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Abstract

Geen ammonia synthesis through electrochemical nitrate reduction (e-NO3R) using cost-effective Co-
based catalysts is promising, but the inevitable structural evolution induced by reductive potentials
compromises long-term stability and hinders practical implementation. Focusing on B-Co(OH)2, which
serves as the active phase in e-NOsR systems, this work combines experimental analysis and
computational studies to reveal a dynamic surface *OH evolution process: *OH cleavage under negative
potentials and *OH generation by the dissociation of NOs". Notably, Ru nanoparticles anchored on [3-
Co(OH)2 nanosheets promote structural evolution by facilitating *OH cleavage and generation, thereby
sustaining a highly active and selective OH-terminated surface. Simultaneously, Ru provides moderate
*H adsorption, accelerates the conversions from NO3™ to NO2™ and from NO2™ to NH3, and thus enhances
ammonia synthesis. The optimized Co(OH)2-Ru catalyst achieves an ammonia yield of 98 + 0.91 mg-h
I.cm? with a Faradaic efficiency (FE) of 97.7 = 0.90 % at -0.7 V versus reversible hydrogen electrode (vs.
RHE), while maintaining NH3 FEs above 95% across a broad potential window. This work elucidates

structural evolution dynamics, offering a design principle for robust electrocatalysts.

Introduction



Electrochemical nitrate reduction reaction (e-NO3R) has emerged as a promising strategy for sustainable
wastewater remediation and green ammonia (NH3) synthesis, due to fast reaction kinetics at the solid-
liquid interface and weak N=0O bond'?. The widespread presence of nitrate contaminants in industrial
effluents®, coupled with recent advances in environmentally friendly nitrate production and concentration
technologies*>, further enhances the practical viability of this ammonia production pathway. To achieve
efficient ammonia production, considerable attention has been devoted to developing efficient e-NO3R
catalysts, including noble metals®, transition-metal-based materials’®, and atomic-level catalysts’.
Particularly, cobalt(Co)-based catalysts have gained considerable attention in e-NOs3R applications
because of their earth abundance, cost-effectiveness, and high ammonia selectivity'®. However, it has been
found that Co-based materials usually undergo severe reconstruction during the e-NO3R process'!,
ultimately compromising long-term catalytic stability and hindering practical implementation in

industrial-scale reactors!'2.

Usually, most Co-based materials reconstruct to B-Co(OH): intermediates, pivotal role in catalytic
processes' 1> Intriguingly, advanced characterizations have uncovered dynamic structural cycling

between B-Co(OH): and metallic Co phases during spontaneous nitrate reduction'!®

, potentially
explaining the high catalytic performance of cobalt-based systems. However, atom-level insights into the
structural evolution are missing. Therefore, strategies focused on investigating and promoting the
evolution of B-Co(OH)2 toward active and stable states offer a more effective approach to enhancing the

e-NOs3R performance than precursor modification.

Herein, we developed a series of noble metal-decorated cobalt hydroxide hybrids (Co(OH)2-M). Through
in-situ characterizations coupled with density-functional-theory (DFT) simulations, we identified
ruthenium (Ru) nanoparticles (NPs) as a promoter during the structural evolution of Co(OH)2 on the
surface, which entails concurrent surface *OH cleavage under reduction potential and *OH regeneration
through the dissociation pathway of nitrate (NO3"). Moreover, Ru NPs in Co(OH)2-Ru systems are found
to serve as efficient *H donors, synergistically enhancing both nitrate-to-nitrite and nitrite-to-ammonia
conversion kinetics. The optimized Co(OH)2-Ru catalyst achieves performance metrics: >95% Faraday

efficiency (FE) for NH3 production across a broad potential window (-0.1 to -0.7 V vs. reversible hydrogen



electrode (RHE)) and an ammonia yield rate of 98 = 0.91 mg-h™'-cm™ at -0.7 V!72, This work elucidates
the pivotal dual role of Ru in promoting the structural evolution of Co(OH)2 and supplying moderate *H.
By correlating structural dynamics with catalytic activity, we establish a mechanistic framework that
deepens the understanding of reconstruction-reaction interplay in transition metal electrocatalysts,

offering strategic guidance for rational catalyst design.
Results
Electrochemical characterizations

The Co(OH):-based hybrid catalysts were synthesized through a sequential electrochemical deposition
protocol (Figure 1a). Initially, a-Co(OH): nanosheets were galvanostatically deposited on nickel foam
(NF), forming a hierarchical micro-nano architecture (Figures S1-S2). Subsequent linear sweep
voltammetry (LSV) enabled precise loading of noble metal (Ru, Pd, Au) nanoparticles (NPs) onto the o-
Co(OH)2 matrix (Figures S3-S4). Meanwhile, our quasi in-situ X-ray diffraction (XRD) patterns indicate
that the Ru deposition triggers phase transformation to B-Co(OH)2** (Figure S5). The resultant catalysts,
designated as Co(OH)2-Ru, Co(OH)2-Pd, and Co(OH)2-Au, respectively, were systematically compared
with pristine Co(OH)2. We systematically studied the catalysts for the hydrogen evolution reaction (HER)
and e-NO3R under ambient conditions (room temperature: 25 + 2 °C) in 1M KOH with and without 0.1
M KNOs (Details in Experimental Section, Supporting Information). All measurements were performed
without iR compensation. For the HER test, Co(OH)2-Ru requires the least overpotential to reach a given
current density (Figure 1b). The LSV curves indicate that all the measured electrodes show higher current
density in IM KOH + 0.1 M KNOs3 than in 1M KOH only, implying the commencement of the e-NO3R
process. For e-NOsR, Ru decoration greatly reduces the overpotential at 10 mA-cm™, demonstrating that
Ru NPs can facilitate the nitrate reduction process. Among these Co-based catalysts, Co(OH)2-Ru
outperforms other catalysts in e-NOs3R, realizing a high current density of more than 1.1 A-cm™ at -0.7 V
versus (vs.) RHE. Chronoamperometric tests were conducted on Co(OH)2-Ru within the potential range
of 0 to -0.7 V vs. RHE to investigate ammonia production and selectivity. Impressively, Co(OH)2-Ru

exhibits an ammonia selectivity of more than 95% over a broad potential range of -0.1 to -0.7 V vs. RHE,



surpassing other Co-based catalysts (Figures 1c-1e, S6, & S7). Moreover, Co(OH)2-Ru shows both much
higher ammonia selectivity and current density than Fe(OH)2-Ru, Ni(OH)2-Ru, and pure Ru (Ru@NF),
further demonstrating that Co(OH):2 plays a key role in improving the NOs™-to-NH3 conversion (Figures
S8-S9). Importantly, Co(OH)2-Ru achieves a FE 0of 97.7 £ 0.90 % and a production rate of 98 + 0.91 mg-h
-cm™ for NH3z at -0.7 V vs. RHE (Figure 1c) (Figure 1i, Table S9). Impressively, Co(OH)2-Ru shows high
stability under -0.7 V vs. RHE in a cycled stability test for over 100 h (Figures 1f, S10, & S11), where the
high ammonia FE (> 90%) and corresponding average ammonia yield (~ 90 mg-h™'-cm™) are sustained
(Figure 1g). Furthermore, a home-made nitrate reduction flow cell (Co(OH)2-Ru as cathode for e-NO3R
and NiFe-based layer double hydroxides as anode for oxygen evolution reaction) was assembled to assess
the large-scale utilization of Co(OH)2-Ru by only refreshing anolyte®* (Figures 1g-1h & S12). The flow
cell maintains stable operation for over 330 h at 500 mA -cm? with an NH3 FE of ~90%. In addition, more
than 30% of the produced NH3 stripped by the natural air stream can be collected in the 1M HCI solution
(Figure 1h).

To ensure the ammonia originates from nitrate reduction only, isotopic labeling experiments were
conducted and examined by proton nuclear magnetic resonance (*H-NMR) under -0.4 V with *NOs" and
’NOs". The 'H-NMR spectra reveal the distinct peaks for °NHs* at & = 6.80 and 7.04 ppm when the
nitrogen source is ®°NO3". Conversely, when ¥*NOs is used as the reactant, the resulting *NHa4" exhibits
a triple peak pattern at & = 6.83, 6.96, and 7.09 ppm, assigned to *NH4" (Figure S16). To investigate the
effect of Ru amount in the prepared catalyst on the e-NO3R activity, the Ru NPs with various loadings
were deposited on Co(OH)2 nanosheets via controlling the deposition cycles (10, 30, and 50 cycles),
which are denoted as Co(OH)2-Ru10, Co(OH)2-Ru30 and Co(OH)2-Ru50, respectively (Table S1). From
the LSV curves, we see that Co(OH)2-Ru30 exhibits higher current density than other catalysts under high
applied potential (Figure S17), indicating the optimal synergy between Ru NPs and Co(OH)2. Besides,
the reaction kinetics of Co(OH):2 is improved by the deposited Ru NPs, which is demonstrated by the
dramatically decreased Tafel slope (Figures 2a & S18). However, the Ru NPs may not directly act as the
active sites in the nitrate reduction process, which is demonstrated by the close double-layer capacity (Cai)

value with Co(OH):2 (Figures 2b & S19). The in-situ electrochemical impedance spectroscopy (EIS) was



carried out on the Co-based catalysts to unravel the improved reaction kinetics (Figure 2c). Notably, the
Ret (charge transfer resistance) values for both Co(OH)2-Ru and Co(OH)2-Pd remain very low at the +0.2V,
whereas those of Co(OH)2 and Co(OH)2-Au decrease at 0V, suggesting that the Ru and Pd NPs can
facilitate the conversion of NO3™ to NO2". Moreover, Co(OH)2-Pd has the lowest Rt values at +0.2 V and
+0.1 V, while Co(OH)2-Ru has the lowest Rct values at other potentials, indicating that Ru NPs can also
facilitate the conversion of NO2™ to NH3. Under negative potentials, the HER process is favored, whose
competition may affect the NO3™-to-NH3 conversion. The e-NO3R behavior of Co(OH)2-Ru in 1 M KOH
with different NO3™ concentrations helps understand the catalytic mechanism (Figure 2d). Without NO3",
the Rct values for HER remain high until a potential of below -0.2 V is applied, indicating the occurrence
of the HER process. With the presence of 0.05 M NOs" in the electrolyte, the sudden increase in Ret value
at -0.2V indicates the competition between e-NO3R and HER (Figure 2d). When the NO3™ concentration
reaches 0.1 M, the e-NO3R dominates the reduction process, as evidenced by the reduced Ret values and
the close-to-unity NH3 FEs. It is found that the Hz FE increases with the increasing applied potential,
indicating the competition from HER. When the applied potential is -0.7V, the Hz FE is still lower than
1.5%, demonstrating HER is greatly suppressed from 0V to -0.7V (Figure S20). With 0.2 M NOs", Rct is
further lowered over the range of 0.1V to -0.5V, leading to increased current density. But, the final

ammonia yield is comparable to that obtained in 0.1 M KNOs because of the lower NHs FE (Figure S21).
Structural characterizations

To illustrate the structure of Co(OH)2-Ru and the origin of improvement in the e-NOsR process by
deposited Ru, structural characterizations were carried out on as-prepared Co(OH)2-Ru and Co(OH)2-Ru-
AS (Co(OH)2-Ru after the 100 h long-term stability). The scanning electron microscope (SEM) and
transmission electron microscope (TEM) images reveal that the fabricated catalysts consist of hexagonal
metal hydroxide nanosheets with a size of ~500 nm (Figures 3a, 3b & S1). Additionally, a high-resolution
transmission electron microscope (HR-TEM) image of Co(OH)2-Ru illustrates that the deposited Ru NPs
with an average diameter of 2.5 nm are mostly distributed on the edge of Co(OH)2 nanosheets (Figure 3c).
The lattice spacings of 0.237 and 0.251 nm well corresponds to the (001) and (-101) facets of B-Co(OH)2,

respectively, while the lattice fringe spacings of 0.201 and 0.234 nm are attributed to the (101) and (100)



planes of Ru NPs?°, respectively (Figures 3¢ & 3d). Therefore, the coexistence of Ru NPs and Co(OH)2
nanosheets is visually verified for Co(OH)2-Ru (Figures 3e - 3g). For Co(OH)2-Ru-AS, both Co(OH):2
nanosheets and the anchored Ru NPs are well maintained, indicating the high durability in the reaction
(Figures 3h - 3j). Interestingly, we can also find the formation of some thin nanosheets surrounding the
Ru NPs, whose lattice spacings of 0.237 and 0.250 nm are in good accordance with the (001) and (-101)
facets of B-Co(OH)2 (Figure 3k), respectively. The energy-dispersed X-ray spectroscopy (EDX) mappings

confirm that the formed nanosheets are Co-based materials (Figures 31 - 3n).

The high-resolution Co 2p X-ray photoelectron spectroscopy (XPS) spectrum of as-prepared Co(OH)2-
Ru exhibits six peaks, including the 2p 3/2 and 2p 1/2 peaks of Co*" and Co*", as well as their
corresponding satellite peaks (Figure 30). More specifically, Co mainly exists as Co?", which is consistent
with the presence of Co(OH): on the surface, as indicated by the aforementioned results. Besides, the four
peaks assigned to Ru’ and Ru*" in the high-resolution Ru 3d spectrum are sustained after the long-term
stability test, further demonstrating the high stability of Co(OH)2-Ru (Figure 3p). The Co 2p peaks of
Co(OH)2-Ru were shifted towards higher binding energies than those of Co(OH):, indicating Co atoms
lose electrons (Figure 30). In contrast, the O 2p peaks shifted to lower binding energies, demonstrating
that O ions gain electrons (Figure 3q). These findings illustrate the simultaneous formation of thin-layer

B-Co(OH):2 during the e-NO3R process, which has not been reported before.

To evaluate the combination of Ru and Co(OH)2, the X-ray adsorption study (XAS) was carried out
directly on the as-prepared Co(OH)2-Ru and Co(OH)2-Ru on NF (Figures 4a-4c). However, the signals
are too low for quantitative analysis due to the influence from NF. The Ru K-edge-ray Absorption Near-
Edge Structure (XANES) spectra show that the Ru exists as Ru nanoparticles, which is in accordance with
our transmission electron microscope (TEM) and XPS results. Meanwhile, the Ru nanoparticles connect
with the Co(OH): lattice via the Ru-O bond, demonstrating the electron transfer at the interface.
Furthermore, the Co K-edge XANES spectrum of Co(OH)2-Ru has a center at 7725.0 eV, indicating the
pure Co(OH): exists on the surface (Figure S22). Differently, the XANES spectrum of Co(OH)2-Ru-AS
shows a shifted center at 7727.2 eV, indicating the further oxidation of Co during the stability test, which

might be relevant to the newly formed thin-layer Co(OH)z.



To confirm the observation, Raman spectroscopy was employed to reveal the dynamic evolution process
of Co(OH)2. The initial spectroscopic analysis of as-prepared samples reveals prominent vibrational
signatures of B-Co(OH): at 523 cm™! (42u) and 600 cm™ (Eg)*%?7, while a weak A1, vibrational mode at
690 cm! suggests partial surface oxidation to Co3O4 species under irradiation (Figure S23). After the
stability test, the Raman spectra in the low-wavenumber regime (300-2000 cm™') have no significant
alteration (Figure S24a). Furthermore, potential-dependent in-situ Raman characterization confirms the
structural integrity of B-Co(OH): as its characteristic vibrational features maintain spectral persistence
under operational potentials throughout the electrochemical process (Figure 4e). Notably, the spectral
interrogation of the high-frequency vibrational regime (3000-3800 cm™') reveals a pronounced post-
stability emergence of a vibrational band centered at 3574 cm™ (Figure S24b), which should be attributed
to the A1 stretching mode of the highly ordered O-H bond, corresponding to the newly formed thin-layer
B-Co(OH):2 (Figure 3k & S25). This abnormal peak is also observed for Co(OH)2-Pd, with obviously lower
peak intensity (Figures S24b & S26). While for Co(OH)2 and Co(OH)2-Au, the O-H bond cannot be
observed, demonstrating that Ru and Pd NPs can facilitate the formation of thin-layer Co(OH)2. In
addition, we conducted a time-dependent in-situ Raman experiment for Co(OH)2-Ru under working
conditions (-0.3 V) in 1M KOH + 0.1M KNOs to elucidate the dynamic process (Figure 4d). Spectral
monitoring in the hydroxyl stretching regime (3500-3700 cm™) shows the emergence of a characteristic
vibrational band at 3574 cm™ within the initial 5 minutes and demonstrates progressive signal
enhancement correlating with temporal evolution (Figure 4e). After that, comparative in-situ Raman
analysis of the same Co(OH)2-Ru system in 1 M KOH electrolyte under equivalent potential (-0.3 V vs.
RHE) indicates that the initially prominent O-H stretching vibration keeps decreasing with the operation
time, indicating consumption of the OH bond under the reduction potential (Figure 4f). Besides, control
experiments in 1M KOH show no detectable vibrational signatures in the high wavenumber region,
implying that the O-H bond is generated during the e-NO3R process (Figure S27). The in-situ potential-
dependent Raman tests of Co(OH)2-Ru-AS in 1 M KOH + 0.1 M KNOs indicate that the O-H stretching
vibration keeps declining with the increase of applied potential (Figure S28). Therefore, we conclude that

the dynamic evolution process of the O-H bond happens in the e-NO3R process, which is generated by



the e-NOsR process, while converted to water due to the reduction potential. Moreover, we carried out a
quasi-in-situ Raman characterization to further confirm the correlation between the e-NO3R reaction and
the O-H bond (Figure S29). Analysis of the time-dependent Raman spectra reveals that the peak intensity
of the O-H bond exhibits a continuous upward trend during the initial two hours of the reaction. As the
reaction time progresses to three hours, the intensity stabilizes, signifying the establishment of a dynamic
equilibrium between the formation and decomposition of the O-H bond (Figure S30a). Moreover, the
potential-dependent Raman spectra of Co(OH)2-Ru demonstrate that the peak intensity of the O-H bond
is positively correlated with the applied potential (Figure S30b). This correlation strongly suggests that
the applied potential influences the balance between the generation and consumption of the *OH

intermediate.

To elucidate the structural evolution mechanism, two distinct Co(OH)2-Ru samples were synthesized by
changing electrolytes (Figure 4g): 1. Co(OH)2-Ru-DD: Prepared using a deuterated water (D20)-based
electrolyte for both galvanostatic and LSV depositions; 2. Co(OH)2-Ru-DH: Fabricated with D2O-based
electrolyte for galvanostatic deposition and H:O-based electrolyte for LSV deposition, respectively.
Isotopic Raman spectroscopy was conducted in D20-dissolved 1 M KOH + 0.1 M KNOs electrolyte for
these samples along with Co(OH)2-Ru-AS (Figure 4g). The pristine Co(OH)2-Ru-DD and Co(OH)2-Ru-
DH do not have obvious O-D or O-H vibration. During the stability test under -0.5 V vs. RHE, the O-D
vibration (~ 2640 cm™') appears and increases for Co(OH)2-Ru-DD and Co(OH)2-Ru-DH, corresponding
to the A1 stretching mode of the highly ordered O-D bond in the reconstructed Co(OD): thin layers®®,
Notably, The O-H vibration for Co(OH)2-Ru-DH also appears and sustains during the reaction in the D20O-
based electrolyte, indicating that the OH bond in the reconstructed layer is sourced from the original
Co(OH)2. Moreover, For the Co(OH).-Ru-AS, the O-D vibration emerges within the first hour of testing
and stabilizes subsequently, while the O-H peak intensity remains constant at levels significantly
exceeding that of O-D signal. This disparity implies that the dynamic process of Co(OH):2 is only
associated with surface evolution, not the phase transition. To illustrate the evolution mechanism of
surface OH species on B-Co(OH)z2, the formation of OH vacancies was studied by DFT calculations. It is

found that the formation energy of OHiwop vacancy is 0.05 eV (Figure S30), which can be easily formed



under the reduction potential in alkaline media, leading to the disappearance of the O-H vibration. In
contrast, the formation of OHside vacancies requires a higher overpotential (1.5 eV) (Figure S30).
Moreover, the Pourbaix diagram was calculated considering the participation of NO3™ ions?*°. It is found
that the Co vacancy is hard to form under reduction potential, indicating that the *OH in the subsurface
cannot be reduced. Therefore, the O-H peak during the reaction in D20-based electrolyte is preserved.
Additionally, instead of forming *NO3H via a direct mechanism for the reduction of *NO3, the *NO3 on
OH-ended and Co-terminated surfaces with adjacent Co sites is more likely to be reduced to *NO2+*OH
via a dissociation mechanism (*NO3 + H* +e” => *NOz + *OH), which shall generate the *OH (Figure
S31-S33). From the above discussion, we believe that the *OH is consumed under the negative potential,
while generated by the reduction of *NO3 to *NO2+*OH (Figure 4h). Therefore, in pristine Co(OH)2, the
hard consumption of *OHside and facile *H adsorption may impede the structural evolution and block
active sites for e-NOsR. In contrast, Ru and Pd NPs facilitate the reduction and regeneration of *OH,

maintaining the OHside-ended or Co-ended Co(OH)a2 surfaces and promoting the e-NO3R performance.

Reaction mechanism

Except the effects of Ru NPs in structural evolution, Ru NPs are usually reported to be capable of

producing highly active *H under reduction potentials®!->?

, which may also promotes the hydrogenation
of nitrogenous intermediates towards ammonia synthesis. The existence of *H is firstly probed using
electrochemical characterizations. In 1 M KOH, the cyclic voltammetry (CV) curves exhibit a broad
oxidation peak corresponding to the oxidation of *H, which includes the absorbed (*Habs) and adsorbed
hydrogen (*Hads)*® (Figure 5a). Notably, while Co(OH)2-Au and pristine Co(OH):2 exhibit negligible peak
areas for *H oxidation, Co(OH)2-Ru shows the observable peak areas for *H oxidation, and Co(OH)2-Pd
demonstrates the largest integrated peak area. This significant enhancement suggests that the
incorporation of Pd and Ru NPs effectively promotes both the production and storage of *H species,
enabling efficient NO3™-to-NOz" conversion via the dissociation mechanism (*NO3 + *H => *NO: + *OH)),
which concurrently generates the *OH and promotes structural evolution during e-NOsR.
Correspondingly, when 0.1 M NOs" is introduced in the electrolyte, the oxidation peak disappears in the
CV curves of Co(OH)2-Ru and Co(OH)2-Pd, suggesting the efficient utilization of *H in nitrate reduction
(Figure 5b). Besides, there is an obvious reduction peak in the CV curve of Co(OH)2-Pd, which should
be attributed to the reduction of *Haps in Co(OH)2-Pd**. In contrast, there is only *Hags that exists in

Co(OH)2-Ru, underscoring its efficient *H utilization for driving structural evolution and ammonia



formation during e-NOsR. To probe the formation and consumption of *H radicals, in-situ electron spin
resonance (ESR) was performed in 1 M KOH with and without 0.1 M NOs" at -0.5 V vs. RHE (Figure 5d),
using 5-dimethyl-1-pyrroline-N-oxide (DMPO) as the radical trapping reagent. For Co(OH)2-Ru in the
absence of NOgs, the intensity of the DMPO-H signal increases progressively with reaction time,
exhibiting a prominent peak at 1200 s, which confirms the generation and capture of *H during the
reaction. For pristine Co(OH)2, only a very weak DMPO-H signal is detectable at 1200 s, indicating that
the loaded Ru NPs significantly enhanced *H formation. When NOs™ is introduced into the electrolyte,
the DMPO-H signal intensity decreases markedly under identical conditions, suggesting that the generated
*H is consumed in the reaction process. These ESR results clearly demonstrate the generation,
enhancement, and subsequent consumption of *H during the e-NOsR.

To probe the *H dynamics, the operando EIS Bode plots are applied (Figure 5c). The HER process consists
of three primary steps: the Volmer step (H20 + M + - — M-*H + OH") occurs at low frequency (<10%3
Hz), the Heyrovsky step (H20 + M-*H + ¢ — M + Ha + OH’) occurs at middle frequency (10%° Hz-10?
Hz), and the Tafel step (M-*H + M-*H — 2 M + H2) cannot be detected by EIS*-¢. Electrochemical
analysis reveals that the Heyrovsky step emerges as the rate-limiting step in the HER over the Co(OH):2-
Ru catalyst as applied potential reaches 0 V vs. RHE, indicating the Volmer-Heyrovsky mechanism®7-%,
Therefore, the adsorbed hydrogen species (*H) under the reductive conditions can be facilely formed, but
their subsequent conversion to molecular hydrogen (H2) remains kinetically hindered. With the

introduction of 0.1 M NOs", the phase angles are greatly reduced, indicating sufficient consumption of *H

and accelerated e-NO3R process.

Further insights into how *H affects NO2™-to-NH3 conversion are gained through online Differential
Electrochemical Mass Spectrometry (DEMS), which tracks reaction intermediates on Co(OH)2-Ru and
Co(OH)2 during e-NOs3R. During the periodic change of applied potentials between 0.5 and -0.5 V vs.
RHE, the mass-to-charge (m/z) signals corresponding to various intermediates, including 30 (NO), 31
(NHO/NOH), 16 (NH2/0O), and 17 (NH3/OH) emerge during the continuous eight cycles (Figure 5e¢). This
observation allows us to outline the reaction pathways for e-NO3R on Co(OH)2-Ru and Co(OH)2 as
follows: NO2 — NO— NHO/NOH — NHs. The similar intermediates detected on both catalysts confirm

that the Co(OH):2 plays as the main active site for e-NO3R (Figure 5f). Moreover, Co(OH)2-Ru displays



more intense signals for nitrogenous intermediates and a lower H2 signal, confirming that Ru NPs can
suppress competing HER and promote e-NO3R.

Furthermore, to investigate the utilization of *H in e-NO3R on Co(OH)2-Ru, a free radical inhibitor, tert-
butanol (t-BuOH), is employed as a trap for *H>°. Obvious decreases in NH3 yields and FEs across applied
potentials highlight the role of *H in both NO3™-to-NO2" and NO2"-to-NH3 conversions (Figures 5g & S34).
Moreover, at -0.5V, the NH3 yield and FE of e-NO3R over Co(OH)2-Ru decreases with the increase of t-
BuOH concentration, indicating the high importance of *H in e-NO3R process (Figure S35). For a better
understanding of how the e-NOsR behavior is affected by loaded metal NPs, the NO2"-to-NH3 conversion
is studied in the presence of 0.1 M NO2" ions. Co(OH)2-Ru outperforms pristine Co(OH)2 in NH3 yield
via electrochemical nitrite reduction (e-NO2R), while Co(OH)2-Pd underperforms, indicating the Ru NPs
can facilitate the NO2-to-NH3 conversion, while Pd NPs limit the conversion (Figure 5h & S36).
Additionally, Co(OH)2 and Co(OH)2-Au achieve higher NH3 current densities in the e-NO2R process than
in the e-NO3R process, signifying NO3™-to-NO2" conversion as the bottleneck for these catalysts (Figure
51). In contrast, the inferior low e-NO2R performance of Co(OH)2-Pd indicates the inefficient NO2 -to-
NH3 conversion. Obviously, Co(OH)2-Ru exhibits comparable NH3 current densities in both e-NO3R and
e-NO2R from -0.1 V to -0.5 V, corresponding to the high NH3 FEs and NH3 yields in a wide potential

window.

Structural and electrochemical characterizations reveal that Co(OH)2 serves as the main active species for
the e-NOsR process in the Co(OH)2-Ru system. Moreover, experimental evidence demonstrates that the
Ru NPs provide abundant *H, accelerating the structural evolution of Co(OH)2 and facilitating both the
NOs™-to-NO2" and NO2-to-NH3 conversions. However, the detailed reaction process hasn’t been
investigated. To elucidate the synergy between Ru NPs and Co(OH)2, the in-situ attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) was utilized to illustrate the
intermediates during e-NO3R on the Co(OH)2-Ru and Co(OH): (Figures 6a & 6b). As the applied potential
decreases, the intensities of the downward bands at 1278, 1440, and 1110 cm™ gradually increase,
indicating the production of NO2", *NH, and *NH:0 intermediates, respectively****. Evidently, the signal

corresponding to *NH20 on Co(OH)2-Ru is stronger than those on Co(OH)2, particularly at lower



overpotentials, denoting that Ru incorporation accelerates the NO2"-to-NH3 conversion.

Based on the above analysis, we carried out Density-functional-theory (DFT) calculations on the reaction
process on the possible Co(OH)2 terminations. As we mentioned above, the *NO2+*OH intermediates
can be easily formed on both Co-ended and OHside-ended Co(OH): surfaces via the dissociation
mechanism, which can be accelerated by *H. In contrast, the conversion to *NOsH is hard to form on Co-
ended Co(OH): surface and cannot compete with the adsorption of H on OHside-ended Co(OH): surface,
indicating hard NOs™-to-NO2" conversions without participation of *H from Ru and Pd NPs. For NOz-to-
NH3s conversion, we find that the reaction pathways depend on different terminations. On the OH-ended
Co(OH): surface, the NO: is reduced following the pathway: *NO2 — *ON+*OH — *NO — *NHO —
*NH20 — *NH20 — *NH2+*OH —*OH — *+H20, where the *NO:2 is reduced via a dissociation
mechanism (Figure 6¢). The rate-limiting step is “*ON — *NHO”, with a low limiting potential of 0.14
eV. In contrast, the reaction pathway on the Co-ended Co(OH): surface is *NO2 — *NO2H — *NO —
*NHO — *NH20 — *O+NH3 — *OH — *+H20. Reducing *NHO to *NH20 becomes the potential-
determining step, with a relatively high limiting potential of 0.60 eV, indicating a lower NO2-to-NH3
performance than the OH-ended Co(OH): surface. Therefore, the excessive *H provided by loaded Pd
NPs may facilitate the hard cleavage of OHside, affecting the NO2-to-NH3 conversion and thus decreasing
the NHs FE (Figure 6d). In contrast, Ru NPs generate moderate *H, sustaining the highly active OHside-
ended Co(OH): surface and promoting the NH3 FE.

Discussion

In summary, this work elucidates how Ru nanoparticles serve as a dual-functional promoter to alleviate
the performance of Co(OH)2 in e-NOsR. First, Ru accelerates the dynamic evolution of Co(OH),

directing it toward an OH-terminated surface that is highly active for ammonia synthesis. Second, Ru



provides optimal *H coverage, which concurrently promotes the NO3-to-NO2" and NO2'-to-NHj3
conversions. This directed structural evolution and optimal *H are the cornerstones of the performance of
Co(OH)2-Ru, which achieves an ammonia yield of 98 + 0.91 mg-h'-cm™ with a Faradaic efficiency of
97.7+0.90 % at -0.7 V vs. RHE, while maintaining >95% NH3 selectivity over a broad potential window.

Our findings establish the strategy of steering evolution pathways as a fundamental paradigm for

designing advanced electrocatalysts.



Methods
Chemicals and materials

All the chemicals were used without further purification. Cobalt nitrate hexahydrate (Co(NO3)2:6H20,
AR), ferric nitrate nonahydrate (Fe(NO3)3-9H20, AR), nickel nitrate hexahydrate (Ni(NO3)2:6H20, AR),
ruthenium (IIT) chloride hydrate (RuCls-nH20, 37-42%), Potassium tetrachloropalladate (K2PdCl4, 98%),
Potassium gold(III) chloride (KAuCls, 98%), and potassium hydroxide (KOH, 95%) were purchased from
Aladdin. The Deuterium oxide (D20, 99.9 atom% D) was purchased from Sigma-Aldrich.

Synthesis of Co(OH); nanosheets

The metal hydroxides were synthesized by electrodeposition on nickel foam (NF, thickness 1.0 mm) via
a galvanostatic step. Before the electrodeposition, NF was cut into 2*2 cm? and sonicated in ethanol, 3 M
HCI solution, and deionized water for 20 min, 10 min, and 20 min, respectively. The electrodeposition
was carried out in the electrolyte consisting of 0.15 M Co(NO3)2 solution. During the electrodeposition,
a carbon rod and an Ag/AgCl electrode (saturated in KCI solution) served as the counter and reference
electrodes, respectively. A galvanostatic step was conducted at a reduction current density of -10 mA cm’
2 for 10 min to deposit Co(OH)2 nanosheets, which requires a potential at around -1.2 V vs Ag/AgCl
(Figure S30). The loaded Co(OH)2 content (Lcoomy2, mg cm™) in Co(OH)2-Ru is estimated to be around
32.4 mg cm™, according to the ICP results by the following formula.

Ceo ¥ Vy * V3 Mooy,

(1)

Leocony, =
n(0H), Valiquot * A * MCo

Where Cco is the measured concentration of Co in the 2" diluted solution, Vi, V2, and Valiquot are the
volumes of concentrated HNO3 solution for dissolving the samples, dilute HNO3 for measurement, and
the initial dissolved solution that was taken and diluted. A is the surface area of the sample, Mco(on)2, and
Mg, are the molar mass of Co(OH)2 and Co.

Loading of metallic nanoparticles

The as-synthesized metal hydroxide nanosheets were cleaned by DI water, and then dried in a vacuum
heater (< 0.1 psi). A linear sweep voltammetry (LSV) electrodeposition process was used to synthesize
the metallic nanoparticles. The electrodeposition was carried out in a 50 mL electrolyte consisting of 1 M
KOH solution and 1 mM (n = 225.43, 11 mg) RuCls-nH20. During the electrodeposition, a carbon rod
and a Hg/HgO electrode (saturated in KOH solution) served as the counter and reference electrodes,
respectively. An LSV step was conducted from 0 V to -0.6 V at a scan rate of 10 mV s™!, which was cycled

for 10, 30, 50 cycles to realize different loading amounts. The loaded Ru content (Lru, mg cm™) in



Co(OH)2-Ru is estimated to be around 0.64 mg cm™, according to the ICP results by the following formula.

Cry * V1 * V3

Lpy = ———2 (2)
R Valiquot * A

Where Cru is the measured concentration of Co in the 2™ diluted solution, Vi, V2, and Valiquot are the
volumes of concentrated HNO3 solution for dissolving the samples, dilute HNO3 for measurement, and

the initial dissolved solution that was taken and diluted. A is the surface area of the sample.

Preparation of Co(OH);-Ru-DD and Co(OH):-Ru-DH

The Co(OH)2-Ru-DD and Co(OH)2-Ru-DH samples were prepared using the same protocols with
Co(OH)2-Ru. Co(OH)2-Ru-DD was prepared using a deuterated water (D20)-based electrolyte for both
galvanostatic and LSV depositions (30 cycles), Co(OH):-Ru-DH was fabricated with D20-based
electrolyte for galvanostatic deposition and H2O-based electrolyte for LSV deposition (30 cycles),

respectively.
Preparation of NiFe layered double hydroxide (NiFe-LDH)

For NiFe-LDH?**, 0.350 g Ni(NO3)2:6H20, 0.162 g Fe(NO3)3-9H20 and 0.32 g urea were dissolved in
30ml deionized water under vigorous stirring, followed by the immersion of a pre-washed NF
(1.5 x 2.0 cm?) into the solution and reaction in a Teflon-lined autoclave at 120 °C for 12 h. After washing

with deionized water and drying in a vacuum oven at 25 °C for 12 h, the NiFe-LDH was obtained.

Materials characterization

The morphology and structure were characterized using scanning electron microscopy (SEM, ZEISS,
Gemini) and transmission electron microscopy (TEM, JEM-2100). High-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) images with aberration correction were
obtained using a Thermo Fisher Spectra 300 with a probe corrector. X-ray diffraction (XRD) was
performed using a Cu Ka source X-ray diffractometer (RIGAKU TTRIII). X-ray photoelectron
spectroscopy (XPS) analysis was conducted using an Al Ka radiation K-o+ instrument. The elemental
composition was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
using an Agilent 5110 (1.20 kW). Before ICP tests, the sample with a size of ~ 0.02 cm? is soaked and
sonicated in 5 ml 5 M HNO3 solution. After that, 100 pL of this solution is taken out and diluted in 10 ml
1 M HNOs solution for the ICP test. Vibrational characteristics were examined using a Horiba LabRAM
HR Evolution Raman system configured for both ex-situ and in-situ measurements. The in-situ Raman
analysis was conducted using a 532 nm excitation laser within a customized electrochemical cell
consisting of a Hg/HgO reference electrode and graphite counter electrode. The Raman spectra were
sequentially collected with progressively varying the potential or prolonging the operating time. Prior to
measurements, instrument calibration was verified using the characteristic silicon phonon mode at 520.7



cm’!. The contents of Co and Ru in the Co(OH)2-Ru catalysts with varying LSV cycles were identified
using an inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 8000). X-ray
absorption fine structure (XAFS) analysis was performed by Shiyanjia Lab using the beamline at the
SPring-8 synchrotron radiation source in Japan. The analysis included X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS), with further data processing
enhanced by K?-weighted wavelet transform.

'"H-NMR measurements were carried out on a Bruker 300 MHz NMR spectrometer. To unravel the origin
of ammonia during nitrate reduction, isotope-labeled experiments were performed using Potassium-
Bnitrate (K!®NO3, 99 atom %, Aladdin) as the nitrogen source. The electrochemical nitrate reduction
reaction (e-NO3R) was conducted in an electrolyte containing 1 M potassium hydroxide (KOH) mixed
with 0.1 M either K!*NO3 or K!NO3. After the electrolysis at -0.5 V vs. RHE, a 2 mL aliquot of the post-
reaction electrolyte containing the generated *NH4" or '’'NH4" was collected. The collected sample was
acidified to ~ pH 2 using 4 M H2SOas. The quantification of ammonia in the prepared solution was then
performed by 'H NMR spectroscopy, using a solvent containing 90% H20 and 10% DMSO-d6 (by
volume), with 1 mg of maleic acid added as an internal standard.

The in-situ Electron spin resonance (ESR) spectra were carried out on a Bruker Magnettech ESR5000
system. Before the experiment, 10 mM 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) was added to the
catholyte for in-situ capture the instable hydrogen radical. During the experiment, HER on Co(OH)2-Ru
operated for 300, 600 and 1200 seconds at -0.5 V vs. RHE in 1 M KOH. 1 mL of the reacted catholyte is
taken out and immediately transferred into a glass tube for measurements. ESR spectra of e-NO3R on
Co(OH)2-Ru and HER on Co(OH)2 for 1200 seconds were also conducted for comparison.

Online differential electrochemical mass spectrometry (DEMS) tests were performed on a LingLu 100 by
Shiyanjia Lab. Typically, the catalyst was applied to a regular potential change between 0.5 and -0.5 V vs.
RHE in 1 M KOH with 0.1 M KNO3 with an electrolyte flow rate of 3 mL/min, and the mass-to-charge
(m/z) signals were collected for analysis (Figure S44). The L-DP0O1 porous membrane from LingLu
instrument is utilized. The signals of various intermediates were collected along during each operation
using a Linglu QAS100 mass spectrometer, continuing for a total of eight cycles. The intermediates were
carried to the detector using helium as the carrier gas.

In-situ Raman spectroscopy measurements were performed using a GAOSS UNION cell, with a carbon
rod and an Hg/HgO electrode serving as the counter electrode and reference electrode, respectively. The
electrolyte was 1 M KOH with 0.1 M KNOs.

In-situ Attenuated Total Reflection Fourier-transform infrared (ATR-FTIR) spectra were measured by
using an electrolysis cell with a three-electrode configuration. The obtained materials were used as the
working electrode directly, with a Pt wire as the counter electrode and a saturated Ag/AgCl as the reference
electrode using a LingL.u EC-IR-III cell in a solution of 1 M KOH containing 0.1 M KNO3. The cell was
integrated into a Shimadzu Xross FTIR spectrometer equipped with a liquid nitrogen-cooled MCT
detector and attenuated total reflection device (Linglu Co. Ltd., Shanghai, China) using single crystal
silicon as ATR crystal. The spectrum obtained at open circuit potential (OCP) serves as the reference. The



potential settings range from 0.1 V to -0.5 V vs. RHE, with intervals of -0.1 V.

Electrochemical characterization

The electrochemical performance of the synthesized catalysts for nitrate reduction reaction was
characterized by the electrochemical workstation (ModuLab XM) under ambient conditions (room
temperature: 25 + 2 °C) using an H-type electrochemical cell, which consists of a working electrode,
reference electrode on one side, a counter electrode on the other side, and a Celgard 3501 membrane (25
um, pore size: ~64 nm) as a separator. Before the electrochemical tests, the membrane is cleaned by DI
water. During the tests, the fabricated catalysts with a geometric area of 0.25 cm? were used as working
electrodes, while a platinum foil and a Hg/HgO electrode were utilized as the counter and reference
electrodes, respectively. For the e-NOs3R test, each compartment of the H-cell was filled with 40 mL
electrolyte (1 M KOH + 0.1 M KNOs3). LSV was conducted from -0.5 V to -2 V versus Hg/HgO at a scan
rate of 10 mV s7!, without iR correction, the data is collected every 0.5 seconds without any treatment.
Chronoamperometry (i-t) was performed under ambient conditions (room temperature: 25 + 2 °C) at
various potentials for 1 hour to determine the Faradaic efficiency (FE) and ammonia yield rate, the data
was collected every 3 seconds without any treatment. The current density was normalized to the geometric
area of the working electrode, unless otherwise stated. Recorded electrode potentials versus Hg/HgO were
converted to the reversible hydrogen electrode (RHE) scale using the formula: Erue = Engmgo + 0.098 +
0.059 x pH. When pH =14, the difference is 0.924 V. According to three individual measurements using
a calibrated pH meter, the pH of the electrolyte is 13.88 = 0.01, close to 14. Before each test, the reference
electrode is calibrated using fresh Hg/HgO as the counter electrode. The difference is confirmed to be
lower than 10 mV. Electrochemical impedance spectroscopy (EIS) measurements were performed in the
frequency range of 10 kHz to 0.01 Hz with an amplitude of 10 mV. The electrochemically active surface
area (ECSA) was estimated by measuring the double-layer capacitance (Ca) from cyclic voltammetry
(CV) at scan rates ranging from 20 to 100 mV s™'. The Cai was calculated by plotting half the difference
in current density (Aj/2) against the scan rates.

The home-made flow cell was assembled with an anode (1.0 cm?), a cathode (1.0 cm?), and a Celgard 3501
membrane. Co(OH)2-Ru and NiFe-LDH served as the cathode and anode, respectively. The catholyte
containing 1 M KOH + 0.5 M KNOs3 at 25 + 2 °C was continuously pumped from a 2 L container into the
cathode chamber to supply sufficient nitrate ions without refreshing catholyte at a flow rate of
100 mL-min"! via a Kamoer DIpump 550. The overflow from the cathode chamber returned to the
container due to the height difference (Figure S30), accompanied by the natural air stream. Both the
cathode and anode chambers have a volume of 100 mL. The outlet gas stream was purged into 500 ml of
0.1 M HCl to collect the NH3 product and a 200 ml pure water to adsorb the residual HCI. The durability
test was carried out under ambient conditions (room temperature: 25 + 2 °C) using an electrochemical
workstation (CHI 660¢) at a current density of 500 mA ¢cm for 339 h. The applied voltage was monitored
throughout the durability test through automated acquisition at 3-hour intervals (Figure S31). The amount
of NH3 in all the solutions was measured, and the corresponding Faradaic efficiencies (FEcen and FEcoliect)



were calculated.

For each electrochemical test, the electrolyte was prepared and stored in a dark, dry place for no longer
than one week.

Product analysis

The concentrations of Ammonia (NH3) were quantified via the indophenol blue method using ultraviolet-
visible (UV-Vis) spectroscopy. Typically, 20 puL of the catholyte was added to 2 mL of an alkaline solution
containing 1 M NaOH, 5 wt.% salicylic acid and 5 wt.% sodium citrate. The mixture was then sequentially
combined with 2 mL of deionized water, 1 mL of 0.05 M NaClO solution, and 200 pL of 1 wt.% sodium
nitroferricyanide solution. After color development for 30 minutes, the absorbance was measured from
500 nm to 800 nm. The concentrations of NH3 were determined by interpolating the absorbance values at
655 nm against a calibration curve constructed using standard NH4Cl solutions with known concentrations
(Figure S13, Supplementary Information).

Nitrite (NO2") concentrations were measured using the Griess colorimetric method. 0.16 g of N-(1-
naphthyl) ethylene-diamine dihydrochloride and 3.2 g of sulfonamide were dissolved in 80 mL of DI
water, which is further mixed with 16 mL of H3POa to prepare the Griess reagent. For each measurement,
20 pL of catholyte was mixed with 3 mL of H20 and 1 mL of freshly prepared Griess reagent. In the
reaction, sulfonamide reacts with nitrite under acidic conditions to form a diazonium salt, which
subsequently couples with the amine to produce a colored azo dye. The absorbance of the resulting
solution is recorded from 450 nm to 650 nm. Quantification was achieved by referencing the measured
absorbance at 540 nm to a calibration curve generated from standard KNO: solutions with known
concentrations (Figure S14, Supplementary Information).

For nitrate (NO3") quantification, a 20 pL aliquot of catholyte was first diluted to a total volume of 5.0 mL
with deionized water. To the diluted solution, 100 uL of 1 M HCl solution and 10 pL of 0.8 wt.% sulfamic
acid solution were added. The absorbance spectrum of the sample was then recorded between 200 and
300 nm. The NO3™ concentration was calculated based on the difference in absorbance values measured
at 220 nm and 275 nm. A standard calibration curve was constructed using KNO3 solutions of varying
concentrations (Figure S15, Supplementary Information).

Calculation of the FEs and yield

For NOj™-to-NH3, the Faraday efficiency was determined as follows:

_ 88X FXC(NH3) xV

FE
Myp, X Q

x 100% 3)

For NO;™-to-NO;:

_2><F><C(N02‘)><V

FE
Mpo; X Q

x 100% 4)



For NO;-to-NH3:

_6><F><C(N02‘)><V
Myy, X Q

where F is the Faraday constant (96485 C mol™), C is the measured NH; or NO,™ concentration, V is the volume

FE

x 100% (5)

of electrolyte in the cathode compartment (40 mL), M is the molar mass of NH3; or NO,’, and Q is the total
quantity of applied electricity (C).
For HER,

_ 2XF xn(H,)
B Q

where F is the Faraday constant (96485 C mol™), n is the molar amounts of generated H,, and Q is the total quantity

FE x 100% (6)

of applied electricity (C). The molar amounts of generated H, was measured by GC (GC-2014, Shimadzu) with
a thermal conductivity detector (TCD).

The yield of NH3 was calculated from:

C(NH3) XV

tx A )

Yyus =
where C is the measured NH3 concentration, V is the volume of electrolyte in the cathode compartment (40 mL), t

is electrolysis time (h), and A effective area of the electrode (cm?).

The NHj3 partial current density (jaus) is calculated by the average current density and NH3 FE using the following
formula:

jnm,(mA cm™2) = j (mA cm™2) * FEyy, (8)

Theoretical calculations

First-principle calculations based on density functional theory were carried out using the Vienna Ab initio
Simulation Package (VASP) to simulate both the catalytic process and Raman spectra.***¢ The Perdew-
Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) was employed
to describe the exchange-correlation functional. *” To properly describe the correlation between Co 3d
electrons, the DFT+U calculations were carried out with the effective Hubbard U-J parameter (Uerr) set to
3.8 eV. ¥4 Structural optimization of bulk Co(OH)2 was initially performed using a plane-wave basis set



with a cutoff energy of 550 eV and a I'-centered Monkhorst-Pack k-point mesh of 7x7x5.5° Convergence
thresholds were set to 10 eV for electronic energy and 0.005 eV/A for ionic forces.

Catalytic processes were simulated using (101) terminated Co(OH): slabs, constructed from 3x3x2
primitive unit cells. A vacuum layer of at least 20 A was introduced to separate the During the structural
optimization, the atoms in the top layer were allowed to relax, while the other atoms were constrained.
Brillouin zone integration for the slab calculations was performed using a 3x3x1 Monkhorst-Pack k-point
mesh. Van der Waals interactions were included via the DFT-D2 correction method throughout all
calculations.

As an indicator for each elemental step of e-NOsR, the Gibbs free energy change (AG) is calculated by
the following Equation:

AG = AE + AZPE — TAS 9)

where AE is the total energy change, AZPE is the change in zero-point energy, T is temperature 300 K,
and AS is the difference in entropy.

The calculated Raman spectra of bulk Co(OH)2 was firstly obtained via raman-sc code.>' A key limitation
of the DFT+U approach is the sensitivity of the simulated Raman spectra to the selected U value.
Consequently, the calculated values are intended only for relative comparison.



Data availability

All the data supporting the findings of this study are available within the article and its

Supplementary Information files. Source data are provided with this paper.
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Figure 1. Electrocatalytic performance. a) The schematic illustration for preparing Co(OH)2-Ru via a
two-step electrodeposition strategy. b) LSV curves without iR-correction of Co(OH)2-Ru, Co(OH)2-Pd,
Co(OH)2-Au, and Co(OH)2 in 1 M KOH with (solid line) and without (dashed line) 0.1 M KNOs at a scan
rate of 10 mV s\, ¢) FEs for NH3, NO2", H2, and NH3 yields of Co(OH)2-Ru at different applied potentials.
The error bars of FEs were derived from three individual measurements. d) NHs yields and e) NH3 FEs
on Co(OH)2-Ru, Co(OH)2-Pd, Co(OH)2-Au, and Co(OH)2. The error bars of FEs and yields were derived
from three individual measurements. f) NH3 yields and FEs of Co(OH)2-Ru during stability test for 100 h
at-0.7 V vs. RHE. The error bars of NH3 FEs and yields were derived from three individual measurements.
g) Applied voltages, NH3 FEs of Co(OH)2-Ru during stability test in a home-made flow cell for over 330
h at -0.7 V vs. RHE, inset is the photo of the flow cell. The error bars of FEs were derived from three
individual measurements. Source data for Fig. 1 are provided as a Source Data file.
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Figure 2. Reaction kinetics. a) Tafel plots with 80% iR correction, b) Cai, and ¢) the potential-dependent
Ret of Co(OH)2-Ru, Co(OH)2-Pd, Co(OH)2-Au, and Co(OH)2 in 1 M KOH with 0.1 M NOs". The error
bars for Ret were derived from equivalent-circuit fitting. d) The NOs3™ concentration-dependent Ret values
of Co(OH)2-Ru in 1 M KOH with various NO3™ concentrations. The error bars for Ret were derived from

Potential (V vs. RHE)

Potential (V vs. RHE)

equivalent-circuit fitting. Source data for Fig. 2 are provided as a Source Data file.
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Figure 3. Structural characterizations. Characterizations of as-prepared Co(OH)2-Ru: a) SEM image, b)
HAADF-STEM image, c and d) HRTEM images, and e-g) EDX elemental mappings. Characterizations
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Figure 4. Spectroscopic Characterizations. a) Normalized Ru K-edge XANES of Co(OH)2-Ru, Co(OH):-
Ru-AS, RuO2, and Ru foil. b) The Normalized k*-weighted Fourier-transformed Extended X-ray
Absorption Fine Structure (FT-EXAFS) spectra of Ru K-edge. ¢) FT-EXAFS fitting curves in R space of
Co(OH)2-Ru, Co(OH)2-Ru-AS. d) Potential-dependent in-situ Raman spectra over Co(OH)2-Ru. Time-
dependent in-situ Raman spectra of Co(OH)2-Ru in e) 1M KOH + 0.1 M KNOs and f) IM KOH. g) Time-
dependent in-situ Raman spectra for Co(OH)2-Ru-DD, Co(OH)2-Ru-DH, and Co(OH)2-Ru-AS in the
electrolyte consisting of 1M KOH, 0.1 M KNO3, and deuterated water (D20). h) The schematic illustration
for the dynamic evolution of Co(OH)2 of Co(OH)2 and Co(OH)2-Ru in the e-NO3R process. Source data
for Fig. 4 are provided as a Source Data file.



(@) Tmimkon = (€) wo NOy « +0AV[ = 404V with NO’
0.1+ * Reduction of *H e ov |- oV
'y 3 e 0AV| - 04V
£ & 20 . 02V |- 02V
< 0.00- ) _ + 03V| s 03V
< . < ] . 04V| < -0av
2 /7;// e S -0 ﬂ“. I | I
£ % ) =3 S i !
2 f c - Y/, @ § *
gy /) 2 U In1MKOH+0.AMKNOY & olf 7% | ' ‘
T z i £ Sy I
H Co(OH),-Au| §-0201 Co(OH), o SR S
g £ 2 S a7 W [N
a0z /' — Co(OH)-Pd| 3 / —— Co{OH),-Au 20 /‘ R |
i Co(OH),-Ru| ~ 0257 Co(0H),-Pd ’
/ /
| Co(OH), Co{OH),-Ru o ‘ )
0,03 L~ - - 030 : : ! ' ! !
0.2 0.0 0.2 0.4 0.6 0.2 0.0 0.2 0.4 06 102 10°' 10° 10" 107 10° 10° 10% 10* 10° 102 10' 10° 10 102
Applied potential (V vs. RHE) Applied potential (V vs. RHE) Frequency (Hz)
(d) DMPO-H (e) miz =2 H, (f) ==2H,
3E-13] | | E-1[2

Co(OH),-Ru 300s w/o NO, [ A A ) )
miz = 16 NH,/O miz = 16 NH,JO

M/\,_/J\fr\/\/\,./\[\,_/\,_._\/ . o e -

I UL 7 : Peadod e

~ |co(OH),-Ru 600s wid NO, T _ 5 J N
3 3 iz =17 NFOH 2 miz = 17 NH,/OH

o S~ —

L - — - - _ BE.11 J | 3EA1
: MN N\ > LU - Nyl i oy
= 5 7} miz =30 NO

€ |co(OH),-Ru 1200s wlo NO E miz=30N0 ey | | mE=30N e
2 -

2 2 2 U\

T

I~ MJ\FW/\I\/\/\{\FJ\/,_.\ . miz = 31 NHO/NGH - Tz = 31 NHOTNOH
\ €43 | N | 75.1[4

miz =48 NO,

iz = 46 NO,
Co(OH), 1200s w/o NO, @-0.5V ‘JE»‘;G » A | L E4
500 320 Ju0 60 M0 Moo M0 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
( ) Magnet field (G) (h) Time (sec) . Time (sec)
g without t-BuOH % b o ColOH)Ru )
| with 0.1 M t-BuOH o
100 - o Co(OH),
g [80 &~ o -~ Co(OH)-Au
= E E %7 - co(OH)-Pd ’
H Leo = & fio - - - A
S 9 o 6
§ EE
T o
3 (e g
3 23
o T £
L L2 £ Z -
20 - NO,-to-NH, limited
o o T T T T T T T
04 03 08 i 01 02 03 04 05 08 07 01 02 -03 -04 -05 -06 -07
Applied potential (V vs. RHE) Applied potential (V vs. RHE) Applied potential (V vs. RHE)

Figure 5. Characterizations of *H production and utilization. a) CV curves without iR-correction of
Co(OH)2-Ru, Co(OH)2-Pd, Co(OH)>-Au, and Co(OH)2 in 1 M KOH, scan rate: 5 mV s}, b) CV curves
without iR-correction of Co(OH)2-Ru, Co(OH)2-Pd, Co(OH)2-Au, and Co(OH)2 in 1 M KOH with 0.1 M
KNOs3, scan rate: 5 mV s, ¢) Potential-dependent Bode plots of Co(OH)2-Ru in 1 M KOH with and
without 0.1 M NOs'. d) ESR spectra of the electrolyte catalyzed by Co(OH)2-Ru, and Co(OH)2 in 1 M
KOH with/without 0.1 M NOs™ at -0.5 V vs. RHE. Online DEMS spectra of e) Co(OH)2-Ru, and f)
Co(OH)2 in 1 M KOH with 0.1 M KNOs. g) FEs for NH3, and NH3 yields of Co(OH)2-Ru at different
applied potentials with and without the addition of 0.1 M t-BuOH. The error bars of FEs were derived
from three individual measurements. h) NH3 yields over Co(OH)2-Ru in 1 M KOH + 0.1 M KNOz. The
error bars of yields were derived from three individual measurements. 1) The ratio between NH3 partial
current density of Co(OH)2-Ru in e-NO2R (Jnoz2r) and e-NO3R (Jnosr). The error bars of ratios and yields
were derived from three individual measurements and calculations. Source data for Fig. 5 are provided as
a Source Data file.
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Figure 6. Reaction pathway. The in-situ FTIR spectra of a) Co(OH)2 and b) Co(OH)2-Ru; c¢) The Gibbs
free energy profiles for e-NO3R on OHside-ended and Co-ended Co(OH)2. (cyan: cobalt; red: oxygen;

white: hydrogen; gray: nitrogen). d) The proposed evolution process and reaction mechanism on
Co(OH)2-Pd and Co(OH)2-Ru. Source data for Fig. 6 are provided as a Source Data file.



Editor’s Summary:

The unclear structural evolution mechanism of Cobalt-based materials restricts the long-term applications of
nitrate reduction for ammonia synthesis. Here, the authors report a Ru-promoted dynamic evolution of cobalt

hydroxides that can stably produce ammonia at high current densities.

Peer review information: Nature Communications thanks Yijun Yang and the other anonymous reviewer(s) for

their contribution to the peer review of this work. A peer review file is available.



