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Tailoring metal—support interaction over faceted
ke s oo Chom 2034 26 TiO, and copper nanoparticles for electrocatalytic
1443 - nitrate reduction to ammonia+t
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Wahyu Prasetyo Utomo,? Hao Wu,*® Rui Liu €22 and Yun Hau Ng & *2

The electrocatalytic nitrate reduction reaction (NOs RR) provides a sustainable route for ammonia pro-
duction while mitigating nitrate pollutants in the environment. Metal—-support interaction has a significant
influence on this electrocatalytic process. However, the mechanism of the facet-dependent metal-
support interaction in the NO3z™RR is still unknown. Herein, we report the modulation of the metal—
support interaction by depositing copper nanoparticles on anatase TiO, with different facet exposures,
i.e., (001) and (101) facets. The result of copper nanoparticles being deposited on TiO, with dominant
(101) facet exposure is an enhanced ammonia yield rate of 447.5 ug mgea > h™t at —=0.9 V vs. reversible
hydrogen electrode (RHE), which is 4.2 times higher than the pristine TiO, counterpart. The strong inter-
action between copper nanoparticles and TiO, with dominant (101) facet exposure contributes to a
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greater increase in catalytic performance than TiO, with dominant (001) facet exposure. The strong inter-
action leads to electron-deficient copper nanoparticles, efficient electron transfer, and stronger binding
of the *NO, intermediate, promoting the hydrogenation process in the NOsz~ reduction reaction for
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rsc.li/greenchem selective NH3 synthesis.

Introduction

Ammonia (NH;) is an essential feedstock chemical for the fer-
tilizer, pharmaceutical, and nitrogen-containing chemical
industries, as well as a potential energy carrier."”
Nevertheless, the production of NH; still heavily relies on the
Haber-Bosch process, which requires high temperature
(400-500 °C) and high pressure (100-200 atm).>” Annually,
this process needs an energy supply of up to ~2.5 exajoule and
is responsible for 1.4% of carbon dioxide emissions.®’
Therefore, the development of a more energy-saving and envir-
onmentally friendly process is important.

The electrocatalytic nitrate reduction reaction (NO; RR) to
NH; has attracted increasing attention as an alternative
method for sustainable NH; production since it can be per-
formed under ambient conditions. Moreover, NO;~ is highly
soluble in water and is known as one of the most widespread
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pollutants in the environment, especially in water bodies.
NO;™ mainly comes from industrial wastewater, liquid nuclear
waste, livestock excrement, and chemical fertilizers, with a
wide range of concentrations up to 2 mol L™.'*'" The
increased concentration of NO;~ could lead to eutrophication,
which decreases the oxygen level in water and destroys aquatic
ecosystems.'>*® From a thermodynamic point of view, NO;~
has a lower dissociation energy of the N=O bond (204 kJ
mol™"), which could be more readily reduced with a lower
thermodynamic barrier compared to bonds in other nitrogen-
containing sources, such as N,.'” Therefore, the process of
converting NO3;~ to NH; via the NO; RR could potentially
provide a sustainable route for green NH; synthesis and
address current issues with environmental water pollution.
Several electrocatalysts have been developed for the
NO; RR, such as titanium dioxide (TiO,), copper(n) oxide
(CuO), copper(1) oxide (Cu,0), and cobalt oxide (Co0)."*?!
However, the exhibited performance is typically still limited
and remains far below the practical performances as men-
tioned by the US Department of Energy (300 mA cm™> with
90% faradaic efficiency for NH;, FEyg,).?* Continuous studies
and investigations are still needed to acquire a better under-
standing of the catalytic system; hence, the catalytic perform-
ance can be further improved. In this regard, exposing specific
facets of the catalyst is a promising strategy to modulate cata-
Iytic activity as different facet exposures reveal different atomic
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arrangements and electronic properties.>*>® Typically, the
(001) facet of anatase TiO, was reported to have higher reactiv-
ity due to the dominance of undercoordinated Ti atoms. An
ideal (001) surface of TiO, is occupied by five-coordinated Ti
(Tisc), i.e., undercoordinated Ti, accounting for 100% of cover-
age. On the other hand, the (101) surface is occupied by 50%
Tis. and 50% six-coordinated Ti (Tie.).>>' Therefore, the
exposure of more (001) facets can, theoretically, lead to higher
activity due to the more reactive Tis. species on the surface.
Other factors, such as electronic properties, band energy, or
electron trapping states, can also contribute to the different
catalytic performances induced by the facet effect.>***7¢ As
reported by Pan et al, TiO, with (010) facet exposure (TiO,-
010) showed the highest catalytic activity, followed by TiO,-101
and Ti0,-001.>° The performances exhibited were attributed to
the cooperative effects of the undercoordinated Ti (Tis.) on the
(010) surface of TiO,-(010), and a more energetic conduction
band (CB) position resulting in stronger reducing electrons in
the CB. Besides, Mikrut et al. reported that the TiO,-(100) cata-
lyst showed the highest activity toward the catalytic oxidation
reaction compared to its TiO,-(001) and the TiO,-(101) counter-
parts.”> The superior performance was contributed to by the
promoted separation of charge carriers in the TiO,-(100) cata-
lyst, which facilitated hole transfer to the active sites.
Moreover, Sun et al. reported a silver (Ag)-loaded TiO, for a
catalytic NO; RR.>* Benefitting from the Ag nanoparticles as
trap centres for electron transfer, the removal efficiency of
NO;™ reached ~95% with high selectivity of 90% towards N,
production.

In addition to facet control, metal loading is another
effective way to improve the catalytic activity of the NO; RR.
For instance, Kim et al. reported the strong metal-support
interaction between the Pd-Cu cocatalyst and oxygen-deficient
TiO,, promoting interfacial electron transfer and enhancing
the NO; RR performance.’” Nevertheless, NO,~ is still the
dominant product instead of the desired NH; using the
reported catalysts. Following this study, Li et al. reported using
Pd-In supported on an FeO, substrate as the catalyst.*® The
intrinsic electron transfer from Pd to the support led to the
formation of positively charged Pd sites, which facilitates the
adsorption of NO;~ for better activation. A similar result was
also observed in Cu-Pd-loaded nitrogen-doped carbon (Cu-Pd/
CN). The interaction between Cu-Pd nanoparticles and the CN
support stimulated the interfacial charge polarization and
resulted in the electron-deficient Cu as the active site, which is
favourable for NO,~ adsorption and activation.*®

The aforementioned studies indicate the significance of
facet exposure and metal-support interaction on the catalytic
performance for the NO;"RR. However, the determining factor
in the electrocatalytic activity for the faceted TiO, is still deba-
table since many factors could contribute to the apparent cata-
Iytic activity.?>%3%3* Moreover, the contribution of the
exposed TiO, facet to the metal-support interaction in metal-
loaded faceted TiO, in correlation with their electrocatalytic
performance for the NO; RR remains unclear. The deposition
of metal on the specific facet of TiO, can lead to different
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levels of metal-support interaction due to the differing natures
of the specific facets of TiO,. It can also lead to different reac-
tivities during the catalytic process. In this context, Cu nano-
particles are deposited on the surface of TiO, with different
facet exposures, ie., (001) and (101) facets, and catalytic tests
toward the NO3; RR as a proof of concept of tailoring the inter-
action between metal and support are performed. The strong
metal-support interaction between the Cu nanoparticles and
(101) facets lead to effective electron transfer from the Cu
nanoparticles to the TiO, support resulting in electron-
deficient Cu. In addition to the oxygen vacancies (OVs) in the
TiO, support, the electron-deficient Cu nanoparticles then
serve as active sites for the NO;~ adsorption and may also
supply the NO;™ reactants to the nearby OVs of TiO,. As a
result, the production of NH; by the (101)-dominant Cu-TiO,
electrocatalyst reaches the highest yield rate of 447.5 pg
mg., " h™" at —0.9 V vs. reversible hydrogen electrode (RHE)
among its prepared counterparts, which is 4.2 times higher
than that of the pristine (101)-dominant TiO, (NH; yield:
106.7 pg mg.,. ' h™). The increase is more exaggerated com-
pared to the enhancement exhibited by the (001)-dominant
Cu-TiO, with respect to the pristine (001)-dominant TiO,.
Moreover, time-dependent experiments and electrochemical
analysis disclose that strong metal-support interaction results
in a more strongly binding *NO, intermediate, which pro-
motes the electron transfer, facilitating the subsequent hydro-
genation process for the selective NH; synthesis.

Results and discussion

Material characterization

The TiO, catalyst with (001) facet or (101) facet as the domi-
nant facet is denoted as (001)-dominant TiO, and (101)-domi-
nant TiO,, respectively, which was prepared by a hydrothermal
process using NaF as a capping agent (details in the
Experimental section).’**° Subsequently, Cu nanoparticles
were evenly deposited on the surface of (001)-dominant TiO,
and (101)-dominant TiO,, resulting in (001)-dominant Cu-TiO,
and (101)-dominant Cu-TiO, (details in the Experimental
section). X-ray diffraction (XRD) patterns of the prepared cata-
lysts are presented in Fig. 1a. All XRD peaks can be indexed to
the anatase TiO, (JCPDS 98-105-4604) without the rutile phase
being observed.**' The peak intensities of the (001)-domi-
nant Cu-TiO, and (101)-dominant Cu-TiO, are slightly lower
than those of the pristine (001)-dominant TiO, and (101)-
dominant TiO,, which indicate slight decreases in crystallinity.
The decline in the crystallinity can be correlated with the
slight reduction of pristine TiO, by NaBH, during the Cu depo-
sition process.*” However, no additional peaks from the de-
posited Cu can be observed in the XRD patterns because of the
low amount of deposited Cu and its high dispersion.*®
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis shows that the amounts of loaded Cu are
0.86% w/w and 0.82% w/w for the (001)-dominant Cu-TiO, and
(101)-dominant Cu-TiO,, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) XRD patterns of the (001)-dominant TiO,, (101)-dominant
TiO,, (001)-dominant Cu-TiO,, and (101)-dominant Cu-TiO,. SEM
images of (b) the (001)-dominant TiO,, (c) the (101)-dominant TiO,, (d)
the (001)-dominant Cu-TiO,, and (e) the (101)-dominant Cu-TiO,.
HRTEM images of (f) the (001)-dominant Cu-TiO, with Cu nanoparticles
deposited on the (001) facet and (g) the (101)-dominant Cu-TiO, with
Cu nanoparticles deposited on the (101) facet.

Scanning electron microscopye (SEM) analysis was per-
formed to verify the morphology of the faceted TiO, catalysts.
As presented in Fig. 1b and c, the (001)-dominant TiO, cata-
lysts show a flat sheet morphology, while the (101)-dominant
TiO, catalysts are truncated octahedral particles. The
exposures of (001) facets relative to all facets in the (001)-domi-
nant TiO, and (101)-dominant TiO, were calculated to be
~70.2% and ~33.2%, respectively (details in Fig. Sla-c in
ESIt). This means that the (001)-dominant TiO, is dominated
by (001) facets with an exposure of ~70.2% from its total
facets, while the (101)-dominant TiO, is dominated by (101)
facets with an exposure of ~66.8%. The Cu nanoparticles are
deposited on both (001) and (101) facets of the (001)-dominant
TiO, and (101)-dominant TiO,, as shown in Fig. 1d and e. The
dispersion of the Cu nanoparticles on the surface of the (001)-
dominant TiO, and the (101)-dominant TiO, is further verified
using transmission electron microscopy (TEM) analysis. The
TEM images with the corresponding energy dispersive X-ray
(EDX) mapping show the uniform dispersion of the Cu nano-
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particles on the (001)-dominant Cu-TiO, and the (101)-domi-
nant Cu-TiO, (Fig. S2a-d and Fig. S3a-d in the ESIf). The
average size of the Cu nanoparticle was estimated to be 6.65 +
3.51 nm and 6.81 + 2.34 nm for the (001)-dominant Cu-TiO,
and the (101)-dominant Cu-TiO,, respectively (Fig. S4a-c and
Fig. S5a-d in ESIf). Moreover, the high-resolution TEM
(HRTEM) image of the (001)-dominant Cu-TiO, shows a Cu
nanoparticle anchored on the surface of the (001) facet of the
(001)-dominant TiO, (Fig. 1f). The lattice fringe of 0.19 nm
can be attributed to the (200) and (020) crystal planes of
anatase TiO,, which are typically correlated with the (001) facet
as both (200) and (020) facets have an interfacial angle of 90°
between each other on the (001) zone axis diffraction.’™**
Meanwhile, the attachment of the Cu nanoparticle is identi-
fied by the lattice fringe of 0.20 nm coming from the (111)
plane of Cu. We note that a lattice fringe of 0.24 nm coming
from Cu,O (111) is also observed,”>*® which indicates the
superficial oxidation of Cu metal under an ambient atmo-
sphere.”” In addition to the (001) plane, the Cu nanoparticles
can also be found on the (101) surface of the (101)-dominant
TiO,, as presented in Fig. 1g. The lattice fringe of 0.35 nm
refers to the (101) plane of the (101)-dominant TiO,. Similar to
the (001)-dominant Cu-TiO,, the crystal planes of both Cu and
Cu,O are also present on the (101)-dominant TiO, catalyst.

The chemical states of all catalysts were investigated using
X-ray photoelectron spectroscopy (XPS) analysis. As presented
in Fig. 2a, the Ti 2p XPS spectra of the (001)-dominant TiO,
and (001)-dominant Cu-TiO, samples show pronounced peaks
at 457.3 eV and 462.9 eV, which refer to Ti*" 2ps, and Ti**
2Py, Tespectively.’® The same position of the Ti'" 2p;, and
Ti** 2p,/, peaks between the pristine (001)-dominant TiO, and
(001)-dominant Cu-TiO, indicates that there is no significant
change in the TiO, phase of the (001)-dominant TiO, upon
depositing Cu nanoparticles. In contrast, the (101)-dominant
Cu-TiO, shows a shift of the Ti** 2p;,, and Ti*" 2p,/, peaks to
lower binding energies (457.4 eV and 463.1 eV, respectively)
compared to the pristine (101)-dominant TiO, (457.5 eV and
463.2 eV, respectively), as shown in Fig. 2b. The shift of
binding energy to lower values suggests the tuned electronic
structure of the (101)-dominant TiO, upon Cu deposition.***®

The O 1s XPS spectra are presented in Fig. 2c and d. All cat-
alysts show three deconvoluted peaks at 528.5 eV, 530.8 eV,
and 532.3 eV, which can be assigned to the lattice O of TiO,,
the O ions associated with bridging Ti-OH (OVs), and physi-
sorbed water, respectively.*’*® Upon the deposition of the Cu
nanoparticles on the surface of the pristine (001)-dominant
TiO, and (101)-dominant TiO,, the intensity of OVs increased,
indicating the generation of more OVs. The formation of more
OVs in the (001)-dominant Cu-TiO, and (101)-dominant Cu-
TiO, can be correlated with the Cu deposition process, which
involves NaBH, as a reducing agent.*?

The chemical states analysis of the Cu nanoparticles was
performed using argon-etched depth profiling XPS to avoid
surface oxidation of Cu in air. As presented in Fig. 2e, two pro-
nounced peaks can be observed at 932.03 eV and 951.85 €V in
the (001)-dominant Cu-TiO,, which can be ascribed to the
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Fig. 2 The Ti 2p XPS spectra of (a) the (001)-dominant TiO, and (001)-
dominant Cu-TiO,, and (b) the (101)-dominant TiO, and (101)-dominant
Cu-TiO,. O 1s XPS spectra of (c) the (001)-dominant TiO, and (001)-
dominant Cu-TiO,, and (d) the (101)-dominant TiO, and (101)-dominant
Cu-TiO,. (e) The Cu 2p XPS spectra of the (001)-dominant Cu-TiO, and
(101)-dominant Cu-TiO,. (f) The Cu LMM AES spectra of the (001)-
dominant Cu-TiO, and (101)-dominant Cu-TiO,.

2psj, and 2pys, peaks of Cu® or Cu®.*' Further analysis using

Cu LMM Auger electron spectroscopy (Fig. 2f) confirmed the
presence of Cu® species in both the (001)-dominant Cu-TiO,
and (101)-dominant Cu-TiO, as indicated by a single peak at
565.2 eV. The presence of single Cu’ species was also sup-
ported by cyclic voltammetry (CV) measurement over freshly
prepared (001)-dominant Cu-TiO, and (101)-dominant Cu-TiO,
samples (Fig. S6 in the ESI{), in which both materials do not
show reduction peaks correlated to the reduction of Cu®" and
Cu', indicating the presence of Cu metal (Cu®) on the surface
of faceted TiO,. However, it is worth noting that in the Cu 2p
XPS spectrum of the (101)-dominant Cu-TiO, (Fig. 2e), the
peaks shifted to the higher binding energies of 932.14 eV and
951.97 eV compared to the (001)-dominant Cu-TiO,,
suggesting lower electron density in the (101)-dominant Cu-
TiO, resulting from the electron transfer from the Cu nano-
particles to the (101)-dominant TiO, support.>”*"*°

The above XPS results imply that the electron transfer
occurred from the Cu nanoparticles to the (101)-dominant
TiO, support, which decreased the electron density in the Cu
nanoparticles and increased the electron density in the OVs

1446 | Green Chem., 2024, 26, 1443-1453
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and hence the surrounding Ti atoms. On the other hand, such
an electron transfer phenomenon was hardly observed in the
(001)-dominant Cu-TiO,, which suggests that the Cu nano-
particles have a stronger interaction with (101) facets com-
pared to (001) facets.’®>> The electron transfer from Cu to
TiO, correlates with the presence of the OVs on the surface of
TiO,. In this regard, OVs can serve as electron trapping
centres.”** Due to the strong interaction between (101) facets
of TiO, and the Cu nanoparticles, the electrons are transferred
from Cu to TiO, and pair with singlet electrons in the OVs
near the interface.”> Additionally, it is also acknowledged that
electrons are shallowly trapped in Tis. on the surface of (101)
facets, while electrons are also deeply trapped in Tig. on the
subsurface of (001) facets.>® Therefore, the shallow traps on
the surface of Tis. in (101) facets can provide a more conducive
environment for electron mobility, which result in stronger
interactions with the Cu nanoparticles.>® To sum up, arising
from the strong interaction between the Cu nanoparticles and
(101)-dominant TiO, support, the electrons transfer from Cu
nanoparticles to the OVs in (101) facets, leading to electron-
deficient Cu nanoparticles.*****°

Electrocatalytic NO; "RR evaluation

An electrocatalytic activity test of faceted-TiO,-based catalysts
was performed in an H-type cell with a typical three-electrode
configuration using a Nafion 117 membrane to separate the
cathode and the anode chambers. The prepared catalysts were
dropcast on carbon paper substrates as the working electrodes
(1.0 mg.,c cm™2, details in the Experimental section). Prior to
the NO3;™RR test, the prepared electrodes were initially exam-
ined using linear sweep voltammetry (LSV) from +0.1 V to —1.2
V vs. RHE in 0.5 M Na,SO, solution with and without the
addition of 50 ppm NO; -N. The LSV curves of both the pris-
tine (001)-dominant TiO, and (101)-dominant TiO, electrodes
showed a slight increase in current density upon the addition
of NO;~ (Fig. S7 in the ESIf), while the increase in current
density was apparently exaggerated with the deposition of Cu
nanoparticles (Fig. 3a and b).'® Besides, the corresponding
onset potential of the LSV curves for both faceted-TiO, electro-
des also shifted to the less negative value (0.3 V vs. RHE) with
the deposition of Cu nanoparticles. Note that the increase of
the current density for the (101)-dominant Cu-TiO, is greater
than that of the (001)-dominant Cu-TiO,, suggesting the stron-
ger promoting effect in the NO; RR upon Cu deposition on
the (101) facet of the (101)-dominant TiO,.

The electrocatalytic NO; RR performances were further
examined using chronoamperometry (i-t) tests at different
applied potentials in 0.5 M NaSO, containing 50 ppm NO3; -N.
The concentration levels of NO;~, NH3, and NO,~ were deter-
mined using spectrophotometric methods (Fig. S8a-c in the
ESIt).”® The NO;~ conversion rate increased along with the
more negative potentials (Fig. S9 in the ESI{). The effect of Cu
deposition on the NO;~ conversion can be observed clearly at
the potentials of —0.8 and —0.9 V vs. RHE, where both the
(001)-dominant Cu-TiO, and (101)-dominant Cu-TiO, show

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 LSV curves of (a) the (001)-dominant TiO, and (001)-dominant
Cu-TiO,, and (b) the (101)-dominant TiO, and (101)-dominant Cu-TiO,
in 0.5 M Na,SO4 without and with the addition of 50 ppm NOz —N. (c)
NH3 yield and (d) NH3 selectivity. All catalytic activity experiments were
performed in 0.5 M Na,SO, containing 50 ppm NOz —=N. (e) *H NMR
spectra of the electrolyte after the electrocatalytic reduction reaction
using ®NOs~ and NO;z~ as the nitrogen sources. The reaction for
isotope labelling was performed for the (101)-dominant Cu-TiO; at —0.9
V vs. RHE in 0.5 M Na,SO,4 containing 50 ppm NOz™—N. (f) Stability test
of the (101)-dominant Cu-TiO, was performed at —0.9 V vs. RHE in 0.5
M Na,SO,4 containing 50 ppm NOz™—-N.

higher NO;~ conversion rates compared to the pristine TiO,
counterparts.

Moreover, an obvious trend related to the effect of Cu depo-
sition on the different facets of TiO, can be observed in the
NH; yield rate (Fig. 3c). Within all the applied potentials, both
the (001)-dominant Cu-TiO, and the (101)-dominant Cu-TiO,
showed significantly higher NH; yield rates compared to the
pristine (001)-dominant TiO, and (101)-dominant TiO,. The
activity increased more significantly along with the more nega-
tive potentials, reaching the highest value at —0.9 V vs. RHE
with NH; yields of 296.6 pg mg., ' h™' and 447.5 pug mge,. "
h™ for the (001)-dominant Cu-TiO, and the (101)-dominant
Cu-TiO,, respectively. The NH; yield rate of the (101)-dominant
Cu-TiO, is 4.2 times higher than that of the pristine (101)-
dominant TiO, (106.7 pg mg.,. ' h™), while the NH; yield of
the (001)-dominant Cu-TiO, is only 3.3 times higher than the
pristine counterpart (87.9 pg mg.. ' h™'). Therefore, the
(101)-dominant Cu-TiO, exhibits an exaggerated NH; yield
increase compared to the (001)-dominant Cu-TiO,. Similar
trends can also be observed in the corresponding NH; selecti-
vity (Fig. 3d) and FEyy, (Fig. S10 in the ESIT). The highest NH;
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selectivity value was achieved at —0.9 V with values of 66.7%
and 47.8% for the (101)-dominant Cu-TiO, and the (001)-domi-
nant Cu-TiO,, respectively. Additionally, it is worth noting that
FEnu, shows a volcano plot with the highest values being
reached at —0.8 V vs. RHE with values of 67.1% and 47.0% for
the (101)-dominant Cu-TiO, and the (001)-dominant Cu-TiO,,
respectively. Note that the NH; selectivity value was calculated
based on the concentration change of NO;~ only with the
corresponding products, while the FE was calculated based on
the total current regardless of the reactions (details in the
ESI}). Therefore, the calculation of the NHj selectivity value
excluded the contribution of the hydrogen evolution reaction
(HER), while the FEyy, took it into consideration.'™®” The
decrease of the FEny, for all electrodes at —0.9 V vs. RHE is
attributed to the intensified HER, as evidenced by the signifi-
cant increase of the FEy (Fig. S11 in the ESIf)."*"’
Accordingly, both the NO,” selectivity and the FEyo, also
decreased at —0.9 V vs. RHE (Fig. S12 and Fig. S13 in the ESIY).
Another possible byproduct, i.e., hydrazine (N,H,), was also
detected using the Watt and Chrisp method (detailed in the
Experimental section in the ESIT). In all catalytic reactions, no
hydrazine (N,H,) was detected as presented in Fig. S14a-c in
the ESI,} excluding the possibility of N,H, as a byproduct. We
note that the greatest performance exhibited by the (101)-
dominant Cu-TiO, catalyst in this work is, in fact, on a par
with previous studies reported in the literature, specifically for
Ti-based and Cu®based catalysts in neutral media (Table S1 in
the ESI{). However, it is worth noting that the exhibited per-
formances in this work resulted from lower external potentials
(-0.9 V vs. RHE) compared to the other Ti-based catalysts
(1.0 to —1.6 V vs. RHE), which is also one of the important
parameters for evaluating the electrocatalytic performance.>®>°

Control experiments were then performed to verify the
origin of the produced NH;. As presented in Fig. 3e, the elec-
trolyte taken from the electrocatalytic reduction of Na'’NO;
shows typical doublet peaks at § = 6.86 and 6 = 6.98 ppm,
while the triplet peak was observed in the spectra when
employing Na'’NO;. These '°N isotope-labelling results
strongly confirm that the produced NH; originated from the
electroreduction of NO;~."**® Moreover, a negligible amount
of NH; produced in the absence of NO;~ and at the open
circuit potential (OCP) further supports the results from N
isotope-labelling experiments (Fig. S15 in the ESI}). No
accumulation of NH; was observed upon exposing the electro-
Iyte to the air, excluding possible NH; contamination from the
environment (Fig. S16 in the ESI{).

The exaggerated improvement in the NH; yield rate and
NH; selectivity can be correlated with the strong metal-
support interaction exhibited by the (101)-dominant Cu-TiO,
catalyst. On the other hand, we note that the concentration of
OV also increases in both the (001)-dominant TiO, and (101)-
dominant TiO, upon Cu deposition as indicated by the O 1s
XPS spectra in Fig. 2c and d. One of the oxygen (O) atoms in
NO;™ can occupy the OV and coordinate with the surrounding
Ti** of TiO,, which weakens the N-O bonding for better acti-
vation.® Therefore, to investigate the contribution of OVs, we
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also performed the electrocatalytic test on the reduced-(001)-
dominant TiO, and reduced-(101)-dominant TiO, prepared by
the NaBH, reduction method on the pristine faceted TiO,
without the addition of Cu salts. As verified by the electron
paramagnetic resonance (EPR) spectra of the pristine (101)-
dominant TiO, and the reduced (101)-dominant TiO, (Fig. S17
in the ESI}), the reduced (101)-dominant TiO, shows a slightly
higher peak intensity at g = 2.003, indicating a higher concen-
tration of OVs upon implementing the NaBH, reduction
process.*® Moreover, as presented in Fig. S18a-d in the ESIL,}
the reduced-(001)-dominant TiO, and the reduced-(101)-domi-
nant TiO, also show slight increases in NH; yield rate and
selectivity, suggesting the benefits of OVs generation in the
NO; RR to a certain degree.'® However, the improved perform-
ances by the reduced-faceted-TiO, electrodes are much less
significant compared to the enhancements exhibited by the
Cu-loaded faceted TiO, electrodes.

To further investigate the contribution from the Cu nano-
particles, which serve as the co-catalyst in the Cu-loaded TiO,
electrode, we also performed electrocatalytic tests over Cu
nanoparticles prepared using the NaBH, reduction method.
For this purpose, we deposited an equal amount of Cu nano-
particles contained in the (001)-dominant Cu-TiO, and (101)-
dominant Cu-TiO, electrodes. As presented in Fig. S19 in the
ESL,7 Cu nanoparticles show activity for NO;~ reduction to
NH,.*° NH; yield rates increase along with the more negative
potentials. However, the magnitude of the NH; yield rate is
much inferior compared to that of the Cu-loaded faceted TiO,
catalysts. These control experiments provide evidence that sig-
nificant enhancement of the NH; yield rate, selectivity, and
FEny, over the (001)-dominant Cu-TiO, and the (101)-domi-
nant Cu-TiO, is mainly determined by the interaction between
the Cu nanoparticles and the faceted TiO,. Moreover, the
stronger metal-support interaction between the Cu nano-
particles and the (101) facets of TiO, further enhance the per-
formance. The presumption can be derived from the fact that
the increase in NH; yield rate and selectivity is exaggerated for
the (101)-dominant Cu-TiO, compared to the (001)-dominant
Cu-TiO,. Moreover, the (101)-dominant Cu-TiO, shows a stable
NH; yield rate, NH; selectivity, and FEyny, in five consecutive
reactions (Fig. 3f), suggesting the appreciable stability of the
designed system for the NO; " RR.

Mechanism study

Time-dependent experiments were performed to understand
the kinetics and reaction mechanism of the NO; RR (Fig. 4a-
d). For all prepared catalysts, the NO;~ concentration decreases
over time accompanied by the increase in NH; and NO,™ con-
centrations. The apparent reduction rate constant values of
NO;™ calculated based on the Langmuir-Hinshelwood model
for the (101)-dominant Cu-TiO, (kap = 0.00551 min~"') and the
(001)-dominant Cu-TiO, (ksp = 0.00476 min~") are higher than
those of the pristine (101)-dominant TiO, (ky, =
0.00368 min~") and (001)-dominant TiO, (kap = 0.00322 min~")
counterparts, suggesting the positive role of Cu deposition in
promoting the NO; RR (Fig. S20a and b in the ESI}).**"¢
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Fig. 4 NOsz~, NHz, and NO,~ concentration changes over (a) the (001)-
dominant TiO,, (b) the (101)-dominant TiO,, (c) the (001)-dominant Cu-
TiO,, and (d) the (101)-dominant Cu-TiO,. All experiments were per-
formed at —0.9 V vs. RHE in 0.5 M Na,SO, containing 50 ppm of NO3™N
for 2 h. € NO,™ and NH3z concentration changes over the (001)-dominant
Cu-TiO, and the (101)-dominant Cu-TiO,, and (f) the corresponding
Langmuir—Hinshelwood plots. All the experiments were performed at
—0.9 Vvs. RHE in 0.5 M Na,SO,4 containing 50 ppm of NO,™—N for 2 h.

The apparent activation energy (E,) also decreases upon Cu
loading on the surface of faceted TiO,. The E, for the (101)-
dominant Cu-TiO, is significantly lower (E, = 4.61 k] mol™)
than that of the pristine (101)-dominant TiO, (E, = 15.79 kJ
mol ™). The same trend can be observed in the (001)-dominant
Cu-TiO, (E, = 13.90 k] mol™") and the (001)-dominant TiO, (E,
= 24.03 kJ mol™") (Fig. S21a and b in the ESI{).°*®* It is note-
worthy that among the four samples, the (101)-faceted TiO,-
based catalysts typically show lower apparent E, values than
the (001)-faceted TiO,-based catalysts, indicating the advan-
tage of (101) facet exposure and Cu loading on these facets for
reducing the E,. These E, values agree well with the Tafel plots
(Fig. S22 in the ESIY), in which the (101)-dominant Cu-TiO,
shows a lower Tafel slope (178.7 mV dec™') than the (001)-
dominant Cu-TiO, (203.7 mV), indicating the higher kinetics
rate of the former for the electrocatalytic NO; RR.®>®® These
apparent E, values and the Tafel slopes are in good agreement
with the reduction rate (Fig. 4a-d and Fig. S20a, b in the ESI}),
as mentioned before. In addition to the kinetics information,
the higher reduction rate of the (101)-dominant Cu-TiO,
suggests a higher adsorption strength between the NO;™ ions
with the catalyst surface. This assumption can be rationalized
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based on the presence of the electron-deficient Cu nano-
particles in the (101)-dominant Cu-TiO,, which are more con-
ducive to attracting the negatively charged NO;~ ions.*®° This
attraction could also lead to the accumulation of NO;™ near
the catalyst surface, which facilitates the contact between the
NO;~ ions and the surface OVs in the surrounding Cu
nanoparticles.*

The influence of the strong metal-support interaction on
the catalysis process can be observed by the product distri-
bution, specifically the evolution of NH; and NO,™ as the two
major products. As shown in Fig. 4a and b, the (001)-dominant
TiO, and the (101)-dominant TiO, electrodes show that NO,™~
is the dominant product at —0.9 V vs. RHE. On the other hand,
upon the deposition of Cu on the faceted TiO,, NH; emerges
as the dominant product from the beginning of the reaction
(Fig. 4c and d). Notably, the increase in the NH; concentration
of the (101)-dominant Cu-TiO, is much higher than that of the
(001)-dominant Cu-TiO,, which is in good agreement with the
trends of NH; yield rate and NH; selectivity in the catalytic
test. The time-dependent experiments in a prolonged reaction
period show similar trends for the concentration changes of
the NO;™ reactant and the reduction products (Fig. S23a and b
in the ESI}). The greater increase in NH; production of the
(101)-dominant Cu-TiO, indicates the benefit of the
strong metal-support interaction between the Cu nano-
particles and (101) facets of TiO, in promoting the selective
NO;"RR to NH;.

We note that the detection of NO,™ in the electrolyte during
the NO; RR indicates that the production rate of NO;~ to
*NO, is faster than that of NO,~ to NH3, and thus leads to the
desorption of *NO, from the catalyst surface into the electro-
lyte.®® The detection of higher amounts of NO," in the electro-
lyte may also indicate that the binding strength of *NO, to the
catalyst surface is weaker, hence it can easily be desorbed from
the catalyst surface into the electrolyte. Therefore, to further
investigate the role of the *NO, intermediate in the NO; RR,
time-dependent NO,™ reduction reactions (NO, RRs) over the
(001)-dominant Cu-TiO, and the (101)-dominant Cu-TiO, cata-
lysts were performed. As presented in Fig. 4e, the decrease in
the NO,™ concentration using the (001)-dominant Cu-TiO, is
slower than that using the (101)-dominant Cu-TiO,. The
corresponding apparent rate constant values based on the
Langmuir-Hinshelwood model of the (101)-dominant Cu-TiO,
and the (001)-dominant Cu-TiO, are 0.00345 min~' and
0.00281 min~" (Fig. 4f), respectively.°"®” The higher rate con-
stant of NO,” reduction may indicate the higher binding
strength between NO,™ and the surface of the (101)-dominant
Cu-TiO, when forming *NO,. These results agree well with the
lower amount of NO,~ produced using the (101)-dominant Cu-
TiO, compared with that produced using the (001)-dominant
Cu-TiO, in the NO; RR (Fig. S24 in the ESIt). Based on these
findings, the exaggerated enhancement in the NH; production
by the (101)-dominant Cu-TiO, can also be attributed to the
stronger binding strength of *NO,, which suppresses the de-
sorption of *NO, into the electrolyte and subsequently pro-
motes the subsequent hydrogenation process.
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The intrinsic electrochemical properties of the prepared
electrodes are important factors in influencing catalytic per-
formance. Therefore, electrochemical impedance spectroscopy
(EIS), electrochemical active surface area (ECSA) analysis, and
Mott-Schottky analysis were performed for the pristine and
Cu-deposited TiO, electrodes. The Nyquist plots of the Cu-de-
posited TiO, electrodes show smaller arc radii than the pris-
tine counterparts (Fig. 5a and b). The series resistance (Ry),
which is correlated with the resistance from the solution, is
comparable among all the electrodes (Table S2 in the
ESI$).6"%%% On the other hand, the charge transfer resistance
(Rcr) decreases significantly upon Cu deposition. The Rery
value of the (001)-dominant Cu-TiO, (27.20 Q) is 2.7 times
lower than that of the pristine (001)-dominant TiO, (74.38 Q).
Meanwhile, the (101)-dominant Cu-TiO, shows a more signifi-
cant decrease in the Rcr value (40.28 Q), which is 3.8 times
lower than that of the pristine (101)-dominant TiO, (152.50 Q).
The more efficient electron transfer as evidenced by the higher
decrease in the Ry value on the (101)-dominant Cu-TiO, than
on the (001)-dominant Cu-TiO, is likely contributed to by the
stronger interaction between Cu nanoparticles and (101) facets
of TiO, in the (101)-dominant Cu-TiO,.*"”® The ECSA was
further investigated by measuring the electrochemical double-
layer capacitance (Cq;), which is proportional to the ECSA. The
linear fitting of the charging current density with various scan
rates (Fig. 5c and d and Fig. S25a-d in the ESI}) reveals that
the Cq values of the (001)-dominant Cu-TiO, (Cq; = 0.0601 mF
cm?) and the (101)-dominant Cu-TiO, (Cq4 = 0.0886 mF cm?)
are higher than those of the pristine (001)-dominant TiO, (Cg
= 0.0546 mF cm ) and the (101)-dominant TiO, (Cq =
0.0685 mF cm™?), suggesting that more active sites are present
in the Cu-deposited TiO, catalysts.”’ Moreover, the Mott-
Schottky plots show positive slopes for all the electrodes, indi-
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Fig. 5 Nyquist plots of (a) the (001)-dominant TiO, and (001)-dominant
Cu-TiO, and (b) the (101)-dominant TiO, and (101)-dominant Cu-TiO,.
The insets are the equivalent electrical circuits. Charging current density
plotted against the scan rate at 0.655 V vs. RHE for (c) the (001)-domi-
nant TiO, and (001)-dominant Cu-TiO,, and (d) the (101)-dominant TiO,
and (101)-dominant Cu-TiO,.
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cating the n-type nature of the faceted-TiO, electrodes
(Fig. S26a and b in the ESI{).*"””" The (001)-dominant Cu-TiO,
and the (101)-dominant Cu-TiO, show smaller slopes com-
pared with those of the pristine (001)-dominant TiO, and
(101)-dominant TiO,, also indicating the higher donor density
in the Cu-deposited TiO,.”* These results suggest that the sig-
nificant enhancement in NH; production exhibited by the
(101)-dominant Cu-TiO, is likely contributed to by the pro-
moted electron transfer. In this regard, the nature of (101)
facets, which possess shallow traps on the surface of Tis. in
(101) facets, can provide a more conducive environment for
electron mobility as reported in the literature.>*

The above electrocatalytic NO; RR activities, time-depen-
dent experiments, and electrochemical analysis have collec-
tively suggested that (1) the Cu deposition on the faceted-TiO,
surface leads to higher NH; production, NH; selectivity, and
FEng, and (2) the deposition of Cu on the (101) facet is more
beneficial for promoting NH; production compared to Cu
deposition on the (001) facet due to the stronger interaction
between the Cu nanoparticles and the dominant (101) facet in
the (101)-dominant Cu-TiO,. The Cu metal was previously
reported as an active catalyst for the NO; RR in the
literature.®>”*””® The activity originates from the d-orbital elec-
tronic configuration of Cu, where the NO;~ reactant binds
with Cu by electron donation from the highest occupied mole-
cular orbital (HOMO) of NO;~ to the empty orbital of Cu
accompanied by the backdonation from the fully occupied d
orbital to the lowest unoccupied molecular orbital (LUMO) of
NO,~.%° Therefore, in addition to OVs as active sites, the de-
posited Cu nanoparticles can also serve as active sites in the
(001)-dominant Cu-TiO, and the (101)-dominant Cu-TiO, cata-
lysts, resulting in significantly higher NH; production than
that from the pristine counterparts. Additionally, due to the
strong interaction between the Cu nanoparticles and (101)
facets of TiO,, the electrons are transferred from the Cu nano-
particles to the (101) facets of TiO, resulting in electron-
deficient Cu, which can strongly attract and accumulate the
negatively charged NO,~.>° The stronger absorption strength is
also found in the NO,~ (and *NO,), which suppresses the de-
sorption of *NO, to the electrolyte. Finally, the exposure of
(101) facets of TiO,, possessing shallow traps for electrons on
the Tis. surface could provide a more conducive environment
for electron mobility, thus promoting the electron transfer in
the (101)-dominant Cu-TiO, resulting in significant enhance-
ments in NH; production and NHj; selectivity over the (101)-
dominant Cu-TiO, catalyst.

Conclusions

In conclusion, the strong interaction between the deposited
Cu nanoparticles and the TiO, support with the dominant
(101) facet exposure promoted selective NH; production from
the NO3; RR. The (101)-dominant Cu-TiO, catalyst demon-
strated the highest NHj; yield rate of 447.5 pg mge, * h™" at
—0.9 Vvs. RHE, which is 4.2 times higher than that of the pris-
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tine (101)-dominant TiO, catalyst with an NH; yield of
106.7 pg mg., * h™'. In comparison, the (001)-dominant Cu-
TiO, counterpart showed NH; yield rate of 296.6 pug mge, '
h™" under identical reaction conditions, which is 3.3 times
higher than that of the pristine (001)-dominant TiO, with an
NH; yield of 87.9 pg mg., ' h™". The greater increase in cata-
Iytic performance for the (101)-dominant TiO, with Cu depo-
sition was ascribed to the formation of electron-deficient Cu
nanoparticles, the stronger binding energy of *NO,, and the
promoted electron transfer originating from the strong inter-
action between the Cu nanoparticles and (101) facets of TiO,.
Collectively, these factors suppressed the *NO, desorption and
promoted the subsequent hydrogenation process, leading to
direct NO;~ reduction to NH;. These findings can stimulate
the future surface design over other oxide supports toward the
efficient electrocatalytic NO;~RR to produce NH;.

Experimental

The experimental details are provided in the ESIL{ This section
summarizes the material synthesis, characterization, and
electrochemical measurements.

Preparation of the (001)-dominant TiO, (flat sheet) and the
(101)-dominant TiO, (truncated octahedral)

The TiO, samples with different dominant facets were pre-
pared using the hydrothermal method with NaF as a capping
agent, as reported by Mikrut et al.*° In a typical procedure for
preparing (001)-dominant TiO,, 532 mg NaF was mixed with
160 mL of HCI (12.8%). The mixture was then stirred to form a
clear solution. Subsequently, 781.6 mg of TiOSO, was added to
the solution, followed by constant stirring for 1 h to form a
clear solution. The resulting solution was then placed into a
200 mL Teflon-lined stainless-steel autoclave and was heated at
180 °C for 12 h. After naturally cooling down to room tempera-
ture, the powders were collected and centrifuged in water and
ethanol several times. The obtained powders were then dried
at 60 °C in a vacuum oven for 12 h and calcined at 600 °C for
2 h at a heating rate of 2 °C min™" under an argon atmosphere
(20 mL min™"). The (101)-dominant TiO, (truncated octa-
hedral) was prepared using the same method as that of the
(001)-dominant TiO, by adjusting the concentration of HCI
(6.7%), the mass of NaF (279.6 mg), and the amount of
TiOSO, (390.8 mg).

Copper (Cu) deposition on (001)-dominant TiO, and (101)-
dominant TiO,

The Cu deposition was performed using NaBH, as a reducing
agent.”! 20 mg of the (001)-dominant TiO, or the (101)-domi-
nant TiO, was dispersed in 15 mL of DI water, followed by
sonication for 30 min. After sonication, 315 uL of 20 mM Cu
(NO3),-3H,0 solution was added slowly under vigorous stir-
ring. The stirring was continued for 30 min. 30 mg of NaBH,
was then added, and the stirring was continued for another
20 min. The powders were subsequently separated by centrifu-
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gation and washed using excess deionized water and ethanol.
The powders were finally dried in a vacuum oven at 60 °C for
12 h.

Characterization

The crystal phase of each prepared sample was analyzed using
an X-ray diffraction (XRD) PANalytical X’pert’ powder X-ray
diffractometer operated at 40 kV and 100 mA with Cu Ka radi-
ation. The morphology and the composition of the catalyst
were observed using a transmission electron microscope
(TEM) FEI Tecnai F20 and scanning electron microscope
(SEM) Zeiss EVO 10. The oxidation states of Ti, Cu, and O
elements were characterized using X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific NEXSA) conducted with an Al
Ka X-ray excitation source. All binding energies were refer-
enced to the C 1s peak at 283.67 eV. Electron paramagnetic
resonance (EPR) analysis was performed using a Bruker
EMXPLUS EPR instrument (Germany). The amount of de-
posited metal was measured using inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima 8000). The
ultraviolet-visible (UV-vis) absorbance data were collected on a
Shimadzu UV-3600 UV spectrophotometer.

Electrochemical measurements

The prepared samples were dropcast on pieces of carbon paper
as the working electrodes. Before the drop-casting, the pieces
of carbon paper were washed in a mixture of methanol and
acetone (1:1; v/v) and ultrasonicated for 10 min.
Subsequently, the pieces of carbon paper were washed again
in water and ultrasonicated for another 10 min. The pieces of
carbon paper were then dried at room temperature.
Meanwhile, 10 mg of TiO, powders, e.g., the (001)-dominant
TiO,, were mixed with 0.24 mL of water and 0.72 mL of
ethanol. After that, 0.04 mL of Nafion solution (5%) was
added. The mixture was then ultrasonicated for 1 h to form a
homogeneous suspension. 0.1 mL of the prepared homo-
geneous suspension was then dropped onto 1.0 x 1.0 cm?®
carbon paper (1.0 mg.. cm ?). The same procedure was
applied to prepare the electrodes loaded with the other cata-
lysts (i.e., the (101)-dominant TiO,, (001)-dominant Cu-TiO,,
and (101)-dominant Cu-TiO,).

The electrochemical measurements were carried out using
a CHI 660 instrument in an H-type cell using the TiO, based-
thin film electrode as the working electrode, saturated calomel
electrode (SCE) as the reference electrode, and platinum foil as
the counter electrode. The surface area of the working elec-
trode was controlled within 1.0 x 1.0 cm? 0.5 M Na,SO, was
used as the electrolyte. The electrolyte volumes in the anodic
and cathodic chambers were 30 and 40 mL, respectively. A
Nafion 117 membrane was placed between the anodic and
cathodic chambers. The catholyte was purged with Ar at a flow
rate of 50 mL min~" for 15 min under vigorous stirring. Before
the NO; RR measurement, cyclic voltammetry (CV) was per-
formed from +0.1 V to —1.2 V vs. RHE to reach a stable curve.
After the CV, NaNO; (50 ppm NO; -N) was added to the
cathode chamber. The chronoamperometry (i-t) test was
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carried out at different potentials for 2 h at a stirring rate of
300 rpm. All potentials were referenced to reversible hydrogen
electrode (RHE) by the Nernst equation (Egyg = Escg + 0.059 x
pH + 0.241).

To investigate the electrochemically active surface area
(ECSA), the working electrode was cycled in the non-faradaic
potential region at various scan rates from 10 to 40 mV s~ in
0.5 M Na,SO,. By plotting the charging current density against
the scan rate, the double-layer capacitance (Cq;) was calculated
by determining the slope value. Electrochemical impedance
spectroscopy (EIS) was performed at the potential of —0.7 V vs.
RHE at a frequency of 10~'-10°> Hz and amplitude of 5 mV.
Mott-Schottky plots were recorded at a frequency of 0.5 kHz
and amplitude of 0.01 V.
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