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ABSTRACT: Decomposing micropollutants with an electrocatalytic membrane reactor is a
promising alternative to traditional advanced oxidation processes due to its high efficiency and
environmental compatibility. Rational interface design of electrocatalysts in the membrane
electrode is critical to the performance of the reactor. We herein developed a three-dimensional
porous membrane electrode via in situ growing of one-dimensional RuO2/TiO2 heterojunction
nanorods on a carbon nanofiber membrane by a facile hydrothermal and subsequent thermal-
treatment approach. The membrane electrode was used as the anode in a gravity-driven
electrocatalytic membrane reactor, exhibiting a high degradation efficiency of over 98%
towards bisphenol-A and sulfadiazine. The superior electrocatalytic performance was
attributed to the 1D RuO2/TiO2 hetero-interfacial structure, which provides the fast electron
transfer, high generated rate of hydroxyl radical, and large effective surface area. Our work
paves a novel way towards the fundamental understanding and designing of novel highly

effective and low consumptive electrocatalytic membranes for wastewater treatment.
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B INTRODUCTION

Human activities produce increasing amounts of synthetic organic chemicals, such as
pharmaceuticals, agrochemicals, and personal care products, whose discharge into water
supplies causes growing public and environmental concerns.? Many emerging
micropollutants are biologically recalcitrant, and conventional wastewater treatment plants are
often inadequate to deal with them. Alternatively, an electrocatalytic membrane reactor that
combines electrochemical oxidation with membrane filtration is an effective hybrid technique
to degrade highly recalcitrant pollutants while minimizing secondary pollution.®# Compared
with the traditional electrocatalytic oxidation process that utilizes parallel plate electrochemical
cells, electrocatalytic membrane filtration can significantly enhance the mass transfer of
pollutants from the bulk solution to the porous electrode surface due to a forced convection by
the flow-through filtration.>’ To achieve a highly efficient micropollutant decomposition, the
fast mass transport rate must be accompanied by a fast reaction rate,® and the key is to develop
an eletrocatalytic membrane with high-electroactive surface area and high-active
electrocatalysts.

Various catalysts including metals and alloys,®'° metal-organic frameworks,'**? and 2D
metal dichalcogenides'®*'* have been explored, among which transition metal oxides such as
titanium dioxide (TiO2) are still the widely used commercial catalysts so far because of their
nontoxicity, long-term stability, and low cost.’>'® However, they are constrained by slow
electron transfer kinetics.!” An effective way to enhance the electron transport is to establish a
hetero-interface and controllable morphology of the catalyst. The hetero-interface is generally

built by anchoring or coupling highly conductive and electroactive precious metal (i.e.



platinum, palladium, and gold) and other metallic compounds to facilitate electron transfer.'8°
In comparison with expensive precious metals, some transition metal oxides are economically
feasible and can be used as a co-catalyst to enhance the activity of the supported electrocatalyst.
For example, ruthenium dioxide (RuO2) is a promising candidate for use in catalytic
applications because of its high electrical conductivity and superior chemical stability.?° In
addition, one-dimensional (1D) nanostructures, such as nanorods and nanowires, have a
favorable geometric morphology in comparison with zero-dimensional (OD) nanoparticles, as
the former have faster electron transport and more rapid interfacial charge transfer rate.?* Hence,
it is highly desirable to fabricate a high-activity electrocatalytic membrane by integrating 1D
nanostructured RuO2/TiO2 heterojunction onto a conductive porous substrate for
electrocatalytic oxidation of micropollutants, for which the key technical challenge is to control
the interface during loading of the catalysts on the support.

Herein, we report a facile hydrothermal approach to build up a robust 3D carbon nanofiber
(CNF) membrane electrode by immobilizing 1D RuO2/TiO2 heterojunction nanorods (NRS)
via an in situ growing process. The CNF membrane provides abundant sites for growing
RuO2/TiO2 NRs catalysts due to its high interfacial area and interconnected porous
structure.?>% Specifically, the in situ growth approach enables the formation of well-defined
interfaces between the catalytic sites and the CNF. The obtained membrane electrode
TiO2/RuO2 NRs/CNF was employed as an anode and a titanium mesh as cathode to construct
a gravity-driven electrocatalytic membrane reactor (GD-ECMR) that facilitates single pass
degradation of micropollutants with low energy consumption. Optimization of the catalysis and

current  efficiency is accomplished through a rational design of the



membrane/catalyst/electrolyte interfaces via establishing a heterointerface and controllable

morphology of the TiO:2 catalyst.

B MATERIALS AND METHODS

Chemicals. N,N-Dimethylformamide (DMF), Polyacrylonitrile (PAN, Mw=150,000), and
sulfadiazine were obtained from Sigma-Aldrich Co., Ltd. Tetrabytyl titanate (Ti(n-OBu)4,
98%), Ruthenium (111) chloride (RuCls.3H20, 99%) and bisphenol-A were obtained from
Tokyo Chemical Industry Co., Ltd. Other chemicals, such as nitric acid (HNOs, 65 wt%),
hydrochloric acid (HCI, 37 wt%), absolute ethanol, acetic acid, sodium sulfate (Na2SOa,

anhydrous) and methyl blue, were obtained by Dieckman company.

Preparation of the RuO2/TiO2 NRs/CNF Electrocatalytic Membrane Electrode. The
carbon nanofibers were initially prepared via electrospinning followed by post-carbonization
treatment. Typically, 8 wt% PAN solution in DMF was prepared with stirring for 4 h at 60 °C.
The defoaming of PAN solution was conducted with ultra-sonication process for 5 min. The
precursor solution of PAN-DMF was electrospun into fibers with velocity of 0.88 cm h™ at a
working voltage of 12 kV. These PAN nanofibers were then stabilized in air for 2 h at 280 °C,
followed by carbonization in N2 at 900 °C for 2h. The obtained carbon nanofibers were denoted
as CNFs.

The growth of RuO2/TiO2 nanorods on CNFs was realized by seeds fixation and subsequent
nanorods growth with two-step hydrothermal methods. In the first step, to obtain RuO2/TiO2
seed layer, the CNFs were first functionalized by 65 wt% HNOs to introduce oxygen-

containing functional group (-OH, C=0).?* A RuO2/TiO2 sol-gel solution was then prepared



using the mixture of 0.01 wt/vol% RuCl3.3H20 and 1 wt/vol% Ti(n-OBu)4 as precursor
dissolved in the mixture of pure water, ethanol, and acetic acid (v/v/v, 1:150:50) with stirring
for 1 h. The obtained RuO2/TiO:2 sol-gel solution was aged for 24 h. A piece of functionalized
CNFs was put into a Teflon-lined stainless-steel autoclave and kept for 4 h at 150 °C. The
temperature was then naturally cooled to room temperature. In the second step, a certain
amount RuCl3.3H20 (RuO2 : TiO2 = 1: 100 in weight, that is, the Ru/Ti atomic ratio is 0.006)
was added into the mixed solution with constant volume ratio of Ti(n-
OBu)4/H20/HCI=1/30/30 with magnetic stirring for 1 h. The CNFs coated with RuO2/TiO2
seed layer along with above solution were sealed in a Teflon-lined stainless-steel autoclave.
The hydrothermal reaction was conducted for 2 h at 150 °C, and subsequently the system was
cooled to room temperature. Finally, the prepared RuO2/TiO2 nanorods growing on CNFs
(denoted as RuO2/TiO2 NRs/CNF) were annealed at 300 °C for 2 h.

Membrane Characterization. The surface morphology and nanostructure of the
RuO2/TiO2 NRs/CNF electrocatalytic membrane electrode were observed by a Scanning
Electron Microscope (LEO-1530, SEM) and High Resolution Transmission Electron
Microscopy (FEI Tecnai G2 20 TWIN, HRTEM) furnished with an Energy-dispersive X-ray
Spectroscopy (Oxford Instruments X-Max 80 T, EDS). The crystal structures and bonding of
prepared catalyst were analyzed by X-ray diffraction (Rigaku D/MAX-2550 with Cu Ka
radiation, XRD) and Raman spectroscopy (XploRA, HORIBA, excitation at 532 nm). The
surface element was measured by X-ray Photoelectron Spectroscopy (Thermo Fisher, XPS).
The pore size and BET surface area of the membrane was characterized using a porometer

(POROLUXTM 1000) and a Micromeritics TriStar 11 3020 instrument, respectively. Electron



spin resonance (ESR) spectroscopy (FA-200 spectrometer, JEOL Co.) was applied for in situ
investigation of the hydroxyl radical (-OH) produced in the electrode system using dimethyl
pyridine N-oxide (DMPOQ) as a trapping agent.

Electrochemical Measurement. An electrochemical station (Zahner Zennium) was used to
characterize the cyclic voltammetry, electrochemical impedance spectroscopy, and linear
sweep voltammetry. The electrochemical measurements were conducted using a conventional
three-electrode cell with a mixed neutral electrolyte solution of KCI (100 mmol L) and
[Fe(CN)6]*”* (1 mmol LY). This three-electrode cell is consisted of a work electrode
(RuO2/TiO2 NRs/CNF, TiO2 NRs/CNF and CNF electrodes), a compared electrode (Ag/AgCl),
and a platinum auxiliary electrode. EIS measurement was conducted with a frequency range
between 100 kHz to 100 MHz at an open circuit voltage of 5 mV. The Nyquist plots were fitted
by using the ZView software. The effective electrochemical active surface area (A) could be
calculated using the Randles-Sevcik Equation® as follows,

I, = 2.69 x 10°An3/2D*/2y1/2¢ (1)
where D is the diffusion coefficient of Ks[Fe(CN)s] (7.6x10° cm? s2), n is the number of
transfer electros (n=1), and c is the concentration of [Fe(CN)s]*> (1 mmol L™).

Evaluation of Electrocatalytic Membrane Performance. The electrocatalytic
membrane performance was investigated by a custom-built gravity-driven
electrocatalytic membrane reactor (GD-ECMR). The polluted water flowed through a
homemade cell of electrocatalytic membrane filtration (Figure S1), in which membrane
electrodes and titanium mesh were served as anode and cathode, respectively, under a

gravity driven force with head difference between feed inlet and permeate outlet of only



2 cm. 10 mM Na2SO4 was used as aqueous electrolyte. The current density of GD-
ECMR was maintained at 1.0 mA cm supplied by a programmable DC power supply
(Maynuo Electronics M8811). The organic pollutants used in this study include methyl
blue, bisphenol-A and sulfadiazine. The concentrations of methyl blue were analyzed
by using UV-vis spectrophotometer (Hach, DR5000). Chemical oxygen demand (COD)
analysis for the feed and permeate was conducted by a COD analyzer (Hach, DR2800).
The analysis of sulfadiazine and bisphenol-A was performed by using UPLC-MS/MS
with a BEH C18 column (50 x 2.1 mm, 1.7 um). The permeance and removal rate of

micropollutants could be calculated by following egs. 2 and 3, respectively:

%4

] = AXTXP (2)
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where J is the permeance of the electrocatalytic membranes (L m2 h'* bar?), P, T, and A are
the operating pressure (bar), the filtration time (h), and the effective area (m?), respectively, V
is the permeated volume (L), R is the removal rate of micropollutants, and Cp and Crs are the
concentration of micropollutants in the feed and permeate solution, respectively.

The residence time (tr) could be calculated using eq. 4,

Ve

t. =
N,

(4)
where V¢ is the volume of the CNF membrane electrode (cm?), Q is the flow rate through

the CNF membrane electrode (mL min?), and ¢ is the membrane porosity (89%).

The current efficiency (CE) could be calculated by the following equation’,

FV(ACOD)
= —-X
8It

CE 100 5)



where F is the Faraday constant (96485 C mol™), A COD is the removed COD (g L) ata

given time, t (s), and I is the applied current (A).

B RESULTS AND DISCUSSION

Fabrication and Characterization of the RuO»/TiO, NRs/CNF Electrocatalytic
Membrane Electrode. Our RuO2/TiO2 NRs/CNF membrane electrodes are obtained by
following steps (Figure 1a): (i) Formation and growth of nucleus on the CNF surface in the
nucleation process. (ii) Formation of a 1D NRs array on the CNFs resulted from the gradual
growth of the nucleus along the specific orientation.? (iii) Annealed treatment of the prepared
RuO2/TiO2 NRs/CNF to enhance the nanorod crystallinity. The flexible CNF membrane with
fiber diameter of around 300-500 nm was obtained by carbonization under a nitrogen
environment. The carbonized membrane can be easily bent and twisted as shown in Figure 1b.
Such excellent mechanical flexibility, foldability and twistability are critical for its applications
in water filtration. Next, RuO2/TiO2 seed nanoparticles were coated evenly and anchored
firmly onto the surface of carbon nanofibers using a sol-gel-hydrothermal method (Figure 1c),
followed by a hydrothermal treatment at 150 °C to form an array of RuO2/TiO2 nanorods on
the membrane surface. The nanorod crystallinity was enhanced by a further thermal annealing
at 300 °C. As shown in Figure 1d, the entire surface of the carbon nanofibers was fully
decorated with uniform RuO2/TiO2 nanorods with a length ranging from 500 nm to 700 nm.
This branch-like structure provided an extremely high specific surface area of 168 m?/g, more
than double amount of the pristine CNF (72 m?/g in Table 1 and Figure S7). Besides, the pore

size distribution and obvious hysteresis loops demonstrated that pristine CNF membrane and



RuO2/TiO2 NRs/CNF membrane consisted of both mesopores and macropores (Figure S7).
The large pore diameter (1.8 um in Figure S8) of the RuO2/TiO2 NRs/CNF ensures a high
permeance of 1.8x10° L m2 h bar?, which is beneficial for further implementation of gravity-
driven catalytic filtration process with low energy consumption and high efficiency in this study.
The crystal structures of the RuO2/TiO2 NRs/CNF were investigated by Raman spectroscopy
and X-ray diffraction (XRD). Compared to the pristine CNF, four new peaks at 143, 397, 515,
and 637 cm™ were observed on the RuO2/TiO2 NRs/CNF in Raman spectra (Figure 1€), which
could be attributed to the B1g, A1g + B1g, Eg, and B2g modes of anatase TiO2, respectively.?5?’
Besides, the Raman feature of rutile RuO2 (716 cm™)!® was observed in the RuO2/TiO2
NRs/CNF, confirming the presence of the heterostructure with both anatase TiO2 and rutile
RuO2. The intensities of the D-band (Ip, disordered carbon) versus G-band (I, graphite
carbon)?® was reduced from 1.02 of pristine CNF to 0.67 of TiO2 NRS/CNF and 0.63 of
RuO2/TiO2 NRs/CNF. This indicated that the graphitic degree was increased by the successful
combination of carbon and RuO2/TiO2.2° XRD analysis in Figure 1f shows that the pristine
CNF substrate had a peak at 26.5° corresponding to the (002) plane of graphitic carbon, which
confirms as the suitability of the CNF as a conductive membrane electrode substrate.>® The
conductivity of CNF fabricated in this study is 0.25 S cm™. For bare TiO2 powders synthesized
in the same procedure as RuO2/TiO2 NRs/CNF, series of well-defined (101), (004), (200), (105)
and (211) diffraction peaks at 25.3°, 37.8°, 48.1°, 53.9° and 55.1° were observed, indicating the
dominance of anatase phase (JCPDS 21-1272) in the TiO2 tetragonal structure.! Anatase TiO>
is a well-known catalyst in electrochemical reactions.® In the XRD pattern of synthesized bare

RuO2 powders, the peaks at 35.1°, 28.1°, 40.1°, 54.2° and 57.9° correspond to the (110), (101),
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(200), (211) and (200) planes of the RuO2 tetragonal rutile phase (JCPDS 43-1027).%? For the
RuO2/TiO2 NRS/CNF, apart from the intensive peaks from the synthesized anatase TiO:2
nanorods, the typical diffraction peak of rutile RuO2 phase was observed (Figure 1f), indicating
the successful formation of RuO2/TiO2 heterostructure. In addition, RuO2/TiO2 NRs/CNF,
with a titanium loading of approximately 12.1 at. % (Figure S9), displayed high thermal
stability (96.5% at 800 °C) since TiO2 and RuO: did not decompose at the given temperature

(Figure S2).

Table 1 Characteristics of the pristine CNF and RuO2/TiO2 NRs/CNF.

samples mean pore diameter*  BET surface area permeance
(um) (m?/g) (L m?h? bar?)
Pristine CNF 23+04 75+£6.5 (2.28+0.2)x10°
RuO2/TiO2 NRs/CNF 1.8+0.2 168 £ 10.4 (1.8+0.1)x10°

@ Mean pore diameter was measured by the bubble point technique as shown in Figure S8.
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Figure 1. Fabrication and characterization of RuO2/TiO2 NRs/CNF membrane electrode. (a)
Schematic description of the fabrication processes. (b-d) SEM images of (b) pristine CNF, (c)
RuO2/TiO2 seeds fasten on the CNF, and (d) RuO2/TiO2 NRs/CNF. (e) Raman spectrum of
pristine CNF, TiO2 NRs/CNF, and RuO2/TiO2 NRs/CNF. (f) XRD patterns of pristine CNF,
bare synthesized RuO2 powders, bare synthesized TiO2 powders, and RuO2/TiO2 NRs/CNF.

The nanostructures of RuO2/TiO2 nanorods were further characterized by transmission
electron microscopy (TEM). The hierarchical RuO2/TiO2 nanorods with around 60 nm in

diameter and 600 nm in length were grown on the entire surface of around 450 nm diameter
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carbon nanofiber (Figure 2a), which agrees well with the scanning electron microscopic (SEM)
characterization (Figure 1d). In addition, the high-resolution TEM (HRTEM) image (Figure 2c)
shows the well-resolved fringe spacings that are indexed to (101) plane of TiOz2 and (110) plane
of rutile RuO2,%? in correspondence with the XRD measurement (Figure 1f). These results
confirmed that the RuO2/TiO2 nanorods processed a well-crystallized nanostructure.
Furthermore, element mapping analysis by energy dispersive spectroscopy (EDS)
demonstrates a uniform distribution of elements of Ti, O and Ru (Figure 2b). The Ru/Ti atomic
ratio in the obtained RuO2/TiO2 nanorods is about 0.0055 (Figure S10), which is consistent
with the initial doped amount with a Ru/Ti atomic ratio of 0.006. The TEM results thus confirm
the combination of the nano-crystalline RuO2 with the TiO2. The detailed surface composite
and chemical state of the carbon nanofibers with RuO2/TiO2 nanorods were investigated by X-
ray photoelectron spectroscopy (XPS, Figure 2d-f). Compared to the pristine CNF membrane,
an obvious emission peak for Ti2p could be observed in the survey scan of RuO2/TiO2
NRs/CNF (Figure S3). The C1s signal at 284.6 eV overlaps with the Ru3ds/2 signal at 285.0
eV, however, the Ru3ds2 peak at 280.8 eV clearly demonstrated the presence of RuO:2 (Figure
2d).2 The Ru3ds;2 peak was gradually intensified with the increase of RuO2 content (Figure
S1la). The doublet of Ti2p12 and Ti2ps.2 located at 464.1 eV and 458.4 eV is the feature of
Ti** oxidation state in the bare TiO2 NRs'® (Figure 2e). Notably, RuO2 doping into TiO2
induced a shift (0.4 eV) to low binding energy, which might be related to an intensive
interaction between RuO2 and TiOz2 via the substitution of Ru ions with the TiO: lattices, and
the formation of reduced state of Ti** (Figure 2e) owing to the electron transfer to adjacent

Ti** 18 Ashift of 0.4 eV toward low binding energy was also observed in the O1s spectra (Figure
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2f). The components of O1s peak for bare TiO2 NRs were attributed to the lattice oxygen (O
at 529.7 eV) and the hydroxylation oxygen species (On at 531.2 eV) in TiO2.'® The spectra of
Ti2p and O1ls gradually shifted to lower binding energy with increasing content of RuO:2
(Figure S11b and c). Such a shift of both Ti2p and O1s is likely associated with the band
bending at the interface of TiO2-RuO32,'® thus confirming the formation of RuO2/TiO:
heterojunction. The dispersed RuO2 as submetallic contact materials are able to improve
conductivity and enhance electron-hole separation, further facilitating the charge

transportation.?® From the above, we concluded that the RuO2/TiO2 heterojunction nanorods

were successfully synthesized onto the carbon nanofibers.
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Figure 2. Characterization of RuO2/TiO2 NRs/CNF membrane electrode. (a) TEM images of
RuO2/TiO2 NRs/CNF. (b) EDS mapping of Ti, O, and Ru, and (c) HRTEM images of
RuO2/TiO2 NR. (d-f) XPS spectra showing (d) C1s + Ru3d of RuO2/TiO2 NRs/CNF and
pristine CNF, and (e) Ti2p and (f) O1s of RuO2/TiO2 NRs/CNF and bare synthesized TiO2

powders.
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Electrochemical Characterization of the RuO2/TiO, NRS/CNF Electrocatalytic
Membrane Electrode. To demonstrate the effect of RuO2/TiO2 heterojunction nanorods on
the electrocatalytic activity, the electrochemical properties of pristine CNF, TiO2 NRs/CNF,
and RuO2/TiO2 NRsS/CNF were investigated by conducting CV (cyclic voltammetry)
measurements in a [Fe(CN)s]*"* solution. At a scan rate of 10 mV s, the RuO2/TiO2
NRs/CNF displayed a higher peak current density (Ip, 1.3 mA cm?) than the TiO2 NRs/CNF
(1.0 mA cm2) and the pristine CNF (0.19 mA c¢cm) (Figure 3a). The anodic and cathodic peak
potentials of RuO2/TiO2 NRS/CNF were 0.472 V and 0.362 V, respectively. The difference
between the redox peak potentials of RuO2/TiO2 NRs/CNF (110 mV) is smaller than that of
the TiO2 NRs/CNF (126 mV) and the pristine CNF (142 mV) (Figure 3a), indicating higher
electron transfer rate from the membrane electrode to the electrolyte.® The poor voltammetric
behavior of the pristine CNF for the [Fe(CN)s]>"* couple indicates poor electric conductivity.*?
In contrast, RuO2/TiO2 NRs/CNF and TiO2 NRs/CNF efficiently enhanced the electron-
transfer rate from the electrode surface to the [Fe(CN)s]*’* solution. Especially, the
RuO2/TiO2 NRs/CNF allowed faster electron transfer in comparison with the TiO2 NRs/CNF,
due to the RuO2/TiOz heterojunction.®* Meanwhile, the effective electrochemical active
surface area (A) of the pristine CNF, TiO2 NRsS/CNF, and RuO2/TiO2 NRs/CNF could be
calculated using the Randles-Sevcik equation® by plotting the I, with the square root of scan
rate (v) based on the CV curves at varied scan rates from 1 mV s to 10 mV s (Figure S4). As
shown in Figure 3b, Ip was linearly proportional to v'? for pristine CNF, TiO2 NRs/CNF, and

RuO2/TiO2 NRs/CNF. The RuO2/TiO2 NRs/CNF provides an effective electrochemical active
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surface area of 0.7 cm, which is 1.4-fold and 8.7-fold of the TiO2 NRs/CNF (0.5 cm™) and
pristine CNF (0.08 cm?), respectively.

The electrochemical oxidation activity was further investigated in Figure 3c by the linear
sweep voltammetry (LSV) curves. The RuO2/TiO2 NRs/CNF has a higher current density of
4.8 mA cm at a potential of 2.2 V vs Ag/AgCl, about 1.7-fold and 26-fold of the respective
values of TiO2 NRs/CNF and pristine CNF, demonstrating a super-high electro-oxidation
activity.>® Furthermore, EIS measurements were conducted to characterize the interface
impedances in order to gain a deep understanding of the electrochemical kinetics. The Nyquist
plot in Figure 3d shows a semicircle related to the interfacial charge-transfer resistance (Rect).
The smallest Rct of 160 Q was achieved by the RuO2/TiO2 NRs/CNF electrode, compared to
265 Q of the TiO2 NRs/CNF and 410 Q of the pristine CNF electrodes, indicating superior
electrochemical kinetics and fast charge transfer rate.>* These electrochemical data definitely
verified a significant enhancement in the electrochemical performance of the resulting
membrane electrode via in situ immobilizing of RuO2/TiO2 heterojunction nanorods, attributed
to lowing the interfacial resistance by the 1D nanorods,*® and a facilitation of the charge transfer

and separation by the RuO2/TiO: heterostructure.®
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Figure 3. Electrochemical characterization measured in 1mM K3s[Fe(CN)s]+100 mM KCI. (a)
CV curves of the pristine CNF, TiO2 NRs/CNF, and RuO2/TiO2 NRs/CNF at a scan rate of 10
mV s; (b) the relationship between the square root of the scan rate and the peak current density;
(c) LSV curves of the pristine CNF, TiO2 NRs/CNF, and RuO2/TiO2 NRs/CNF at a scan rate
of 10 mV s%; (d) Nyquist plots of the pristine CNF, TiO2 NRs/CNF, and RuO2/TiO2 NRs/CNF.

Electrocatalytic performance. The electrocatalytic filtration performance was investigated by
a custom-built gravity-driven electrocatalytic membrane reactor (GD-ECMR), as depicted in
Figure 4a. An extremely high permeate flux of 360 L m2 h"t was generated for the RuO2/TiO2
NRs/CNF membrane, ascribed to the large pore diameter and high porosity of the CNF
substrate. The corresponding flow rate and residence time were 5.4 mL min™* and 0.15 min,

respectively. Notably, the membrane displayed a constant ultrahigh removal efficiency of
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nearly 99.9% for methyl blue within 60 min (Figure 4b and Figure S5) at the optimal conditions
of RuO2/TiO2 mass ratio of 1:100 and current density of 1.0 mA cm2 (Figure S12). The
characteristic peak of methyl blue disappeared completely in the UV spectra (Figure S6). In
contrast, the pristine CNF and TiO2 NRs/CNF were not able to completely degrade the methyl
blue. Especially in the case of pristine CNF, only 28% methyl blue could be removed. In
addition, two representative micropollutants, bisphenol-A and sulfadiazine, were used to
further demonstrate the removal efficiency of recalcitrant micropollutants by the RuO2/TiO2
NRs/CNF membrane (Figure 4d). The membrane exhibited a removal efficiency of above 98%
(Figure 4d). The COD removal rate reached above 30% (Figure S13) with the current efficiency
of 85%. After an operation duration of 72 h, the removal efficiency of micropollutants
maintained above 95% (Figure S14). In addition, Ti and Ru concentrations in the permeate
solution obtained from a 72-h test were below detection (Table S1). No noticeable change in
morphology was observed for the used RuO2/TiO2 NRs/CNF electrode after the 72-h test
(Figure S15). These results demonstrated that the RuO2/TiO2 NRsS/CNF membrane can
efficiently degrade the micropollutants and exhibited superior stability. The current efficiency
of RuO2/TiO2 NRs/CNF membrane was 85%, which is better than the other electrocatalytic
membranes reported in the literature, as shown in Table S2. To understand the electrochemical
oxidation process, the yield of -OH species in the system was measured using dimethyl pyridine
N-oxide (DMPO) electron spin resonance (ESR). A hyperfine coupling constant (ax = an
=14.9 G) and a peak height ratio of 1:2:2:1 were observed in the spectra (Figure 4c), which are
typical characteristics for a DMPO-OH product and indicate the generation of -OH in the

system.®” The RuO2/TiO2 NRs/CNF displayed a -OH signal with a higher peak intensity than
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the pristine CNF and TiO2 NRs/CNF, underpinning a more efficient electrocatalytic process.
The enhanced micropollutants removal efficiency by the RuO2/TiO2 NRs/CNF
eletrocatalytic membrane is attributed to the promoted transport, transfer and separation of
charges caused by the formation of 1D RuO2/TiO2 heterojunction nanorods.'®*- Figure 5
proposes an illustration of charge-transfer pathway of 1D RuO:2/TiO2 heterostructure to
degrade micropollutants. Once the RuO2/TiO2 NRs/CNF membrane as an anode is electrified,
the excited electrons moved from the valence band to the conduction band, resulting in the
generation of holes and electrons. RuO2 could generate the heterojunction at the heterointerface
between TiO2 and RuO2.% In addition, the unique nanoparticle-nanorod geometry also
accelerates electron transport within the 1D vertical RuO2/TiO2 structure.'® Therefore, RuO:
captures the holes (h*) to generate h* (RuO2) intermediates (eq. 6).%” Subsequently, these
intermediates react with H20 to produce hydroxyl radical -OH, as described by eq. 7.%” The
synergistic effect of egs. 6 and 7 is the consumption of induced holes and the generation of free
electrons e” (TiO2) and -OH. The e” (TiO2) would react with Oz absorbed on the TiO2 surface
to generate free radicals -O2" (eg. 8), which could produce -OH after reaction as demonstrated
by eq. 9.3” The -OH then reacts with pollutants to produce small molecules, such as H20, COz,
and organic residues (eg. 10). Consequently, the electrocatalytic performance was significantly

improved by properly manipulating geometry and interfacial electronic alignment.

Ti0,/Ru0, - h*(Ru0,) + e~ (Ti0,) (6)
H,0 +h*(Ru0,) - H* +- OH (7
0,+e(Ti0,) = 03 8
H,0, +- 07 =+ OH + OH™ + 0, 9)
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Figure 4. Electrocatalytic filtration performance of the GD-ECMR using different membrane

electrodes. (a) Schematic illustration of custom-built GD-ECMR. (b) The methyl blue removal

performance and (c) the DMPO spin-trapping ESR spectra for hydroxyl radical (-OH) of

pristine CNF, TiO2 NRs/CNF, and RuO2/TiO2 NRs/CNF. Reaction conditions: the feed of 200

mg L methyl blue solution, 10 mM Na2SO4 as aqueous electrolyte, and a constant current

density of 1.0 mA cm™. (d) The removal efficiency of sulfadiazine and bisphenol-A with

increasing operation time using RuO2/TiO2 NRs/CNF at the reaction conditions of the feed of

500 pg L, 10 mM Na2SOs as aqueous electrolyte, and a constant current density of 1.0 mA

cm2,
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Figure 5. Schematic illustration of the RuO2/TiO2 NRs/CNF membrane electrode for highly

efficient micropollutant decomposition.

B CONCLUSION

In this study, we fabricated a 3D membrane electrode with uniform 1D RuO2/TiO2
heterojunction NRs on CNF support via an in situ growing process. The resulting RuO2/TiO2
NRs/CNF electrode displayed an outstanding electrocatalytic performance towards
micropollutant decomposition, attributed to the well-defined interfaces between the catalytic
sites and the CNF. The established 1D RuO2/TiO2 hetero-interfacial structure brings a
synergistic effect to the structural stability and the electrochemical properties of electrodes,
which allows a fast electron transfer, increased catalytically active sites, and high yield of -OH
generation in the process. Additionally, a gravity-driven electrocatalytic filtration process was
realized due to the high-flux and excellent electrocatalytic activity of the resulting membrane
electrode, which further reduces the investment and operating costs in the application process.
To achieve zero discharge of pollutant, the continuous-running GD-ECMR system can be
integrated into biological treatment processes to be functioned as a pre- or post-treatment unit.
Overall, the engineering of the constructed interfaces offers a promising direction for

developing low-cost and high-activity 3D membrane electrode and thereby provides a
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promising strategy for efficient wastewater treatment.
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