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ed electron density from PdCu
nanoparticle loading on a defective TiO2 support
for selective nitrate electroreduction to ammonia†

Haoran Wu,a Heng Guo, *ab Fengying Zhang,ab Peng Yang,a Jiaxin Liu,a

Yuantao Yang,a Zhen-Feng Huang, c Chenyuan Zhu,d Weitao Wang,d Xin Tu,*d

Guidong Yang e and Ying Zhou *ab

The electrocatalytic nitrate (NO3
−) reduction reaction (NITRR) to synthesize ammonia (NH3) offers

a promising method for both pollution abatement and chemical production. However, the sluggish

multi-electron/proton-involved steps limit ammonia selectivity and yield. Herein, we loaded PdCu

nanoparticles (PdCu NPs) onto defective TiO2 to regulate the localized electron density for selective NH3

synthesis. Our results show a significant increase in NH3 yield and selectivity (112.0 to 322.7 mmol cm−2

h−1 and 34.6 to 80.1%, respectively), induced by the introduction of PdCu NPs. Importantly, in situ and

operando investigations combined with density functional theory (DFT) calculations reveal that PdCu

NPs enhance the localized electron density at oxygen vacancies. This regulated electron density

suppresses N–N coupling and accelerates N–H bonding processes, thus modulating NH3 selectivity. This

unique insight based on localized electron density control provides a rational design strategy for metal-

defect support catalysts in ammonia production using electrochemical processes.
1. Introduction

Ammonia (NH3) is essential in industry, the military, and the
economy.1–3 However, the industrial NH3 synthesis pathway,
known as the Haber–Bosh process, is operated on a centralized
and large scale at high temperatures and pressures, contrib-
uting to 2% of global energy consumption and 1.5–2% of global
CO2 emissions. Therefore, there is a high demand to develop
cost-effective and sustainable technologies for decentralized
NH3 synthesis under mild conditions.4,5 The electrochemical
nitrate reduction reaction (NITRR) to ammonia provides
a promising way to turn waste into wealth due to the high
solubility and weak N–O bond of nitrate (204 kJ mol−1

compared to 941 kJ mol−1 for the N^N bond).6–15 However, the
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low ammonia selectivity and limited yield, alone with several
competing reactions, hinder the practical applications of NH3

synthesis via the NITRR. For example, the hydrogen evolution
reaction (HER), which starts at 0 V vs. RHE (all potential
mentioned below is converted to RHE), compared to NH3 at
0.88 V, intensies with increasing overpotential and suppresses
the NITRR to some extent.16 Furthermore, the N2 formation
reaction (1.25 V) involves the transformation of ve electrons
and six protons, making it more favourable in terms of reaction
kinetics than NH3, for which the transformation of eight elec-
trons and nine protons is involved.17–19 Therefore, it is critical to
reveal the promotingmechanism for the selective NH3 synthesis
and to understand the underlying mechanism for N2 generation
in order to design efficient catalysts for the NITRR.

The reduction of NO3
− to N2 involves an N–N coupling step,

which can be prevented to hinder N2 formation. However, the
unclear hindering mechanism limits the selectivity of the
NITRR. For instance, Peng et al.20 reported that PdCu/Cu2O
exhibits efficient inhibition on N2 formation, while Shi et al.21

suggested that PdCu/Al2O3 presents 80.37% N2 selectivity
during the NITRR. Nevertheless, the mechanism of the inhibi-
tion and selectivity of N2 remains unclear. Some studies attri-
bute the variation of selectivity during the NITRR to the metal-
carrier-induced interface interactions and alloying effect,22,23

while others ascribe it to defects on the support.24,25 PdCu/
TiO2−x exhibits the highest NH3 yield on PdCu-loaded catalysts
via the NRR,26–32 (Table S1†) suggesting the potential for high
NH3 yield via the NITRR. Additionally, PdCu/TiO2 has been used
This journal is © The Royal Society of Chemistry 2023
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in urea synthesis,33 the NRR,32 and the NITRR,34 showing the
universality of PdCu/TiO2 in nitrogenous catalytic reactions.
Therefore, we constructed PdCu/TiO2−x to understand the effect
of interaction between metal nanoparticles (NPs) and support
on the selectivity of the NITRR.

In this study, oxygen vacancy (OV) rich-TiO2 (TiO2−x) was
successfully synthesized using commercial TiO2 via a facile
reduction method and PdCu NPs were supported on TiO2−x via
the impregnation method. It was found that the interface is the
main active site, and PdCu NPs mainly served as electron
donors, based on density function theory (DFT) calculations.
Electrochemical characterization, X-ray photoelectron spec-
troscopy (XPS), and further DFT calculations revealed the
mechanism of electron donor effects on the NH3 synthesis via
the NITRR, which enhanced the *H formation and adsorption,
improved the local electron density, and hence enhanced the
proton supply and electron transfer, resulting in accelerated
selective NH3 formation. As a result, PdCu NPs/TiO2−x achieved
the optimized NH3 selectivity (80.1%) and yield rate at −1.4 V
(322.7 mmol cm−2 h−1), in contrast with TiO2−x (34.6% and
112.0 mmol cm−2 h−1). The ndings in this work would shed
light on the effect of metal-defect interaction on NH3 synthesis
via the NITRR, and provide unique insights into the rational
design of metal-defect support catalysts.

2. Experimental section

The DFT calculations were performed using the Vienna ab initio
simulation package (VASP) with projector augmented wave
(PAW) pseudopotential. The exchange-correlation energy was
described using the generalized gradient approximation of the
Perdew–Burke–Ernzerhof (GGA-PBE) functional. Considering
the strong correlation effect among the localized Ti 3d elec-
trons, the GGA + U method with an effective U value of 3.5 eV
was used. The vacuum layer, cut-off energy, convergence
threshold for the force and total energy were set to 15 Å, 380 eV,
0.02 eV Å−1 and 10−5 eV, respectively. Detailed characterization,
analysis, calculation and preparation process can be obtained
in the ESI.†

3. Results and discussion
3.1 Theoretical simulations and material characterization

Considering that catalytic activity is inuenced by the Pd/Cu
atomic ratios, a structural model of PdCu NPs was designed
based on previous experimental results, as shown in Fig. S1.†
The PdCu NPs were simulated as a model consisting of 4 Pd and
8 Cu atoms, and the geometry-optimized structure is shown in
Fig. S2.† Six possible NITRR active sites on (101) edge TiO2−x

and PdCu/TiO2−x were studied: an oxygen vacancy site on
TiO2−x (I) and PdCu/TiO2−x (II), the interface site between PdCu
NPs and TiO2−x, *NO3 mainly bonded to Ti3+ (III), the interface
site between PdCu NPs and TiO2−x, *NO3 mainly bonded to Cu
(IV), and Pd (V) and Cu (VI) sites on PdCu NPs, as shown in
Fig. 1a. It can be found that PdCu NP loading induces an
increase in the N–O bond length, indicating that the PdCu NP
loading promotes *NO3 activation.
This journal is © The Royal Society of Chemistry 2023
To investigate the effect of PdCu NPs on NO3
− adsorbability,

we calculated the Gibbs free energy (DG) and adsorption energy
(Ead) of the adsorbed *NO3 (Fig. 1b and Table S2†). The results
show that the introduction of PdCu NPs signicantly enhances
the adsorbability of NO3

−, even though the PdCu NPs are not
the main adsorption sites for *NO3. The interface sites between
PdCu NPs and TiO2−x (III and IV) exhibit the strongest *NO3

adsorption, where *NO3 is bonded to both Ti3+ and Cu.
Specically, the adsorption conguration (III) is more stable,
indicating that Ti3+ at the interface is the primary *NO3

adsorption site. Moreover, we found that the adsorption sites (I,
II, and III) related to Ti3+ are the preferred *H adsorption sites
over PdCu NPs (V and VI), suggesting that Ti3+ at the interface is
the primary *H adsorption site, as shown in Fig. 1c. Therefore,
the Ti3+ at the interface is the main active site due to its
strongest adsorption of *NO3 and *H. Furthermore, we estab-
lished a structural model for the two sites (I and III) to inves-
tigate the interaction between OVs and PdCu NPs (Fig. S2†). We
studied two possible reaction pathways,35,36 for electrocatalytic
NH3 synthesis via the NITRR. The structure models of inter-
mediates and reaction pathways are shown in Fig. S3,† and the
Ead values of intermediates are provided in Table S3.†

The introduction of PdCu NPs changes the preferred reac-
tion pathway and reduces the reaction barrier in the rate-
determining step (RDS). Fig. 1d summarizes the entire NITRR
process in two possible reaction pathways at the main active
sites of TiO2−x and PdCu NPs/TiO2−x. Prior to the loading of
PdCu NPs, path 2 (*NOH / *NHOH / *NH2OH / *NH2) is
the preferred reaction pathway due to the lower Gibbs free
energy for the formation steps of *NHOH (DG = 0.023 eV) and
*NH2OH (DG = −2.68 eV), compared to the formation steps of
*N (DG = 0.024 eV) and *NH (DG = −2.22 eV), which is
consistent with a previous study.36 Following the introduction of
PdCu NPs, the hydrogenation reaction of *NOH is signicantly
enhanced, and the formation of *N becomes more favourable
than that of *NHOH. The hydrogenation reactions of *NOH, *N
and *NH are spontaneous, but the hydrogenation reaction of
the *NH2OH intermediate is signicantly suppressed. A similar
trend was observed in a previous study, where the formation of
*N was signicantly promoted and the formation of *NOH and
*NH2OH was inhibited during the NITRR over PdCu/Cu2O, in
comparison to Cu2O.20 As a result, Path 1 becomes the preferred
reaction pathway during the NITRR on PdCu NPs/TiO2−x.
Furthermore, the loaded PdCu NPs signicantly enhance the *N
adsorption (2.28 eV) and accelerate the rate-determining step,
from DGRDS = 1.49 eV for TiO2−x to DGRDS = 1.30 eV for PdCu
NPs/TiO2−x (Fig. S4†). Therefore, the introduction of PdCu NPs
could enhance the *NO3 and *H adsorption, reduce the energy
barrier of the rate-determining step, and promote the electro-
catalytic synthesis of NH3 via the NITRR.

Based on theoretical predictions, PdCu NPs loaded onto
defective TiO2−x with oxygen vacancies are constructed using
a facile reduction and solution impregnation method with
commercial TiO2. The microscopic morphology of PdCu NPs/
TiO2−x (Fig. S5a†) shows that numerous NPs (particle average
size is 3.1 ± 0.9 nm) are uniformly distributed on the surface of
TiO2−x particles (average size is 34.0 ± 0.8 nm, as shown in Fig.
J. Mater. Chem. A, 2023, 11, 22466–22477 | 22467
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Fig. 1 Theoretical prediction of the NITRR using DFT calculations. (a) The structural model and N–O bond length (Å) of *NO3 adsorbed at
different sites, (b) the Gibbs free energy (DG) of the adsorption of *NO3 at different sites, (c) the Gibbs free energy (DG) of the adsorption of *H at
different sites, and (d) the DG of the entire NITRR process of two possible reaction pathways at the main active sites.
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S5b†), The loaded NPs and support exhibit characteristic spac-
ings of 0.199 and 0.234 nm for the (200) lattice planes of the
PdCu alloy (JCPDS 48-1551)28 and (112) lattice planes of anatase
TiO2 (ICDD 00-004-0477), respectively, indicating that the PdCu
alloy NPs are loaded on the surface of TiO2−x (Fig. 2a). The EDS
elemental maps (Fig. 2b) reveal that the compositional distri-
butions of both elements (Pd and Cu) in PdCu NPs/TiO2−x are
uniform, suggesting an alloy structure. The compositional
distributions of Pd, Cu, Ti, and O at the energy dispersive
spectroscopy (EDS) mapping surface are presented in Table S4.†
The amount of Cu and Pd in PdCu NPs/TiO2−x is quantied via
ICP-MS, and the results are shown in Table S5,† which indicates
that the chemical formula of the catalyst can be specied as
Pd0.026Cu0.051 NPs/TiO2−x. Furthermore, the selected-area elec-
tron diffraction (SAED) image of PdCu NPs/TiO2−x (Fig. S6†)
reveals the existence of PdCu alloy NPs. The transmission
electron microscopy (TEM), high-angle annular dark-eld –

energy dispersive spectroscopy (HAADF-EDS), and SAED images
conrm the successful loading of PdCu NPs and the presence of
the PdCu alloy in the PdCu NPs.

To further conrm the crystalline phases and oxygen
vacancies of the samples, we conducted X-ray diffraction (XRD)
and electron paramagnetic resonance (EPR) analyses on the
catalysts. As shown in Fig. S7a,† the peaks in TiO2 can be
indexed to anatase phase TiO2 (ICDD 00-004-0477). However,
the diffraction peak related to Pd or Cu cannot be observed in
22468 | J. Mater. Chem. A, 2023, 11, 22466–22477
the PdCu NPs/TiO2−x spectra, indicating that PdCu is highly
dispersed on TiO2−x, which also agrees with the results of
HAADF-EDS. As shown in Fig. S7b,† the TiO2−x and PdCu NPs/
TiO2−x exhibit symmetrical EPR signals at g = 2.003, indicating
that the electrons are trapped on oxygen defects.37–39 No oxygen
vacancies were found in the TiO2 sample, whereas TiO2−x

possesses the highest concentration of oxygen vacancies. The
oxygen vacancy concentration decreases aer the PdCu NP
loading process, indicating that some oxygen vacancies were
relled aer PdCu NP loading.40,41

To reveal the chemical states and electron transfer of TiO2−x-
based catalysts, we conducted XPS and atomic emission spec-
troscopy (AES) characterization. As shown in Fig. 2c, the Pd 3d
spectra of Pd NPs/TiO2−x exhibit four peaks of Pd0 3d5/2, Pd

2+

3d5/2, Pd
0 3d3/2, and Pd2+ 3d3/2.42 The introduction of Cu posi-

tively shis the binding energies (BEs) of Pd 3d, indicating that
electrons are transferred from Pd to Cu.43 Furthermore, the
peaks of Cu 2p are assigned to Cu0 (or/and Cu+) 2p3/2, Cu

2+ 2p3/2,
Cu0 (or/and Cu+) 2p1/2, and Cu2+ 2p1/2,44,45 which are negatively
shied with the introduction of Pd, conrming the electron
transfer from Pd to Cu, as shown in Fig. 2d. Moreover, it is
apparent from Fig. 2c and d that the peak area ratio for Pd2+

increases with the introduction of Cu and the peak area ratio for
Cu2+ decreases with the addition of Pd, indicating electron
transfer from Pd to Cu and the presence of the PdCu alloy. The
Cu0 and Cu+ were distinguished using AES, as shown in
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Microscopic morphology of as-prepared PdCu NPs/TiO2−x. (a) TEM image of PdCu NPs on the TiO2−x support, and (b) HAADF-EDS
elemental mapping images. XPS spectra of (c) Pd 3d and (d) Cu 2p of Pd, Cu and PdCu NPs supported on TiO2−x. The peak area ratio for Pd2+

increases from 9.8% to 32.3% with the introduction of Cu, while the peak area ratio for Cu2+ decreases from 25.8% to 11.1% with the introduction
of Pd.
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Fig. S8.† The peaks of Cu NPs/TiO2−x are assigned to Cu0, Cu+

and Cu2+.46 The main component of Cu in the PdCu NPs is Cu0.
For PdCu NPs/TiO2−x, the kinetic energy of the Cu LMM Auger
electrons positively shied, reecting the transformation from
Cu2+ into Cu0 with the introduction of Pd. This indicates that
electron transfer from Pd to Cu improves the stability of Cu0.26

As one of the NITRR active elements, the stabilization of Cu0

leads to the promotion of the NITRR.
To understand the interaction between metal NPs and the

TiO2−x support, XPS was conducted for Ti 2p and O 1s of the
catalysts, as shown in Fig. S9.†With the loading of Pd and CuNPs,
the characteristic Ti 2p and lattice O 1s peaks shi toward higher
BEs, indicating electron transfer from the TiO2−x support to Pd
and Cu NPs due to the strong metal-support interaction
(SMSI).47,48 Presumably, the high concentration of Ti3+ ions in the
This journal is © The Royal Society of Chemistry 2023
support transfers electrons to Pd2+ and Cu2+ ions and maintains
more Pd and Cu species with low oxidation states. In contrast, the
Ti 2p and lattice O 1s peaks shi towards lower BEs with the
loading of PdCu NPs, indicating that the PdCu NPs transfer
electrons to the TiO2−x support and possess different properties
than Pd and Cu NPs, conrming the presence of an alloy state for
PdCu NPs. The bimetal synergistic effect of the PdCu alloy
promotes the breaking of the N–O bond,49 and the effective d–
d coupling of Cu 3d and Pd 4d improves the d-electronic exchange
and transfer ability, hence improving the electrocatalytic activity.28

As shown in Fig. S9b,† the peaks of O 1s centred between 530.7
and 531.4 eV are assigned to the O atom correlated with OVs,50

and the negative shiing of the peaks indicates the electron
transfer from metal NPs to OVs. It is apparent from the degree of
shi that the formation of the PdCu alloy inhibits the electron
J. Mater. Chem. A, 2023, 11, 22466–22477 | 22469
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transfer from Cu to OVs. Furthermore, the peak area ratios for O
vacancies are 19.5%, 17.2%, 29.0%, and 22.6% in TiO2−x, Pd NPs/
TiO2−x, Cu NPs/TiO2−x, and PdCu NPs/TiO2−x, respectively. The
results indicate that introduction of Cu NPs led to an increase in
the number of OVs in the TiO2−x support,51 while the presence of
Pd inhibited the process. The EPR and XPS analyses conrm the
presence of OVs and the PdCu alloy in PdCu NPs/TiO2−x and the
enhanced localized electron density at OVs induced by PdCu NPs.
3.2 Electrocatalytic performance

The experiments on NH3 yield were conducted to conrm that
the loading of PdCu NPs improves the yield and selectivity of
NH3. The linear sweep voltammetry (LSV) curves (Fig. S10†)
show that the current density of PdCu NPs/TiO2−x is higher than
that of TiO2−x under the same conditions, indicating that the
loading of PdCu NPs improves the electron transfer ability on
the surface of the catalysts.28 Moreover, the current density in
the electrolyte with nitrate is higher than that in the electrolyte
without nitrate at a potential higher than −1.0 V. Therefore, the
NITRR was studied at different potentials from −1.0 to −1.8 V,
as shown in Fig. 3a. PdCu NPs/TiO2−x exhibits a higher NH3

yield rate and faradaic efficiency compared to PdCu NPs and
TiO2−x, indicating improved catalytic performance with the
loading of PdCu NPs. A higher NH3 yield was achieved at higher
potential, but the gradually intensied HER led to a decrease in
FE. To verify the inection point of FE at −1.4 V, the NITRR of
PdCu NPs/TiO2−x was studied at lower potentials from −0.1 to
−0.6 V (Fig. S11†); it shows that the NH3 yield rate and FE
increase with the increase of potential. For PdCu NPs/TiO2−x,
the highest FE (38.5%) was achieved at−1.4 V and the NH3 yield
was 322.7 mmol cm−2 h−1 under these conditions (compared to
22.6% EF and 112.0 mmol cm−2 h−1 NH3 yield for TiO2−x).

More importantly, the loading of PdCu NPs signicantly
inhibited the production of N2 (Fig. S12†), and hence the
selectivity of NH3 in mainly nitrogenous products (NH3, NO2

−

and N2) was increased from 34.6% to 80.1% at −1.4 V, as shown
in Fig. 3b. The formation of N2 during the NITRR was
Fig. 3 (a) The NH3 yield rate and faradaic efficiency over TiO2−x, PdCuNP
selectivity of TiO2−x, PdCu NPs and PdCu NPs/TiO2−x at −1.4 V.

22470 | J. Mater. Chem. A, 2023, 11, 22466–22477
signicantly inhibited aer PdCu NP loading, which is consis-
tent with the DFT result (Fig. S14†). While the formation and
desorption of *N2 are spontaneous processes on TiO2−x, the
energy barrier inhibits these processes aer PdCu NP loading
(DGRDS = 1.07 eV for interface sites of PdCu NPs/TiO2−x). The
current densities of PdCu NPs/TiO2−x remained relatively stable
during the 48 h NITRR process, and the NH3 yield was relatively
stable during 10 cycle tests, as presented in Fig. S15,† con-
rming the good stability of the catalyst.

We carried out experiments using different types of cata-
lysts, including commercial TiO2, defective TiO2−x, Pd NPs/
TiO2−x, Cu NPs/TiO2−x and PdCu NPs/TiO2−x. We found that
the loading of PdCu NPs signicantly promotes NH3

synthesis, as depicted in Fig. S16.† The results clearly show
that PdCu NPs/TiO2−x exhibits the highest NH3 yield rate and
current density among the catalysts. The improvement in NH3

yield is more signicant at relatively low potential, especially
at−1.4 V. This nding indicates that the coexistence of Pd, Cu
and partial PdCu alloy in the NPs promotes the synthesis of
NH3 via the NITRR.20 Pd NPs/TiO2−x and Cu NPs/TiO2−x

present similar NH3 yields at low potential (from −1.0 to −1.4
V). In contrast, Cu NPs/TiO2−x signicantly improves NH3

yield at higher potential. This suggests that the competitive
HER is more signicant over Pd compared with Cu species,
hence inhibiting the NITRR at high potential.52 The yield rate
of NH3 and NO2

− was determined to examine the catalytic
performance in detail, as shown in Fig. S17 and 18.† The
results show that the main liquid product over carbon paper
(CP) and PdCu NP loaded CP is NO2

−, while the main product
over TiO2−x and PdCu NPs/TiO2−x loaded CP is NH3, indi-
cating that the loading of PdCu NPs/TiO2−x promotes the
hydrogenation processes from *NO2 to NH3. The promotion
effect over PdCu NPs/TiO2−x is more signicant than that over
TiO2−x. The comparison of NITRR performance between
TiO2−x, PdCu NPs and PdCu NPs/TiO2−x conrms that PdCu
NP loading on the defective TiO2 support promotes the
hydrogenation processes and accelerates nitrate electro-
reduction to ammonia.
s and PdCuNPs/TiO2−x at given potentials. (b) The nitrogenous product

This journal is © The Royal Society of Chemistry 2023
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To further reveal the enhancement mechanism of electro-
catalytic activity via PdCu NP loading, operando electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV)
measurements, and open circuit potential (OCP) tests were
performed. As shown in Fig. 4a, a characteristic peak centred at
3.2 Hz (start at −1.2 V) is attributed to charge storage via
adsorption/desorption of *H intermediates.53,54 The peak shis
to higher frequencies (3.2–39.8 Hz) and lower phase degrees
(10.5–4.9°) with the increase in potentials (from−1.2 to−1.5 V),
indicating enhanced intermediate adsorption and accelerated
charge transfer at higher potential.55 In contrast, the Bode plots
for TiO2−x in electrolyte with 0.1 M NaNO3 (Fig. 4b) show an
extra peak at 1.3 Hz from −0.8 V, which is attributed to the
adsorption of *NO3 intermediates. PdCu NPs enhance *H
Fig. 4 Operando EIS analysis. Bode plots of TiO2−x in 0.5 M Na2SO4 sup
plots of PdCu NPs in 0.5 M Na2SO4 supporting electrolyte (c) without NaN
Na2SO4 supporting electrolyte (e) without NaNO3 and (f) with 0.1 M NaN

This journal is © The Royal Society of Chemistry 2023
adsorption as evidenced by the characteristic peak of *H
adsorption appearing at a lower potential (−0.7 V) compared to
that for TiO2−x (−1.2 V), as shown in Fig. 4c. Similarly, the
comparison between Fig. 4b, d and f demonstrates that the
promotion of *NO3 adsorption is related to the interaction
between PdCu NPs and the TiO2−x support. By comprehensively
analyzing the results from Fig. 4, it can be concluded that the
adsorption of intermediates (*NO3 and *H) is enhanced via
PdCu NP loading on TiO2−x, and the equilibrium potential for
*NO3 adsorption on PdCu NPs/TiO2−x is lower than that for *H
adsorption, as conrmed by the DFT calculations. DG of *NO3

adsorption is −1.23 and −2.89 eV at OV and interface sites,
respectively, and that for *H is −0.55 and −0.62 eV (Fig. S21†).
This indicates that the major adsorption sites for *H are the
porting electrolyte (a) without NaNO3 and (b) with 0.1 M NaNO3. Bode
O3 and (d) with 0.1 M NaNO3. Bode plots of PdCu NPs/TiO2−x in 0.5 M
O3. An equivalent circuit model is shown in Fig. S20.†
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interface and OV sites of PdCu NPs/TiO2−x rather than metal
NPs. The enhanced adsorption of *NO3 and *H intermediates
accelerates the hydrogenation processes hence promoting the
NITRR process.

The untted Nyquist plots at open circuit potential show the
intrinsic impedance of TiO2−x, PdCu NPs and PdCu NPs/TiO2−x

(Fig. S22a†). This demonstrates that the charge transfer of the
catalyst is promoted with the loading of PdCu NPs on TiO2−x,
which is consistent with the LSV results. To evaluate the inu-
ence of PdCu NPs on the adsorption behaviour of NO3

−, the
open circuit potential (OCP), which is affected by the variation
of absorbates in the Helmholtz layer,56 was analyzed, as shown
in Fig. S22b.† With the injection of 0.1 M NaNO3, the electro-
chemical cell with the PdCu NPs/TiO2−x electrode exhibits
a more signicant increment in OCP (30.6 mV) than that with
the TiO2−x electrode (24.7 mV) and PdCu NP electrode (2.5 mV),
indicating that the *NO3 adsorption sites are strongly related to
TiO2−x and the *NO3 adsorption is enhanced aer PdCu NP
loading. Furthermore, the double layer capacitance (Cdl), which
was tted based on the CV result, is considered an indicator of
the electrochemically active surface area (ECSA) on different
catalysts (Fig. S23†). The Cdl of catalysts decreases from 5.96 to
3.66 mF cm−2 with the loading of PdCu NPs, indicating the
agglomeration of TiO2 NPs during the catalyst synthesis process
and suggesting that the pore structure of TiO2−x was partially
lled by the PdCu NPs. Despite the reduction in ECSA aer
PdCu NP loading, the PdCu NPs/TiO2−x catalyst shows
enhanced catalytic performance. These analyses collectively
demonstrate that the enhanced adsorption of *NO3 and *H
intermediates and accelerated electron transmission promote
the hydrogenation processes, improving ammonia yield and
selectivity.
3.3 Mechanism investigation

To dynamically monitor the NITRR process and reveal the
NITRR mechanism over PdCu NPs/TiO2−x, in situ electro-
chemical attenuated total reectance surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) was performed
(Fig. S24†). A series of vibrational bands can be identied, with
peaks centered at 2963, 1648, 1456, 1238, 1180, and 1117 cm−1

attributed to NH4
+, H2O, NH4

+, –NO3, –NH3, and –NH2,
respectively.57–60 The peak intensities for NH4

+, –NO3, –NH3 and
–NH2 change signicantly with an increase in electroreduction
time from 0 to 14 min, convincingly conrming that NH3

originates from the NITRR process. However, some peaks from
NHx intermediates are covered by –OH. To distinguish Fourier
transform infrared spectroscopy (FTIR) peaks from NHx and –

OH, comparison experiments based on ATR-SEIRAS character-
ization using three different electrolytes, including 0.1 M
Na15NO3 + 0.5 M Na2SO4, 0.1 M NaNO3 + 0.5 M Na2SO4, and
0.5 M Na2SO4 were conducted. Fig. 5a and b show spectra of 15N
isotope labeling experiments. The results clearly show that the
center of the –OH peak is located at 3309 cm−1 and the intensity
of peaks (3500–3100 and 1800–1500 cm−1) decreases in the
electrolyte without NaNO3, which are related to the HER. In
contrast, for the electrocatalytic reaction in the electrolyte with
22472 | J. Mater. Chem. A, 2023, 11, 22466–22477
0.1 M NaNO3, the increases in peak intensity are related to the
NITRR, with the peaks centered at 3391, 1109 and 1025 cm−1

assigned to –NH2 and the peaks centered at 1652 and 1243 cm−1

assigned to –NO2 and –NO3, respectively.60 Furthermore, the
-15NH2 peak center shis to a lower wavenumber as shown in
Fig. 5b which may be related to the isotopic effect or the overlap
of adjacent peaks.60 Repeated experiments have consistently
shown that the peaks shi to higher wavenumbers, suggesting
that the shi is caused by the overlapping of adjacent NH4

+

peaks,60 as illustrated in Fig. S25.† Contrast experiments con-
ducted using TiO2−x and PdCu NPs/TiO2−x in ultrapure water
and NaNO3 electrolyte indicate that the introduction of PdCu
NPs promotes H2O dissociation and *H supply, thereby accel-
erating hydrogenation and *NH2 formation. The –NH2 peak for
TiO2−x moves to a lower wavenumber and lower intensity than
that for PdCu NPs/TiO2−x, due to the strong HER (Fig. S26†).
However, the spectrum of TiO2−x shows a more intense negative
–NO3 peak at 1238 cm−1. Considering that TiO2−x exhibits
a much higher N2 yield than PdCu NPs/TiO2−x, the difference in
–NO3 behaviour suggests that the N2 formation reaction on
PdCu NPs/TiO2−x is inhibited.

The spectra in Fig. 5c–f indicate that PdCu NPs/TiO2−x

exhibits a repressed –OH desorption peak in ultrapure water-
electrolyte, but an increased formation of the *NH2 interme-
diate in 0.1 M NaNO3 electrolyte, in comparison to TiO2−x.
During the NITRR process, H2O dissociates on the surface of the
PdCu NPs/TiO2−x cathode and H+ adsorbs on the surface and
participates in the NITRR and HER, while OH− desorbs from
the surface and diffuses to the anode, resulting in the observed
–OH desorption peak.61 Considering the stronger HER on the
PdCu NPs/TiO2−x electrode, the suppressed –OH desorption
peak at the same potential indicates stronger H2O dissociation
on its surface. The FTIR results are in accordance with the DFT
results; as shown in Fig. S27,† the DG of the rate-determining
step (*H2O + e− = *H + OH−) is reduced from 6.86 to 3.93 eV
aer PdCu NP loading, which promotes H2O adsorption and
dissociation, further leading to accelerated OH− and *H
formation, resulting in a suppressed –OH desorption peak and
enhanced HER and NITRR. Fig. 5e and f clearly show that the
loading of PdCu NPs enhances the formation of NH2 and NO2.
The promotion of *NH2 formation is more signicant than that
of *NO2, suggesting that PdCu NPs have a greater effect on the
hydrogenation of *NHx than the reduction of *NO3. These
results demonstrate that the PdCu NPs accelerate H2O disso-
ciation, intensify the proton supply, and promote hydrogena-
tion processes, thereby enhancing NH3 formation.

We further performed DFT calculations to gain insights into
the reaction mechanism and to reveal the enhanced activity and
selectivity of NH3. Fig. 6 depicts the bonding interactions
between *NO3 and the catalyst. We calculated the integrated –

pCOHP (–ICOHP) to provide quantitative information on
bonding strength (by calculating the energy integral up to the
Fermi energy).62 Our results indicate that the electron transfer
from the catalyst to *NO3 is improved with the introduction of
PdCu NPs, and the injected extra electrons ll the Ti–O bonding
orbits, as evidenced by the improvement in the -ICOHP of the
Ti–O bond from 0.82 to 1.42. The loading of PdCu NPs
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Time-resolved in situ electrochemical ATR-SEIRAS spectra over PdCu NPs/TiO2−x at −1.8 V, and (b) potential-resolved in situ elec-
trochemical ATR-SEIRAS spectra over PdCu NPs/TiO2−x (30 s reaction time at each potential) in 0.5 M Na2SO4 supporting electrolyte with
isotopically labelled 0.1 M Na15NO3 electrolytes, unlabeled NaNO3 electrolytes, and electrolytes without NaNO3. The ATR-SEIRAS counter
spectrum of (c) TiO2−x in ultrapure water, (d) PdCu NPs/TiO2−x in ultrapure water, (e) TiO2−x in 0.1 M NaNO3, and (f) PdCu NPs/TiO2−x in 0.1 M
NaNO3.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 22466–22477 | 22473
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Fig. 6 The differential charge density map and electron transfer between PdCu NPs, TiO2−x, and the *NO3 intermediate adsorbed at (a) TiO2−x

OVs and (b) PdCu NPs/TiO2−x interface, respectively. The partial density of states (PDOS) and partial crystal orbital Hamilton population (COHP)
of the *NO3 intermediate adsorbed at (c) TiO2−x OVs and (d) PdCu NPs/TiO2−x interface. (e) The d band centre of Ti 3d of TiO2−x and PdCu NPs/
TiO2−x. (f) The schematic illustration of the higher d-band centre promoting catalytic kinetics. (With an isosurface value of 0.005 electrons per Å3,
the green areas represent electron depletion and the yellow areas represent electron accumulation).
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strengthens the Ti–O bond and weakens the N–O bond, thereby
promoting the adsorption and activation of NO3

−. Moreover, we
observed that the introduction of PdCu NPs increases the
d band centre of Ti 3d (Fig. 6e). The d band centre is an indi-
cator of the average energy of d states, and the higher the
d states, the more empty the antibonding states, resulting in
a stronger adsorption bond, as shown in Fig. 6f.63 The Ti 3d
state increases with PdCu loading, indicating electron transfer
from PdCu NPs to Ti3+, which enhances the Ti–O bond and
promotes NO3

− adsorption. This is in line with the ndings of
22474 | J. Mater. Chem. A, 2023, 11, 22466–22477
the electrochemical experiments and active site study. In addi-
tion, PdCu NP loading reduces the selectivity of N2 during the
NITRR. Since CNTs@mesoC@CuPd exhibited 98% selectivity
for N2 during the NITRR,64 the N2 selectivity is mainly affected
by the interaction between Ti3+ and PdCu NPs (Fig. S31 and
32†). The asymmetrical Ti and N pDOS for different electron
spin states suggest the presence of unpaired electrons in *N and
*N2 before PdCu NP loading. For the *N intermediate, the
signicantly enhanced bonding strength (from 4.50 to 7.17)
aer loading PdCu NPs suggests enhanced *N adsorption
This journal is © The Royal Society of Chemistry 2023
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(consistent with Ead, as shown in Table S3†). The improved
Bader charge shows that PdCu loading promotes electron
transfer to *N and enhances the local electron density of *N.
The enhanced local electron density and facilitated H+ forma-
tion and adsorption together promote the hydrogenation
process, leading to the promotion of *NH formation and inhi-
bition of *N desorption and *N2 formation. For the *N2 inter-
mediate, the enhanced adsorption of *N2 is evidenced in
Fig. S30,† due to the negligible bond strength loss of the N–Ti
bond and the formation of an extra N–Cu bond. The N^N bond
is weakened (reduced from 21.98 to 17.25), and the positive
shiing of pDOS indicates the activation of N2. As a result, the
desorption of *N2 is inhibited and the formation of *NNH is
promoted, consistent with the NRR study.32

The pDOS of other intermediates, including *NO2, *NO, *N,
*NH, *NH2 and *NH3 were studied to reveal the effect of PdCu
NPs on the hydrogenation process, as shown in Fig. S33 to S38.†
For *NO2 intermediates (Fig. S33†), the peaks of N 2p and O 2p
orbits are co-located between−9.3 and−7.7 eV. The N 2p peaks in
this region can be regarded as an indicator of the N–O bond since
the major contributions of N 2p and O 2p are present. The results
suggest that the electron density on Ti3+ is increased, and more
electrons ll in the N–Ti orbits, enhancing the N–Ti bonding state
and weakening the N–O bond due to the introduction of PdCu
NPs, consistent with the results for *NO intermediates (Fig. S34†).
Therefore, the adsorption and activation of *NOx intermediates
are enhanced with PdCu NP loading, as supported by the results
from electrochemical characterization and DFT calculations of
Ead. In the case of the *N intermediate (Fig. S35†), the N–Ti bond
is strengthened and *N is stabilized due to the presence of PdCu
NPs. Furthermore, negative shis (1.35 eV) in the N 2p and Ti 3d
peaks indicate that more electrons ll the vacant N 2p and Ti 3d
orbits due to the electrons provided by PdCu NPs. Similar negative
shis (0.84 eV) can be found in *NH (Fig. S36†), and the shis of
pDOS reduce with the hydrogenation process, as shown in the
pDOS of *NH2 (Fig. S37†), due to the occupation of N 2p orbits
during hydrogenation. This nding suggests that the injection of
electrons from PdCu NPs promotes the hydrogenation processes.
For the *NH3 intermediate (Fig. S38†), the PDOS of Ti 3d and N 2p
for TiO2−x and PdCu NPs/TiO2−x are studied to investigate the
effect of PdCu NPs on the *NH3 desorption process. Aer PdCu
NP loading, the peak intensity of Ti 3d and N 2p decreases,
indicating that the interaction between Ti3+ and *NH3 weakens
and the desorption of *NH3 is enhanced. In contrast to the
theoretical prediction of the NITRR at transition metal surfaces,65

PdCu NPs promote nitrate electroreduction to ammonia instead
of NO, due to the interaction between PdCu NPs and OVs. The
comprehensive study of charge density, Bader charge, pDOS and
COHP of intermediates reveals that PdCu NPs enhance nitrate
electroreduction to ammonia by promoting hydrogenation and
inhibiting the formation of N2.

4. Conclusions

In conclusion, we demonstrated enhanced NH3 selectivity and
yield in the NITRR via introducing PdCu NPs to modulate the
local electrons of OVs on a defective TiO2−x support. Our in situ
This journal is © The Royal Society of Chemistry 2023
characterization and DFT calculation results clearly show that
electron injection from PdCu NPs effectively regulates the
localized electron density of OVs, boosting the hydrogenation
processes and inhibiting N–N coupling, ultimately enhancing
the NH3 selectivity and yield. This work sheds light on the
mechanism behind the enhancement of alloy loading on the
activity and selectivity of NH3 synthesis via the NITRR and
provides a feasible approach to design alloying catalysts for
selective NH3 synthesis via the NITRR.
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