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Lattice hydrogen transfer in titanium
hydride enhances electrocatalytic nitrate to
ammonia conversion

Jiawei Li1, Wanqiang Yu1, Haifeng Yuan1, Yujie Wang1, Yuke Chen1, Di Jiang1,
Tong Wu1, Kepeng Song 2, Xuchuan Jiang3, Hong Liu 1,4, Riming Hu 3 ,
Man Huang 1 & Weijia Zhou 1

The electrocatalytic reduction of nitrate toward ammonia under mild condi-
tions addresses many challenges of the Haber-Bosch reaction, providing a
sustainable method for ammonia synthesis, yet it is limited by sluggish
reduction kinetics and multiple competing reactions. Here, the titanium
hydride electrocatalyst is synthesized by electrochemical hydrogenation
reconstruction of titanium fiber paper, which achieves a large ammonia yield
rate of 83.64mgh−1 cm−2 and a high Faradaic efficiency of 99.11% with an
ampere-level current density of 1.05 A cm−2 at −0.7 V versus the reversible
hydrogen electrode. Electrochemical evaluation and kinetic studies indicate
that the lattice hydrogen transfer from titanium hydride promotes the elec-
trocatalytic performance of nitrate reduction reaction and the reversible
equilibrium reaction between lattice hydrogen and activate hydrogen not only
improves the electrocatalytic activity of nitrate reduction reaction but also
demonstrates notable catalytic stability. These finding offers a universal
design principle for metal hydrides as catalysts for effectively electrochemical
ammonia production, highlighting their potential for sustainable ammonia
synthesis.

Ammonia (NH3) is an important chemical commonly used in agri-
culture, plastics, pharmaceuticals, and other industries1–4. The Haber-
Bosch process supplied humans and crops with NH3, contributing
significantly to humandevelopment for over a century5,6. However, the
Haber-Bosch reaction required rigorous conditions, including tem-
peratures (~ 500 °C) and pressures (> 100 atm), to initiate the slow
reaction of N2 and H2

7–9. To achieve carbon neutrality and address the
global energy crisis, it was vital to explore a green and energy-efficient
process for NH3 synthesis. Nitrogen gas (N2) from air has been
recognized as a key nitrogen contributor for a promising approach
through the electrochemical nitrogen reduction reaction (NRR)10.
However, the challenge with NRR laid in the remarkably stable N ≡N

bonds (941 kJmol−1) and its limited solubility in water11, which led to
poor selectivity and low efficiency in the reaction12,13.

In contrast, the transformation of nitrate (NO3
−) into NH3 via the

nitrate reduction reaction (NIRR) could circumvent the issue of N2’s
solubility in water. The NO3

− was particularly active since it possessed
low N=O bond cleavage energy (204 kJmol−1)14,15. Direct synthesis of
NH3 from NO3

− could potentially reduce water pollution, conserve
energy, and promote sustainable NH3 production16. Moreover, con-
verting high concentrations of NO3

− to NH3 was significant for both
environmental and energy considerations17. From an environmental
perspective, high-concentration nitrate waste waters typically come
from sources like landfill leachate, aquaculture wastewater, and the
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fertilizer industry. From an energy perspective, reducing high-
concentration nitrates to synthesize NH3 could generate a significant
amount of NH3, making the recovery of NH3 worthwhile. Nonetheless,
the process of converting NO3

− to NH3 involved a complex
reaction requiring the transfer of 8 electrons and 9 protons
(NO�

3 + 6H2O+8e� ! NH3 + 9OH
�,PH = 14), with numerous poten-

tial intermediates5,18. The competitive hydrogen evolution reaction
(HER) and various by-products complicate the reaction pathways,
reducing the selectivity and efficiency of NIRR19,20, which needed an
efficient electrocatalyst for NIRR.

In order to rationally design NIRR catalysts, an in-depth mechan-
istic understanding of the reaction was necessary. Conventional
strategy is generally needed to design tandem catalysts that possess
both nitrate activation sites and hydrogenation sites to achieve high
nitrate catalytic activity. For example, in our team’s previous research,
laser-controlled preparation of CuNi alloy as nitrate reduction elec-
trocatalyst with tandem catalytic sites17. The active hydrogen (H*) in
the hydrogenation reaction typically comes from water in the elec-
trolyte. If there was insufficient active hydrogen available for the NIRR,
it would limit the efficiency of convertingNO3

− to NH3. Thus, designing
an in situ hydrogenation reaction on the electrocatalyst to improve the
NIRR efficiency remains an area that requires further research.

In general, titanium hydride has attracted attention for its ability
as a hydrogen storage material21,22. Thomas F. Jaramillo employed
titanium metal as the electrode for efficient electrochemical nitrate
reduction to ammonia23. During the NIRR process, the titanium
hydride was detected after long-time catalysis, but the contribution of
titanium metal and titanium hydrides to the catalysis could not be
determined. In addition, other hydrogenation phenomena had also
been observed in the electrochemical reduction of nitrate24,25. Further,
William A. Tarpeh reported that titanium hydrides exhibited excellent
nitrate-catalytic activity and investigated the catalyst structure indetail
using GIXRD and XAS. They highlighted the significance of connecting
NIRR performance to the near-surface electrode structure to improve
catalyst design and operation26. However, they believed that the rea-
son for the high catalytic activity of hydrogenated titanium was
attributed to the traditional proton-transfer mechanism (H* was
derived from the electrolyte). So, the mechanism of lattice hydrogen
participating in the hydrogenation catalytic reaction has not been
proposed and confirmed.

In this work, the titaniumhydride electrocatalyst is synthesized by
electrochemical hydrogenation reconstruction of titanium fiber paper
(Ti FP). The obtained titanium hydride electrocatalyst exhibited a high
NH3 yield rate of 83.64mg h−1 cm−2 and Faradaic efficiency (FE) of
99.11% along with the ampere-level current density of 1.05 A cm−2 at
−0.7 V versus the reversible hydrogen electrode (RHE). We confirmed
thehydrogenation reaction involving latticehydrogenduring theNIRR
process through isotopic tracking experiments and theoretical calcu-
lations. The lattice hydrogen transfer mechanism was proposed, and
the reversible equilibrium reaction between lattice hydrogen and
active hydrogen (H*) was confirmed to not only improve the electro-
catalytic activity of NIRR but also demonstrate high catalytic stability.
The more important matter was that the proposed mechanism of lat-
ticehydrogenparticipating in the reversible catalytic reaction couldbe
extended toothermetal hydrides, such as palladiumhydride, tantalum
hydride, and vanadium hydride. This understanding provided a uni-
versal design concept for metal hydrides as catalysts and lattice
hydrogen as H* sources for efficient electrochemical NH3 production,
highlighting their potential for sustainable ammonia synthesis.

Results
Preparation and characterization of electrocatalysts
Electrochemical hydrogenation reconstruction offered a potential
strategy for converting precursor materials into highly active
electrocatalysts27,28. Self-supported electrocatalysts prepared on

conductive substrates could avoid the use of binders, thus exposing
more active sites and improving catalytic activity. A self-supported
hydrogen-rich titanium hydride electrocatalyst was prepared by
cathodic in situ electrochemical hydrogenation reconstruction
(Fig. 1a). To select the optimal hydrogenation potential, Cyclic Vol-
tammograms (CV) tests were conducted for Ti FP within the range
from 0 to − 1.3 V vs. RHE. As shown in Supplementary Fig. S1, the
current density rose as the applied potential increased, indicating that
the higher applied potential led to faster hydrogenation. To regulate
the extent of electrochemical reduction, CV curves for activation
covering different cycles (1st, 10th, 50th, 100th) within the range of 0 V to
− 1.3 V vs. RHEweredepicted in Fig. 1b. The correspondingpolarization
curves were displayed in Supplementary Fig. S2. The current density
slightly increased between the 50th and 100th cycles, suggesting that
the Ti FP could convert to TiH1.97/Ti after activation for 50 cycles.
Concurrently, the i-t curve at − 1.3 V vs. RHE for 1 h, shown in Fig. 1c,
reached amaximum current density within 500 s and remained stable,
implying that the electrochemical reconstruction of Ti FP to titanium
hydride was a rapid process. In Fig. 1d, linear sweep voltammetry (LSV)
of the sample at the initial stage and after hydrogenation for 500 s
exhibited a significant difference in current density response. How-
ever, the current density response remained essentially unchanged
after hydrogenation for 500 s and 3000 s, indicating that titanium
hydride could be successfully prepared after hydrogenation for 500 s.
Thus, a titanium hydride catalyst could be obtained quickly (hydro-
genation for 500 s) through electrochemical hydrogenation recon-
struction. As illustrated in Supplementary Fig. S3, the silver-gray Ti FP
converted to black following a period of cathodic reconstruction. The
load of titanium hydride catalyst on the electrode was determined to
be 0.60mg cm−2 by weighing the mass before and after reaction with
0.1M HCl (Supplementary Fig. S4).

The X-ray diffraction (XRD) pattern demonstrated that the cata-
lyst matched well with the standard cubic TiH1.97 (PDF#07-0370) and
hexagonal Ti (PDF#44-1294) (Fig. 1e), confirming that Ti and TiH1.97

coexist in the catalyst. In addition, we also provided the standard cards
for TiO2 (PDF#73-2224), and TiH2 (PDF#09-0371) (Supplementary
Fig. S5a) and partially magnified the diffraction peaks at TiH1.97 (200)
(Supplementary Fig. S5b). By comparison, we found that therewere no
characteristic peaks of TiO2 in the XRD pattern. Combining XAFS
spectra (Fig. 2d) and XRD spectrum (Supplementary Fig. S5), it was
clear that the characteristic peaks of TiH1.97 weredistinct from those of
TiH2, therefore, this catalyst had been confirmed asTiH1.97. Besides,we
scraped the black catalyst from the titanium fiber substrate and
detected its phase structure throughXRD. As shown in Supplementary
Fig. S6, there areonly threedistinct characteristic peaks at 35.0°, 40.6°,
and 58.8°, corresponding to the (111), (200) and (220) lattice planes of
TiH1.97. The scanning electronmicroscopy (SEM) imagesdisplayed that
the obtained titaniumhydride showed the nanosheetmorphology and
uniformly grew on titanium fiber (Fig. 1f, g and Supplementary Fig. S7).
Furthermore, the titanium hydride nanosheets exhibited a smooth
surface from the transmission electron microscopy (TEM) image
(Fig. 1h), which was consistent with SEM results.

Chemical state and coordination environment of titanium
hydride
The structural details of titanium hydride were confirmed by high-
angle-annular-dark-field scanning transmission electron microscopy
(HAADF-STEM). Figure 2a displays the high-resolution HAADF-STEM
image of titanium hydride, where the marked d-spacings of 0.26 nm
and 0.23 nm correspond to the (111) and (200) lattice planes of tita-
nium hydride, respectively. The integrated pixel intensities revealed a
periodic oscillation pattern, corresponding to the titanium hydride
(111) and (200) planes (Fig. 2b). The selected area electron diffraction
(SAED) pattern showed well-crystallized titanium hydride (Supple-
mentary Fig. S8). As shown in Fig. 2c, the atomic-resolution HAADF-
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STEM image demonstrated the crystal structure of the titanium
hydride (111) planes, with pink and blue circles representing hydrogen
and titanium atoms, respectively. To examine the local coordination
environment of Ti species in TiH1.97, synchrotron-radiation-based
X-ray absorption fine structure (XAFS) was utilized. The Ti K-edge
XAFS spectra of TiH1.97, the standard spectrum of Ti and TiH2 were
presented in Fig. 2d. Unlike Ti, TiH2 showed no pre-edge peak, indi-
cating the near-surface structure of TiH2 transitioned from the hex-
agonal packed structure of Ti to a face-centered cubic structure26.
TiH1.97 showed a pre-edge peak similar to that of TiH2, but the energy
was lower than that of TiH2, indicating that TiH1.97 had the same face-
centered cubic structure as TiH2 (Supplementary Table S2). This dif-
ference also confirms that the sample we obtained was TiH1.97 rather
than TiH2. In addition, the Ti foil exhibited a significant Ti-Ti scattering
peak at 2.52 Å, which shifted to 2.72 Å in TiH1.97 in the Fourier trans-
formed (FT-EXAFS), suggesting an increase in the Ti-Ti bond length
after hydrogen introduction (Fig. 2e). In addition, EXAFS curve-fit
analysis was performed with Ti-Ti scattering paths, which was closely
matched with TiH1.97 (Fig. 2f, g). The wavelet transform (WT-EXAFS)
analysis verified the distinction between the TiH1.97 and Ti samples.
The maximum intensity at the K (~ 7.36 Å−1) and R +α (~ 2.72 Å) peak
(Fig. 2h), attributed to the Ti-Ti bonds in the Ti WT contour plots of
TiH1.97, was higher than that of Ti (~ 6.69 Å−1 and ~ 2.52Å) (Fig. 2i),
indicating that the introduction of hydrogen leads to an elongation of
the Ti-Ti bond in TiH1.97.

Electrocatalytic performance in NIRR
The NIRR performance of titanium hydride was evaluated using a
H-type cell via electrochemical measurements. Linear sweep voltam-
metry (LSV) was performed to assess the activity and selectivity of the
as-synthesized catalysts in 0.1M KNO3 and 1M KOH (pH= 14), the
current density of titaniumhydride significantly increased after adding
NO3

− to the electrolyte (Fig. 3a), confirming that titanium hydride
could effectively reduce NO3

−. The corresponding current density of
titanium hydride reached up to 1.05 A cm−2 at −0.7 V vs. RHE, which
was significantly superior to that of Ti FP (0.41 A cm−2). At the same
potential, the maximum FE of 99.11% with an NH3 yield of 83.64mgh−1

cm−2 was achieved (Fig. 3b and Supplementary Figs. S9, S10). In addi-
tion, the NIRR performance of titanium hydride was further evaluated
using electrolytes with varying concentrations of NO3

−. The NH3 yields
of NIRR for titanium hydride increased from 41.01mgh−1 cm−2 to
96.05mgh−1 cm−2 at −0.7 V vs. RHE across a range of NO3

− con-
centrations from 0.02M to 1.00M (Fig. 3c and Supplementary
Fig. S11), indicating its potential in treating water sources with varying
levels of NO3

− pollution. In addition, as the nitrate concentration
increased from 0.02M to 0.06M, the FE gradually increased from
73.30% to99.21%.When the concentration continued to increase from
0.07M to 1.00M, FE showed a slight downward trend from 99.18 % to
93.34 %. This phenomenon was mainly attributed to the competitive
reaction with HER at low concentrations and the influence of the tan-
dem reaction of hydrogenation at high concentrations. At low NO3

−

Fig. 1 | Preparation and characterization of electrocatalysts. a A schematic
illustration of the electrochemical hydrogenation reconstruction of titanium fiber
paper and their corresponding structure diagram. b CV curves of different cycles
within the range from 0 to − 1.3 V vs. RHE (without iR compensation). c i-t curve at

− 1.3 V vs. RHE (without iR compensation) for 1 h of Ti electrode. d LSV curves of Ti
electrode before and after i-t testing (without iR compensation). e XRD spectrum.
f, g SEM images (h) TEM image.
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concentrations, the competitive reactions between NIRR and hydro-
gen evolution reaction (HER) played a dominant role. At high NO3

−

concentrations, the tandem catalytic reaction between nitrate activa-
tion and hydrogenation played a dominant role. Their relationship
diagram is shown in Supplementary Fig. S12., Since stability was a
crucial factor for industrial applications, a stability test was performed
at −0.7 V vs. RHE, with periodic updates taken every 3 h (Fig. 3d). In
each stage, the yield and FE remained stable for the first two hours, but
the NIRR performance showed a marked decline in the final hour,
which was correlated with the reduction in NO3

− concentration. It was
evident that the decline in NIRR performance could be recovered by
renewing the electrolyte, highlighting the high robustness of titanium
hydride in NIRR applications. After long-time cyclic testing, we had
thoroughly characterized the titanium hydride catalyst. The SEM and
XRDanalyses of the titaniumhydride showed that themorphology and
phase of the material had not changed (Supplementary Figs. S13, S14).
The above results further confirmed the stability of titanium hydride
during the NIRR process. We also tested the XRD spectrum of the
electrode during NIRR at applied potentials of −0.1, −0.2, −0.4, −0.6,
−0.8, and − 1.0 V vs. RHE. Based on ex-situ XRD patterns (Supple-
mentary Fig. S15a) and local magnification of the (200) and (220)

characteristic peaks (Supplementary Fig. S15b, c), the phase of tita-
nium hydride did not change during the NIRR process, implying that
the Ti to H ratio in the activematerial remained unchanged. This result
also confirmed our proposed viewpoint: In titanium hydride, the lat-
tice hydrogen spills out and participates in the hydrogenation reaction
during the nitrate reduction process, while the H generated by water
electrolysis replenishes the hydrogen consumption in titanium
hydride.

To assess the wastewater treatment potential and ammonia pro-
duction efficiencyof titaniumhydride. As illustrated in Fig. 3e, theNO3

−

concentration gradually decreased during NIRR at −0.7 V vs. RHE.
After 3 h of electrocatalysis, only 5.08 ppm of NO3

−-N and 0.89 ppm of
NO2

−-N were left, both well below the WHO standards for drinking
water, indicating a NO3

− conversion rate of 98.50 % and an NH3

selectivity of 98.20 %. The 0.25 cm2 catalyst was shown to effectively
reduce NO3

− and NO2
− levels in 50mL of simulated industrial waste-

water to meet drinking water standards within 3 h, showcasing its
notable wastewater treatment capacity. Under the same conditions
(1M KOH+0.1M NO3

−), the titanium hydride catalyst demonstrated a
significantly higher NH3 yield rate (83.64mgh−1 cm−2) and FE (99.11 %)
at the potential of −0.7V vs. RHE compared to the latest NIRR

Fig. 2 | Chemical state and coordination environment of titanium hydride.
a High-resolution HAADF-STEM image of titanium hydride. b Integrated pixel
intensities in the selected regions of (a).cAtomic-resolutionHAADF-STEM imageof

titanium hydride.dXAFS spectra and (e) FT-EXAFS spectra at Ti K-edge. f Ti K-edge
EXAFS (line) and curve fit (points) for TiH1.97 in R-space. g The fit curve of k3χ(k)
oscillation functions in k-space for TiH1.97.h, iWT-EXAFS of Ti for TiH1.97 and Ti foil.
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electrocatalysts documented in the literatures15,29–37, and the ECSA-
normalized NH3 yield up to 0.72 while maintaining NIRR performance
that was on par with or superior to that of its competitors (Fig. 3f,
Supplementary Fig. S16 and Supplementary Table S3). In addition, the
voltage ranges used in various literatures were different, and we also
compared the NIRR performance under the same NO3

− concentration
with different voltages, our catalyst could achieve high FE and NH3

yield rate at high voltages as shown in Supplementary Fig. S17, which
was very important in ammonia synthesis, and this performance was
difficult to achieve in other catalysts. We also calculated the NIRR
performance based on the mass of the titanium hydride catalyst loa-
ded on the electrodes. As could be seen from Supplementary Fig. S18
and Supplementary Table S4, under the same test conditions (1M
KOH+0.1M NO3

−), titanium hydride catalyst still had a significant
advantage in terms of NH3 yield (139.33mgh−1 mg cat

−1 at −0.7 V
vs. RHE).

Proposed lattice hydrogen transfer mechanism
To reveal the reaction mechanism for enhancing NIRR catalytic activ-
ity, isotope tracking experiments were used to investigate the elec-
trochemical behavior of lattice hydrogen transferred from titanium
hydride. Themodel diagram for the positive and reverse verification of
isotope-labeled lattice hydrogen transfer during the NIRR process is
shown in Fig. 4a. For the positive verification, titanium and titanium
hydride serving as electrocatalysts andusing 1MNaOD+0.1MKNO3 in

D2O solutionas the electrolyte forNIRR, thepeaks at 7.05, 7.14 and7.23
ppm in the 1H NMR spectrum of Ti were identified as the characteristic
peaks ofND4

+. In the 1HNMRspectrumof titaniumhydride, besides the
characteristic peaks ofND4

+, a set of typical peaks forNH4
+ at 7.03, 7.12,

and 7.20 ppm was observed, which were attributed to the lattice
hydrogen in titanium hydride (Fig. 4b). After the isotope tracking
experiments test, we conducted XRD spectrum on the electrodes. As
shown in Supplementary Fig. S19, compared to titanium hydride
before isotope experiments, the (111) crystal plane of the sample
exhibited a double peak and a slight shift, which was due to the
introduction of deuterium (D). Apart from that, the other diffraction
peaks were the same as the characteristic peaks of titanium hydride,
indicating that the molecular formula of titanium hydride did not
change, except that D replaced the H element in the lattice. This result
further verified that lattice hydrogen was involved in the hydrogena-
tion reaction of NIRR, and the hydrogen in water was replenished to
lattice hydrogen of titanium hydride. This dynamic balance of H*
consumption and replenishment improved the efficiency of NIRR. In
the reverse verification, using the same method, we synthesized the
titaniumdeuteride catalyst (TheXRDand solid-stateNMRspectra used
to confirm the successful synthesis of titanium deuteride were shown
in Supplementary Fig. S20) and used 1M NaOH + 0.1M KNO3 in H2O
solution as the electrolyte for NIRR. In the 1H NMR spectrum of tita-
nium deuteride, in addition to the characteristic peaks of NH4

+, the
typical peaks of ND4

+ were also noted, indicating their origin from

Fig. 3 | Electrocatalytic performance in NIRR. a LSV curves of Ti FP and titanium
hydridewith andwithout NO3

− (without iR compensation).bNH3 yields and FEs for
titanium hydride against various work potentials in 1M KOH solution with 0.1M
NO3

− (without iR compensation). c NH3 yields and FEs for titanium hydride at
different concentrations of NO3

− (without iR compensation). d Stability test at
−0.7 V vs. RHE (without iR compensation) with periodic updates taken every 3 h.

eThe time-dependent concentration changeofNO3
−-N,NO2

−-N andNH3-N (without
iR compensation). f Comparison of the NIRR performance of the titanium hydride
with the reported electrocatalyst (The nitrate concentrations of these reports were
equal to 0.1M). The NH3 yields and FEs are calculated once per hour. Error bars
indicate there lative standard deviations of the mean (n = 3).
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lattice deuterium in titanium deuteride (Fig. 4c). Through the afore-
mentioned positive and reverse verification, we had concluded that
the lattice hydrogen in titanium hydride indeed participated in the
hydrogenation reaction of NIRR. Lattice hydrogen effused from tita-
nium hydride and was converted into H*, while the H in the solution
ensured the formation of titanium hydride. The reversible equilibrium
reaction between lattice hydrogen and H* not only enhanced the
electrocatalytic activity of NIRR but also exhibited notable catalytic
stability. In addition, the isotopic labeling experiments using 15NO3

−

and 14NO3
− as reactants were conducted to confirm the nitrogen in

NH3 originated from NO3
−, which were shown in Supplementary

Fig. S21.
As shown in Fig. 4d and Supplementary Figs. S22, S23, the CV

curves of Ti FP titanium hydride were tested at a potential range
without Faraday reaction (0.12 V ~ 0.22 V vs. RHE), respectively. Tita-
nium hydride exhibited a larger double-layer capacitance (Cdl) in NO3

−

solution (18.47mF cm−2) than that in the solution without NO3
−

(15.42mFcm−2), demonstrating that its surface contained a greater

Fig. 4 | Proposed lattice hydrogen transfer mechanism. a Model diagrams for
positive and reverse validation of isotope-labeled lattice hydrogen transfer in the
NIRR process. b Isotope labeled lattice hydrogen transfer in NIRR process for
TiH1.97 (positive validation) and (c) TiD1.97 (reverse validation). d the double layer
capacitance in the electrolyte with and without NO3

− at a potential range without
Faraday reaction. e LSV curves of titanium hydride with or without TBA (without iR

compensation). f SKIE values under different applied potentials. Inset of Fig. 4f
were LSV curvesof titaniumhydride in different proportions ofmixedD2O andH2O
solution, n =D2O/ [D2O +H2O] (without iR compensation). g DMPO-involved ESR
spectra of the titanium hydride and Ti FP under different electrolysis conditions.
h The Nyquist plots (without iR compensation) and (i) The Tafel slope (without iR
compensation). j Schematic of the reaction mechanism.
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number of active sites. For NIRR at the solid-liquid interface, whichwas
also much superior to that of Ti FP (0.45mFcm−2 with NO3

− solution
and 0.61mF cm−2 without NO3

− solution), verifying the facilitated NO3
−

coverage and adsorption. Tert-butanol (TBA) was used as a specific
radical quenching reagent to evaluate the role of H* in NIRR4. As could
be seen from Fig. 4e, the addition of 1ml of TBA to the electrolyte
significantly reduces the current density in LSV, indicating that the H*
was quenched, leading to the decay in performance of NIRR. To study
the role of protons in NIRR, the solvent kinetic isotope effect (SKIE)
was assessed by comparing the current density in a pure protic elec-
trolyte (KOH+H2O+KNO3) to that in a pure deuterium electrolyte
(NaOD + D2O +NaNO3). The inset of Fig. 4f showed that an increase in
the proportion of deuterium led to a decrease in current density and
the observed SKIE values were all greater than 1 at various applied
potentials (Fig. 4f). These results suggested that protons enhanced the
catalytic activity of NO3

− reduction to NH3
6. The Electron Spin Reso-

nance (ESR) spectra were detected using 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) as the H* trapping reagent to verify whether H* could
participate in the hydrogenation reaction in NIRR17,35. As illustrated in
Fig. 4g, the typical strong peak with intensity ratios of 1: 1: 2: 1: 2: 1: 2: 1:
138 was observed for titanium hydride in 1M KOH solution without
NO3

−, which was attributed to H*. However, no H* was detected for Ti
FP under the same testing conditions, indicating that the lattice
hydrogen in titanium hydride could overflow and formH*. Meanwhile,
the signal intensity of DMPO-H nearly disappeared when 0.1M NO3

−

was added to the cathode electrolyte, confirming that the H* was
consumed by NO3

− during the NIRR process. This result aligned with
the findings in Fig. 4b, c, which highlighted the reversible equilibrium
reaction between lattice hydrogen and activate hydrogen (H*). The
kinetics of charge transfer in the catalyst electrodes were evaluated
usingNyquist plots under open circuit conditions (Fig. 4h). Theseplots
were meticulously fitted with an equivalent circuit diagram. The
resistances corresponding to substrate diffusion, potential loss, and
charge transfer at the electrode/electrolyte interface were labeled as
Rs, Rp, and Rct, respectively. The fitted data is shown in Supplementary
Table S1. The constant phase element (CPE) value for titanium hydride
was higher than that for Ti, indicating a higher efficiency in active
species adsorption for titanium hydride39,40. The Rct of titanium
hydride was significantly lower than that of Ti FP in a 1M KOH solution
with 0.1M NO3

−. The Rct of titanium hydride in 1M KOH solution with
0.1MNO3

−was significantly smaller than in 1MKOH, corresponding to
faster NIRR kinetics at the titanium hydride electrode-electrolyte
interface. Electrokinetic analysiswas further detected todetermine the
rate-determining step (RDS) of NIRR for the titaniumhydride and Ti FP
catalysts (Fig. 4i). The Tafel slope of titanium hydride was 81.64mV
dec−1, much inferior to 120mV dec−1, indicating that the RDS for NIRR
of titanium hydride was the first one-electron transfer occurring dur-
ing the NO3

− to NO2
− conversion41. The higher Tafel slope of Ti FP

(123.8mV dec−1) indicated that the NIRR over Ti FP was restricted by
the initial adsorption and activation of NO3

− 42. As the Tafel slope value
(81.64mV dec−1) of titanium hydride in 1M KOH solution with 0.1M
NO3

− wasmuch smaller than that of titanium hydride (114.05mVdec−1)
in 1M KOH, it revealed that NIRR was more conducive to occurrence
compared with competing reactions of HER41,43. According to the
results mentioned above, a possible enhanced NIRR mechanism of
titanium hydride was proposed, as illustrated in Fig. 4j. On the one
hand, H* from titanium hydride participated in the hydrogenation of
NO3

− to synthesize NH3. On the other hand, the electrochemical
hydrogenation reconstruction reaction occurred simultaneously with
NIRR, which converted the TiH1.97-x into TiH1.97. The above reversible
equilibrium reaction between H* transfer and hydrogenation recon-
struction not only improved the electrocatalytic activity of NIRR but
also exhibited notable catalytic stability.

With the aim of confirming the generality of lattice hydrogen
transfer from catalyst to improve NIRR, the same method was also

used to electrochemically hydrogenate and reconstruct different
metal foils, including Pd, Ta, and V. The electrochemical measure-
ments, morphology (SEM), and phase (XRD) of palladium hydride
(Supplementary Fig. S25), tantalum hydride (Supplementary Fig. S26),
and vanadium hydride (Supplementary Fig. S27) were comprehen-
sively researched. The hydrogenation reconstruction of the samples
significantly improved the NIRR performance. These results demon-
strated that lattice hydrogen transfer from the catalyst was a gen-
eralized route to elevate NIRR performance. In addition, this
mechanism of lattice hydrogen facilitating catalytic reactions might
also have implications for other hydrogenation reactions, such as the
hydrogenation of CO2.

Theoretical calculation analysis
Density Functional Theory (DFT) calculations have revealed the com-
petitive behavior between different sources of H* during the hydro-
genation process of NIRR (one was from the electrolyte, the other was
from the lattice hydrogen in titanium hydride). According to the
experimental results of XRDandHAADF-STEM, TiH1.97 (111) andTi (101)
slabmodelswere constructed (morecalculationdetails couldbe found
in supporting information). At first, the adsorption free energy of *H
(ΔG*H) on titanium and titanium hydride was calculated (Fig. 5a) a
relatively lower value of ΔG*H (− 1.20 eV) means a stronger adsorption
of Ti for *H. On the contrary, the capture of *H by titanium hydride was
quite difficult due to a higher ΔG*H of 0.63 eV, which also suggested
that thehydrogenationof nitrate on titaniumhydridewasprobably the
least appealing option. However, once an H vacancy was formed,
titanium hydride could exhibit extremely strong *H capture ability
(ΔG�H = � 1:64eV ). This result indicated that when lattice hydrogen
overflows in titanium hydride to form an H vacancy (TiH1.97-Hv), it
exhibited a relatively strong ability to adsorb H*. Meanwhile, the cal-
culated results of ΔG*H on Ti and TiH1.97-Hv also indicated the feasible
thermodynamically from Ti to TiH1.97. Figure 5b illustrates the com-
petitive dynamics between the adsorptionofH* fromdifferent sources
during the initial protonation stage of NIRR. The calculated reaction
energy barriers for the transformation of *NO3 to *NO3H using H*
derived from H2O and lattice hydrogen were 0.68 eV and 0.31 eV,
respectively (the theoretical models of initial state, transition state,
and final state were shown in Supplementary Fig. S28). This data
indicated that H* produced by lattice hydrogen was preferentially
utilized in NIRR. As a result, we could conclude that lattice hydrogen
would preferentially participate in theNIRR rather than theH* from the
H2O solution. It was worth mentioning that the adsorption of nitrate
could weaken the surface Ti-H bond due to the obvious charge loss
behavior of surface H atoms (Supplementary Fig. S29), which was
beneficial for the further reaction between nitrate and lattice
hydrogen.

To further clarify the reaction mechanism of NIRR, Fig. 5c illus-
trates the reaction-free energy of each elementary step on titanium
hydride and titanium. The adsorption configurations of reaction
intermediates are shown in Supplementary Fig. S30. It could be found
that the first protonation step (from *NO3 to *NO3H) was the most
thermodynamically uphill elementary step (PDS), which was also
known as the potential determining step, for both titanium hydride
and titanium. By checking the reaction free energy of PDS, one could
see that TiH1.97 could exhibit an extremely high catalytic activity for
NIRR owing to the optimal limiting potential of 0.12 V. As a compar-
ison, the limiting potential of NIRR on Ti was as high as 0.99 V,
implying a lower catalytic activity. More importantly, to understand
the facilitating role of lattice hydrogen transfer in NIRR, we analyzed
the adsorption strengths of key intermediates *NO3, *NO3H, and *NO2

on titaniumhydride (Fig. 5d).When latticehydrogenparticipates in the
formation of NO3H, an H vacancy was generated on titanium hydride,
which significantly enhanced the adsorption strength of TiH1.97 to
NO3H. As a result, the adsorption strength of *NO3H (ΔG= � 1:96eV )
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was much stronger than that of *NO3 (ΔG= � 0:52eV ), suggesting a
lower thermodynamic potential barrier from *NO3 to *NO3H. Inter-
estingly, when this H defect was restored (this process was highly
thermodynamically prone to occur according to the calculation results
of Fig. 5a), the adsorption strength of *NO3H was greatly weakened
(ΔG= � 0:75e), which provided favorable conditions for the next
reaction. Calculated charge density difference (Fig. 5d) further
revealed that the reversible equilibrium reaction between lattice
hydrogen and activated hydrogen (H*) could effectively tune the
charge transfer behavior from titanium hydride to adsorbate, thus
balancing the adsorption strength of key intermediate.

Discussion
In summary, the titanium hydride electrocatalyst synthesized by
electrochemical hydrogenation reconstruction of titanium fiber
paper achieved an ampere-level current density of 1.05 A cm−2 for
NIRRwith a highNH3 yield rate of 83.64mg h−1 cm−2 and a FE of 99.11%
at −0.7 V vs. RHE. Through electrochemical evaluation and theore-
tical calculation analysis, the lattice hydrogen transfer mechanism
was proposed and confirmed that the reversible equilibrium reaction
between lattice hydrogen and activate hydrogen (H*) not only
improved the electrocatalytic activity of NIRR but also demonstrated
notable catalytic stability. We believed that the perspective centered

Fig. 5 | Theoretical calculation analysis. aCalculated adsorption free energy of H*
(ΔGH*) on Ti, TiH1.97, and TiH1.97 with H vacancy. b Reaction energy barriers of
nitrate hydrogenation through different sources of H (including adsorbed H and

latticeH). cReaction free energy of NIRR onTi (blue curve) and TiH1.97 (pink curve).
d Schematic diagram for balancing adsorption strength of key intermediate
through the dynamic regulation of lattice H.
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on lattice hydrogen transfer would expand the possibilities for
designing metal hydrides as electrocatalysts and introduce a uni-
versal strategy for efficient NIRR.

Methods
Chemicals and materials
Ti fiber paper (Ti FP, 99.9%) was purchased from Suzhou Sinero
Technology Co., Ltd. Potassium hydroxide (KOH, 85%), sodium
hypochlorite (NaClO, available chlorine 5.2% of aqueous solution),
hydrochloric acid (HCl, 12 mol L−1), sulfamic acid (H3NO3S, 96%),
salicylic acid (C7H6O3, 99.5%), Sodium hydroxide (NaOH, ≥ 96.0%)
and potassium nitrate (KNO3, 99.0%) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Potassium sodium tartrate
tetrahydrate (C4H4O6KNa·4H2O,≥ 99.0%) and sodium nitroferri-
cyanide dihydrate (C5FeN6Na2O·2H2O, 99%) were supplied with
Shanghai Macklin Biochemical Co., Ltd. Sodium nitrate-15N (K15NO3,
99.0 atom% 15N) and dimethyl sulfoxide-d6 (DMSO-d6, 99.9 atom%
D) were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Deuterium water (D2O, 99.8%), Sodium deuteroxide
(NaOD, 99.5 atom% D, 40% in D2O) and sulfuric acid-d2 solution
(D2SO4, 99 atom% D, 96–98% in D2O) were purchased from Anhui
Zesheng Technology Co., Ltd. Deionized water was obtained from
the Barnstead Ultrapure Water System (Smart2Pure, 18.2 MΩ cm).
Unless noted otherwise, all reagents were used without further
purification.

Synthesis of titanium hydride
CHI 760E electrochemical workstation (Chenhua, Shanghai) was
used to synthesize titanium hydride. Ti FP (thickness: 0.05mm, size:
0.5 × 0.5 cm2) was sonicated utilizing HCl solution (15ml, 10min) and
then in water (15ml, 5min) and ethanol (15ml, 5min), followed by
drying in air. The electrochemical hydrogenation reconstruction was
conducted using a standard three-electrode configuration H-type
electrochemical cell (Supplementary Fig. S33) containing Ti FP as the
working electrode (WE), a platinum plate as the counter electrode
(CE), and a Hg/HgO as the reference electrode (RE). The electrolyte
was composed of 60mmol KOH and 6mmol KNO3 dissolved into
60mL deionized water. The constant potential electrochemical
hydrogenation reconstruction was then carried out at − 1.3 V (vs.
RHE) at 25 °C. The hydrogenation reconstruction time of titanium
hydridewas 3600 s. The electrode was thoroughly rinsed three times
with deionized water. After hydrogenation reconstruction, the tita-
nium hydride was carefully displaced from the electrolyte and rinsed
three times with ethanol and water, the titanium hydride following
dried by Ar flow. The H-type electrolytic cell for conducting NIRR
operated in an alkaline environment and used aNafionmembrane for
separation to prevent the dissolution of the Pt electrode and its
subsequent deposition on the electrocatalyst. The element mapping
results overlapped with Supplementary Fig. S7, showed that only the
distribution of Ti elements was present in the sample, with no Pt
atoms. This indicated that the Pt electrode had not been deposited
on the catalyst.

Preparation of the electrolyte
To prepare the 1M KOH electrolyte solution (pH= 13.87 ± 0.16), 1mol
KOH was weighed and added to a 1 L beaker containing deionized
water (Supplementary Fig. S34). The mixture was stirred until dis-
solved and cooled to room temperature, then transferred to a 1 L
volumetric flask, made up to the mark. The mark and stored at room
temperature. The 1M KOH with 0.1M KNO3 electrolyte solution
(pH = 13.92 ±0.12) was prepared by weighing 2mol of solid KOH and
adding it to a beaker with deionized water. After stirring to dissolve
and cooling to room temperature, 0.2mol of solid KNO3 was added to
the 1 L beaker and mixed evenly before being stored at room tem-
perature in a 2 L volumetric flask.

Electrochemical measurements
The electrochemical measurements were conducted with an electro-
chemical workstation (Chenhua, 760E) using an H-type electro-
chemical cell thatwasdividedby aNafion211membrane. TheTiH1.97/Ti
acted as the WE, while the RE was a Hg/HgO, and a platinum foil was
used as the CE. All potentials were referenced to the RHE scale using
the following equation:

E V vs:RHEð Þ= E ðV vs:Hg=HgOÞ + 0:0591 ×pH + 0:098

Prior to the NIRR test, LSV was conducted until the polarization
curves stabilized, with a sweep rate of 10mV s⁻¹ from 0 to −0.9V vs.
RHE. Constant potential tests were performed across various applied
potentials in a standard H-type cell containing 50mL of electrolyte,
stirred at 600 rpm for 1 hour at 25 °C. The error bars indicated the
relative standard deviations based on a minimum of three repeated
measurements. EIS was performed across spanning a frequency range
of 0.1 Hz to 105Hz. All electrochemical data were presented without iR
compensation, and the solution resistance (Rs) was also noted (Sup-
plementary Fig. S35). CV was performed with the non-Faradaic region
at various scan rates from 40 to 200mV s⁻¹ to evaluate the Cdl, which
could be used to calculate the ECSA using the equation:

ECSA=Cdl=Cs ×A

where Cdl was the catalyst’s double-layer capacitance, Cs was the
capacitance of an anatomically smooth planar surface (40 µF cm⁻² in
alkaline media), and A was the electrode area44,45.

Calculation of the yield, conversion rate, selectivity, and Far-
adaic efficiency
For NIRR, the NH3 yield was assessed through the equation:

YieldNH3
= ðCNH3

×V Þ=ðMNH3
× t × SÞ ð1Þ

The FE was calculated using the electric charge used for the
ammonia product relative to the total charge passed through the
electrode, as described by the equation.:

FE = ð8F ×CNH3
×V Þ=ðMNH3

×QÞ ð2Þ

where CNH3 specified the concentration of NH3 in aqueous solution, V
signified the volume of cathode electrolyte, MNH3 denoted the molar
mass of NH3, t represented the reduction reaction time (h), S specified
the geometric area of catalyst (cm2), F specified the Faradaic constant
(96485Cmol−1), Q denoted the total electric charge passing the cata-
lytic electrode.

Data availability
The authors declare that the data supporting the findings of this study
are available within this article and its Supplementary Information file,
or from the corresponding authors upon request. Source data are
provided in this paper.
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