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ABSTRACT: Photoelectrocatalytic (PEC) degradation of organic
pollutants into CO2 and H2O is a promising strategy for addressing
ever-growing environmental problems. Titanium dioxide (TiO2) has
been widely studied because of its good performance and environ-
mental benignancy; however, the PEC activity of TiO2 catalyst is
substantially limited due to its fast electron−hole recombination.
Herein, we report a TiO2 nanocone-based photoelectrocatalyst with
superior degradation performance and outstanding durability. The
unique conical catalyst can boost the PEC degradation of 4-
chlorophenol (4-CP) with 99% degradation efficiency and higher
than 55% mineralization efficiency at a concentration of 20 ppm. The normalized apparent rate constant of a nanocone catalyst is
5.05 h−1 g−1 m2, which is 3 times that of a nanorod catalyst and 6 times that of an aggregated particle catalyst, respectively. Further
characterizations reveal that the conical morphology of TiO2 can make photogenerated charges separate and transfer more
efficiently, resulting in outstanding PEC activity. Moreover, computational fluid dynamics simulations indicate that a three-
dimensional conical structure is beneficial for mass transfer. This work highlights that tuning the morphology of a
photoelectrocatalyst at the nanometer scale not only promotes the charge transfer but also facilitates the mass transportation,
which jointly enhance the PEC performance in the degradation of persistent pollutants.

■ INTRODUCTION

Water pollution is threatening human beings and receiving
increasing attention all around the world.1 Organic pollutants
from wastewater are recalcitrant and toxic, so its disposal is one
of the most urgent topics in environmental research. Phenolic
compounds are common persistent organic contaminants,
which show non-biodegradability, posing serious risks to the
environment. Some of the most toxic phenolic organics are
those of chlorinated phenols, which are used as crucial
intermediates in the synthesis of disinfectants, dyes, and
pesticides.2,3 Among them, 4-chlorophenol (4-CP) is a typical
chlorinated phenol because of its widespread applications in
the chlorination of organic material or the production of
drugs.4,5 Meanwhile, conventional biological or physical−
chemical processes are ineffective in eliminating 4-CP due to
its chemical stability and thermal stability.6 Therefore, it is
highly desirable to develop an advanced strategy for efficiently
breaking down such persistent pollutants, based on the
essential understanding of the degradation mechanism of
pollutants.
Photoelectrocatalytic (PEC) pollutant degradation, which

potentially combines the merits of both electrocatalysis and
photocatalysis, is becoming one of the most promising yet
challenging approaches for practical applications. Fundamen-
tally, the separation efficiency of photogenerated charges is a

crucial factor that mainly determines the PEC performance.7

Many strategies, such as heterostructure construction,
nanostructure engineering, and cocatalyst modification, have
been devoted to enhancing the PEC performance of the
photoelectrode via improving the efficiency of charge
separation in the field of photoelectrocatalysis.7 Among
them, building specific nanoarchitectures such as one-dimen-
sional (1D) nanostructures (nanorods, nanotubes, nanocones,
etc.) and their 3D arrays, which can dramatically reduce the
recombination of electron−hole pairs through shortening the
transport distance of minority charge carriers to the surface,8,9

has been proved to be an effective approach to design efficient
PEC systems.10

Besides the common advantages of the spatial configuration
and charge separation in the 1D nanostructure, nanocone
arrays possess a built-in electric field along the axial direction,
which can further drive the separation of photogenerated
carriers.11 In addition, nanocone has more active sites
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compared to other 1D nanostructure with the same surface
area due to more side surface of the conical structure, which
will collect minority charges, thereby promoting PEC perform-
ance.12 Therefore, it is important to fabricate the conical
morphology of photoelectrocatalysts for efficient separation
and transport of photogenerated charges.
Herein, we choose titanium dioxide (TiO2), a typical

photoelectrocatalyst that has been widely investigated13,14

and substantially limited by its fast electron−hole recombina-
tion,15 to design a photoelectrocatalyst with a conical structure
and explore how different morphologies influence the PEC
performance. A TiO2 photoelectrocatalyst with a 3D conical
structure was prepared by a disodium ethylenediamine
tetraacetate (Na2EDTA)-assisted hydrothermal approach11 to
eliminate persistent organic pollutants. It was found that
benefiting from the significant improvement in the efficiency of
charge separation and mass transport, as well as the great
increase in the amount of photogenerated active species, the
conical TiO2 catalyst shows superior PEC performance on
degradation and mineralization of 4-CP. This work offers an
effective strategy to rationally design and fabricate photo-
electrodes for efficient pollutant degradation.

■ RESULTS AND DISCUSSION

The TiO2 photoelectrocatalysts with different structure were
prepared via a Na2EDTA-assisted hydrothermal approach
(Scheme 1). Ti mesh was used as the substrate, which is
favorable to solve the problem of poor mass transfer and
surface sluggish reaction kinetics for planar devices.16,17 Figure
1a shows that the TiO2 synthesized with acetylacetone
(ACAC) alone results in aggregated particles. In contrast,
the sample fabricated in the presence of Na2EDTA displays
nanorod arrays. These nanorods are well aligned and
perpendicular to the substrate with diameters and lengths of
100 and 450 nm, respectively (Figure 1b). Conical structures
are obtained when both ACAC and Na2EDTA are present in
the hydrothermal process (Figure S1). Well-oriented TiO2
nanocones with a diameter of 50 nm and a length of 1 μm are
formed and distributed uniformly and densely on a Ti mesh, in
a 3D structure with a highly exposed surface area (Figure 1c
and d).

Figure 1e shows the X-ray diffraction (XRD) patterns of the
three different TiO2 samples. The XRD peaks at 35.1°, 38.4°,
and 40.1° are assigned to the (100), (002), and (101) plane of
Ti mesh (JCPDS No. 44-1294). The diffraction peaks of the
nanocone are indexed in accordance with the rutile structure
(JCPDS No. 21-1276), and the nanorod sample exhibits
typical rutile patterns as well. Apart from the diffraction peaks

Scheme 1. Synthesis Scheme of TiO2 Catalysts with Different Structures by a Na2EDTA-Assisted Hydrothermal Approach

Figure 1. Structure characterizations of photoelectrocatalysts. SEM
images of (a) aggregated particles, (b) nanorods, and (c) nanocones
of TiO2. (d) SEM side views of nanocones of TiO2. (e) XRD patterns
and (f) Raman spectra for TiO2 photoelectrocatalysts with different
structures.
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of Ti mesh, the intensity of XRD patterns for aggregated
particles is weak, and only the peak at 25.3° is visible, which
corresponds to the (101) plane of anatase TiO2 (JCPDS No.
21-1272). This result demonstrates that aggregated particles
mainly show anatase phase with poor crystallinity.
Raman spectroscopy was then employed to further

distinguish the anatase from rutile TiO2, and the results are
shown in Figure 1f. The Raman bands of the nanocone at 445
cm−1 (Eg) and 610 cm−1 (A1g) are well-resolved, confirming
the rutile phase of the nanocone obtained in this work.18

Moreover, the nanorod catalyst also exhibits characteristic
Raman modes of rutile phase at 144 cm−1 (B1g), 446 cm−1

(Eg), and 608 cm−1 (A1g).
18 The enhanced Raman spectra of

aggregated particles show peaks located at 145, 399, 517, and
639 cm−1, which are in accordance with characteristic anatase
phase with vibrational modes of Eg, B1g, A1g, and Eg,
respectively.19 Moreover, no obvious impurity was detected
in all of the TiO2 catalysts (Figures S2−S4).
The PEC performance of TiO2 catalysts with different

structures was investigated in 0.1 M Na2SO4 electrolyte with
20 ppm 4-CP under xenon lamp illumination in a conventional
three-electrode cell. The photocurrents of these catalysts were
recorded in the dark and under irradiation with a set of
chopped linear sweeps. As shown in Figure 2a, the three TiO2
catalysts show a very low dark current with respect to their
photocurrents. Among the three photoelectrocatalysts, the
highest anodic photocurrent was generated for the TiO2
nanocone catalyst under illumination and increased steeply
with increasing bias. The photocurrent of the nanocone
catalyst (denoted as TiO2 NCs) reaches a saturated current
density of 1.68 mA cm−2, which is 2.4- and 12-fold of the
photocurrent density of TiO2 nanorods (denoted as TiO2
NRs) and TiO2 nanoparticles (denoted as TiO2 NPs). The
results clearly indicate the excellent PEC performance of TiO2

NCs for the degradation reaction. The transient photocurrent
response to Xe lamp light of different TiO2 catalysts indicates
the largest amount of photogenerated carriers in TiO2 NCs
(Figure S6). In addition, no photocurrent decrease is observed
for TiO2 NCs in 3 h of illumination at 2.22 VRHE (Figure S6),
whereas TiO2 NRs and TiO2 NPs show a dramatic decrease in
performance. The decrease of photocurrent suggests that the
formation and progressive accumulation of intermediates may
occur on the surface of photoelectrodes.20

The PEC activities of TiO2 catalysts with different structures
were evaluated by monitoring the degradation of 4-CP. In
order to achieve high efficiency of degradation and
mineralization, the reaction potential of 2.22 VRHE was
employed, even if oxygen evolution reaction (OER) occurs
at such high potential (Figure S7). As shown in Figure 2b, all
three catalysts are active in the degradation of 4-CP under PEC
conditions. The TiO2 catalysts with low surface area (0.31,
0.36, 0.39 m2/g for TiO2 NCs, NRs and NPs, respectively,
Table S1) show poor ability for 4-CP adsorption (Figure S10).
However, the concentration of 4-CP is decreased rapidly for
the TiO2 NCs-based PEC degradation process, and it takes 32
min to degrade 50% 4-CP, which is much faster than TiO2
NRs (67 min) and TiO2 NPs (125 min). Moreover, the
degradation efficiency is up to 99.3% in 180 min for TiO2 NCs,
which is higher than TiO2 NRs (82.8%) and TiO2 NPs
(62.7%) in the same degradation time. The results clearly
indicate that TiO2 NCs show an outstanding PEC activity in
the degradation reaction.
To study the degradation process of 4-CP in detail, we

conducted experiments to monitor the percentage of total
organic carbon (TOC) removal and dechlorination during the
reaction process. We first measured the change of TOC
concentration versus time during the degradation, as it can be
used to describe the degree of mineralization. As shown in

Figure 2. PEC performance of TiO2 photoelectrocatalysts with different nanostructures. (a) Photocurrent densities of TiO2 catalysts with different
nanostructures, measured under chopped light. The percentage of (b) 4-CP degradation, (c) TOC removal, and (d) dechlorination for the PEC
degradation process on TiO2 catalysts with different nanostructures. (e) Kinetic plots of TiO2 catalysts with different nanostructures for the 4-CP
degradation reaction at 20 ppm. (f) Degradation of different concentrations of 4-CP on TiO2 catalysts with different nanostructures.
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Figure 2c, TiO2 NCs demonstrate the efficiency of TOC
removal, 54.9% in 180 min, while TiO2 NRs and TiO2 NPs
show efficiencies of only 19.5% and 11.3%, respectively,
indicating superior mineralization performance of TiO2 NCs.
The chlorine atom in 4-CP is turned into inorganic ions Cl− by
dechlorination; thus the concentration of the Cl− generated
during the 4-CP degradation process was then determined. We
used the practical concentration of 4-CP as a standard example
to estimate the theoretical concentration of Cl− and the
percentage of dechlorination. Figure 2d shows the percentage
of dechlorination in 180 min is 95.6% for TiO2 NCs, which is
close to complete dechlorination, while the percentages of
dechlorination are 57.3% and 42.8% for TiO2 NRs and TiO2
NPs, respectively. The extremely low rates of dechlorination of
TiO2 NRs and TiO2 NPs suggest that TiO2 NRs and TiO2
NPs catalysts are not active enough to mineralize such
persistent pollutants, similar to what has been previously
reported in the literature.21 These results may also imply an
accumulation of recalcitrant intermediates on the surface of
TiO2 NRs and TiO2 NPs, namely, sluggish surface reaction
kinetics, which usually also affects the mineralization efficiency
of the catalyst.
Furthermore, the intrinsic activity of the catalysts was

determined by measuring the 4-CP removal kinetics. Figure 2e
shows that the data are fitted to the pseudo-first-order kinetics
model. On using the specific area to normalize the apparent
rate constant, the normalized constant is 5.05 h−1 g−1 m2 for
TiO2 NCs, which is about 3 and 6 times that of TiO2 NRs
(1.71 h−1 g−1 m2) and TiO2 NPs (0.79 h−1 g−1 m2),
respectively. The above results clearly reveal that TiO2 NCs
show the highest intrinsic activity among the three catalysts in
the PEC degradation of 4-CP.
We also investigated the PEC performance of catalysts when

the initial concentration of 4-CP is increased in order to

understand how the mass diffusion varies with the 3D
morphology of the TiO2 catalysts. Figure 2f shows that as
the initial concentration of 4-CP increased from 20 ppm to 100
ppm, the degradation efficiencies decreased continuously.
Since the mass transfer changes with increased initial
concentration of pollutant, the decrease of degradation
efficiency demonstrates the crucial role of mass transfer for
pollutant degradation. Meanwhile, active sites of catalysts and
generated active species are exhausted by excess 4-CP; thus the
degradation kinetics becomes sluggish and the amount of 4-CP
removed in unit time reaches an upper limit. In this case, the
TiO2 NCs catalyst, which shows the best degradation efficiency
at high concentrations of 4-CP, implies the highest reaction
rate of the surface reaction. The above results indicate that
tuning the morphology of a photoelectrocatalyst at the
nanoscale can greatly influence the PEC activities through
partially affecting the active sites of the catalysts, and the
nanocone morphology is the most adapted to the surface
reaction kinetics.
As described above, the TiO2 catalyst with a nanocone

morphology exhibits the highest PEC performance on the
degradation reaction among the three TiO2 samples with
different structures. To further ascertain the superior perform-
ance of TiO2 NCs, more experiments were carried out. The
electrocatalytic (EC), photocatalytic (PC), and PEC process
for 4-CP degradation were conducted for TiO2 NCs, as shown
in Figure 3a. The EC process shows an insignificant
degradation efficiency of 4-CP (<1%, 180 min), and the
degradation efficiency of the PC process is quite low (36.1%,
180 min), while the PEC degradation efficiency (>99%, 180
min) of TiO2 NCs is much higher than the sum of EC and PC
processes. This result unambiguously suggests a synergetic or
cooperative effect in the TiO2 NCs catalyst between the
electrocatalysis and photocatalysis, and it is responsible for

Figure 3. PEC performance of TiO2 NCs. (a) Photoelectrocatalytic (PEC), electrocatalytic (EC), photocatalytic (PC), and direct photolysis
process of 4-CP degradation on TiO2 NCs. (b) Trapping experiments of active species during PEC degradation of 4-CP. (c) DMPO spin-trapping
ESR spectra of •OH and O2

•− in the dark and on Xe lamp light irradiation. (d) Scheme of the degradation process for the nanocone-based PEC
process. (e) Cycle runs of TiO2 NCs for PEC degradation of 4-CP. (f) Degradation performance of TiO2 NCs with a 7 h reaction time.
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increasing the PEC performance. The synergetic effect could
be explained in terms of the photogenerated charge separation
(from the PC process) promoted by the applied potential
(from the EC process). Similar synergetic effects are also
observed in the other catalysts (Figure S12). However, their
promoting effect in PEC degradation efficiency is not as
obvious as for TiO2 NCs. Obviously, the nanocone
morphology is special in charge separation because the
photogenerated charges are separated effectively when a strong
built-in electric field is provided by the unique conical

structure in the nanocone catalyst, resulting in the highest
PEC degradation performance.
It has been proposed that photoinduced reactive species play

key roles in the oxidation of organic contaminants for organic
pollutant degradation,22 so the active radical species generated
during 4-CP degradation were identified by quenching
experiments. We used methanol (MeOH), Na2EDTA, and 4-
hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) as
quenchers for hydroxyl radical (•OH),23 holes24 and super-
oxide radical (O2

•−),25 respectively. As shown in Figure 3b,
when MeOH was added into the reaction system, the

Figure 4.Mechanism. (a) Concentration of generated 4-CC during the degradation process. (b) Proposed degradation pathway of 4-CP during the
PEC degradation on TiO2 catalysts. (c) Tested (dot) and simulated (line) photo EIS spectra of different catalysts under Xe lamp illumination at 0.1
V vs SCE in a 0.1 M Na2SO4 aqueous solution. The equivalent circuit is in the inset. (d) Mott−Schottky plots of TiO2 catalysts with the AC
potential frequency of 1000 Hz. Mott−Schottky plots for TiO2 NRs and TiO2 NPs are shown in the inset. (e) PL intensity of TiO2 catalysts with
different structures. (f) TAS spectra at 508.5 nm for TiO2 photoanodes at 1.6 VRHE under illumination. (g) Injection efficiencies of TiO2 catalysts
with different nanostructures that are determined with and without Na2SO3 (h) PL intensity of TAOH generated on TiO2 catalysts with different
structures. The excitation wavelength is 310 nm. (i) Kinetic plots of TiO2 catalysts with different structures as the initial concentration of 4-CP is
100 ppm.
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efficiency of 4-CP degradation was decreased to 53.9% in 180
min, suggesting the critical role of •OH. However, if Na2EDTA
was added into the solution, the degradation efficiency was
reduced to 77.1%, demonstrating the presence of holes during
the degradation process. Furthermore, on adding TEMPOL
into the degradation system, the efficiency was suppressed
slightly to 83.5%, indicating the formation of O2

•−. These
observations reveal that the PEC degradation process on TiO2
NCs is dominated by the •OH radical together with other
oxidative species, holes, and O2

•−. Furthermore, the direct
reason for the different degradation efficiencies of the three
TiO2 catalysts with different structures is the different amount
of reactive species on the surface of the catalysts, which will be
further discussed later.
To provide direct evidence for the existence of reactive

species, 5,5-dimethyl-1-pyrroline N-oxide (DMPO)-trapped
electron paramagnetic resonance (EPR) experiments were
conducted. Figure 3c displays that no characteristic EPR
signals were detected in the dark, while the characteristic peaks
of DMPO−•OH (αH = αN = 14.9 G) were observed under Xe
lamp illumination.23 Furthermore, O2

•− was captured and
verified by characteristic peaks (αN = 14.3 G, αβH = 11.2 G,
αγH1 = 1.3 G) in MeOH solution under PEC conditions.26

The formation of O2
•− radical can also be confirmed by the

EPR signals of TEMPOL (Figure S14). The weakened
intensity of characteristic peaks of TEMPOL in the EPR
spectra implies that the concentration of TEMPOL is
decreased after reacting with O2

•−.27 These EPR results clearly
indicate the generation of •OH and O2

•− on TiO2 NCs during
the degradation reaction.
Figure 3d illustrates the degradation process on TiO2 NCs.

The nanocone TiO2 catalyst is activated by light irradiation to
generate photoinduced hole and electron pairs. The generated
charges are separated by the applied bias. The holes on the
anode catalyst directly oxidize water and surface hydroxyl
groups to produce •OH,28 which then reacts with pollutants.
Meanwhile, the electrons in the cathode can reduce the
dissolved oxygen molecules in the solution to generate O2

•−

radicals,24 which are confirmed to be also involved in the
degradation process. These active species can effectively
degrade and mineralize the persistent pollutants. In short,
the photogenerated holes and electrons are separated
effectively in space and improve the PEC degradation
performance of TiO2 NCs. The highly efficient charge
separation on the nanocone catalyst should be the reason
that TiO2 NCs outperform the other different morphologies of
TiO2 catalysts in PEC performance.
We also investigated the stability of TiO2 NCs. Figure 3e

shows that no noticeable variation on the degradation
efficiency of 4-CP is observed in five cycling tests under
PEC conditions. Further XRD patterns and SEM images
(Figure S15) of post-TiO2 NCs after 5 cycles show no distinct
alteration in conical structure. These results demonstrate
robust durability and resistant to light corrosion of the TiO2
NCs electrode, suggesting its potential for practical applica-
tions. Moreover, after prolonging the reaction period in 20
ppm 4-CP, TiO2 NCs exhibit a mineralization efficiency of
93.8% in 7 h (Figure 3f). On further delaying the reaction
period to 12 h, the degree of mineralization can reach over
99% (Figure S14). These results suggest TiO2 NCs can
degrade persistent pollutants completely.
To study the mechanism of the 4-CP degradation reaction

and the difference in PEC performance for different

morphologies of TiO2 catalysts, we conducted more experi-
ments. According to the UHPLC-MS and HPLC results
(Figures S17 and S18), three different intermediates, 4-
chlorocatechol (4-CC), hydroquinone (HQ), and benzoqui-
none (BQ), are detected and determined. The results show
that all three key intermediates are generated as soon as light
illumination occurs, and the quantities of each intermediate are
quite different on the three TiO2 catalysts. For HQ and BQ
(Figure S19), no accumulation is observed on TiO2 NCs, and
both of them are destructed ultimately. However, those species
are accumulated on TiO2 NRs and TiO2 NPs, and the
concentration of such intermediates is higher than those of
TiO2 NCs. Besides, another detected important intermediate is
4-CC, and its concentration is much higher than those of BQ
and HQ. Figure 4a shows that the concentration of 4-CC
increases to 2 ppm first and then decreases to 0.6 ppm on TiO2
NCs, whereas it increases continuously to 2.7 and 1.9 ppm on
TiO2 NRs and TiO2 NPs. TiO2 NCs show adequate PEC
degradation activities to those recalcitrant intermediates, which
can be attributed to the built-in electric field provided by the
unique conical morphology, resulting in efficient charge
separation. Accordingly, inefficient charge separation results
in poor PEC performance of the other two TiO2 photo-
catalysts. In addition, the total concentration of detected
chlorine species (4-CC, Cl−, and remaining 4-CP) after the
degradation reaction is consistent with that of the initial 4-CP
for TiO2 NCs but not in accordance for TiO2 NRs and NPs.
These results indicate that there is no other chloride
intermediates on TiO2 NCs, whereas still some chlorine
intermediates are not detected on TiO2 NRs and TiO2 NPs.
Thus, we propose the degradation pathway of 4-CP (Figure
4b) according to the reported literature6,29 and the above
results. Two main reaction approaches are present during the
degradation process of 4-CP. Hydroxyl radicals can attack the
para-position of the hydroxyl group of 4-CP and HQ is formed
with a following dechlorination.30,31 BQ is produced via fast
electron shuttle mechanism existence between HQ and BQ.31

The other approach is that hydroxyl radicals attack the ortho-
position of the hydroxyl group of 4-CP to form 4-CC.32 The
generated intermediates can be mineralized to CO2 and H2O
by deep oxidation. Nevertheless, there are still some unknown
intermediates that are not detected.
TiO2 NCs show superior degradation performance not only

for the initial pollutant but also for the generated
intermediates. Thus, it is necessary and worthwhile to
investigate the difference of catalytic activity of different
morphologies of catalysts. An electrochemical impedance
spectroscopy (EIS) test was carried out to study the charge
transfer and recombination process at semiconductor−electro-
lyte interfaces.33 Figure 4c shows a typical Nyquist plot
obtained from the illuminated different catalysts. Compared to
the dark conditions (Figure S20), the diameters of the
semicircle loop on the Nyquist plot of different catalysts
were decreased prominently, indicating a large number of
charges generated under illumination. TiO2 NCs show a 35.9
Ω charge transfer impedance under illumination, which is
much smaller than that of TiO2 NRs (137 Ω) and TiO2 NPs
(442.3 Ω), suggesting more efficient separation of photo-
generated electron−hole pairs and faster charge transfer
kinetics at the interface between electrolyte and catalyst.9

We also conducted electrochemical measurements on TiO2
catalysts to determine the nature of the space charge region.
Figure 4d shows that all three TiO2 catalysts with different
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structures display positive slopes in Mott−Schottky plots,
which indicates that the obtained TiO2 catalysts are n-type
semiconductors. Based on the Mott−Schottky relation (eqs 1
and 2), we can calculate the thickness of the depletion layer to
describe the space charge region:34

N C V(2/e ) d(1/ )/dD 0 0
2 1εε= [ ]−

(1)

W E E e N2 ( )/0 FB 0 D
1/2εε= [ − ] (2)

where e0 is the electron charge, ε is the dielectric constant of
TiO2 (εrutile = 170,35 εanatase = 4836), ε0 is the permittivity of a
vacuum, ND is the donor density, E is the electrode potential,
and EFB is the flat band potential. When TiO2 NCs contact the
electrolyte, the calculated thickness is 343.23 nm (Table S1),
which is much larger than that of TiO2 NRs (47.66 nm) and
TiO2 NPs (8.86 nm), indicating the formation of the strongest
built-in electric field in TiO2 NCs.

37 In a typical n-type surface
depletion layer of a photocatalyst, photogenerated minority
carriers (holes) are driven to the surface and majority carriers
(electrons) cannot migrate to the surface reaction centers.
Therefore, electrons are scarce in the depletion region and the
recombination of holes is greatly reduced.38 In the case of the
wide space charge region, the recombination of photo-
generated charges can be reduced dramatically and the surface
oxidation reaction could be greatly promoted thereby.
To reveal the dynamics on migration and separation of

photogenerated electrons and holes in TiO2 catalysts, photo-
luminescence (PL) emission spectroscopy was employed.
Figure 4e shows the PL spectra of three TiO2 catalysts in
the wavelength range of 350−500 nm with the excitation light
at 270 nm. It clearly demonstrates that the PL peak intensity of
TiO2 NCs is the lower than that of the other two TiO2
catalysts. Since the intensity of PL is related to the

recombination of free carriers,39 the low PL intensity of
TiO2 NCs implies a reduced recombination of carriers, which
is ascribed to efficient charge separation, beneficial for
achieving high PEC activity.
Figure 4f shows the normalized in situ transient absorption

spectra (TAS) at 508.5 nm to investigate photoinduced hole
dynamics in the three TiO2 catalysts with different structures.

40

We find that the decay dynamics of TiO2 NCs is slightly faster
than TiO2 NRs and TiO2 NPs. The decay half-time of
photogenerated holes (τ50%, the time when the TAS amplitude
decreases to half of its initial value at 10 μs41) is estimated to
be 0.321, 0.432, and 1.266 ms for TiO2 NCs, TiO2 NRs, and
TiO2 NPs, respectively (Table S1). It clearly demonstrates that
the photogenerated holes for TiO2 NCs survive the shortest
lifetimes under PEC conditions, which is directly related to
efficient charge separation and transfer processes.42 Therefore,
TAS results further reveal that the efficiency of charge
separation and transfer is enhanced by the built-in electric
field provided from the conical structure, resulting in fast
transfer and efficient utilization of holes under PEC conditions,
which thereby promotes the PEC performance significantly.
We used Na2SO3 as a hole scavenger to determine the

efficiency of the injection of charges to the electrolyte, which is
another important factor influencing the PEC performance.
Figure 4g shows that at the reaction potential of 2.22 VRHE, the
injection efficiency of TiO2 NCs is 85%, which is 3 and 7 times
that of TiO2 NRs (28%) and TiO2 NPs (5%). This result
demonstrates that the largest proportion of holes in TiO2 NCs
is injected into the electrolyte, which may be derived from
different morphology of catalysts.43

Terephthalic acid (TA) was used to quantitatively evaluate
the concentration of generated •OH radicals in the solution,44

which is related to efficient utilization of holes. TA can react

Figure 5. CFD simulations. The volume fraction magnitude field of water flow on (a) TiO2 NCs and (b) TiO2 NRs after different times of
simulation. The velocity magnitude contours of water flow on (c) TiO2 NCs and (d) TiO2 NRs.
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with •OH to generate the fluorescent product 2-hydroxyter-
ephthalic acid (TAOH), which can be detected by its
fluorescence at 425 nm when excited with light at 310 nm.45

Strong fluorescence spectra associated with TAOH are
generated upon irradiation within 300−600 nm of all TiO2
catalysts (Figure S23). Figure 4h shows that the fluorescence
intensity of TAOH for all catalysts increases continuously,
indicating •OH is generated constantly under light illumina-
tion. Meanwhile, TiO2 NCs, which are the most favorable for
efficient charge separation and transfer, exhibits the highest
fluorescence intensity of TAOH, demonstrating the largest
amount of generated •OH radicals on the surface. This result
certifies that efficient charge separation and transfer are
beneficial to the formation of active species, thereby enhancing
the PEC degradation performance.
In order to compare the kinetics of surface reactions, we

conducted experiments at a high initial concentration of 4-CP
to exclude the possible influence of mass transport on the
degradation kinetics. Figure 4i shows that the kinetics model is
zero-order when the initial concentration of 4-CP is 100 ppm.
In this case, the normalized rate constant has excluded the
influence of mass transfer and the difference in surface area.
TiO2 NCs exhibit a constant of 44.2 h−1 m−2 ppm g, which is
1.4 and 2.9 times that of TiO2 NRs (30.6 h−1 m−2 ppm g) and
TiO2 NPs (15.3 h−1 m−2 ppm g), respectively, demonstrating
that TiO2 NCs have the highest intrinsic activity among the
three catalysts. Based on the above results, the origin of
intrinsic activity can be attributed to efficient charge transport
and separation, which is related to the distinct morphological
structure of the catalyst.
Besides efficient charge transfer and separation, mass

transport may play an important role in the degradation
reaction, particularly at low concentration of the substrate
molecule. Thus, we carried out computational fluid dynamics
(CFD) simulations to evaluate the impact of the 3D structure
on the mass transfer in the degradation process. Figure 5a and
b show the volume fraction magnitude contours of water flow.
It exhibits that the volume distribution of water flow in the
interspace of conical structures gradually increases and the
volume fraction of water in every space between neighbor
cones is close to 100% finally (Figure 5a), indicating water
contacts fully with the surface of TiO2 NCs. However, the
volume fraction of water in nanorod arrays is lower than
nanocones, and the water flow cannot fill up the interspace no
matter how long the time is (Figure 5b). This result clearly
demonstrates that the conical structure favors the rapid
diffusion of water. Meanwhile, Figure 5c and d show the
velocity magnitude contours of the fluence. The velocity of
water in the interstices of nanocone arrays is 0.45 μm/s, which
is 1.3 times that of the rod structure (0.34 μm/s). Faster
microfluidic flow of TiO2 NCs indicates that the nanocone
structure is beneficial for the mass transport for the
degradation process. Since TiO2 NCs show 3 times the
normalized degradation rate constant than that of TiO2 NRs, it
implies again that, besides mass transfer, charge transfer and
separation have a great impact on the reaction. These
observations elucidate that the 3D conical structure is
beneficial to enhance mass transfer.
On the basis of these results, a schematic diagram for PEC

degradation of 4-CP on TiO2 NCs is proposed (Scheme 2).
The nanocone structure is demonstrated to facilitate mass
transfer between the interspace of the catalysts arrays.
Meanwhile, benefiting from the strong built-in electric field

derived from distinct conical structure, the efficiency of
photogenerated charge separation and transport is enhanced
significantly, thus facilitating the generation of reactive species
for degradation reaction. Altogether, the PEC process based on
a nanocone catalyst shows outstanding performance in the
degradation of persistent pollutants (Table S2).

■ CONCLUSIONS
In summary, we have found that TiO2 photocatalysts with
conical arrays in PEC show outstanding performance in the
degradation of persistent organic pollutants, with more than
99% degradation efficiency and over 55% mineralization
efficiency for 4-CP. Characterization results indicate that the
superior PEC performance is attributed to efficient charge
separation and mass transfer. The formation of active species
for the degradation reaction is facilitated by efficient charge
separation, transfer, and injection. Meanwhile, the high volume
distribution fraction of water and faster water flow in space of
the conical structure are beneficial to mass transfer, further
facilitating the degradation process of 4-CP. Building such
three-dimensional structures provides an effective strategy to
achieve highly efficient PEC degradation of persistent
pollutants.

■ EXPERIMENTAL SECTION
Fabrication of Photoelectrocatalysts. Different TiO2 catalysts

were synthesized by using a Na2EDTA-assisted hydrothermal
approach. Ti mesh was used as the substrate metal with dimensions
of 2.5 × 3.5 cm2 and a thickness of 0.1 cm. They were washed
ultrasonically in acetone, isopropanol, ethanol, and deionized water
for 30 min, respectively. Briefly, a Ti precursor containing 0.3 mL of
titanium isopropoxide and 2 mL of ACAC was added into 18 mL of a
0.075 M Na2EDTA aqueous solution. After stirring for 30 min, the
solution turned transparent and was then transferred into a Teflon-
lined stainless steel autoclave. The TiO2 nanocone catalyst was
fabricated by hydrothermal treatment in the above solution at 200 °C
for 12 h. The obtained sample was washed extensively with ethanol
and deionized water and then annealed in air atmosphere at 500 °C
for 1 h. The TiO2 catalysts with nanoparticle and nanorod structures
were prepared through similar methods without Na2EDTA and
ACAC, respectively.

Structure Characterization of Catalysts. The crystal structure
and morphology of the TiO2 catalysts were identified by XRD and
scanning electron microscopy (SEM). Raman spectra of TiO2
catalysts obtained with an excitation source of 532 nm laser light
were used to distinguish the anatase phase from rutile TiO2. The
surface area of TiO2 catalysts was obtained from Brunauer−Emmett−
Teller surface area analysis. X-ray photoelectron spectra and energy
dispersive spectroscopy were used to provide information about the
surface and bulk composition of the materials. Mott−Schottky
analysis was investigated at a DC potential range with an AC
potential frequency of 1 kHz under dark conditions. The amplitude of
the AC potential was 10 mV. EIS was conducted from 0.1 to 105 Hz
at an alternating current signal of 10 mV. The dynamics of charge
migration and separation was determined by photoluminescence (PL)

Scheme 2. Schematic Diagram for PEC Degradation of 4-
CP on TiO2 NCs under Illumination

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05008
J. Am. Chem. Soc. 2021, 143, 13664−13674

13671

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05008/suppl_file/ja1c05008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05008/suppl_file/ja1c05008_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05008?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05008?fig=sch2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectra and TAS. The concentration of hydroxyl radicals was
investigated through the fluorescent product which was generated
from TA and hydroxyl radicals. The intensity of PL of this fluorescent
product was recorded by a fluorescence spectrophotometer with the
excitation wavelength of 310 nm. Reactive oxygen radicals (•OH and
O2

•−) were captured using DMPO under illumination and then was
analyzed by EPR spectra.
PEC Performance and Catalytic Analysis for Degradation

Reaction. PEC performance was evaluated in a conventional three-
electrode system with a 0.1 M Na2SO4 aqueous solution (100 mL)
containing 20 ppm of 4-CP (pH = 5.67), under irradiation of a 300 W
xenon lamp (Perfectlight PLS-SXE 300D, China). The system was
controlled by an electrochemical workstation (Chenhua CHI760E,
China), and the scan rate was 50 mV/s. The fabricated photoanode
(7.5 cm2), a pure graphite plate (3 × 5 cm2), and saturated calomel
electrode (SCE) were used as the working electrode, counter
electrode, and reference electrode, respectively. The measured
potentials were converted to V vs RHE (ERHE = ESCE + 0.241 V +
0.059 V × pH). The distance between the working electrode and the
counter electrode is 1.5 cm, and the light source is 10 cm away from
the quartz cell. The practical intensity of the light source is 200 mW/
cm2.
In a typical degradation experiment, electrodes were immersed into

the above solution, and the solution was stirred for 30 min to establish
the adsorption−desorption equilibrium. At each time intervals, 0.7
mL of the reaction solution was withdrawn and analyzed
subsequently. The potential of the degradation reaction is 2.22
VRHE. For the cycling tests, the catalyst was recycled after each run of
the experiment by washing thoroughly with ethanol and deionized
water.
The concentration of 4-CP was analyzed by high-performance

liquid chromatography (HPLC, Aglient, 1260-Infinity) with a
Poroshell 120 EC-C18 column and detected at a wavelength of 280
nm using a VWD detector. The mobile phase was a mixture of
acetonitrile/water (30:70, v/v) at a flow rate of 1 mL/min. The
concentration of intermediates was analyzed at dual detection
wavelengths of 280 and 254 nm with a methanol/water mixture
(50:50, v/v) as the mobile phase. Equipped with the above
chromatographic column, the combination of HPLC (UltiMate
3000, ThermoFisher Scientific) and mass spectrometry (QExactive,
ThermoFisher Scientific) was used to validate the intermediates. The
concentration of total organic carbon was measured in a TOC
analyzer (Shimadzu TOC-L). The concentration of generated
chloride ion was quantified by ion chromatography (YC 7000).
Computational Fluid Dynamics Simulation. The flow volume

fraction and velocity distribution in the electrodes were modeled by
laminar equations and mixture models in CFD. For the theoretical
models, the diameter of conical structures and rod arrays is consistent
with the SEM results, and the distance between two neighboring
nanocones or nanorods is 1.0 nm, respectively. Considering the water
flow for the mesh electrode, the direction of water flow was set
parallel to the substrate and perpendicular to it. To be consistent with
the size of catalysts, the magnitude of the velocity was set to 1 μm/s.
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