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Abstract

Oxygen evolution in harsh high acidic condition is a challenge to both zinc electrowinning and hydrogen production. In
the present work, the carbon nanotubes (CNTs) sheathed in lead hybrid anode has been fabricated through electrochemical
codeposition, and its electrochemical performances under zinc electrowinning condition have been discussed extensively.
It is also the first time to coat CNTs by Pb with tunable method via metal oxide. The CNTs/Pb composite anode shows ten
times larger exchange current density and electrochemically active surface areas (ECSA) than those of pure Pb, which indi-
cates an extra high electro-catalytic activity. The lower overpotential and polarization resistance of the CNTs/Pb composite
anode for oxygen evolution are due to integrity for efficient charge transport between matrix and PbO, by penetrating through
PbO layer. Under industrial condition of current density 500 A m~2, the overpotential can be decreased by about 120 mV
compared with pure Pb during the long-term durability test. Moreover, the hybrid anode comprising ~0.6 wt% CNTs is also
cost effective. The CNTs/Pb composite anode can be a promising and cost-effective anode in harsh high acidic condition
and potentially applied in zinc electrowinning practice due to high hardness and scalable production.
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1 Introduction

Electrowinning processing has been used commercially for
P4 Chang-jiang Yang metal recovery such as zinc, copper, nickel, cobalt, as well as
chemdut@163.com; yangec @kmust.edu.cn manganese and other metals for over 100 years. In practice,

. o , lead or lead—silver is widely used as insoluble anodes owing
Faculty of Metallurgical and Energy Engineering, Kunming

University of Science and Technology, Kunming 650093, to t.helr hlgh current car.rylng c.apacny, corrosion, and wear
China resistance in harsh working environments [1]. As lead anode
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has disadvantages such as elevated energy consumption [2]
and consumption of Ag, thus many attempts have been made
to alloy or coat the anode. Binary, ternary, or quaternary
lead alloys formed by insignificant amounts of alkali metals
(Li, K), the alkali earth metals (Ca, Ba, Sr), Ti, Sn, Bi, Co,
Pt, or Ag can greatly improve the corrosion resistance and
decrease the oxygen overpotential [3, 4]. Lead-based com-
posite anodes containing metal oxide particles such as MnO,
[5] and IrO, [6], have exhibited better catalytic activity and
preferable corrosion resistance compared with pure Pb and
Pb—Ag anodes.

The oxygen evolution reaction (OER) in water oxidation
is also one of the most important reactions and a bottleneck
for the efficient and cost-effective production of hydrogen,
since the OER is sluggish kinetically during the proton-cou-
pled four-electron transfer steps [7, 8]. While iridium and
ruthenium oxides are well-known water oxidation catalysts
(WOCs) thanks to their low overpotential for OER, these
noble metal-based catalysts have intrinsic drawbacks, such
as source scarcity, high cost, and rapid deterioration [9, 10].
Earth-abundant OER electrocatalysts based on first-row 3d
transition metals were newly developed and led to substan-
tial advancements, which has comparable or superior cata-
Iytic activities to the noble metal-based materials [11-14].
However, most of these transition metals are effective under
basic or nearly neutral pH conditions. A few catalysts [9,
15-21] are efficacious for the OER at low pH with poten-
tial applications both in artificial photosynthesis systems
and in more conventional polymer electrolyte membrane
electrolysers [22]. These promising OER electrocatalysts
in acidic electrolyte usually work well at a small current
density (~ 10 mA cm~2), and in < 1 mol L™! H,SO,, which
is inadequate for the industrial zinc electrowinning process.

Recently, as the low-cost metal-free catalysts, doped
carbon nanomaterials, such as surface-oxidized and elec-
trochemically activated multiwall carbon nanotubes (MWC-
NTs) [23], laser-induced graphene [24], and nitrogen-doped
graphene mesh [25], have been concerned for OER [26]. In
these materials, oxygen containing functional groups and
high catalytic nanoparticles play significant roles as the
catalytic active sites for OER. Nevertheless, carbon will be
oxidized to CO, during the OER process, which will lead
to the function collapse as either the catalyst support or the
active catalyst [27-29].

In this contribution, inorganic/CNTs composites were
strongly coupled as effective electrocatalysts for OER in the
zinc electrowinning process. This composite shows excellent
performances in both catalytic activity and durability. To the
best of our knowledge, it is the first report of CNTs sheathed
in metal as electrocatalysts. Being different from the previ-
ous publications of CNTs decorated by nanoparticles [30,
31], CNTs in the present work was uniformly coated with
metal, which can decrease the overpotential by maintaining
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structural integrity for efficient charge transport. Moreover,
the lead coating can separate CNTs from harsh corrosion
environment for prolonging the practical service life. This
method with in situ nucleation by co-electrodeposition was
also scalable and cost effective for potential applications,
and can also provide a guideline to cover CNTs with metals
for other purposes.

2 Experimental
2.1 Chemicals and materials

Zinc sulfide (ZnSO,-7H,0), lead acetate trihydrate
(Pb(CH;COO0),-3H,0), ammonium acetate (CH;COONH,),
boric acid (H;BOs;), glycerol, sodium dodecylbenzenesul-
fonate (SDBS), polyvinylpyrrolidone (PVP, K30), sulfuric
acid (H,SO,) were of analytical grade and purchased from
Sinopharm Chemical Reagent Co. Ltd. The chemicals were
used as received without further purification. Lead foil (99+
%) and Ti foil (99.74+ %) were purchased from Alfa Aesar.
MWCNTs with average diameter of 7-11 nm and length of
5-20 pm were provided by Cnano Technology Ltd. High-
purity water (18 M Q) was used throughout the experiments.

2.2 Synthesis of CNTs/Pb powders

CNTs/Pb powders were fabricated by electrochemi-
cal codeposition under ultrasonic assistance (25/40 kHz,
120 W). The electrolyte was composed of 2 mol L™!
CH,COONH,, 0.005 mol L™! lead acetate, 0.1 mol L~!
H,BO;, 0.6 mol L™! glycerol, 0.5 g L™! SDBS, 0.5 g L™!
PVP, and 0.5 g L™! CNTs. At first, the SDBS, PVP, and
CNTs were mixed in water together under ultrasonication
for 30 min to produce a homogeneous suspension. Then,
other reagents were added into the suspension to obtain the
electrolyte with a pH value of ~6.8. An UltraBasic pH Meter
(UB-7, Denver) was used to determine the pH values.

Electrochemical codeposition of CNTs/Pb was carried
out at galvanostatic mode with a cathodic current density
5 mA cm™? at room temperature under ultrasonic condition.
A titanium plate and a pure lead foil were employed as the
cathode and anode, respectively. During the electrodepo-
sition, CNTs/Pb powders were scraped from the cathode,
and thoroughly rinsed with pure water and ethanol, and then
dried in a vacuum oven at 60 °C overnight. Pure lead pow-
ders were prepared with the same process as above without
the introduction of CNTs.

2.3 Preparation of CNTs/Pb anode

The as-deposited CNTs/Pb powders were consolidated
by cold pressing with an applied pressure of 413 MPa for
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10 min. Then, the composite was annealed at 250 °C under
vacuum with a pressure <0.1 kPa for 2 h. Subsequently,
cold pressing was applied again with a pressure of 413 MPa
for 10 min. At the same time, the pure lead powder anode
was fabricated with the same process above for the control
experiment. All anodes for electrochemical measurement
were polished with wet abrasive papers grade by grade to
2000 grit, and then ultrasonically cleaned with ethanol and
acetone. The polished samples were tested immediately.

2.4 Characterization of materials

The content of CNTs in CNTs/Pb anode was determined
by C/S analyzer (Eltra, CS 2000). X-ray diffraction
(XRD, Rigaku D/Max 2200) was carried out using Cu Ka
(1.54056 A) target in steps of 0.02° with a scan speed of
8° min~!. The morphological structures of the powders
were investigated using scanning electron microscopy
(FEI, Quanta 200) and field-emission transmission electron
microscopy (FEI, Tecanai G2 TF30). Both the atomic com-
positions and structure were determined by energy-disper-
sive spectrometry (EDS) with scanning transmission elec-
tronic microscope (STEM) and high-resolution transmission
electronic microscope (HRTEM). Raman spectroscopy
(LabRAM, HR Evolution) was used to identify the exist-
ence of CNTs with He—Cd Laser (A=532 nm). HV hard-
ness values of anodes were examined using a micro Vickers
hardness tester (HXD-1000TMC/LCD), with a test force of
10 gf and duration time of 10 s.

2.5 Electrochemical measurements

The electrochemical characterizations were performed on
a computer-controlled Versastat 3 potentiostat/galvanostat
(Ametek, USA) by VersaStudio software with a three-
electrode system in simulating electrolyte solution of zinc
electrowinning which consisted of 60 g L™! (=0.917 M)
Zn** and 160 g L™! (=1.633 M) H,SO,. The temperature
of the electrolyte was controlled at 25 °C by a thermostatic
water bath (Yuhua, DF101). The cell was kept in the dark to
avoid the influence of photo-electrochemical reaction of the
electrode. Three different anodic materials were used as the
working electrodes, which were sealed tightly in electrode
hold (Ida, JJ210) with an exposure area of 1 cm?. A plati-
num gauze and mercury/mercurous sulfate (in sat’d K,SO,)
(MSE, 0.652V vs. RHE) were used as the counter electrode
and the reference electrode, respectively. The potential val-
ues in the present work were converted to reversible hydro-
gen electrode (RHE) scale through the following Eq. (1)
unless otherwise stated [20, 23]:

E (RHE) = 0.652 + E (MSE) + 0.059 x pH. (1

All overpotentials () for the oxygen evolution reaction
(OER) from H,0 were calculated by the Eq. (2) [20]:
n = E(RHE) — EM —iXR, @)
0y
where i is the current density, R, is the solution resistance
determined by electrochemical impedance spectroscopy

(EIS), E;{ZO/% is the thermodynamic oxygen evolution

potential in acid and defined as 1.229 —0.059 X pH (V).
The pretreatment of anodes using consecutive multiple
cyclic voltammetry (CV) was performed 30 runs from 1 to
2.2 V with a sweep rate of 30 mV s~ to obtain consistent and
reproducible results [32]. The CV measurements were con-
ducted from 1 to 2.4 V with a sweep rate of 10 mV s~'. The
linear sweeping voltammograms (LSVs) were recorded by a
linear sweep of potential at a sweep rate of 1 mV s~! from 1
to 2.4 V in the region of both oxidation of anode and oxygen
evolution. The slow sweep rate was chosen to minimize any
pseudocapacitance and reach steady-state current density. The
solution was rigorously stirred with a Teflon stir bar to keep
the reaction in the activation-controlled region and avoid miti-
gating mass transport effects [20]. Tafel plots were obtained
by plotting overpotential (1) versus Log (i) from LSVs, where
i is current densities based on the geometrical surface areas of
the electrodes. Electrochemical impedance spectroscopy (EIS)
measurements were conducted at a potential of 2.152 V where
oxygen bubbles begin to evolve intensely. The amplitude of
the sinusoidal wave was 10 mV, and the frequency scan range
was from 100 kHz to 0.1 Hz. Impedance data were fitted to
the equivalent circuit using the Zsimpwin software (EG&G).
The best fit was obtained by minimizing the y* (chi squared).

3 Results and discussion

To prepare powders of CNTs sheathed in Pb, the pH of elec-
trolyte must be controlled to favor forming PbO based on the
potential-pH equilibrium diagram of lead—water system [33].
Figure 1a—c shows synthesis mechanism of the CNTs/Pb pow-
der, and Fig. 1d is oxygen evolution on the surface of CNTs/Pb
composite anode with a sandwich structure. Firstly, Pb>* will
be adsorbed on the surface of CNTs to form in situ hydrous
amorphous PbO layer as homogeneous nucleation process (as
in Fig. 1a). When they contact the cathode, PbO inside will
begin to be reduced and O atoms will transfer outside due to
electrons exchange (as in Fig. 1b, ).

3.1 Physical characterization
The as-deposited powders were investigated by XRD and the
results were shown in Fig. 2. The diffraction patterns show

that both Pb metal and PbO co-existed in the powder prod-
ucts. Both of them are with the highly preferred orientation
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Fig. 1 Schematic illustration of preparation of CNTs-coated Pb as
anode for water oxidation. a In situ PbO nucleation on CNTs; b, ¢
electrochemical reduction of PbO to Pb; d oxygen evolution with
short pass PbO layer with CNTs

on (111), which is the most stable plane in face-centered
cubic metals [34].

Raman spectroscopy is a convenient and useful method
for characterization of carbon nanotube. As shown in Fig. 3a,
D-band located around 1342 cm™' and a G-band around
1588 cm™! were observed in the as-synthesized CNTs/Pb
powder. The higher order peak appeared at 2692 cm™! and a
small broad peak at 2933 cm™' can be assigned to a combi-
nation of D+ D and D + G bands, respectively, as is shown in
Fig. 3a. The G-band is a characteristic for the bond stretch-
ing of sp2 bonded pairs, while the D-band is assigned to
the sp3 defect sites [35]. Ip/I; can be used to characterize
the degree of organization of CNTs. The ratios of I/I for
CNTs/Pb and pristine CNTs are 0.95 and 1.14, respectively,
which means that the defect sites of pristine CNTs have been
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Fig.2 XRD patterns of CNTs sheathed in lead powders

@ Springer

(@) | Poo

Pb-CNTs | "

Intensity /a.u
<,

Pristine CNTs

1100 1600 2100 2600 3100 3600

100 660
Raman shift /cm™

(b)
S | Pb-CNTs
Y
S [k
‘»
[
5]
£
Pristine CNTs

T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift /cm™

Fig.3 Raman spectra of CNTs sheathed in lead powders and pristine
CNTs (a) and Raman spectra in the range of 1000—1800 cm™! show-

ing Ip/Ig (b)

covered by Pb metal. In other words, Pb is preferentially
deposited in the defect sites of CNTs, which consist with the
fact that both the D-band and G-band peaks of CNTs/Pb
have shown an obvious blue shift, as is displayed in Fig. 3b.
The peak in 142 cm™! can be contributed to PbO [36], which
agrees well with the results of XRD.

The as-deposited powders were investigated by both SEM
and TEM, and the results are shown in Fig. 4. As is shown in
Fig. 4a, the CNTs-coated Pb shows well-defined edges and
similar diameters of the pristine ones, and are uniformly dis-
tributed without large agglomeration. In addition, it shows
no obvious destruction or shearing effect on CNTs caused
by ultrasonic. The in situ nucleation process of Pb on the
surface of CNTs is preferable.

To further identify the composition and structure of Pb on
the surface of CNTs, HRTEM was carried out to observe the
interface between CNTs and Pb, and the results are shown
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Fig.4 SEM of CNTs sheathed
in lead (a); HRTEM image (b)
and selected area diffraction
pattern (c) of CNTs/Pb pow-
ders; structural models shown
in the right side of (c), and
high-angle annular dark-field
scanning transmission electron
microscopy-energy-dispersive

(@

Intensity / a.u.

in Fig. 4b. The EDS analysis (Fig. 4d) shows that only ele-
ments of lead and carbon exist in the powder product and
copper belongs to the copper mesh applied during the EDS
analysis. Oxygen is out of determination owing to its small

5 10 15 20
Energy / keV

quantity. The coating presents a core—shell structure with Pb
existing inside and PbO as the shell. Both of them have the
similar crystal structures, and there is no obvious boundary
between the phases, owing to the fact that the O atoms in
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Fig.5 High-angle annular
dark-field scanning transmission
electron microscopy—energy-
dispersive X-ray spectroscopy
(HAADF-STEM-EDS) line
scan analysis of a single CNT-
coated Pb. a SEM of the CNT;
b EDS of the CNT; ¢ Line scan
analysis across the CNT with
element distribution of C, Cu,
and Pb in weight (along the red
line in a)
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PbO migrate outwards as a result of the electric field force
in the cathode. There is also no clear boundary in the inter-
faces between the CNT and Pb or PbO, indicating the exist-
ence of bond-joint between them (as the red circles A and
B in Fig. 4b). Figure 4c shows the HRTEM patterns of the
CNTS/Pb powder. The interspacing distances of 0.310 and
0.285 nm correspond to the (111) planes of PbO and Pb (as
in the right insets of Fig. 4c), respectively, indicating the
preferred orientation on (111) plane of these two phases.
This conclusion also agrees well with the results of both
XRD and Raman spectra.

High-angle annular dark-field scanning transmission
electron microscopy—energy-dispersive X-ray spectroscopy
(HAADF-STEM-EDS) line scan analysis is shown in Fig. 5.
A single CNT-coated Pb in SEM shows a uniform distribu-
tion of Pb layer throughout the whole CNT in Fig. 5a. EDS
in Fig. 5b confirms the elements of C and Pb, and element
distribution across the CNTs in Fig. 5c indicates that the
thickness of the Pb coating is about 5 nm.

3.2 Electrochemical performance

Electrocatalysis of CNTs/Pb composition anode (abbrevi-
ated as “CNTs/Pb” hereafter) was investigated and com-
pared with anodes made of pure Pb powders and pure Pb
foil (abbreviated, respectively, as “Powder Pb” and “Pure
Pb” hereafter).
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CVs recorded for Pure Pb, Powder Pb, and CNTs/Pb
electrodes in a potential range between 1 and 2.4 V at the
sweep rate of 10 mV s™! are shown in Fig. 6a. The CVs are
in excellent agreement with our previous report [37] and
other literatures [4, 38]. Peak a at 1.65 V is attributed to
the oxidation of Pb, while peak b at 1.93 V is due to the
oxidation of PbSO, in the outer layer to PbO, in sulfuric
acid solution. Cathodic CV peak c observed at about 1.51 V
during the reverse scan is assigned to the reduction of PbO,
to PbSO,. The reduction charge (Q) for the three cycles was
calculated from the CVs to evaluate the catalytic activity of
the lead anode [39]. The ratio of Q(CNTs/Pb)/Q(Pure Pb) is
1.38 and almost the same as that of Q(Powder Pb)/Q(Pure
Pb). Therefore, it can be concluded that both CNTs/Pb and
Powder Pb are much more active than that of Pure Pb.

LSV and Tafel plots can be used to further investigate
the activity of the anodes (Fig. 6b). At a current density of
10 mA cm™2, the potential for oxygen evolution is 2.094 V
for the CNTs/Pb, whereas those are 2.145 V, and 2.198 V
for Powder Pb and Pure Pb, respectively. The overpotential
of OER on CNTs/Pb decreased by ~ 100 mV compared to
Pure Pb. The inset of Fig. 6b is Tafel plots of OER which
usually presented two distinct linear segments in both
the low-potential region and high-potential region due to
partially evolved O; [40, 41]. The Tafel formula was cal-
culated for the exchange current density (i,) in the low-
potential region, and the results are shown in Table 1. The
Tafel slops (b;) of CNTs/Pb, Powder Pb, and Pure Pb all
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Fig.6 a Cyclic voltammograms recorded at 10 mV s7%; b linear
sweeping voltammograms at 1 mV s™! and Tafel plots of oxygen evo-
lution (inset); ¢ Nyquist plots and the equivalent circuit used for data
analysis for the impedance data recorded (inset); d chronopotentio-

are ~170 mV decade™!, and the p-values (anodic transfer
coefficient) are similar, which indicated the rate determining
steps of OER for all anodes are almost the same. Tafel slops
of OER were usually high in acidic condition and with large
overpotential [42]. Slopes greater than 120 mV decade™! are
also attributed to the turnover-limiting chemical step and
quasi-equilibrium [20]. While the overpotential increases
continually, OER of all anodes will be nearly equal and inde-
pendent of electrode. The exchange current density (i) of
CNTs/Pb is as much as ten times larger than that of pure Pb,
which suggests an excellent electrocatalysis for OER owing
to a large electrochemically active surface area [43].

When the potential increases to 2.152 V which is much
higher than onset potential of CNTs/Pb, Powder Pb, and
Pure Pb, the current densities of the three anodes are
19 mA cm™2, 12 mA cm™2, and 5 mA cm™2, respectively.
This potential is a nice window for EIS due to both oxy-
gen bubbling intensely and impedance requirements. The
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metric curves of current density of 500 A m~2 for the CNTs/Pb (trian-
gle), Powder Pb (circle), and Pure Pb (diamond) in the zinc electrow-
inning electrolyte at 25 °C

Table 1 Tafel parameters evaluated from linear sweeping voltammo-
grams

Specimens Slope (mV dec™) ig (A cm™?) p

b, b,
Pure Pb 169 104 1.69x1078 0.351
Powder Pb 170 127 439x1078 0.348
CNTs/Pb 171 98 1.40%x 1077 0.344

#The f-values (anodic transfer coefficient) were obtained based on an
assumption that n=1 [44]; b, is the first Tafel region and b, is the
second Tafel region in Fig. 6b

Nyquist plots of three anodes at the potential (Fig. 6¢) show
electrochemically controlled reaction with a highly active
surface electrode thanks to typical RC characters and small
circles. The well-known Randle’s circuit (inset in Fig. 6¢)
is used as the equivalent circuit to fit the data. Here, R, is
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Table2 Comparison of impedance parameters for the CNTs/Pb,
Powder Pb, and Pure Pb at potential of 2.152 V obtained from data
analysis of the impedance data using the Randle’s equivalent circuit

R(Qcm®) Y(Ssec™ n  C(Fem™) R, (Qcm’)

cm‘z)
Pure Pb 2.31 0.00198 0.95 0.0016 8.0
Powder Pb  2.42 0.00703 0.94 0.0057 5.83
CNTs/Pb  2.28 0.0221 0.91 0.017 2.92

the solution (electrolyte) resistance, and R, is the polariza-
tion (or charge transfer) resistance for oxygen evolution. In
addition, the constant phase element (CPE, Q) is used for
double-layer capacitance at the PbIPbO,lelectrolyte interface
due to the fractal morphology. The CPE admittance, Y, has
an expression,

Y = Yow"[cos(np/2) +jXsin(np/2)], (3)

where n is the frequency dependence of the CPE admittance
(Y) with its value between 0 and 1,  is the angular velocity
defined as 2xf with f being frequency, and Y, is a frequency
independent of the CPE admittance. When n=1, the CPE

is a pure capacitance. The Cy, values can be calculated from
the constant phase element, O, using a relation [43, 45]:

_ Qak)""

dl
R,

“

The parameters of the equivalent circuit for CNTs/
Pb, Powder Pb, and Pure Pb were calculated and listed in
Table 2. The R, values of all anodes are about as high as
2.3 Q cm? since the oxygen bubbles on the surface blocked
the interface of electrode/electrolyte, owing to the large
current density. The value of n is smallest for CNTs/Pb
as a result of large dispersion. It is well known that n has
a relation with the fractal geometry (D: between 2 for an
absolutely flat dimension and 3 dimension) as n=1/(D-
1) [46]. Thus, it is a reasonable n value for a composite
material (CNTs/Pb) compared with pure metals (Pb). The
double-layer capacitance (C) of CNTs/Pb (0.017 F cm™?)
is one order of magnitude lager than that of Pure Pb
(0.0016 F cm™?), which shows an extra high electrochemi-
cally active surface areas (ECSA) [47] and agrees excellently
with the exchange current densities (i,) of Tafel’s results.
The R, value of CNTs/Pb is close to one-third that of Pure

Fig.7 Morphology of CNTs/Pb anode before (a, b) and after (¢) durability measurement for 10 h in the zinc electrowinning electrolyte at 25 °C
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Pb which indicates the higher active catalysis for OER. The
Pb cations are octahedrally surrounded by the oxygen ani-
ons in lattice. The conduction band is mainly due to the
interaction of the t,, orbital of t,, cation and the p-orbital
of the oxygen anion. The sp2 state of CNTs is not distorted
throughout the structure during the plating procedure. The
n-electrons are delocalized and transferred between unoc-
cupied p-orbital of PbO, and Pb metal.

PbO, is a degenerated n-type semiconductor possess-
ing a concentration of defects as high as ~10?*> cm™ [48],
which makes PbO, quite similar to metals (conductivity of
59 S m_l). However, the PbO layer between PbO, and Pb
is a typical n-type semiconductor with a forbidden energy
gap of 2.66 eV and high ohmic resistivity (~ 10'> Q cm) and
blocks the transfer of electrons. CNTs is metallic with a high
conductivity of ~100 S m™!, and thus can bridge between
the PbO, and Pb to shorten PbO layer (as in Fig. 1d), and
result in a low R, value. Xu et al. also reported that CNTs
could support a long-range electron exchange between the
Pt and Pd nanoparticles without direct atomic contact [49].

The catalytic stability of CNTs/Pb, Powder Pb, and
Pure Pb was assessed with chronopotentiometric curves at
500 A m~2 for 10 h, which was a typical current density
value in zinc electrowinning, as shown in Fig. 6d. The over-
potential of CNTs/Pb anode is very stable during test and
decreased by about 120 mV and 70 mV, respectively, com-
pared with Pure Pb and Powder Pb. It is well known that it
will save about 95 kW h electrical powder per ton zinc when
overpotential decreases by 100 mV.

The morphological structures of CNTs/Pb anode before
and after the stability measurement are shown in Fig. 7. It
is shown that CNTs-coated Pb particles stand out of the
matrix, owing to grinding of the anode (as in Fig. 7a, b).
After 10-h electrolysis, f-PbO, particles with diameters of
about 2 um uniformly covered on the surface, which is the
same as Pb-based anodes. The content of CNTs in the CNTs/
Pb composite is about 0.60 wt%, which suggests the anode
is cost effective. The Vickers hardness of CNTs/Pb is tested
to be 49.1 Hv, which is about four times larger than that
of Pure Pb. The electrochemical performances, along with
the deformation reduction properties, suggest the potential
application of the CNTs/Pb composites in industry.

4 Conclusion

In summary, CNTs sheathed in Pb was prepared by electro-
chemical codeposition method based on the Pourbaix dia-
gram. CNTs are uniformly coated Pb via metal oxide with
the thickness of ~5 nm. The CNTs/Pb composite anode
shows ten times larger exchange current density and elec-
trochemically active surface areas (ECSA) than Pure Pb,

which indicates an extra high electro-catalytic activity. The
low overpotential and polarization resistance of the CNTs/
Pb composite for oxygen evolution are due to bridging the
interfacial interactions which shorten the electron pathway.
The CNTs/Pb composite with long-term durability in harsh
high acidic condition can be a promising and cost-effective
anode in zinc electrowinning thanks to high hardness and
scalable production.
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