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ABSTRACT: The electrochemical nitrogen reduction reaction (NRR) is an attractive alternative
to the conventional Haber-Bosch process. However, the competitive hydrogen evolution reaction
(HER), with faster reaction kinetics and lower overpotentials, causes severe energy efficiency loss
during the NRR. To date, the informed design of tailored electrocatalysts that maintain good
efficiency toward the NRR remains a challenge. Herein, we report the theory-guided design of
anatase-supported Nb catalysts. Theoretical calculations predict that Nb atoms deliver multi-
functional enhancement toward the NRR when incorporated in an anatase TiO2(110) catalyst: (1)
Decreasing the band gap and inducing electrons to promote the conductivity of TiO2(110), (2)

suppressing the undesired competitive HER, (3) activating the inert Ti sites for N2 adsorption, (4)



enabling fast charge transfer between *NNH and the TiO2(110) surface, and (5) reducing the

energy barrier of the potential-determining *N2 — *NNH step, further facilitating NHz formation.

As aresult, our Nb-TiO2(110) catalyst exhibits superior activity and selectivity for the NRR, which
affords an NHs production rate of about 21.3 ug h™* mgear * and NHs faradaic efficiency of ~9.2%
at —0.5 V (versus reversible hydrogen electrode). This study provides insights for the rational

design of efficient electrocatalysts for the NRR.

1. INTRODUCTION
The century-old Haber-Bosch process is the major method for the production of ammonium
fertilizer and other synthetic nitrogen compounds worldwide. Due to the chemically inert nature

of Na, with its extremely strong N=N triple bond,? the Haber-Bosch process requires harsh

reaction conditions (400—600 °C, 20—40 MPa) that consume 1—2% of the world’s annual fossil
energy output. This generates over 1.5 tons of CO; per ton of produced NH3.3* In this context, as
a sustainable alternative®® to the Haber-Bosch process, the electrochemical nitrogen reduction
reaction (NRR) proceeding under ambient conditions has attracted growing research interest in
recent years.”8

The NRR (N2(g) + 6H" + 6 <> 2NHa"(aq.)) normally consists of three steps:® 1) adsorption of
N2 molecules on the catalytic active sites, 2) cleavage of the N-N bonds and subsequent
hydrogenation of N2, 3) desorption of the as-formed NHz molecules from the catalyst surface.
Unfortunately, the hydrogenation processes associated with multiple electron-transfer are often
hampered by the hydrogen evolution reaction (HER), which incorporates only two electrons for
H. formation'® and competes with the NRR under similar redox potentials, thus inhibiting the NH3

yield rate and faradaic efficiency (FE).'''? Great efforts have been devoted to improving the



performance of ammonia electrosynthesis by different strategies, including development of NRR-
active species with inferior HER activity, or by regulation of the electronic structure of the
electrocatalysts.34

TiO2 has been considered as a promising NRR electrocatalyst since it is non-toxic, abundant,
and has good chemical stability as well as poor activity toward the HER. Unfortunately, as a
semiconductive semi-metal, unmodified TiO> displays low conductivity and weak adsorption and
activation for N2.%°:® It has been reported that introducing oxygen vacancies (Vo) and
heteroatoms (e.g., V,* Fe,'® Zr,?° Cu,?! and La??) can promote the NRR activity of TiO2. Han et
al. suggested that Vo are able to stabilize *N> and *NNH intermediates, thus improving NRR
performance.!® Surface Ti and V atoms in a V-doped TiO facilitated the enhanced generation of
*NH,NH, intermediate.’® Alongside compositional modification, taking advantage of the various
surface electronic structures and energy band levels of the different crystal facets in TiO; is another
useful strategy for boosting its catalytic activity.?*>?* A theoretical calculation predicted that the
(110) surface of anatase TiO, has higher surface energy than both the (010) and (101) surfaces,?®
indicating that the (110) facets have greater potential for loading heteroatoms. According to the
prior DFT study by Zhang et al.,”” among the candidates of Pd, Pt ,Ni, Fe, Co, Mo, and V on the
substrate of black phosphorus, Nb is the most efficient heteroatom to balance the rate-determining
steps in NRR. This inspired us to explore the incorporation of Nb on TiO> for NRR.

In this work, we perform density functional theory (DFT) calculations that predict the
cooperative effect of Nb and anatase TiO2(110) in promoting electrocatalytic NRR
performance. The Nb atoms dispersed on TiO2(110) yield better conductivity with a more
stable structure, compared to pristine TiO2(110) and Nb-TiO2(101). Guided by our theoretical

calculations, we successfully synthesize TiO> single crystals with selectively exposed (110)



facets, supplemented with Nb atomic loading (denoted as Nb-TiO2(110)). In 0.1 M NaxSO4
electrolyte, Nb-TiO2(110) exhibited exceptional performance for NRR, achieving an NH3
production rate of ~21.3 pug h™* mgea * and NH3 FE of ~9.2% at —0.5 V (versus reversible

hydrogen electrode, vs. RHE).

2. RESULTS AND DISCUSSION

We first conducted DFT calculations on the optimized model structures in order to elucidate the
electronic properties of Nb-TiO» structure. For comparison, the most stable (101) facets were also
taken into account (Figure S1). For calculations with ideal (101) and (110) facets, Nb atoms were
situated on the surface of TiO> such that they coordinated with three and five oxygen atoms,
respectively (Figure 1A and B). The binding energy of Nb-TiO2(101) and Nb-TiO2(110) was
calculated to be 2.04 and —0.46 eV, respectively, suggesting a stronger adsorption and interaction
between Nb and the TiO»(110) facet. Figure 1C shows the density of states (DOS) of pristine
Ti02(110), Nb-TiO2(101), and Nb-TiO2(110). Pristine TiO2(110) is semiconducting with a 1.6 eV
band gap at the Fermi level. Nb-TiO»(101) presents a 0.2 eV band gap. However, no band gap was
found for Nb-TiO2(110), and the electron density on the Fermi level significantly increased,
suggesting a much better electrical conductivity,?® which is beneficial to the NRR kinetics due to

promoting the proton-coupled electron-transfer process.?’

The catalytic mechanisms of the NRR process on pristine TiO2(101), pristine TiO2(110), and
Nb-TiO2(110) were also explored through DFT calculations. We canvassed two typical NRR
associative pathways, namely distal and alternating mechanisms, in which all possible reaction
intermediates are involved (Figure S2). As shown in Figure 1D, and consistent with a previous
study,?! TiO2(110) and Nb-TiO2(110) prefer the alternating route instead of the distal route, while

Ti02(101) follows the distal route. Despite the different reaction routes, the three systems shared



the same step of protonation of *N» to form *NNH species (* denotes a surface site) as the
potential-determining step (PDS). The limiting potential (AGpps) for TiO2(110), Nb-TiO2(110),
and TiO2(101) is 1.81, 1.64, and 1.91 eV, respectively, indicating that Nb-TiO2(110) is most
favorable for NRR.?

We also compared the HER activities of the catalysts. According to previous studies, an HER
electrocatalyst can be qualitatively judged by the Gibbs free energy change of the first elementary
step (H + e — H*).?’ As shown in Figure 1E, the free energy change of H adsorption (AG(*H))
on TiO2(101), TiO2(110), and Nb-TiO2(110) is —0.08, —0.22, and 0.61 eV, respectively, implying
that HER is much easier on TiO2(101) and TiO2(110) than on Nb-TiO2(110). It is worth noting
that all the three catalysts exhibit exothermic N> adsorption, thus chemisorb N> molecules
spontaneously. However, pristine TiO> can also adsorb Ha spontaneously, yet for Nb-TiO2(110)
extra energy is needed to adsorb H». The net difference of AG(*N2) — AG(*H) for Nb-TiO2(110)
(—0.98 eV) is much smaller than that for TiO2(110) (0.04 eV) and TiO2(101) (—0.09 eV), indicating
that N> adsorption is less hindered by *H after Nb atom decoration.

To further investigate the reaction step of *N, + H" + ¢~ — *NNH, integrated-crystal orbital
Hamilton population (ICOHP)*? analysis of the N=N bond was performed to investigate the

activation degree for N> molecules, which was generally negatively correlated with the values of
ICOHP. As shown in Figure 1F, Nb-TiO2(110) exhibits less negative ICOHP (—17.59) with
stronger activation for N=N bond than pristine TiO2(110) (—18.48). The charge density difference
of the *NNH state configuration was calculated, as shown in Figure 1G. The electron transfer from
Nb-Ti02(110) to the *NNH intermediate (0.351 |e|) was higher than that from TiO2(110) (0.013]e]),

suggesting a stronger electron interaction between Nb-TiO(110) and the *NNH intermediate.’!



Therefore, introducing Nb atoms to TiO2(110) facets should improve the activation of *N; and
promote charge transfer to form *NNH in the PDS, further facilitating the NRR.
Based on these theoretical predictions, it is reasonable to envision that Nb-TiO2(110) has the

potential to achieve a positive catalytic performance for the NRR. We next started experiments

accordingly.
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Figure 1. The surface structure of (A) Nb-TiO2(101) and (B) Nb-TiO2(110). (C) Projected density
of states of TiO2(110), Nb-TiO2(101), and Nb-TiO2(110). (D) The Gibbs free energy diagrams on
the TiO2(101), TiO2(110), and Nb-TiO2(110) along the respective optimum NRR reaction

pathways. (E) The HER Gibbs free energy diagrams on the TiO2(101), TiO2(110), and Nb-



TiO2(110). (F) The crystal orbital Hamilton population (COHP) between N-N bond of the
adsorbed *NNH intermediates for pure TiO2(110) and Nb-TiO2(110), respectively. (G) Charge
density difference of the *NNH intermediates for TiO2(110) and Nb-TiO2(110). Yellow and blue

isosurface are demonstrated as positive and negative changes of density, respectively.

We synthesized Nb-TiO2(110) via a simple one-step solvothermal strategy. The X-ray
diffraction (XRD) pattern (Figure 2A) showed Nb-TiO2(110) crystallized in the anatase TiO>
phase (JCPDS no. 21-1272), and the (101) Bragg reflection shifted to a lower 26 angle with the
loading of Nb atoms to TiO> (inset of Figure 2A), indicating a change in structure due to doping.
Nb was not detected by XRD due to its small particle size and/or low content, confirmed as 3.36
wt% loading by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis
(Figure S3). The surface atomic composition and the chemical state were investigated using X-ray
photoelectron spectroscopy (XPS). The Nb 3d spectrum of Nb-TiO2(110) exhibited two peaks at
206.9 and 209.6 eV (Figure 2B), which can be assigned to the binding energies of Nb°>* 3ds/2 and
Nb%* 3da, respectively,® while no peak of Nb was detected for pristine TiO2(110). The binding
energies of Ti 2p at 464.3 and 458.6 eV (Figure 2C) indicated the existence of Ti** without other
Ti species.®® In addition, the peaks showed no shift after introducing Nb, demonstrating that Nb
atoms did not change the chemical valences of Ti** ions, thus it was unlikely to have formed new
Nb-Ti—O bonds. The N 1s XPS spectra confirmed the absence of N in the as-synthesized catalysts
(Figure 2D). The O 1s peaks at 529.8 and 531.8 eV (Figure S4) are indicative of bonding between
O and Ti in the form of Ti—O linkage for TiO23* and the presence of —OH groups on the surface,*®
respectively. After the loading of Nb, a strong peak at 533.2 eV emerged, which resulted from the

carboxyl group of niobium oxalate.*



The Raman peaks of pristine TiO2(110) are observed at 149.8 cm™ (Eg), 399.8 cm™ (Bag), 512.4
cmt (Ayg), and 634.5 cm™ (Eg), corresponding to the anatase TiO, (Figures 2E and S5).%"38 The
band at 399.8 cm* slightly shifted to a higher wavenumber for Nb-TiO2(110) due to the difference
in size of the Nb and Ti ions, leading to a distortion of the TiO: lattice after loading of Nb atoms,
supporting our XRD observation (Figure 2A). The Fourier transform infrared (FTIR) spectra
exhibited an infrared absorption band at around 550 cm™ for TiO2, which shifted to 570 cm™ for
NDb-TiO2(110) (Figure 2F). This band belongs to the bending and stretching vibration of Ti-O
group (300-800 cm™),3® with the shift further confirming the successful attachment of Nb on
TiOo.

To visualize the adsorption and activation of N2 on the catalysts, N2-temperature programmed
desorption (N2-TPD) was conducted (Figure 2G). Generally, the peak and the area of desorbed
temperature represent adsorption strength and capacity of the gas, respectively.*’ For pristine
TiO2(110), only one N2 desorption peak at 379 °C was observed. In contrast, Nb-TiO2(110)
displayed one N physical adsorption peak at 287 °C and two N2 chemisorption peaks at 366 and
579 °C, indicating that Nb-TiO2(110) possesses two sites (Ti and Nb) for N2 adsorption with
significantly enhanced interaction between N gas and the catalyst, which could bring
advantageous activity for the NRR. The N; adsorption—desorption isotherms of TiO2(110) and Nb-
TiO2(110) are depicted in Figure S6. A typical type Il isotherm is observed based on the Brunauer—
Deming—Deming—Teller classification, where the Brunauer—-Emmett—Teller surface area of Nb-
TiO2(110) was estimated to be ~86.8 m? g™!, larger than that of TiO2(110) (~43.8 m? g'!). High
surface areas favor accessibility to reactants and also benefit mass transport of reactants and

intermediates, conducive to improved catalytic activity.
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Figure 2. (A) XRD patterns, (B) Nb 3d, (C) Ti 2p and (D) N 1s XPS spectra, (E) Raman and (F)
FTIR spectra, and (G) N2-TPD results of TiO2(110) and 3.36% Nb-TiO2(110). The inset in (A)

shows the magnified XRD pattern from the encased dashed square.



We further employed X-ray absorption fine structure (XAFS) measurements to probe the
chemical environment of Nb in the as-made Nb-TiO>(110). Figure 3A displays the Nb K-edge
X-ray absorption near-edge structure (XANES) spectra of Nb-TiO2(110) and reference
samples of commercial Nb,Os and Nb foil. As opposed to Nb foil, the Nb K-edges of Nb-
TiO2(110) shift to a higher energy and the average oxidation state of Nb in the sample is
close to +5, in good agreement with the above-mentioned XPS results (Figure 2B). Figure
3B presents the Fourier transform (FT) k>-weighted extended X-ray absorption fine
structure (EXAFS) spectra of the three samples. The first-shell peak can be fitted well with
a Nb—O coordination number of 4.7 + 0.4 (~2.0 A, Table S1), as well as a small Nb—Ti
contribution (3.1 A, Table S1). Note that the peak of Nb—Nb at ca. 2.61 A is very weak
(Figure 3C), implying the formation of isolated single Nb atoms. Since the EXAFS can
only give an average coordination number, the result can be considered to be consistent
with the Nb—Os coordination environment applied in the DFT models. This confirmed that

the majority of Nb species in Nb-TiO2(110) existed in the form of Nb—Os atoms.
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Figure 3. (A) Nb K-edge XANES spectra and (B) FT k3-weighted EXAFS spectra in the R
space of 3.36% Nb-TiO2(110) along with those of Nb foil and Nb2Os as reference standards. (C).

Wavelet transform of the k3-weighted EXAFS data of Nb foil, commercial Nb,Os, and 3.36% Nb-

TiOx(110).
Scanning electron microscopy (SEM) images of the as-prepared Nb-TiO2(110) revealed the

lateral size of the obtained Nb-TiO2(110) is about 3-5 um (Figure 4A), with the crystals exhibiting

regular morphologies with smooth faceted surfaces, indicating that Nb is distributed

11



homogeneously across the TiO2 without obvious aggregation. The exposed facets are (001) facets
(the top and bottom facets), (101) facets (the isosceles trapezoids), and the additional rhombus
facets with four truncated corners corresponding to the highest-surface-energy (110) facets.*!
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Figure 4B—E) with EDS
spectrum (Figure S7) revealed the uniform distribution of Nb, Ti, and O. Compared with the Nb-
TiO2 without (110) facets (Figure S8), we can confirm the presence of (110) facets and the
existence of Nb in the sample.

Atomic-resolution aberration-corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images allowed direct measurement of the lattice spacings
at 0.35 and 0.24 nm (Figure 4F—H), in good agreement with the expected values of 0.351 and
0.237 nm for the (101) and (004) anatase TiO> lattices. As shown in Figure 4F, the angle labeled
in the corresponding fast Fourier transform (FFT) image is 68°, matching well with the reference
value for the expected angle between the (101) and (001) facets.*> High magnification imaging
(Figure 4H) revealed a dispersion of bright dots (indicated by circle annotations) which we
attributed to individual Nb atoms on the TiO2 support. Intensity line profiles analysis of Figure 4H
supports this (Figure 41 and J); box-averaged line profiles were acquired across several of the Nb
sites indicated in Figure 4H, as denoted by line annotations in Figure 41, yielding HAADF intensity
profiles (Figure 4J). The larger atomic number of Nb (Z = 41), compared to Ti (Z = 22), yielded
significantly higher intensity HAADF peaks at the Nb adatom sites, as indicated by arrows in the
intensity plots (Figure 4J). No Nb particles or aggregates were observed, indicating that Nb mainly

existed in the form of atoms, consistent with the afore-mentioned XAFS results (Figure 3).
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Figure 4. (A) SEM image, (B) TEM image and corresponding elemental EDS maps of (C) Nb,
(D) Ti, and (E) O of 3.36% Nb-TiO2(110). (F) HAADF-STEM image of 3.36% Nb-TiO(110).
Inset: corresponding FFT. (G) and (H) correspond to the regions enclosed by the blue square in

(F). Yellow dotted circles indicate Nb sites. (1) Box-averaged intensity line profiles acquired from
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the indicated annotations (same image as (H)). (J) The intensity profiles extracted from (1), with

arrows indicating Nb sites.

The NRR measurements were evaluated at ambient conditions using an H-type two-
compartment cell separated by a Nafion 117 membrane. A neutral electrolyte (0.1 M NaSO4
solution) was applied to overcome the corrosion problems that are common in acidic and alkaline
electrolytes. All potentials for electrochemical NRR were reported on a RHE scale. In order to
eliminate any possible nitrogen contaminant, N> with high purity (99.9999%) was used as a
feeding gas without any other nitrogenous element (Figure S9), and no nitrogenous material was
introduced during the catalyst preparation process, as evidenced by the EDS spectrum (Figure S7)
and the high-resolution N 1s XPS spectra (Figure 2D). Before NRR measurements, the N feed
gas first passed through 0.1 M KOH solution to remove NOx from the gas, then through 0.05 M
H2S04 solution to remove NHs, and finally through silica gel to remove water vapor.*® It was
ensured that no NOz~ and NO2~ were present in the N2-saturated electrolyte (Figures S10 and S11).
After each 1 h long NRR electrolysis, the produced NHsz was quantitatively determined by the
indophenol blue method (Figure S12), ion chromatography, and ammonia/ammonium ion
selective electrodes (ISE) (Figure S13). The possible presence of N2Hs by-product was also
checked for using the Watt and Chrisp method.

The linear sweep voltammetry (LSV) curves of pristine TiO2(110) and Nb-TiO2(110) catalysts
show increased responses for current density after changing the atmosphere from Ar to N2 (Figure
5A), indicating that nitrogen reduction occurs on these catalysts. Moreover, Nb-TiO2(110)
exhibited a significantly higher current density than TiO2(110), demonstrating that the Nb-

Ti02(110) catalysts are more feasible for the NRR. A series of control and blank experiments were

14



conducted, including in Ar-purged solution (under the exact same conditions as the NRR
experiments); in the complete absence of catalyst; catalyst with just the background Nafion
solution binder; holding the catalyst at an open circuit potential; and with catalyst precursor
solutions. The results showed that almost no NHz was present in the background (Figure 5B).
Cyclic voltammetry measurement showed no typical ammonia oxidation peak, which would be
expected to appear at ~0.7 V (vs. RHE)* (Figure S14). These measurements exclude possible
contamination from any external source except the N2 feed gas. Moreover, the electrolyte was open
in the air close to the operator for extended durations. It showed that only a negligible amount of
NH4" was detected after 4 h of exposure (Figure S15). This rules out impacts of environment,
electrolyte, and operator on the NRR. Under reaction conditions, only NH4* ions were detected,
and no N2H4 by-product was observed (Figure S16), indicating the good selectivity of the catalysts
to NHa.

The average NHjs yield rates and corresponding FEs of pristine TiO2(110) and Nb-TiO2(110)
under various electrode potentials are shown in Figure 5C and D. The performance of Nb-
TiO2(110) surpassed TiO2(110) at all applied potentials. A maximum NHj3 yield rate of ~21.3 pg
h™t mgear * and FE of ~9.2% were achieved at —0.5 V over Nb-TiO2(110). The concentration of
NH4* was also detected by ISE and ion chromatography, which showed equivalent results to the
spectrophotometric method. Isotopic labeling using N in combination with isotope sensitive
proton nuclear magnetic resonance (*H NMR) was further performed. The *H NMR spectrum of
the NRR product exhibited a doublet coupling (~73 Hz) typical for *°NH4* compared with a triplet
coupling (=52 Hz) for ¥*NH,* (Figure S17A). The absolute dominant **NH,* doublets confirmed
that the N in NH3 stemmed from the gaseous N2 supplied. Furthermore, we carried out quantitative

NMR analysis using '°N> as a feed gas and obtained the signal integration-concentration linear
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relation (Figure S17B and C). The '"’NHj yield rate at —0.5 V was determined to be ~21.9 ug h™!
mgeat |, consistent with the '*NH; yield rate obtained under similar conditions except using '*N,
as a feed gas quantified by the indophenol blue method, ion chromatography, and
ammonia/ammonium ion selective electrodes (ISE). This verifies the reduction of N> into NHj3
catalyzed by the Nb-TiO2(110) catalyst. The NHs partial geometric current density on Nb-
TiO2(110) was 17.5 pA cm 2 at —0.5 V, nearly two times higher than that of TiO2(110) (Figure
5E). However, the competing HER greatly reduces the NHz yields and FEs with increase of the
applied potential below —0.5 V.

For comparison, the NRR activities of commercial anatase TiO», P25, pristine TiO2 without and
with (110) facets, and Nb-TiO, without and with (110) facets, were also evaluated under identical
conditions. As displayed in Figure 5F, pristine TiO2 exhibited a decreased NH3 yield compared to
TiO2 with Nb loading. Specially, Nb-TiO2(110) achieved better NRR performance than Nb-TiO>
without exposed (110) facets. From these results, it can be deduced that the significantly boosted
NRR activity of Nb-TiO2(110) stems primarily from the synergistic effect of Nb and TiO2(110)
facets. The effect of Nb loading amount on the NRR performance was also investigated. A volcano
relation was observed (Figure S18). The NRR activity increased with increasing Nb content and
maximized at 3.36%, plausibly due to the increment of active atomically dispersed Nb sites.
Beyond, further increasing the Nb loading led to a drop in NRR performance, likely resulting from
the formation of Nb aggregates at high Nb contents. It is worth noting that Nb-TiO2(110) surpasses
most previously reported TiO2- and Nb-based electrocatalysts in terms of NHz yield rate and FE
(Table S2).

Tafel analysis was performed to reveal the kinetics for NH; formation. The Tafel slope of Nb-

TiO2(110) (~188.1 mV dec') was substantially lower than that of pristine TiO2(110) (~262.5 mV
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dec™!) (Figure 6A), indicating that Nb-loaded catalyst greatly promotes the NRR kinetics. The
electrochemical active surface area (ECSA) was determined based on the electrochemical double-
layer capacitance (Ca). Nb-TiO2(110) possessed a markedly higher Cq compared TiO2(110)
(Figure S19), suggesting more active sites for NRR on the surface of Nb-TiO2(110). In addition,
Nyquist plots (Figure 6A) showed a lower charge transfer resistance for Nb-TiO2(110), in

accordance with its superior NRR activity.
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Figure 5. (A) The LSV results of TiO2(110) and 3.36% Nb-TiO2(110) on glassy carbon electrodes

in Ar- (dashed line) or N2 (solid line)-purged 0.1 M aqueous Na2SO4 with a scan rate of 5mV s 1.
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(B) UV-vis absorption spectra of the electrolytes after electrolysis at —0.5 V for the control
experiments with Ar-saturated electrolyte (Ar gas), or pure carbon paper, or with only the
background Nafion solution (Binder), or at an open circuit (Open circuit), or with catalyst
precursor solutions (Precursor). (C) The NHs yield rates (the heart symbol in the figure indicates
the *®*NHjs yield rate determined by *H NMR), (D) FEs, and (E) the NHj3 partial geometric current
densities at different applied potentials over TiO2(110) and 3.36% Nb-TiO2(110). (F) The FEs and

yield rates of NH3 over various TiO: catalysts at —0.5 V in N2-saturated 0.1 M Na>SO4 solution.

The stability of Nb-TiO2(110) was investigated by various assays. After alternating electrolysis
between Ar and N»-saturated electrolytes, the NH3; formation rate and FE over Nb-TiO2(110) were
well preserved during each cycle (Figure 6C). The time-current curves performed at —0.5 V (Figure
6D) exhibited a negligible decrease in current density during a long-term electrolysis of 70 h. The
NHj3 yield and FE decreased by approximately 10% after 70 h of electrolysis (inset of Figure 6D)
probably due to loss of the exposed (110) facet (Figure S20). We also performed the cycle tests
continuously for 10 times in Nj-saturated 0.1 M Na;SOs4. The Nb-TiO2(110) catalyst still
maintained efficient NRR activity with nearly constant NH3 yield rates and FEs (Figure S21),
further confirming the superior repeatability and stability of the catalyst. The bulk pH of the
electrolyte after 1 h of electrolysis was found to show almost no change (Figure S22), despite an
apparent increase in pH after 30 h of electrolysis due to consumption of protons during the
extended NRR. The effect of pH (especially local pH) change on the NRR in different types of
electrolytes will be explored in our future study.

Operando Raman spectroscopy was further employed to monitor the possible reaction

intermediates or products on Nb-TiO>(110) at —0.5 V in an N»-saturated 0.1 M Na>SOq electrolyte.
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In contrast to the result obtained under open circuit potential, obvious Raman modes gradually
appeared as the reaction progressed (Figure 6E and F). The peaks at approximately 980, 3150, and
3300 cm !, can be assigned to NH3* and N-H*, respectively, indicating strong nitrogen reduction

to NH3 on the electrode, further confirming the calculated NRR pathway and the excellent NRR

performance.
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Figure 6. (A) Tafel plots and (B) EIS profiles of TiO2(110) and 3.36% Nb-TiO2(110). (C) The FE
and yield rate for NH3 formation over 3.36% Nb-TiO2(110) with alternated cycles between Ar-

and Na-saturated 0.1 M NaxSO4 at —0.5 V. (D) Long-term durability of 70 h at —0.5 V over 3.36%
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Nb-Ti02(110) electrode. (E, F) Time-resolved operando Raman spectra of 3.36% Nb-TiO2(110)

collected at —0.5 V under open circuit potential and N> atmosphere at different reaction periods.

3. CONCLUSION

We predicted by DFT calculations that Nb atoms loaded on TiO2(110) facets would be conducive
to improving the stability and conductivity of TiO., activating the inert Ti sites for N2 adsorption,
hindering the HER activity, and reducing the energy barrier of NRR pathways. Accordingly, we
successfully exposed the (110) facets of anatase TiO2 and loaded Nb atoms, yielding a new high
performance NRR electrocatalyst. Our Nb-TiO2(110) catalyst affords a high NHs yield of
approximately 21.3 pug h™* mgeat * and an FE of ~9.2% at —0.5 V in 0.1 M Na2SO4, with a long-
term stability of 70 h. The performance of Nb-TiO2(110) exceeds most previously reported TiO>-
and Nb-based electrocatalysts for NRR at ambient conditions. This work provides a protocol for
the rational design and development of highly efficient metal electrocatalysts for electrochemical

N fixation.
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