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Electrocatalytic nitrate reduction (NOs RR) holds significant potential for clean NHz synthesis and the
treatment of industrial effluents, effectively converting waste into a valuable resource. However, the catalyst
reconstruction mechanism remains ambiguous, and the influence of interfacial hydrogen bonds on NO3z RR
performance remains underexplored. Herein, a Cr-doping strategy was developed to regulate the interfacial
hydrogen-bonded interactions on Co-based dynamic electrocatalysts to improve electrocatalytic NOs™ RR
activity. In situ XRD, in situ Raman spectroscopy and theoretical calculations indicated that Cr doping could
modulate the reconstruction process of Co-based materials, achieving a dynamic balance between Co(OH),
and Co. Moreover, molecular dynamics simulations and density functional theory calculations, combined
with in situ infrared spectroscopy, revealed that the strong hydrogen-bonding interactions between
interfacial H,O and the Cr-doped Co(OH), surface could drag more free H,O from the rigid H,O network
and facilitate H,O dissociation, forming active hydrogen to accelerate the NOs RR pathway on metallic Co
sites. As a result, the Cr-doped Co-based dynamic electrocatalyst displayed a superior NHz faradaic
efficiency of 97.36% and a high NHs yield rate of 58.92 mg h™! cm™2, outperforming the state-of-the-art
electrocatalysts. This work can further inspire the design of dynamic electrocatalysts and the modulation of
the interfacial microenvironment for promoting effective electrochemical hydrogenation reactions.

Ammonia (NH;), an indispensable feedstock for fertilizer supply, chemical production, and a source of hydrogen, is mainly produced by the Haber-Bosch
process, which is associated with high energy consumption and significant CO, emissions. Electrocatalytic nitrate reduction (NO; RR) offers the potential to
utilize green electrical energy for simultaneous clean NH; synthesis and industrial effluent disposal, turning waste into a valuable resource. However, the
development of efficient electrochemical ammonia synthesis faces two primary challenges: dynamic catalyst design and modulation of the interfacial
microenvironment. In this work, a Cr-doping strategy is proposed to modulate the interfacial hydrogen bond in Co-based dynamic electrocatalysts, enhancing
the electrocatalytic nitrate reduction to ammonia. As a result, the Cr-doped Co-based dynamic electrocatalyst displays a superior NH; faradaic efficiency of
97.36% and a high NH; yield rate of 58.92 mg h™* cm ™2, outperforming state-of-the-art electrocatalysts. This work can further inspire dynamic electrocatalyst
design and interfacial microenvironment modulation for electrochemical hydrogenation reactions.

Introduction

mainly synthesized through the Haber-Bosch process under
harsh conditions, resulting in significant energy consumption

Ammonia (NH3), an essential feedstock for fertilizer produc-
tion, chemical manufacturing and hydrogen generation, is
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and CO, emissions.’ Consequently, there is an urgent need to
develop sustainable methods for producing clean ammonia
under mild conditions. Recently, electrocatalysis has emerged
as a promising strategy for green ammonia synthesis by harnes-
sing electricity from renewable energy sources.> However, the
high N=N bond energy and the low water solubility of
inert N, significantly decrease the NH; yield and the reaction
selectivity in N, reduction, making it challenging to meet
industrial requirements.> In contrast to N,, nitrate (NO;")
has a much lower bond energy (204 k] mol™') and is
commonly found in wastewater from industrial discharges.*

This journal is © The Royal Society of Chemistry 2025
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Therefore, electrocatalytic nitrate reduction (NO;~ RR) can not
only promote the yield of green NH; but also effectively treat
industrial effluents, achieving the conversion of waste into
value. Nevertheless, electrocatalytic NO; RR is impeded by
complex reaction intermediates and sluggish reaction kinetics,
resulting in limited reaction rates and selectivity.® Further-
more, other constituents in nitrate-containing wastewater
may contribute to catalyst poisoning, reducing the stability of
the NO; RR system. The sustainable supply of nitrate presents
a huge challenge to advancing the industrialization of NO; RR.
Additionally, the reaction rate of NO; RR can be lowered by
decreased nitrate concentration and limited mass transfer.®
To accelerate the development of electrocatalytic NO; RR,
designing high-performance electrocatalysts is crucial for
enhancing NH; yield and reaction efficiency.

Co-based electrocatalysts have been considered promising
candidates for electrochemical NH; synthesis from NO; RR,
due to their appropriate NO;~ adsorption ability and efficient
NO,~ removal capability.”® It is widely recognized that Co-
based materials, particularly metallic Co, tend to undergo a
reconstruction process during electrocatalytic NO;™ RR, or even
in the absence of applied potentials.'®"> For example, Zhang
et al. reported a three-step pathway involving the reconstruction
process of Co-based materials and the conversion of NO;™ into
NH,."* Under open-circuit potential conditions, metallic Co
could be spontaneously reduced by NO;~, leading to the
formation of Co(OH), and NO, . Upon applying potential,
Co(OH), would be reduced back to Co, and NO, would
undergo the electrocatalytic process to produce NH;. Their
in situ characterizations could only detect Co in the absence
of Co(OH), signals below 0V vs. reversible hydrogen electrode
(RHE), revealing the reduction of Co(OH), to Co under negative
potentials. However, in the study of Pan et al., Co(OH), was
found to stably exist over a wide range of negative potentials
during the electrocatalytic NO; RR process.** Despite the pro-
gress in the development of Co-based catalysts, the conversion
mechanism of the reconstruction process remains controver-
sial. Additionally, the significant structural changes during
reconstruction could lead to the loss of active sites or even
the stripping of active materials from the electrode, thereby
compromising electrocatalytic stability. Therefore, it is crucial
to rationally modulate the reconstruction process of Co-based
materials and elucidate the mechanisms of phase change.

As identified, electrocatalytic NO; RR involves 8 electrons
and 9 protons to complete the NH; synthesis pathway, with the
hydrogenation steps requiring a continuous supply of active
hydrogen (*H)."”> In neutral or alkaline environments, *H is
derived from H,O dissociation. The H,O adsorption and dis-
sociation processes are closely related to the interactions
between interfacial H,O and the catalyst surface.’® Moreover,
the more rigid the hydrogen bond network connecting the H,O
molecules, the more difficult the H,O adsorption and dissocia-
tion processes become,'” which could pose a threat to the *H
supply for the hydrogenation steps in electrochemical NO; RR.
However, the majority of previous research has focused on
investigations of *H, often neglecting the influence of the
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interfacial H,O structure and hydrogen-bonded interactions
on electrocatalytic NO; RR performance.'®2° Therefore, it is
crucial to effectively modulate the interfacial hydrogen bond
network and disrupt the connectivity of the H,O network to
accelerate the hydrogenation conversions in NO; RR.

In this work, a Cr doping strategy was employed to modulate
the interfacial H,O structure on the Co-based dynamic electro-
catalyst to enhance electrocatalytic NO;  RR performance. The
Cr-doped Co-based materials were successfully synthesized
using an ion exchange method followed by a subsequent
calcination process. In situ characterizations and theoretical
calculations revealed that CoO, could be reconstructed to
Co(OH), and Co during the NO; RR process, and Cr doping
facilitated a dynamic balance between Co(OH), and Co. In situ
electrochemical infrared spectra demonstrated that the Cr
doping strategy effectively regulated the interfacial H,O struc-
ture, allowing more free H,O to participate in the hydrogena-
tion process of NO; RR. Both molecular dynamics simulations
and density functional theory calculations further revealed that
strong interactions between interfacial H,O and Cr-Co(OH),
surface disrupted the rigid hydrogen bond network and pro-
moted the H,O dissociation, thereby accelerating the electro-
catalytic NO; RR process on the metallic Co site. Benefiting
from the efficient regulation of the interfacial hydrogen bond
network, the Cr-doped dynamic electrocatalysts exhibited high
NO; RR performance across a wide potential range, with a high
NH; faradaic efficiency of 97.36% and a superior NH; yield rate
of 58.92 mg h™" cm ™2,

Results and discussion
Theoretical investigations

Molecular dynamics (MD) simulations were first performed to
analyse the atomic structures of interfacial H,O on different
material surfaces. The representative MD snapshots showed
that the interfacial H,O molecules could strongly interact with
the Cr-doped Co(OH), [Cr-Co(OH),] surface through hydrogen
bonding between the O atom of the interfacial H,O and H atom
of the -OH group from Cr-Co(OH), (Fig. 1a). The interactions
between the interfacial H,O and the Co(OH), without Cr doping
were much weaker, as shown in Fig. 1b. In comparison, the
interfacial H,O molecules stayed much farther away from the
metallic Co surface (Fig. 1c) than from the Cr-Co(OH), surface.
Moreover, the interfacial H,O distribution was reflected by the
concentration distribution profiles of O atoms along the sur-
face normal direction (Fig. 1d). Compared with Co and
Co(OH),, H,0O molecules were much closer to the Cr-Co(OH),
surface, with an increased interfacial H,O concentration. To
explore the regulatory effect of Cr doping on interfacial hydro-
gen bonds, the hydrogen-bond distributions along the surface
normal directions of Co, Co(OH), and Cr-Co(OH), were calcu-
lated, as shown in Fig. 1e. In the region ~3 A away from the
material surface (red shading), the hydrogen bonds were
obviously increased for Cr-Co(OH), due to the formation of
hydrogen bonds between the interfacial H,O and the -OH
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Fig. 1 Interfacial hydrogen-bond network structure and NOz~RR mechanism. Representative snapshots of the interfacial H,O structures for (a) Cr—
Co(OH),, (b) Co(OH),, and (c) Co. The Cr, Co, O, H, and K atoms are colored in yellow, blue, red, pink, and purple, respectively. The gray dashed lines
represent the H bonds. (d) Concentration distribution profiles of O atoms in water along the surface normal direction of Cr—Co(OH),, Co(OH),, and Co.
(e) Statistical distribution of the number of H bonds along the surface normal directions of Cr—Co(OH),, Co(OH),, and Co. (f) Comparison of the H,O
dissociation kinetic barriers. (g) Free energy diagrams of NOs RR on Co, Co(OH),, and Cr—Co(OH),. The insets correspond to the adsorption structures
of each intermediate on Co. (h) Schematic of the NOs~RR on the Cr—Co(OH),/Co heterostructure with *H participation from interfacial H,O dissociation.
The Cr, Co, O, H, and N atoms are colored in yellow, dark blue, red, grey, and light blue, respectively.

groups from Cr-Co(OH),. However, the number of hydrogen
bonds at a distance of ~4 A (blue shading) was dramatically
reduced for the Cr-Co(OH), surface, corresponding to a dis-
ruption of the hydrogen-bond networks of the interfacial
H,0.?' Therefore, the above MD simulation results demon-
strated that doping Cr into Co(OH), could strengthen the
molecular interactions with interfacial H,O and disrupt the
rigid hydrogen-bond networks, thereby allowing more H,O
molecules to participate in the hydrogenation reactions.
Density functional theory (DFT) calculations were further
conducted to explore the H,O dissociation process and the
NO; RR reaction pathway. The H,O adsorption energy of Cr-
Co(OH), was —1.80 eV, which was much lower than that of Co
and Co(OH), (Fig. S1, ESIY), indicating that interfacial H,O
molecules would thermodynamically prefer to adsorb on the
Cr-Co(OH), surface. Moreover, the H,O dissociation processes
on different electrocatalysts were also explored. As shown in
Fig. 1f, Cr-Co(OH), showed the lowest kinetic energy barrier for
H,O dissociation (0.69 eV) compared with Co and Co(OH), (Fig.

7462 | Energy Environ. Sci.,, 2025, 18, 7460-7469

S2, ESIY), revealing that H,O molecules were kinetically easier
to dissociate with the formation of active hydrogen (*H) on the
Cr-Co(OH), surface. Under the influence of hydrogen-bonding
interactions, Cr-Co(OH), showed a low energy barrier for *H
formation from the dissociation of adsorbed H,O in the sol-
vated environment (Fig. S3, ESIt). Benefitting from the ade-
quate *H supply, the hydrogenation process of the NO; RR
could thus be promoted. Besides, Cr doping could also play a
significant role in suppressing the competing hydrogen evolu-
tion reaction (HER) process (Fig. S4, ESIT). Furthermore, the
Gibbs free energy of each step during the NO; RR was calcu-
lated, as shown in Fig. 1g. For Cr-Co(OH),, the rate-
determining step (RDS) was the conversion of *NHOH into
*NH with a high energy barrier of 3.06 eV (Fig. S5, ESIf).
Meanwhile, the Gibbs free energy of the RDS was 3.30 eV for
Co(OH), (Fig. S6, ESIt). The RDS of the NO; RR on metallic Co
could be turned into the deoxygenation process of *NO, with a
much reduced energy barrier, indicating that the electrocataly-
tic NO; RR tended to proceed on the metallic Co sites.

This journal is © The Royal Society of Chemistry 2025
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Therefore, Cr-Co(OH), and metallic Co can serve as the active
sites for H,O dissociation and nitrate reduction to ammonia,
respectively. Based on the MD simulations and DFT calcula-
tions, the synergistic catalytic mechanism of Cr-Co(OH), and
metallic Co could be proposed, as shown in Fig. 1h. In this
mechanism, Cr-doped Co(OH), modulated the interfacial H,O
structure and disturbed the connectivity of the hydrogen-bond
network to boost H,O adsorption and dissociation. Meanwhile,
metallic Co effectively adsorbed NO;~ and utilized the *H
derived from H,O dissociation to accelerate the conversion of
NO;™ into the NH; product.

Synthesis and characterization of the materials

As a proof of concept, the Cr-doped Co-based materials were
prepared by the ion exchange of ZIF-67 and a subsequent
calcination process, as shown in Fig. 2a. During the ion-
exchange process, the ligands of ZIF-67 were partially substi-
tuted by CrO,>~ with good dispersion of Cr sites in the ZIF-67
precursor. Compared with the pristine ZIF-67, the Cr-doped

——
lon exchange

( Sodium chromate

View Article Online
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ZIF-67 after the ion exchange maintained a morphology of
nanosheet arrays but with a reduced nanosheet thickness and
a rougher surface (Fig. S7, ESIt), which could be ascribed to the
surface etching of the precursor by CrO> . After proceeding
with calcination in a mixed Ar/H, atmosphere, the Cr-doped
ZIF-67 was converted into Cr-doped CoO, (Cr-CoO,) nano-
particles dispersed on the N-doped carbon matrix (Fig. 2b
and c). The high-resolution transmission electron microscopy
(HRTEM) and the corresponding fast Fourier transform (FFT)
and inverse FFT (IFFT) images confirmed the existence of Co
and CoO components in the Cr-CoO, electrocatalyst (Fig. 2d
and e). Moreover, the (111) plane of CoO was slightly expanded,
which could be ascribed to the Cr doping. The high-angle
annular dark-field scanning TEM (HAADF-STEM) and the
corresponding energy dispersive spectroscopy (EDS) elemental
mapping images revealed the uniform distribution of the
different elements (Fig. S8, ESIt). Inductively coupled plasma
optical emission spectrometry (ICP-OES) analysis indicated a Cr
mass content of 6.38 wt% for the Cr-CoO, electrocatalyst,

Calcination/

Cr-doped CoO,

> ¢

=] coo (111) |

Cr K-edge

IFT(*(k))I (A®)

— Cr-CoO,

Normalized absorption (a.u.) Zh

——Cr,05

6000 6050 6100 6150

Energy (eV) R(A) k(A7)

Fig. 2 Synthesis and characterizations of the Cr—CoOy electrocatalyst. (a) Schematic of the preparation process of the Cr—CoO, electrocatalyst. (b)
SEM, (c) TEM, (d) HRTEM, and (e) corresponding FFT and IFFT images of Cr—CoO,. (f) Cr K-edge XANES spectra, (g) EXAFS spectra, and (h) wavelet

transforms for the Cr K-edge EXAFS of Cr—CoO, and reference samples.
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which was close to the EDS elemental analysis results (Fig. S9,
ESIf). To prove the universality of the material-designing
strategy, the same group elements of Mo and W were also
successfully introduced into the Co-based materials by a simi-
lar preparation method (Fig. S10-S12, ESIt). The X-ray diffrac-
tion (XRD) patterns of the various electrocatalysts showed
similar diffraction peaks, corresponding to the Co phase
(PDF# 15-0806) and CoO phase (PDF# 43-1004) (Fig. S13, ESIY),
which were consistent with the TEM results.

Next, X-ray photoelectron spectroscopy (XPS) measurements
were performed to explore the regulation effects of the dopants
on the electronic structure of Co. As shown in the Co 2p XPS fine
scan spectra (Fig. S14, ESIt), doping Cr, Mo, and W elements
resulted in a positive shift of binding energy of the Co element.
The Cr 2p, Mo 3d, and W 4f characteristic peaks could be
identified, from the XPS fine scan spectra of the different
samples (Fig. S15 and S16, ESIt). The coordination structure
of the Cr-CoO, electrocatalyst was further characterized by

—~
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o
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X-ray absorption spectroscopy. As shown in Fig. 2f, the Cr K-
edge X-ray absorption near-edge structure (XANES) of Cr-CoO,
was close to that of the Cr,O; reference sample, indicating
that the valence state of the Cr dopant in Cr-CoO, was +3,
which was consistent with the XPS result. In the Fourier
transform extended X-ray absorption fine structure (EXAFS)
spectrum of Cr-CoO,, two peaks were observed at 1.55 and
2.54 A (Fig. 2g), which could be assigned to the Cr-O path
from the first coordination shell and the Cr-O-Co path from
the second coordination shell.”> The coordination environ-
ment of the Cr dopant was further confirmed by the wavelet
transforms of the EXAFS of the materials (Fig. 2h). Moreover,
the Co K-edge XANES spectrum of Cr-CoO, was located
between that of the Co foil and CoO reference sample (Fig.
S17a, ESIY), revealing that the valence state of Co in Cr-CoO,
was between 0 and +2. The Co K-edge EXAFS spectrum of Cr-
Co0, displayed two peaks at 1.65 and 2.16 A (Fig. S17b, ESIt),
which corresponded to the Co-O path and Co-Co path,
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Fig. 3 Electrocatalytic NO3z RR performance evaluations. (a) LSV curves without iR compensation for the Cr—CoO, electrocatalyst in 1 M KOH with and
without 0.1 M NO3™. The filled area corresponds to the current density difference. (b) faradaic efficiency of NHz and NO,~ for the Cr-CoO,
electrocatalyst at different potentials. (c) NHs faradaic efficiency and (d) NHs yield rate normalized to the geometric electrode area of the Cr—CoO,, Mo—
CoO,, and W-CoO, electrocatalysts. () Comparison of NHs yield rate and faradaic efficiency of the Cr—CoO, with other recently reported
electrocatalysts. (f) Time-dependent N concentration of NHz;, NO,~, and NOs~ over the Cr—CoO, electrocatalyst at 100 mA cm~2 in simulated
wastewater containing 0.01 M NOs™. (g) *H NMR spectra of the standard samples and the products obtained from electrocatalytic NOz"RR over the Cr—
CoO, electrocatalyst at —0.4 V vs. RHE using **NO3z~ and ®NOs~ as the feeding N sources. (h) Cycling performance of the Cr—CoO, electrocatalyst at
—0.4 V vs. RHE.
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respectively,”® further proving the co-existence of the Co and
CoO components.

Electrocatalytic NO; RR performance evaluation

For the preliminary evaluation of electrocatalytic NO; RR
performance, linear sweep voltammetry (LSV) measurements
were carried out for different electrocatalysts in 1 M KOH with
or without 0.1 M NO; ™. Obviously, the Cr-CoO, electrocatalyst
showed an increased current density and a positively shifted
onset potential in the presence of NO;~ compared to the
absence of NO;  (Fig. 3a), revealing the superior catalytic
NO; RR activity of the Cr-CoO, electrocatalyst in the measured
potential range. Moreover, similar phenomena were also
observed for the Mo-CoO, and W-CoO, electrocatalysts (Fig.
S18, ESIt). Additionally, the LSV curves were further corrected
with 50% iR compensation (Fig. S19, ESIT). In comparison with
the Mo-doped and W-doped electrocatalysts, the Cr-CoO, elec-
trocatalyst displayed a reduced Tafel slope in NO;~ (Fig. S20,
ESIY), indicating accelerated NO; RR kinetics induced by the
Cr dopant. Furthermore, potentiostatic measurements were
performed in 1 M KOH containing 0.1 M NO; at different
potentials ranging from —0.1 V to —0.7 V vs. RHE for 1 h
(Fig. S21, ESIT). The N-containing species in the electrolyte after
the potentiostatic measurements were quantitatively detected
via a colorimetric method (Fig. S22-S25, ESIt). As shown in
Fig. 3b, the Cr-CoO, electrocatalyst exhibited a high faradaic
efficiency for NH; (>90%) over a wide potential range from
—0.1 V to —0.7 V vs. RHE. It is worth noting that the Cr-CoO,
electrocatalyst showed an optimal NH; faradaic efficiency of
97.36% at —0.4 V vs. RHE. Compared to the CoO, electrocata-
lyst without Cr doping (Fig. S26, ESIt), the Cr-CoO, electro-
catalyst displayed a negligible presence of the byproduct NO, ",
particularly at low overpotentials, indicating the significant role
of the Cr dopant in facilitating the hydrogenation of NO, . In
addition, the Cr-CoO, electrocatalyst showed a high NH; yield
rate of 58.92 mg h™' cm 2 and an industrial-scale NH; partial
current density of 765.42 mA cm > at —0.7 V vs. RHE, out-
performing the CoO, electrocatalyst (Fig. S27-S28, ESIt). To
explore the doping effect on NO; RR performance, the electro-
catalytic activities of the Mo-CoO, and W-CoO, counterparts
were also tested (Fig. S29 and S30, ESIt). As a result, the Cr-
doping strategy showed a remarkable advantage in promoting
electrocatalytic NO; RR performance compared to the Mo- or
W-doping methods (Fig. 3¢ and d). Additionally, the Cr-CoO,
electrocatalyst also displayed an increased electrochemically
active surface area (ECSA) and reduced charge-transfer resis-
tance (Fig. S31 and S32, ESIf). Overall, the Cr-CoO, electro-
catalyst exhibited superior comprehensive performance for
electrochemical NH; synthesis, surpassing most state-of-the-
art electrocatalysts (Fig. 3e and Table S1, ESI).

Due to the large discrepancy in NO;~ concentrations in real
wastewater, the NO; RR performances of the electrocatalysts
were further evaluated in different NO;~ concentrations. With
increasing NO;~ concentration, the current density and NH;
yield rate of the Cr-CoO, electrocatalyst were enhanced (Fig.
S33, ESIt). The high faradaic efficiency for NH; (>95%) over a

This journal is © The Royal Society of Chemistry 2025
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wide range of NO3;~ concentrations (0.05-0.5 M) reflected the
great potential of the Cr-CoO, electrocatalyst for the treatment of
NO; -containing industrial effluents. After continuous NO; RR
measurement on the Cr-CoO, electrocatalyst for 7 h, the NO;™~
removal efficiency reached 98.6%, and the residual NO;~ concen-
tration was below the World Health Organization (WHO) limit for
drinking water (Fig. 3f). To clarify the origin of the detected NHj3,
control experiments and '°N isotopic labelling experiments were
conducted. The control experiments showed negligible NH; pro-
duction in the absence of NO;~ (Fig. S34, ESIf). Next, when
feeding >NO;~ or "'NO;~ in the nitrate reduction process, the
"H nuclear magnetic resonance (NMR) spectra showed the typical
doublet peaks of ">’NH," or triplet peaks of "*NH,", respectively
(Fig. 3g), indicating that the detected ammonia originated from
the electrochemical NO; RR. Moreover, the NH; yield rate was
quantified by '"H NMR, which were comparable to the measure-
ment results obtained using the indophenol blue method (Fig.
S35 and S36, ESIf). To evaluate the stability of the Cr-CoO,
electrocatalyst, long-term cycling measurements were performed
without changing the electrode. As shown in Fig. 3h, the NH; yield
rate and faradaic efficiency remained relatively stable during the
cycling tests for over 50 h, confirming the excellent stability of the
NO; RR performance of the Cr-CoO, electrocatalyst.

Dynamic reconstruction investigations

Considering the possible reconstruction of Co-based materials
during the NO; RR process, the electrocatalysts after cycling
tests were further characterized in detail. It was observed that
the Cr-CoO, electrocatalyst could essentially retain its pristine
morphology, but with the emergence of numerous thin
nanosheets on the surface (Fig. S37, ESIt). However, the Mo-
CoO, and W-CoO, electrocatalysts experienced more signifi-
cant reconstruction, with the formation of agglomerated nano-
plates. The original structure of the CoO, electrocatalyst
without doping treatment was found to have completely col-
lapsed after the cycling tests, resulting in the residual large-size
nanoplates with random distributions. The results indicated
that Cr doping could modulate the reconstruction degree of Co-
based electrocatalysts, preventing irreversible structural evolu-
tion. Moreover, the selected area electron diffraction (SAED)
pattern and IFFT images confirmed the co-existence of Co and
Co(OH), for the Cr-CoO, electrocatalyst after the cycling tests
(Fig. S38, ESIT), while the XPS spectra identified that the Cr
dopant could be retained (Fig. S39, ESIt). Therefore, it could be
concluded that the Cr-doped CoO, was reconstructed with the
formation of the Cr-doped Co(OH),/Co heterostructure.

In order to achieve the real-time monitoring of the recon-
struction process, electrochemical in situ XRD and in situ
Raman spectra measurements were carried out. As shown in
the in situ XRD patterns of the Cr-doped electrocatalyst (Fig. 4a),
the peak intensity of Co(OH), gradually increased while the
peak intensity of Co gradually decreased with a negative shift of
the potentials. The mixed Co(OH), and Co phases reached a
dynamic balance when the applied potential reached —0.4 V vs.
RHE. However, for the Mo-doped and W-doped electrocatalysts,
the dynamic balance of Co(OH),/Co could be disrupted, with a
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much stronger diffraction peak of Co(OH), than that of Co
(Fig. S40 and S41, ESIf). The CoO, electrocatalyst without
doping treatment showed both weak peaks for Co(OH), and
Co in the in situ XRD patterns (Fig. S42, ESIt), indicating that
the crystalline phase structure had been severely damaged
during the electrocatalytic NO; RR process. Furthermore,
in situ Raman spectroscopy measurements were also conducted
to demonstrate the formation of Co(OH), during the recon-
struction process. As shown in Fig. 4b, the characteristic peaks
at 485, 542, and 689 cm ™! could be ascribed to the Co-O bond
vibration modes of Co(OH),,>* while the peak at 3571 cm™*
corresponded to the -OH stretching vibration of Co(OH),.>®
Based on the above in situ characterization results, the Cr-
mediated dynamic reconstruction mechanism could be
described as follows (Fig. 4c): CoO in the pristine electrocatalyst
first captures electrons and is reduced to Co (eqn (1)); then, a
spontaneous redox reaction occurs between Co and NO;~,
leading to the formation of Co(OH), and NO,~ (eqn (2));*® the
formed Co(OH), is then partially reduced to Co under the
negative applied potentials (eqn (3)), finally achieving a
dynamic balance between Co(OH), and Co.

CoO +2e~ + H,0 —» Co +20H" (1)
Co + NO;~ + HyO — Co(OH), + NO,~ (2)
Co(OH), + 2¢~ — Co + 20H" 3)

DFT calculations were further conducted to confirm the
proposed dynamic reconstruction mechanism. The reconstruc-
tion energy of Cr-Co(OH), was much lower than that of
Co(OH), (Fig. S43, ESIY), indicating that the conversion of
Co(OH), back to Co was more favorable with Cr modulation.
To reveal the crucial role of the Cr dopant in tuning the
reconstruction process, Bader charge analysis was conducted,
which could help uncover the electronic structural changes of

7466 | Energy Environ. Sci., 2025, 18, 7460-7469

Co after Cr doping. It was found that the charge transfer from
the Co atom to the neighboring O atom was reduced, indicating
weakened Co-OH interactions after Cr doping (Fig. S44, ESIT).
Moreover, the projected density of states (PDOS) were utilized
to analyze the orbital interaction between Co and -OH (Fig. S45,
ESIT). It was found that with Cr doping, the electron states of
the Co 3d and O 2p orbitals were upshifted toward the Fermi
level, suggesting a weakened binding force between the Co
atom and the O atom of the -OH group.”” Therefore, the Cr
dopant could weaken the electronic interaction between the Co
atom and the -OH group, contributing to the conversion of
Co(OH), back to Co, thus achieving the dynamic reconstruction
of Co(OH), and Co.

Reaction mechanism analysis

In addition to the detection of the reconstruction process, the
in situ electrochemical Raman spectra could also be utilized to
determine the reaction intermediates. For the Cr-doped elec-
trocatalyst, the Raman signals at 1049 and 1525 cm ™" were
ascribed to the symmetric stretching mode of *NO; and the
N=0O stretching vibration of *NOH, respectively (Fig. 4b).>® The
peak intensity of the *NOH intermediate gradually decreased
with the negative shift of the potential, corresponding to the
accelerated NO; ™ RR kinetics with rapid intermediate consump-
tion. Besides, the broad peak at 3398 cm™* could be ascribed to
the O-H stretching of H,O, indicating the involvement of
interfacial water in the electrocatalytic NO; RR process. The
NO; RR reaction mechanism was further explored by in situ
attenuated total reflection Fourier transform infrared spectro-
scopy (ATR-FTIR). As shown in the in situ ATR-FTIR spectra of
the Cr-doped electrocatalyst (Fig. 5a), the upward bands appear-
ing at 1245 and 1344 cm ' could be attributed to the asym-
metric stretching vibrations of *NO, and *NO;.*° The decreased
intensity of the *NO; peak with the negative shift of potential
indicated an increased *NO; consumption. The characteristic

This journal is © The Royal Society of Chemistry 2025
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peaks located at 1559 and 1654 cm™ " were ascribed to the N-H
stretching vibration of *NH and the N-O stretching vibration of
*NO.*® Moreover, the H-O-H bending vibration of H,0O was
observed at 1634 cm ™ *. However, the CoO, electrocatalyst without
Cr doping showed weak signals from the intermediates and H,O
in the in situ ATR-FTIR spectra (Fig. S46, ESIt), corresponding to
the weak interaction with interfacial H,O and slow NO; RR
kinetics. Combining the in situ Raman and in situ ATR-FTIR
results, the NO3; RR reaction pathway of the Cr-doped electro-
catalyst could be described as follows: *NO3; — *NO, — *NO —
*NOH — *NH — *NH, — *NHj;, which was consistent with the
DFT results.

The interfacial water structure on the Cr-CoO, electrocata-
lyst surface was further investigated by in situ ATR-FTIR mea-
surements (Fig. 5b). The broad O-H stretching peak of
interfacial water located at 3000-3750 cm ™" could be fitted into
three distinct peaks, corresponding to the strong hydrogen-
bonded (HB) H,0, weak HB H,0, and free H,O (Fig. 5c),
respectively.®’ Compared with the other two types of interfacial

This journal is © The Royal Society of Chemistry 2025

H,O0, the free H,0 had the lowest dissociation energy and the
highest reactivity for participating in the hydrogenation
process.®” The Cr-doped electrocatalyst showed an increased
content of free H,O compared with the electrocatalyst without
Cr doping (Fig. 5d and Fig. S47, ESIY), indicating that the
introduction of Cr could effectively modulate the interfacial
water structure and increase the relative content of the highly
reactive free H,O. Theoretical calculations were further per-
formed to confirm the modulation mechanism of the inter-
facial hydrogen bonds by the Cr dopant. Electron localization
function (ELF) evaluations showed that abundant valence elec-
trons were distributed on the -OH sites of the Cr-Co(OH),
(Fig. 5e). This strong electron localization revealed the enhance-
ment of the hydrogen-bonding interaction between the -OH
group and the interfacial H,O molecule.** In comparison, Co
exhibited a typical metallic-bonding nature with electron delo-
calization, showing weak interactions with the interfacial H,O
molecule (Fig. 5f). Moreover, the projected crystal orbital
Hamilton population (pCOHP) results showed that Cr-Co(OH),
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displayed a more reduced integrated COHP value (—4.33 eV)
than that of the metallic Co (—4.25 eV) (Fig. 5g). The decreased
antibonding state occupancy of Cr-Co(OH), further revealed
the strong bonding interaction between the O atom of the
adsorbed H,O and the H atom of the OH site on the Cr-
Co(OH),.”” Based on the in situ characterizations and theore-
tical calculations described above, it could be concluded that
the -OH group of Cr-Co(OH), strongly interacted with the
interfacial H,O, dragging more free H,O from the strongly
hydrogen-bonded bulk H,O for greater participation in the
hydrogenation process in the NO; RR.

To identify the contribution of the Cr dopant to the boosted
H,O dissociation, kinetic isotopic effect (KIE) tests were per-
formed with the substitution of D,O for H,O, in which the KIE
value could be defined as the current density ratio measured in
H,O0 and D,0.>* At -0.4 V vs. RHE, the Cr-doped electrocatalyst
displayed the lowest KIE value of 1.26 (Fig. S48, ESIT), revealing
that doping with Cr could promote the H,O-dissociation process
and improve the active hydrogen (*H) supply. When adding
tertiary butanol (TBA) to quench *H, the current density and NH;
yield rate were greatly reduced (Fig. S49, ESI{), indicating the
significant role of *H in the hydrogenation process of the
NO; RR.*’ Next, Bode phase plots showed that Cr doping could
induce a shift of the phase angle peak toward higher frequency
and lower intensity (Fig. S50, ESIt), revealing the accelerated
H,O dissociation and improved NO; RR reaction kinetics.*®

Conclusions

In summary, a Cr-doping strategy was proposed to modulate the
reconstruction process and tune the interfacial hydrogen-bonding
interactions of the Co-based catalysts. MD simulations combined
with DFT calculations revealed that the Cr-doped Co(OH), could
disturb the rigid hydrogen-bond network and facilitate interfacial
H,O0 dissociation, thereby providing *H and boosting the hydro-
genation conversion of NO; ™~ into NH; on the metallic Co site. As
a proof of concept, the Cr-doped Co-based materials were pre-
pared by an ion exchange and subsequent calcination process.
The as-prepared Cr-doped electrocatalyst achieved excellent cata-
lytic NO; RR activity with a high NH; faradaic efficiency of
97.36% and a high NH; yield rate of 58.92 mg h™' cm ™2 In situ
XRD, in situ Raman, and DFT calculations showed that Cr doping
could modulate the reconstruction process, achieving a dynamic
balance of Co(OH), and Co. In situ ATR-FTIR and DFT calculations
further indicated that the Cr-doping in Co(OH), could drag more
free H,O from the rigid water network to participate in the
hydrogenation process in the NO; RR. This work provides gui-
dance for elaborately designing dynamic catalysts with tunable
interfacial hydrogen-bonding interactions to boost electrocatalytic
ammonia synthesis.
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