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ELECTROCHEMISTRY

Electric field-confined synthesis of single atomic TiO,C,

electrocatalytic membranes

Yifan Gao"?, Shuai Liang3*, Chengxu Jiang1, Mengyao Gu?, Quanbiao Zhang’, Ali Abdelhafiz?,
Zhen Zhang?, Ying Han’, Yang Yang®, Xiaoyuan Zhang', Peng Liang’, Ju Li***, Xia Huang'#

Electrocatalysis exhibits certain benefits for water purification, but the low performance of electrodes severely
hampers its utility. Here, we report a general strategy for fabricating high-performance three-dimensional (3D)
porous electrodes with ultrahigh electrochemical active surface area and single-atom catalysts from earth-
abundant elements. We demonstrate a binder-free dual electrospinning-electrospraying (DESP) strategy to
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densely distribute single atomicTi and titanium oxycarbide (TiOC,) sub-3-nm clusters throughout interconnected
carbon nanofibers (CNs). The composite offers ultrahigh conductivity and mechanical robustness (ultrasonication
resistant). The resulting TiO,C, filtration membrane exhibits record-high water purification capability with excel-
lent permeability (~8370 liter m~2 hour™" bar™"), energy efficiency (e.g., >99% removal of toxins within 1.25 s at
0.022 kWh-m~3 per order), and erosion resistance. The hierarchical design of the TiO,C, membrane facilitates rapid
and energy-efficient electrocatalysis through both direct electron transfer and indirect reactive oxygen species
('0,, OH, and 0,-~, etc.) oxidations. The electric field-confined DESP strategy provides a general platform for making

high-performance 3D electrodes.

INTRODUCTION

Electrocatalysis is key to fuel cells (1), electrolyzers (2), and CO,
utilization (3) and to enable innovative water purification solutions
(4-6). For example, electrocatalytic membranes can enhance pollut-
ant removal in water by combining electrocatalytic oxidative degra-
dation and physical retention, thereby outperforming conventional
adsorption or biological processes (4, 6, 7). However, the efficiency
and sustainability of such an approach remain unclear due to the
inadequate performance of current-generation electroactive mem-
branes. It is also unclear whether it is the local catalytic activity, ad-
hesive strength/local contact quality (8, 9) of the catalyst with the
current collector, longer-range electronic or chemicals transport, or
a combination of these issues that limit the performance of the fil-
tration membrane. For organic toxin removal from water, the im-
portant figures of merits are the water flow rate (thus demanding
greater porosity), energy efficiency (kWh-m ™ per order), durability,
and low unintended toxicity—that is, the electrocatalysts need to
adhere strongly to the substrate to prevent erosion by the flowing
water and, even if eroded and entrained in the drinking water, does
not cause harm.

Preparing high-activity catalysts is a major prerequisite. A con-
sensus for increasing catalytic activity is to increase the specific sur-
face area of the catalyst, which is inversely proportional to its size.
Correspondingly, reducing the size of catalysts to nano or even single
atomic level is crucial. However, the preparation of electrocatalysts
with an ultrahigh-specific surface area that remains robust under
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flowing conditions is challenging. Current methods such as vacuum
filtration (10), metal-support interactions (11), electrodeposition
(12-14), anodization (15), and hydrothermal synthesis (16, 17),
mainly produce powdered catalysts (16, 18) or thin-layer catalysts on
conventional bulk electrodes (10-12, 15, 19). There is a big problem
of how to disperse and bind sub-few nanometer or single-atom cata-
lysts (SACs) strongly and densely onto electronically conductive sub-
strates in three dimension, which also need to be erosion resistant.
Intimate direct physical contact between electrocatalysts and elec-
tronically conductive substrate has been achieved by the exsolution
process, where zero-valent electrocatalysts are anchored or “socketed”
into the substrate (20) without any third-phase binder. This in-
creases the true contact area (8, 9) and enhances both the erosion
resistance and electronic contact. After all, without facile electronic
percolation all the way to the current collector, electrocatalysts are
inactive by definition. Fabricating robust three dimensionally con-
nected integral electrodes without compromising the specific surface
area of raw electrocatalysts can be challenging. Existing strategy that
uses binders (21) to prepare bulk catalytic electrodes with electro-
catalyst particles is doubtful because the insulating binders markedly
reduce the electronic conductance and effective specific surface area,
especially the electrochemical active surface area (ECSA). Binders
can also obscure SAC and prevent them from reaction. The strategies
that produce thin-layer catalysts on bulk electrodes also have limita-
tions because they are not conducive to building three-dimensional
(3D) structures that maintain a high specific surface area in the
thickness direction.

Yet, another important issue for water purification applications is
the manufacturing cost. Although several recent studies have suc-
cessfully prepared sub-3-nm-scale (13, 22) electrocatalysts with im-
proved specific surface area, the methods and adopted raw materials
are costly and less amenable to scaled-up manufacture. Compared
to precious metals, light transition-metal oxides (TMOs) have the
advantages of lower material cost, higher stability, and lower toxici-
ty. Transition-metal oxycarbides (TMOCs), such as titanium oxy-
carbide (TiO,C,), overcome the poor electrical conductivity of
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TMO (e.g., TiO;) and have been proven to be an effective electro-
catalyst (23). However, the preparation of TMOC with high specific
surface area is also more challenging. Overall, there is still a lack of
effective strategies that allow efficient and low-cost fabrication of in-
tegral SAC electrodes with high specific ECSA.

In this study, we developed an electric-filed—confined strategy to
fabricate high-performance electrocatalytic membranes with ultrahigh
ECSA. The proposed dual electrospinning-electrospraying (DESP)
synthetic strategy and subsequent thermal treatment allows in situ gen-
eration and assembly of single atomic Ti and sub-3-nm electrocatalyst
clusters in 3D pores. Highly scattered single atomic Ti and TiO,C, clus-
ters are in situ fused with carbon and highly dispersed in a 3D carbon
nanofiber (CN) network, resulting in a porous composite matrix mem-
brane (designated as TiO,C, membrane). This envelopment achieved
by in situ generation of interleaved TiO,C, lattices and anchored single
atoms on porous carbon ensures a robust bonding and excellent con-
tact with conductive substrates without using environmentally un-
friendly binders. The resultant hierarchical TiO,C, membrane achieved
record-high electrocatalytic performance with excellent energy effi-
ciencies. Through systematic experimental analyses and simulation, we
revealed that such a hierarchical 3D arrangement of single atomic
TiO,C, enables the establishment of a multidimensional barrier against
waterborne toxins. Considering the easy—to—scale-up nature of the fab-
rication method and the environmentally friendly as well as low-cost
merit of the materials used, we envision that this strategy will provide a
foundation for the development of high-performance and multifunc-
tional porous electrodes in diverse applications.

RESULTS AND DISCUSSION

Fabrication of single atomic TiO,C, membrane that achieves
ultraefficient electrocatalysis

Efficient electrocatalysis requires massive exposure of highly reactive
sites and a robust electron transport network (for both long-range
fiber-to-fiber electronic transport and fiber-to-catalyst conductance).
For water purification (targeting pollutant degradation) or catalytic
reactions in other applications (targeting conversion of chemicals), a
porous flow-through and macroscopically thick structure that en-
hances mass transfer and provides sufficient electrode-solution reac-
tion area (24) is an ideal structure for electrodes. Electrospinning is
excellent for the preparation of 3D thick nanofiber electrodes (25).
However, doping catalysts into the nanofibers is limited by the single
electrospinning method [e.g., precursor solution is difficult to ho-
mogenize, sub—nano-sized catalysts (or seeds) are easily agglomer-
ated in precursor solutions, and spinning with particle becomes
more difficult]. Therefore, we developed a DESP synthetic strategy
(Fig. 1A) to first prepare an integral SAC-CN network and then to
in situ create robust catalyst—to—carbon fiber—fused connections by
thermal post-treatment (fig. S1A). With this strategy, the electros-
pinning portion is used to construct a highly connected nanofiber
matrix using polyacrylonitrile (PAN) as the primary raw material,
while the electrospraying portion is used to distribute electrocata-
lysts [in situ synthesized from titanium butoxide (TBT)] among the
CN network. Under the strong electrostatic field, the TBT is vigor-
ously beaten and highly dispersed as clusters and even individual
molecules into the PAN network (Fig. 1B), hence the term “electric
filed-confined strategy” Strong chemical bonds may be formed be-
tween TBT and PAN due to cross-linking reactions (26). The con-
tinuous and layer-by-layer preparation process ensures uniform
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distribution, 3D connectivity, and mechanical strength (Fig. 1B). The
subsequent thermal treatment in terms of preoxidation and carbon-
ization converts the TBT clusters into TiO,C, particles (figs. S2 to
S4). An obvious and well-defined carbon shell can be found on the
outside of the TiO,C, cluster (Fig. 1C and fig. S5). This means that
the TiO,C, cluster is tightly fused with carbon. The multiscale mi-
croscopy observation (Fig. 1, D to G) demonstrates that abundant
single atomic Ti and sub-3-nm TiO,C, clusters are highly dispersed
in the interconnected nanofiber matrix, thus forming the desired 3D
arrangement structure. These single atomic Ti and TiO,C, clusters
stemmed from the TBT molecule seeds that were highly dispersed
in/on CNs at the atomic level confined by the electric filed during the
DESP process (see figs. S6 and S7 for further aberration-corrected
high-angle annular dark-field imaging (HAADF)-scanning trans-
mission electron microscopy (STEM) characterization of the cross
sections of as-spun and pre-oxidized samples). These single-atom Ti
seeds were then converted to single atomic Ti and TiO,C, clusters by
subsequent heat treatment. Thereby, a self-supported TiO,C, mem-
brane (fig. S8) containing highly reactive single atomic TiO,C, was
successfully prepared without using any binder.

Clearly, the interior of the nonsolid TiO,C, cluster particles com-
prise numerous single atomic Ti (Fig. 1F) and sub-3-nm TiO,C,
clusters (fig. S9). Moreover, the CNs were found to be hollow based
on the focused ion beam-scanning electron microscope (FIB-SEM)
views (Fig. 1D and fig. S10) and transmission electron microscopy
(TEM) observation (Fig. 1E). The three black holes in Fig. 1E cor-
respond to the hollow CNs. The hollow structure of the CNs gives
rise to a larger specific surface area and more active catalytic sites. A
lot of Ti single atoms and TiO,C, lattices were found in the hollow
CNs (fig. S9). Even inside the CNs far away from the TiO,C, clusters
are spread with single atomic Ti (Fig. 1G and fig. S11). This further
supports that the seeds of single atomic Ti were highly dispersed in
the CNs by the strong electrostatic field force during DESP, rather
than transferred from the TiO,C, clusters. The TiO,C, lattice was
confirmed by x-ray diffraction (XRD; Fig. 1H) and can also be ob-
served on the wall of the hollow CNis (fig. S11). Furthermore, x-ray
absorption spectroscopy characterization was performed. The x-ray
absorption near-edge structure (Fig. 1I) and extended x-ray absorp-
tion fine structure (Fig. 1]) spectra at the Ti K edge further support
the presence of single atomic Ti and the valence state of Ti less than
+4 in the TiO,C, membrane (see more details in section S1 and
table S1) (27, 28). Such a hierarchical 3D porous network, with ubiq-
uitously and abundantly distributed Ti single atoms and sub-3-nm
TiO,C, lattices/clusters, results in ultrahigh-specific surface area
and ultrahigh catalytic activity.

Furthermore, at the junctions of the hollow CNs and clusters
as well as on the inner walls of hollow CN (fig. S9), TiO,C, and
TiC lattice were observed. Even in the outermost layers of the
carbon-based shell TiO,C, can be observed (fig. S12). Moreover,
the TEM view (Fig. 1E) and energy dispersive spectrometer (EDS)
mapping results (Fig. 1C) revealed that the hollow CN has been
completely fused with the carbon shell of the TiO,C, cluster. This
is further demonstrated by the magnified aberration-corrected
HAADEF-TEM (fig. S13), where the interface between the TiO,C,
main core and the carbon shell within the cluster particle is con-
tinuous. These all mean that with the deep embedment of Ti sin-
gle atoms and TiO,C, lattices into the CNs and carbon shell, a
complete and strong fusion of “Ti0,C,@CN” was achieved, en-
suring a robust covalent bonding. This covalent bonding can
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Fig. 1. Efficient preparation of single atomic TiO,C, membrane that enables highly efficient electrocatalysis. (A) lllustration of the dual electrospinning-
electrospraying (DESP) synthetic fabrication strategy via electric field-confined single-atom seeding. (B) Scanning electron microscope (SEM) view of the 3D TiO,C, clus-
ters highly distributed in a CN alveoli-like network (designated as TiO,C, membrane). (C) Energy dispersive spectrometer (EDS) elemental mapping showing the fused
structure of the TiO,C, cluster. (D) Focused ion beam (FIB)-SEM view showing the 3D structure of the TiO,C, membrane: 3D highly dispersed TiO,C, clusters in a 3D CN
network. (E) Further zoomed-in STEM image showing that the CN is hollow and fused to the cluster. (F) Single atomic Ti and TiO,C, were observed inside the clusters by
aberration-corrected HAADF-STEM. (G) Further microscopic imaging by aberration-corrected HAADF-STEM of the CNs showing the presence of single atomic Ti in the
hollow CN, even the CNs away from the TiO,C, clusters are spread all over with single atomicTi. (H) XRD showing the presence of TiO,Cy, TiO,_, and TiC. (I) X-ray absorption
near-edge structure (XANES) and (J) extended X-ray absorption fine structure (EXAFS) spectra at the Ti K edge for Ti-TiO,C, membrane, Ti foil, and TiO,. (K) TEM image after
an ultrasonication treatment of TiO,C, membrane demonstrating the robust bond between the TiO,C, and CN, while the CN has been broken. (L) Comparison in terms of
ECSA and cost between the prepared TiO,C, membrane with different electrocatalysts reported in literature (table S2). (M) Schematic illustrating the ultraefficient electro-
catalytic water purification process. The enlarged schematic shows the highly distributed single atomic Ti. (N) Radar chart comparing the electrocatalytic efficiency be-
tween this work and other published studies (listed in table S3). EEO, electrical energy per order; a.u., arbitrary unit.

Gaoetal., Sci. Adv. 11, eads7154 (2025) 18 April 2025 30f13

GZ0Z ‘90 A2 U0 ABojouyoa | JO 8In1iIsu | S1BsNydesse I\ T8 BI0°30Us 105" MMM,/SNY WO | papeo |uMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

endow the membrane with a higher overall strength than simple
physical contact. The strong binding between the TiO,C, and CN
was further verified through the ultrasonication treatment (a
commonly used way to disperse and separate materials) of TiO.C,
membrane before the TEM observation (Fig. 1K). Even an intense
sonication that breaks the nanofibers cannot break off the strong
bonding between the TiO,C, and CN. It is noteworthy that the
TiC and TiO,C, are electrically conductive phases (29), which ensures
the localized ultrahigh-speed electron transfer between the TiO.C,
catalytic sites and CNs. Electron transfer capability was directly
assessed by measuring the conductivity of membranes (fig. S14).
The TiO,C, membrane maintained a high conductivity compara-
ble with that of the CN membrane.

By comparing with other published electrocatalytic electrodes
in terms of ECSA and materials cost, it can be found that the TiO.C,
membrane achieved a record-high ECSA at a very low cost (Fig. 1L
and table S2). The high ECSA should be mainly attributed to the
single atomic Ti, which cannot be achieved by the CN membrane
alone. Waterborne toxins (e.g., perfluorinated compounds, disin-
fection byproducts, pharmaceuticals, personal care, and cosmetic
products) severely affect human health and ecosystems (30). How-
ever, the current prevailing water treatment processes (e.g., aerobic
activated sludge processes) cannot guarantee the adequate removal
of emerging pollutants (7). Here, we used the prepared TiO.C,
membrane as an anode in the electrocatalytic membrane filtration
(EMF) water purification process (Fig. 1M; see detailed system con-
figuration in fig. S15) to test its electrocatalytic degradation perfor-
mance. Propranolol (PRO) was used as a representative emerging
pollutant for the tests.

As expected, the TiO,C, membrane exhibited an ultraefficient
electrocatalytic degradation capability during the high-permeability
[~8370 liter m™ hour™ bar™, 1.25 s of hydraulic retention time
(HRT)] one-time contact filtration tests (Fig. IN and fig. SI6A).
The efficiency of water purification refers to the ratio of the benefi-
cial output (e.g., pure water production, pollutant degradation,
etc.) to the consumptive input (e.g., energy, materials, time, etc.).
We systematically compared the EMF efficiency of the TiO.C,
membrane with other previously published studies (listed in table
S3) on the basis of five metrics, including the amount of pollutants
removed [g m™> hour™!, used as a more comparable index than the
removal rate (%) among different studies], kinetic rate (k, min™"),
1/electrical energy per order (1/EEO, m*.order kWh™"), 1/specific
energy consumption (1/<SEC, g pollutant kWh™"), and water flux
(liter m™2 hour™"). For each index, a larger value indicates a higher
efficiency. As demonstrated in Fig. 1N, the TiOxC, membrane
achieved superior efficiency, with all five indices (especially for the
energy consumption-related indices, i.e., 1/EEO and 1/SEC) reach-
ing the top level. The low-energy consumption (EEO and SEC) is
enabled by the high electrocatalytic efficiency and high water flux
of the TiO,C, membrane. Unlike the other previously reported
membranes that had at least one shortcoming, the TiO,C, mem-
brane exhibited comprehensively superior electrocatalytic perfor-
mance. This performance could be mainly attributed to the single
atomic Ti prepared by the electric-filed-confined DESP process,
which cannot be achieved by the CN membrane alone. The used
TiO,C, membrane after an electrocatalytic treatment was also
characterized by FIB-SEM and aberration-corrected HAADF-
STEM. The hierarchical single atomic structure of the membrane
remained unchanged (fig. S17).

Gaoetal., Sci. Adv. 11, eads7154 (2025) 18 April 2025

Ultraefficient electrocatalysis owes to ultrahigh ECSA,
electrocatalytic defects, and fused bond

ECSA is one of the most important metrics for evaluating electrode
performance, representing the electrochemically active surface area
normalized by the geometric area of the electrode. The assessment
of ECSA plays a pivotal role in the realm of electrocatalysis (31). As
shown in Fig. 2A, The TiO,C, membrane exhibited an exceptional
ECSA of 1840 cm” cm ™2 This value is indicative of a markedly in-
creased availability of active sites, which is a key determinant in
boosting the electrocatalytic efficacy of materials. For comparison,
the ECSA of the control TiO,_dip_coating@CP [i.e., prepared by
loading commercial TiO, nanoparticles (P25) onto commercial car-
bon paper (CP)] was measured to be 17.5 cm? cm™2, which is two
orders of magnitude lower. Compared with other reported electro-
catalysts, including both metal oxides [e.g., TiO, (32), CuO (17),
and Coj; _ ,O4 (22)] and more expensive noble metals [e.g., Pd/Au
(13), and Pt (33)], the TiO,C, membrane demonstrated the highest
ECSA (Fig. 1L). The TiO,C, membrane also has a hi§h Brunauer-
Emmett-Teller (BET)-specific surface area of 109.5 m g_1 (equiva-
lent to 7600 m* m™%; Fig. 2B) and sub-3-nm-sized pores [~0.54 nm,
possible nanoconfinement effect (Fig. 2C) (34)].

In addition to the ultrahigh ECSA, the high reactivity of the elec-
trocatalytic sites is also critical. Compared with TiO,, TiO,C, nor-
mally has a greater conductivity and exhibits higher catalytic
activity (35). With the optimized fabrication conditions, we success-
fully created highly reactive oxygen defect structures in the sub-3-nm
particles. As demonstrated in Fig. 2D, the presence of oxygen lattice
defects was successfully verified by the strong electron paramag-
netic resonance (EPR) signal around g = 2.0023 (35, 36), which
was not detected in the control CN and P25/CN (fig. S1C; blended
electrocatalysts) membranes. Moreover, a positive shift of the Ti-O
binding energy was identified by comparing the x-ray photoelectron
spectroscopy (XPS) spectra (fig. S18) between the TiO,C, mem-
brane and commercial TiO, (nominated as P25) particles, implying
the existence of oxygen defects that could lead to reduced electron
cloud density and increased binding energy (35). While XPS was
based on the whole TiO,C, membrane sample, the high-resolution
EDS analyses only focused on the TiO,C, nanoparticles. An atomic
Ti:O ratio of 1:1.5 (higher than the 1:2 ratio measured on P25) by
high-resolution EDS (fig. S3) indicated the existence of oxygen de-
fects and reduced valence Ti-cations (Ti**" instead of Ti*"). The
Raman spectra (fig. S19) also suggested the presence of TiO,C, and
CN in the membranes (37).

The TiO,C, and its fused structure were created by the DESP and
subsequent preoxidation and carbonization processes (fig. S1A).
The formation of these structures can be ascribed to the carboniza-
tion stage (fig. S20), where the carbothermal reduction of TiO,
could produce TiO,C,, TiO;_y, and TiC (38)

TiO, + C—4, TiC,0, (or TiO,_, or TiC) + CO(0rCO,) (1)

The generation of TiO,C,, TiO; _ », or TiC may depend on the lo-
calized ratio of TiOy/carbon (38). In general, high temperature
(>900°C) is required for the occurrence of the reactions above (38).
However, in our preparation (900°C), carbothermal reduction in Ar
cover gas occurred more easily as the liquid organic titanium (TBT)
was used as a precursor. Besides, DESP resulted in dense single atomic
Ti seeds in the carbon fiber substrate, thus increasing the surface area
(see more discussion in section S2). In particular, the fused structure
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Fig. 2. Ultrahigh ECSA, electrocatalytic defects, and fused bond of the TiO,C, membrane. (A) Measured ultrahigh ECSA, (B) specific surface area, and (C) hierarchical
pore size distribution of the TiO,C, membrane. The compared TiO,_DC@CN and TiO,_DC@CP were prepared by loading commercial TiO, nanoparticles (P25) onto CN or
commercial CP using the dip coating (DC). (D) Measured EPR spectra that indicate the existence of TiO, _ x defects in TiO,C, membrane (see more chemistry analyses in
figs. S3 and S18, and section S2). (E) Effluent Ti concentration (ug liter™") and Ti leaching mass ratio (%) over the total titanium of the TiO,C, membrane during the electro-
catalytic degradation process. Two standards are referenced here: (i) Ti discharge concentration of 100 pg liter™" required by GB18918 (39) and (ii) Cr concentration of
100 pg liter™" required by the U.S. Environmental Protection Agency (U.S. EPA) drinking water standard (the latter is far more toxic than Ti) (40). (F) Comparison of wetting
behavior among the TiO,Cy, CN, and commercial carbon cloth (CCC) membranes. Representative photographs of (G) the as-spun and (H) carbonized samples, and (1) the
self-supported TiO,C, membrane (~0.35 mm in thickness) used in the EMF experiments. At the laboratory stage, 12 membranes as shown in (I) can be fabricated by a

single DESP process.

was formed as a result of TBT liquid mist beating against carbon poly-
mer (PAN) nanofibers under a strong electrostatic force. The mecha-
nism of generation of these fused structures between single atomic
TiO,C,, and carbon substrates highlights a new approach to simulta-
neously enhance the effective active sites, local electronic conductivity,
and mechanical robustness of electrocatalytic electrodes.

The robust fused bonding structure of TiO,C, membrane resulted
in high erosion and corrosion resistance. The sub-3-nm TiO,C,
particles in the electrodes were hardly detached during use, which
ensures a stable electrocatalytic process and safe purified water. As
shown in Fig. 2E, trace Ti element of up to 1.18 pg liter " was de-
tected in the effluent during the EMF tests. This is a very safe con-
centration, much lower than the Ti discharge concentration required
by GB18918 (39) of 100 pg liter !, or the US Environmental Protec-
tion Agency drinking water standard concentration of 100 pg liter™"
for chromium (40) (the latter is far more toxic than Ti). After the
96-hour test, the Ti element loss was evaluated to be less than
~0.66% over the total titanium of the TiO,C, membrane.

Gaoetal., Sci. Adv. 11, eads7154 (2025) 18 April 2025

Moreover, the TiO,C, membrane turns out to be highly hydro-
philic (Fig. 2F and fig. S21), which is beneficial to the electrocata-
Iytic reactions during the filtration process (41) in the aqueous
system. The high hydrophilicity of the TiO,C, membrane should be
attributed to both of its higher surface energy (contributed by C=0,
C—OH, and Ti—O components) and hierarchical porous structure
(enables Wenzel contacting thus enhanced hydrophilicity). The
TiO,C, membrane contains abundant C=0 and C—OH groups (C
Is; fig. S4B). The surface density of -OH was measured to be
2.48 x 1077 mol cm™ by a toluidine blue O (TBO) colorimetric
method, which was more than twice that of the Magnéli phase Ti,O
(1.2 + 0.23 x 1077 mol cm™?) (42). Besides, the membrane had an
effective pore size of 350 nm (belonging to the microfiltration cate-
gory), which was measured by a series of microparticle rejection
tests (more details in section S3 and fig. S16). This porous structure
would give rise to a minor filtration resistance and could also facili-
tate mass transfer. The TiO,C, membrane has a hierarchical struc-
ture that includes 350-nm pores formed by CNs interlacing and
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0.5- to 2-nm gap pores between the ~2-nm TiO,C, particles. This
hierarchical structure could stimulate the capillary effect during wa-
ter transport, allowing water and the contaminants entrained in it to
achieve rapid mass transfer and reaction through the membrane.

After conducting a preliminary assessment of fabrication cost
and prospect for practical scalability, we determined that the DESP
strategy is conducive to scaling up for large-area membrane produc-
tion at low cost (section S4). At the laboratory stage, we have already
been able to prepare TiO,C, samples as large as 30 cm by 10 cm (Fig.
2G) in a single DESP process, which ultimately results in three car-
bonized samples of 9.5 cm by 9.5 cm as Fig. 2H and 12 membranes
with a diameter of 4 cm as Fig. 2I. Combined with a larger electro-
static spinning equipment and a large-scale heat treatment line, it is
expected that more and larger membranes can be easily produced at
the scale-up stage. Although the DESP strategy has achieved the
successful preparation of high-performance single atomic electro-
catalytic membrane based on TBT and PAN, it also shows potential
in the preparation of other types of single atomic catalysts. However,
the dependent molecular raw materials still need to be further
screened and optimized, which needs to be investigated by subse-
quent studies.

Integrated direct and indirect oxidation accounts for the
ultraefficient electrocatalysis

As demonstrated in Fig. 3A, the PRO (20 mg liter ') removal rates
by the TiO,C, membrane at 0 V varied within a low range of 2 to 3%.

This minor removal could be ascribed to the physical adsorption. In
contrast, as a 3-V cell voltage was applied, the TiO,C, membrane
instantly achieved a high removal rate of ~96% (1.4 log removal,
much higher than those for the control P25/CN, vacuum filtration-
P25@CN, and CN membranes; see additional comparison with
more control membranes in section 5) and maintained above 96%
during the purification period. Similar continuous ~100% degrada-
tion performance was also observed at PRO (2 mg liter 1) (fig. S22),
indicating a prominent electrocatalytic performance. Further analy-
sis for degradation products via high-performance liquid chroma-
tography (HPLC)-mass spectrometry (MS)/MS (fig. S23, A to E)
revealed that most PRO were degraded with few intermediate prod-
ucts. After the applied 3-V voltage was cut off at 35 min, no extra
increase in the effluent PRO concentration beyond the influent val-
ue was observed, and the removal rate soon decreased to the same
level as the 0-V test (fig. S23C). The effluent conductivity and pH
conditions also remained considerably stable during filtration (fig.
S23D). These results implied that the contribution by electrosorp-
tion to the rapid PRO removal was negligible (43).

Accordingly, the primary cause of pollutant removal is electrocat-
alytic degradation rather than adsorption or electrosorption. Direct
in situ electron transfer oxidation by the oxidative centers (e.g., oxida-
tive holes h™ excited by electron transfer) (44-46) and indirect oxida-
tion by generated reactive oxygen species (ROS) (e.g., ‘OH, SO,” ™",
'0,, etc.) are usually recognized as two predominant paths of electro-
catalytic pollutant degradation (47). We conducted three series of

160 A B Effect of h* and "0, 'IéEMP - 10, signal [DMPO - -OH signal
~100
—O—TiO,C, membrane - 3 V I
_ 12 —A—P25/CN -3V @ 80 3V 5min| 3V 5 min
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£ 08l —v— VE-P25@CN -3V 5 60
S ’ —e—TiO,C,@CN- 0V g 40 —O—WI/o quencher
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Fig. 3. Revealing the mechanism of the ultraefficient electrocatalytic performance of the TiO,C, membrane. (A) Comparison of electrocatalytic performance in
terms of PRO removal rate among different electrodes [i.e., TiO,C,, commercial TiO, nanoparticles (P25)/CN, vacuum filtration (VF)-P25@CN, and CN; see details in section
S5). (B) Quenching tests revealing the effect of oxidative holes [h*, quenched by 100 mM disodium EDTA-2Na (EDTA-2Na)] and singlet oxygen ['O,, quenched with
100 mM furfuryl alcohol (FFA)] on the degradation of PRO (20 mg Iiter'1) during a cyclic EMF process (3-V cell voltage). (C) EPR spectra exploring the existence of 1Oz and
«OH using 100 mM 2,2,6,6-tetramethyl-4-piperidone (TEMP) and 100 mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the trapping agents, respectively. (D) Further probe
test demonstrating the generation of 'O, through the degradation of 67.6 M FFA by the TiOxC, membrane. (E) Effect of dissolved oxygen concentration on the continu-
ous PRO degradation by the TiO,C, membrane. (F) Comparison of the PRO removal rates among different EMF tests without the quencher (denoted as w/0Q) or with
different quenchers, including EDTA-2Na, FFA, tert-butanol (TBU), and p-benzoquinone (pBQ), which screened out oxidation by h*, '0,, :OH, and 0+~ respectively. The
reduced portions marked with the dotted boxes indicate the amounts degraded by the quenched oxidants, thus revealing the contribution ratios of different oxidants to

pollutant degradation.
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tests, including quenching, EPR, and probe tests, to systematically
reveal the mechanism behind the electrocatalytic degradation.

As shown in Fig. 3B, the addition of ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na, able to quench h*) (48) led to a no-
table reduction in the PRO removal rate. Similar reductions were
also observed in two confirmatory tests that used ammonium oxa-
late (AO) as the quencher (fig. S24) and cimetidine (CMT) as the
pollutant (fig. S25). These results all verified the predominant con-
tribution of direct electron transfer oxidation to the degradation of
the pollutants (49). In addition, the addition of furfuryl alcohol
(FFA, able to quench singlet oxygen 'O,) (50) resulted in delayed
PRO degradation and a decreased removal rate (Fig. 3B), demon-
strating that PRO degradation could be ascribed to indirect oxida-
tion by 'O,. Moreover, EPR detection revealed the typical signals of
2,2,6,6-tetramethyl-4-piperidone (TEMP)-captured 1o, (Fig. 3C)
(51), which persisted throughout the EMF process, thus directly
verifying the presence of 'O,. Furthermore, the direct probe test
with trace FFA (67.6 pM, far less than the 100 mM used in the
quenching test) that could selectively react with '0,at 1.2 x 10 M ™"
s ! also confirmed the efficient production of o, (Fig. 3D). In addi-
tion, we found that the reduction of influent dissolved oxygen (DO)
concentration led to a decrease of PRO removal rate by 24% (Fig.
3E). This rate is similar to the contribution ratio of 'O, oxidation to
the PRO removal. Thus, the generation of 'O, was closely related to
the concentration of DO (Fig. 3E and more details in section S6).
Further quenching and EPR tests (Fig. 3C, see more details in sec-
tions S7 and S8, and fig. $26) demonstrated that the generation of
.OH, 0,-7, and $SO,*"- was minor.

The contribution ratio of each direct and indirect oxidation mecha-
nisms (h™, '0,, -OH, and O,-7) to PRO degradation was calculated on
the basis of the data at 10 min of the quenching tests. As demonstrated

Sub-nanocluster scenario:
Sub-nano-TiO,C,@CN

Micron particle scenario:
Micro-TiO,C,@CN

Subnanocluster

~— e

P -
o~

E

5

A g
-

Effluent c/c,=0.53 Effluent c/c,=0.64

in Fig. 3E the PRO degradation by the TiO,C, membrane can be
mainly attributed to the direct electron transfer oxidation and indirect
oxidation by '0,. The contribution ratios of -OH and O,-~ were both
less than 8%. In marked contrast, the degradation by the CN mem-
brane was almost exclusively ascribed to direct electron transfer oxida-
tion. Apparently, the TiO,C, membrane performed much better than
CN membrane alone in producing 'O, which was most likely due to
the presence of single atomic Ti and TiOC, clusters as active sites. The
generation of 'O, might be related to the electrocatalytic conversion of
dissolved O, by single atomic TiO.C, (52, 53).

Sub-3-nm cluster structure evokes superior

electrocatalytic degradation

To help explore the mechanisms behind the superior electrocata-
Iytic performance, a series of simulations were performed. Three
typical microscopic models were established, representing the sub-
3-nm cluster scenario (Fig. 4A), micron-sized particle scenario
(Fig. 4B), and nanocluster-free scenario (Fig. 4C), respectively. As a
result, it was observed that the sub-3-nm cluster structure enabled
the fastest electrocatalytic degradation at the nanocluster-foulant
interface (kg Fig. 4, A to C; N, fig. S27, A to C), thus resulting in a
substantially enhanced pollutant removal rate (Fig. 4, D to F). In
addition, the incorporation of TiO,C, sub-3-nm cluster promoted
the transfer of the reactive center from the surface of the nanofiber
to the surface of the nanoparticle (Fig. 4, A to C, and fig. S27),
where more electrocatalytic sites were conspicuously present. This
gave rise to a further increase in the pollutant removal rate (Fig. 4,
D to E and fig. S27, A to C). Furthermore, the unique hierarchical
structure of the “nanofiber-nanocluster” of the TiO,C, membrane
also enhanced the hydraulic mass transfer (fig. S28 and more de-
tails in section S9).

Cluster-free
scenario: CN

C

L Mass transfer coefficient (k)

0 0102030405

clcy

0 02 04 06 08 1

Effluent c/c,= 0.86

Fig. 4. Simulation analyses revealing the advantage of the nanocluster structure of the TiO,C, membrane for electrocatalytic degradation. (A to C) Comparison
of the computed distribution of the pollutant mass transfer coefficient (mm s™') adjacent to the membrane surface among three representative models: (A) sub-nano-
TiO,C, membrane segment, (B) micro-TiO,C, segment, and (C) CN segment. (D to F) Comparison of the computed distribution of pollutant concentration (c/co) in the
outer area among the (D) sub-3-nm TiO,C, (E) micro-TiO,Cy, and (F) CN segments. The total mass of the sub-3-nm TiO,C, cluster in (A) and (D) is equal to the mass of a

single TiO,C, particle in the model corresponding to (B) and (E).
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Hierarchical structure ensures multidimensional
degradation of pollutants

As discussed above, the 3D TiO,C, membrane imparts an ultraeffi-
cient electrocatalytic water purification, owing to the ultrahigh-
specific surface area, sufficient and highly dispersed single atomic
Ti, excellent contact by enveloping, and enhanced mass transfer.
Such a hierarchical structure enables the multidimensional degra-
dation of pollutants.

Specifically, as illustrated in Fig. 5A, the unobstructed electron
migration along the nanofiber and the TiO,C, incessantly produc-
es a large number of highly oxidative holes (h*). They act similarly
to landmines (Fig. 5B), ensuring that the pollutants in contact with
them are directly and efficiently degraded. Correspondingly, by
virtue of its large-specific surface area and abundant defect struc-
tures, the TiO,C, membrane constructs a dense and regenerative
barrier for the removal of pollutants. In addition, its fibrous struc-
ture stirs up the flow (fig. S28G; thereby enhancing convection
mass transfer) and also increases the chance of pollutants coming
into contact with h*. Furthermore, owing to the fast migration of
electrons, the widely distributed single atomic TiO,C, ensures the
efficient production of 'O, by electrocatalytic conversion of dis-
solved O, (52, 53). They act similarly to longer-range assassins
[with a longer lifetime than -OH and many other active species
(54)], thereby covering a wider area to further degrade the pollut-
ants that could bypass the adsorptive capture and direct oxidation
by h*. In contrast, the conventional strategies for the P25/CN and

CN membranes suffer from impeded electron transfer (fig. S29A)
and unidimensional degradation capability (fig. S29B).

The durability and treatment capacity of the TiO,C, membrane were
evaluated. As shown in Fig. 5C, the membrane successfully retained
a removal rate of >95% after a 600-min unceasing treatment with very
low-energy consumption of approximately 0.018 kWh-m™>-order ™",
without any conspicuous sign of performance deterioration. As pre-
sented in fig. S30, after the degradation experiments, the changes of
the TiOxC, membrane in morphology, Raman spectra, and Fourier
transform infrared spectra were minimal. The electrocatalytic capa-
bility of this membrane is versatile for a variety of pharmaceutical and
personal care product pollutants. We selected four more representatives
of pharmaceuticals and personal care products, including sulfa-
methoxazole (SMX), CMT, ciprofloxacin (CIP), and ranitidine (RTD),
for the EMF tests. The obtained ultraefficient results (Fig. 5, D and E)
were quite comparable with those for the PRO scenario, while the
removal performance of P25/CN membrane, used as a control, was
much lower (fig. $31). This shows that TiO,C, membrane can achieve
high removal rates for various pollutants including hydrophilic and
hydrophobic pollutants. When tested with mixed contaminants in
complex practical wastewaters, the TiO,C, membrane still maintained
a comparable performance (fig. $32).

Opverall, the short-range, heterogeneous, energy-efficient, and in-
stantaneous direct electron transfer oxidation and the long-range, ho-
mogeneous, unrestricted 'O, oxidation by single atomic TiO,C, jointly
build a multidimensional barrier against the coming pollutants. In

CN nanofiber
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Fig. 5. Highly scattered single atomic TiO,C, ensure multidimensional degradation of pollutants. (A) Schematic demonstrating the efficient generation of h* and
'0,0n the TiO,C, membrane during the EMF process. (B) Cartoon illustration of the multidimensional pollutant degradation by TiO,C, membrane. (C) Stability tests of the

PRO degradation performance by the TiO,C, membrane at 0.5 mg liter™"

. (D) Versatility tests of the electrocatalytic degradation performance for different pollutants:

sulfamethoxazole (SMX), CMT, ciprofloxacin (CIP), and ranitidine (RTD); all at 2 mg liter™". (E) Comparison of the degradation efficiency in terms of k, current density, and

EEO among the different pollutants (i.e., PRO, SMX, CMT, CIP, and RTD).
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general, the electrocatalysts of a single material or simple structure
normally function using only one primary mechanism: either direct
oxidation or indirect reactions by ROS. Considering that different
types of pollutants have different sensitivities to direct oxidation and
indirect oxidation (55), this multidimensional degradation promis-
ingly offers a versatile capacity in degrading diverse types of pollutants
(Fig. 5D). For TiO,C, membrane, we believe its unique hierarchical
structure led to the intensification of both the direct and indirect oxi-
dation processes, thereby inducing a coupling effect that leads to mul-
tidimensional electrolysis.

In summary, this study has developed a DESP strategy for the ef-
ficient fabrication of high-performance 3D SAC porous electrodes
with ultrahigh ECSA. A TiO,C, filtration membrane composed of
3D highly scattered single atomic Ti and TiO,C, sub-3-nm clusters
fused in highly interconnected CN network was successfully pre-
pared. The strong fused bond can be owing to the generation of
TiO,C, during the DESP and subsequent thermal treatment. These
ultra-highly dispersed single atomic TiO,C, structures simultane-
ously enhance effective active sites, local electronic conductivity, and
mechanical robustness. The obtained TiO,C, membrane achieves
superior electrocatalytic performance with excellent energy efficien-
cies and erosion resistance. It was also revealed through systematic
analyses that the 3D single atomic TiO,C, enabled the establishment
of a multidimensional barrier against waterborne toxins, comprising
short-range heterogeneous direct electron transfer oxidation and
long-range homogeneous oxidation by 'O, and other ROS (-OH,
Oy, etc.). The hierarchical structures simultaneously enhance the
local catalytic activity, catalyst-to-collector bonding, and long-range
electronic/chemicals transport. Overall, this strategy provides a gen-
eral platform for designing high-performance electrocatalytic mem-
branes via the construction of single atomic TiO,C, that highly
dispersed and tightly fused in a CN network in a low-cost and easy-
to—scale-up manner. We envision that this fabrication strategy will
lay a foundation for the future sustainable development of high-
performance and multifunctional electrocatalytic 3D electrodes in
diverse applications.

MATERIALS AND METHODS

Chemicals and materials

TBT (>97%), PAN (weight-average molecular weight ~150,000),
PRO (hydrochloride), SMX, CIP, CMT, RTD, and P25 (TiO,)
nanoparticles were purchased from Sigma-Aldrich (USA). N,N-
dimethylformamide (DMF; >99.9%), acetic acid (>99.8%), acetoni-
trile (>99.9%), TBU, p-benzoquinone (pBQ), buffered phosphate,
FFA, terephthalic acid (TA), 2-hydroxyterephthalic acid (hTA), and
AO were obtained from Shanghai Macklin Biochemical Co. Ltd.
(Shanghai, China). TEMP and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) were purchased from Meryer Co. Ltd. (Shanghai, China).
Na,SO4 and EDTA-2Na were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Titanium mesh was purchased
from Zhuosheng Wire Mesh Co. Ltd. (Hangzhou, China) and was
successively rinsed with deionized water and acetone before use. All
the other chemicals and materials were used as received.

Fabrication of the TiO,C, membrane

The TiO,C, membrane was fabricated with the DESP synthetic
strategy (Fig. 1A and fig. S1A). Specifically, the PAN solution [10%
in DMF (w/v)] and TBT solution [8:3 in acetic acid (v/v)] were first

Gaoetal., Sci. Adv. 11, eads7154 (2025) 18 April 2025

prepared as precursor solutions. Then, the PAN and TBT solutions
were simultaneously drawn to a cylinder collector (rotating at a set
speed of 2500 rpm) by an applied electric field in a laboratory elec-
trospinning system (ET-3556H, Ucalery Co. Ltd., China). Because
of different solution viscosities and properties (56), the PAN solu-
tion was spun as nanofibers (i.e., electrospinning), and the TBT so-
lution was sprayed out in a mist (i.e., electrospraying). For both the
electrospinning and electrospraying processes, the inner needle di-
ameter, tip-to-collector distance, tip voltage, and collector voltage
were set to 0.5 mm, 15 cm, 15 kV, and —7.5 kV, respectively. The
injection speeds of the electrospinning and electrospraying process-
es were set to 1.5 ml hour™' and 1.34 ml hour™ ", respectively. After
10 hours of fabrication at 40 + 10% humidity and 25° + 5°C, the
obtained membrane precursor was detached and preoxidized in air
at 280°C for 2 hours and then carbonized in Ar at 900°C for 1 hour.
After cooling to room temperature, the preparation process of the
TiO,C, membrane was completed. In addition, the control CN and
P25/CN membranes were prepared following the same procedure
but using different precursor solutions. The CN membrane was pre-
pared only by electrospinning with the PAN solution (fig. S1B). For
the P25/CN membrane, an additional 12 weight % P25 nanoparti-
cles were added to the PAN solution before the electrospinning pro-
cess (fig. S1C).

Membrane characterizations

The microtopography and elemental distribution of the membranes
were investigated by SEM (Zeiss Merlin Compact, Germany) and
TEM (JEM-2100F, Japan). The membrane was cut by FIB-SEM
(ZEISS Crossbeam 540, Germany) for internal cross-sectional ob-
servation with both the STEM and HAADF-STEM based on a
double-corrected microscope (JEM-ARM300F JEOL, Japan). The
ECSA was derived from the double-layer capacitance (57), which
was obtained by performing CV sweeps in a three-electrode electro-
chemical workstation at different scanning rates (section S10). The
effective membrane pore size was evaluated with a series of mic-
roparticle rejection tests. The specific surface area and size distribu-
tion of nanopores were measured by a specific surface area and
porosity analyzer (Autosorb-iQ2, Quantachrome Co. Ltd., USA).
The BET specific surface area was also measured on the basis of N,
adsorption isotherm. The elemental compositions were character-
ized by XPS (ESCALAB 250Xi, Thermo Fisher Scientific, England).
The crystal structures were investigated by XRD (D8/Aduance,
Bruker, Germany). The Raman spectra were obtained using a Raman
spectrometer (LabRAM HR Evolution, Horiba Co. Ltd., France)
with a 532-nm laser. The EPR spectra were collected by an X-band
EPR spectrometer (JES-FA200, JEOL, Japan) to detect oxygen vacan-
cies of TiO,_, membranes. Membrane conductivity was measured
with a four-probe tester (280S]J, Four Dimensions, USA). The mechani-
cal tensile strength was assessed by an electronic universal testing
machine (Acumen 3, MTS Co. Ltd., USA). Membrane surface hydro-
philicity was evaluated through water contact angle measurement
using an optical instrument (OCA 20, DataPhysics, Germany). The
density of the surface —OH groups was measured using the TBO
colorimetric method (40).

Electrocatalytic degradation tests

The electrocatalytic degradation experiments were performed with
the EMF system (fig. S15), which comprised an EMF reactor with an
effective filtration area of 7 cm? a reservoir beaker, a peristaltic
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pump, and an external power (SS-L303SPD, ABF, China). The elec-
trocatalytic membrane and titanium mesh were installed ~1.5 mm
apart in parallel in the filtration reactor and were used as the anode
and cathode, respectively. The influent sequentially flowed through
the membrane and titanium mesh for purification. A 3-V cell volt-
age (dc) was applied to initiate the electrocatalytic reactions during
the EMF experiments. A series of individual pollutant solutions
comprising 10 mM Na,SOy (as electrolyte) and one type of pollutant
(i.e., PRO, SMX, CIP, CMT, or RTD; 2 mg liter ! unless specified)
were prepared for the EMF tests.

For the investigations of the degradation performance, the EMF
system was operated in a continuous flow mode where the effluent was
not recycled back to the reservoir. The continuous mode only allows
one-time contact between the foulants and membrane, which resem-
bles practical treatment conditions. For most mechanism investiga-
tions, the system was operated in batch mode (unless specified) where
the effluent was recycled back to the reservoir. In the batch mode, the
samples were taken from the reservoir for measurements and analyses.
The batch mode allows cycled collection of trace and short-lived ROS,
thereby disclosing subtle differences among different tests.

Quantifications of pollutant removal

The concentrations of PRO, SMX, CIP, RTD, CMT, FFA, TA, and hTA
were determined using an HPLC instrument (Agilent 1200 LC)
equipped with a C-18 column (Agilent Eclipse XDB-C18). The adopted
eluent compositions (v/v, 0.1% phosphoric acid solution:acetonitrile)
and the corresponding detection wavelengths were as follows: 70:30
and 218 nm for PRO, 60:40 and 270 nm for SMX, 82:18 and 278 nm for
CIP, 90:10 and 312 nm for RTD, 90:10 and 218 nm for CMT, 80:20 and
220 nm for FFA, and 65:35 and 218 nm for TA. In particular, an addi-
tional fluorescent detector was used for the hTA measurement at
Aex = 315 nm and Ay, = 435. The flow rate and column temperature
were set to 1.0 ml min~" and 30°C, respectively. The injection volume
was adjusted from 5 to 50 pl with the initial concentration of the pollut-
ant. The chemical composition of the effluent was further analyzed
with HPLC-MS/MS (Agilent, US) instrument (24) and inductively
coupled plasma-MS (Agilent, US) instrument.

Quantification of membrane filtration performance and
electrocatalytic efficiency
The HRT(s) for electrocatalytic degradation was calculated as

d

HRTZ X 36,000 @)

where d (cm) is the thickness of the membrane and J (liter m™>

hour™) is the flux of membrane filtration. The apparent removal
kinetic constant k was calculated by fitting the data to pseudo-
first-order kinetics
< =k,
Go

3)

where C (mg liter ) and C, (mg liter 1) indicate the effluent and
influent pollutant concentrations, respectively, and #; (min) refers to
the HRT of the EMF process. The EEO (kWh-m™.order ™) and SEC
(kWh-g™* pollutant) were separately calculated as

UlZ x 1073
60

EEO = -
Vlog,, ( el )

(4)
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UIE x 107
SEC= —2—— (5)
V(C,-C)

where U (V) is the applied cell voltage, I (A) is the measured current,
t, (min) is the reaction time, and V (m?) is the total influent volume
involved in the reactions. The removal amount (R, g m~2 hour™}) of
pollutants was calculated as

V(C,=C)

AL
60

R= (6)

Identification of ROS

Quenching, EPR, and probe tests were separately performed to
identify the existence and effects of different oxidation mechanisms
(ie., h*, '0,, 0,7, “OH, etc.) in the electrocatalytic degradation
process. All three tests were carried out in the batch mode (unless
specified) at 3-V cell voltage.

Quenching tests were conducted to investigate the generation
and effect of h™, '0,, 0,-7, -OH, and -OH,g,. Different quenchers
were separately added to the influent PRO solution [PRO (20 mg
liter ') and 10 mM Na,SO,] for electrocatalytic degradation experi-
ments. EDTA-2Na and AO were separately used to quench h™. FFA,
pBQ, TBU, and buffered phosphate were used to quench 'O, 057,
-OH, and -OH,gq,, respectively.

EPR tests were conducted to detect 'O, O,-~, and -OH by an X-
band EPR spectrometer (JES-FA200, JEOL, Japan). A portion of
TEMP was added to a 10 mM Na,SO, solution as the trapping agent
of '0, (51). A portion of DMPO was added to a 10 mM Na,SO,
solution as the trapping agent of :OH (58). Specifically, for the detec-
tion of O,:7, a 0.1-ml portion of the EMF effluent (containing 10 mM
Na,SO,) was immediately transferred to a DMPO (in 10 ml of meth-
anol) solution (59). The ERP spectra were recorded with a modula-
tion frequency of 100 kHz, a modulation amplitude of 0.1 mT, a
microwave power of 1 mW, a sweep width of 15 mT, and a sweep
time of 120 s.

Probe tests were conducted to quantify 10, and -OH (50). A trace
amount of FFA (67.6 pM) was added to a 10 mM Na,SOy solution to
capture the 'O, via reaction during the EMF process. A trace amount
of TA (100 pM) was added to a 10 mM Na,SOj solution to capture
-OH, which was then changed to hTA.

Modeling and simulation

Three types of microscopic models were established using COMSOL
Multiphysics 5.6, separately simulating the sub-3-nm-TiO,C, mem-
brane segment, micro-TiO,C, segment, and CN segment (Fig. 4).
The total mass of the TiO.C, particles in the sub-3-nm-TiO,C,
model was set equal to that of the single TiO,C, particle in the
micro-TiO,Cy model. The distribution of the pollutant mass trans-
fer coefficient (k., m s7}), pollutant concentration (c/cg), normal
electric field intensity (E, V m™'), normal current density (I, A m2),
and mass flux of pollutants (N, mol m~2 s71) was calculated. Pois-
son’s equation was used to solve the electric current density distribu-
tion on the surface and other electric parameters around the surface.
The Navier-Stokes equations and Nernst-Planck equations were
combined to describe the advection and diffusion of pollutants. The
inlet was on the upper surface of the 3D simulation domain, and the
reference electrode was placed on the lower surface. The interlayer
spacing of the multilayer model was set to 600 nm. The pore size in
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the classical pore structure model (fig. S28C) was set as 500 nm. The
mass flux (N.) and the mass transfer coeflicient (k.) were calculated as

ac

= +CxX7V-7n
on

surface

Nc =- (7)

N,

C

" Cour— C

surface

k (8)

where C (mol'm™) is the pollutant concentration, 7 is the normal
vector of the electrode surface, v is the flow rate on the electrode
surface (m-s™), D (m%s™!) is the diffusion coefficient of the pollut-
ant, and Cyyk and Cgyrface indicate the pollutant concentration of the
bulk solution and at the electrode surface, respectively.

Supplementary Materials
This PDF file includes:
Supplementary Sections S1to S10

Figs. S1to S32

Tables S1to S3
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Supplementary Section I

The X-ray absorption near-edge structure characterization. The EXAFS fitting
parameters at the Ti K-edge for various samples were listed in Table S1. The obtained
XAFS data was processed in Athena (version 0.9.26)(60) for background, pre-edge line
and post-edge line calibrations. Then Fourier transformed fitting was carried out in
Artemis (version 0.9.26) (60). The k? weighting, k-range of 3-12 A™! and R range of
1-3 A were used for the fitting of Ti-foil; The k* weighting, k-range of 3-10.0 A™! and

R range of 1-3 A were used for the fitting of Samples.

Supplementary Section I1
Formation of TiO.C,, TiO2-, and TiC. Normally, the formation of TiO.C,, TiO-,, or

TiC in anatase titanium oxide requires harsh conditions. Most of the previous studies
used high-temperature hydrogen reduction(35, 36). However, this method is dangerous
and expensive, thus limiting the practical application of the TiO.C,. The formation of

oxygen defects can also be achieved by carbothermal reduction(61, 62):

TiO,+C—5x—TiC,0O, (or TiO,_, or TiC) + CO (or CO,) (ST)

but the required temperature is relatively high(67). Herein, the TiOxC,, TiO2-x, and TiC
were detected in the TiO,C, membrane, suggesting that the submicron structure of the
electrospun nanofibers and nanoparticles might help to reduce the energy barrier of the
reduction reaction(62). Under the action of high-voltage electrostatic field (1.5 kV cm™)
during the electrospinning process, a high-energy collision occurred between the Ti-
contained nano-liquid mist and polymer nanofibers. A high-energy collision would
promote the tight contact of TiO2 and CN. The tight contact (submicron structure of the
electrospun nanofibers and nanoparticles) help to reduce the energy barrier of the
carbothermal reduction reaction (S1). So the in-situ generated anatase nanoparticles in

TiOxC, membrane bore an easier tendency of carbothermal reduction reaction (S1).



Overall, the above analyses supported the formation of TiO,C,, TiO>-, and TiC in the

TiO,C, membrane.

Supplementary Section 111

Filtration performance of TiO.C, membrane. Owing to its highly porous structure,
the TiO,C, membrane achieved a considerably high water permeability of 8370 + 190
Lm2h!bar! (Fig. S16A). The effective pore size of the TiO,C, membrane was also
evaluated with a series of micro-particle rejection tests. The results (Fig. S16B) showed
that its effective pore size fell roughly around 350 nm with a good selectivity (sharp
increase of rejection rate). Detailed particle rejection performance for the different
micro-particles of 806.9, 362.2, 194.5, and 57.7 nm were showed in Fig. S16C—F,

respectively.

Supplementary Section IV

Assessment of fabrication cost and prospect for practical scalability. Here, we
conducted a preliminary techno-economic outlook to compare the cost of the DESP
with other methods for the preparation of catalytic electrodes. We considered the energy
consumption and other associated costs of the DESP, thermal treatment, and other
preparation processes reported in the literature, normalizing these costs to the unit mass
of the catalyst produced (USD/g). Our findings indicate that the cost of producing the
TiO.C, membrane is about $7/g, whereas the costs for Zr/Ti4O7 electrode(63), Pdi/rGO
electrode(64), Pdnano/rGO electrode(64), and Co@CNB-N4 electrode(65) from various
literature sources are $500/g, $396/g, $446/g, and $227/g, respectively. Consequently,
beyond the low material cost of the TiOxC, membrane, the DESP process also presents
a cost advantage in its preparation. Furthermore, since the TiO.C, membrane is binder-
free throughout its preparation, it avoids the environmental impact associated with

binders, resulting in substantial environmental benefits.



The electrospinning technology has been widely recognized as a low cost and
promising technology(66) for preparation of nano-fiber based products. In our
laboratory, large-area membranes (at least 300 mm in length, 100 mm in width, and
0.35 mm in thickness) have been successfully prepared (Fig. 2H-2I). For practical
industrial productions, the large-scale applications have made a great progress in the
past decades(66-71). Electrospraying can be operated in the same production line as
electrospinning. The only difference is the composition of precursor solutions. It can be
feasibly incorporated to the production line of electrospinning. Another injector and
high electrostatic voltage for electrospraying can easily be added to the electrospinning
production line. Correspondingly, the simultaneous electrospinning—electrospraying
process required in the proposed fabrication strategy can be feasibly established.
Besides, thermal treatment is a very common and general method in industrial
productions. Overall, the fabrication methods of the TiO.C, membranes (i.e.,
electrospinning, electrospraying, and thermal treatment) are promisingly low-cost and
easy to scale up. Additionally, in view of the advantageous performance in several
previously reported scaled-up studies based on various electrocatalytic-membrane-
based processes(72-76), we envision that the superior performance (Fig. 1Q) of the
prepared electrocatalytic membrane can also be expected in future scaled-up

applications.

Supplementary Section V

Comparison of the electrocatalytic performance of TiOxC, membrane. Different
designs of control experiments had been conducted for different purposes. i) To reveal
the unique performance of the single atomic Ti and TiO.C, cluster, we designed the
comparison between the CN membrane alone and the TiO,C, membrane. ii) To reveal
the effects of the preparation process on ECSA, we designed the comparison between
the TiO2_dip coating@CP (commonly used conventional method) and TiO.C,

membranes. iii) To reveal the advantages of the proposed DESP strategy over the



conventional and commonly used blending or coating strategies, we designed the
comparison between the TiOxC, membrane and the P25/CN (blending strategy) and
VF-P25@CN membranes.

As shown in Fig. 3A, the TiO.C, membrane achieved a higher removal rate than
the commercial TiO2 nanoparticles (P25)/CN and vacuum filtration (VF)-P25@CN. By
these strategies, the TiO; catalysts were mainly loosely deposited on the surface of the
membrane. As a result, the binding between the catalysts and CN matrix would be very
weak thus decreased electrocatalysis efficiency. Besides, it would be difficult to achieve
auniform catalyst distribution throughout the membrane matrix by this coating strategy.
That would also limit their degradation efficiency. In addition to the control membranes
above, we tried directly blending the TBT in the electrospinning side, i.e., adding TBT
to the precursor solution of the CNs, a DMF solution containing PAN. However, due
to the fast reaction between TBT and PAN, this precursor solution quickly produced a
large amount of lumpy solids, which were not suitable for electrospinning. This

phenomenon further demonstrates the advances of our DESP strategy.

Supplementary Section VI

Effect of dissolved oxygen (DO). The DO concentration of the influent in the EMF
process with the TiOxC, membrane was reduced to <2 mg L™! by bubbling nitrogen. It
was noted that the DO concentration of the normal (i.e., without particular control of
the DO condition) EMF test was relatively steady at ~8-9 mg L™!. The reduction of
influent DO concentration led to a decrease of the PRO removal rate by 24% (Fig. 3E).
This rate is similar to the contribution ratio of 'O, oxidation to the PRO removal during
the TiO.C, membrane-based EMF test. Under continuous stirring in the reservoir, the
DO concentration of the influent gradually increased to ~5.5 mg L™!. The difference of
PRO removal rate between the nitrogen bubbling group and the normal group was also

reduced to 17%. This indicates that the removal of PRO is positively correlated with



the DO concentration. Accordingly, we speculated that the generated 'O, comes from

the transformation of the DO in the solution.

Supplementary Section VII

The detection of ‘OH. In general, the quenching tests revealed that the generation of
both the -OH and O, was minor (Fig. S26A). When TBU, a quencher of -OH, was
added, it resulted in only a 7.5% decrease in the removal of PRO. Terephthalic acid (TA)
was further used as a probe molecule for ‘OH. As a result, only a slight ~7% removal
was observed in the 30 min electrocatalytic degradation process (Fig. S26B), which
was consistent with the minor generation of their reaction product 2-
hydroxyterephthalic acid (hTA, Fig. S26C). The contribution of -:OH measured using
both TBU quenching and TA probe methods were very low and close in value. This
conclusion was also consistent with the DMPO-EPR test result (Fig. 3C), where such
a small amount of -‘OH cannot be captured by DMPO-EPR with a strong enough peak
signal.

Besides, we further confirmed that the detected ‘OH primarily existed as
dissolved -OHgis rather than adsorbed OHags (Fig. S26D). Some studies have classified
the -OH into dissolved radical (-OHais) and adsorbed radical (:‘OHads), and the -OHags
will not be quenched by the TBU(42, 77). So the buffered phosphate, a strong quencher
for -OHags(42), was added to assess the contribution of *OHags (Fig. S26D). Considering
that the addition of buffered phosphate will slightly increase (by ~28%) the conductivity
of the solution, an additional experiment was carried out under the same solution
conductivity by increasing the concentration of Na;SO4. The obtained results
eliminated the effect of the increased conductivity. Consequently, the addition of the
phosphate did not inhibit the removal of PRO, indicating that the -OHags was not the
main contributor to the pollutant removal. The applied cell voltage (3 V) may not be

sufficient to produce a large amount of effective -OH. Generally, O>™ is produced more



in the process of cathodic electrocatalysis. In this study, most of the anode generated

O, might be converted to 'Oz.

Supplementary Section VIII

The detection of adsorbed SO4*~. The MeOH is able to simultaneously quench
the ‘OH and SO4* ; while the TBU can only quench the ‘OH(78). Therefore, the
difference of PRO removal rate between the MeOH and TBU quenching tests indicates
the contribution of SO4> - As shown in Fig. S26A, there was almost no difference of
degradation performance of between the MeOH-quenched and TBU-quenched tests.
This suggested that the SO4>~ “was not the main contributor to the pollutant removal. In
principle, SO4*~ is mainly produced in persulfate catalysis, not in the absence of

persulfate process.

Supplementary Section IX

Sub-nanocluster structure enhances hydraulic mass transfer. For the classical
microfiltration membrane with finger-like pore structures (Fig. S28C), the
concentration of pollutants in the center area of the pores (channels) was higher than
that on the wall of the channel. The TiO.C, membrane and CN membrane with highly
interconnected framework could remit this mass transfer limitation (Fig. S28A and B)
due to the forced convection and the confinement effect by the network topology(50).
The mass transfer could be further enhanced in the TiO.C, membrane due to its larger
specific surface area and additional turbulence caused by the TiO.C, nanoparticles. The
computed c/co results in the effluent area for the TiO,C,, CN, and classical membranes
are 0.23, 0.36. and 0.43, respectively. The difference of the N¢ distribution of the three

structures also showed the advantage of the TiO.C,@CN framework (Fig. S28D-F).



Supplementary Section X

Detailed methodology for ECSA calculation. The ECSA was derived from the
electrochemical double-layer capacitance of the electrode(57), which was obtained by
performing cyclic voltammetry (CV) sweeps in a standard three-electrode
electrochemical workstation at different scanning rates (i.e., 10, 20, 40, 60, 80, and 100
mV s7!). An inert titanium mesh served as the counter electrode, an Ag/AgCl electrode
was employed as the reference electrode, and the prepared electrode sample acted as
the working electrode. Both the working electrode and the counter electrode had an
apparent geometric area of 1 cm?. The electrolyte solutions comprised 10 mM Na>SO4
and 20 mg L™! PRO, identical to the solutions used for electrocatalytic degradation of
pollutants by TiO.C, membrane. Prior to conducting the CV scans, the assembled three-
electrode system was stabilized for at least 30 minutes to ensure a stable open-circuit

potential (OCP).

The bilayer capacitance Cpr was calculated from the current density (ic, mA cm 2)
—scan rate (v, mV s !) curve of CV scans at different scan rates (Plotting i. as a function

of v as a line with a fitted slope equal to Cpr)(79):
ic—= CpL Vv (52)

The linear regression analysis was performed using the OriginPro software (OriginLab,
USA). The ECSA can be subsequently calculated by dividing the Cpr by the specific

capacitance (Cs):

ECSA= CpL / Cs (S3)

The adopted specific capacitance (Cs) is 40 uF cm ™2 (most commonly used value in the
literature(79)). Although minor deviations may exist depending on the specific
materials and experimental conditions, this value serves as a common baseline(79),

enabling standardized and meaningful comparisons across different studies.
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Fig. S5. EDS mapping results show that the cluster has a well-defined carbon shell.
(a) TEM, (b) Ti elemental mapping, (c¢) O elemental mapping, and (d) C elemental

mapping images of the TiO.C, membrane.



Fig. S6. Further aberration-corrected HAADF-STEM characterization of the
cross sections of as-spun and pre-oxidized TiO<C, membrane. (a—h) Aberration-
corrected HAADF-STEM characterization of the cross sections of as-spun: (b—d) inside
the cluster and (f~h) inside the CN. (i-1) Aberration-corrected HAADF-STEM
characterization of the cross sections of pre-oxidized samples: (i—j) inside the cluster,

(k) wall of CN, and (1) inside the CN.
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Fig. S7. FIB-SEM view of as-spun and pre-oxidized samples. An FIB-SEM view of
the cross section of the (a) as-spun and (b) pre-oxidized TiO,C, membrane. The small
black holes correspond to the hollow area of the CNs, indicating that the hollow

structure was formed right after the DESP process.
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Fig. S8. A photograph and the tensile stress—strain curve of the self-supported
TiO<C, membrane. (a) A representative photograph of the prepared self-supported
TiO.C, membrane (diameter: 20 mm; and thickness: 0.35 mm). (b) Measured tensile

stress—strain curve of the TiO.C, membrane.
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Fig. S9. Further microscopic imaging by aberration-corrected HAADF-STEM of
the TiO.C, membrane. The (a) FIB-SEM view shows the 3D structure of the TiO<C,
membrane: 3D highly dispersed TiO.C, clusters in a 3D CN network. (b) TiOxC, were
observed inside the clusters by aberration-corrected HAADF-STEM. Further
microscopic imaging by aberration-corrected HAADF-STEM of the CNs in (a),
showing the presence of (¢) single atomic Ti in the hollow CN and (d) TiC and TiO.C,

at the junctions of the CNs and TiO.C, clusters.
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Fig. S10. An FIB-SEM view of the cross section of the TiOxC, membrane. The small
black holes correspond to the hollow area of the CNs, while the large spheres

correspond to the TiO,C, sub-3nm clusters.



Fig. S11. Even inside the CNs away from the TiO.C, clusters are spread with single
atomic Ti of the TiOC, membrane. (a—e, i-1) Aberration-corrected HAADF-STEM
view of single atomic Ti inside CN far away from TiO,C, clusters and TiO.C, lattice on

the wall; (f~h) EDS-mapping of the location of (e).



Fig. S12. TEM view of the carbon shell of the TiOxC, cluster. (a—d) TiO; lattice can

be observed in the carbon shell of the cluster.



Fig. S13. The hollow CN has been completely fused with the carbon shell of the
TiO«C, cluster. Aberration-corrected HAADF-TEM views of the (a) TiOxC, cluster

particle and (b) the magnified interface between the TiO.C, main core and the carbon

shell.
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Fig. S14. Conductivity of the different membranes. High conductivity due to the
oxygen defects of TiO,C, and hierarchical structure, the integration of TiO.C, did not
substantially reduce the electrical conductivity (12.4 S/gC for TiO,C, membrane

compared to 13.2 S/gC for CN).
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Fig. S15. Detailed system configuration of the EMF set up. (a) Schematic
configuration and (b) a photo of the EMF system, where the electrocatalytic membrane
is incorporated as the anode with an inert titanium mesh (nominal pore size ~0.7 mm)

as the cathode.
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Fig. S16. Filtration performance of the TiO«C, membrane. (a) Measured pure water
flux at different transmembrane pressures. The permeability of 8370 L m 2 h™! bar !
was calculated by fitting the flux-pressure data linearly and then based on the slope of
the fit. (b) Measured micro-particle rejection rates at different particle diameters.
Detailed rejection performance for the different micro-particles of (¢) 806.9, (d) 362.2,

(e) 194.5, and (f) 57.7 nm.



Fig. S17. Characterizations of TiO.C, membrane after electrochemical use. (a—d)
Aberration-corrected HAADF-STEM view and EDS-mapping of TiO,C, cluster. (e-h)
Aberration-corrected HAADF-STEM view and EDS-mapping of single atomic Ti
inside the TiO,C, cluster. (i-1) Aberration-corrected HAADF-STEM view of single
atomic Ti inside CN and TiO.C, lattice on the wall of CN. (m—p) Aberration-corrected
HAADF-STEM view of single atomic Ti inside CN far away from TiO,C, clusters and

TiO,C, lattice on the wall.
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Fig. S18. Comparison of the XPS spectra of the TiO.C, membrane and commercial

P25 (TiO3) particles.
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Fig. S19. Raman spectra of the TiOxCy and CN membranes.
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Fig. S20. XRD patterns of the membrane samples at different fabrication stages:
(a) as-spun, (b) pre-oxidized, (c) and carbonized. These results indicated that the

anatase crystal and TiC structure was formed at the carbonization stage.
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Fig. S21. Detailed contact angle variations along with time on the (a) commercial

carbon cloth (CCC), (b) TiOxCy membrane, and (c) CN membrane.
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Fig. S22. Comparison of the electrocatalytic performance in terms of the
propranolol (PRO) removal rate at different influent concentrations (i.e., 2 and 20

mg L) by the TiO.C, membrane.
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Fig. S23. Further analysis for PRO degradation by the TiOxC, membrane. (a and

b) Comparison of the total ion current spectra measured by HPLC-MS/MS between the



influent and effluent at different PRO concentrations: (a) 20 mg L' and (b) 2 mg L.
Corresponding mass spectra of (c) influent at 2 mg L™ PRO, (d) effluent, and (e)
ultrapure water background. (f) An EMF test based on the TiO,C, membrane and 15
mg L PRO influent to evaluate the contribution of electrosorption to the removal of
pollutants. Note: if electrosorption apparently contributed to the removal, the effluent
PRO concentration would rise beyond its influent value with a corresponding negative
removal rate when the applied voltage was cut off at 35 min. (g) Variations of the
effluent pH and conductivity during the EMF test based on the TiO,C, membrane and
20 mg L™t PRO influent. The green and purple dotted lines indicate the influent pH and

conductivity, respectively.
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Fig. S24. Quenching tests demonstrating the effect of h* (quenched by 100 mM
ammonium oxalate (AO)) on the degradation of PRO (20 mg L) during the cyclic
EMF process (3 V).
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Fig. S25. Quenching tests further verifying the effect of h* oxidation (quenched
with 100 mM EDTA-2Na) using CMT (2 mg L) as the model pollutant under a

continuous flow mode.
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Fig. S26. Further revealing the mechanism of electrocatalytic degradation
performance of the TiOC, membrane. (a) Quenching tests investigating the effect
of 027 (quenched with 2 mM pBQ), OH (quenched with 100 mM TBU), and
SO4* -(assessed by the difference between the results of the 100 mM MeOH quenching
and the 100 mM TBU quenching, as MeOH quenches both OH and SO4>). (b) Probe
test exploring the presence of ‘OH through the degradation of 100 M TA by the TiO.C,
membrane. (c) Variation of the measured concentrations of hTA (produced from the
reaction between TA and OH) during the probe-test with TA for the TiO,C, membrane.
(d) Quenching tests investigating the effect of adsorbed -OHags (quenched with 100 mM

phosphate).
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Fig. S27. Simulation analyses revealing the influence of TiO.C, nanoreactor
microscopic structure on key electrocatalytic parameters. (a—c) Comparison of the
computed distribution of pollutant mass flux (N, umol m 2 s™!) adjacent to membrane
surface among the (a) simulated TiO,C, sub-nanocluster@CN membrane segment, (b)
simulated TiO,C,@CN segment, and (¢) simulated CN segment. (d—f) Comparison of
the computed distribution of normal electric field intensity (E, V m™') among the (d)
Ti0O,C, sub-nanocluster@CN, (e) TiO.C,@CN, and (f) CN segments. (g—i) Comparison
of the computed distribution of normal current density (Z, A m 2) among the (g) TiO.C,

sub-nanocluster@CN, (h) TiO.C,@CN, and (i) CN segments.
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Fig. S28. Simulation analyses revealing the unique hierarchical structure of the

“nanofiber-nanocluster” of the TiOxCy, membrane enhanced the hydraulic mass
transfer. (a—c) Comparison of the computed distribution of pollutant concentration
(c/co) across the membrane among three multi-layer-stacked models: (a) TiO.C,
membrane, (b) CN, and (¢) classic microfiltration membrane with finger-like pore
structures. (d—f) Comparison of the computed distribution of pollutant mass flux (M)
across the membrane among the (d) TiO,C, membrane, (e) CN, and (f) classic
membrane models. (g—i) Comparison of the hydraulic flow regime across the

membrane among the (g) TiO.C, membrane, (h) CN, and (i) classic membrane models.
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Fig. S29. The conventional strategies for the P25/CN and CN membranes suffer
from impeded electron transfer and unidimensional degradation capability.
Schematic illustrating two disadvantageous scenarios which could result in seriously
reduced efficiency of electrocatalytic degradation: (a) impeded pathway for electron
transfer (e.g., membrane prepared through the mixed matrix strategy where the deeply
embedded catalysts severely narrow the pathway for electron transfer) and (b) limited

capability of 'O, production (e.g., the CN membrane).
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Fig. S30. Comparisons in terms of morphology and chemical compositions of the
TiOxCy membrane between its pristine and long-term-used states. SEM images of
the (a) pristine and (b) used TiOxCy membranes. Raman spectra of the TiO\Cy
membrane between its (c) pristine and (d) long-term-used states. FTIR spectra of the

TiOxCy membrane between its (c) pristine and (d) long-term-used states.
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Fig. S31. Compared electrocatalytic degradation performance by P25/CN
membrane for different pollutants: SMX, CMT, CIP and RTD; all at 2 mg L.



< +3V +0V +3V +0V +3V +0V

100 100 b 4 RO 1001 G & Secondary
gSD gﬂﬂ | concentrate %BO effluert
aQ o aQ
TED w60} B 60
a0 240l _a gmx 540
§ 20 E 20 ~—¥PRO § 20
—&—RTD
0 ot 0
0 10 20 30 40 i 10 20 30 40 0 10 20 30 a0
Time {min) Time {min} Time (min)

Fig. S32. Electrocatalytic degradation performance of mixed contaminants in
complex practical wastewaters. Electrocatalytic degradation performance of the
TiO»C, membrane with mixed contaminants (i.e., 7 mg L™* each of sulfamethoxazole
(SMX), propranolol (PRO), and ranitidine (RTD)) in complex solutions: (a) ultrapure
water, (b) practical reverse osmosis (RO) concentrate, and (c) practical secondary
effluent. All the tests were conducted at the continuous flow mode with a flux of 849 L
m~2 h™* under 14 kPa at 3V. The removal ratio dropped when treating the mixed
micropollutants in the practical water, especially in the RO concentrate and secondary
effluent. The real water also contains a lot of other organic pollutants that can consume
part of the oxidative active sites or ROS. These consumptions resulted in a decrease in
PRO or RTD removal, but did not necessarily represent a decrease in overall pollutant
removal performance. Future research is needed to fully analyze the changes of water
matrix before and after treatment as well as to further optimize the conditions for the

practical water treatment.



Table S1. EXAFS fitting parameters at the Ti K-edge for various samples (So*=0.7

from Ti-foil)

Shell CN¢ R%(A) o*(A?)  AE¢“(eV) R factor
Ti-foil Ti-Ti 12 2.92+0.01 0.089 5.1£0.6 0.0079
Ti-O/C/N  3.5+£0.3 1.93+0.02 0.0035
Ti-TiO.C, -5.2+42.1 0.0165
Ti-Ti 2.0+£0.3 2.98+0.02 0.0041

“CN: coordinatin numbers; R: bond distance; ‘¢*: Debye-Waller factors; ¢ AEo: the

inner potential correction. R factor: goodness of fit. Error bounds that characterize the

structural parameters obtained by EXAFS spectroscopy were estimated as CN+20%; R

+ 1%; 6% + 20%.



Table S2. The referenced studies in the comparison of ECSA and cost.

ECSA Cost

e o2 USD kg ! Reference

This study 1840 1.63 This study
S1 107 6.90 32
S2 296.3 18.87 (80)
S3 7.5 6.58 23
S4 185 6.90 (15)
S5 90 6.90 (19)
S6 3.18 6.83 17)
S7 63.5 3.95 (82)
S8 0.52 556.01 33
S9 54.5 35.13 (83)
S10 96.75 3.72 (84)
S11 430.5 10.66 (89)
S12 83.3 45.15 (86)
S13 221 4.78 (87)
S14 75 7.33 (88)
S15 2.2 2803.86 13

S16 1033.3 14.19 (22)




Table S3. The referenced studies in the comparison of electrocatalysis efficiency.

Fabrication =~ Membrane materials  Target pollutant Initial target Removal k,min”!  1/EEO,  1/SEC, Water Mechanism Reference
strategy concentration, amount, m’ order g- flux, L
mg L™ gm?2h’! kwh™! pollutant m2h!
kwh!
i Bioinspired = TiO.C, membrane Propranolol 0.5 0.41 166.6 35.83 11.52 849 The Bioinspired topological  This study
T Bioinspired  TiO.C, membrane Propranolol 2 1.69 238.2 44.50 41.01 849 framework actuates an  This study
Bioinspired  TiO.C, membrane Propranolol 20 16.46 168.2 40.22 512.84 849 expeditious “transfer—  This study
T Bioinspired  TiO.C, membrane Sulfamethoxazole 2 1.68 219.9 35.01 34.65 849 reaction” mechanism via  This study
i Bioinspired  TiO.C, membrane Cimetidine 2 1.67 203.9 43.74 46.68 849 direct hole oxidation and  This study
i Bioinspired  TiO.C, membrane Ciprofloxacin 2 1.69 2553 74.68 64.35 849 indirect  reactive  oxygen  This study
i Bioinspired  TiO.C, membrane Ranitidine 2 1.69 253.9 66.00 57.21 849 species (ROS) oxidation. This study
S1 (i1) Nb/BDD Propranolol 10 3.80 0.0101 0.024 0.413 843.5 Indirect oxidation by active 89)
chlorine
S2 (i1) Ti/Pt Propranolol 1.3 0.0637 0.0326 0.227 0.170 50 Direct oxidation (90)
(peroxydisulfate oxidation
alone and electrolysis) and
nonradical oxidation
S3 (ii) Mixed-metal oxide Propranolol 0.26 0.0135 0.0217 0.208 0.024 53.03 Surface-bound reactive 91
anodes chlorine species (i.e., *Cl)
oxidation
S4 (iii) BDD/ADE-Pt/CF Propranolol 135 7.3125 0.0029 0.005 2.825 83.33 n.r. (92)
S5 (ii) TiO2@SnO2—-Sb p-chloroaniline 1.276 0.0231 0.0019 0.805 1.581 31.25 *OH oxidation 93)
S6 (ii) Blue-colored TiO2 Carbamazepine 10 9.36 0.403 11.63 101.69 954.65 *OH oxidation (94)
nanotube arrays
S7* (ii) Ti/TiO2-NTs/PbO2 Reverse osmosis 310 12.74 0.009 0.006 2.439 55.56 *OH oxidation 99)

concentrate COD




S8

S9

S10*

S11

S12

S13

S14*

S15%

S16
S17

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(ii)
(iif)

TiO2 nanotubes

arrays electrode

Sb-doped SnO2 with

TiO2 nanotube

clusters on Ti mesh
TiO2-NTA/SnO2-Sb

anodes with/without

PbO:2 layer
Macroporous-Ti-
enhanced TiO2
nanotube
array/SnO2-Sb203
Blue TiO2

nanotubes covered

with SnO2>—-Sb203
Blue-TiOz
nanotubes
Cobalt-doped
Black-TiO2
nanotube array
Blue-Black TiOz
nanotube arrays
Ti/Ruo3Tio.7O
TiaO7

Lipopolysaccharide

Phenol

Reverse osmosis

concentrates COD

2-Methyl-4-

isothiazolin-3-one

Benzoic acid

Phenol

Latrine wastewater

Human wastewater

Formaldehyde

Sulfamethoxazole

20

100

169

50

244

100

500

330

400
254

0.2844

3.54

14.90

15.31

7.32

6.47

2.34

1.44

9.70
7.29

0.0253

0.0676

0.0237

0.124

0.0076

0.0071

0.0048

0.0023

0.0161
20.977

0.122

0312

0.070

1.724

0.121

1.587

0.011

0.062

0.016
3.074

2.703

8.852

11.288

36

2.610

101.01

5.095

16.129

2.939
88.885

18

3542

100

382.65

500

66.67

5.21

10.42

24.44
300

Direct electron transfer and
*OH oxidation

*OH oxidation

Reactive chlorine species and

*OH oxidation

Nonradical and radical

oxidation

nr.

*OH and SO4+~ oxidation

*OH oxidation

n.r.

(96)

97)

(98)

99)

(100)

(101

(102)

(103)

(104)
(105)




S18

S19

S20

S21

S22

S23

S24

S25

S26

S27

S28

S29

S30

S31

(i)

(i)
(i)
(i)
(i)
(i)
Q)
(iii)
(iii)
(i)
(i)
Q)
(iii)

(M)

Carbon nanotube
electrochemical

filter

Multi-walled carbon

nanotube

Multi-walled carbon

nanotube

Multi-walled carbon

nanotube

BDD

BDD

PANI/PI
Bi-doped SnO>—
TinO2n-1

Bi-doped SnO>—
TinO2n-1
Ti/SnO2-Sb/Ce-
PbO2

Ti/SnO2-Sb
G/Sn02/CFs
SnO2-Sb reactive
anodic filter
electrodeposited
polytetrafluoroethyl
ene (PTFE)-doped
B-PbO2

Tetracycline

Ciprofloxacin
Amoxicillin
Sulfamethoxazole
Ciprofloxacin
Norfloxacin
Congo red
Atrazine
Clothianidin
Naproxen
Stavudine
Sulfamethoxazole

Ciprofloxacin

Norfloxacin

88.89

100
100
20
2.157

2.497

0.05

0.02

10

3.31

100

11.11

0.48

0.62

0.57

5.26

8.95

44

0.65

0.74

0.02

0.01

0.076

0.145

8.418

98.9

1.38

3.66

2.1

0.0715

0.0158

0.0707

115.1

67.9

0.649

0.24

0.238

1.486

0.0154

6.933

0.310

0.849

0.500

1.429

0.040

0.307

2.381

1.205

1.344

0.690

0.024

3.030

0.0202

414.52

1.900

2.450

2.250

35.71

4.167

5.867

1.712

1.701

0.024

0.007

0.240

8.410

1

127.48

127.48

127.48

127.48

52.62

105.25

250

300

300

8.84
54

85.03

n.r.

Direct electron transfer and
radical oxidation (e.g., *OH,
Cle)

n.r.
*OH oxidation
*OH and OCI™ oxidation

Direct electron transfer and

*OH oxidation

*OH oxidation

*OH oxidation

n.r.

Direct electron transfer and
*OH, SO4*~ oxidation

n.r.

(106)

(107)
(107)
(107)
(108)
(109)
(110)
(111
(111
(112)
(113)
(114)

(115)

(116)
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(M)
(M)
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(M)

(M)

(M)

(M)

CNT

CNT
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MnOx@stainless
steel

Conductive
poly(aminoanthraqu
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graphene oxide
nanohybrid blended
PVDF

Carbon nanotube—
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composite
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Microcystin-LR
Phenol
Ofloxacin

Phenol

Bovine serum

albumin

Alginic acid

Bovine serum
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Note: (i) mixed matrix strategy; (ii) catalyst coating strategy; (iii) inorganic membrane strategy.
n.r. = not reported.

*These data were based on treatments with mixed contaminants in complex solutions, thus potentially lower than those based on treatments with
single contaminants in purer solutions.
tThese data were not plotted in Fig. 2¢ to avoid overlap-induced ambiguity, since they are not fundamentally different from each other.

iThese studies were not included in Fig. 2¢ either because some data were not reported or they aimed at antifouling rather than degradation.

The references are classified and sorted according to the following basis: studies on the PRO degradation, studies using TiO»-based materials, studies
using carbon-based materials, studies using SnO»z-based materials, studies using PbO;-based materials, studies with some data not reported, studies
aimed at antifouling based on the (i) mixed matrix strategy.
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