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H I G H L I G H T S

• Electrooxidation of volatile organic
compounds were performed in all-
solid cell.

• Benzene toluene and o-xylene (BTX)
were 100% conversion to CO2 and CO
(CO2 yield>85%).

• No gaseous organic byproducts were
present in the electro-oxidation of BTX
(Pcell≥ 2.0 V).

• Benzene oxidation process was medi-
ated by%OH generated from water
vapor discharge at Pcell = 2.0 V.

• Electrooxidation of BTX in all-solid
cell is a promising method for appli-
cations in indoor air purification.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Volatile organic compounds
Electrocatalytic oxidation
Indoor air pollution
Hydroxyl radicals

A B S T R A C T

The catalytic elimination of indoor low-concentration gaseous benzene, toluene and o-xylene (BTX) under
ambient conditions remains a challenge. Here, we firstly report a facile gas-solid interface electrochemical
oxidation method for the mineralization of BTX at ambient temperature. A membrane electrode assembly (MEA)
was used in the all-solid cell. An antimony-doped SnO2 catalyst was coated onto the surface of a porous Ti foam
to act as the anode, and reduced graphene oxide/carbon fiber paper-supported Pt (Pt/rGO/CFP) was employed
as the cathode. The activity test results showed that 100% BTX conversion to CO2 (85–99%) and CO (15–1%)
was achieved within 4–5 h at the optimal cell voltage of 2.0 V at relative humidity 60%. Proton-transfer-reaction
time-of-flight mass spectrometry and Fourier transform infrared spectroscopy results showed that no organic
byproducts could be detected in the anodic reservoir. %OH generated from water vapor discharge was measured
directly by laser-induced fluorescence techniques. The electrochemical behavior of the working electrode in
benzene solutions with different concentrations revealed that the benzene oxidation process was mainly
mediated by %OH at the onset potential of OER (2.0 V vs Ag/AgCl, saturated KCl). Our findings provide evidence
that the gas-solid interface electrochemical oxidation method can be a potential method for ambient VOC de-
struction in indoor air environments.
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1. Introduction

Volatile organic compounds (VOCs), emitted from various industrial
and natural sources, are key precursors for the formation of haze in the
atmosphere and also have high toxicity potential toward human beings.
VOCs are also a major class of indoor air contaminants, mainly released
from consumer household products, adhesives and building materials,
furnishing materials and combustion processes, and so on [1–3]. The
Environmental Protection Agency estimated that the VOC levels in in-
door air are 5–10 times higher than those of outdoor air [4]. Many
VOCs are toxic and have been reported to cause carcinogenic, muta-
genic, and teratogenic effects in humans [5]. Human beings spend>
80% of their lifetime indoors, including in living and working spaces
[6,7]. Hence, it is very important to eliminate indoor air VOCs to meet
environmental regulations and health needs.

Numerous studies [8–12] have been conducted for the development
of effective and convenient methods to mitigate indoor air pollution.
Catalytic combustion is the most effective way to abate industrial VOC
emissions since VOCs can be oxidized to CO2 over certain catalysts.
Unfortunately, since the catalytic oxidation of VOCs at ambient tem-
perature has not been achieved to date, this approach has not been
utilized for indoor VOC removal. Currently, adsorption, biofilters,
photocatalysis and non-thermal plasma methods have efficiently
achieved ambient VOC destruction; however, some problems such as
low light efficiency, byproduct formation, and operational risk are en-
countered with these methods. Photoelectrocatalysis (PEC), an elec-
trically enhanced photocatalysis method, has been carried out in room-
temperature air treatments in recent years [13,14]. Up to now, only
small organic molecules, including gas-phase ethanol and methanol,
can be converted to CO2, with low yield [13,14]. The mineralization of
common intractable indoor air contaminants such as benzene, toluene
and xylene (BTX) has not been investigated using an all-solid PEC.
Therefore, it is highly desirable to develop a novel and efficient method
appropriate for VOC elimination under indoor air conditions.

Electrochemical oxidation technologies have been considered as an
alternative solution to many environmental problems in industrial
processes because they provide a versatile, efficient, cost-effective, and
“clean reagent” process [15–22]. Da Silva et al. [23,24] recently at-
tempted the electrochemical oxidation of organics through pure water
electrolysis with a solid electrolyte. In their reaction system, the liquid
acidic solution was replaced by a solid polymer electrolyte; therefore,
the problems arising from an aqueous electrolyte were avoided. It was
demonstrated that %OH can be generated by the anode in electrolyte-
free water and plays a key role in the oxidation of organics. This finding
suggests that gaseous water vapor electrolysis might also proceed on an
anode surface to produce %OH without a conducting medium, which is
suitable for indoor VOC elimination under ambient conditions. How-
ever, to the best of our knowledge, the application of electrochemical
oxidation at a gas-solid interface for gaseous BTX abatement has not
been reported to date.

The process of ionic and electron conduction in an all-solid cell is
different from that in conventional electrochemical cells using liquid
electrolytes. In this case, gas is a non-conductor and the electrochemical
reaction only occurs on the gas-electrode-solid polymer electrolyte
triple-interface region. Accordingly, it is important for this system to
compress the anode and cathode closely against the solid polymer
electrolyte, such as in the membrane electrode assembly (MEA) of a fuel
cell. Therefore, we designed an MEA for electrochemical oxidation of
indoor low-concentration BTX in an all-solid cell. In detail, an anti-
mony-doped SnO2 catalyst was coated onto the surface of porous Ti
foam to act as the anode, and reduced graphene oxide/carbon fiber
paper-supported Pt (Pt/rGO/CFP) was employed as the cathode. The %

OH generated from H2O vapor discharge participates in the VOC oxi-
dation process. The protons produced in the H2O vapor discharge
process at the surface of the anode move inside the Nafion membrane
towards the cathode and recombine with O2 and electrons, resulting in
the oxygen reduction reaction (ORR). The electrons originating from
the anode pass via the external circuit to the cathode. It was observed
that BTX were efficiently and very selectively decomposed into CO2 by
this gas-solid interface electrocatalytic oxidation process at ambient
temperature, indicating that this method is promising for indoor air
purification applications. We further found that the atmospheric %OH
radicals generated from H2O vapor discharge were responsible for the
gaseous VOC oxidation.

2. Experimental

2.1. Preparation of the anode

A piece of titanium foam (Φ30mm×2mm) was firstly polished
with abrasive paper and etched with 20% (w/w) NaOH at 80 °C for
0.5 h and with a 10% oxalic acid solution for 2 h, respectively. The
substrate was then washed with doubly distilled water by ultrasonic
washing. Sb-SnO2 was loaded onto the titanium foam plate by a two-
step method [25]. An interlayer Sb-SnO2 coating was fabricated by
electrodeposition, and an outer layer coating was applied using a brush
coating-pyrolysis process. A mixture of Sn and Sb electrodeposition on
the Ti foam plate was carried out at room temperature using a two-
electrode system (1 cm separation) with a Ti foam plate serving as the
cathode and Pt sheet serving as anode. An ethanediol solution con-
taining 1M SnCl4, 0.2M SbCl3 and 0.1M HNO3 was used as the elec-
troplating bath, with a current density of 15mA cm−2 for 1 h. After
electrodeposition of Sn and Sb, the electrode was heated in an oven at
773 K for 1 h and then cooled in air, and oxides of Sn and Sb formed on
the Ti foam substrate. A solution mixture of isopropanol and n-butanol
containing 0.5 M SnCl4, 0.02M SbCl3, 1M HNO3 and 0.01M NaF was
brushed on the oxidized Sn and Sb interlayer. After brush-coating, the
sample was dried in an oven at 373 K for 5min, calcined at 773 K for
30min, and then cooled in air. The brush coating procedure was re-
peated until the loading amount of the coating on the electrode attained
28.7 mg cm−2, and the sample was referred to as SS-28.7/Ti.

2.2. Preparation of the cathode

The Pt/rGO/CFP electrode was prepared by electrochemically de-
positing Pt on a GO film, which was chemically reduced in situ on the
CFP. The CFP substrate consisted of carbon fibers with diameters of
approximately 8–10 μm. Prior to use, the CFP was firstly immersed in a
0.1 wt% Triton X-100 solution for 24 h and then ultrasonically treated
in deionized water for 2 h to lower the hydrophobicity. Then, the CFP
was heated at 400 °C for 5 h to increase the number of oxygen-con-
taining functional groups on the surface and the level of impregnation
in the GO dispersion in the next step. The CFP was immersed in a 2mg/
mL GO suspension to adsorb GO. Subsequently, the GO film-coated CFP
was immersed in a 10mg/mL ascorbic acid solution overnight and then
heated at 60 °C for 2 h. After chemical reduction of the GO film (rGO),
Pt was electrochemically deposited on the rGO/CFP electrode from an
aqueous solution of 10mM NH4Cl containing 1mM PtCl4 (pH=1) at a
constant current of 20mA for 120min.

2.3. Physicochemical characterization

The morphology of the electrodes was characterized using scanning
electron microscopy (SEM, Merlin, Carl Zeiss, Germany) coupled with
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energy dispersive spectroscopy (X-MAX, Oxford Instrument). X-ray
powder diffraction patterns (XRD) of the Sb-SnO2/Ti anodic electrode
and Pt/rGO/CFP cathodic electrode were obtained with an X’Pert PRO
powder diffractometer (XRD, Rigaku D/max, Rigaku Co.) using Cu Kα
radiation scanning from 10° to 90° (in 2θ). The surface composition and
chemical state of the samples were examined by X-ray photoelectron
spectroscopy (XPS) using a scanning X-ray microprobe (Axis Ultra,
Kratos Analytical Ltd.) and Al Kα radiation (1486.7 eV). The C1s peak
(284.8 eV) was used to calibrate the binding energy (BE) values. The
concentrations of Pt4+, Sn4+ and Sb3+ in the electrolyte were mea-
sured by an 8300 inductively coupled plasma optical emission spec-
trometer (ICP-OES, PerkinElmer Inc.) to quantify the Pt, Sn and Sb
loading amounts on the electrodes.

2.4. Electrochemical oxidation tests for benzene, toluene and xylene

2.4.1. Setup
Fig. 1 illustrates the schematic diagram of the experimental setup

for the electrochemical oxidation of VOCs in flow mode. The testing
system consisted of a CHI 760E electrochemical workstation (CH In-
strument. Co. Ltd., Shanghai China), an all-solid reactor, a 2 L anodic
reactant gas reservoir and a detector. The electrochemical reactor was
separated into a cathode compartment and an anode compartment by
the membrane electrode assembly (Fig. 1, bottom right). Each com-
partment of the all-solid reactor was fed with gaseous streams. The
cathodic feed was a flow of 80% N2 and 20% O2. The reactant gases in
the anodic compartment contained BTX, O2 (20%) and N2 balance with
relative humidity varying from 0 to 60%. The anodic reactant was re-
circulated via a pump from the gas reservoir, flowing through the re-
actor and the detector with a flow rate of 100mL/min. The BTX was
supplied by cylinder gas (Beijing huayuan gas chemical Co., Ltd.). The
contents of BTX were 40 ppm (benzene), 88 ppm (toluene), 45 ppm (o-
xylene).

The relative humidity was regulated by adjusting the dry feed gas to
bubble through a humidity control unit including a cold-water circu-
lation apparatus (CCA-20, Gongyi Yuhua Instrument Co., Ltd) and a

hygrometer (314, Taiwan Center technology Co.), which controlled the
temperature of the pure water in the bottle and monitored the humidity
of the reactant stream. For the BTX electrochemical oxidation tests,
potentiostatic electrolysis was performed with an electrochemical
workstation at cell voltages of 1.0, 2.0 and 3.0 V. The protons produced
in the H2O vapor discharge process at the surface of the anode move
inside the Nafion membrane towards the cathode and recombine with
O2 and electrons, resulting in the oxygen reduction reaction (ORR). The
electrons originating from the anode pass via the external circuit to the
cathode. Thus, there is no pH change at the surface of the anodic active
centers, avoiding corrosion of the anodic materials.

2.4.2. Membrane electrode assembly
The schematic diagram of the all-solid electrochemical reactor and

MEA is given in Fig. S1. A 4.0×4.0 cm Nafion membrane was used as
the electrode separator and solid polymer electrolyte. The Nafion
membrane was pre-treated by immersion in boiling 50% HNO3 solution
for 30min and then in boiling deionized water for 2 h to provide ade-
quate hydration of the membrane [23,26,27]. SS-28.7/Ti and Pt/rGO/
CFP acted as the anode and cathode. The Pt/rGO/CFP cathode was
attached on one face of the membrane with a few drops of the Nafion
solution (left to dry for 10min in air). A pressure of 0.6 MPa cm−2 was
applied to compress the anode and cathode against the solid polymer
electrolyte to prevent gaps and membrane cracking.

2.5. Product measurement

2.5.1. Anodic product measurement
The anodic reactants and products were analyzed online using a

GC2014C gas chromatograph (Shimadzu, Japan) equipped with a flame
ionization detector (FID). An Rtx-Wax strongly polar capillary column
was used for the high-sensitivity analysis of BTX (benzene, toluene,
xylene), alcohols, aldehydes, acids and phenols. Two packed columns
(Porapak-N and MS-13X) were utilized for the analysis of the anodic
products, CO2 and CO. A proton-transfer-reaction mass spectrometry
(PTR-MS, QiTOF-008, Ionicons) was used to detect the gaseous

Fig. 1. Schematic diagram of the experimental setup used in the electrochemical oxidation of VOCs under flow conditions.
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products in the range of m/e from 40 to 200. An FTIR spectrometer
(Nicolet 380) equipped with 2m gas cell and a DTGS detector was used
to collect the infrared spectra in the range of 4000–800 cm−1. The 2.0 L
anodic reactant gas circularly flowed over the reactor and the detector.
The initial concentration of reactant gas was 40 ppm benzene, 20 vol%
O2, and N2 balance. A spectrum in a flow of the initial feed gas was
firstly collected as the background spectrum.

Since benzene can be electro-oxidized to CO2 and CO (COx), the
overall process can be considered to occur as follows:

+ → + +
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where c0 and c are the concentrations of benzene initially and at time t,
respectively. cΔ cox is the experimental value for the CO or CO2 yield at
time t.

The mineralization current efficiency (MCE) at a given time t for the
treated gaseous benzene is then estimated as follows:
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where Δ(TOC)exp is the experimental value for TOC removal at time t
and Δ(TOC)theor is the theoretical value of calculated TOC removal,
which can be calculated as follows:
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where I is the current intensity (A), t is electrolysis time (s), F is Faraday
constant, 96,485 C·mol−1. ne is the electron transfer number, nc is the
carbon number of the organic compound, M is carbon atomic weight,
M=12 g·mol−1, and V is the volume of the sample solution (L). For
benzene conversion to CO2, ne and nc are 30 and 6, respectively. For
benzene conversion to CO, ne and nc are 18 and 6, respectively.

2.5.2. Cathodic product measurement
As possible products of the cathodic reaction, H2, H2O2 and H2O

were measured. The H2 concentration was analyzed online by a GC
(Agilent 6890-5973N), which was equipped with TCD detectors. H2O2

was determined using the 2,9-diamethyl-1,10-phenanthroline
(DMPHEN, Aldrich) method (λ=454 nm) with copper(II) ions
(CuSO4·5H2O, Aldrich) [24].

2.6. Mechanism of electrocatalytic oxidation of BTX

2.6.1. Electrochemical characterization
To observe the oxidation of water and organics on the surface of SS-

28.7/Ti in the solid polymer electrolyte cell [23,24,26], cyclic

Fig. 2. (a) SEM images and (b) energy dispersive X-ray spectroscopy (EDX) results of the SS-28.7/Ti electrode: (b1-b4) secondary electron image and X-ray dot map
of Sn, Sb and Ti, and (b5) elemental analysis.
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voltammetry measurements were performed using a two-compartment
cell with the MEA serving as the separator. SS-28.7/Ti with a diameter
of 2.0 cm served as working electrode, and a KCl-saturated Ag/AgCl and
Pt/rGO/CFP separately served as reference and counter electrodes. In
the anodic compartment, 20 ppm or 40 ppm benzene were added in
ultra-pure water. The experiment was performed at a scan rate of
10mV s−1 from −0.5 to 3.0 V. Experimental data were obtained from
the tenth voltammetric cycle. Voltammetric curves were also recorded
in a 0.1 M H2SO4 solution. Chronoamperometric experiments were
carried out to test the electrocatalytic response of water and benzene on
the SS-28.7/Ti electrode at constant potentials of 0, 1, 2 and 3.0 V (vs
Ag/AgCl, saturated KCl). All the potentials were referred to Ag/AgCl.
Ultra-pure water with a resistivity of 18.2 MΩ cm−1 at 25 °C was ob-
tained using a Genpure Pro ultrawater purification system (UV-TOC
xCAD plus, Thermo scientific).

2.6.2. ROS measurement
%OH radicals generated by water vapor discharge on the surface of

the anode were measured by gas expansion and fast gating laser-in-
duced fluorescence techniques. Ambient air at a flow rate of 1.5 L/min
entered a low-pressure fluorescence cell through a molecular beam
skimmer (Beam Dynamics, USA) with an orifice diameter of 1mm, and
was irradiated by a combination of Nd:YVO4 and tunable dye lasers at a
high repetition rate of 8.5 kHz. The %OH radical was excited and de-
tected at 308 nm using the A-X(0,0) band. A microchannel plate pho-
tomultiplier (MCP) was designed for the %OH radical measurements.
O3, as an often-generated species in electrocatalytic oxidation processes
[28], was also measured in this study using an O3 detector (Model 49i,
Thermo Fisher Scientific, Inc. USA).

The amounts of aqueous-phase %OH radicals were quantified by
colorimetric methods using a 2100 UV− vis absorption spectro-
photometer (UNIC, France). The %OH radicals were estimated at
λ=440 nm using N,N-dimethyl-4-nitrosoaniline (RNO, 1mM) as a
quencher [18,28].

3. Results and discussion

3.1. Characterization of the anodic and cathodic electrodes

Antimony-doped SnO2 (Sb-SnO2), which has excellent electro-
catalytic performance, is regarded as one of the most effective anode
materials for the electrochemical oxidation of organic pollutants in
wastewater [23,24,27–36]. Considering that gas-permeable electrodes
are necessary for a gas-phase reaction to occur on a membrane elec-
trode assembly, in this study, a porous Ti metal foam was selected as
the substrate to fabricate the Sb-SnO2/Ti anode (referred to as SS-28.7/
Ti).

SEM images of the original and etched foam Ti substrate are pre-
sented in Fig. S2. The fresh Ti foam has a smooth surface, and the
etching procedure in boiling 20% oxalic acid clearly increased the
surface roughness of the Ti foam, which is favorable for the deposition
of a Sb-SnO2 layer. The surface morphology of the Sb-SnO2 coating on
the Ti foam is presented in Fig. 2. A compact and homogeneously dis-
persed Sb-SnO2 nanoparticle layer with an average particle size of ap-
proximately 37.5 nm was fabricated on the Ti foam substrate, as shown
in Fig. 2(a1–a3). On the conventional Ti plate substrate, an Sb-SnO2

coating usually forms a “cracked-mud” surface structure, and the par-
ticle size can be up to hundreds of nm (Fig. S2(c)) [31–35]. Here, we
successfully prepared a crack-free nanoparticle Sb-SnO2 coating on the
Ti foam substrate, possibly due to the porous structure of the Ti foam.
The porous structure is favorable for the diffusion of the precursor so-
lution during fabrication of the compact crack-free nanoparticle film.

X-ray dot-mapping was used for an analysis of the metal distribu-
tions. As shown in Fig. 2(b1–b4), the mapping images demonstrated a
homogeneous distribution of Sn and Sb in the oxide films on the Ti foam
surface. The elemental analysis results (Fig. 2(b5) and Table 1) show

that the content of Sb in the Sb-SnO2 coating film is approximately
5mol%; therefore, the film coating exhibits the lowest resistivity re-
ported in this material system (1× 10−3Ω cm−1), as mentioned in a
previous study [29]. Since Ti was detected, the thickness of the Sb-SnO2

coating was lower than 500 nm, which is the EDX detection depth.
X-ray diffraction patterns of Sb-SnO2 supported on the Ti foam

substrate and Ti plate are shown in Fig. S3. The SS-28.7/Ti electrode
only showed sharp peaks related to the Ti support, while no char-
acteristic peaks of Sn and Sb oxides appeared, possibly because the Sb-
SnO2 layer was too thin (lower than 20 μm) to be detected. For com-
parison, we also measured the XRD pattern of a Ti plate-supported
28.7 mg cm−2 Sb-SnO2 sample. This sample presented strong diffrac-
tion peaks for cassiterite SnO2 (PDF# 41-1445), but no Ti peaks were
detected [25,34–36]. Considering that the same preparation method
was used, we confirmed that a Sb-SnO2 layer was formed on the Ti foam
substrate, but that its thickness on the Ti foam was much lower than
that on the Ti plate. No additional peaks appeared corresponding to the
antimony oxides, perhaps due to the low doping level or the in-
corporation of Sb in the SnO2 unit cell.

X-ray photoelectron spectroscopy was employed to analyze the
chemical states of the elements. Fig. S4 shows the XPS spectra of the Sn
3d and Sb 3d binding energies of the Sb-SnO2 layer on SS-28.7/Ti. The
Sn 3d5/2 binding energy in the electrode was 487.0 eV, which agrees
with the Sn3d5/2 binding energy in a SnO2 crystal or Sn(OH)4 hydro-
xylated species [28,32]. The two peaks centered at 530.6 and 540.1 eV
can be assigned to Sb 3d5/2 and Sb 3d3/2 of Sb2O5, respectively. The
molar ratio of Sn/Sb in the electrodes was 16.6, which is lower than
that of the precursor solution (25:1), possibly due to Sb enrichment on
the surface of the layer [32].

For the cathodic ORR, most electrocatalysis research has focused on
Pt-based catalysts due to their great application potential [37–40].
Graphene, a two-dimensional material consisting of a monolayer of
carbon atoms, has high electrical conductivity, mechanical strength and
surface area [41–43]. Thus, the combination of Pt and graphene will
enhance the electrochemically active surface area and facilitate the
high dispersion of Pt, and effectively accelerate the electron transfer,
leading to a more rapid kinetics of O2 reduction [37–43]. Carbon fiber
paper (CFP) has low electrical resistivity, minimal electrochemical
corrosion and good gas permeability. Therefore, in this study, CFP was
used as the substrate material for preparation of the cathode. The Pt-
reduced graphene oxide-modified carbon fiber paper (Pt/rGO/CFP)
electrode was prepared by electrochemically depositing Pt on the GO
film, which was chemically reduced in situ on the CFP. The loading
amount of Pt on the Pt/rGO/CFP electrode was determined to be
0.9 mg cm−2 by ICP-OES. Fig. S5 shows the SEM images and XRD
patterns of the Pt/rGO/CFP electrode.

3.2. Electrocatalytic degradation of VOCs

The gas-solid interface electrocatalytic oxidation of VOCs was per-
formed on the membrane electrode assembly at room temperature.
Common and intractable industrial emissions, such as benzene, toluene

Table 1
EDX analyses of the benzene SS-28.7/Ti electrode before and after electro-
chemical oxidation.

Characteristic X-ray (energy,
hν/keV)

Freshly prepared
electrode

Post-electrolysis electrode

At % Error % At % Error %

Ti (4.508) 30.36 0.13 29.12 0.06
Sn (3.442) 5.89 0.09 5.65 0.11
Sb (3.603) 0.33 0.03 0.32 0.12
O (0.277) 58.17 0.1 55.8 0.08
C (0.525) 5.23 0.03 5.02 0.03
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Fig. 3. (a) Effects of the applied cell voltage on the activity of the SS-28.7/Ti electrodes for the conversion of 40 ppm benzene to COx at relative humidity 60% (b) the
conversion of 88 ppm toluene and 45 ppm o-xylene at an applied cell voltage of 2.0 V at relative humidity 60%. (c) The effect of the relative humidity of the reactant
gas on the activity of the SS-28.7/Ti electrodes for conversion of benzene to COx.
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and o-xylene (BTX), were selected as the model VOCs. The effect of the
cell voltage on benzene removal was investigated. As shown in
Fig. 3(a), benzene conversion was poor at the 1.0 V cell voltage, and the
conversion of benzene to COx was below 20% within 5 h. When the cell
voltage was raised to 2.0 V, 100% benzene conversion to CO2 (85%)
and CO (15%) was achieved in the same time interval. Further, benzene
conversion and CO2 selectivity decreased to some degree when the
voltage was increased to 3.0 V. The gas composition of the products of
the electrochemical oxidation of benzene was also confirmed by means
of a Fourier transform infrared spectrometer (FTIR) equipped with a gas
cell. Toluene and o-xylene were also completely electro-oxidized to COx

within 4 h, and the CO2 yield reached 90% and 99%, respectively
(Fig. 3(b)). These results suggest that the gas-solid interface electro-
catalytic oxidation system effectively converted the VOCs to COx at
room temperature.

The effect of humidity on the conversion of benzene to COx was also
investigated. As shown in Fig. 3c, when no water vapor was present in
the reactant gas, 100% of the benzene was removed after 5 h, but no
COx was produced, indicating that only the adsorption of benzene oc-
curred on the anode and no direct electrolysis of benzene occurred
without water vapor. With increasing humidity in the reactant gas
stream, the benzene conversion and COx yield were both promoted. It

can be inferred that the direct electrochemical oxidation of benzene
cannot occur on the electrode at the applied cell voltage of 2.0 V, and
the gas-solid electrochemical oxidation of benzene mainly resulted from
indirect electrolysis with ROS generated from water vapor discharge.

From Fig. 3c, the conversion of benzene at RH=30% was lower
than that at RH=0. This is probably due to competitive adsorption
between water vapor and benzene on the active sites of the anode. The
adsorbed water vapor occupied the active sites for benzene adsorption,
resulting in the conversion of benzene being decreased. Since the %OH
radicals were generated from the adsorbed water vapor discharge at
RH=30%, the oxidation of benzene to COx occurred. However, the
yield of %OH radicals was not high enough to totally convert the ad-
sorbed benzene. When the RH reached 60%, the yield of %OH was en-
hanced, then increasing the conversion of the adsorbed benzene to COx.
Therefore, the amount of %OH is key to the mineralization of benzene.

Three successive cycles of electro-oxidation experiments with initial
concentration 40 ppm gaseous benzene were further carried out. As
shown in Fig. S6, the efficiency for benzene conversion remained al-
most constant from the first to the third run, and the CO2 yield showed
a moderate reduction from 80% to 70%. The reduction of selectivity for
CO2 may result from carbon accumulation on the surface of the elec-
trode. As mentioned in a recently reported study [44], the structural

Fig. 4. PTR-Mass signal for (a) reactant gas and gaseous products of benzene after electrolysis with different applied cell voltages at 60% humidity, (b) benzene
reactant gas and gaseous products after 7 hr electrolysis with 2.0 V cell voltage at humidity of 0, 30%, 50% and 60%, (c) toluene and o-xylene reactants and their
products after electrolysis with 2.0 V cell voltage at 60% humidity. (d) Fourier Transform infrared spectroscopy of reactant and products during electrolysis of
benzene with 2.0 V cell voltage at 60% humidity.
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characteristics had a great influence on the durability of the studied
materials. TiO2 nanoparticles underwent rapid deactivation during re-
peated photocatalytic degradation cycles of VOCs. TiO2 nanotubes with
open channels were markedly more resistant to deactivation than TiO2

nanoparticles. The open, straight-channel structure of TiO2 nanotubes
facilitates the mass transfer of O2 onto the active sites, accelerates the
photocatalytic degradation of intermediates and hinders the accumu-
lation of carbonaceous residues. Accordingly, in future work, we will
try to synthesize an electrode using a nanotube material to avoid carbon
accumulation and promote the resistance to deactivation.

The energy consumption of BTX mineralization was calculated, and
the results were 0.12 kWh/g toluene, 0.27 kWh/g o-xylene, and
0.44 kWh/g benzene, at 50% removal of BTX. The mineralization cur-
rent efficiency (MCE) value for the electro-oxidation of gaseous 40 ppm
benzene was about 5% at first hour electrolysis and decreased to 3% at
5-hour electrolysis, shown in Fig. S7. The present MCE values were
lower than that in electrochemical degradation of pollutant in water
treatment [50], which is probably due to the low initial concentration
of BTX resulting in the low utilization efficiency of ROS. In future work,
to promote the adsorption and enrichment of VOCs on the anode, some
materials with huge specific surface areas, such as carbon materials, can
be used as electrode substrates.

3.3. Details of products

Proton-transfer-reaction time-of-flight mass spectrometry (PTR-ToF-
MS) is considered as one of the most promising direct injection mass
spectrometry techniques for simultaneously identifying gaseous or-
ganics over a wide mass range with high sensitivity and time resolution
[45–47]. Therefore, we further analyzed the gaseous products of BTX
oxidation using PTR-ToF-MS. As shown in Fig. 4a, after the 7-hr elec-
trocatalytic oxidation of benzene in 60% humidity conditions, trace
amounts of C2H4O and C3H6O were detected when the potential was
1.0 V, indicating that incomplete oxidation of benzene occurred at low
applied cell voltage. In contrast, when a cell voltage higher than 2.0 V
was applied, no organic byproducts were detected in the anodic

reservoir beyond the components of the feed gas at different levels of
humidity (in Fig. 4b and c) after 7 hr electrolysis. When the relative
humidity of the reactant gas was 0, CO2, CO and organic products were
not detected, as shown in Fig. 3c and 4b; these results confirm that only
the adsorption of benzene occurred on the anode without water vapor.

Additionally, the gaseous products of benzene electrochemical oxi-
dation were also characterized by a Fourier Transform Infrared
Spectrometer (FTIR). A spectrum in a flow of the initial feed gas with
40 ppm gaseous benzene was firstly collected as the background spec-
trum, signed as “Reactant” shown in Fig. 4d. In the electro-oxidation of
benzene, when benzene was consumed, a negative peak at
3000–3200 cm−1 related to benzene appeared. With the increasing
consumption of benzene, this wide peak was getting more negative
together with increases in the peak intensities of COx (CO:
∼2100 cm−1; CO2: ∼2350 cm−1), and no other species were observed
in the range from 2000 cm−1 to 3000 cm−1 during the benzene oxi-
dation process. These results indicate that the benzene was oxidized to
COx in the electrolysis.

During electrolysis, the aromatic ring opens and possibly decom-
poses into organic intermediates, such as benzoquinone and carboxylic
acids [18,25,48–50]. These compounds are difficult to degrade and
therefore will form a polymer layer on the anode, resulting in electrode
fouling. To test the formation of intermediates on the anode surface,
EDX, XPS and SEM were conducted on the SS-28.7/Ti electrode before
and after the electrochemical oxidation of benzene. Elemental in-
formation on the electrode surface was obtained by EDX. The con-
centrations of the elements were calculated by integrating the peak
areas. As shown in Table 1, the concentrations of Sn, Sb and C on the
electrodes after the reaction remained nearly the same as those on the
freshly prepared Sb-SnO2/Ti, indicating the high stability of the elec-
trode and lack of intermediates/byproducts on the electrode surface.
These results were also confirmed by XPS, which showed no noticeable
change in the C 1s region between the freshly prepared and used SS-
28.7/Ti electrodes (in Fig. S8). The detected carbon was attributed to
organic solvent residuals used in the electrode preparation process.
SEM images were also collected to identify the electropolymerized film

Fig. 5. Scheme diagram of%OH radical detection system with gas expansion and fast gating laser-induced fluorescence.
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on the electrode surface [48]. The images show that no solid matter was
present on the surface of the nanoparticles after the electrolysis of
benzene (Fig. S8). These results show that no gaseous organic by-
products or solid matters were present during the electrolysis of BTX
with applied cell voltage exceeding 2.0 V. Hence, the electro-oxidation
of gaseous organic pollutants by the gas-solid cell is suitable for indoor
gaseous VOC elimination under ambient conditions.

3.4. Mechanism of electrochemical oxidation of VOCs in all-solid cell

3.4.1. ROS measurements
In the electrochemical degradation tests of BTX, when no water

vapor was present in the influent, little or no BTX was converted into
COx, as shown in Fig. 3c. In addition, considering the high oxidation
potentials of BTX (E0benzene= 2.86 VNHE, E0toluene= 2.49 VNHE,
E0xylene= 2.4 VNHE [51]), these intractable VOCs could not be directly
oxidized at the low cell voltage used. It can be concluded that ROS
generated from water vapor discharge were key to the mineralization of
BTX at the 2.0 cell voltage.

Laser-induced fluorescence (LIF) is a reliable and efficient tool for
the direct detection of atmospheric %OH [52], with a detection limit of
approximately 105 molecules/cm3. To confirm that the ROS generated
from water vapor discharge in the all-solid cell were %OH radicals, we
employed an LIF instrument to directly measure the atmospheric %OH
radicals dissociated from the surface of the anode, and a schematic of
the instrument is shown in Fig. 5. We designed and set up an all-solid
electrochemical reactor connected to the LIF instrument (%OH radical
formation unit, shown in Fig. 5), where the surface of the anodic
electrode was in close proximity to the sample inlet, and the diameter of
the gas flow was 3mm. The air/water vapor stream was pumped to the

sample inlet after sweeping past the electrode surface; therefore, the
gaseous %OH radicals generated from the electrode surface were in-
stantaneously drawn into the chamber and then detected by LIF. The
diffusion time of the generated %OH radicals from the anode surface to
the detector was less than 13.5ms, which is far less than the ∼1 s
lifetime of atmospheric %OH [53]. In Fig. 6, the background %OH signal
was recorded with irradiation at the laser light off-resonance, when air
with 40% relative humidity passed through the reactor. When a 2.0 V
cell voltage was applied on the MEA, the variation in the concentration
of %OH radical was measured. The concentration of gaseous %OH ra-
dicals diffusing from the electrode reached 2.5×106 molecules/cm3.
According to the current intensity of the water vapor discharge (tens of
mA) and the subsequent UV–vis absorption results for %OH radicals
(shown in Fig. S9), the %OH radical yield was approximately
1018 molecules/cm3. The lower concentration of %OH radicals detected
by LIF possibly resulted from dilution of the generated %OH radicals by
the air flow, and the quenching of hydroxyl radicals due to turbulence,
etc. After electrolysis for 1 h, the power was switched off, and the %OH
signal gradually returned to the background level. The above findings
confirm the generation of %OH radicals from water vapor discharge on
the surface of the SS-28.7/Ti anode at a 2.0 V applied potential. These
results indicate that LIF can be considered a feasible method to detect %
OH radicals at a gas-solid interface because of its adequately high
sensitivity and low detection limit.

Additionally, traditional colorimetric methods [19,28,30] were
used to quantify the %OH radicals generated from water molecule dis-
charge without the addition of a conducting reaction medium at the SS-
28.7/Ti anode surface. N,N-dimethyl-4-nitrosoaniline (RNO) was used
as a quencher to detect and quantify %OH radicals using a UV–vis ab-
sorption spectrophotometer, and the results are shown in Fig. S9. The

Fig. 6. (a) Electrocatalytic generation of %OH radicals measured by laser-induced fluorescence. The excitation line of the %OH radicals was at 308 nm. (b) Time
profiled anodic production of O3 at Pcell = 1.0–3.0 V.
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yield of %OH radicals reached 35 μmol within 30min, indicating the
high efficiency of the %OH radical yield compared with previously re-
ported values for the electrocatalytic generation and photogeneration
of %OH [28,30]. The membrane electrode assembly promoted H+

transmission from the anode to the cathode and therefore increased the
reaction rate. Moreover, in the all-solid cell, collisions of %OH with ions
were also avoided by the lack of a conducting reaction medium.
Therefore, %OH radical generation by this method is highly efficient,
and is responsible for the high yield of CO2 in the BTX electrooxidation
process. O3 is a ROS that usually appears in electrochemical water
treatment, therefore the O3 concentration was also measured during the
gas-solid interface electrocatalytic oxidation. As shown in Fig. 6(b),
when the applied cell voltage was lower than 2.0 V, no O3 was gener-
ated; when the cell voltage was raised to 3.0 V, the O3 concentration
was lower than 1 ppb. Therefore, the contribution to benzene conver-
sion by O3 is negligible. Literature reports suggest that electrode ma-
terials with high overpotential for the OER, in fluoro-compound aqu-
eous electrolytes and at low temperature tend to exhibit high efficiency
ozone production [54]. Accordingly, no O3 was detected in our studied
system, probably due to the lack of addition of a supporting electrolyte.
Considering the almost complete lack of byproduct formation, the gas-
phase electrochemical mineralization of VOCs is superior to other
current air pollution treatment technologies, such as photo-assisted
technology, plasma and aqueous electro-oxidation technology.

The cathodic products were measured, including H2, H2O2 and H2O.
Except for a small amount of H2 and H2O2 produced at the applied cell
voltage of 1.0 V (show in Fig. S10), only water was detected in the
cathodic compartment at the cell voltages of 2.0 and 3.0 V, indicating
that the oxygen is mainly converted to H2O on Pt/rGO/CFP. The en-
vironment-friendly cathodic products show that the system is suitable
for application in indoor air purification.

3.4.2. Electrochemical characterization
To observe the oxidation of water and benzene on the surface of SS-

28.7/Ti in the solid polymer electrolyte cell, cyclic voltammetry mea-
surements were performed using a two-compartment cell with an MEA
at 25 °C with scanning rates of 10mV/s in the potential window of
−0.5 to 3.0 V. All the potentials are in reference to Ag/AgCl, saturated
KCl. As shown in Fig. 7(a), pure water shows a similar response on the
SS-28.7/Ti electrode to that obtained on fine stainless steel mesh-sup-
ported Sb-SnO2 electrodes using the same electrolyte [23]. The oxygen
evolution reaction (OER) current appeared at a high potential of 2.0 V
(E0= 1.23 VNHE). The high oxygen evolution overpotential is helpful
for the electrode’s accumulation of %OH and beneficial to the “elec-
trochemical incineration” of organic pollutions [18,31,33,48,49]. After
the addition of benzene, there is an obvious increase in the current in
the OER region (> 2.0 V), which is due to the appearance of benzene
oxidation [31,48,50]. The increase of current induced by the addition
of benzene was confirmed in 0.1M H2SO4, as shown in Fig. 7(b). As
expected, the CV current density obtained in H2SO4 solution was higher
compared to that in pure water. The current increase brought about by
the injection of benzene in the pure water system at OER region is si-
milar to that in 0.1M H2SO4, confirming that benzene oxidation oc-
curred in the OER region with the solid polymer electrolyte.

Chronoamperometric experiments were performed next to study the
benzene response in the high potential area. As shown in Fig. 7(c),
anodic currents occurred when the potential was stepped to 1.0 V in
pure water without benzene. When the stepped potential was raised to
2.0 V, the current increased due to the water discharge. Then the cur-
rent greatly increased when the potential was 3.0 V. After the addition
of benzene, there was no difference in oxidative current on SS-28.7/Ti
electrode at 1.0 V. A slight increase in the current intensity was ob-
served at 2.0 V, and a great promotion of current occurred at 3.0 V.
Since the oxidation potential of benzene is E0= 2.86 VNHE [51], ben-
zene is difficult to be oxidized directly at 2.0 V. Therefore, almost no
current increase occurred with the injection of benzene (Fig. 7) and the

Fig. 7. Cyclic voltammetric curves obtained for SS-28.7/Ti (a) in pure water
with and without benzene at a scanning rate of 10mV s−1, (b) in 0.1M H2SO4

with and without benzene at a scanning rate of 10mV s−1. (c)
Chronoamperometric response of SS-28.7/Ti in pure water with and without
benzene.
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conversion of benzene to COx was also very low (< 10%) with the
applied potential of 1.0 V (Fig. 3a). A notable current increase was
observed when the applied potential was 2.0 V, which was independent
of the benzene concentration, indicating that the %OH produced on the
electrode surface mediated the electrochemical oxidation of benzene
[48] and that the benzene oxidation should mainly follow a %OH-in-
itiated mechanism. When the potential was raised to 3.0 V (in Fig. 7c),
the anodic current in pure water sharply increased due to the in-
tensified water discharge. With addition of 20 ppm benzene solution,
the anodic current density further increased, while increasing benzene
to 40 ppm resulted in a current decrease, but the current was still higher
than that in the pure water condition. At the potential of 3.0 V, the
direct oxidation process of benzene appeared, therefore both indirect
oxidation by electro-generated %OH and direct electrooxidation were
involved in the complex oxidation of benzene.

At the applied cell voltage of 2.0 V, benzene adsorption occurred but
no COx or organic products were detected in the absence of water vapor
(in Fig. 3c), and the current increase was independent of the benzene
concentration in water (in Fig. 7c). These findings indicate that indirect
oxidation by ROS predominated in the oxidation of benzene. The results
of ROS measurement show that the water vapor discharge on the Sb-
SnO2/Ti electrode mainly produced %OH in the all-solid cell. %OH reacts
with aromatic rings through hydrogen abstraction from the rings
[52,55–56]. The powerful oxidant %OH reacts faster with aromatics
compared with other strong oxidants, due to the rapid reaction of %OH
with H of aromatic rings. [52,56] Then, the produced phenol radicals
(%Ar-OH) react with O2 to convert to CO2. Compared with the aro-
matics, the oxidation of %Ar-OH by O2 has a relatively low activation
energy barrier [52,56]. It was deduced that the reaction rate of the
oxidation of aromatics by %OH was higher than that of the direct oxi-
dation of aromatics with oxygen.

When the applied cell voltage was raised to 3.0 V, the direct oxi-
dation of benzene occurred, as shown in Fig. 7c. In the direct oxidation
process, the produced Ar+ favored the formation of a polymeric film on
the anode surface, resulting in electrode fouling [51]. Moreover, be-
cause the adsorption of aromatics is facilitated by high applied poten-
tials, the higher amount of surface-sorbed species under high con-
centrations of aromatics occupied more active sites where water
discharge could occur [18,48,57,58], resulting in a current decrease in
the experiment with 40 ppm benzene. Although the increase in poten-
tial can raise the yield of %OH, the further oxidation of the polymeric
intermediates was difficult, and the reaction rate of the mineralization
of aromatics to CO2 dropped off [48,57]. As a result, the hydroxyl ra-
dical-mediated oxidation of benzene to COx at the potential of 2.0 V
showed higher efficiency than that at 3.0 V in electrochemical oxidation
of benzene tests, as shown in Fig. 3a.

4. Conclusions

A membrane electrode assembly (MEA) in an all-solid cell was used
for electrochemical mineralization of indoor low-concentration gaseous
BTX at ambient temperature. At the optimal cell voltage of 2.0 V, BTX
were mainly converted to CO2 (> 85%) at a relative humidity of 60%
without the formation of any organic byproducts. The electrochemical
behavior of benzene oxidation on the electrode revealed that indirect
oxidation via %OH radicals was responsible for the mineralization of
benzene when the potential was at the onset of OER (2.0 V). The pre-
sent study demonstrates electrochemical oxidation of gaseous BTX in an
all-solid cell is a promising method for application in indoor air pur-
ification.
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