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a b s t r a c t

Electrochemical oxidation is an effective method to degrade persistent organic pollutants. However, due

to the limited catalytic activity of traditional thin film electrodes, the anodic oxidation process is slow and

usually requires high energy consumption. Herein, Ti/SnO2-Sb electrode with regulated surface structure

was reported to enhance the performance for electrochemical oxidation of persistent organic pollutants.

The electrode deposited with SnO2-Sb nanoneedles (Ti/N-SnO2-Sb) showed higher oxidation activity. Its

kinetic constant for perfluorooctanoic acid (PFOA) oxidation was 2.0 h−1 and the total organic carbon

removal rate was 81.7% (4 h) at a relatively low current density of 6 mA/cm2. Compared with Ti/SnO2-Sb

thin film and nanoparticles, Ti/N-SnO2-Sb significantly improved the electrochemical active area and •OH

yield, and simultaneously reduced the electron transfer resistance, which enabled it to oxidize PFOA more

rapidly even at a lower potential. This work provides a new strategy for promoting the electrochemical

oxidation performance.

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

Medica, Chinese Academy of Medical Sciences.

Long chain perfluoroalkyl compounds (PFCs) represented by

perfluorooctanoic acid (PFOA) are typical persistent organic pollu-

tants (POPs), which are chemically stable, highly toxic and easy to

be bioaccumulated. PFCs has been widely detected in various envi-

ronmental media [1,2], even in organisms [3–5] and drinking wa-

ters of many countries [6], posing great risks to the environment

and human health. The kinetics for PFCs removal from water by

traditional biological and chemical technologies is relatively poor

[7], so it is urgent to develop efficient methods to degrade such

contaminants. Electrochemical oxidation has attracted extensive re-

search interest in POPs degradation because of its strong oxidation

ability, mild and reagent free conditions and possibility of using

renewable energy [8,9]. The anode material is one of the most im-

portant factors affecting its oxidation performance. Searching for

highly active anode material is still desirable for electrochemical

oxidation of POPs.

Many anode materials such as doped SnO2 [10–12], doped di-

amond [13,14] and Ti4O7 [15–17] have been developed for elec-

trochemical oxidation of PFCs. Among these anode materials, SnO2

coated on Ti substrate (SnO2/Ti) have been studied widely due to

its advantages of easy preparation, low cost and high oxygen evo-
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lution potential. Although it has been found that doping metal (Sb,

Ce, Pb, etc.) and halogen atoms can improve the catalytic activity

and stability of Ti/SnO2 electrode by changing its chemical com-

position [10–12], electrochemical oxidation of PFCs with Ti/SnO2 is

still limited by its slow kinetics and high energy consumption. At

the same time, studies have proved that in addition to doping, the

influence of electrode surface structure on catalytic performance is

equally important. Some special morphology such as nanoneedle

[18], nanorod [19–23] and nanoflower [24] can provide a larger ac-

tive area and more catalytic sites, so they usually show better cat-

alytic performance than thin film electrodes. More importantly, the

nanoneedle tip can form a more concentrated electric field, result-

ing in accelerated charge transfer and concentrated reactants at the

tip, which have showed improved performances for electrocatalytic

reduction [25–28]. The electrodes with nanoneedle structures may

overcome the limitations of slow kinetics and high energy con-

sumption for traditional thin film electrode. However, the appli-

cation of nanoneedle morphology in electrochemical oxidation of

pollutants has not been reported.

Herein, a strategy of regulating surface structure was proposed

to enhance the electrochemical oxidation performance of Ti/SnO2-

Sb electrode by using nanoneedle SnO2-Sb (Ti/N-SnO2-Sb). PFOA

was selected as the target pollutant to evaluate the electrode per-

formance. The Ti/N-SnO2-Sb electrode showed enhanced PFOA ox-
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Fig. 1. (a) SEM image and (b, c) TEM images of N-SnO2-Sb, (d) XRD spectrum of

Ti/N-SnO2-Sb.

idation kinetics and total organic carbon (TOC) removal efficiency

as well as reduced energy consumption compared with Ti/SnO2-

Sb thin film and nanoparticles. The enhanced PFOA oxidation on

Ti/N-SnO2-Sb was originated from its accelerated charge transfer,

improved electrochemical active area and •OH yield due to the

nanoneedle tip structure.

The N-SnO2-Sb catalyst was synthesized by hydrothermal

method, and Ti/N-SnO2-Sb electrode was prepared by coating sol-

gel derived SnO2-Sb thin film on Ti (denoted as Ti/SnO2-Sb), fol-

lowed by electrophoresis of N-SnO2-Sb catalyst. Fig. 1a and Fig. S1

(Supporting information) show the scanning electron microscopy

(SEM) images of the synthesized N-SnO2-Sb catalyst. The nanonee-

dles are vertically aligned on the sheet and completely cover the

catalyst surface. The distribution of nanoneedles is dense and uni-

form. The transmission electron microscope (TEM) image confirms

that N-SnO2-Sb is consisted of nanoneedles with pyramid like tips

(Fig. 1b). The length of the nanoneedles is about 50 nm, and the

diameter is about 10 nm. High resolution TEM shows that these

nanoneedles are high quality single crystals (Fig. 1c).

The SEM images in Fig. S2 (Supporting information) show

the electrode surface morphology before and after electrophore-

sis, which reveal that N-SnO2-Sb catalyst is uniformly dispersed

on the surface of Ti/N-SnO2-Sb electrode after electrophoresis. It

proves that the N-SnO2-Sb has been successfully deposited. The X-

ray diffraction (XRD) spectrum (Fig. 1d) shows the lattice structure

of Ti/N-SnO2-Sb. The diffraction peaks at 26.6°, 33.8° and 38° can

be assigned to the (110), (101) and (220) crystal planes of rutile

SnO2, originating from SnO2-Sb nanoneedles and sol-gel thin film

[11]. The other diffraction peaks are consistent with the character-

istic peaks of TiO2 and Ti substrate [14]. The Ti/SnO2-Sb shows the

same diffraction pattern and similar peak intensity as Ti/N-SnO2-

Sb (Fig. S3 in Supporting information), demonstrating their crystal

structures are almost identical.

The electrochemical oxidation activity of Ti/N-SnO2-Sb was

evaluated by linear sweep voltammogram (LSV). It shows the cur-

rent increases in the electrolyte with PFOA relative to that with-

out PFOA at potential more negative than 1.8 V (vs. Ag/AgCl,

Fig. 2a), which suggests Ti/N-SnO2-Sb is active for PFOA oxidation.

The PFOA oxidation on Ti/N-SnO2-Sb and Ti/SnO2-Sb electrodes

were compared to verify the feasibility of tuning electrochemi-

cal performance by surface morphology modification. As shown in

Fig. 2b, Ti/N-SnO2-Sb exhibits higher PFOA removal efficiency than

Fig. 2. (a) LSV curves of Ti/N-SnO2-Sb in 0.05 mol/L Na2SO4 with and without

PFOA, (b) kinetic constants and (c) chronopotentiometric curves for PFOA oxida-

tion on Ti/N-SnO2-Sb and Ti/SnO2-Sb at 8.0 mA/cm2, PFOA oxidation on Ti/N-SnO2-

Sb with (d) electrophoresis time of 15–45 min and (e) current densities of 4.0–

8.0 mA/cm2, (f) TOC removal efficiencies on Ti/N-SnO2-Sb and Ti/SnO2-Sb.

Ti/SnO2-Sb at current density of 8.0 mA/cm2. The first-order ki-

netic constant is 2.35 h−1 for PFOA degradation on Ti/N-SnO2-Sb,

greater than 1.66 h−1 for Ti/SnO2-Sb, which proves that the de-

posited N-SnO2-Sb can effectively enhance PFOA oxidation rate by

regulating electrode surface morphology. It is worth noting that

the real-time potential monitoring (Fig. 2c) shows the operating

potential of Ti/N-SnO2-Sb for PFOA oxidation (∼2.45 V vs. Ag/AgCl)

is decreased by about 100 mV compared with Ti/SnO2-Sb (∼2.55 V

vs. Ag/AgCl). Since the chemical composition and crystal structure

of the two electrodes are almost the same, the enhanced oxidation

kinetics and reduced running potential of Ti/N-SnO2-Sb could be

attributed to its nanoneedle structure. The characteristic nanotips

of Ti/N-SnO2-Sb will effectively reduce the energy consumption for

electrochemical oxidation, which is of great significance in practi-

cal applications.

The effects of electrophoresis parameters and current density

on PFOA oxidation were investigated. The electrophoresis time may

affect the catalyst loading. Therefore, PFOA oxidation was con-

ducted on Ti/N-SnO2-Sb electrodes prepared with different elec-

trophoresis time. Fig. 2d shows the PFOA removal efficiency has

no obvious change when the electrophoresis time is increased

from 15 min to 45 min, indicating 15 min is long enough for de-

positing N-SnO2-Sb. After 15 min deposition, it can be observed

the electrode surface was completely covered by the N-SnO2-Sb

catalyst, so 15 min of electrophoresis was used for the follow-

ing experiments. To investigate the influence of applied current

density on PFOA degradation, electrochemical oxidation of PFOA

on Ti/N-SnO2-Sb was conducted at 4.0–8.0 mA/cm2. As shown in

Fig. 2e, its PFOA removal efficiency increases gradually as the cur-

rent density increases from 4.0 mA/cm2 to 8.0 mA/cm2. The re-

moval efficiency is 98.1% after electrochemical oxidation of 2 h
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Fig. 3. (a) SEM image of P-SnO2-Sb, (b) PFOA oxidation on Ti/N-SnO2-Sb and Ti/P-

SnO2-Sb electrodes, (c) TOC removal efficiency and (d) 10 cycles of PFOA oxidation

on Ti/N-SnO2-Sb (6.0 mA/cm2).

at 6.0 mA/cm2. The PFOA oxidation follows pseudo-first-order ki-

netics (Fig. S4 in Supporting information). Its kinetic constant for

PFOA oxidation increases significantly from 0.95 h−1 at 5.0 mA/cm2

to 2.00 h−1 at 6.0 mA/cm2. Although the kinetic constant fur-

ther increases to 2.35 h−1 at 8.0 mA/cm2, the rate increase be-

comes less pronounced compared with that from 5.0 mA/cm2 to

6.0 mA/cm2. Thus 6.0 mA/cm2 was used for the following experi-

ments. At 6.0 mA/cm2, its kinetic constant is comparable or even

higher than those of doped SnO2-Sb [12], doped PbO2 [9,29], B

doped diamond [13,30] and Ti4O7 [16] electrodes (0.40–2.22 h−1,

Table S1 in Supporting information).

The total organic carbon (TOC) removal rate was further mea-

sured to verify the role of N-SnO2-Sb for PFOA mineralization.

Fig. 2f shows the TOC removal efficiency for electrochemical ox-

idation of PFOA on Ti/N-SnO2-Sb and Ti/SnO2-Sb electrodes. Af-

ter electrochemical oxidation of PFOA at relatively low current

density (6.0 mA/cm2) for 2–4 h, the TOC removal efficiencies

are 60.5%−81.7% for Ti/N-SnO2-Sb, which proves the Ti/N-SnO2-

Sb electrode is efficient for decomposing PFOA to CO2 at low cur-

rent density. As expected, Ti/N-SnO2-Sb shows higher TOC removal

efficiency than Ti/SnO2-Sb. These results suggest the nanoneedle

structure can facilitate PFOA mineralization and reduce the accu-

mulation of organic intermediates.

In order to further investigate the influence of catalyst morphol-

ogy on PFOA oxidation, SnO2-Sb without nanoneedles were syn-

thesized by hydrothermal method and deposited on Ti/SnO2-Sb by

electrophoresis (denoted as Ti/P-SnO2-Sb). The SEM and TEM im-

ages (Fig. 3a and Fig. S5 in Supporting information) show the uni-

form distribution of P-SnO2-Sb nanoparticles on the electrode sur-

face. The nanoparticles are composed of short nanorods. Nanonee-

dle cannot be observed. In the XRD spectrum (Fig. S3), Ti/P-SnO2-

Sb has the same diffraction peaks as Ti/N-SnO2-Sb, and their peak

intensity is approximately the same, suggesting Ti/P-SnO2-Sb and

Ti/N-SnO2-Sb have identical crystal structure. Their performance

for electrochemical oxidation of PFOA was compared at 6 mA/cm2.

As shown in Fig. 3b, Ti/N-SnO2-Sb exhibits higher PFOA removal

efficiency than Ti/P-SnO2-Sb, and its PFOA oxidation rate constant

(2.00 h−1) is 1.32 times as great as that of Ti/P-SnO2-Sb electrode

(1.51 h−1) (Fig. S6 in Supporting information), implying that the

nanoneedle structure endows Ti/N-SnO2-Sb electrode with higher

activity for electrochemical oxidation of PFOA. The electrical energy

for PFOA concentration reduced by one order of magnitude was

Fig. 4. (a) ECAS and (b) EIS of Ti/N-SnO2-Sb, Ti/P-SnO2-Sb and Ti/SnO2-Sb elec-

trodes.

17.8 kWh/m3 for Ti/N-SnO2-Sb, which was reduced 1.8 times com-

pared with Ti/SnO2-Sb. It is worth noting the energy consumption

of Ti/N-SnO2-Sb is much lower than the reported SnO2-Sb, PbO2,

B doped diamond and Ti4O7 electrodes mentioned above (58.5–

180 kWh/m3, Table S1), indicating that Ti/N-SnO2-Sb has reduced

energy consumption among these electrodes.

The TOC removal rates at Ti/N-SnO2-Sb and Ti/P-SnO2-Sb were

compared in Fig. 3c, which shows Ti/N-SnO2-Sb has higher TOC

removal efficiency, confirming Ti/N-SnO2-Sb is superior to Ti/P-

SnO2-Sb for PFOA mineralization. The stability of Ti/N-SnO2-Sb for

electrochemical oxidation of PFOA was tested through 10 consec-

utive batch degradation experiments (6.0 mA/cm2). Its PFOA re-

moval efficiency exhibits no obvious change during 10 cycles of

PFOA degradation experiments (Fig. 3d), implying that the Ti/N-

SnO2-Sb electrode is stable and reusable for electrochemical oxi-

dation of PFOA.

To get insight into the better performance of Ti/N-SnO2-Sb for

electrochemical oxidation of PFOA, the factors contributed to the

electrochemical activity were investigated. Considering the catalyst

morphology may influence the electrochemical active surface area

(ECAS), the double-layer capacitances which are linear to ECAS

were measured for Ti/N-SnO2-Sb, Ti/P-SnO2-Sb and Ti/SnO2-Sb

electrodes (Fig. S7 in Supporting information). As shown in Fig. 4a,

the double-layer capacitance of Ti/N-SnO2-Sb is 1.84 μF/cm2, which

is 2.0 times as great as that of Ti/SnO2-Sb (0.91 μF/cm2), revealing

ECAS is increased after electrophoresis of N-SnO2-Sb catalyst. Com-

pared with Ti/P-SnO2-Sb, Ti/N-SnO2-Sb presents 1.2 times higher

double-layer capacitance (1.53 μF/cm2). The higher ECAS of Ti/N-

SnO2-Sb could be contributed from its nanoneedle structure. The

larger ECAS can provide more adsorption and reaction sites for

PFOA oxidation, and thereby enhance PFOA degradation, which

may be one of the reasons why Ti/N-SnO2-Sb has better electro-

chemical oxidation performance.

The electrode morphology will change its electric field distri-

bution and charge transfer resistance [31]. It is generally believed

that electrochemical oxidation of PFOA begins with transfering one

electron to anode [32]. The charge transfer will affect PFOA ox-

idation performance. Here electrochemical impedance spectrum

(Fig. 4b) was employed to test charge transfer resistance. Com-

pared with the original Ti/SnO2-Sb electrode, the charge transfer

resistances of the electrodes with electrophoretic catalysts are re-

duced, and Ti/N-SnO2-Sb shows the fastest charge transfer. For N-

SnO2-Sb, its unique curvature nanotips enhance the local electric

field and distribute the potential more intensively, which endow

faster electron transfer rate. Therefore, the interfacial polarization

induced from high-curvature nanotips promotes its performance

for PFOA degradation. The reduced charge transfer resistance also

explains the phenomenon that the operating voltage of Ti/N-SnO2-

Sb electrode decreases.

The electrochemical degradation of organic pollutants on SnO2-

Sb electrode usually occurs via reactive oxygen species [13,32].

Herein electron paramagnetic resonance (EPR) was used to deter-
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Fig. 5. (a) EPR spectra and (b) yields of •OH generated on Ti/N-SnO2-Sb,

Ti/P-SnO2-Sb and Ti/SnO2-Sb, (c) carbon mass balance during PFOA oxidation on

Ti/N-SnO2-Sb electrode at 6.0 mA/cm2, (d) possible pathway for PFOA oxidation.

mine the possible reactive oxygen species responsible for PFOA ox-

idation. The identified species is •OH for the three electrodes, as

revealed by the EPR spectra in Fig. 5a. After working for 10 min

(0.05 mol/L Na2SO4, 6.0 mA/cm2), the signal intensities of •OH gen-

erated on Ti/N-SnO2-Sb and Ti/P-SnO2-Sb are greater than that on

Ti/SnO2-Sb, which proves that the electrodes with electrophoretic

catalysts generate more •OH. The •OH concentration was measured

with salicylic acid as probe compound (Fig. 5b). It confirms Ti/N-

SnO2-Sb and Ti/P-SnO2-Sb have higher •OH yields. More impor-

tantly, the •OH yield on Ti/N-SnO2-Sb is the highest, which can ex-

plain its fastest PFOA oxidation kinetics. PFOA oxidation with the

presence of tert–butanol (•OH scavenger) indicates that •OH was

mainly responsible for PFOA degradation (Fig. S8 in Supporting in-

formation). Since the crystal structure of the three electrodes is al-

most the same, the difference in •OH production ability should be

attributed to the surface morphology regulation of SnO2-Sb. The

high-curvature nanotips of Ti/N-SnO2-Sb electrode provide inter-

facial polarization field to accelerate electron transfer, concentrate

reactants and promote •OH generation, resulting in enhanced PFOA

oxidation.

The intermediate products for electrochemical oxidation of

PFOA on Ti/N-SnO2-Sb were analyzed by HPLC-triple quadrupole

mass spectrometer (Table S2 in Supporting information). The de-

tected intermediates were short-chain perfluorocarboxylic acids

(C2-C7). Fig. S9 (Supporting information) shows the concentrations

of these short-chain intermediates as a function of reaction time.

The concentrations of C2-C7 intermediates start to decrease af-

ter electrochemical oxidation of PFOA for 1 h or 2 h, and there

is no high concentration of C2-C7 residues in the solution after

3 h. The monitored solution pH (Fig. S10 in Supporting informa-

tion) indicates that perfluorocarboxylic acids exist as anions. The

carbon mass balance was calculated and shown in Fig. 5c. A high

carbon recovery rates of 93.5%−97.5% are obtained during 3 h of

PFOA oxidation on Ti/N-SnO2-Sb electrode, suggesting the main or-

ganic intermediates have been detected. Based on the above anal-

ysis and previous works [14], the possible pathway for PFOA ox-

idation was proposed in Fig. 5d. The PFOA is converted to C7F15
•

via transferring one electron to Ti/N-SnO2-Sb electrode and decar-

boxylation. The C7F15
• is oxidized by •OH produced on Ti/N-SnO2-

Sb. Due to the instability of C7F15OH, it transfers to C6F13COO
– via

intramolecular rearrangement and hydrolysis. It can be converted

to C5F11COO
– via the above CF2 unzipping reactions, and the un-

zipping reactions will continue to occur until PFOA are oxidized to

CO2.

In summary, nanoneedle structured Ti/N-SnO2-Sb was prepared

by hydrothermal and electrophoresis method. It showed high ac-

tivity and low energy consumption for electrochemical oxidation of

PFOA with kinetic constant of 2.0 h−1 and energy consumption of

17.8 kWh/m3, outperforming Ti/SnO2-Sb thin film and nanoparti-

cles. Moreover, its energy consumption was much lower than elec-

trodes reported. The TOC removal efficiency was 81.7% in 4 h at

relatively low current density of 6.0 mA/cm2. The superior perfor-

mance for Ti/N-SnO2-Sb electrode was attributed to its larger elec-

trochemical active area, faster charge transfer rate and higher •OH
yield. Its curvature nanotips can enhance the local electric field and

concentrate reactants at the electrode surface. This work provides

a promising strategy to enhance the performance for electrochem-

ical water treatment.
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