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ABSTRACT: The limitations of the Haber-Bosch reaction—particularly high-temperature operation—have ignited
new interests in low-temperature ammonia-synthesis scenarios. Ambient N, electroreduction is a compelling
alternative, but is impeded by a low ammonia production rate (mostly <10 mmol g.,! h''), small partial current
density (<1 mA cm?), and high-selectivity hydrogen-evolving side-reaction. Herein, we report that room-
temperature nitrate electroreduction catalyzed by strained ruthenium nanoclusters generates ammonia at a higher
rate (5.56 mol g.,! h'') than the Haber-Bosch process. The primary contributor to such performance is hydrogen
radicals, which are generated by suppressing hydrogen-hydrogen dimerization during water splitting enabled by the
tensile lattice strains. The radicals expedite nitrate-to-ammonia conversion by hydrogenating intermediates of the
rate-limiting steps at lower Kinetic barriers. The strained nanostructures can maintain nearly 100% ammonia-
evolving selectivity at >120 mA cm? current densities for 100 hours due to the robust subsurface Ru-O coordination.

These findings highlight the potential of nitrate electroreduction in real-world, low-temperature ammonia synthesis.
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INTRODUCTION

Ammonia is produced in a large scale by the Haber-Bosch process.! This industrial N, reduction reaction
(NRR) has a typical yield below 200 mmol g.,! h''.23 The process is energy-intensive because it proceeds at
high temperatures of 400-600°C.# A more sustainable approach for ammonia production is aqueous-based
electrocatalytic NRR at ambient conditions.’>”” However, these reaction rates and partial current densities are

usually less than 10 mmol g.,! h'! and 1 mA cm2, respectively.

In contrast to N, requiring 941 kJ/mol to break the N=N bond, nitrate can be disintegrated into
deoxygenated species with a much lower energy of 204 kJ/mol.3-1° From an energetic viewpoint, it makes perfect
sense to explore electrocatalytic nitrate reduction reaction (NITRR) as a promising low-temperature ammonia
synthesis tool. NITRR occurs at solid-liquid interfaces with a lower reaction energy barrier than solid-gas-liquid
interfaces of NRR. It also has an advantage in selectivity because the kinetics of NITRR can be optimized against
the competing hydrogen-evolving reaction (HER).!! Furthermore, nitrate is abundant in natural environments as
a consequence of the worldwide use of nitrogen-containing fertilizers and pesticides. Nitrate in drinking water is
known to cause diseases such as methemoglobinemia and non-Hodgkin’s lymphoma.!? Converting nitrate to

ammonia via electrocatalysis potentially offers a good solution to energy and environmental problems.!3-18

Electrocatalyzed nitrogen transformation from nitrate to ammonia involves the transfer of 9 protons and 8
electrons (NO3;~ + 9H* + 8¢~ — NHj; + 3H,0) during which nitrogen oxyanions and dinitrogen are unavoidably
generated as undesired byproducts.'?> With traditional metal-based catalysts, a decent nitrate-to-ammonia
selectivity is attainable only under low overpotentials and small current densities, while hydrogen-evolution still
dominates at high overpotentials.?3->> Further exploiting the potential of NITRR in ammonia synthesis hinges on

the creation of more efficient electrocatalysts.
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In this work, we designed Ru/oxygen-doped-Ru core/shell nanoclusters to electrocatalyze NITRR to

ammonia. Oxygen dopants expand the Ru unit-cell to trigger tensile strains. The strains suppress HER but favor

*H formation by lifting the barrier of hydrogen-hydrogen coupling. The resulting *H promotes the hydrogenation

of reaction intermediates to ammonia. Benefiting from the HER prevention and NITRR promotion, our room-

temperature electrocatalysis exhibits an ammonia-synthesizing rate (5.56 mol g.,! h! or 1.17 £ 0.04 mmol h!

cm?) exceeding that of the state-of-the-art NITRR electrocatalysis. Moreover, our strained nanoclusters maintain

a high selectivity across a wide range of applied potentials, and they show superior durability against strong

currents because of the firm bonding of Ru with subsurface oxygen dopants.
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Figure 1. Characterizations of the tensile strain structure of Ru/oxygen-doped-Ru core/shell nanoclusters. (a)
Transmission electron microscopy (TEM) image, (b, c) aberration-corrected HAADF-STEM image, (d) EELS
elemental map, (e) XPS, (f) Ru K-edge XANES, (g) Ru oxidation state, and (h) Ru K-edge EXAFS of Ru-ST-12.
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The inset in panel a shows the size distribution of Ru-ST-12. The inset in g shows the first-order derivatives of
Ru K-edge XANES spectrum shown in f. To quantify the Ru oxidation state, we obtained a linear equation by
plotting the Ru oxidation state as a function of the positions where the peak values of the first-order derivatives
are achieved. We extracted the corresponding oxidation state based on the equation and the position measured for
the maximal first-order derivative of our strained samples. Three-dimensional (3D) topographic strain
distribution images of Ru-ST-12 (i), Ru-ST-5 (j), and Ru-ST-0.6 (k).

RESULTS AND DISCUSSION

The strained electrocatalysts were prepared by impregnating oxygen into Ru nanocluster subsurface. We
first synthesized ruthenium oxychlorides as pre-catalysts with Ru, O, and Cl distributed homogeneously via a
sol-gel route (Figure S1).2627 The pre-catalysts were then electrochemically reduced through the cyclic
voltammetry (CV) treatment to achieve strained Ru nanoclusters of approximately 2 nm in diameter that
maintained oxygen at the sublayers but with chlorine completely removed. The resulting core/shell motif has a

pure Ru core and a subsurface shell surrounded by oxygen.

We next characterized the core/shell nanostructures (Figure 1). Elemental mappings from electron energy
loss spectroscopy (EELS) show the annulus-shaped distribution of oxygen dopants (Figure 1d). The Ar*
sputtering X-ray photoelectron spectroscopy (XPS) reveals oxygen resides at the subsurface with a penetration
depth of roughly 0.3 nm, while the ruthenium signals are distributed uniformly throughout the entire nanoclusters
(Figure S2). The oxygen dopant concentration was calculated by normal XPS to be 6.3 at.% (Figure le). X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) of the O-doped
nanoclusters as well as the linear equation plotting Ru oxidation states versus the peak positions of the first-order
derivatives of the corresponding XANES,?® reveal that Ru has an average valence state of +0.27 induced by
dopant-mediated charge balancing (Figures 1f-h) and is primarily a metallic phase. These characterization results
collectively identify metallic Ru as the core and O-doped Ru as the shell, suggesting that the oxygen dopants do

not alter the subsurface metallic phase.
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The ultra-small size of the pre-catalysts plays an important role in forming the core/shell structure. The
force of electroreduction pulls all of the anions out of the core lattice along the short diffusion channels, while
the quantum confinement of electrons—together with the higher affinity of Ru toward oxygen than chlorine—
detains oxygen at the sub-lattice.? Meanwhile, the force of electrooxidation promotes coordination between
residual oxygen and subsurface Ru. Such highly strained configuration cannot be achieved with a larger pre-

catalyst (12 nm; Figure S3).

We then sought experimental evidence for the strained configuration. In principle, strain (%) is defined
by (loa — lp)/lyr, Where [, and [,q represent the Ru-Ru bond lengths in pristine and O-doped Ru metals,
respectively.’%4® We measured /.4 from aberration-corrected high-angle annular dark-field (HAADF) images and
mapped the spatial distribution of the strains by geometrical phase analysis (GPA) on the HAADF images.4>-53

Doping 6.3 at.% oxygen into interstitial sites results in an enlarged /,4 and, thus, 12% tensile strain (Figure 11).

The strain degree was varied by tailoring the subsurface oxygen concentration. Exquisite controls over
electro-redox potential ranges and CV cycles allow for lessening oxygen concentrations to 2.9 and 0.09 at.%
(Figures S4 and S5), which in turn trigger strains of 5% and 0.6% (Figures 1j,k and S6), respectively. This trend
verifies that subsurface oxygen is responsible for the generation of tensile strain. We call 0.6%, 5%, and 12%
strained Ru as Ru-ST-0.6, Ru-ST-5, and Ru-ST-12, respectively. As a counterexample, further increasing oxygen
dopant concentration above 6.3 at.% leads to subsurface phase transition from oxygen-doped Ru to ruthenium
oxide (Figure S7). This leads to a reduction in the lattice difference (/,q — /,:) and consequently diminishes strain.
The strain values decrease to 10.3%, 8.7%, and 6.5% when the dopant concentrations increase to 6.5, 6.9, and 7.9
at.% (Figure S8), respectively. Thus, it is reasonable to conclude that the highest tensile strain we could achieve

in a Ru nanocluster is 12%.

To further validate the strains, we performed supplementary characterization. X-ray diffraction (XRD)

patterns display a dopant-dependent shift of the peaks toward a lower degree (Figure S9a), indicating the dopant-

6
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mediated lattice expansion. To quantify this lattice variation, we parsed the HAADF images by plotting the
integrated pixel intensity profiles of the lines along the (100) direction (Figures S9b-e). The averaged (100)
spacing of Ru-ST-0.6 was 2.34 A, which nicely matches with the theoretical value of pure Ru. Oxygen doping
led to increased values: 2.46 A for Ru-ST-5 and 2.63 A for Ru-ST-12. This affords direct and visual evidence for
the existence of the tensile strains. We also simulated the Ru K-edge EXAFS of Ru-ST-0.6, Ru-ST-5, and Ru-
ST-12 (Figure S9f). The Ru-Ru length was calculated to be shortest for Ru-ST-0.6, modest for Ru-ST-5, and
longest for Ru-ST-12 (Figure S9g). For each of the three samples, the differences among the strain values
calculated from the GPA, the intensity profiles, and the fitted EXAFS are within 5% (Figure S9h). All of these

results clearly justify the strain values determined above.
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Figure 2. Performance of the strained nanoclusters for electrocatalytic NITRR to NHj. (a) NITRR and HER
Faradaic efficiencies (FEyys; and FEygR) and (b) NITRR partial current densities (Jyu3) of Ru-ST-12, Ru-ST-5
and Ru-ST-0.6 under the applied potentials of -1.0, -0.9, -0.8, -0.7, -0.6, -0.5, -0.4, -0.3, -0.2, -0.1, 0.0, 0.1, and
0.2 V versus RHE. (c) FExy3 and Jyy; of Ru-ST-12 under the applied potential of -0.2 V versus RHE during 100
times of one-hour electrocatalytic NITRR. (d) Comparison of the electrocatalytic NITRR performance of Ru-ST-
12 with other extensively reported electrocatalysts.
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Having the strained electrocatalysts in hand, we next sought to evaluate the benefit that the strain could
bring to ammonia electrosynthesis from NITRR operating under room temperature and atmospheric pressure.
The electrocatalysis was performed using Ag/AgCl as the reference electrode, platinum mesh as the counter
electrode, and carbon paper coated by the strained catalysts as the working electrode. All of the electrodes were
assembled within a H-type cell, an electrolyzer with mature applications in CO, and N, electroreduction.’* The
possible effects of other electrocatalytic reactions are minimized by bubbling high-purity argon into nitrate-
containing electrolytes throughout NITRR. The products of H, and ammonia were quantified by gas
chromatography (GC) and by ion chromatograph (IC) and nuclear magnetic resonance (NMR), respectively. We
determined the Faradaic efficiency (FEyy3) for nitrate-to-ammonia as well as the ammonia-evolving rate (vnus),
and the partial current density (Jxp3), respectively, according to FEny3 = (8F % Cyuz X V)/Q, vauz = (Cnus X V)/(¢
x m), and Jygz = (Q x FExp3)/t. Here, F' is the Faraday constant, Cyy3 is the molar concentration of measured
ammonia, V is the volume of the electrolyte, Q is the charge passing through the catalyst, ¢ is the reaction time,

and m is the catalyst mass.>

The electrolyte, in which our NITRR worked best, is a mixture of 1 M KOH and 1 M KNOj; (Figures
S10-12). This electrolyte is beneficial for NO;- transfer, adsorption, and activation. In addition, the highly
alkaline media can also suppress HER.3® Under such optimal conditions, our Ru-based electrocatalysts performed
NITRR with H, and ammonia as the only two products. Other side products including NO,, NO, N,O, and N,
were undetectable (Figure S13). The experimental observations that non-electrocatalysis in KOH/KNO; and
electrocatalysis in KOH both yielded no ammonia and that ’'NH," was tracked when '"NO;- was employed

confirm that the detected ammonia is derived from the nitrate feedstock (Figures S14 and S15).

The tensile strain inhibits HER, which is the only side-reaction of NITRR over Ru-ST-0.6, Ru-ST-5, and
Ru-ST-12. This inhibition was more pronounced with catalysts having higher strain (Figure 2a). As a result, the

scope of the potentials, in which >96% FEnp; was accessible, for Ru-ST-12 (0.2 to -0.3 V versus reversible

ACS Paragon Plus Environment



Page 9 of 29 Journal of the American Chemical Society

oNOYTULT D WN =

hydrogen electrode (RHE)) was broader than those of Ru-ST-5 (0.2 to -0.2 V versus RHE) and Ru-ST-0.6 (0.2 to

-0.1 V versus RHE).

The tensile strain promotes NITRR (Figures 2a,b). At any potentials from 0.0 to -1.0 V versus RHE,
FEnm3, Jans, and vaygs all followed the trend of Ru-ST-12 > Ru-ST-5 > Ru-ST-0.6 implying a strain-dependent
performance. Jyps values (recorded at -0.8 V versus RHE) of Ru-ST-12 and Ru-ST-5 were improved to be 77
and 14 times that of Ru-ST-0.6, respectively. We compared vy of the three samples with that of Ru
nanoclusters possessing 7.9 at.% oxygen dopants and 6.5% strain. vyg; plotted as a function of oxygen dopant
concentration follows a volcano-shaped trend rather than linear (Figure S16) and excludes the dominant role of
dopant-mediated ligand effects in our NITRR. To further highlight the role of the strain, we prepared Ru
nanoclusters having a diameter of around 2 nm, almost no dopant, and close-to-zero strain (called Ru-2nm)
(Figures S17). The NITRR activity is much lower than that of any strained Ru nanoclusters reported herein
(Figure S18). When vyys of these strained nanoclusters was normalized with electrochemically active surface
area (ECSA),’7 their performance differences are marginally narrowed (Figures S18 and S19 and Table S1).
These results—along with the observation that Ru-ST-12, Ru-ST-5, and Ru-ST-0.6 have nearly commensurate
Brunauer-Emmett-Teller (BET) surface areas (Table S1)—indicate that the tensile strains behave as the
performance descriptor and that the main contribution of the strains to the performances does not stem from the

improvement in the reactive site quantity.

To evaluate the structural stability, we measured Ru and O K-edge XANES of Ru-ST-12 in situ during
NITRR at -0.2, -0.6, and -0.8 V versus RHE (Figures S20a-d). We observed nearly unshifted XANES edges and
an inappreciable decrease in both Ru oxidation state and subsurface Ru-O signal. When operated at -0.8 V versus
RHE for 1 hour, Ru-ST-12 shows a red-shift edge in the Ru K-edge XANES compared with Ru foil and Ru-2nm
(Figure S21). These observations demonstrate that the subsurface Ru-O coordination is robust enough to resist

strong currents and that the dopant-triggered strains indeed affect the electrocatalysis. This structural robustness
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could be rationalized by the fact that we synthesized Ru-ST-12 by heavy electro-reduction of the pre-catalyst
under -1.2 V versus RHE, which is more negative than the working potentials (0.2 to -1 V versus RHE).
Simulations reveal that such a drastic reductive treatment leads to a subsurface reconstruction and, hence, to a
strong bonding between Ru and subsurface oxygen. This leads to a prohibitive energy barrier for the dopant
diffusion from the lattice interior to the exterior (Figures S22). We also found that high-temperature H, reduction
could not curtail the subsurface oxygen (Figures S20e-h). These dopants did not increase after exposing Ru-ST-
12 in air for 30 days (Figures S20i-1). When the NITRR was run at Jypz over 120 mA cm for 100 hours, there
was no appreciable decay in activity and selectivity (Figure 2¢). Furthermore, the after-reaction catalysts showed
negligible changes in the strain degree, the location and proportion of the dopants, and the core/shell structure

(Figure S23).

The 12% tensile strain empowers Ru-ST-12 with the highest vnyz among all of the ever-reported
ammonia-synthesizing scenarios (Figure 2d). Averaging vnyz of 20 independently-synthesized Ru-ST-12 gave
5.56 £ 0.18 mol g.,' h'! (or 1.17 = 0.04 mmol h' ecm?) (Figure S24) outpacing the state-of-the-art vypz of
NITRR electrocatalysis and of Haber-Bosch-, electrocatalysis-, and photocatalysis-based NRR (Tables S2 and
S3). To confirm this performance, we determined vny3; via the following four parallel experiments. In the first
experiment we used IC as the ammonia detector and *NOjs- as the nitrogen source. A second used IC and 'NOs-,
a third employed NMR and '“NOs-, and a fourth adopted NMR and "NO; (Figure S25). The experimental
results are very close to each other and validate the values seen here. The observation that the CP coated with
Ru-ST-12 is far more active than catalyst-absent CP (Figure S26) demonstrates that the CP support acts
essentially as a current collector during our NITRR; the superior performance originates primarily from the
strained catalyst. For further comparison, we prepared electrocatalysts including strain-free nanocrystals of Ru,
Rh, and Ir, transition metal dichalcogenides, carbon materials, metal-organic frameworks (MOFs), and MOF-

derived single-atom catalysts. When operated under the same conditions, these systems exhibited vnys 1-4 orders

10

ACS Paragon Plus Environment



Page 11 of 29 Journal of the American Chemical Society

oNOYTULT D WN =

of magnitude lower than our strained nanoclusters (Figures S27 and S28). The maximum turnover frequency

(TOF) of Ru-ST-12 reaches up to 1.79 s!, which is 29.3-fold higher than that of Rh metal.

We next sought to understand the origin of the strain-induced extremely efficient ammonia
electrosynthesis. Theoretical calculations reveal that the nitrate reduction over the strained and strain-free Ru
surfaces both proceed through deoxygenation (N-O; — N-O, — N-O) and hydrogenation (N-O — H-N-O — H,-
N-O — N-H, — N-Hj) steps (Figure S29).5® The exothermal nature of the entire process can nicely explain why
our NITRR is easier-to-achieve than NRR, which is usually endothermal. The observation that the energy is
downhill in N-O; — N-O,, N-O, — N-O, N-O — H-N-O and considerably uphill in N-O — N,0, as the
intermediate steps of generating N,O and N, rationalizes the aforementioned absence in our NITRR process of

NO,, NO, N,0, and N,. In contrast, these byproducts are routinely seen in other NITRR cases.

Two very interesting findings were also obtained from the theoretical calculations. First, our tensile strain
inconspicuously affects the NITRR thermodynamic barriers. Second, the reaction steps are more endothermic in
hydrogenation than in deoxygenation. Besides, in situ Fourier-transform infrared spectroscopy (FTIR)
measurements indicate that the strains pose negligible improvement in nitrate adsorption (Figure S30).'4 These
findings suggest that the leading contribution of the strain to the performance is amelioration in the kinetics of

the hydrogenation process.

11
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Figure 3. Origin of the strain-dependent NITRR performances. (a) ESR spectra of the solutions obtained after 10
minutes of NITRR electrocatalyzed by Ru-ST-12, Ru-ST-5, and Ru-ST-0.6 in 1 M KOH under argon using
DMPO as the *H-trapping reagent. (b, c) Energy diagram of the reaction steps from HNO to H,NO and from NH,
to NH; over the strained Ru surface. (d) DMPO-involved ESR spectra of the Ru-ST-12-catalyzed NITRR
solution in the presence of KNO; with the concentration increased from 0 to 1 M. e, NITRR partial current
densities and activation energies of Ru-ST-12, Ru-ST-5, and Ru-ST-0.6 with and without DMPO involvement.

Given the intimate correlation of hydrogenation kinetics with the proton, we shifted our attention to the
water-splitting process that supplies protons for the NITRR. The HER performance was evaluated by performing
electrochemical linear sweep voltammetry measurements in 1 M KOH without KNOj (Figure S31). The
overpotential at 10 mA cm? follows the tendency of Ru-ST-12 > Ru-ST-5 > Ru-ST-0.6 again confirming the
suppressive role played by the tensile strain in water decomposition. To study the underlying reason, we
calculated HER elemental steps. The HER over the strained and strain-free surfaces includes Volmer (H;O" + ¢~
— H,gs + H,O) and Heyrovsky (H,gs + H;O" + e~ — H, + H,0) reactions (Figure S31a).>° The strain has a slight
impact on the Volmer step but upraises the Heyrovsky reaction energy by 0.94 eV. This result reveals that the
strain-induced HER inhibition stems from the increase in the energy required for dimerizing hydrogen to form
dihydrogen. As a result, parts of H,qs survive, desorb away from the Ru surface, and ultimately evolve into

hydrogen radicals (*H) existing in the reaction medium.®°

12
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To further verify the existence of hydrogen radicals, we turned to the electron spin resonance (ESR)
technique using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the radical trapping reagent. The electrocatalysis
was still run in bare 1 M KOH to exclude possible disturbances. It was done under argon to prevent oxygen-
mediated quenching and for 10 minutes to enable equilibrium between the *H formation and quenching. Nine
ESR peaks were observed when the product from the reaction was added into DMPO (Figure 3a). Their intensity
ratio approaches 1:1:2:1:2:1:2:1:1 and is consistent with the hyperfine coupling constant calculated as ay = 16.3
G and ay = 22.5 G. This allows for the assignment of the signal to a spin adduct, that is, DMPO-H.%!-6> The
DMPO-H signals were strongest for Ru-ST-12, modest for Ru-ST-5, and weakest for Ru-ST-0.6. This has the
opposite trend as a function of the strain with the HER performance. These observations nicely match the HER
simulations and experiments above. They verify the existence of *H and support a strain-induced *H formation
mechanism. Moreover, higher tensile strain makes hydrogen dimerization more difficult and consequently

enhances *H accessibility.

Considering that radicals expedite catalysis,®> we reasoned that the *H radicals detected and confirmed
above could expedite our NITRR kinetics. To theoretically support this speculation, we ascertained the kinetic
“black box” through calculations of the transition states (TSs) in the hydrogenation steps with and without *H
involvement (Figure S32). Our calculation focused on H-N-O — H,-N-O and N-H, — N-Hj steps because they
play a rate-limiting role for the entire NITRR. In the *H-absent case, a hydrogen-shuttling model was adopted
where hydrogen first adsorbs atop Ru and then migrates and adheres on nitrogen-based intermediates. The *H-
engaged case donates hydrogen to intermediate molecules. This was shown by a previous simulation study on
hydronium-assisted CO, electroreduction with hydronium as the dominant existing state of *H in solution.®
Compared with the hydrogen-shuttling pathway, the hydronium-involved mode reduces the TS energies of H-N-
O — H,-N-O and N-H; — N-H; over the strained surface by 1.09 and 1.26 eV to 0.53 and 0.51 eV (Figures 3b,c),

respectively, suggesting the promotion effect of *H on hydrogenating intermediates.
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We finally sought to verify experimentally the beneficial effects of *H on the NITRR kinetics. A
prerequisite of realizing this goal is to ensure that the reactions of *H with nitrate or NITRR intermediates indeed
occur. The ESR spectra of Ru-ST-12 that underwent electrocatalysis in 1 M KOH containing 0—-1 M KNO; were
recorded (Figure 3d). The variation of the KNO; concentration from 0 to 1 M caused the DMPO-H-assigned
peaks to be gradually attenuated and provides solid evidence for the participation of *H in our NITRR. We
introduced DMPO as the *H scavenger into the reaction to directly investigate the effect of *H on our NITRR
considering the lower barrier of the reaction between *H and DMPO than between *H and NITRR
intermediates.® Before the addition of DMPO, Jxm3 recorded at -0.2 V versus RHE for Ru-ST-12, Ru-ST-5, and
Ru-ST-0.6 were 128.1, 51.5, and 6.7 mA cm?, respectively. The enhancements of Ru-ST-12 and Ru-ST-5 in
comparison with Ru-ST-0.6 were as high as 19- and 8- fold (Figure 3e), respectively. After the addition of
DMPO to quench *H, Jyp3 of Ru-ST-12 and Ru-ST-5 dramatically decreased to 10.5 and 8.1 mA cm™ with
enhancement factors dropping to 1.7 and 1.3, respectively. These comparisons clearly indicate the correlation of

the strain-dependent NITRR kinetics with the *H engagement.

To further examine the contribution of *H to the kinetics, we compared the NITRR activation energies (£,)
in the absence and presence of DMPO. The reactions were carried out at different temperatures to determine E,
from Arrhenius plots (Figures 3¢ and S33).9 Ru-ST-12 showed the lowest E, of 2.7 kJ mol™! in comparison with
Ru-ST-5 (11.6 kJ mol™!) and Ru-ST-0.6 (53.2 kJ mol™"). The addition of DMPO increased E, of Ru-ST-12, Ru-
ST-5, and Ru-ST-0.6, by 46.3, 40, and 1.1 kJ mol!, respectively. This reveals a positive proportional
relationship between the DMPO-mediated £, increment and the *H formation capacity and strongly supports the
ability of *H to lower the kinetic barriers. Collectively, the strong dependences of *H, E,, and vnyy3 on the strain
point toward a strain-enabled-hydrogenation mechanism. Hydrogen radicals reduce kinetic barriers in
hydrogenating intermediates into ammonia. Their formation is favored on tensile strain-rich surfaces that lift the

H-H coupling energy.
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CONCLUSIONS

Our experiments and simulations demonstrate that electrocatalytic NITRR enables ambient ammonia-
synthesis with fast rates, high selectivities, and strong current densities when using catalyst of strained Ru
nanoclusters. Such performance originates from the tensile lattice strains, while the strain-endowed *H behaves
as the dominating reactive species to accelerate NO;-to-NHj electrocatalysis. This benefit results in an ultrahigh
rate for ammonia production at room temperature (5.56 mol g.,! h'! or 1.17 £ 0.04 mmol h'! cm?2). This
surpasses that of reported best NITRR electrocatalysis. Our findings suggest that electrocatalytic NITRR is a
promising, low-temperature ammonia-synthesis scenario for industrial applications. Our strain-steered radical-

evolving idea will open up new possibilities for enhancing other catalytic reactions.

METHODS

Chemicals and materials. Ruthenium chloride hydrate (RuCl;-xH,0, 99.98%), rhodium chloride hydrate
(RhCl;3-xH,0, 99.98%), iridium chloride hydrate (IrCl;-xH,O, 99.98%), ammonium molybdate tetrahydrate
((NH4)sM070,4°4H,0, >99%), ammonium paratungstate ((NHy);oH2(W,07)s-xH,0, 99.99%), thiourea (>99%),
propylene oxide (=99%), 2-methylimidazole (99%), zinc nitrate hexahydrate (Zn(NO;),-6H,0, 98%), benzene-
1,3,5-tricarboxylic acid (BTC, 95%), copper nitrate trihydrate (Cu(NO;),-3H,0, >98%), fumaric acid (=99%),
potassium hydroxide (KOH, >99.95%), potassium nitrate (KNOs3, 99.99%), >N labelled potassium nitrate
(K'SNOs, >99.5%), lithium nitrate (LiNOs, >99%), sodium nitrate (NaNOj;, >99%), rubidium nitrate (RbNOs,
99.7%), cesium nitrate (CsNOs, 99%), ethanol (=99.5%), methanol (=99.9%), dimethylformamide (DMF, >99%)),
Nafion solution (5 wt%) and acetone (>99.9%) were purchased from Sigma-Aldrich. Sodium borohydride
(NaBH,4, >98%), graphite powder (>99.85%), sodium nitrate (NaNOj3, >99%), potassium permanganate (KMnQy,
>99.5%), concentrated sulfuric acid (H,SO4, 95~98%), hydrogen peroxide (H,0,, 30%), hydrochloric acid (HCI,
36.0~38.0%), and bismuth nitrate pentahydrate (Bi(NOsj);:5H,O, >99%) were purchased from Sinopharm
Chemical Reagent Co. Ltd. (China). Cobalt nitrate hexahydrate (Co(NOs),-6H,0O, 99%), iron chloride
hexahydrate (FeCl;-6H,O, 99%), iron acetylacetonate (98%), cobalt acetylacetonate (98%), nickel
acetylacetonate (95%), and cetyltrimethylammonium bromide (CTAB, >99%) were purchased from Aladdin
(China). Carbon paper used as a substrate was purchased from Fuel Cell Store (USA). All the chemicals were

directly utilized without further purification.
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Preparation of the amorphous ruthenium oxychloride nanoclusters by a modified sol-gel route.?62”
Solution A was prepared by dissolving 1.2 mmol of RuCl; in 2 mL of ethanol. Solution B was prepared by
mixing 2 mL of ethanol with 0.2 mL of ultrapure water (resistivity of 18.00 MQ-cm). The solution A and B were
kept in a refrigerator for 5 hours for cooling. The solution B and 1 mL of propylene oxide were added drop by
drop into the solution A, which lasted for 20 minutes. The mixture was first incubated at 15°C for 48 hours to
yield a black gel (see Figure Sla), then added with acetone, next stirred vigorously for 3-5 days, and
subsequently sonicated by an ultrasonic cell disrupter in an ice bath for 12 hours. The resulting mixture solution
was centrifuged at 5,000 r.p.m. for 5 minutes to remove the large particles in the sample. The supernatant was
collected, washed with ethanol and acetone thoroughly, and centrifuged at 15,000 r.p.m. for 10 minutes. These

washing procedures were repeated for several times to obtain amorphous ruthenium oxychloride nanoclusters.

Preparation of the amorphous ruthenium oxychloride with the size larger than 10 nm. Solution A was
prepared by dissolving 1.2 mmol of RuCl; in 2 mL of ethanol. Solution B was prepared by mixing 2 mL of
ethanol with 0.2 mL of ultrapure water (resistivity of 18.00 MQ-cm). The solution A and B were kept in a
refrigerator for 5 hours for cooling. The solution B and 1 mL of propylene oxide were added quickly into the
solution A. The mixture was first incubated at 25°C for 96 hours to yield a black gel, then added with acetone
and subsequently stirred vigorously for 3-5 days. The resultant mixture solution was washed with ethanol and
acetone thoroughly and centrifuged. These washing procedures were repeated for several times to obtain

amorphous ruthenium oxychloride with its size larger than 10 nm.

Synthesis of Ru-ST-12, Ru-ST-5 and Ru-ST-0.6 by electrochemical redox treatment of the amorphous
ruthenium oxychloride nanoclusters. 10 mg of the amorphous ruthenium oxychloride nanoclusters were added
into the mixture of 0.5 mL of ultrapure water (resistivity of 18.00 MQ-cm) and 0.6 mL of ethanol. The mixture
was sonicated for 30 minutes and then dropped onto a carbon paper (CP, 1 cm? of area). The catalyst-coated CP
was placed within a culture dish with a cover until the water and ethanol were naturally evaporated.
Electrochemical redox treatment of the amorphous ruthenium oxychloride nanoclusters was performed in 1 M
KOH using a three-electrode system with the resultant CP as the working electrode, Ag/AgCl (with 3 M KCl as
the filling solution) as the reference electrode, and platinum mesh as the counter electrode. Scanning cyclic
voltammetry (CV) across the working electrode was conducted to reduce and re-oxidize the amorphous
ruthenium oxychloride nanoclusters to enable the incorporation of oxygen into the subsurface lattice. Ru-ST-12,

Ru-ST-5 and Ru-ST-0.6 were obtained by scanning CV, from 0.3 to -1.2 V versus RHE for 30 cycles, from 0.3
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to -1.6 V versus RHE for 60 cycles, and from 0.0 to -2.0 V versus RHE for 100 cycles, respectively. Ru-2nm was
synthesized by scanning CV from 0.3 to -2.2 V versus RHE for 120 cycles, followed by a thermal reduction
under H; at 300 °C for 6 hours. The Ru nanoclusters with 10.3%, 8.7%, and 6.5% tensile strains were prepared by
scanning CV, from 0.3 to -1.0 V versus RHE for 25 cycles, from 0.3 to -0.8 V versus RHE for 20 cycles, and
from 0.3 to -0.6 V versus RHE for 30 cycles, respectively. Amorphous ruthenium oxychloride with the size
larger than 10 nm was treated by scanning CV from 0.3 to -1.2 V versus RHE for 30 cycles. The catalysts used
for NITRR were obtained by peeling off the samples from the CP.

Characterization. The powder X-ray diffraction (XRD) patterns of the samples were recorded on a Bruker DS
Advance diffractometer with monochromatized Cu Ka radiation (4 = 0.15418 nm). The morphology of the
samples was observed on a JEOL 6700-F field-emission scanning electron microscope (SEM) and a JEOL JSM-
2010 high-resolution transmission electron microscopy (HRTEM). For the TEM sample preparation, the powders
were suspended in ethanol, and then a drop of this suspension was deposited onto a holey carbon film supported
by a copper grid and then dried in air prior to the TEM examination. Chemical compositions and states were
analyzed using XPS (Thermo Scientific ESCLAB 250Xi). All binding energies were referenced to the C 1s peak
(284.6 eV) arising from the adventitious carbon. Electron spin resonance (ESR) spectra with 5, 5-dimethyl-1-
pyrroline-N-oxide (DMPO) as the hydrogen radical spin-trapping reagent were acquired on a Bruker ESR 300E

spectrometer.

HAADF-STEM and EELS elemental mapping. HAADF-STEM images were acquired on a double-aberration-
corrected JEOL JEM-2200FS operated at 200 keV. STEM was also conducted using detectors including bright
field (BF-STEM), medium-angle annular dark field (MAADF-STEM) and high-angle annular dark field
(HAADF-STEM), all of which were implemented on JEOL JEM 2200-FS equipped with double aberration
correctors and operated at 200 keV as well as on a Cs-corrected Nion UltraSTEM100 operated at 100 keV under
UHV conditions (typical pressure <2 x 10~° Torr). Improvement of image quality and suppression of noise in the
resultant images were enabled by a wide range of signal detection methods, including the collection of a plethora
of successive images of the sample, which were aligned using the SDSD plugin for Digital Micrograph to correct
for image drift. EELS elemental mapping was carried out on Gatan UHV Enfina spectrometer and Nion
UltraSTEM100. STEM-EELS was conducted using a 1340 channel detector outfitted with energy resolution of
0.2 eV/channel that was comparable to the energy spread of the cold FEG electron gun. Elemental mapping was

conducted by the integration of each point of the EELS spectral images through a window of ca. 50 eV above the
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Ru, O, and Cl EELS edge onsets, following a background subtraction exploiting a power law model. The EELS

data collected was de-noised by adopting Principle Component Analysis.

EXAFS measurements. X-ray absorption fine structure (XAFS) spectra were performed at beamline 1W1B
station in Beijing Synchrotron Radiation Facility (BSRF) and at beamline14W1 station in Shanghai Synchrotron
Radiation Facility (SSRF). The storage rings of BSRF and SSRF were operated at 2.5 GeV with a maximal
current of 250 mA and at 3.5 GeV with the current of 300 mA, respectively. The acquired EXAFS data were
processed following the standard procedures based on the ATHENA module that was implemented in the
software package of IFEFFIT. The k2-weighted EXAFS spectra were acquired by subtracting the post-edge
background from the full absorption and then normalizing with the edge-jump step. Subsequently, k2-weighted
y(k) data at K-edge were Fourier-transformed to real (R) space using a hanning windows (dk = 1.0 A!) to

separate the EXAFS contributions from different coordination shells.

Electrocatalytic NITRR Measurements. 5 mg of the catalyst was ultrasonically dispersed in the mixture of 0.4
mL of ultrapure water (resistivity of 18.00 MQ-cm), 0.6 mL of ethanol, and 80 pL of Nafion (5 wt%) solution.
10 puL of the resulting catalyst slurry was dropped onto 0.25 ¢m? of carbon paper (catalyst loading amount: ca.
0.185 mg cm?), followed by natural drying within a culture dish with a cover. A compact film was formed and
used as the working electrode in the following electrolysis process. All NITRR experiments were performed
using a three-electrode system connected to an electrochemical workstation with a built-in electrochemical
impedance spectroscopy (EIS) analyzer. Ag/AgCl (with 3 M KCl as the filling solution) and platinum mesh were
used as the reference and counter electrodes, respectively. Electrode potentials were converted to the reversible
hydrogen electrode (RHE) reference scale using Erpg = Eagagct +0.210 V + 0.0591 x pH. The experiments were
performed in a gas-tight two-compartment H-cell separated by an ion exchange membrane (Nafionl17) at room
temperature of 25°C. The mixed KOH/KNOj; solution was used as the electrolyte. The electrolyte in the cathodic
compartment was stirred at a rate of 300 r.p.m. during electrolysis. Argon gas was delivered into the cathodic
compartment at a rate of 10 standard cubic centimeters per minute (s.c.c.m.). The outlet was immersed in 0.05 M
HCI solution in a gas-scrubbing bottle to collect the ammonia evaporated from the cathodic compartment. The
ammonia in the cathodic compartment solution and in the gas-scrubbing bottle solution was respectively detected
and quantified. Their ammonia sum was used to calculate the Faradaic efficiency and ammonia-evolving rate.

IC was used to detect and analyze the products, such as NH,4" and NO,". The dosage of the solution for acquiring

IC spectra ranged from 10 pL to 1 mL. To quantify the ammonia, we prepared NH4Cl (analytical standard,
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Sigma-Aldrich) with different concentrations and obtained a linear equation correlating the ammonia
concentration with the area of NH4" peak. In this study, 20 pL of the solution was taken out of the after-reaction
electrolyte for analysis. Based on the equation and the peak area measured, we extracted the concentration of the
ammonia generated during our NITRR.

We used NMR as a tool to complement IC. For the NMR measurement, the pH of the after-reaction electrolyte
was adjusted to 2 by the addition of HCI. 20% DMSO-d6 and maleic acid with the concentration of 1 mM were
employed as the internal standard. The '"H NMR signal was recorded on a Bruker 400 MHz system.

The Faradaic efficiency for NITRR was defined as the quantity of electric charges used for the synthesis of
ammonia divided by the total charge passing through the electrodes during the electrolysis. The total amount of
produced NH; was measured by IC. Because eight electrons are needed to produce one NH; molecule, the
Faradaic efficiency (FEnu3), ammonia-evolution rate (vnus), and partial current density (Jyys) can be calculated
as follows: FEng; = (8 X F X Cyuz X V)/Q, vz = (Cnmz X W)/(t X m), and Jyuz = (Q % FEnm3)/t, where F is the
Faraday constant, Cyy3 is the molar concentration of measured ammonia, V is the volume of the electrolyte, Q is
the amount of charges passing through the catalyst, ¢ is the reaction time and m is the catalyst mass. All of the
current densities reported in this work were calculated based on the geometric electrode area.

The catalysts’ ECSA was calculated from the double-layer capacitance method using the equation of ECSA =
Ca/Cs, where Cg is the catalyst’s double-layer capacitance and the C; stands for the catalyst’s specific
capacitance or the capacitance of an atomic-level ultra-smooth planar surface of the catalyst per unit area under
equal electrolyte surroundings. Because our NITRRs were performed in alkaline medium, we adopted
Cs=0.040 mF cm™2.57 To determine the Cq, CV was scanned within a non-faradaic region (-0.45 to -0.65 V
versus RHE) at different scan rate (30, 60, 90, 120, and 150 mV s!). The capacitive current differences, (Ja —
Jv)/2, were plotted as a function of the CV scan rates. The slope of the obtained linear equation is the Cg;.

TOF was calculated via the equation of TOF (s') = (Q x FExus x A)/(8 % t x F x Ng,),>” where Q is the amount
of charges passing through the catalyst, FEyy; is the Faradaic efficiency for electrocatalytic NITRR to ammonia,
A 1is the geometric area of the electrode, t is the reaction time, F is the Faraday constant, and Ng, is the mole
number of Ru atoms in the electrode. The Ng, was calculated via the equation of Ngry = (Mioading X Aper X
Rruwru0)/(Sruo % Na), where Migaqing 15 the loading mass of the catalyst, Aggr is the specific surface area, Rryruo
is the molar percentage of Ru in the catalyst, S0 is the unit cell's surface area, and N, is Avogadro's constant.
For temperature-dependent measurements, the sealed glass cell was suspended in a thermostatic silicone oil bath.
The electrodes were passed through holes in the lid with an O-ring slightly larger than the electrodes to minimize

evaporative loss. As expected, the kinetics of the nitrate reduction increased with temperature, reflecting the
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temperature dependence of the chemical rate constant. The temperature dependence is approximately
proportional to exp(—4H*/kT), where AH* is the apparent enthalpy of activation (hereafter simply termed as the
activation energy), and k is the Boltzmann’s constant. Specifically, the apparent electrochemical activation

energy (£a) for NRR can be determined using the Arrhenius relationship
d(logi,) ~ AH=*
@@a/T)"v 223

where iy is the kinetic current at v=—200 mV, T is the temperature, and R is the universal gas constant.

Computational Details. All computations were performed by means of density functional theory (DFT)
methods using the Vienna Ab initio Simulation Package (VASP) code except the molecular orbital analysis in
external electron field. The exchange-correlation functionals described by Generalized Gradient Approximation
(GGA) with the Perdew—Burke—Ernzerhof (PBE) functional, using a plane-wave cut-off energy of 450 eV, and
representative 4*4 Ru super-cells were employted to describe strained Ru. The Brillouin zone was sampled by
3*#3*] k-points using the Monkhorst-Pack scheme. The vacuum thickness was larger than 20 A between two Ru
layers to avoid interactions between periodic images. During optimization, the energy and force converged to 10
4 eV/atom and 0.02 eV/A. Thermal and zero-point energy (ZPE) corrections were calculated over G points.

The Gibbs free energy change (AG) for every elemental step was determined as follows: AG = AE + AZPE —
TAS, where AE is the electronic energy difference directly obtained from DFT calculations, AZPE is the change
in zero-point energies, 7 is the temperature (T = 298.15 K), and AS is the entropy change.

The zero-point energies and entropies of the NITRR species were computed from the vibrational frequencies, in
which only the adsorbate vibrational modes were calculated explicitly, while the catalyst sheet was fixed. The

entropies and vibrational frequencies of molecules in the gas phase were taken from the NIST database.
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