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a b s t r a c t

Anodic oxidation electrodeposition is the primary way to prepare lead dioxide anode. The regulation of

the external circuit for the reaction is a unique advantage of electrocatalytic reaction, which can reg-

ulate crystallization and accelerate the reaction process. In this study, lead dioxide coatings with uni-

form pore size distribution were quickly prepared on three different substrates by potential linear in-

crease electrodeposition (PLIED). Morphology and structure analysis shows that the prepared electrodes

have uniform porous morphology, and Ti/SnO2/PLIED has the smallest grain size. Three electrodes all dis-

play well degradation performance to azophloxine and diclofenac sodium. Ti/PLIED, and Ti/SnO2/PLIED

are appreciated for degrading organics with a simple structure in low concentrations. At the same time,

Ti/SnO2/PLIED is more suitable for complex organics in high concentrations. Electrochemical activity tests

indicate the different mechanisms of the PLIED electrodes that build the other degradation performance.

Three PLIED electrodes show excellent electrical and electrochemical stability during the cycle degrada-

tion process. The results provide a reference for the subsequent anodic oxidation electrodeposition re-

search and the regulating effect of the external circuit on coating properties.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a common electrocatalytic material with low cost and high

electro-catalytical activity, PbO2 is widely applied in electrocat-

alytic fields, such as a lead-acid battery and organic electro-

oxidation [1,2]. In recent years, there have been lots of stud-

ies about the modification of PbO2 anodes to improve its perfor-

mance, including, but not limited to, ionic doping, particle com-

posite, etc. [3,4]. As electro-deposition is the most common fabrica-

tion method of PbO2, more attention should be paid to the effects

of external circuit regulation on electrode modification, which is

the unique advantage of electrochemical reaction [5]. According to

previous studies about electro-deposition parameters, it has been

found that the variation of electrodeposition parameters strongly

influences the crystallization process, which in turn changes the

structure and morphology of PbO2 coating and further affects the

electrode properties [6,7].

As the external circuit is the driving force of electro-deposition,

keeping a high overpotential effective accelerates the fabrication

process, simultaneously, oxygen evolution reaction (OER) under the
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high potential can provide an in-situ bubble template to produce

porous coating [8,9]. However, electrodeposition in a constant high

potential is self-limited. The electrodeposition mechanism of PbO2

is shown in Eqs. 1–3 [10]. The water splitting is the initiation step,

which is boosted by the high overpotential. Pb(Ⅱ) is quickly ex-

hausted by massive OHads and produces PbO2. And then, OER sub-

stitutes Pb(Ⅱ) oxidation reaction. The electrodeposition process is

restricted. The coexistence of the porous and nonporous area on

the PbO2 electrode fabricated by the potentiostatic electrodeposi-

tion with high potential suggests the uneven polarization during

the process (Fig. S1 in Supporting information).

H2O → OHads + H+ + e− (1)

Pb2+ + OHads → Pb(OH)
2+ (2)

Pb(OH)
2+ + H2O → PbO2 + 3H+ + e− (3)

Moreover, the simultaneous OER throughout the deposition

process will expose the substrate of the fabricated electrode, which

is detrimental to the long-term stability. Hence, potential increas-

ing may be an available way to match deepening polarization and

realize PbO2 rapid and controllable electro-deposition. Additionally,
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Fig. 1. SEM images (a–c), EDS mapping (d–f) and XRD patterns (g–i) of PLIED electrodes, (a,d,g) PLIED(1), (b, e, h) PLIED(2), and (c, f, i) PLIED(3).

a lower potential in the initial stage helps restrain oxygen bubbles

and form a full-cover bottom. In addition, as a result of the con-

cern about the stability of porous electrode, intermediate layer is a

common choice. So, the influence of the intermediate layers to the

effects of the potential manipulating needs to be considered too.

In this study, porous PbO2 is quickly deposited on three sub-

strates (with or without intermediate layers) through potential lin-

ear increase electrodeposition (PLIED) with an in-situ bubble tem-

plate for the first time. The prepared PbO2 electrodes are charac-

terized by scanning electron microscopy (SEM), energy dispersive

spectrum (EDS), and X-ray diffraction (XRD). The prepared PLIED

electrodes served as the anodes in the electrochemical treatment

of azophloxine (AR1) and diclofenac sodium (DCF) to evaluate the

electrochemical degradation performance comprehensively. Elec-

trochemical and hydroxyl radical productivities tests are conducted

to estimate the electro-catalysis properties. Electrical and electro-

chemical stability also are characterized through cycle degradation

tests.

Porous titanium plate (Baoji Yinggao Metal Material Ltd., China)

with the dimension of 1 cm2 ×1mm and filter fineness of 80 μm

served as the substrate of PbO2 electrode. The pre-treatment of

the substrate and the fabrication of Sb–SnO2 and -PbO2 inter-layer

were already elaborated in our previous works [11]. The electro-

plating bath consisted of 0.5mol/L Pb(NO3)2, 0.2mol/L Cu(NO3)2,

and 0.01mol/L NaF, in which the pH value was 2.0.

The PLIED processes were conducted by an electrochemical an-

alyzer (CHI1140C, CH Instrument, Inc.) with an increasing rate of

50mV/s in the range of 0–5V at 65 °C. The titanium mesh with the

same size acted as the counter electrodes. Furthermore, we marked

the fabricated electrodes Ti/PLIED, Ti/SnO2/PLIED, and Ti/SnO2/-

PbO2/PLIED, as PLIED(1), PLIED(2) and PLIED(3), respectively. Other

information about the experiments and materials are shown in

Supporting information.

Fig. 1 shows prepared PLIED electrodes’ surface morphology, el-

ements distribution, and phase composition. All of the PLIED PbO2

electrodes show uniform porous morphology. As there is no exoge-

nous template in the electro-deposition process, the porous mor-

phology is caused by OER accompanied by PbO2 anodic electrode-

position (Eqs. 4 and 5), which can be observed in the current

responses during the process (Fig. S2 in Supporting information)

[8,12]:

Pb2+ + H2O → PbO2 + 4H+ + 2e− (4)

2H2O → O2 + 4H+ + 4e− (5)

However, there are some apparent differences among the three

porous PLIED electrodes. PLIED(1) electrode is formed by the rough

particles with rocky-like morphology (Fig. 1a). PLIED(2) (Fig. 1b)

and PLIED(3) (Fig. 1c) are formed by the smooth particles with

cauliflower-like morphology, while the latter shows a larger aper-

ture. The different particle shapes come from the different nucle-

ation and growth process. PLIED(2) and PLIED(3) experience dra-

matic nucleation that weakens the particle growth and forms a

more refined surface with small particles, which are proved by the

higher current responses in Fig. S2 (Supporting information). More-

over, PLIED(2) shows the finest and most uniform pore, which may

attribute to the better OER performance of SnO2. Elements map-

pings show that lead and oxygen are evenly distributed on three

PLIED electrodes (Figs. 1d–f). Combined with the average mass in-

creasements in Fig. S3 (Supporting information), the atom ratios

all approximate Pb:O=1:2. As a result, it can be speculated that

uniform porous PbO2 coating was successfully deposited by rapid

PLIED process.

XRD patterns of PLIED electrodes are displayed in Figs. 1g–

i, which stand out the presence of β-PbO2 on the surface of all

three different substrates. Meanwhile, there are still some diffrac-

tion peaks belonging to substrates and their oxide in every XRD

pattern, which may attribute to the short plating time resulting in

the thinner coating. According to the phase identification results of

XRD patterns, the proportion of β-PbO2 is calculated and shown in

Fig. S4 (Supporting information). The difference between PLIED(2)

and PLIED(3) might explain the difference in mass increment with

similar current responses. The average grain size and micro strain

(ε) of surface PbO2 are calculated and presented in Fig. S4 [13].

PLIED(2) shows the smallest grain size and the most significant

micro strain, which could be attributed to the strong OER on SnO2

substrate that influences the grain growth process and brings more
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Fig. 2. Azophloxine degradation performance of PLIED electrodes, (a-c) acid red 1 removal by electrochemical oxidation and adsorption (100mg/L AR1, 10 g/L Na2SO4,

j=30mA/cm2 for 120min), (d) kinetic constants of electrochemical oxidation and adsorption, (e) COD removal kinetics, (f) average current efficiency and energy consumption

during the degradation processes.

defects to PbO2 lattice. The smallest grain size will bring more “ac-

tive sites” to PLIED(2). PLIED(1) equipped with the minor micro

strain will likely exhibit better stability in the process. It can be

seen that for different substrate materials, due to their different

physical and chemical properties, there may be differences in the

corresponding optimal operation parameters of electrodeposition.

The modification method starting from external circuit regulation

and substrate selection is a more convenient substitution to vari-

ous exogenous modifiers.

Fig. 2 exhibits the electrochemical degradation performance of

AR1 by PLIED electrodes. As shown in Figs. 2a–c, all PLIED elec-

trodes can complete decolorization of AR1, which is not much

different from traditional PbO2 electrodes fabricated by long-time

electrodeposition [14,15]. Moreover, PLIED electrodes are shown

adsorption capability to AR1. Considering the removal kinetics (Fig.

2d), the PLIED electrodes have similar removal rates. The subtle

difference between PLIED(1) and PLIED(3) is likely caused by the

different adsorption capabilities. Meanwhile, PLIED(3) shows the

fastest COD removal rate (Fig. 2e), meaning there is fewer interme-

diates accumulation with PLIED(3). Therefore, PLIED(3) shows the

highest current efficiency (Fig. 2f). The same trends of COD kinet-

ics and average current efficiency also suggest the similar conduc-

tivities of three PLIED electrodes, coinciding with similar energy

consumptions (Fig. 2f). PLIED electrodes display excellent electro-

chemical degradation performance to organics with higher concen-

tration (100mg/L), whatever the substrate’s material is.

Considering the rising requirement for electrochemical wastew-

ater treatment technology for emerging pollutants with low con-

centration, the degradation performance of PLIED electrodes to

DCF-Na a typical non-steroidal anti-inflammatory drug also are

evaluated (Fig. S5 in Supporting information) [16–18]. Figs. S5a–c

shows that the RDCF by PLIED electrodes all achieve 75% or above,

especially PLIED(2) (RDCF =93.4%), which is comparable with pre-

vious works about DCF degradation by other electrode materials

or other advanced oxidation processes [19,20]. PLIED(2) displays

similar adsorption capability both to DCF-Na (Fig. S5b) and AR1

(Fig. 2b), which also means that organics concentration varying

on a particular scale will not influent the adsorption capability

of PLIED(2). The reverse applies to PLIED(1) and PLIED(3). It im-

plies the different adsorption mechanisms of the electrodes. The

degradation performance of PLIED(1) and PLIED(3) closely depends

upon pollutants concentration. As shown in Fig. S5e, PLIED(1) dis-

plays similar COD removal rate to PLIED(2), despite the removal

rate of DCF being lower than that of PLIED(2), which is different

from the situation of AR1 degradation. It may be caused by the

different structures of the model pollutants. The current efficiency

and energy consumption (Fig. S5f) show similar trends with kinet-

ics in Figs. S5d and e, which agrees with the discussion on AR1

degradation. Hence, PLIED(1) and PLIED(2) are appreciated for the

degradation of organics with a simple structure in low concentra-

tions, while PLIED(3) is more suitable for complex organics in high

concentrations.

To understand the degradation performance of the PLIED elec-

trodes, the electrochemical activity of the electrodes is character-

ized. Fig. 3a shows the oxygen evolution potential (OEP) of PLIED

electrodes from the cycle voltammetric curves shown in Fig. S6

(Supporting information). The lowest OEP and the highest current

response (Fig. S6g) displayed by PLIED(3) explain its degradation

performance. A high current response means a fast electrode reac-

tion rate that makes the degradation process susceptible to mass

transport situations under different concentrations. PLIED(2) shows

high OEP and the highest hydroxyl radical productivity that enti-

tle the electrode to excellent degradation performance, which is

not affected by the property and concentration of pollutants to

some extent. The highest OEP is exhibited by PLIED(1) because

of the lowest hydroxyl radical productivity (Fig. 3b), which partly

seems to conflict with its degradation performance. Cycle voltam-

metry (CV) curves (Fig. S6a) shown the stable presence of re-

versible redox couple, thus bringing the property of “active anode”

into PLIED(1) to cover the shortage of hydroxyl radical [21]. More-

over, electrochemical porosity calculated from CV results (Figs. S6b,

c, e, f, h, i) are shown in Fig. 3c, which suggests the electrochem-

ical activity of the internal surface of the porous coating [22]. The

high electrochemical porosity indicates the application potential of

PLIED electrodes in a rising flow-through reaction system [23].

Stability is an essential issue for porous electrodes. Figs. 3d–f

shows the AR1 removal and the cell potential during cycle degra-

dation experiments of PLIED electrodes. The AR1 removal of three

electrodes all steadily maintains on high-level, which suggests

excellent electrochemical stability. PLIED(1) displays the slightest

fluctuation of cell potential during degradation processes indicat-

ing favorable electrical stability, which may cause by a stable mi-

crostructure with the smallest micro strain. The cell potential fluc-

tuation of PLIED(2) and PLIED(3) is slightly more significant than

that of PLIED(1), keeping lower than 1 V. It could be seen that the

three PLIED electrodes are all equipped with well electrical stabil-
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Fig. 3. Electrochemical activity and stability of PLIED electrodes, (a) oxygen evolution potential, (b) electrochemical porosity, (c) hydroxyl radical productivity (60min gal-

vanostatic electrolysis at 20mA/cm2 in dimethyl sulfoxide trapping solution), (d–f) electrochemical and electrical stability of PLIED(1), PLIED(2), and PLIED(3), respectively.

ity in organics degradation using. Considering the security issue of

Pb for environmental application, the Pb(II) dissolution is evaluated

at the different stages of the cycle degradations (Fig. S7 in Support-

ing information). The leakage of PLIED(2) and PLIED(3) is obviously

slight than that of PLIED(1), suggesting that interlayer is helpful to

improve the stability of porous electrode. After a few cycles, the

Pb(II) dissolution decreased significantly. The activation and stabi-

lization of PbO2 electrode before use should be considered.

In this study, we realized the rapid preparation of uniform

porous PbO2 coatings in the form of external circuit potential lin-

ear increase. PbO2 coatings with uniform pore size distribution on

three substrates were obtained without adding a templating agent

in 100 s, which greatly simplified the preparation process of porous

PbO2 coatings. Morphology and structure analysis shows that in

addition to the introduction of exogenous modifier, external cir-

cuit regulation and physical and chemical properties of the sub-

strate also have significant effects on the structure and properties

of the coating. The performance evaluation of organic degradation

suggests that three PLIED electrodes show excellent electrochem-

ical conversion and mineralization capability to specific dye and

pharmaceutical with different concentrations. The electrochemical

activity tests proved that PLIED electrodes’ healthy electrochemical

oxidation properties derive from different mechanisms. The elec-

trochemical stability of PLIED electrodes with different substrates

is similar, but the electrical stability varies with the substrate ma-

terials. According the comparison results in Tables S2 and S3 (Sup-

porting information), the PLIED electrodes show high OEP and

slight lead dissolution, which suggests the comparable catalytic ac-

tivity and safety with modified PbO2 electrodes. As a unique ad-

vantage of electrocatalytic reaction, the regulatory role of external

circuits may deserve more attention. Moreover, the adsorption ca-

pability of porous electrodes needs further investigation.
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