Identification of Active Sites for Ammonia Electrosynthesis on Ruthenium
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Abstract:

Electrochemical N2 reduction reaction (NRR) provides an attractive approach towards sustainable
NH3 production, while the design of electrocatalysts for NRR is hindered by the lack of knowledge
on the structure-activity relationships and active sites. Here we report a prominent size-dependent
activity for the NRR on Ru nanoparticles prepared by atomic layer deposition. As the Ru particle
size increased from 2.1 to 8.4 nm, the mass activity and Faradaic efficiency for NH3 production
both decreased monotonically, while the specific (Ru-surface-area-normalized) activity reached
the highest value on 3.8-nm Ru nanoparticles but declined by 5-fold on 8.4-nm Ru nanoparticles.
Density functional theory (DFT) calculations and free energy analysis of elementary steps revealed
the Ru Ds step site, with its maximal population at ~4 nm particles, as the active site for the NRR
on Ru, because it favors the adsorption of the *N2H intermediate compared to other surface sites

while not getting poisoned by the *NH2 intermediate.
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The industrial production of chemicals and fuels has mainly relied on fossil feedstocks, which
however have limited reserves and are causing environmental problems. Thus, there is a growing
demand for renewable energy technologies that can produce chemicals and fuels using solar and
wind energy. One important example is the production of ammonia (NH3), a key ingredient in
agricultural fertilizers, via the Haber-Bosch process at high temperature and high pressure, which
is energy-intensive and consumes 3—5% of the world’s natural gas output.' Therefore, numerous
efforts have been devoted to developing technologies and processes for the sustainable production
of NH3.? In particular, the electrochemical reduction of N2 to NHs under ambient conditions has
recently received considerable interest, because it is compatible with the intermittent renewable
energy supplies such as solar- or wind-generated electricity and has the potential for sustainable,
distributed production of NH3.>*

The development of an NH3 electrosynthesis process has been hindered by the lack of efficient
electrocatalysts for the N2 reduction reaction (NRR): N2 + 8H" + 6e~ — 2NH4" (product is in the
form of aqueous NH4" in neutral electrolyte).””” The NRR is thermodynamically favorable with a
standard potential of 0.274 V vs the normal hydrogen electrode,® but it suffers from sluggish
kinetics due to the barrier of N2 activation and the competition of the Hz evolution reaction (HER).®
It is generally agreed that the NRR at ambient conditions occurs via an associative mechanism,’
where N=N bond breaks after partial hydrogenation of N2> molecules adsorbed on a catalyst surface.
In such a mechanism, the reaction rate is considered to be limited by the first hydrogenation step
of N2 molecules adsorbed on catalyst surfaces.> Another major challenge for NH3 electrosynthesis
is the low selectivity (Faradaic efficiency) due to the competition of the HER, which is kinetically
more favorable and occupies the vast majority of electrons and protons at the electrode-electrolyte
interface, leading to a low Faradaic efficiency for NH3 production.®

To date, numerous catalytic materials have been tested for the NRR, including noble metals
such as Ru, Pt, Au, and Pd,’ !° non-noble metals such as Fe, Ni, Mo, and Bi, and their oxides,?* >

2425 carbon-based materials,?*?” and Li-mediated method.?®?° Due to the low yield

metal nitrides,
of NHs in typical NRR studies, the quantification of produced NH3 often relies on the indophenol
blue method,*® which however may be interfered by unnoticed N-containing contaminations from
the environment such as electrode, electrolyte, and cell.>!* Accordingly, rigorous protocols for
validating and quantifying NH3 production have been proposed to improve the reliability of NRR
performance data.**3® In addition, the NH3 production rates are often reported in the form of mass
activity (normalized to catalyst mass), making it difficult to compare and understand the intrinsic
activity of a catalyst, as various particle sizes, shapes, and loadings are used in different studies.
Therefore, we suggest that the electrochemical surface area (ECSA) of a catalyst material should
be measured, so that specific (surface-area-normalized) activity or turnover frequency for the NRR

can be determined and compared to understand the catalyst’s intrinsic activity.*>*



A rational design of catalysts for the NRR relies on our understanding of catalytic active sites
and structure-activity relationships.” For metal nanocatalysts, many efforts are focused on tuning
structural parameters such as particle size, shape, composition, and defects. Such efforts played an
important role in the development of metal nanocatalysts for CO: electroreduction. For example,
Pd and Au nanoparticles with different sizes were prepared and evaluated for CO2 reduction, which
showed different activities and Faradaic efficiencies due to the size-dependent population of low-
coordinated surface sites such as corner, edge, and terrace sites. These sites have different binding
energies with reaction intermediates such as *COOH and *H and thus different activities for CO2
reduction and HER, which explains the size-dependent catalytic performance for CO2 reduction.*’
Therefore, understanding the particle size effect can help identify active sites and design efficient
catalysts by controlling surface atomic arrangement. Such studies and corresponding insights into
the active sites for the NRR are still lacking.*!

Here, we investigate the active sites for the NRR on Ru by studying its particle size effect in
the NRR catalysis. We use Ru as a model catalyst in this work because it is one of the most active
catalysts for the NRR due to its optimal binding strength with reaction intermediates.>’ Despite

the reports of NH3 production on various Ru-based catalysts,'*'®

understanding of the active sites
for NRR is still limited. To tackle this challenge, we prepared Ru nanoparticles with controlled
sizes ranging from 2.1 to 8.4 nm using atomic layer deposition (ALD) and compared their catalytic
performance for the NRR. As a result, the mass activity, specific (surface-area-normalized) activity,
and Faradaic efficiency for NH3 production all showed a strong dependence on Ru particle size.
Particularly, the specific activity reached the highest value for 3.8-nm Ru particles but declined by
5-fold as the particle size increased to 8.4 nm, showing a critical effect of Ru particle size. Density
functional theory (DFT) calculations and free energy analysis of elementary steps revealed the Ru
Ds step site as the active site for the NRR, and a maximal population of such site at ~4 nm particles
agrees well with the size dependence of the NRR activity on Ru nanoparticles.

We first tried a polyol reduction method to prepare Ru nanoparticles with controlled sizes.*?

Figure 1a shows a typical TEM image of the derived Ru nanoparticles dispersed on carbon black
(Ru/C), and particle size statistics gave an average size of 2.5 = 0.9 nm (Figure S1). As the particle
size was not very uniform, we further added polyvinylpyrrolidone (PVP) as a surfactant in the
synthesis process to control the particle size (see Experimental Methods in the Supporting
Information).** Consequently, the obtained Ru(PVP)/C nanoparticles were more uniform in size
(2.0 £ 0.3 nm), as shown by the TEM image in Figure S1, confirming the effect of PVP surfactant.
However, PVP binds strongly to metals and may not be completely removed from Ru surface even
after cleaning treatments.*>** Although the residual PVP contains nitrogen and might cause false
positive in NH3 quantification, in fact, the Ru(PVP)/C catalyst showed a much lower yield of NH3
than the Ru/C catalyst under identical NRR test conditions (Figure S1). Therefore, we postulate
that the residual PVP may bind to those Ru surface sites with a stronger binding affinity, such as
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step sites, which blocked those Ru surface sites from N2 adsorption and reduction.*** Thus, the
Ru(PVP)/C sample was not used in the following study.

ALD was then introduced to prepare size-controlled Ru nanoparticles without surfactant, as
ALD can enable a monolayer control of the growth of nanoparticles. Particularly, we deposited Ru
nanoparticles on an AvCarb GDS2230 substrate, which has a hydrophobic coating layer and may
cause difficulty in the nucleation of Ru that is a water-based chemistry. Thus, clusters of Ru nuclei
germinate initially. As the ALD cycle numbers increase, these clusters can grow and eventually
merge as a polycrystalline film. For example, on a Si substrate with native oxide (i.e., hydrophilic)
the film formation usually begins at>40 ALD cycles, as previously reported.* Since the formation
of Ru nanoparticles is critical for catalyst activity, the number of ALD cycles was controlled. For
a hydrophobic substrate such as the AvCarb GDS2230, the number of ALD cycles was kept < 80.
As will be seen below, this approach was adequate to provide discrete and precise tunability of the
Ru nanoparticle size. Thus, the ability of ALD to deposit on incompatible surfaces is exploited to
create precisely tuned Ru nuclei with controllable size and size distribution.

To examine the morphology of the ALD-Ru samples, SEM images were acquired for a carbon
substrate before and after deposition, as shown in Figure S2, where the deposited Ru nanoparticles
were readily visible on the substrate. TEM characterization was performed to further investigate
the Ru nanoparticles in the samples. Figure 1b-e showed typical TEM images of Ru nanoparticles
that were uniformly deposited on the substrate by ALD with a targeted size of 2, 4, 6, and 8 nm,
respectively, which are hereafter referred as ALD-Ru-2, ALD-Ru-4, ALD-Ru-6, and ALD-Ru-8
samples. The ALD Ru nanoparticles were similar in shape, and their actual size distributions were
found to be 2.1 £ 0.4, 3.8 £ 0.6, 5.9 £ 0.8, and 8.4 + 1.1 nm, respectively, as presented in Figure
S3 and Table 1, which were derived by measuring over 200 particles in the TEM images of each
sample. A representative high-resolution TEM image of the Ru nanoparticles was shown in Figure
1f, where the spacing of the lattice fringes was determined to be 0.210 nm, corresponding to the
(1011) crystal planes of Ru. Therefore, a series of size-controlled Ru nanoparticle samples were
prepared by ALD, ranging from 2.1 to 8.4 nm with narrow size distributions.



Figure 1. TEM images of Ru nanoparticle samples. (a) Ru/C sample prepared by polyol reduction
method. (b-e¢) ALD-Ru samples with a targeted size of (b) 2, (¢) 4, (d) 6, and (e) 8 nm, referred as
ALD-Ru-2, ALD-Ru-4, ALD-Ru-6, and ALD-Ru-8 samples. (f) High-resolution TEM image of a
Ru nanoparticle, showing lattice fringes with a spacing of 0.210 nm.

Table 1. Summary of the Ru nanoparticles on carbon substrate (1 x 1 cm?) prepared by polyol
reduction and ALD, respectively.

Sample RWC | ALD-Ru-2 | ALD-Ru-3 | ALD-Ru-4 | ALD-Ru-6 | ALD-Ru-8
Paﬂégﬁ)&“ 25409 | 21404 | 33+06 | 38+06 | 59+08 | 8$4+1.1
chfm‘;)f RUT 43405 | 19402 | 22402 | 3.0£02 | 60407 | 12.8+16
Ru (Lrggﬁng 0.20+0.02 | 0.06+0.01 | 0.09+0.03 | 0.16+0.04 | 0.55+0.03 | 1.86+0.16

In addition, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used
to examine the structure and chemical state of the ALD-Ru samples. Figure 2a shows the grazing-
incidence XRD patterns of the ALD-Ru samples, with peaks from Ru as well as two characteristic
peaks of graphitic carbon in the substrate. By comparing to the standard powder diffraction file of
hexagonal Ru (JCPDS No. 06-663), the XRD peaks of Ru were identified as the (0002), (1011),
and (1013) planes of metallic Ru, as labelled in Figure 2a. The diffraction peaks of Ru showed a
relatively lower intensity compared to that of carbon due to the small loading of Ru on the carbon
substrate. Figure 2b shows the XPS spectra of the ALD-Ru samples, indicating the presence of Ru,



C, and O in the samples, where the C and O were attributed to the carbon substrate. It should be
noted that the Ru 3d peak (284 eV for 3ds2 and 280 eV for 3ds2) overlaps with the C 1s peak (284
eV), so we use the Ru 3p peaks to identity the chemical state. The intensity of Ru 3p doublet peaks
increased along with the increase of deposited Ru particle size, while the binding energies of Ru
3pi12 and 3p32 peaks were the same for all ALD-Ru samples and were found to be 484.4 and 462.1
eV, respectively, which are concordant with the binding energy values of Ru metals and confirm
the metallic state of the ALD-Ru particles. Additionally, no N 1s peak at ~400 eV was observed
within the detection limit of the XPS for the ALD-Ru samples.
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Figure 2. Characterization of the ALD-Ru samples. (a) Grazing-incidence XRD patterns of the
ALD-Ru samples, with the XRD peaks labelled for Ru and carbon. (b) XPS spectra of the ALD-
Ru samples.

As indicated above, it is necessary to measure the ECSA of Ru in each electrode, so that the
specific (surface-area-normalized) activity for the NRR can be determined to reveal structure-
activity relationships. Here we quantified the ECSA of Ru by the underpotential deposition (UPD)
of Cu on Ru surface. For each electrode, cyclic voltammetry (CV) scans were first performed in a
0.1 M H2SO4s4 electrolyte, and then in an electrolyte containing 0.1 M H2SO4 and 0.5 mM CuSOs,
where the Cu UPD and stripping peaks can be easily identified.* The CV scans were carried out
from 0.05 to 0.95 V vs RHE at a scan rate of 10 mV s™!, and the anodic peak at around 0.4—0.5 V
vs RHE was attributed to the stripping of underpotential deposited Cu from Ru surface, as shown
in Figure S4. The charges associated with Cu stripping were determined by integrating the peak
area in the CV curves, which were converted to ECSA using a conversion factor of 420 uC cm 2.4

The ECSA of Ru measured for all electrodes was summarized in Table 1.

The Ru electrodes were evaluated for the NRR in 0.1 M LiClOs4 electrolyte using a gas-tight
two-compartment electrochemical cell (H-cell), as shown in Figure S5. LiClOs electrolyte was
selected for the NRR, as a neutral electrolyte can suppress the HER compared to acidic or alkaline
electrolytes and can thus benefit the NRR.!” In addition, Li" ions may facilitate the adsorption of



N2 to enhance the NRR.*” The produced NH3 was quantified by the indophenol blue method using
the established calibration curves in Figure S6.>° Another possible product hydrazine (N2Hs) was
also examined using a spectrophotometric method based on the calibration curves in Figure S7,%8
while no N2Hs was detected in this work. Before the study of NRR activities, we quantitatively
determined the background levels of NH3 and NOx (both gaseous and ionic NOx compounds) in
the N2 gas and the electrolyte, and then purified them if possible. These N-contaminants can be
simultaneously reduced to NHs along with the NRR, which may cause false positive results for
NH;s production.®® First, we quantified the level of NH3 and gaseous NOx in the N2 gas via the
following steps: (1) N2 gas was passed through an acid trap (0.05 M H2SOs4 solution) to capture
NH3 in the gas; (2) the gas was passed through KMnOs solution (so that NO was converted to
more soluble NOz) and then through 0.1 M KOH solution, in which NO2 gas molecules were
absorbed and rapidly transformed to NO2~ and NO3™ ions in the solution,* as shown in Figure S9a.
The N2 gas flow rate and time (5 sccm, 1 h) were the same as the NRR test conditions. The NH3
captured in the first step, and the NOx captured in the second step were quantified by the
indophenol blue method and the Griess method (see Figure S8 in the Supporting Information),*
respectively. As a result, the levels of NH3 and NOx captured from the N2 gas were at least 40
times lower than that detected in a typical NRR test, as shown in Figure S9b. Similarly, we
performed the same evaluation for the purified ’N2 gas and obtained similar results, as shown in
Figure S9c-d. Thus, the background levels of N-contaminants in the N2 gas should not impact the
NRR results. Nevertheless, we used this trap system to purify the N2 gas for the NRR studies, as
shown in Figure S9a and S9c, so that the N-contaminants in the N2 gas can be further eliminated.
For the possible ionic NOx compounds (NO2 and NOs3™ ions) in the electrolyte, we cannot directly
remove them from the electrolyte, so we used an electrolysis with Ru catalyst at —0.10 V vs RHE
under Ar gas flow to convert them to NH4", as Ru is a highly active catalyst for the electroreduction
of NO2~ and NOs ™ ions.”! After the Ar control test, the levels of NH4" and NO2~ were found to be
at least 50 times lower than that detected in typical NRR test, as shown in Figure S9e-f. Therefore,
the possible influence of N-contaminants from the N2 gas and electrolyte can be excluded, and the
N2 gas was further purified using the trap system for the study of NRR.

Moreover, we confirmed the N source of the detected NH3 by additional control experiments
and °N isotopic labeling experiment. Control experiments without Ru catalyst or with Ar feeding
gas were carried out under otherwise identical conditions. As shown in Figure 3a, no apparent NH3
was detected by the indophenol blue method for the substrate without Ru loading or when Ar gas
was bubbled into the electrolyte, indicating that NH3 could only be produced with the presence of
Ru catalyst and N2 feeding gas. Additionally, °N isotopic labeling experiment was performed to
verify the N source of the detected NH3. When the purified '’N2 gas (see Experimental Methods
in the Supporting Information) was fed into the NRR test, only '"’NH4" with a doublet feature was
observed in the 'H nuclear magnetic resonance (NMR) spectrum of the post-reaction electrolyte,



as exhibited in Figure 3b. Consistently, only *NH4" with a triplet feature was observed in the NMR
spectrum when N2 gas was fed into the electrolysis, and no NH4" was found when Ar gas was
supplied. Therefore, both experiments confirmed that NHs was only produced when N2 gas and
Ru catalyst were present. We can now conclude that the detected NH3 is truly produced from the

Ru-catalyzed electroreduction of N2 gas.
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Figure 3. Evaluation of the NRR catalytic performance on Ru samples. (a) Representative UV-vis
absorption spectra of the post-reaction electrolytes after NRR test at —0.10 V vs RHE for 1 h under
different conditions. No apparent NH3 was detected for the tests without Ru catalyst or with Ar
feeding gas. (b) 'H NMR spectra obtained for the post-reaction electrolytes after electrolysis with
N2, N2, and Ar feeding gases, respectively. (c-d) Mass activity and Faradaic efficiency for the
NRR on the (¢) Ru/C and (d) ALD-Ru-4 samples in 0.1 M LiClOs4 electrolyte at various potentials.
The error bars represent standard deviations of measurements on three independently prepared

samples.

Based on the above rigorous analysis of the N source of detected NH3, we can now investigate
and quantitatively compare the NRR activity. We first examined the potential dependence of the
NRR activity on the Ru/C and ALD-Ru-4 (as a representative ALD sample) samples to understand
the NRR electrokinetics and identify an appropriate potential for the comparison of NRR activity
among the samples. As the potential shifted from 0.05 to —0.20 V vs RHE, the total current density

on the Ru/C electrode increased from 0.13 to 0.80 mA cm 2, as shown by the chronoamperometric



curves in Figure S10a. The mass activity for the NRR was determined to be 4.8 ug mg 'ru h™! at
0.05 V, which increased to a maximum value of 9.8 pg mg 'ru h™! at —0.10 V, but declined to 6.1
ng mg 'ra h™' at —0.20 V, as shown in Figure 3c. The Faradaic efficiency for NH3 production had
a similar trend, which increased from 3.0% to 3.6% as the potential shifted from 0.05 to —0.05 V
but declined rapidly to 1.1% at —0.20 V due to the higher total current density. Similar potential
dependence was observed on the ALD-Ru-4 sample: the total current density increased from 0.04
to 0.67 mA cm 2 as the potential shifted from 0.05 to —0.20 V vs RHE (chronoamperometric curves
in Figure S10b), while a maximum mass activity of 7.8 pg mg 'ru h™! was reached at —0.10 V and
a highest Faradaic efficiency of 2.5% was observed at —0.05 V (Figure 3d).

The NRR activity on the two Ru samples showed a similar potential dependence, indicating a
general electrokinetic behavior of the NRR catalysis: the activity first increases as the overpotential
rises until a maximum value is reached, but then declines at further increased overpotentials. Such
an electrokinetic behavior was generally observed for the NRR on other catalytic materials.!72%723
As the NRR has not reached the mass transport limitation yet, the decline of the NRR activity at
relatively higher overpotentials is attributed to the competition of the HER.* The activity of the
HER increases exponentially with the overpotential, leading to a higher coverage of *H on Ru
surface and consequently fewer surface sites available for the adsorption of *N2, which has a weak
binding strength and can be easily influenced by competing adsorption species. Thus, the highest
activity for the NRR on Ru is reached at —0.10 V, so we will compare the NRR activities of all Ru

samples at this potential, which can represent their catalytic performance for the NRR.

Subsequently, all Ru samples were evaluated for the NRR at —0.10 V vs RHE in 0.1 M LiClO4
electrolyte. The mass activity, specific activity, and Faradaic efficiency for NH3 production on the
Ru samples were determined and compared to understand the Ru particle size effect. As shown in
Figure 4a, the NRR mass activity decreased monotonically from 12.1 to 0.65 ug mg 'ru h™! as the
particle size increased from 2.1 to 8.4 nm. This is mainly due to the surface-area-to-mass ratio: the
smaller the particle is, the larger the Ru surface area per unit mass is for catalyzing the NRR. In
contrast, the NRR specific activity showed a different dependence on the Ru particle size: it first
increased from 0.44 to 0.57 pg cm 2re h™! as the particle size increased from 2.1 to 3.8 nm, but
declined significantly to 0.11 pug cm 2ry h™! as the particle size further increased to 8.4 nm, as
shown in Figure 4b. Accordingly, the 3.8-nm particles showed the highest specific activity for the
NRR, so they should have the largest population of active sites for the NRR. The 5-fold decline of
the specific activity from 3.8 to 8.4 nm indicated that the size-dependent population of surface
sites had a major impact on the NRR catalysis, which will be discussed later. Interestingly, the
data point of the Ru/C sample in Figure 4a-b showed a good consistency with the trend of the
ALD-Ru sample data, further confirming the reliability of our NRR data measured over samples
prepared by different methods.
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Figure 4. Dependence of the (a) NRR mass activity, (b) NRR specific activity, (c) NRR Faradaic
efficiency, and (d) HER specific activity on the Ru nanoparticle size during the NRR electrolysis.
The horizontal error bars represent standard deviations of Ru nanoparticle sizes, and the vertical
error bars represent standard deviations of measurements on three independently prepared samples.

Similar to the size dependence of the mass activity, the Faradaic efficiency for NH3 production
on the ALD-Ru samples decreased monotonically from 5.1% to 0.9% as the particle size increased
from 2.1 to 8.4 nm, as exhibited in Figure 4c. The Ru/C sample showed a Faradaic efficiency of
2.5%, which is around half that of the ALD-Ru-2 sample (5.1%). As the Faradaic efficiency is
determined by the competition between the NRR and HER, we derived the specific activity for the
HER in the electrolysis, as shown in Figure 4d. The HER specific activity was largely similar on
the Ru/C, ALD-Ru-4, ALD-Ru-6, and ALD-Ru-8 samples, but was lower on the ALD-Ru-2 and
ALD-Ru-3 samples. This is different from our expectation, as smaller Ru nanoparticles may have
more low-coordinated surface sites that boost the HER.*’ We attributed the lower HER activity on
the two samples to the exposed hydrophobic surface of the AvCarb GDS2230 substrate with small
Ru nanoparticles. To verify this hypothesis, we tested the NRR on an ALD-Ru-2 sample deposited
on an AvCarb MGL370 substrate that is less hydrophobic. Figure S11a showed the configurations
of the two electrodes, and their difference in hydrophobicity was confirmed by the contact angle
measurements in Figure S11b. Under the same NRR test conditions, the GDS2230 electrode had
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a total current density of ~0.05 mA c¢cm 2, which is around one order of magnitude lower than that
of the MGL370 electrode (>0.5 mA cm™2), as exhibited in Figure S11c. Interestingly, the two
electrodes showed similar NRR activities (13.5 vs 12.1 ug mg 'rua h™!), but the Faradaic efficiency
was distinct: 0.84% for the MGL370 electrode and 5.1% for the GDS2230 electrode, as shown in
Figure S11d, due to the lower total current density and suppressed HER activity on the GDS2230
substrate. This explains the lower HER activity on the ALD-Ru-2 sample, and also suggests that
the electrode hydrophobicity can be employed to improve the NRR Faradaic efficiency.*

We further evaluated the stability of the ALD-Ru catalysts for the NRR electrolysis. As shown
in Figure S12, the stability was assessed by consecutive recycling electrolysis on the same ALD-
Ru-4 electrode at —0.10 V vs RHE in Nz-saturated 0.1 M LiClOs4 electrolyte (1 hour each cycle).
Fresh electrolyte was used in each cycle, which can reduce the contact time of the electrolyte with
ambient environment to minimize the possible adsorption of N-contaminants.*® The electrolysis
showed similar current densities in the five cycles, and the NH3 yield rate and Faradaic efficiency
for NH3 production remained largely unchanged during the five cycles, indicating a good stability
of the ALD-Ru catalyst for the NRR. TEM images of the Ru nanoparticles in the post-electrolysis
electrode showed a similar morphology as those in the as-prepared sample, confirming the stability
test result. This is likely due to the enhanced binding and immobilization of the Ru nanoparticles
on the carbon substrate enabled by the ALD technique.

DFT calculations were performed to understand the nature of the active Ru sites for the NRR
and structure-activity relationships. Figure 5a shows a schematic Wulff-like Ru nanoparticle with
color-coded surface sites. There are two types of terrace sites (0001) and (1011) along with three
different 5-atom step sites formed between them, denoted by As, Bs, and Ds, respectively.’? The
(0001) surface is the close packed terrace for the hcp crystal structure and is most commonly used
in computational studies of catalysis. The (1011) terrace has a mix of both the three-fold hollow
and four-fold hollow sites. The Bs and Ds steps have a similar orientation of the 5 atoms while the
Ds is on a kink (Figure 5b). The As step has a larger distance between the top and bottom terraces
compared to the Bs and Ds steps. As the particle size varies, the population or density of these
terrace and step sites on the surface will change,** which can affect the catalytic activity.

Theoretical studies have shown that generally there are two possible rate-limiting steps in the
NRR on metal surfaces, i.e., N2 adsorption forming *N2H and *NH: desorption into NH3 or
NH4*.>%3% Our DFT calculations suggest that the *N2 adsorption favors an atop configuration with
the molecular axis perpendicular to the surface. Due to a significant activation barrier (>0.6 eV)
for *N> rotation on metal surfaces,>* the proton-coupled electron transfer to *N2 goes through a
monodentate *N2H at the bridge site, followed by a more stable bidentate adsorption (Figure 5b).
Hydrogenating the nitrogen atom of *N:2H species in the distal or alternating pathways and the
splitting of N-N bonds eventually lead to the formation of the *NH> intermediate, the desorption

12



of which results in the production of NH3. DFT-calculated free formation energies of the
monodentate *N2H and *NH2 on surface bridge sites are linearly correlated, as shown in Figure
S13. The linear adsorption-energy scaling naturally leads to a volcano-type relationship of the
limiting potential using the free formation energy of *NH: as the reactivity descriptor. In contrast
to previous studies, our free energy calculations with the consideration of a nearby *H and the low
concentration of ammonium in the solution suggest that the adsorption of *N2H is the potential
determining step on Ru surface, with the Ds site near the optimum. The *H species facilitates the
desorption of NH3 while increasing the limiting potential of the first step.” It is also important to
consider the activity of NHa" in the solution,' which lowers the free energy change of the *NHa
removal step. The (0001) terrace site has a largest generalized coordination number (7.33 for a
bridge site) and lowest d-band center (—1.86 eV), which has a facile *NH: releasing step but limited
by the weak adsorption of *N2H (~1.22 eV at 0 V vs RHE). The Ds site strikes a perfect balance
between the two limiting steps (Figure 5¢) by possessing a unique local coordination environment,
thus serving as the active site for the NRR. Although a recent study detected the accumulation of
N=N species during the NRR on Ru,!' suggesting N-N splitting as a possible rate-limiting step,
our DFT calculations show that N-N splitting on various step sites are surmountable (Figure S14),
consistent with a previous study.’ Site population analysis of three step sites at Wulff-constructed
Ru nanoparticles (Figure 5d) shows that a maximum population of the Ds step site is reached on
particles of ~4 nm in size,’? which is in excellent agreement with the observed size dependence of
the NRR specific activity on Ru nanoparticles. While a simplistic view was taken here, it captures
the general trend of theoretical limiting potentials across metal sites. More rigorous models can be
employed to investigate kinetic influence of the solvent, surface charging, and ionic distributions

at the electrochemical interfaces.>> %

We also investigated HER at the Ru surface sites following the traditional Volmer-Heyrovsky
mechanism. The differential free energy of adsorption for *H was calculated for the Ds and (1011)
surfaces and we find it favorable for the formation of a complete monolayer of *H on both surfaces,
as shown in Figure S15. The addition of the last *H on the Ds step has a differential free formation
energy close to 0 eV, whereas the differential free formation for the last *H on the (1011) surface
is —0.15 eV. This indicates that the Ds step is more active for the HER than the (1011) surface,
suggesting a direct competition for active sites between the HER and the NRR and rationalizing a

similar size dependence of the HER activity on Ru nanoparticles.
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Figure 5. DFT calculations to identify the active sites for NRR. (a) A schematic Wulff-constructed
Ru nanoparticle showing different terrace and step sites. (b) Geometric structures of clean, *N2H,
and *NHz at (0001), (1011), As, Bs, and Ds sites (top view). (c) Theoretical limiting potentials for
NRR as a function of the free formation energy of *NH2 on different Ru surface sites. Two lines
corresponding to the limiting potentials of the formation of *N2H and the desorption of *NH2 were
derived from the scaling relations with 5 different sites denoted. (d) The density of different step
sites as a function of Ru nanoparticle size. Adapted with permission from ref 52. Copyright 2008
by the American Physical Society.

In summary, we prepared size-controlled Ru nanoparticles by ALD and studied the effect of
Ru nanoparticle size on the NRR to reveal the active sites. As the particle size increased from 2.1
to 8.4 nm, the mass activity for the NRR at —0.10 V vs RHE decreased monotonically from 12.1
to 0.65 ug mg 'ru h™!, with the corresponding Faradaic efficiency dropping from 5.1% to 0.9%. In
contrast, the NRR specific activity reached the highest value for 3.8-nm particles but declined by
5-fold as the particle size increased to 8.4 nm, indicating a critical effect of the Ru particle size in
the NRR catalysis. DFT calculations and free energy analysis of elementary steps revealed the Ds
step site as the active site for the NRR, because it favors the formation of the *N2H intermediate
compared to other step and terrace sites while not getting poisoned by the *NH> intermediate. The
maximum population of the Ds step site on the 4-nm Ru nanoparticles explains the size dependence
of the NRR activity. Our study provides a fundamental understanding of the active sites for Ru-
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catalyzed electrosynthesis of NH3 as well as the structure-activity relationships for further catalyst
design and optimization.
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