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This work reported a facile approach to surface oxygen vacancy (Oy)-enriched urchin-like TiO, micropar-
ticles (U-TiO,), which were highly effective and durable in catalyzing selective nitrate reduction to am-
monia (NO3RR). Specifically, the U-TiO, delivered a mass activity of 1.15 min~" mg~ s a low yield
of toxic NO,~-N intermediate (<0.4 mg/L) and an exceptional high NH3-N selectivity of 98.1% in treating
22.5mg/L of NO3~-N under a potential of -0.60V vs. RHE, outperforming most of the reported oxide-
based catalysts. When comparing the performance of U-TiO, with that of the solid amorphous TiO, coun-
terpart (A-TiO,) that had close particle size but more Oy on surfaces, we identified that the Oy was the
reactive sites, but rather than its content, the NOsRR kinetics were primarily limited by the electron and
mass transfer at U-TiO,/water interfaces. Accordingly, the superior performance of U-TiO, to A-TiO, could
be ascribed to the hierarchical urchin-like structure in U-TiO,. The in-situ DEMS test revealed that the
NOsRR on U-TiO, followed a pathway of *NO3~ — *NO,;~— *NO— *N — *NH — *NH; — *NH3. We also
demonstrated that the U-TiO, could keep its robust performance under a wide NO;~-N concentration
range and in the presence of some co-existing ions (such as Ca2+, Cl-, Mg2*). However, the presence of
humic acid and CO32~ in water slowed down the NO3RR on U-TiO,. This work provides a more funda-
mental insight into the Oy-driven NO3RR process on TiO,, which should benefit for the development of

efficient TiO,-based catalysts.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Nitrate pollution in surface water and underground aquifer has
been increasingly serious as the massive production of nitrate
wastewater in chemical fertilizers, metallurgy and explosives in-
dustries [1,2]. The increased exposure of nitrate (NO3~) in aquatic
ecosystems threat the human health and ecological balances [3-5].
Several technologies including ion exchange, biological denitrifica-
tion, membrane filtration and electrodialysis have been developed
to remove NO3;~ [6-9]. Electrocatalytic nitrate reduction (NO3RR)
to ammonia (NH3) driven by renewable electricity resources repre-
sents a promising alternative, owing to green feature, mild reaction
conditions and high reactivity [10-12]. More intriguingly, the pro-
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duced NH3-N could be recovered when coupled the electrochemi-
cal system with a membrane technology.

The catalyst is the core of the NO3RR technology, which de-
termines the Kinetics, selectivity and energy consumption of the
NO3~ conversion to NHs. TiO,, as a typical transition metal oxide,
is considered as a promising NO3RR electrocatalyst owing to its
abundance, high chemical stability and superior selectivity toward
NH3 in product [13-15]. Zhang et al. [16] and Niu et al [17] re-
ported the successful synthesis of TiO, applies to NO3RR, and the
NH; selectivity reaching to 87.1% and 81.9%, respectively. They fur-
ther demonstrated that the Oy site on the TiO, surface was the
reactive center for NO3RR, and the exposed Ti3* at the Oy site had
a large affinity to both the NO3~ and N-intermediates, which fa-
cilitated the proton-coupled electron transfer to reactants at elec-
trode surface, and guaranteed the selective formation of NH3-N
[18]. Albeit the above advancements, there is still space for im-
provement in the NO3RR performance of TiO, due to the following
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Fig. 1. (a) Schematic illustration for the synthesis of U-TiO,, TEM images of (b) A-TiO, and (c) U-TiO,, (d) HR-TEM image of U-TiO,, (e-g) EDS elemental mapping images of
U-TiOy, (h) XRD patterns, (i) O 1s XPS spectra and (j) ESR spectra of as-synthesized A-TiO,, H-TiO, and U-TiO,.

two aspects. Firstly, the current NO3RR kinetics suffers from an in-
ferior mass transfer as the NO;~ in the wastewater generally has a
low concentration [19,20]. Furthermore, the NO;~ with a negative
charge bear a repulsive force from cathode owing to the electronic
field, which makes it more difficult to approach the cathode [21-
23]. On the other hand, the TiO,, as a semiconductor, is poor in
conductivity, which is actually unfavorable for the electrochemical
system which urgently requires fast electron transfer [24-26,15].

Herein, we reported a facile approach to the surface Oy-
enriched and urchin-like TiO, microparticles (U-TiO,), which were
used for NO3RR. The NO3RR performance, including NO3;~-N re-
moval efficiency and kinetics, mass/specific activity, product distri-
bution, durability, faradaic current efficiency and reaction pathway
on U-TiO, were then evaluated under a combined electrochemical
analyses and in-situ spectrometric study. To identify the reactive
center and the contribution of NO3~-N mass diffusion, Oy content,
the NO3RR performance of U-TiO, was also compared to a solid
amorphous TiO, (A-TiO,) that had close size but more surface Oy,
and a solid sphere. Finally, the impacts of NOs~ concentration, co-
existing anions, and dissolved organic organisms in nitrate-laden
water on the NO3RR performance were also performed to assess
its application in nitrogen remediation technique.

Fig. 1a illustrated the synthetic route to urchin-like TiO, cata-
lyst (U-TiO,). In this route, amorphous TiO, particles (A-TiO,) were
firstly prepared as precursors via the hydrolysis of TTIP in an NH;
aqueous solution. They further evolved into U-TiO, when subjected
to a hydrothermal treatment at 110 °C in the presence of F~ and
PVP, which served as the etching and protecting agents, respec-
tively [27]. In compared to the electrodeposition and electroshock
methods, the developed method was more readily to succeed in
controlling the morphology and structure of the TiO, particles
[28,29]. The SEM images in Figs. S1 and S2 (Supporting informa-

tion) and the TEM images in Figs. 1b and c revealed that the A-TiO,
particle was a microsphere with smooth surfaces and a mean size
of 600 nm, whereas the U-TiO, particles displayed unique urchin-
like structures with particle size growing to approximately 630 nm.
The HRTEM image in Fig. 1d revealed that the U-TiO, particle was
composed of small crystalline domains with distinct lattice spacing
of 0.352nm, corresponding to the (101) planes of anatase phase
[30,31]. The amorphous-anatase conversion during the hydrother-
mal process was also confirmed by the XRD patterns in Fig. 1h,
where the characteristic diffraction peaks of anatase phase were
discerned on U-TiO, (JCPDS No. 21-1272). Because the control test
led to a relatively poor crystallinity in TiO, (denoted as H-TiO,,
TEM image shown in Fig. S3 in Supporting information), the sub-
stantial improvement in crystallinity from A-TiO, to U-TiO, would
be also attributed to the presence of F~ and PVP [27]. The EDS el-
emental mapping results in Figs. 1e-g demonstrated the uniform
distribution of Ti and O on U-TiO, and the absence of ionic im-
purities, such as F~. The N, adsorption-desorption isotherm curves
in Fig. S4 (Supporting information) revealed the mesoporous struc-
tures of the three TiO, samples. U-TiO, features a type-IV isotherm
plot with a H3 hysteresis loop, while the A-TiO, and H-TiO, dis-
played type-I isotherm plots. On basis of the plot, the Brunauer-
Emmett-Teller (BET) surface and pore size in these TiO, samples
were estimated. Interestingly, the BET surface area of them fol-
lowed a decreasing order of H-TiO, (586.3 m2/g) ~ A-TiO, (489.9
m?/g) > U-TiO, (257.7 m2/g), whereas their mean pore size ex-
hibited a reverse order of U-TiO, (5.7 nm) > A-TiO, (2.2nm) ~ H-
TiO, (2.5nm). The much smaller BET surface area for urchin-like
structure could be attributed to the enlarged pore size [31]. Albeit
the decreased physical surface area, the large pore size, urchin-like
structure would benefit for the exposure of active sites, the mass
diffusion of dilute reactants and the electron transfer. Indeed, the
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Fig. 2. Comparisons of (a) LSV in NO3~-N-contained and NO3~-N-free Na,S0, electrolyte, (b) time-course C/Cy, (c) evolution in production distribution, (d) pseudo-first-order
rate equation curves, (e) specific and mass activities between different cathodes in NO3RR, (f) durability tests of U-TiO,. Reaction conditions: [initial NO;~-N]=22.5mg/L;

cathodic potential = —0.60V; electrolysis time =240 min.

ECSA (Fig. S5 in Supporting information) of U-TiO, reached 92.1
m?/g, much higher than that of H-TiO, (74.2 m2/g) and A-TiO,
(53.6 m2/g). The presence of oxygen vacancy (Oy) in A-TiO,, H-TiO,
and U-TiO, was evidenced by the signal at g=2.004 in ESR spectra
and the O 1s XPS peak at 531.4eV (Figs. 1i and j) [32-34]. A-TiO,
should have a larger number of Oy due to the displayed stronger
ESR signal and the stronger XPS peak for Oy. It was suggested that
the hydrothermal process reduced the number of Oy, possibly due
to the improved crystallinity.

To estimate the NO3RR activity of catalysts, LSV tests in the
electrolyte solution with and without NO3~-N were conducted for
A-TiO,, H-TiO, and U-TiO, respectively. The dash LSV curves in
Fig. 2a, obtained in the NO;~-N-free solution, demonstrated a de-
creasing order of U-TiO, > A-TiO, > H-TiO, in the proton transfer
kinetics at their surfaces according to the position of onset po-
tential as well as the current density under the potential more
negative than onset potential. After the addition of NO3~-N, the
onset potential for electrochemical reaction (the solid LSV curves)
shifted negatively by around 0.30V in compared to that in NO3~-
N-free solution for all the three catalysts. The abnormal phenom-
ena could be ascribed to the fact of the hydrogen adsorption was
hindered by the strong adsorption of NO3~ on active sites, and the
current response, assigned to NO3;~-N reduction, occurred under
a more negative polarization potential. Furthermore, both the val-
ues of onset potential and current density for NO3;~-N reduction,
as observed in the solid LSV curves, followed a decreasing order of
U-TiO, > A-TiO, > H-TiO,, suggesting the superior NO3RR activity
of U-TiO,. To evaluate the performances of catalysts in removing
NO3;~-N, potential-control batch NO3RR tests were conducted in an
Ar-saturated 50 mmol/L Na,;SO4 solution with 22.5 mg/L NO3~-N at
—0.60V vs. RHE (the same below). Fig. 2b displayed the reaction
time-courses of C/Cy (C denoted the NO3~-N concentration) during
NO3RR on A-TiO,, H-TiO, and U-TiO, respectively. As observed, all
the three catalysts were active to remove the NO;~-N, but obvi-
ously, the U-TiO, was the best with a NO3~-N removal efficiency
of 98.5% in 240 min of reaction, followed by the A-TiO, (62.3%) and
H-TiO, (60.9%). Fig. 2c plotted the reaction time-dependent con-
centrations of NO3~-N, NO,~-N and NH3-N as well as their total
in the three reaction systems. As observed in the three reaction
systems, the amount of NH3-N kept continuous rising with the

consumption of NO3~-N. Intriguingly, the NO,~-N, which was one
common intermediate resolved during the conversion of NO;~-N
to NH3-N, was evidenced in a very low yield (<0.4mg/L) dur-
ing NO3RR. As the NO, -N was one more toxic species than
NOs3~-N, and its concentration was restricted under 1.0 mg/L by
Standards for drinking water quality (GB5749-2022). The well con-
trol in NO,~-N made the NO3RR on our TiO,-based catalysts a very
safe process for practical environmental remediation of nitrate-
contaminated water. On the other hand, the low NO, -N yield
as well as the nearly constant total N content in solution indi-
cated the high product selectivity towards NH3-N. For example, the
NH;3-N selectivity on U-TiO, reached 98.1%, which was the highest
among the one reported in literatures (Table S1 in Supporting in-
formation).

The kinetics study revealed that the NOsRR reaction on A-
TiO,, H-TiO, and U-TiO, all obeyed the pseudo-first-order mode
(InG/Cy = —kapp t) (Fig. 2d), suggesting that the NO3;RR was pri-
marily limited by the mass diffusion of reactants. NO3RR on
U-TiO, was the fastest with a kapp =9.18E-03 min~!, followed by
that on A-TiO, (5.75E-03 min~!) and H-TiO, (3.82E-03 min~1).
On basis of the kapp, the mass (MA) and specific activities (SA)
of the three catalysts were calculated. As observed in Fig. 2e,
U-TiO, displayed the highest MA of 1.15 min~! gc‘;t, followed by
A-TiO, (0.72 min~! g_l) and H-TiO, (0.48 min~! g_l). However,
the SA of the catalysts followed a different order of A-TiO, (2.56
min~' mZ2) > U-TiO; (237 min~! mZ2) > H-TiO; (1.23 min~!

mcfft). Given the lower ECSA of A-TiO,, the higher SA but lower
MA on A-TiO, suggested that the A-TiO, might have a higher den-
sity of active centers at surface than U-TiO,. The underlying mech-
anism was discussed below. The faradaic current efficiency (F.E.%)
of the three catalysts for NH3-N production was also calculated.
As shown in Fig. S6 (Supporting information), the U-TiO, delivered
the largest one of 79.0%, followed by A-TiO, (59.7%) and H-TiO,
(51.1%). The lower EE.% than 100% in the three systems could be
ascribed to the side hydrogen evolution reaction [35]. These re-
sults demonstrated that the NO3RR on U-TiO, was more energy-
efficient, and also safer due to the release of less explosive H,. As
a critical descriptor for efficient catalyst, the durability of U-TiO,
for NO3RR was also evaluated through repeated batch NO3RR tests.
The results in Fig. 2f revealed that U-TiO, could retain its high
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Fig. 3. (a) O 1s XPS spectra of U-TiO, after immersion in 10.0 mmol/L PO43~ solution. (b) NO3RR performance of A-TiO, and U-TiO, before and after submerged in the PO43~
solution. (c) Nyquist plots of the samples. (d) Schematic illustration of the potential-dependent NOsRR mechanism. (e, f) DEMS results of the NO3RR on U-TiO,.

performance after at least 5 consecutive cycles of reactions. The
TEM image of the used U-TiO, in Fig. S7 (Supporting informa-
tion) showed that the catalyst kept its urchin-like structure as well
as the exposure of the (101) facet of anatase. Furthermore, the
0O 1s XPS spectra in Fig. S8 (Supporting information) evidenced
the preservation of Oy on the used U-TiO,, suggesting that the
Oy could be in-situ regenerated under the reductive potential of
NO5RR.

Previous researches had verified that the Oy sites with exposed
Ti3*+ species were the primary reactive centers of TiO,-based cata-
lysts for NO3RR [16]. To probe into the role of Oy in our system,
the NOsRR performances of U-TiO, and A-TiO, before and after
the quench of their surface Oy through immersing the cathodes
in 10.0 mmol/L PO43~ solution prior to reaction were all examined
[36]. As presented in Fig. 3a, after being treated in 10.0 mmol/L
PO43-, the Oy/O; ratio on U-TiO, was indeed reduced from ini-
tial 0.18 to 0.13, owing to the occupation of Oy by PO43~ via Ti3*-
PO,43~ complexation [37]. Correspondingly, the NO;~-N removal ef-
ficiency for the Oy-quenched U-TiO, dropped by 27.8%, in com-
pared to that of the fresh U-TiO, (Fig. 3b). All these clearly ver-
ified the critical role of Oy as reactive centers on our TiO, cata-
lyst. Fig. 3b also showed that the NO;~-N removal efficiency on
the Oy-quenched A-TiO, was reduced by a larger extent of 53.2%
in compared to that on fresh A-TiO,. The displayed more signifi-
cant efficacy of Oy on A-TiO, indicated a larger density of Oy at its
surface, which was consistent with the XPS results in Fig. 1i. Given
the critical role of Oy in NO3RR, the large density of surface Oy on
A-TiO, would rationalize why A-TiO, had a larger SA than U-TiO,
(Fig. 2e).

Though A-TiO, had a larger number of Oy on surface, its MA
was still lower than that of U-TiO,. This suggested that besides
the number of active sites (i.e., Oy), the NO3RR performance on
U-TiO, depended on other factors, such as the charge transfer at
catalyst/water interfaces. The Nyquist plots in Fig. 3c revealed an
increasing order of U-TiO, < H-TiO, < A-TiO, in charge transfer
resistance at catalyst/water interfaces [38]. Intriguingly, this order
was exactly opposite to that of their MA, indicating that the NO3RR
performance was primarily associated with the charge transfer rate

at catalyst surface. Generally, the semiconductor with more de-
fects or in amorphous structure usually displayed higher electronic
conductivity. The U-TiO,, with high crystallinity and less defects,
would have inferior electronic conductivity to A-TiO,. Accordingly,
the low charge resistance at U-TiO,/water interfaces should ben-
efit from the urchin-like hierarchical structure, which provided
abundant channels/voids for mass diffusion and also exposed more
reactive centers for charge transfer [27,39,40]. All these demon-
strated that the superior NO3RR performance on U-TiO, originated
from the reproducible Oy site (reactive center) as well as the
urchin-like structure (Fig. 3d). Notably, the urchin-like structure
took the leading contribution in our system.

To get more knowledge about the NO3RR on U-TiO,, the NO3RR
pathway was explored with in-situ DEMS test, which could re-
solve the reaction intermediates during the conversion of NO3~-N
to NHs3-N, even when the intermediates were of a short lifetime.
As demonstrated in Figs. 3e and f, the m/z signals for 2, 14, 15, 16,
17, and 30 were discerned under a working potential of —0.60V,
which could be assigned to H,, N, NH, NH,, NH3, and NO species,
respectively. No my/z signals for N, and NO, were captured, indi-
cating the inferior selectivity of NO3~ conversion to N, on U-TiO,.
This was consistent with our experimental results that little N,
was produced. On basis of the resolved species and the detected
product in aqueous solution, we could propose a NOsRR pathway
of *NO3~ — *NOy~ — *NO — *N — *NH — *NH, — *NH; on U-TiO,
surface (* denotes the reactive sites on catalyst). Such a pathway
of NO3;~-NH3 conversion was also reported on many Oy-triggered
NO3RR systems, which, therefore, solidified that the Oy on TiO,
was the primary reaction centers.

To assess the application of U-TiO,-driven NOsRR on differ-
ent scenarios, the NO3RR performances of U-TiO, were investi-
gated under different NO3~-N feeding concentrations. The results
in Fig. 4a showed that with the feeding concentrations increas-
ing from 22.5 mg/L to 90.0mg/L, more NO;~-N are remained af-
ter a reaction of 240min. Corresponding NO;~-N removal effi-
ciency ((1-G/Cy) x 100%) was found to decrease from initial 98.5%
to 46.1%. However, as observed in Fig. 4b, the NH3 yield at the
end of reaction increased with the feeding NOs;~-N concentra-
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tion, indicating that more NO;~-N was converted to NH3-N when
fed a higher concentration. These results supported the conclusion
that the NO3RR kinetics on U-TiO, under a NO3~-N concentra-
tion range of 22.5~90.0 mg/L was limited by the mass diffusion of
NO;~. Generally, a higher NO3~-N concentration would promote
the collision frequency between NO;~-N and catalyst, contributing
to an accelerated NO3RR [6]. Additionally, Fig. 4b also revealed that
more NO, -N was produced with the increase in feeding NO3~-N
concentration. This might be ascribed to the fact that the NO3~
would compete the reactive centers with NO,~, some of which
was squeezed off the reactive centers before being hydrogenated
to NHs. Given the large toxicity of NO,~, this result reminded us
to carefully optimize the reaction conditions when dealing with
the wastewater with concentrated NO3~-N. Fortunately according
to our previous work, prolonging the reaction time could be an ef-
ficient way to control the residue of NO,~ in solution [41]. Fig. 4c
also compared the FE.% for NH3-N production on U-TiO, under dif-
ferent NO3~-N concentrations. It was revealed that the FE% de-
pended less on the feeding NO3~-N concentration. This was unex-
pected as an enhanced NO3;~-NH3 conversion was usually accom-
panied with a larger FE.% [42]. The underlying mechanism will be
explored in the future work.

As most of the industrial processes employed natural water as
water resources, the resultant wastewater usually contained some
impurity ions (e.g., CI~, CO32~, Mg+ and Ca%*) and natural organic
materials (NOM), which might pose some effects on the electro-
chemical process. Herein their effects on the NO3RR performance
of U-TiO, were investigated under a potential of —0.60V. Humic
acid was introduced as the representative of NOM. The concentra-
tions of the impurities were set according to the values of them in
natural water, such as Cl= (5.0 mmol/L), CO32~ (1.0 mmol/L), Mg2+
(1.0mmol/L) and Ca?t (2.0mmol/L), and humic acid (3.3mg/L)
[43]. Fig. 4d revealed that the presence of Ca**, Mg+ and CI~ pro-
moted NO3RR, due to the faster drop in (/Cy in compared to that in
the control experiment. On basis of the C/Cy value at 150 min, we
could tell that the Ca?t was the most efficient species in promot-
ing NO3RR, followed by Mg2+ and Cl~. In contrast, the inclusion of
C052~ and humic acid slowed down the NO;RR. The detrimental
effects of CO32~ was more significantly as the C/Cy at the end of
reaction remained 75.4%. Fig. S9 (Supporting information) showed

that the NO3RR on U-TiO, still obeyed the pseudo-first-order reac-
tion mode, indicating that the mass diffusion of NO3;~ continued
to be the rate-determined step for NO3;RR even when the NO3RR
was boosted in a significant extent in the presence of Ca%*. Fig. 4e
summarized the kapp, which followed a decreasing order of Ca?*>
Mg%*+> CI- > Control > humic acid > CO32". Fig. 4f compared the
products of NO3RR at 150 min in the presence of impurity ions and
humic acid. As observed, the inclusion of Ca?t, Mg?+ and Cl~ pro-
duced more NH3-N, while the presence of humic acid and CO32~
reduced yield of NH5-N, both of which was consistent with the
displayed efficacy of them on NO3RR kinetics. All these suggested
that the impurity species affects primarily on the kinetics of NO;~-
N conversion to NH3-N rather than the reaction pathway. Fig. 4f
also showed that the NO,~-N yields in all the investigated sys-
tems were kept under a low level, even when the NO3RR was hin-
dered under a large extent in the presence of CO32~. The underly-
ing mechanism was unclear, but this unique feature was appealing
as our U-TiO, had a strong resistant to water quality in the aspect
of the well control in NO,~-N yield.

The detrimental effects of humic acid and CO32~ on Oy-driven
catalysis had been documented in literature, which could at-
tributed to the strong complexation effect between the carboxyl
group and the exposed cation at the Oy site (i.e.,, the Ti3*), lead-
ing to the poisoning of the reactive centers [44,41]. The promot-
ing effects of Ca2* and Mg2* and Cl~ were unexpected. In gen-
eral, the NO3;~ with a negative charge suffered a repulsive force
from cathode owing to the electronic field, which raised extra en-
ergy for them to approach electrode for NOsRR. We speculated that
the presence of Ca?t and Mg2t might alter the structure of double
electric layer at electrode/solution interface by forming an instan-
taneous neutral ion pair, which, as a result, weakened the repulsive
force between NO3~ and the cathode [45]. In the future, more ef-
forts will be devoted to unraveling the interactions between the
impurity ions and the performance of the catalyst.

Herein, we developed a defective urchin-like TiO, micro-
particles catalyst for NOsRR. When subjected to 22.5mg/L of
NO;~-N, it could afford a mass activity of 115 min=! mg=" ¢,y a
low yield of toxic NO,-N intermediate (<0.4mg/L) and an excep-
tional high NH3-N selectivity of 98.1% under the working potential
of —0.60V, outperforming most of the reported catalysts. We also
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demonstrated that the Oy was the real reactive sites for NO3RR,
but rather than its content, the NO3RR kinetics were more depen-
dent on the urchin-like structure, which was beneficial for the in-
terfacial electron transfer of TiO, and the mass diffusion of NO;~-
N around TiO,. The in-situ DEMS test revealed that the NO3RR
on U-TiO, followed a pathway of *NO3~ — *NO;~ — *NO — *N—
*NH — *NH, — *NH3. The U-TiO, could keep its robust perfor-
mance under a wide NO3~-N concentration range and in the pres-
ence of Ca%*, CI= and Mg2*. However, the humic acid and CO52~
in wastewater posed detrimental effects on NO3RR.
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