbO2.

Thirdly, the electrocatalytic activity is affected by the active
surface area; a large active surface area can provide more active
sites that are benecial to improve the electrochemical effi-
ciency. It is known that the active surface area is related to the
voltammetric charge (q*), which was usually measured by CV
technology.15,35

It has been reported that the voltammetric charge (q*)
consists of two parts: the outer voltammetric charge ðq*oÞ and
the inner voltammetric charge ðq*i Þ: q*o can be calculated by the
following equation:

q* ¼ q*o þ kv�1=2 (14)

where k is a constant, and q*o can be obtained by the extrapo-
lation method when the v ¼ N.
Fig. 7 (a) Cyclic voltammogram curves of PbO2 and its composite materi
2; (d) diagram showing electrochemical porosity.

This journal is © The Royal Society of Chemistry 2020
q*T can be obtained by plotting q* versus the square root of the
scan rate as expressed by the following equation:

ðq*Þ�1 ¼ �
q*T
��1 þ k0v1=2 (15)

where k0 is also a constant, and q*T can be calculated when v ¼
0.

q*i can be acquired from the following equation:

q*T ¼ q*o þ q*i (16)

The cyclic voltammogram curves of PbO2 and its composite
materials in an aqueous electrolyte containing 50 g L�1 Zn2+

and 150 g L�1 H2SO4, are shown in Fig. 7a; the plots of q*
against the reciprocal square root of potential scan rate (v�1/2)
are depicted in Fig. 7b; the linear tting of (q*)�1 versus v�1/2 is
displayed in Fig. 7c and q*T; q*o; q*i and q*i =q

*
T for PbO2 and its

materials are summarized in Table S2† and Fig. 7d.
Fig. 7b and c depict a good linear relationship between q*

and v�1/2, and (q*)�1 and v1/2, respectively. It can be seen from
Table S2† that the q*T values of 3D-Ti/PbO2–Co3O4–CNTs, 3D-Ti/
PbO2–CNTs, 3D-Ti/PbO2–Co3O4 and 3D-Ti/PbO2 were 39.04,
5.388, 2.311 and 0.26, so the total voltammetric charge was
als; (b) relationship of q* versus v�1/2; (c) relationship of (q*)�1 versus v1/

RSC Adv., 2020, 10, 1351–1360 | 1357
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Fig. 8 EIS plots for 3D-Ti/PbO2, 3D-Ti/PbO2–Co3O4, 3D-Ti/PbO2–
CNTs and 3D-Ti/PbO2–Co3O4–CNTs.

Fig. 9 The overpotential of different composite materials at 500 A
cm�2.
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apparently increased when Co3O4 and CNTs were doped into
PbO2. Besides, it can be observed from Fig. 7d that the elec-
trochemical porosity is arranged from large to small as follows:
96.5%, 82.8%, 60.8% and 6.5% for 3D-Ti/PbO2–Co3O4–CNTs,
3D-Ti/PbO2–CNTs, 3D-Ti/PbO2–Co3O4 and 3D-Ti/PbO2.

The doping of Co3O4 and CNTs into PbO2 and the porous
structure increased the active surface area, and the 3D-Ti/PbO2–

Co3O4–CNTs exhibited the best electrocatalytic activity.
Additionally, PbO2 and its composite materials were tested

by EIS technology to evaluate their electrocatalytic activity, the
Nyquist plots under a constant potential of 1.5 V (vs. SCE) are
shown in Fig. 8.

It is clear that 3D-Ti/PbO2 showed the highest impedance,
followed by 3D-Ti/PbO2–Co3O4, 3D-Ti/PbO2–CNTs and 3D-Ti/
PbO2–Co3O4–CNTs. The EIS was investigated by the LR(QR) (CR)
equivalent circuit (inset in Fig. 8), which was adopted from
a report that also studied the DSA anodes. L can be ascribed to
the electrochemical system,37 Rs is the resistance of the solution,
Rct is the polarization (or charge transfer) resistance for oxygen
evolution and Qdl is a constant phase element related to the
double-layer capacitance at the Ti |deposited composite| elec-
trolyte. The combination of Rct and Qdl indicates the behavior of
the interface between the deposited composite and electrolyte,
which can be calculated by eqn (17). The combination of Cf and
Rf (CfRf) determines the properties of the oxide layer.38,39

ZCPE ¼ [Q(ju)n]�1 (17)
Table 3 Parameters obtained from the EIS data for the OER at four type

Material type L/mH Rs (U
�1 cm�2) Rct (U

�1 cm�2) n

3D-Ti/PbO2 0.128 0.284 13.5 0.68
3D-Ti/PbO2–Co3O4 0.085 0.186 4.73 0.76
3D-Ti/PbO2–CNTs 0.070 0.231 4.56 0.75
3D-Ti/PbO2–Co3O4–CNTs 0.096 0.123 3.11 0.49

1358 | RSC Adv., 2020, 10, 1351–1360
Here, j is equal to
ffiffiffiffiffiffi�1p

; u is the angular velocity dened 2pf
with being frequency, Q is the constant phase element, and n is
an empirical constant between 0 and 1. When n ¼ 1, the CPE is
a pure capacitance. The effective capacitance C can be calcu-
lated by eqn (18):

C ¼ R
1�n
n Q

1
n (18)

where R is the resistance.40–42

The circuit parameters for all prepared materials were
calculated and are listed in Table 3. The Rs ranged from 0.123 to
0.284. The slight difference can be ascribed to the oxygen
bubble on the surface, which blocked the interface of the elec-
trode and electrolyte. The double-layer capacitance (Cdl) of both
doped Co3O4 and CNTs was about 15 times higher than that
without doped particles, which showed a higher electrochemi-
cally active surface area (ECSA).43 Besides, 3D-Ti/PbO2–Co3O4–

CNTs composite materials showed the lowest Rct value, which
was only about one fourth lower than that of 3D-Ti/PbO2,
illustrating the higher electrocatalytic activity for the OER.

It is known that CNTs are metallic with high conductivity of
�100 S m�1 (about 2-fold that of PbO2 (�59 S m�1)).44,45 The
addition of CNTs could bridge the PbO2 and Ti substrate, and
result in low Rct (shown in Table 3). Xu et al. also found that
CNTs could support a long-term electron exchange between the
Pt and Pd without direct atomic contact.46

For comparison, the OER performances of some electrodes
have been listed in Table S3† and Fig. 9.
s of composite materials

Qdl (U
�1 cm�2 sn) Cdl (F cm�2) Rf (U

�1 cm�2) Qf (U
�1 cm�2 sn)

6 0.0218 0.4115 7.455 0.280
2 0.762 1.5369 5.033 0.173
4 0.120 0.3897 5.232 0.754
6 0.38 6.3250 0.00562 0.00566

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 (a) Tafel polarization curves of PbO2 and its composite materials (scan rate: 1 mV s�1), (b) self-corrosion current density (icorr) of different
composite materials in the simulated zinc solution.
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As can be seen from Fig. 9, 3D-Ti/PbO2–Co3O4, 3D-Ti/PbO2–

CNTs and 3D-Ti/PbO2–Co3O4–CNTs exhibited the best OER
electrocatalytic activity. The outstanding electrocatalytic activity
of 3D-Ti/PbO2–Co3O4–CNTs can be attributed the porous struc-
ture (Fig. 3), small crystal grain sizes (Fig. 5a) and the second
phases such as Co3O4 and CNTs. The porous structure not only
provided more active surface area but also gave more channels
for removing oxygen generated in the reaction. The small grain
size offered more active sites. In addition, Co3O4 with excellent
catalytic activity and CNTs with outstanding electric conductivity
improved the electrocatalytic activity when doped into PbO2

deposits. Therefore, 3D-Ti/PbO2–Co3O4–CNTs composite mate-
rials showed excellent electrocatalytic activity for the OER.

3.3 Corrosion resistance characterization

The high corrosion resistance of electrode materials is necessary
to maintain long service life; hence, in order to investigate the
corrosion resistance, the Tafel technology was used at a scan rate
of 1 mV s�1 in a simulated zinc solution (50 g L�1 Zn2+, 150 g L�1

H2SO4). The results are shown in Fig. 10, and the corrosion
currents and corrosion potentials are listed in Table S4.†

The value of Ecorr reveals the self-corrosion capacity of the
material without external power being supplied, and icorr indicates
the corrosion rate at a certain potential. As shown in Fig. 10b, the
icorr of 3D-Ti/PbO2, 3D-Ti/PbO2–Co3O4, 3D-Ti/PbO2–CNTs and 3D-
Ti/PbO2–Co3O4–CNTs were 6.024 � 10�3, 1.356 � 10�4,
2.314 � 10�4 and 1.156 � 10�4 (A cm�2), respectively. The icorr of
doped composite materials is lower by nearly an order of magni-
tude as compared to that of the Pb–1% Ag alloy (5.17 � 10�3 A
cm�2).47 It can be concluded that the doped composite materials
presented better corrosion resistance in the simulated zinc solu-
tion (50 g L�1 Zn2+, 150 g L�1 H2SO4) at 35 �C.

4. Conclusion

In summary, a PbO2 composite material doped with Co3O4 and
CNTs on a porous Ti substrate was prepared via a one-step
This journal is © The Royal Society of Chemistry 2020
electrochemical deposition, which involved the b-PbO2 phase,
a small portion of the a-PbO2 phase, Co3O4 and CNTs. The 3D-
Ti/PbO2/Co3O4–CNTs composite material exhibited a porous
structure with the highest electrochemical porosity of 96%,
large electrochemical surface area of 6.325 (F cm�2) and the
lowest charge transfer resistance of 3.11 ohm cm2 in compar-
ison to other electrodes. Compared with the Pb–0.76 wt% Ag
alloy, the overpotential of the oxygen evolution was decreased
by about 452 mV under the current density of 500 A m�2 in the
simulated zinc electrowinning solution, displaying outstanding
electrocatalytic activity. Furthermore, it showed the lowest self-
corrosion current density, displaying good corrosion reactance.
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