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Despite of the hazardous risk of Pb%* leakage, lead dioxide has been attributed as a quasi-ideal anode
material with high oxygen evolution potential, excellent conductivity, good stability and low cost in elec-
trochemical oxidation wastewater treatment technique. In this study, a novel Ti/PbO, anode was fabri-
cated by embedding raw materials that are readily and cheaply available, i.e., hairs. The structure-activity
relationship of the new electrode was firstly revealed by material and electrochemical characterizations.
Then different levels of pollutants (azo dye, phenol and maleic acid) were used to investigate the electro-
chemical oxidation performance of the new electrode. Finally, the accelerated electrode lifetime and Pb?*
leakage tests were carried out. Results showed that the embedded hairs changed the preferential crys-
tallographic orientation of PbO, and decreased the grain size. Hairs introduced additional roughness and
active sites, and decreased the electrode impedance, especially under 5 mg/cm? of embedding amount.
The removal efficiencies of different target pollutants were enhanced more or less by embedding ap-
propriate amount of hairs, depending on the current density, but loading excessive hairs had a negative
effect. The accumulation of intermediate products during phenol degradation was also changed by the
hairs. The new electrode could undergo ~550 h of harsh electrolysis. It is also relieved that the Pb%*

leakage was found to be suppressed during this long-term electrolysis process.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electrochemical oxidation wastewater treatment (EOWT) has
merits of forcible oxidation ability, clean agent, low equipment re-
quirement, high mobility and easy automation. EOWT is attributed
as one of the most promising techniques to complement biotreat-
ment and other physical and chemical methods, especially when
handling nonbiodegradable, toxic or refractory organic pollutants
[1-5]. Anode material plays a crucial role in EOWT because it of-
fers the main oxidizing reaction location and suffers the highly
corrosive environment [6-10]. The prerequisite of a proper anode
material is the high oxygen evolution potential (OEP), because the
oxygen evolution reaction (OER) is the main side reaction [11-
14]. Boron-doped diamond (BDD), titanium black (TizO), antimony
doped tin dioxide (Sb-Sn0,) and lead dioxide (PbO,) are four typi-
cal high OEP anode materials. The PbO, (usually Ti/PbO,) has been
attributed as a competitive anode material among the above four
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anodes with excellent conductivity, good stability and low cost
[15,16].

Despites of these merits, the fear of Pb2* leakage in certain
scenarios (e.g., drinking water), poor toughness, and the limited
surface area confines the application of PbO, anode [17-19]. Dop-
ing ions (e.g., F~, Fe3+, Cu?* and rare earths), compositing second
phase materials (e.g., TiO, particles, PTFE, and nano fibers), intro-
ducing various interlayers (e.g., Sb-SnO, interlayer), and construct-
ing porous coating structures are four main Ti/PbO, modification
approaches [20-26]. However, these approaches either have limita-
tions, or use more chemicals, or increase preparation difficulty (or
cost) significantly.

In this study, hairs, readily and cheaply available raw materi-
als, were facilely embedded into the PbO, layer to form a brand-
new Ti/PbO,. At first, the PbO, layer were expected to be toughen
by this approach. But when study went deeper, it was found that
hairs also enhanced the pollutant removal efficiency, as well as
the electrode’s environmental friendliness. The morphology, com-
position and structure of the new electrode were firstly examined.

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Material characterization results of the hair-embedded anodes and the unmodified anode: (a) SEM images of PbO,; (b) SEM images of PbO,(H5) and PbO,(H10); (c)
EDS mappings of a part of PbO,(H5); (d) SEM images of a part of PbO,(H5); (e) 3D microscopic images of a part of PbO,(H5); (f) XRD patterns (The table refers to gain sizes
(D values) calculated from different full widths at half-maximum (FWHM) of (110) facet peaks by Scherrer equation.); (g) Contact angles towards water and phenol.

Then necessary electrochemical characterizations were performed.
Furtherly, three model compounds, azo dye acid red G (ARG), phe-
nol and maleic acid were used as the target pollutants to test the
comprehensive oxidation ability of the new electrode. This study
was expected to offer a cost-effective, robust and green Ti/PbO,
anode for EWOT.

Ti plate (99.9%, 3 cm x 4 cm) was pretreated and loaded
with TiHx and Sb-SnO, interlayers as reported [27]. Then PbO,
coating was electrodeposited on these interlayers. The electrode-
position solution was 0.25 L pure water (18.2 MScm) contain-
ing 41407 g Pb(NO3),, 6.042 g Cu(NOs3),, and 0.105 g NaF. A
certain amount of hairs were dispersed in this solution. During
the 60 min of electrodeposition, the solution was heated (65 °C)
and stirred. The anodic current density was 15 mA/cm?2. The pre-
pared Ti/TiHx/Sb-SnO,/PbO, anode without hairs was named as
PbO, briefly, and the anodes with ~5 mg/cm? and ~10 mg/cm?
of embedded hairs were named as PbO,(H5) and PbO,(H10), re-
spectively. The characterization details are described in Support-
ing information. The degradation experiments were carried out in
a standard two-electrode cell at room temperature. Chemical pure
ARG, phenol and maleic acid were dissolved in 0.25 L of pure wa-
ter, respectively. Each simulated wastewater contained 50 ppm of
pollutant with 125 ppm of supporting electrolyte (Na;SOg4). The
anode area was 9 cm?, and a copper plate with a same size acted
as cathode. Electromagnetic stirring speed was 300 rpm. The vari-
ation of ARG concentration was measured by a UV-vis spectrome-
ter (Agilent 8453). Phenol degradation samples were analyzed by
gas chromatography-mass spectrometry (GC-MS, Thermo Fisher).
Solid-phase micro-extraction (SPME) was adopted. The rest of the
GC-MS details followed the previous report [11]. Non-purgeable or-
ganic carbon (NPOC) of maleic acid degradation samples was ana-
lyzed by a TOC analyzer (Vario TOC, Elementar). The anode lifetime
was regarded as the duration time before the cell voltage reached
to 10 V in the accelerated lifetime test (anode area: 2 cm?2, anodic
current: 1 A, in 0.5 mol/L Na,SO4 solution). During this lifetime
test, the Pb2t concentration in the solution was monitored by ICP-
AES (iCAP-6000, Thermo).

The embedded hairs changed the morphology of PbO, coating
(Figs. 1a and b), introducing considerable cracks and making the
coating discontinuous. The average size of PbO, pyramids became
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smaller, indicating hairs may inhibit the crystallization process of
Pb0O,. The increased hairs could further flatten the PbO, pyramids
(on PbO,(H10)). Hairs brought massive carbon atoms (Fig. 1c). The
embedded hairs were disordered (Figs. 1d and e). The stretching-
length of embedded hairs was about 500 pm and their average al-
titude above the PbO, coating plane was about 300 pm (Fig. 1e).

The XRD patterns (Fig. 1f) illustrate an obvious PbO, crystal
structure variation caused by hairs. Despite of (101) facet and (301)
facet, all other peaks’ intensities were significantly reduced on
PbO,(H5) and PbO,(H10). From the calculations on (110) peak, we
can find the grain size of PbO, was reduced from original 25.3 nm
to 21.5 nm when 5 mg/cm? of hairs were embedded. Neverthe-
less, further increase of hairs (10 mg/cm?) had inconspicuous ef-
fect on the gain size. The preferential crystallographic orientation
also changed. The (110) facet and (200) facet were no longer the
prior exposure facets on PbO,(H5) and PbO,(H10). Only (211) facet
was the main exposure facet on these hair-embedded electrodes.
The above results indicate that even a small amount of hairs could
have strong and multiple impacts on the PbO, electrodeposition
process.

The hydrophobicity of the electrode was also changed by the
hairs. The contact angles of water and phenol were 96.4° and
93.8°, respectively, on the unmodified PbO, (Fig. 1g). On PbO,(H5),
the angles rose to 118.9° and 94.8° correspondingly. The increase-
ment of hairs would furtherly increase these contact angles (on
PbO,(H10)).

The modifications of the morphology, structure and composi-
tion of the electrode surface would lead to the change of elec-
trochemical properties of the electrode. Electrochemical roughness
factor (Rf) and voltammetric charge (gq*) are two indicators that
could reflect the amount and distribution of active sites [28,29],
which are calculated from the narrow cyclic voltammograms (Fig.
S1 in Supporting information). The roughness factor of PbO, was
only 723, while that of PbO,(H5) and PbO,(H10) were 2695 and
794, respectively (Fig. 2a). The total voltammetric charge (qr, cor-
responding to potential scan rate of 5 mV/s in this study) of PbO,
was only 39.8 mC/cm?2, while that of PbO,(H5) and PbO,(H10)
were 152.8 mC/cm? and 104.7 mC/cm?2, respectively (Fig. 2a).
When the potential scan rate increased, the voltammetric charge
decreased sharply. The increased amount of total active sites may
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Fig. 2. Electrochemical properties of the electrodes: (a) Voltammetric charge under different potential scan rate (potential range from 0 V to 0.3 V (vs. SCE)); (b) Voltammetric
charge under scan rate of 5 mV/s in 0.5 mol/L Na,SO,4 solution containing 2000 ppm of different target pollutant (potential range from 0 V to 0.3 V (vs. SCE)); (c) Nyquist
plot in in 0.5 mol/L Na,S0,4 solution (equilibrium potential: 0 V (vs. SCE)); (d) Cyclic voltammograms of three electrodes in 0.5 mol/L Na,SO,4 solution (scan rate: 10 mV/s);
Cyclic voltammograms of unmodified PbO, (e) and PbO,(H5) (f) in 0.5 mol/L Na,SO, solution containing 2000 ppm of different target pollutants (scan rate: 10 mV/s).

result from the decrease of grain size and increase of more active
facet (Fig. 1f, XRD patterns). But almost all the increased active
sites were not the easily accessible active sites (corresponding to
the outer voltammetric charge g, obtained at potential scan rate
of 200 mV/s in this study), but were the less accessible active sites
(corresponding to the inner voltammetric charge q;, q¢; = gt — qo)-
Therefore, it can be deduced that the coating cracks caused by the
hairs were another factor that influence the amount and distri-
bution of active sites. It is unnecessary to embed excessive hairs,
because hairs are non-conductive obstacles lying on the electrode
surface and thereby decrease the effective electroactive sites (like
PbO,(H10)).

When adding the target pollutant in the above narrow CV test,
the variation of g* value could reflect the interaction between the
active sites and the pollutant. From Fig. 2b it can been that the
hairs enhanced the interaction of all investigated compounds and
the Pb0O,, especially for ARG and phenol. However, embedding ex-
cessive hairs would decrease this effect, especially for maleic acid,
indicating the barrier attribution of hairs would neutralize their
positive effect of increasing and activating PbO, active sites. Ap-
propriate hairs would also decrease the electrode’s electrochemical
impedance, especially the charge transfer impedance (the high fre-
quency region, Fig. 2c). Excessive hairs would decrease this posi-
tive effect, but the diffusion impedance (the low frequency region)
would be further decreased. Fig. 2d shows the orientations of hairs
on the electrode surface.

The regular CV curves (potential range: 0 - 2.5 V (vs. SCE)) ob-
tained in different media could reflect the electrocatalytic activities
of the electrodes. From the enhanced response current at high po-
tential (Fig. 2e), it could be found that the hairs would enhance the
oxygen evolution reaction (OER) activity of the electrode. The onset
oxygen evolution potential remained at ~1.75 V (vs. SCE), indicat-
ing the change of morphology and PbO, crystal structure caused by
hairs mainly improved the electron transfer and the mass transfer,
while the activation energy of OER was not changed. When pol-
lutants were added (Figs. 2e and f, Fig. S2 in Supporting informa-
tion), it can be found the oxidation peak and reduction peak be-
tween 0.7 V and 1.5 V (vs. SCE) emerged, indicating the direct ox-
idation and reduction of pollutants on the electrode surface were
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reinforced. The peaks on PbO,(H5) were more obvious, especially
for phenol, indicating appropriate amount of hairs would maxi-
mumly increase and activate PbO, active sites, especially for the
interaction with phenol, which was in good accordance with the
narrow CV curves. Excessive hairs would significantly lower the re-
sponse current at high potential region (OER region) in phenol and
maleic acid solution, indicating the electron transfer kinetics from
phenol and maleic acid to the electrode surface was slower than
OER kinetics for PbO,(H10).

The efficiency of destroying the azo linkage of ARG was an in-
dicator reflecting the anode’s ability of cutting bigger molecules.
From Figs. 3a-c it can be seen that PbO,(H5) exhibited the most
competitive results in terms of ARG removal, and this anode’s ad-
vantage was more obvious under lower current density (e.g., 2
mA/cm?). However, PbO,(H10) showed the worst ARG removal ef-
ficiency under higher current density, indicating excessive embed-
ded hairs would give negative results. When 10 mmol/L of tert-
butanol (*OH scavenger) was added in the ARG solution (Fig. S3
in Supporting information), the ARG removal efficiencies were en-
hanced under 20 mA/cm? for all electrodes, but which were de-
creased under lower current densities for hair-embedded elec-
trodes. The former could be attributed to the dominating non-free
radical process under higher anodic potential, such as the forma-
tion of higher oxide. The latter indicates the important role of free
radical route for the hair-embedded electrode under lower anodic
potential, which may be one of the reasons for the more advanced
performance of PbO,(H5) under lower current density. The effi-
ciency of destroying phenol ring was another indicator demon-
strating the anode’s EO ability. From Fig. 3d, it can be seen that al-
though PbO,(H5) could not compete with PbO, on removing phe-
nol under lower current density, but it reversed the situation un-
der higher current density. The embedded hairs also changed the
accumulation of intermediate products during phenol degradation
(Figs. 3e and f). Compared with PbO,, PbO,(H5) inclined to accu-
mulate intermediate products with lower retention time value and
lower mass-to-charge ratio, e.g., methanol and hydroxyacetic acid,
under higher current density. The result of maleic acid degradation
also demonstrated the superiority of hair-embedded electrode in
terms of mineralizing small molecular organic acids (especially for
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under 0.18 A (All settings of circles are the same as above.).

Pb0,(H5)) under lower current density (Fig. S4 in Supporting in-
formation), reflecting by the more obvious decline of NPOC. How-
ever, under higher current density, less-volatile intermediate prod-
ucts may accumulate more on hair-embedded electrodes (e.g., hy-
droxyacetic acid or acetic acid), reflecting by the increase of NPOC.

The hair-embedded electrode also showed their higher stabil-
ity and safety compared with the unmodified electrode. Fig. S5
(Supporting information) shows that the hair-embedded electrode
(PbO,(H5)) endured ~550 h of harsh electrolysis in the accelerated
lifetime test. The cell voltage varied with fluctuations but basically
followed the trend of firstly descending (Region I) and then rising
(Region II). The descending cell voltage together with the increas-
ing g value could be attributed to the electrolyte permeation. The
subsequent rising of cell voltage together with the fall back of gr
value suggested the coating loss process, which was confirmed by
the images (Fig. S6 in Supporting information) and XRD patterns
(Fig. S7 in Supporting information). Some CuO precipitates also
formed during this harsh electrolysis process. It is relieved that the
released Pb2+ jon concentration was acceptable (0.092 ppm), indi-
cating the deactivation of PbO,(H5) mainly followed the coating
detachment mechanism rather than the coating dissolution mech-
anism. As a result, this hair-embedded PbO, could be accepted as
a robust and green anode in wide practical applications in the near
future. In fact, PbO,(H5) has been adopted to treat a petrochemi-
cal wastewater (major contaminant: caprolactam) at bench scale,
which works well so far.

In conclusion, a small amount of embedded hairs could have
strong and multiple impacts on the PbO, electrodeposition pro-
cess, changing the PbO, morphology and structure, leading to the
variation of a variety of electrochemical properties and organic pol-
lutant degradation processes. A modest embedding amount is ap-
propriate, such as PbO,(H5), which has smaller grain size, larger
surface area, lower impedance compared with PbO,(H10) and un-
modified PbO,. Depending on the type of organic pollutant and
current density, PbO,(H5) exhibits more or less advantages in pol-
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lutant combustion or conversion compared with other two elec-
trodes. PbO,(H5) could also be accepted as a robust and green an-
ode with satisfying overall performance, which may have bright fu-
ture in small practical wastewater treatment system.
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