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ABSTRACT: In this study, a binder-free, porous, and
conductive 3D carbon-nanotube (CNT) network uniformly
coated with bismuth-doped tin oxide (BTO) nanoparticles was
prepared via a simple electrosorption−hydrothermal method
and utilized for the electrooxidative filtration of organics. The
BTO-CNT nanocomposite was characterized by scanning
electron microscopy, thermogravimetric analysis, transmission
electron microscopy, X-ray photoelectron spectroscopy, linear
sweep voltammetry, and Tafel analysis. The submonolayer
BTO coating is composed of 3.9 ± 1.5 nm diameter
nanoparticles (NPs). The oxygen-evolution potential of the
BTO-CNT nanocomposite was determined to be 1.71 V (vs Ag/AgCl), which is 440 mV higher than an uncoated CNT anode.
Anodic stability, characterized by CNT oxidative corrosion to form dissolved species, indicated that the BTO-CNT incurred
negligible corrosion up to Vanode = 2.2 V, whereas the uncoated CNT was compromised at Vanode ≥ 1.4 V. The effect of metal
oxide-nanoparticle coating on anodic performance was initially studied by oxalate oxidation followed by total organic carbon
(TOC) and chemical oxygen demand (COD) analysis. The BTO-CNT displayed the best performance, with ∼98% oxalate
oxidation (1.2 s filter residence time) and current efficiencies in the range of 32 to >99%. The BTO-CNT anode energy
consumption was 25.7 kW h kgCOD−1 at ∼93% TOC removal and 8.6 kW h kgCOD−1 at ∼50% TOC removal, comparable to
state-of-the-art oxalate oxidation processes (22.5−81.7 kW h kgCOD−1). The improved reactivity, current efficiency, and energy
consumption are attributed to the increased conductivity, oxygen-evolution potential, and stability of the BTO-CNT anode. The
effectiveness and efficiency of the BTO-CNT anode as compared to the uncoated CNT was further investigated by the
electrooxidative filtration of ethanol, methanol, formaldehyde, and formate, and it was determined to have TOC removals 2 to 8
times greater, mineralization current efficiencies 1.5 to 3.5 times greater, and energy consumption 4 to 5 times less than the
uncoated CNT anode. Electrooxidation and anode passivation mechanisms are discussed.
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■ INTRODUCTION

Carbon nanotubes (CNTs) are widely used in electrochemical
applications including batteries,1,2 super-capacitors,3,4 and fuel
cells5,6 because of their unique physical and chemical
properties. One promising general electrochemical application
of CNTs is anodic organic oxidation, which is relevant to water
treatment, fuel cells, and sensors. Because of their high aspect
ratio, large specific surface area, excellent conductivity, and
stable chemical structure, CNTs can potentially form porous,
conductive, and 3D structures for effective, efficient, and rapid
electrochemical oxidation.7,8

For example, recent studies have shown that a porous CNT
electrochemical filter, where the solution to be treated flows
though the electrode, can effectively remove organic dyes,
phenol, and ions via adsorption and electrooxidation.7 The
flow-through filter configuration results in electrochemical
kinetics up to 10 times greater as compared to the conventional
batch electrochemical reactor configuration because of

increases in the convective mass transfer of the target molecules
to the electrode surface.9,10 Nevertheless, the electrochemical
filter CNT anode still faces the same universal anode
development challenge: low current efficiencies at high anode
potentials as a result of competition with anode corrosion and
water oxidation (eq 1).9,11

→ + + =− +2H O O 4e 4H (E 1.03 V vs Ag/AgCl)2 2
o

(1)

The oxygen-evolution reaction will substantially reduce the
current efficiency (CE) because the solvent water (55 M) will
always be in great excess relative to the target molecules,
limiting electrochemical oxidation applications at anode
potentials over their oxygen evolution overpotential (OEP).
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For example, the electrochemical oxidation of recalcitrant
perfluorinated molecules such as perfluorooctanoate (PFOA)
required anode (Ti/SnO2-Sb-Bi) potentials >3.4 V for rapid
oxidation, resulting in a current efficiency of less than 1%.12

A low OEP may be problematic for uncoated CNT anodes.
For example, a CNT OEP of ∼1.0 V (vs Ag/AgCl) has been
reported, indicating a negligible oxygen-evolution overpotential
and resulting in significant decreases (∼70%) in dye oxidation
current efficiency at ∼200 mV > OEP.9 In addition, a recent
study on the durability of single-wall carbon nanotubes
indicated that high anode potentials (>4 V) caused severe
CNT degradation in deionized water,13 which would
significantly deteriorate anode conductivity and performance.
Therefore, the development of novel anode materials with
increased OEP (and in turn target-molecule current efficiency)
as well as stability is of great importance, in particular for
organic oxidation processes requiring high anode potentials.
Fortunately, CNTs are not only effective as a homogeneous

anode material but can also serve as an excellent high surface
area catalyst substrate. Surface modification with selected
organic,20 inorganic,21,22 and biological species23,24 dramatically
influences the CNT chemical and physical properties and can
improve device performance for many electrochemical
applications such as fuel cells,14,15 super-capacitors,3,16 and Li-
ion batteries.17−19 For example, a range of inorganic nano-
particle (NP)-CNT composites such as Fe3O4-CNT,

25 MnO2-
CNT,26 and SnO2-CNT (TO-CNT)27 have been synthesized
by reactive sputtering or hydrothermal methods and evaluated
for Li-ion battery applications. In regards to electrochemical
organic oxidation applications, SnO2 and doped-SnO2 are
common inorganic anode-coating materials because SnO2 has
one of the highest reported OEPs at 1.7 V versus Ag/AgCl.28

For example, a TiO2 nanotube (TiO2-NT) loaded with Sb-
doped SnO2 (ATO) NPs of 20 nm in diameter demonstrated
an OEP of 1.6 V versus Ag/AgCl and was effective for the
mineralization of benzoic acid:29

+ → + ++ −C H COOH 12H O 7CO 30H 30e6 5 2 2 (2)

The mineralization current efficiency (MCE) was greatly
improved from 0.4% for the TiO2-NT anode to 14.2% for
the ATO coated TiO2-NT anode. Therefore, one strategy to
improve the current efficiency of high-potential CNT anode
applications may be to coat a thin layer of high-OEP-doped tin
oxide nanoparticles onto the CNT network.
Although a significant number of interesting works have been

published on the coating of tin oxide or doped tin oxide
nanoparticles (NPs) onto a carbon-nanotube substrate, we
could not find any reported material synthesis method that met
all of the requirements for a CNT anode operating in the flow-
through configuration. Because of the nature of high-potential
Faradaic electrochemical filtration, three key challenges in
CNT-metal oxide anode preparation must be addressed: (I) a
binder-free conductive CNT network, (II) a mechanically
stable 3D porous structure viable for fluid filtration, and (III) a
high-OEP CNT-metal oxide nanocomposite with minimal
toxicity. First, many hydrothermal or sol-gel methods for SnO2-
coated CNT synthesis30,27,31 depend on conductive additives,
such as carbon black and polymer binders, to lower the
electrical resistance and increase mechanical stability. However,
additives may result in competitive oxidation and block reactive
sites,32 so binder-free and conductive CNT-metal oxide
network materials are of great interest (key challenge I).
Second, although there are few studies that successfully

developed binder free and conducting SnO2-CNT networks,32

a thin layer of CNTs must first be deposited on a metal
substrate such that the NP coating can be formed via chemical
vapor deposition. The final product is a network attached to the
metal substrate that cannot be used as a flow-through electrode
(key challenge II). Third, tin oxide is a semiconductor with a
large band gap of 3.5 eV and is typically doped with Sb (toxic
substance with an EPA drinking water limit of 6 μg L−1)33 to
increase the conductivity and electrochemical oxidation kinetics
(key challenge III).28,34,35 Therefore, it is of interest to develop
a highly conductive, stable, binder-free, non-toxic, and porous
3D CNT network to improve the anodic performance of high-
potential, flow-through, organic oxidation applications.
In this study, we have prepared a porous CNT network

coated with Bi-doped tin oxide (BTO) NPs and investigated its
potential to overcome the three key challenges discussed above.
Initial experiments compared the anodic performance of the
uncoated CNT, tin oxide-coated CNT (TO-CNT), antimony-
doped tin oxide-coated CNT (ATO-CNT), and bismuth-doped
tin oxide-coated CNT (BTO-CNT) to determine if Bi was an
effective and non-toxic alternative to Sb by measuring OEP,
Tafel slope, and organic mineralization current efficiency. The
composite is prepared using the electrosorption of metal ions at
the desired mole ratio onto a preformed 3D porous CNT
network to ensure CNT−CNT contact followed by thermal
hydrolysis at 80 °C for 1 h in pure water to precipitate the
metal oxide coating. After hydrolysis, the metal oxide-CNT
composite anode can be immediately used for electrochemical
filtration. The metal oxide-CNT anodes were characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and thermogravimetric analysis (TGA). The oxygen evolution
of the metal oxide-CNT composites was examined by linear
sweep voltammetry (LSV) and Tafel analysis. The anodic
performance of the composite materials were examined by
challenging with 1 mM oxalate, a recalcitrant organic.36 Once
enough evidence was collected demonstrating that the non-
toxic BTO-CNT anode was as effective and efficient as the
ATO-CNT anode, further experiments were completed only
with the uncoated CNT control and BTO-CNT anodes. A
stability test of the uncoated CNT and BTO-CNT anodes was
completed by challenging the anode with only electrolyte or no
electrolyte and measuring the effluent total carbon (TC) and
inorganic carbon (IC), which are indicators of CNT electro-
oxidative corrosion. The anode materials before and after the
stability test were also analyzed by XPS. Finally, the CNT and
BTO-CNT anodic performance towards a range of small
organics was evaluated. Electrooxidation and anode passivation
mechanisms are discussed.

■ MATERIALS AND METHODS
Chemicals and Materials. Sodium sulfate (Na2SO4, ≥98.0%),

sodium persulfate (Na2S2O8, ≥98.0%), tin chloride dihydrate (SnCl2·
2H2O, ≥98.0%), antimony chloride (SbCl3, ≥99.0%), bismuth nitrate
pentahydrate (Bi(NO3)3·5H2O, ≥98.0%), hydrochloric acid (HCl,
36.5-38.0%), phosphoric acid (H3PO4, 85%), sodium oxalate
(Na2C2O4, ≥99.5%), ethanol (EtOH, ≥99.5%), methanol (MeOH,
99.8%), formaldehyde (HCHO, 36.5−38% in H2O), and sodium
formate (HCOONa, ≥99.0%) were purchased from Sigma-Aldrich
(St. Louis, MO). All chemicals were reagent grade. All aqueous
solutions were made with water from a Barnstead Nanopure Infinity
purification system that produced water with a minimal resistivity of 18
MΩ cm−1. The multiwalled carbon-nanotubes networks were
purchased from NanoTechLabs (Buckeye Composites, Yadkinville,
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NC) in circles that were 47 mm in diameter, 41 ± 8 μm in depth,
∼85% pore volume, and had an average pore size of 104 ± 39 nm, as
have been characterized previously in detail.10

Electrooxidative Filter Preparation. The NP-CNT nano-
composite anode was prepared via a simple electrosorption−
hydrothermal method. To prepare the TO-CNT, 1 g of SnCl2·2H2O
was dissolved in 33 mL of 37% HCl followed by the addition of 67 mL
of deionized water. The solution was bath sonicated for 15 min and
used as the electrolyte for electrosorption. The CNT network (40 mg)
was first wetted with ethanol prior to electrosorption. The electro-
sorption process utilized a conventional bipolar electrochemical cell
that was placed into the electrolyte solution using the CNT network as
the cathode and a titanium plate (3 × 2 cm2) as the anode. The total
applied voltage was 1 V for 1 h. During the electrosorption process,
the CNT cathode becomes negatively charged and in turn electrosorbs
the positively charged metal cations. After electrosorption, the CNT
network was placed in a hot (80 °C) DI water bath for 1 h to
precipitate the metal oxides. The coated CNT filter was then removed
from the hot water bath and dried in air at 60 °C for 2 h. The ATO-
CNT and BTO-CNT preparation processes were exactly the same as
that of the TO-CNT except that 0.050 g SbCl3 or 0.107 g Bi(NO3)3·
5H2O was also added to the electrolyte solution such that the molar
ratio of dopant (Sb or Bi) to Sn was 0.05. The anodic filter was then
loaded into a filtration casing modified for electrochemistry, as
described in detail in a previous study7 (Figure S1).
SEM. SEM was completed in Harvard’s Center for Nanoscale

Systems (CNS) on a Zeiss FESEM Ultra Plus. Micrographs were
analyzed with ImageJ (NIH) software to determine CNT diameter
and aerial pore diameter, which is the distance between CNTs.
Reported diameters were the average of at least 100 measurements
from at least two network images.
TEM. TEM was completed at Harvard’s Center for Nanoscale

Systems on a JEOL 2100TEM with an accelerating voltage of 200 kV.
Prior to imaging, BTO-CNT powder was scratched from the BTO-
CNT filter and spread onto a copper grid for analysis. Nanoparticle
size measurements were the average of at least 100 measurements
from at least two network images.
XPS. XPS was completed on a Thermo Scientific K-Alpha XPS with

a monochromatic Al Kα X-ray source in Harvard’s Center for
Nanoscale Systems. Survey spectra were scanned for all samples from
0 to 1400 eV to determine the elemental composition near the CNT
network surface. Individual element scans were also completed for C
1s (274−294 eV), O 1s (522−542 eV), Sn 3d (477-500 eV), and Bi 4f
(154-169 eV). Avantage software was used to determine the integrated
peak areas for the individual elements and to estimate the surficial
carbon-nanotube network elemental ratios.
TGA. TGA was completed in Harvard’s Material Research Science

and Engineering Center (MRSEC) on a Q5000-IR Thermogravimetric
Analyzer (TA Instruments). Samples were ground into powder and
placed in a platinum pan. The initial sample weight was ∼5.2 mg for
the uncoated CNT network and ∼6.4 mg for the BTO-CNT network.
The pan was heated from room temperature to 150 °C at 10 °C
min−1, held at 150 °C for 30 min to remove any residual water, heated
to 800 °C at 10 °C min−1, held at 800 °C for 30 min, and was finally
brought back to room temperature at 20 °C min−1. A second identical
run was completed immediately after the first and used as a
background. The percent of residual material was determined using
the initial mass and the mass remaining after a complete thermal cycle.
Electrochemical Characterization. The LSV and Tafel experi-

ments were completed with a CHI604D electrochemical workstation
(CH Instruments, Inc.) utilizing a Ag/AgCl reference electrode, a
perforated titanium shim counter electrode, and an uncoated CNT or
a metal oxide coated CNT network as the working electrode in the
conventional batch (no flow) configuration. The electrochemical cell
was placed into 500 mL of 0.5 M H2SO4 for LSV and Tafel analysis.
Scan rates of 0.02 and 0.01 V s−1 were used for LSV and Tafel analysis,
respectively. The anode used for electrochemical characterization had
an active geometric area of 7 cm2 and a mass of 16 mg CNT plus metal
oxide. The total surface area was obtained by multiplying the CNT

mass by its BET specific surface area, 88.5 m2 g−1,7 which in this case
was 1.4 m2.

Electrooxidative Filtration. A background electrolyte of 10 mM
sodium sulfate in water was used for all experiments unless otherwise
noted. Oxalate, ethanol, methanol, formaldehyde, and formate at
different concentrations were used as target molecules for electro-
oxidative filtration. Although the uncoated or coated CNT networks
were circles of 47 mm in diameter, only an inner circle with a diameter
of 30 mm was in contact with solution, with the rest buried by the
rubber seal. Thus, in all experiments, the effective anodic filter was
composed of 16 mg of CNT and any additional NPs. The exposed
geometric area was 7 cm2, and the total surface area was 1.4 m2. The
flow rate (J) in the oxalate experiments was 1.5 mL min−1 and for all
other electrooxidative filtration experiments was 3 mL min−1. The
thickness of the CNT filter was 45 μm, so the residence time was ∼1.2
s for oxalate experiments and ∼0.6 s for all other electrooxidative
filtration experiments. The electrooxidative filtration was completed at
a number of controlled currents ranging from 1 to 60 mA. The
controlled-current method was used here such that the current
efficiency can be easily calculated and compared to previous organic
electrooxidation studies that utilize constant-current methods. The
steady-state effluent total organic carbon (TOC) was measured after
the current was constant for 20 minutes, and the mineralization
current efficiency (MCE) was calculated by the following equation

=
− n FJ

I
MCE

(TOC TOC )
12

inf eff e
(3)

where TOCinf and TOCeff stand for the influent and effluent TOC in
mg L−1, ne is the average number of electrons transferred per carbon to
oxidize to carbon dioxide, F = 96 485 C mol−1 is Faraday’s constant, J
is the flow rate in L s−1, and I is the current in mA. The time-averaged
voltage at each current was also recorded and used to calculate the
energy consumption (EC) in kW h kgTOC−1 by the following
equation

=
−

UI
J

EC
3600(TOC TOC )inf eff (4)

where U and I denote the measured voltage (V) and current (mA).
Anode Stability Test. The anode stability tests of the uncoated

CNT and BTO-CNT networks were completed with a CHI604D
electrochemical workstation using an Ag/AgCl reference electrode, a
perforated titanium shim counter electrode, and an uncoated CNT or
metal oxide coated CNT network as the working electrode. For the
stability experiments, either DI water or 10 mM electrolyte (Na2SO4
or NaF) was flowed through the working electrode at a set anode
potential and a flow rate of 1.5 mL min−1. The anode potential was
increased stepwise from 0.6 to 3.0 V and kept at each potential for a
time interval of 10 min. The time dependence of the effluent
concentration for the CNT stability test was measured, and the results
(Figure S2) indicate that a measurement at 10 min represents an
extended time average. The steady-state current, TC, and IC
measurements of the effluent were taken at the end of each interval.

TOC Measurement. The TOC analyses were completed on a
Shimadzu TOC-VW analyzer equipped with a UV/thermal persulfate
oxidizer. The calibration was completed over a concentration range of
1 to 100 mg C L−1 using a six-point curve with potassium terephtalate
as a carbon source. The TC injection was 1.5 mL per sample with the
addition of 75 μL of 0.5 M sodium persulfate and 75 μL of 17%
phosphoric acid. The IC injection was 2.5 mL per sample with the
addition of 125 μL of 17% phosphoric acid.

■ RESULTS AND DISCUSSION
Anode Material Characterization. The uncoated CNT

and BTO-CNT networks were characterized by SEM and TEM
for surface morphology, XPS for surface elemental composition
analysis, and TGA for NP loading as well as electrochemical
characterization for OEP and Tafel slopes. The surface
morphology of the BTO-CNT nanocomposite prepared is of
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interest because the size and uniformity of the NP coating may
significantly alter the physical and chemical properties of the
material and in turn its effectiveness.37 An SEM image of the
uncoated CNT network is displayed in Figure 1a. The CNTs

have an average diameter of 19.6 ± 9.9 nm, exhibit a clean and
smooth surface, are randomly oriented in a 2D plane, and form
a porous and conductive 3D network viable for electrochemical
filtration. An aerial SEM image of the CNT network after BTO
NP deposition is displayed in Figure 1b. The CNT surfaces are
uniformly coated by the BTO NPs as they become significantly
rougher, and no bulk (>10 nm) tin oxide particles are observed.
TEM images of the BTO-CNT nanocomposite network are

displayed in Figure 1c,d. The BTO coating on the CNT
networks has a thickness of <10 nm and a uniform particle size
of 3.9 ± 1.5 nm. There is also a large particle of ∼20 nm
located inside one of the CNTs, which can be attributed to the
residual Fe catalyst because similar particles were also observed
inside the uncoated CNTs. A magnified view of a BTO NP
(Figure 1d) at the surface of a CNT indicates that the NPs are
crystalline with distinct lattice fringes. The adjacent spacing of
aligned lattice fringes is 0.33 nm, slightly larger than the spacing
of the (110) plane of a pure SnO2 crystal, 0.32 nm, possibly due
to the Bi doping because Bi has a slightly larger atomic radii
(1.60 Å) than Sn (1.45 Å).38 Together, the SEM and TEM
images show that the uniformly coated BTO-CNT network

prepared in this study is free-standing, binder-free, and porous
and is thus suitable for electrochemical filtration (key
challenges I and II).
The uncoated CNT and BTO-CNT networks were also

characterized by XPS and TGA analysis. The surficial elemental
compositions (XPS) are summarized in Table 1, and the XPS
survey scans can be found in Figure S3. XPS indicates that the
uncoated CNT surface elemental composition is 0.51% O,
0.14% Fe, and 99.35% C. The observed iron is attributed to the
residual iron catalyst from the CNT synthesis.7 For
comparison, the BTO-CNT surface elemental composition is
11.6% O, 83.6% C, 4.7% Sn, and 0.1% Bi, and no surface iron
was detected, possibly due to dissolution in the acidic (pH 2 to
3) electrosorption solution. From the surficial elemental
composition, the Sn/C atomic ratio is 0.056. The nano-
composite Bi/Sn atomic ratio is 0.02, which is lower than the
electrosorption solution Bi/Sn atomic ratio of 0.05. The mass
of the nanoparticle coating was evaluated by TGA (Figure S4
and Table 1). The remaining mass of the uncoated CNT
sample after combustion (800 °C) was 2.5% of its original
weight and can be attributed to the residual Fe catalyst. This
result is consistent with previous reports,10 but it is much
higher than the Fe content as determined by XPS analysis
(0.14% atomic ratio or 0.65% weight), indicating that most of
the residual catalyst is within tubes, in agreement with the large
internal particles observed by TEM in Figure 1c. The BTO-
CNT sample had a significantly greater residual mass of 17.4%,
as expected because of the addition of the inorganic BTO NP
coating. Assuming the same iron oxide/carbon weight ratio of
the uncoated CNT sample holds in BTO-CNT, the actual
weight ratio of BTO nanoparticles/carbon is determined to be
0.185. The TGA burn temperature of the BTO-CNT network
is 630 °C, which is slightly (5 °C) higher than the burn
temperature of the uncoated CNT, 625 °C, indicating
negligible degradation of the CNT stability during the coating
process. In summary, the BTO NP loading on the CNT
network was 18.5% with regards to carbon weight, and the Bi
doping was 2% with regards to Sn.
As previously discussed, the OEP is an important operational

parameter for anode materials used in high-voltage applications
such as organic oxidation.39 The oxygen-evolution potential
and kinetics of the four electrodes, uncoated CNT, TO-CNT,
ATO-CNT, and BTO-CNT, were examined by both LSV and
Tafel analysis. The linear sweep voltammograms (scan rate =
0.02 V s−1 in 0.5 M H2SO4 solution) for the four anode
materials are presented in Figure 2a (solid lines). The
subsequent extrapolations (dashed lines) of the current waves
to 0 A was used to determine the oxygen-evolution potentials
(vs Ag/AgCl) of the uncoated CNT (black, 1.27 V) < ATO-
CNT (blue, 1.51 V) < BTO-CNT (pink, 1.71 V) < TO-CNT
(red, 1.85 V) anodes. The OEP of TO-CNT is 150 mV higher
than the reported OEP of bulk SnO2, 1.7 vs Ag/AgCl,28 which
not only verifies that the NP deposition method used here leads

Figure 1. Electron microscopy images of representative anode
networks. (a) Aerial SEM image of the uncoated CNT network. (b)
Aerial SEM image of the BTO-CNT network. (c) TEM image of the
BTO-CNT nanocomposite analyzed for NP size and coating thickness.
(d) Magnified view of BTO crystals on the CNT surface with the inset
showing the lattice spacing of a BTO particle in the red square.

Table 1. Material Characterization by XPS and TGA

sample C, %a O, %a Fe, %a Na, %a S, %a Sn, %a Bi, %a res, %b burn peak (°C)b

CNT 99.35 0.51 0.14 2.5 625
CNT 1.8 V 87.41 9.82 0.61 1.57 0.58
BTO-CNT 83.62 11.56 4.72 0.10 17.4 630
BTO-CNT 3 V 70.26 17.92 5.78 1.77 4.18 0.08

aDetermined by XPS, atomic percentage. bDetermined by TGA, weight percentage.
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to an effective and uniform coating on the CNT surface but
also indicates that the SnO2 NPs may have a higher OEP than
bulk SnO2. As the particle size decreases to the nanoscale (<10
nm), the band gap will increase because of quantum
confinement as compared to the bulk material and may in
turn affect the material OEP by lowering the valence band edge.
For example, SnO2 NPs with a diameter of 3−5 nm were
reported to have band gap of 4.05 eV, which is 0.35 eV larger
than that of the bulk SnO2 band gap of 3.7 eV.40 The OEP (vs
Ag/AgCl) of the TO-CNT (1.85 V) and BTO-CNT (1.71 V)
network anodes produced here (1.85 V) are also higher than
many other common anode materials, including PbO2 (1.7 V),
Pt (1.4 V), and IrO2 (1.32 V), but are still lower than boron-
doped diamond (BDD, 2.1 V).28

To further understand the oxygen-evolution kinetics, a Tafel
analysis of the four electrodes was completed and is presented
in Figure 2b. The Tafel plot, eq 5, describes the linear
relationship between the anode potential E (mV) and the
logarithm of the current I (A):41

= +E ba log{I} (5)

The slope b (V dec−1) is known as the Tafel slope and is
inversely related to the oxygen-evolution kinetics (i.e., a larger
Tafel slope indicates slower oxygen-evolution kinetics). The
unit, V dec−1 represents volts per decade of current. The Tafel
slopes for the four materials follow the order uncoated CNT
(black, 0.5 V dec−1) < ATO-CNT (blue, 0.88 V dec−1) < BTO-
CNT (pink, 1.05 V dec−1) < TO-CNT (red, 1.37 V dec−1), in

Figure 2. Electrochemical characterization of the anode materials. (a) Linear sweep voltametry (LSV). (b) Tafel plots. The LSV and Tafel
experiments were completed with a scan rate of 0.02 and 0.01 V s−1, respectively, in a 0.5 mol L−1 H2SO4 solution. The CNT voltammogram is given
as the black solid line, ATO-CNT, blue, BTO-CNT, pink, and TO-CNT, red. The dashed lines are extrapolations to determine the OEP of each
anode. The geometric area of the porous anode was 7 cm2, and the total surface area of the porous anode was 1.4 m2.

Figure 3. Electrochemical filtration of oxalate with the various anode materials as a function of steady-state current. (a) TOC removal (%). (b) Total
cell voltage (V). (c) Current efficiency (%). (d) Energy consumption (kW h kgTOC−1). The uncoated CNT results are in black, TO-CNT, red,
ATO-CNT, blue, and BTO-CNT, pink. The dark-yellow line in panel c represents the theoretical maximum of current efficiency assuming 100%
TOC removal. TOCinf = 100 mg C L−1, J = 1.5 mL min−1, residence time 1.2 s, and [Na2SO4] = 10 mM.
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agreement with the LSV data. The Tafel slopes of the TO-CNT
and BTO-CNT are higher than many common anode materials
including BDD (0.29 V dec−1) and PbO2 (0.18 V dec−1),42

indicating relatively slow oxygen-evolution kinetics. The LSV
and Tafel analysis both indicate that the tin oxide and doped tin
oxide nanoparticle coatings on the CNT networks can
effectively increase the OEP and the Tafel slope relative to
the uncoated CNT anode, resulting in both a delayed onset of
water oxidation and slower oxygen-evolution kinetics (key
challenge III).
Effect of Metal Oxide NP Coating on Organic

Oxidation Performance. Although high-anode-material
OEP usually indicates higher current and energy efficiency
towards organic oxidation, rapid kinetics is also necessary for an
effective electrooxidative processes. Thus, here, the recalcitrant
organic oxalate was utilized as a target molecule for the initial
oxidation experiments. Electrochemical anodic oxidation as well
as other advanced oxidation processes (AOPs) have been
previously studied for oxalate degradation36,43−45 because it is
the most common non-CO2 end product during aromatic
oxidation36 as a result of its slow reaction with the •OH radical
(C2O4

2− + •OH → CO2 + CO2
•−; k = 7.7 × 106 M−1 s−1).46

Oxalate and oxalic acid can undergo a two-electron oxidation
process to carbonate/CO2 according to the following
equations:

+ → + + =− − − + −C O 2OH 2CO 2H 2e (E 1.18 V)2 4
2

3
2 o

(6)

→ + + =+ −H C O 2CO 2H 2e (E 0.345 V)2 2 4 2
o

(7)

The uncoated CNT, TO-CNT, ATO-CNT, and BTO-CNT
were challenged by an aqueous oxalate solution (Cin = 100 mg
L−1, [Na2SO4] = 10 mM, J = 1.5 mL min−1, and residence time
1.2 s). The TOC removal percentage and average total cell
voltage of the uncoated CNT (black), TO-CNT (red), ATO-
CNT (blue), and BTO-CNT (pink) as a function of the steady-
state current (0−60 mA) are presented in Figure 3, panels a
and b, respectively. The solid line (yellow) in Figure 3a is the
theoretical maximum TOC removal, and the points are the
experimental measurements. The TOC removal for the
uncoated CNT anode first increases with increasing current
to 62 ± 2.5% at 15 mA and then decreases significantly to only
26 ± 12.4% at 40 mA. A similar trend was observed for the TO-
CNT anode, with TOC removal peaking at 40 mA (71 ± 4.4%)
and then decreasing to 32 ± 23% when the current was
increased to 60 mA. In contrast, the TOC removal for the
ATO-CNT and BTO-CNT anodes increased until 89 ± 4 and
94 ± 4% TOC removal was achieved at ≥40 mA, respectively,
and no TOC removal decrease with increasing current was
observed. In regards to the maximum TOC removal rate over
the current range of 0−60 mA, the ATO-CNT and BTO-CNT
were 1.3 times greater than the TO-CNT because the Sb/Bi
doping improved the conductivity and they were 1.5 times
greater than the uncoated CNT anode because of a lesser
oxygen evolution and improved anode stability, as will be
discussed in detail later.
In Figure 3b, the total cell voltage of the electrochemical

filter was observed to increase with increasing current for all
four anode materials, and the voltage response was quite similar
for all four anodes below 15 mA. For the uncoated CNT anode,
the total cell voltage increased significantly at both 15 and 20
mA to 5.5 ± 0.5 V, which is the greatest among all of the
materials, and reached 6.1 ± 1.9 V at 40 mA. The TO-CNT

anode total cell voltage increased to values greater than the
ATO and BTO at currents ≥40 mA, achieving 6.3 ± 1.7 V at 60
mA. In contrast, only a slight increase (slope 20−60 mA <
slope 0−20 mA) in total cell voltage was observed for the
ATO-CNT and BTO-CNT anodes when the current was >20
mA, reaching 4.7 ± 0.3 and 4.3 ± 0.2 V, respectively, at 60 mA.
The anodic TOC removal behavior in Figure 3a and the total

cell voltage data in Figure 3b must be combined and compared
with the anode electrochemical characterization results for a
clear understanding of the material effect on anode efficacy and
efficiency. At currents up to 10 mA, all four electrodes displayed
similar performance: ∼50% TOC removal and >99% current
efficiency near the theoretical maximum. The total cell voltage
when I ≤10 mA was always <2.7 V, and this voltage results in
an anode potential <1.1 V on the basis of previous CNT anode
open-circuit potential measurements.47 A 1.1 V anode potential
is higher than the two-electron standard reduction potential of
oxalate to carbonate (Eo = 0.98 V, pH 14; eq 6), but it is less
than the OEP for all of the anode materials examined in this
study (1.27−1.8 V vs Ag/AgCl), indicating the oxygen-
evolution reaction is not active, which is in agreement with
the similar oxidation performance of the four electrodes when I
≤10 mA. However, when the current was increased to ≥15 mA,
the cell voltage for the uncoated CNT anode increased
significantly to 4 V, indicating a dramatic decrease of anode
conductivity with a corresponding decrease in TOC removal, as
presented in Figure 3a. The increase of total cell voltage from
2.7 to 4 V will increase the anode potential to ∼2 V and over
the OEP of the uncoated CNT, 1.27 V, activating oxygen
evolution.
The passivation mechanism of the uncoated CNT anode at

≥4 V cell voltage may be attributed to two types of processes
shown in Scheme 1: (a) electrochemical production of oxygen,
eq 1, and subsequent formation of bubbles that can (a1) block
reactive sites and (a2) mechanically break the CNT-CNT
contacts and network and (b) CNT oxidative corrosion
because of (b1) direct oxidation via the build-up of a high

Scheme 1. Representative CNT Passivation Mechanismsa

a(a1)The produced oxygen bubbles block surface reactive electron
transfer sites. (a2) The produced oxygen bubbles break CNT−CNT
network contacts. (b1) Direct CNT oxidative corrosion resulting from
surface hole accumulation, releasing small organics and CO2. (b2)
CNT oxidative corrosion resulting from hydroxyl radical and sulfate
radical production at >2.2 V, releasing small organics and CO2.
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surface hole concentration and (b2) indirect oxidation via the
production of homogeneous or surface-bound free radicals. In
regards to mechanism a1, at potentials higher than the CNT
OEP, significant oxygen evolution will produce a large amount
of gas bubbles, which can be trapped in the porous CNT
network and block the reactive surface for electrooxidation,
leading to a decrease in the TOC removal rate. In regards to
mechanism a2, at extended operation times, the bubbles will
grow and expand in the porous network, resulting in the loss of
CNT−CNT contact and the breakdown of network mechan-
ical-stability, and both in turn will reduce network conductivity.
The decrease of the uncoated CNT anode conductivity (i.e.,
significant increase in the total cell voltage with current) and
TOC removal rate at ≥4 V cell voltage is likely due to
mechanisms a1 and a2 because it coincides with the onset of
the oxygen-evolution reaction. In regards to mechanisms b1
and b2, a high total cell voltage resulting from decreased
network connectivity and conductivity will result in a high
anode potential that will inevitably lead to CNT corrosion.45

The CNT corrosion will decrease anode conductivity, resulting
in a positive feedback that may rapidly aggravate anode
passivation. Another consequence of CNT corrosion is the
release of small organics into solution. CNT corrosion
mechanisms b1 and b2 will be discussed in detail in the next
section. In summary, the decrease in TOC removal by the
uncoated CNT when I ≥15 mA is likely due to one of the
previously discussed passivation mechanisms and is most likely
a complex combination of the processes.
The TO-CNT displayed a better TOC removal rate than the

uncoated CNT at ≥15 mA and had a similar TOC removal
percentage as the ATO and BTO-CNT until I >40 mA. The
increased stability of the TO-CNT as compared to the
uncoated CNT is due to the high OEP and preferential hole
transfer to the tin oxide coating, reducing passivation. However,
a significant loss of electrochemical activity still occurred at 60
mA. The total cell voltage versus steady-state current did not
display a sudden increase similar to the uncoated CNT,
indicating bubble formation via oxygen evolution (mechanism
a2) is not greatly affecting the conductivity because of the high
OEP of TO-CNT. However, the cell voltage still increased up
to 6.3 V and may have led to CNT corrosion and anode
passivation. The higher total cell voltage of the TO-CNT at 60
mA as compared to ATO-CNT and BTO-CNT can be
attributed to the semiconductive nature of the TO coating,
which increases the overall electrical resistance of the anode
network (i.e., SnO2 is a semiconductor with a large band gap of
3.7 eV and limited conductivity if it is not doped).28 For
example, pure tin oxide has a low conductivity (0.01−1 Ω−1

cm−1) that can be increased by doping with Sb (1−200 Ω−1

cm−1) because of the creation of oxygen vacancies that increase
the charge carrier concentration. For comparison, fabricated
CNT yarns with a porosity of 75% have a conductivity of 200
Ω−1 cm−1.48−50 The low conductivity of SnO2 indicates that at
high steady-state currents the holes may preferentially flow
through the more conductive CNTs, resulting in passivation.
Therefore, as compared to the uncoated CNT and TO-CNT,
the ATO-CNT and BTO-CNT benefited from both their high
OEP and increased conductivity (e.g., at 40 mA, the ATO-CNT
achieved an 89 ± 4% TOC removal with a cell voltage of 4.7 ±
0.4 V and the BTO-CNT achieved a 94 ± 4% TOC removal
with a cell voltage of 4.3 ± 0.4 V without any indication of
anode passivation).

The oxalate electrooxidation current efficiency as a function
of the steady-state current for the CNT (black), TO-CNT
(red), ATO-CNT (blue), and BTO-CNT (pink) anodes is
displayed in Figure 3c (same experimental conditions as panels
a and b). The bars represent the experimental measurements,
and the solid line is the theoretical maximum current efficiency.
The theoretical maximum current efficiency is calculated by
setting TOCeff = 0 in eq 3 and a maximum efficiency of 100%.
All four anode materials had a current efficiency of >90% when
I ≤10 mA, indicating minimal oxygen evolution, which is in
agreement with the results presented in Figure 3a,b, and at
higher steady-state currents (≥15 mA) the current efficiencies
for all four anodes decreased relative to the theoretical
maximum current efficiency. The oxalate oxidation current
efficiency of the uncoated CNT anode decreased rapidly to
12.9% at 40 mA. Improvement was observed for the TO-CNT
anode where the current efficiency was 34.3% at 40 mA, but it
decreased to 10.3% at 60 mA. The ATO-CNT and BTO-CNT
anodes had the highest oxalate oxidation current efficiency,
which approached the theoretical maximum at all steady-state
currents. At 40 mA, the current efficiency for the ATO-CNT
and BTO-CNT anodes was 38.6 and 48.7%, respectively, which
are more than 3 times greater than the uncoated CNT anode,
12.9%, and slightly less than the theoretical maximum CE of
60%. At 60 mA, the current efficiency of the ATO-CNT and
BTO-CNT anodes was 30 and 32.2%, respectively, which again
are more than 3 times the less conductive TO-CNT anode,
10.3%, and close to the theoretical maximum CE of 33%.
The energy consumption (kW h kgTOC−1) for oxalate

oxidation at the uncoated CNT (black), TO-CNT (red), ATO-
CNT (blue), and BTO-CNT (pink) anodes are plotted in
Figure 3d (same experimental conditions as a−c). All
electrodes showed similar energy consumption (2.8−10.3 kW
h kgTOC−1) at currents ≤15 mA, but the ATO-CNT and
BTO-CNT anodes had significantly lower energy consumption
at higher steady-state currents. At 40 mA, the energy
consumption of the ATO-CNT and BTO-CNT anodes are
24.4 and 17.1 kW h kgTOC−1, respectively, which are 4 to 5
times less than the energy consumption of the uncoated CNT,
105.3 kW h kgTOC−1. At 60 mA, the energy consumption of
the ATO-CNT and BTO-CNT anodes were 35.2 and 30.4 kW
h kgTOC−1, respectively, which again are 4 to 5 times less than
the energy consumption of the TO-CNT, 130.5 kW h
kgTOC−1. In practical applications, high current densities
(>40 mA cm‑2) may be necessary to ensure rapid oxidation
kinetics, and the ATO-CNT and BTO-CNT anodes signifi-
cantly reduce (4 to 5 fold) the energy consumption under the
highest current conditions utilized here by reducing com-
petitive water oxidation. A comparison of oxalate oxidation
kinetics and energy consumption by various anode materials
and methods is presented in Table S1 along with detailed
discussion in the Supporting Information.
Both ATO-CNT and BTO-CNT displayed similar efficacy

and efficiency towards oxalate oxidation; however, antimony is
a regulated toxic chemical. The EPA National Primary Drinking
Water Regulations regulates a maximum contaminant level for
antimony of 6 μg L−1,33 whereas Bi is not regulated and can be
found in common over the counters medicines such as Pepto-
Bismol. Therefore, the BTO-CNT network was the most
effective and efficient anode material because of the
combination of high OEP, increased conductivity, and non-
toxicity (key challenge III), and thus will be evaluated in greater
detail relative to the uncoated CNT anode as a control.
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Anode Stability Test. Anode corrosion stability is a critical
factor in high-potential electrochemical applications. Many
studies indicate that CNT anode corrosion will likely occur at
increased anode potentials (>1.7 V for MWCNT and >1.0 V
for SWCNT vs Ag/AgCl) in electrolyte solutions because of
direct electrolyte-mediated oxidation (mechanism b1) or
indirect free-radical oxidation (mechanism b2).13,53,54 Anodic
corrosion will decrease the CNT conductivity by damaging
their sp2 conjugation, leading to decreased current efficiencies
and organic oxidation rates. It was reported that the resistivity
of an SWCNT increased by over 4 orders of magnitude from
∼120 to ∼1.6 × 106 Ω sq−1 after being etched at an anode
potential of 2.0 V.54 To mineralize or even oxidize recalcitrant
organics, high anode potentials are inevitable and thus the
anode stability acts as an upper limit to the anode potential.
The anodic stability of the BTO-CNT and uncoated CNT

network was evaluated by electrochemical filtration experiments
with 10 mM Na2SO4, deionized water, and 10 mM NaF
solutions (TC ≤0.1 mg L−1), and the results are displayed in
Figure 4a−c, respectively. The left vertical axis is the effluent
TC and IC concentration in milligrams per liter, the right
vertical axis is the percent anode mass loss per liter filtered, and
the x axis is the anode potential (0.6−3.0 V). The percent
anode mass loss per liter filtered was calculated by effluent TC
(mg L−1) divided the total weight of filter, 16 mg. The
maximum filtration volume can then be calculated as the
inverse of the percentage anode mass loss per liter filtered.
During the anode stability test, the TC and IC in the effluent

should be minimal under potentials where the anode is stable
because neither is in the influent. In the Na2SO4 experiments

(Figure 4a), the uncoated CNT anode was stable (TCeff < 0.6
mg L−1) when Vanode <1.4 V and displayed two regimes of
oxidative corrosion between 1.4−2.2 V and >2.2 V.
Interestingly, between the anode potential range of 1.4−2.2
V, the uncoated CNT effluent TC (2.5 mg L−1) and IC (1.6 mg
L−1) values peaked at 1.8 V, indicating a finite amount of
electro-active reactant, such as the CNT surface functional
groups, in agreement with previous literature where direct
MWCNT etching was observed at >1.7 V.54 At anode
potentials ≥2.2 V, the effluent TC and IC increased rapidly
to maxima of 15.6 and 4.2 mg L−1, respectively, at 3.0 V. At this
corrosion rate, it would take only 34 min to lose 5% of the
CNT anode mass, and the maximum filtration volume would
be only ∼1 L before near complete anode corrosion.
The corrosion mechanism must be considered in two ways:

the predominant corrosion sites and the predominant corrosion
reaction. The oxidation peak at 1.8 V can be attributed to
mostly direct electrooxidation of the CNT surface oxy-
functional groups because of the high inorganic carbon
(64%) and low organic carbon content of the effluent (e.g.,
surface carboxylates would be oxidized to CO2 and surface
carbonyls would be oxidized to CO). In contrast, at anode
potentials ≥2.2 V, a high organic carbon (73%) and low
inorganic carbon effluent content was observed and may be
attributed to bulk corrosion of the CNTs via direct and indirect
oxidation pathways.
From the perspective of the predominant corrosion reaction,

the oxidative corrosion mechanisms proposed in Scheme 1, b1
and b2, the surface hole accumulation (>1.4 V), and the
oxidative radicals production (>2.2 V), respectively, can explain

Figure 4. Anode stability test for the CNT and BTO-CNT anode. (a) Effluent total carbon (TC) (mg L−1) and inorganic carbon (IC) (mg L−1) at
anode potentials ranging from 0.6 to 3.0 V for uncoated CNT (black) and BTO-CNT (blue) anodes in [Na2SO4] = 10 mM. Open squares are TC,
and closed circles are IC. (b) Anode stability test in deionized water. (c) Anode stability test in 10 mM NaF. The flow rate, J, was 1.5 mL min−1, and
residence time was 1.2 s in all experiments. (d) Steady-state current at anode potentials ranging from 0.6 to 3.0 V for uncoated CNT (black) and
BTO-CNT (blue) anodes. Regimes are labeled according to the dominating corrosion sites. Note the different y-axis scale for panels a−c.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am402621v | ACS Appl. Mater. Interfaces 2013, 5, 10054−1006610061



the anodic processes responsible for the TOC and IC
production. In regards to mechanism b1, the electrolyte/
semiconductor interface plays an important role in the anodic
hole stabilization and the subsequent corrosion process54 (i.e.,
under an anodic bias, the electrolyte forms a charged layer at
the semiconductor surface that stabilizes interfacial charge
carriers such as holes, resulting in anode corrosion) (Scheme 1,
mechanism b1). In regards to mechanism b2, oxidative radicals
produced from the water (HO•) and electrolyte (SO4

•−)
oxidation may also contribute to CNT bulk corrosion at higher
potentials (>2.2 V). At the neutral pH used in this study, anode
potentials >2.2 V (vs Ag/AgCl), similar to the onset of the
second oxidation regime, would be sufficient to produce
hydroxyl radicals following eq 8.51,52

+ → =− + •OH h OH (E 2.1 V, pH 7)o
(8)

Similarly, at anode potentials >2.2 V (vs Ag/AgCl), the sulfate
radical can be produced following eq 9:52

+ → =− + •−SO h SO (E 2.2 V)4
2

4
o

(9)

Therefore, to test our hypothesis, stability tests for an uncoated
CNT anode were completed in deionized water without
electrolyte (only mechanism b2 via eq 8) and in an inert NaF
electrolyte (only mechanisms b1 and b2 via eq 8). Fluoride is
considered to be an oxidatively inert electrolyte at anode
potentials <3 V because of its high standard reduction potential,
eq 10:52

+ → =− + •F h F (E 3.4 V)o
(10)

During the stability test in deionized water (Figure 4b), the TC
was equivalent to the IC, and both peaked at 3.0 V at 0.7 mg
L−1 (∼4% anode mass loss per liter filtered), indicating minimal
corrosion in the absence of electrolyte. Only 4.4% of filter
weight was lost per liter filtered at 3.0 V, and the maximum
filtration volume would be 22.7 L before complete corrosion.
Anodic water oxidation and hydroxyl radical production, eq 8,
is also observed to be inactive and may be inhibited because of
the high resistance of deionized water. The stability test in the
inert electrolyte NaF in Figure 4c (in black) displayed a two
oxidation regimes (1.5−2.2 and >2.2 V) similar to that of
Na2SO4, and the peak TC concentration at 3 V was ∼50% less
(8 mg L−1) than Na2SO4, indicating a strong contribution of
sulfate oxidation, eq 9, to CNT corrosion at high potentials.
Therefore, the no electrolyte/Na2SO4/NaF experiments
indicate that CNT corrosion because of high surface hole
concentration (Scheme 1; mechanism b1) is the dominant
corrosion mechanism at 1.4 to 2.2 V because the TC/IC are
similar in the sulfate and fluoride electrolytes but are negligible
in the absence of electrolyte. At >2.2 V, free-radical production,
eqs 8 and 9, (Scheme 1; mechanism b2) also contributes
significantly to CNT oxidative corrosion (e.g., at 3 V sulfate
contributes to ∼50% of the corrosion)). Therefore, the
maximum stable working potential for the uncoated CNT
anode is 1.4 V and may be acceptable up to 2.2 V. The
maximum filtration volume for the most extreme case (10 mM
Na2SO4) of a 16 mg uncoated CNT anode was 15 L at 1.4 V
and 7.4 L at 2.2 V.
In contrast, the BTO-CNT anode displayed significantly

improved anode stability under all solution conditions (blue
symbols in Figure 4a−c). For the 10 mM Na2SO4 electrolyte,
the effluent TC and IC remained <0.6 mg L−1 up to anode
potentials of 2.2 V, indicating minimal CNT corrosion at

potentials necessary for the oxidation/mineralization of most
species. The anode mass loss per liter filtered was only 3.75%,
and the volumetric life span was increased to 26.7 L; 3-fold
greater as compared to the uncoated CNT anode. The
improved BTO-CNT anode stability at Vanode <2.2 V indicates
that the BTO-NPs preferentially accumulate generated holes
because they are at the outermost surface of the anode material
and have a smaller radii of curvature (i.e., a higher local charge
density, the tip effect).55 A slight increase of effluent TC and IC
for the BTO-CNT was observed between 2.2 and 3.0 V, but
even at 3.0 V, the TCeff = 2.7 mg L−1 and ICeff = 1.4 mg L−1.
The anode mass loss per liter filtered was only 16.9%, and the
volumetric life span was increased to 5.9 L, a 6-fold increase as
compared to the uncoated CNT anode. The blue symbols in
Figure 4b are the effluent TC and IC for the BTO-CNT
corrosion in deionized water. Similar to the CNT stability test,
the BTO-CNT corrosion in deionized water was minimal, with
TCeff <0.4 mg L−1 at Vanode = 3.0 V, indicating again that hole
accumulation and radical formation (mechanisms b1 and b2)
were inhibited in the absence of electrolyte. Similar to the
uncoated CNT results, the BTO-CNT anode stability in 10
mM NaF (blue, Figure 4c) displayed two corrosion regimes at
anode potentials from 1.4−2.2 and >2.2 V, with a maximum
TCeff = 3.1 mg L−1 at Vanode = 3 V. This TCeff maximum was
similar to that for Na2SO4, TCeff = 2.7 mg L−1, indicating that
CNT oxidation by the sulfate radical did not contribute
significantly to BTO-CNT corrosion. Thus, the BTO-CNT
exhibited negligible corrosion up to 2.2 V (0.8 V higher than
uncoated CNT anode) and significantly reduced corrosion up
to 3.0 V.
The mass-normalized volumetric lifespan of the BTO-CNT

anode is 2.6 m3 gCNT−1 when Vanode = 1.4 V and 1.7 m3

gCNT−1 when Vanode = 2.2 V. The energy consumption in this
study for treating 1.7 m3 water with [Oxalate]in = 100 mg C L−1

at a steady-state current of 40 mA was 3.06 kW h (a total
electricity cost of $0.41 assuming an electricity price of $0.134
kW h−1; US Energy Information Administration). The cost of 1
g of CNTs is <$0.1 and thus <25% of the energy costs.56

Therefore, the major cost of high-potential water treatment
using CNT-based anodes is the energetic operational costs.
Nevertheless, the relatively short lifespan of the CNT-based
anode is a drawback, and the development of CNT materials
with greater anode stability should be a direction of future
research.
The steady-state current, over a similar potential range of

0.4−3.0 V, is presented in Figure 4d. The uncoated CNT anode
had a higher current than the BTO-CNT anode at Vanode >1 V,
and the current difference increased with increasing potential.
The higher uncoated CNT current is due to faster oxygen
evolution (>1.27 V) and CNT corrosion kinetics (>1.4 V,
mechanisms b1 and b2). The uncoated CNT anode current
started to increase significantly at >1.2 V, around its OEP, and
the current of the BTO-CNT started to increase at >2 V, again
close to its OEP. Two regimes were labeled in Figure 4a,b
according to the nature of the CNT sites that undergo
oxidation, as previously discussed, with regime 1 (1.4−2.2 V)
being predominantly mechanism b1 and regime 2, mechanisms
b1 and b2 acting simultaneously. In regime 2 (Vanode >2.2 V),
the max effluent TC was 15.6 mg C L−1 for the uncoated CNT
anode, which is around 5.8-fold greater than the BTO-CNT at
2.7 mg C L−1. Similarly, the max current for the uncoated CNT
was ∼80 mA, which is around 5.7-fold greater than the BTO-
CNT anode at ∼14 mA. In summary, the BTO-CNT exhibited
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significantly improved anode stability, extending the working
potential upper limit to 2.2 V (800 mV higher than the CNT
anode at 1.4 V) and increasing the anode lifetime by 6-fold at
an anode potential of 3.0 V. The BTO-CNT anode also
displayed a significantly lower water oxidation and corrosion
current at all potentials.
To examine anodic CNT corrosion further, the surface

elemental ratios of the uncoated CNT anode after oxidation at
1.8 V for 5 min and the BTO-CNT anode after oxidation at 3.0
V for 5 min were determined by XPS analysis and are listed in
Table 1. For the oxidized and uncoated CNT anode, the
surface was composed of 87.41% C, 9.82% O, 0.61% Fe, 1.57%
Na, and 0.58% S by atomic ratio. The S and Na were attributed
to residual electrolyte salt deposited on CNT network, and the
Fe was the residual catalyst. Assuming that the O/S ratio in
deposited salt is 4 and that the remainder is oxygen bound to
carbon, the CNT surficial oxygen content is 7.5%. If we denote
the oxygen bound to carbon as O−C, then the O−C/C ratio is
7.5%/87.41%, or 0.086. For comparison, the fresh CNTs have
an O−C/C ratio of 0.005, indicating a significant amount of
uncoated CNT anode surface oxidation. A similar O−C/C
ratio calculation was carried out for the BTO-CNT anodes
assuming the O/Sn ratio for tin oxide is 2, the O/Bi ratio for
bismuth oxide is 1.5, and the O/S ratio for sulfate is 4. The
estimation yields an O−C/C ratio of 0.023 for the fresh BTO-
CNT and 0.034 for the BTO-CNT after the application of a 3.0
V anode potential for 10 min, indicating minor anode corrosion
and oxidation as compared to the uncoated CNT. The
improved stability against anodic corrosion/oxidation of
BTO-CNT is a result of preferential hole accumulation in the
SnO2 nanoparticles reducing mechanism b1. The increased
BTO-CNT OEP will also result in lesser water electrolysis,
oxygen bubble formation, and oxidant production (mechanisms
a1, a2, and b2). In summary, the XPS data supports the

improved BTO-CNT anode stability (e.g., there is a minimal
increase, 0.011, of CNT surface oxygen content increase with a
BTO coating at 3 V in comparison to the increase, 0.081,
observed for the uncoated CNT at 1.8 V).

General Organic Electrooxidative Filtration. The initial
experiments have now shown the BTO-CNT anode to be a
stable, environmentally friendly, and effective/efficient towards
oxalate oxidation. To study the efficacy and efficiency of the
BTO-CNT anode towards organic electrooxidation further, the
anodic filter was challenged with a series of small organic
molecules: ethanol, methanol, formaldehyde, and formate.
Their selected physical/chemical properties are listed in Table
S2 together with those of oxalate. Electrooxidation experiments
were completed with [Na2SO4] = 10 mM, J = 3.0 mL min−1,
residence time = 0.6 s, and steady-state currents ranging from
10 to 60 mA. As a control, similar oxidation experiments were
also conducted with an uncoated CNT anode. The influent
concentrations for ethanol, methanol, formaldehyde, and
formate were 7, 5, 11, and 20 mg C L−1, respectively, such
that they require a similar total number of electron transfers for
mineralization. In the mineralization processes, ethanol and
methanol require 6 e− transfers per carbon (3.5 and 2.5 mmol
L−1), formaldehyde, 4 e− per carbon (3.67 mmol L−1), and
formate, 2 e− per carbon (3.33 mmol L−1). The effluent TOC
was measured after the electrooxidation reached steady state
(20 min) and was used to calculate the TOC removal
percentage and mineralization current efficiency, as presented
in Figure 5. For the uncoated CNT anode, the TOC removal of
ethanol, methanol, and formate first increased with steady-state
current because of faster reaction kinetics but then decreased
because of the CNT anode passivation at high current/
potential, in agreement with the oxalate results (Figures 3 and
4). The peak TOC removal by the uncoated CNT anode of
ethanol, methanol, and formate are 27.5, 17.5, and 12.9%,

Figure 5. Electrooxidative filtration of various small dissolved organics. (a) TOC removal (%) on the CNT anode. (b) TOC removal (%) on the
BTO-CNT anode. (c) Mineralization current efficiency (%) on the uncoated CNT anode. (d) Mineralization current efficiency (%) on the BTO-
CNT anode. J = 3 mL min−1, residence time 0.6 s, and influent TOC were [EtOH] = 7 mg C L−1, [MeOH] = 5 mg C L−1, [formaldehyde] = 11 mg
C L−1, [formate] = 20 mg C L−1. [Na2SO4] = 10 mM was used as the background electrolyte.
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respectively. The formaldehyde TOC removal peaked at 4%
(10 mA), decreased to 1% at 20 mA, and then became negative
because the effluent TOC was greater than the influent TOC
because of anode corrosion (Figure 4).
These experimental results yield insight into the anode

passivation mechanisms during CNT electrochemical filtration
and support the proposed mechanism in Scheme 1. The
gradually decreasing TOC removal with increasing current for
all four organic molecules studied here as well as oxalate
provide evidence for oxygen evolution being a primary anode
passivation mechanism. Oxygen evolution will not only
compete with organic oxidation for current, eq 1, but will
also produce oxygen bubbles that block reactive sites (Scheme
1; mechanism a1) and strain the CNT network structure,
breaking the integrity and conductivity of the network (Scheme
1; mechanism a2). In addition, should oxygen evolution be the
only passivation mechanism, the TOC in effluent should never
exceed the influent TOC. However, the formaldehyde
experiment displayed that the effluent TOC became greater
than the influent TOC at over 20 mA (Vanode ∼2 V, Figure 4d),
clearly indicating that CNT corrosion is also an important
passivation mechanism (Scheme 1; mechanisms b1 and b2).
The electrooxidation results of ethanol, methanol, form-

aldehyde, and formate by the BTO-CNT anode are presented
in Figure 5b. In the ethanol and methanol electrooxidation
experiments, a monotonic increase in TOC removal is observed
with increasing steady-state current. At 60 mA, the BTO-CNT
anode TOC removal was 85.7% (1.5 × 10−4 mg C s−1) for
ethanol and 88.7% (1.1 × 10−4 mg C s−1) for methanol, a 3-
and 5-fold increase in the mineralization rate, respectively, as
compared to the uncoated CNT anode. The highest form-
aldehyde BTO-CNT TOC removal was 33.5% (0.92 × 10−4 mg
C s−1) at 60 mA, an 8-fold increase relative to the uncoated
CNT anode. Formate electrooxidation by the BTO-CNT
anode peaked at 25% removal (1.2 × 10−4 mg C s−1) at both 50
and 60 mA, a 2-fold increase in the TOC removal relative to the
uncoated CNT anode. In summary, the BTO-CNT anode
displayed excellent TOC removal rate towards methanol,
ethanol, and oxalate and improved TOC removal rates towards
formaldehyde and formate, with a 2−8-fold increase in
mineralization kinetics as compared to uncoated CNT anode.
The origin of such performance may be attributed to three
important factors: the conductivity of the BTO-CNT network,
the high overpotential for and slow kinetics of oxygen
evolution, and the improved anode stability towards CNT
corrosion (key challenge III).
Some interesting findings were revealed by comparing the

oxidation kinetics of oxalate, ethanol, methanol, formaldehyde,
and formate on the BTO-CNT anode. Although all of the
organic solutions have similar electron demands for mineraliza-
tion, the TOC removal rates were quite different. Interestingly,
oxalate, ethanol, and methanol had the highest TOC removal
rate followed by formate and then formaldehyde, despite the
fact that formate and formaldehyde have a smaller number of
electrons per molecule for mineralization. The maximum
electron transfer rates on the BTO-CNT anode were oxalate
(2 × 10−7 mol s−1) > ethanol (1.5 × 10−7 mol s−1) > methanol
(1.1 × 10−7 mol s−1) > formaldehyde (6.2 × 10−8 mol s−1) >
formate (4.2 × 10−8 mol s−1). In addition, the maximum TOC
removal rates on the BTO-CNT anode were oxalate (2.4 ×
10−3 mg C s−1) > ethanol (3 × 10−4 mg C s−1) > formate (2.4
× 10−4 mg C s−1) > methanol (2.2 × 10−4 mg C s−1) >
formaldehyde (1.8 × 10−4 mg C s−1), respectively. The

significantly higher TOC removal rate of oxalate oxidation
indicates that oxalate strongly sorbs to the anode surface, which
would increase effective filter residence time and reduce the
barrier to direct electron transfer. The similar electron transfer
rates of methanol and ethanol to oxalate suggest that they also
sorb well to the tin oxide surface. Similar to our observation,
Stucki reported that the oxidation rate and current efficiency of
ethanol was higher than formic acid on an ATO anode.57 This
result indicates the formaldehyde and formate molecules are
not intermediates during mineralization of methanol (i.e.,
methanol is oxidized through a multi-electron transfer
mechanism directly to CO2 on the BTO-CNT anode).
To understand the predominant oxidation pathways further,

kinetic calculations of the pseudo-first-order rate coefficient
observed (kobs) at different currents (10−60 mA) for the four
organics were completed and then normalized with respect to
the ethanol oxidation rate coefficient, kobs

0 = kobs/kobs
EtOH. At each

current, the kobs
0 values of the organics are compared with

normalized bimolecular reaction rate constants (with respect to
ethanol) of OH• (kOH•+S

0 = kOH•+S/kOH•+S
EtOH ) and SO4

•− ( • +−kSO S
0

4

= kSO4•
−
+S/ • +−kSO S

EtOH
4

). The detailed calculation steps can be

found in the Supporting Information. The kinetic rate
coefficients are listed in Table S3, and the relationships of
kobs
0 versus kOH•+S

0 and kobs
0 versus • +−kSO S

0
4

are plotted in Figure

S5. There is neither a correlation between kobs
0 and kOH•+S

0 data
nor a correlation between kobs

0 and • +−kSO S
0

4
. This indicates that

direct organic oxidation on the anode surface is the dominating
oxidation pathway in the electrochemical filtration system
examined here and supports the conclusion that stronger
organic−metal oxide sorption results in faster and more
effective mineralization kinetics.
The mineralization current efficiency (MCE) for organic

oxidation on the CNT and BTO-CNT anodes are presented in
Figure 5, panels c and d, respectively. Similar trends to the
TOC removal results are observed for both the CNT and
BTO-CNT anodes as discussed in the Supporting Information.
Overall, the BTO NP coating on the CNT improved the MCE
of anode by 50 to 1100% in the organic electrooxidation
experiments. Of note is that the TOC removal and MCE
increase rapidly with increasing current for alcohols but not as
rapidly for formate and formaldehyde on the BTO-CNT anode,
indicating that another process other than electron or mass
transfer is mediating the overall oxidation kinetics. A previous
study demonstrated a three step reactive transport mechanism
during CNT electrochemical filter organic electrooxidation
consisting of (1) mass transport, (2) sorption, and (3) electron
transfer.9 Should electron transfer be the only rate limiting step
in the direct anodic oxidation of organics, then the responses of
TOC removal and MCE to current should exhibit similar
percentage increases for all four organics. Mass transport is also
often an important step in electrooxidation processes, but it
cannot be the cause of the significant differences observed here
because all of the target molecules have a similar molecular
weight and thus diffusion coefficient and are convectively
transported at the same experimental flow rate of 3.0 mL min−1.
Thus, the different TOC removal and MCE of alcohols,
formaldehyde, formate, and oxalate is likely due to their
different sorption kinetics onto electrode surface.
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■ CONCLUSIONS

A binder-free, conductive, and stable CNT 3D porous network
with a BTO nanoparticle coating was successfully prepared via a
sequential electrosorption−hydrothermal method in this study.
The high oxygen-evolution potential (1.71 V), improved
conductivity, and high porosity of the BTO-CNT network
make it a promising anode material for electrooxidative
filtration. The BTO coating has a thickness of <10 nm and is
composed of nanoparticles of 3.9 ± 1.5 nm in diameter. The
surface Bi/Sn atomic ratio is 0.02, as determined by XPS
analysis. The BTO-CNT anode displayed the fastest oxalate
electrooxidation kinetics, with up to 98% TOC removal of 100
mg C L−1 in a single pass of 1.2 s residence time (3 × 10−8 mol
s−1 cm−2), which is ∼32% faster than the TO-CNT because of
Bi doping and ∼53% faster than the uncoated CNT anode. The
current efficiency of BTO-CNT was over 3-fold higher and
consumed 5-fold less energy than the uncoated CNT at a
current supply of 40 mA. The energy consumption of the BTO-
CNT anode was 25.7 kW h kgCOD−1 at 40 mA with 90% TOC
removal, comparable to state-of-the-art electrochemical oxida-
tion (average range of 5−100 kW h kgCOD−1) and near the
lower end of energy consumption reported for oxalate
oxidation (22.5−81.7 kW h kgCOD−1). A comparison
(uncoated CNT vs BTO-CNT) of the steady-state-current-
dependent TOC and CE values for oxalate electrooxidation
combined with the anode stability data yielded information on
the CNT passivation mechanisms at high steady-state currents.
Anode passivation is observed to be due to electrochemical
water oxidation, eq 1, yielding oxygen bubbles that can (a1)
block reactive sites and (a2) mechanically break the CNT
network connectivity and conductivity as well as CNT
corrosion resulting from (b1) direct CNT oxidation because
of increased surface hole concentration and (b2) indirect
oxidation via free-radical production. In regards to the
corrosion sites, the surface oxy-functional groups oxidation
was predominant between 1.4−2.2 V, and rapid CNT bulk
corrosion occurs at >2.2 V. In regards to the corrosion
reactions, direct corrosion because of electrolyte-stabilized high
surface holes concentration is the dominant mechanism at ≥1.4
V (mechanism b1), and free-radical production from water and
sulfate oxidation also contributes at ≥2.2 V (mechanisms b1
and b2). The redox stability of the BTO-CNT anode against
corrosion was observed up to 2.2 V, which is >800 mV higher
than the uncoated CNT anode. In agreement with the
proposed mechanism, the significantly improved TOC removal,
CE, and stability of the BTO-CNT anode relative to the CNT
anode can be attributed to a high OEP resulting in less oxygen
evolution and reduced exposure to surface holes. The
maximum filtration volume of BTO-CNT was estimated to
be 2.6 m3 gCNT−1 at 1.4 V and 1.7 m3 gCNT−1 at 2.2 V. The
electrooxidative filtration experiments of four types of organic
molecules, ethanol, methanol, formaldehyde, and formate,
showed that the BTO-CNT anode achieved a significantly
higher (2−8-fold) TOC removal and (0.5−11-fold) MCE than
the uncoated CNT anode. The BTO-CNT nanocomposite
porous electrode has promise for high-potential anode
applications, and subsequent research should be on novel
composites to extend the anode lifetime further.
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