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Abstract

Small changes in a catalyst’s composition, modification, and/or integration into a reactor can
have significant yet often poorly understood effects on (electro)catalysis. Here we demonstrate
the careful tailoring of Ru/Lag,5Ce( 750, catalysts through the post-synthesized hydrothermal
treatment together with control over the Ru loadings to create hydroxyl groups and electronic
restructuring for ammonia electrosynthesis. When integrated into a protonic ceramic electrolyzer,
the in situ formed Ce**—OH/Ru sites facilitate both the N=N decoupling and N-H formation at
400 °C and 1 bar of N,, boosting the ammonia production rate (2.92 mol h"! m?) up to 100-fold
higher than the current state-of-the-art electrolyzers. Moreover, such catalysts and electrolyzer
design concepts can be readily tuned to more complex applications such as coproducing ammonia
and other chemicals with hydrocarbons as direct hydrogen sources. The creation of coordinated
saturated support—OH/metal sites in the advanced electrolyzer offers an attractive approach for
future clean-energy and green-chemical industries.
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Introduction

Ammonia is an essential precursor to a host of critical products including fertilizers and industrial
feedstocks [1]. Ammonia is also being considered a promising, carbon-free energy carrier [2].
Biological nitrogen fixation in nature utilizes nitrogenase enzymes to catalyze the conversion of
dinitrogen to bioavailable ammonia at ambient conditions [3, 4]. By contrast, traditional
ammonia production (i.e., Haber-Bosch thermocatalytic process) is extremely energy-intensive
and consumes 1-3% of the world’s total annual energy supply [5, 6]. In fact, the ammonia
industry produces more CO, than any other chemical production process. As the Haber-Bosch
thermocatalytic process is already mature and unlikely to be adapted to become more
environmentally friendly, the ammonia industry is considering new, transformative approaches to
create ammonia using more environmentally benign means [7-10]. In principle, renewable
electrosynthesis stands out as a promising solution to this challenge, but in conventional aqueous
media, a large overpotential is required to achieve effective reaction rates, and the NHj selectivity
is often low with hydrogen evolution being the primary competing reaction [11-18]. Ceramic
electrolyzers promise intrinsic advantages over aqueous electrolyzers, because the
thermocatalysis and electrocatalysis can be coupled to promote the reaction kinetics, and the
gaseous N, molecules can directly diffuse to active sites without being confined by the low
solubility and slow transport in liquids [19-24].

The discovery of proton-conducting ceramics (e.g., BaZryCey7Y(1Ybo10s« (BZCYYD) and
BaZry4Ce4Y0.1Yby 105« (BZ4,CYYD)) and their integration into the electrocatalysis research have
generated interest and promoted widespread research activity [25-31]. The electro-deprotonation
and electro-protonation processes can be decoupled in proton-conducting electrolyzers (PCEs).
Moreover, PCE operating temperatures (350~450 °C) are suitable for many hydrogenation and
dehydrogenation reactions [32]. Leveraging these advantages so that PCEs can be used for high-
performance ammonia production will require highly active and selective electrocatalysts for Nj-
to-NH; conversion. Thus far, most PCE electrocatalysts have been inspired by cathode materials
used for solid oxide fuel cells (SOFCs) [33]. These materials — while functional — are not
optimized for PCE specific applications such as ammonia production. In an effort to create next-
generation electrocatalysts designed specifically for use in PCE devices, researchers have drawn
on lessons learned from homogenous catalysis that show how catalysts having multiple metal
centers can create more active sites N, dissociation and oxidation than those with single centers
[34, 35]. Similarly, heterogenous thermocatalysis studies suggest that N=N triple bond activation
by several transition metal atoms is more efficient than single-site activation [36, 37]. In addition
to the metal sites, the chemical environments of the topmost atomic layers (e.g., surface
adsorbents) in these transition metal compounds play a crucial role in both the activity and the
selectivity [38-40].



In this report, we show how careful tailoring of Ru/Lag,sCe( 7501875 (Ru/LDC) catalyst through
the post-synthesized hydrothermal treatment together with control over the Ru loadings (0.5, 1,
2.5 and 5 wt.%) significantly enhances ammonia electrosynthesis in PCEs operating at 400 °C
and 1 bar of N,. This work chose Ru to provide active sites since it is placed at the top of the
theoretical volcano plot for N, reduction reaction [41-44]. Our findings are supported by high-
level computational and experimental studies that highlight the creation of a coordinated
saturated support—OH site along with an adjacent metal site through two consecutive
processes—in situ metal (Ru) precipitation from the host lattice (RuycLag2sxCe75.xO1.875+(x/2)s
RLCO) and steam dissociation on the oxygen vacancies of support (LDC). Accordingly, we
report 1 wt.% Ru/LDC catalysts with active surface OH species (denoted as LDCRu-W) that
enhance ammonia production rates by up to 100-fold higher than those of the previous N,
electrolyzers. Moreover, we show that this N, electrolyzer with a proton conductor can be readily
tuned to suit more complex applications with light alkane or biogas as direct hydrogen sources
for the coproduction of ammonia and light alkenes and/or syngas. This study illustrates that
electrocatalyst efficacy depends sensitively on not only the catalyst but also the chemistry that
occurs at the catalyst-support boundary. Furthermore, these studies and the newly developed
materials create a well-defined roadmap for future catalyst development and integration into
emerging, environmentally-responsible technologies.

Results and Discussion

We performed extensive calculations to clarify how single supported Ru atoms (SAs, Rul), Ru
nanoclusters (NCs, Ru5) and Ru nanoparticles (NPs, Rul4) are affected by interactions with an
LDC support. Of particular importance is identifying how surface OH species change the
selectivity and activity of the Ru/LDC heterostructure for ammonia synthesis. Previous
theoretical and experimental work has verified that atom-scale metals (NCs and SAs) can be
stabilized through high adsorption energies thanks to the upshift of the metal d state energies on
reducible oxides [45]. Given these findings, we expected to observe similar behavior for Ru SA,
NC, and NP on LDC substrate where the cerium can exist as either Ce*" or Ce**. The LDC (110)
terminated surface was adopted for the computational modeling studies because it is stable and
experimentally available. Adsorbed OH species were considered because they are thought to be
critical intermediates in many surface-driven, electrocatalytic reactions [46]. These computational
studies uncovered how the evolution of both the interfacial geometrical configuration and
interfacial charge transfer of the Ru/LDC heterostructure change with Ru size (SA/NC/NP) and
the addition of OH groups.

We first detailed the evolution of Ru 4d orbitals through the projected density of states (PDOS)
calculations (Fig. 1a). Note that RuX (X=1, 5, 14) represents the model without OH groups and
H,0 RuX represents the model with OH groups. With the decrease of the Ru size from NPs
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(H,O_Rul4) to NCs (H,O Ru5), the average coordination numbers of each Ru atom decrease
accompanied by increased chemical potential, making the occupied bands more discrete.
Consequently, the average energies of the d states in the Ru d band centers increase. Interatomic
distances reduce from their bulk values (H,O Rul4) to stabilize the geometrical structure in the
smaller one (H,O RuS5). Therefore, the overlap between the d orbitals on adjacent metal atoms
increases, while the position of the Ru d band center is brought down from -2.01 eV (H,O Rul4)
to -2.34 eV (H,O_Ru5). Further reduction in the Ru size from NC (H,O_ Ru5) to SA (H,O Rul)
or removal of the OH species (Ru5) results in a shift of the Ru d band centers to higher (or less
stable) energies: the Ru d band center values are -1.63 eV and -2.19 eV for H,O_Rul and Ru5,
respectively. Similar trends occur in the difference maps of electron density that represent
electron accumulation and depletion on the Ru/LDC heterostructure (Fig. 1b and Supplementary
Fig. 1). The total electrons transferring from Ru species to LDC is more pronounced in H,O Ru5
in comparison with those of H;O Rul and H,O Rul4. The total electrons transfer increases
remarkably in H;O Ru5 (2.4839). The orbital and electron distributions in the HO Ru5 model
are extensively delocalized compared with H,O-free Ru5 model, implying strong synergy
between adsorbed OH and the LDC support that contributes to the system’s overall reactivity.
These findings provide guidance for changing catalyst/support band structure to optimize N,
splitting and protonation for ammonia synthesis.

The thermodynamics of elementary reactions is fundamental to the understanding of catalytic
reactions at surfaces. Therefore, we investigated the N, + 3H, = 2NHj reactions over the catalysts
to examine the effects of OH species and Ru size on reaction pathways. Both an “associative
mechanism” and a “dissociative mechanism” were investigated using density functional theory
(DFT) calculations (Supplementary Fig. 2) [47]. The optimized Gibbs free energy diagrams at
400 °C are summarized in Fig. Ic (the associative mechanism) and 1d (the dissociative
mechanism). More details about the elementary models, Gibbs free energy calculation method, as
well as zero-point energy and entropy corrections, are presented in Supplementary method,
Supplementary Tables 1-2 and Supplementary Figures 3-8. The calculation profiles show that the
surface OH groups and an optimized Ru size can lower the energy barrier for the reactions that
lead to ammonia synthesis. Compared with the HO Rul and H,O Rul4, the suitable mixed
ionic and metallic feature of H,O_ Ru5 significantly reduces the energy barriers for N, adsorption
and splitting in both the “associative mechanism” (*—*N,—*NNH) and the “dissociative
mechanism” (*—*N,—*N+*NH). Furthermore, the addition of OH promotes the protonation
steps during the ammonia synthesis processes, i.e., *NNH—*NHNH in the ‘“associative
mechanism” and *N—*NH in the “dissociative mechanism”. These results strongly support the
idea that the addition of surface hydroxy as well as optimized mixed ionic and metallic features
of Ru are essential to the promoted catalytic activity for NH; synthesis.
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Figure 1. Theoretical calculations for catalyst design. a, Projected density of states of Ru 4d
orbitals in HO Rul, H,O Ru5, H,O Rul4, and Ru5 models; b, The difference maps of the
electron and the total electron loss in the H,O Rul, H,O Ru5, H,O Rul4, and Ru5 models.
Orange and blue isosurfaces exhibit the accumulation and depletion of electron density at the
isovalue of 0.03 e Bohr?; c, Gibbs free energies of optimized elementary reactions over
H,0 Rul, H,O Ru5, H;O Rul4, and Ru5 models based on the associative mechanism; d, Gibbs
free energies of optimized elementary reactions over H,O Rul, H,O Ru5, H,O Rul4, and Ru5
models based on the dissociative mechanism.

Given predictions from the DFT studies, we sought to design and test these catalysts
experimentally. We developed a novel hydrothermal exsolution method to synthesize the
Ru/LDC model catalysts. Specific details about catalyst synthesis are included in Supplementary
method. The exsolution synthesis method relies on the homogeneous incorporation of Ru cations
into the LDC host lattice. The complexing agents were added to promote the hydrolysis reaction,
ensuring the high dispersion of the metal cations during the gel preparation (Fig. 2a). Gel
precursors were calcined under the oxidizing condition to produce a series of RLCO tri-metal
oxide solid solutions. A facile hydrothermal exsolution process was carried out in wet H, at 400
°C (wet represents 3% H,0). With this treatment, we anticipated that Ru cations were exsolved
from the fluorite lattice to form well-distributed Ru/LDC heterostructures with multiple *OH
species anchoring on the surface oxygen vacancies. The X-ray diffraction pattern (XRD) analysis
has confirmed the redox process of the Ru cations—The Ru cations substitute Ce or La in the
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fluorite structure in the air calcination step (Supplementary Fig. 9a and 9b) and exsolve from the
RLCO tri-metal oxide in the hydrothermal reduction step (Supplementary Fig. 9c and 9d). Fig. 2b
and Supplementary Fig. 10 and 11 display representative high-angle annular dark-field—scanning
transmission electron microscopy (HAADF-STEM) images and STEM—Energy-dispersive X-ray
spectroscopy (EDX) results of the as-synthesized Ru/LDC catalysts with different Ru loadings
(0.5, 1, 2.5 and 5 wt.%). High resolution STEM images show the presence of exsolved Ru
species with dimensions depending on the Ru loadings (Fig. 2b). As the Ru content increases, the
coordination numbers of Ru atoms increase as does particle size. Ru appears in atomic size in
Ru/LDC with 0.5 wt.% loading. Ru particle sizes fall in the range of 0.2-0.9, 1-2, and 2.5-3.5 nm
for Ru loadings of 1, 2.5, and 5 wt.%, respectively. Their corresponding average particle sizes are
0.7, 1.7, and 3.1 nm. The chemical composition analysis verifies the creation of well-distributed,
size-varied Ru/LDC heterostructures (Supplementary Fig. 10). By contrast, there are no Ru
NPs/NCs present in the pristine RLCO solid solutions (Supplementary Fig. 11), confirming our
expectation, namely that Ru atoms were first incorporated into the lattice during calcination in the
air and then exsolved from the solid solution on hydrothermal reduction.

We investigated these model catalysts to validate the Ru-size-dependent activity and selectivity
predicted by the DFT calculations. The catalytic performance for NH; synthesis was evaluated at
400 °C and 1 bar in the presence of H, using an H,/N, ratio of 3/1. Initially, the effect of the Ru
size was studied using the Ru/LDC catalysts (Ru=0, 0.5, 1, 2.5, and 5 wt.%). To investigate the
effect of Ru size, all the catalysts were pretreated in dry Hy/Ar at 400 °C to remove the surface
OH species. The NH; production rates (PRs) are reported in Fig. 2c. Control experiments carried
out with the LDC support showed the substrate to be inactive for NH; synthesis. Under dry
conditions, the 1 wt.% Ru/LDC (LDCRu-D, D represents dry) is the most effective catalyst for
ammonia synthesis, delivering a PR of 3.12 mmol h'! g'!. Such a catalyst is superior to the
impregnated LDC/1% Ru (1.50 mmol h' g') and impregnated LDC/5% Ru (2.41 mmol h'!
g")—already identified as a state-of-the-art NH; synthesis catalyst [48]. The catalysts with higher
Ru loadings (2.5 and 5 wt.%) do not deliver higher NH; PRs, indicating 1 wt.% Ru is the optimal
loading on LDC support. Finally, the 1 wt.% Ru/LDC pretreated in wet Hy/Ar (LDCRu-W, W
represents wet with 3% H,0) was tested in wet H,/N, to reserve their OH species. The addition of
OH species enhances NH; PR to 3.62 mmol h!' g!'. In line with expectations from the DFT
results, both the surface hydroxyl and the Ru size appear to be essential for optimal NH;
production.

Seeking to clarify further how size, structure, and electronic states of the Ru species change the
catalytic performance experimentally, we performed a series of spectroscopic characterizations.
Fig. 2d and supplementary Fig. 13 show the X-ray photoelectron spectroscopy (XPS) data from
the Ru/LDC catalysts [49]. The Ru 3d peak exhibits a negative shift with the increase of the Ru



loadings. The reducible LDC supports can act as the electron acceptor, capturing the electrons
from Ru species. Such a charge transfer effect is enhanced by decreasing the Ru size (c.f., TEM
images in Fig. 2b and XPS in Fig. 2d). CO-Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (CO-DRIFTS) was performed to analyze the bonding states of the Ru
surface species (Fig. 2e). The 0.5 wt.% Ru/LDC catalyst shows only linear and geminal CO
peaks (above 2000 cm™'), without any bridge or three-fold hollow peaks from the Ru NPs or NCs.
This result verifies that 0.5 wt.% Ru/LDC catalyst seems to have a single atom structure [50, 51].
In the case of 1 wt.% Ru/LDC catalyst, there is a bridge CO peak at 1990 cm!, while for the 2.5
and 5 wt.% Ru/LDC catalysts, DRIFTS spectra CO adsorption peaks below 2000 cm! indicating
CO binding to multiple bridging or three-fold hollow sites [52, 53]. The CO-DRIFTS results
reveal that the degree of Ru agglomeration is correlated positively with the Ru loading. The 1
wt.% Ru/LDC leads to a suitable mixed ionic and metallic character that we ascribe to this
system’s high NH; PR activity.

C 40 0
Ce(NO,),6H,0 ) 357400 C. 1 bar LDCRu-W
La(NO,),"6H,0 50 LDCRu-D
Ru(NH,),Cl, o5 LDC/5% Ru
©
° J LDC/1% R
HO~"_~OH é 20 C/1% Ru
O, OH 5 151
m N
HO OH 057
OH 00
0% 0.5% 1% 25% 5% PBSCF/Ru
b
2628 lonic Ru
2826 4—0.5%
2824
gzsz.z | o
32820
o] —2.5
\.IEJ 2818
22816
22814
@
281.2
28104 .,
28087 Metallic Ru
e f I
——LDCRu-D ~——— RT Air —— 400 °C Air —— 400 °C Wet H, —— 400 °C Dry H,
—— LDCRu-W

kinetics of LDC main peak °

o o,
0000000°000000%000° 'V.Vel.;z o

°
Strongly bonded
OH species

Intensity (counts)

o
o
o
o
o
o«

N Dry H,
DDDDDDDUDDDDDDDDDDDDDDDDDDD

Intensity (a.u.)
[3
°
°
°
o

Absorbance (a.u.)
% | |
B
H,0 generation (a.u.)

\
~//¥// / e | ; . . ; .
o 200 400 600 800 1000
0-5% Time (s)
0% ]
2200 2100 2000 1900 1800 40 60 80 100 120 140 160 180 200 220 200 400 600 800 1000 1200 1400 1600
Wavenumbers (cm™) Temperature (°C) Wavenumber (cm™")
g LDC-D Lattice O h LDG-D M4 I

253%HO -

BZ,CYYb

M5
- o\
1.401 /\
LDC-W Lattice O LDC-W
Ce®/Ce™
2.35% H,0. \
| 20T _ - > A

536 534 532 530 528 526 524 930 920 910 900 890 880 870
B.E. (eV) Energy loss (eV)

Intensity (a.u.)
Intensity (a.u.)




Figure 2. Materials synthesis and physical characterization. a, Schematic illustration of the
gel preparation process for the Ru/LDC catalysts with various Ru loadings; b, STEM-HAADF
images of the as-synthesized Ru/LDC catalysts with different Ru loadings (0.5, 1, 2.5 and 5
wt.%). The scale bars represent 5 nm; c, The catalytic performance of various catalysts for NH;
synthesis at 400 °C and 1 bar in the presence of H, using an H,/N, ratio of 3/1; d, The position of
the XPS Ru 3d peak with different Ru loadings (0.5, 1, 2.5 and 5 wt.%); e, CO-DRIFTS spectrum
of the as-synthesized Ru/LDC catalysts with different Ru loadings (0.5, 1, 2.5 and 5 wt.%), and
the CO-DRIFTS spectrum of LDC is also illustrated for a companion; f, H,-TPR profiles of
LDCRu-D and LDCRu-W catalysts in dry Hy/Ar; g, XPS O s peaks for LDC-D and LDC-W; h,
EELS Ce M,s edges for LDC-D and LDC-W; i, operando Raman tests over the pure LDC
powder by changing the humidity of the flowing gas. The scale bar represents 20 um; j and k,
SEM cross-section of two types of PCEs, the scale bar represents 50 um.

We then sought to establish the correlation of OH species with the reaction activity. Fig. 2f
exhibits the H,-temperature programmed reduction (H,-TPR) profiles of LDCRu-D and LDCRu-
W catalysts in dry Hy/Ar. For both samples, the broad peaks below 100 °C can be assigned to the
weakly bonded surface oxygen species, and the sharp peaks at around 120 °C are from the
reduction of Ru oxides [54]. Over LDCRu-W, extra peaks marked by the blue arrows are most
likely caused by the desorption of the strongly bonded OH species on the LDC support [55, 56].
Nitrogen protonation can be promoted by the OH species, but on LDCRu-D, surface hydroxy
species are absent and cannot play a role. Over LDCRu-W, time-resolved DRIFTS has shown
that the intensity of the N-H stretch increases along with the increase of -OH stretch in the wet
Hy/N, flow at 400 °C, while over LDCRu-D, the intensity of the N-H stretch decreases
substantially along with the decrease of -OH stretch in the dry H,/N, flow at 400 °C
(supplementary Fig. 14). These results strongly imply that the N-H bonds are more readily
created with assistance from surface OH species.

To clarify the interaction of OH species with the LDC support, we conducted a series of
independent characterizations using pure LDC powders. These measurements were carried out
specifically to assess how adsorbed OH affects the redox state of elements in the LDC. The pure
LDC powders were treated in dry Hy/Ar and wet H,/Ar, respectively, to prepare the LDC-D and
LDC-W samples. Fig. 2g shows the O 1s XPS spectra that can be revolved into three sub-peaks,
i.e., adsorbed water, hydroxyl group (-OH), and lattice oxygen [57]. The fractional intensity from
hydroxyl groups rises from ~16 % in LDC-D to ~23 % in LDC-W, while the amount of the
adsorbed water does not change, emphasizing that wet preparation methods can increase surface
hydroxyl groups by as much as 50%. The increase in hydroxyl groups is also indicated by the
shift in lattice oxygen peak position which is caused by changes in oxygen vacancy concentration
[58]. The interaction between OH and LDC support was also verified by the electron energy loss



near edge structure of LDC-D and LDC-W via the electron energy loss spectroscopy (EELS)
analysis. Because of the existence of a significant amount of hydroxyl groups on the LDC-W
surface, the valence of Ce (Ce**/Ce**=1.401) in LDC-D represents a significant negative shift in
reference to that in LDC-W (Ce**/Ce*=0.836) (Fig. 2h). To directly investigate the strong
interaction of OH species with the LDC support, we performed operando Raman tests over the
pure LDC powder by changing the humidity of the flowing gas (Fig. 2i). After taking a Raman
spectrum at room temperature in air (RT air), the LDC powder was heated up to 400 °C in air.
The RT air spectrum shows a strong ceria band at 450 cm™' and then two smaller, incompletely
resolved peaks at 548 and 595 cm! that are expected for Ce*" [59]. Heating up the LDC to 400 °C
in air led to a three-fold loss in intensity, and only the single high frequency band at 566 cm'!
remained. When the flowing gas was changed over to a dry H, atmosphere, a further intensity
loss and a 6-10 cm™ red shift in the vibrational features are observed. This result is consistent
with a Ce*" to Ce’' reduction arising from oxygen loss and a weakening of the lattice bonds.
These changes were reversible, with intensity returning when the gas was switched to a wet
H, atmosphere. Repeated cycling between dry and wet H, atmospheres resulted in quantitative
switching between low and high intensities and peak shifts, indicating that labile OH species on
the LDC support can be controlled easily by changing the humidity.

In light of discovering such an active catalyst for NH; synthesis, we integrated the LDCRu-W
catalyst into a PCE to demonstrate its effect on electrochemical NH; synthesis. As displayed in
Fig. 2j-2k, two types of PCEs were fabricated. The PCE-1 (Fig. 2j) consists of a Ni-BZCYYb
composite anode, a PBSCF cathode (Supplementary Fig. 15), and a thin BZCYYDb electrolyte.
PCE-2 (Fig. 2k) is composed of a PrBaMn,0s.; + Pt (PBM/Pt) anode, a PBSCF cathode, and a
thick BZ,CYYb electrolyte support (BZCYYb-S, Fig. 2j). In both PCE-1 and PCE-2, the
LDCRu-W catalyst was impregnated into the PBSCF cathode to prepare the P/LDCRu-W
electrodes for N,-to-NH; conversion. As benchmarks, Ru + PBSCF (P/Ru) and LDCRu-D +
PBSCF (P/LDCRu-D) cathodes were prepared via the impregnation method.

We compared the selectivity and activity of three cathodes for NH; production to prove that this
catalyst design concept is valid in the electrocatalysis mode. To simplify the chemistry
responsible for ammonia production, H, rather than more complex hydrogen sources was used.
Because the Ni-BZCYYDb anode has long been considered as a very good electrocatalyst for H,
activation and oxidation into protons, cell configuration of PCE-1 was used to compare the

P/LDCRu-W, P/LDCRu-D and P/Ru cathodes. During the electrocatalysis, Ni-BZCYYb captures
the protons from H, (3H, — 6e~ = 6H"), while N, reduction reaction (N, — 6¢~ + 6H"= 2NH3;) and
competing hydrogen evolution reaction (6H" + 6e¢~ = 3H,) take place at the cathode. The
selectivity and activity for NH; synthesis are thus dependent on the cathodes. The
electrochemical measurements were carried out at 400 °C in flowing N, (20 ml min'") and H, (60



ml min'). The flowing N, in P/LDCRu-W cathode was humidified to create surface OH groups.
The electrochemical potential measurements demonstrated that all the PCEs have similar
performance for the NH; production and H, permeation (Supplementary Fig. 16), indicating each
cathode’s functional performance. To test whether the LDCRu-W catalysts would significantly
improve the NHj selectivity, the short-term chronoamperometric measurements were carried out
to acquire the accurate current density and NH; PR at certain potential bias for each PCE
(Supplementary Fig. 17). The NH; PRs were demonstrated by a Nessler reagent colorimetric
method. Figs. 3a-3d show the total current density, NH; partial Faradaic efficiency (FE), NH;
partial current density and NH; PR over the three cathodes. Under increased working potential
and current density outputs, the P/LDCRu-W cathode provides the highest NH; PR of 2.92 mol
h™' m™2 and a NHj; partial FE of 23.1 % at a potential bias (Ep,s) of 0.6 V. Control experiments
using an Ar or Ar-diluted N, reaction gases at 400 "C and Ey;,s of 0.6 V confirmed the reduction
of N, in the P/LDCRu-W cathode (Supplementary Fig. 18). More importantly, the P/LDCRu-W
cathode provided a stable current density for the NH; production and reproducible NH; PR and
FE over a wide range of E,;,s window (Fig. 3a-3d and Supplementary Fig. 17-19). In the case of
P/Ru and P/LDCRu-D cathodes, the NH; partial current densities demonstrate a slow growth
with the increase of total current densities when the Ey, is higher than 0.3 V. This result
indicates high selectivity for hydrogen evolution reaction at higher E,;,s. The highest NH; partial
FEs over P/Ru and P/LDCRu-D cathodes are only 5.5 % and 14.3 %, and occur at very low
current densities with Ey;,s of 0.3 V. These results demonstrate clearly that the P/LDCRu-W
cathode remarkably enhances the selective N, reduction in electrocatalysis mode, boosting the
ammonia production rate up to 100-fold higher than the state-of-the-art N, electrolyzers (Tables
S3).

Inspired by the promising electrochemical results, we tested the robustness of the P/LDCRu-W
cathode for ammonia electrosynthesis. The chronoamperometric technique was used to
continuously record PCE current densities at 400 °C and 0.6 V while exposed to a flowing wet N,
atmosphere. The in-line NH; PRs over the P/LDCRu-W cathode were analyzed by a Nessler
reagent colorimetric method. The in-line NH; partial Faradaic efficiencies were calculated from
these data. Fig. 3e depicts results from prolonged catalytic and electrocatalytic PCE performance
operating under these conditions. The data show that output current densities stabilize in the
range of 99-101 mA cm™? and show no attenuation during the ~560 h stability test. Most
importantly, NH; selectivity is preserved at around 22%, suggesting that the P/LDCRu-W
cathode is stable for NHj; electrosynthesis. These findings further illustrate how careful tailoring
of the post-synthesized hydrothermal treatment together with control over the metal loading
enables the highly efficient and robust NH; production.
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Figure 3. Comparison of various cathodes for ammonia electrosynthesis. a, polarization
curves obtained from the chronoamperometric measurements at 400 °C for PCE-1 with
P/LDCRu-W, P/LDCRu-D and P/Ru cathodes; b ¢, and d, corresponding partial Faraday
efficiencies, partial current densities and production rates for ammonia over PCE-1 with
P/LDCRu-W, P/LDCRu-D and P/Ru cathodes; e, long term stability test of P/LDCRu-W cathode
for ammonia synthesis at 400 °C and Ey;,s 0f 0.6 V.

In industrial plants using the Haber-Bosch process to produce ammonia, hydrogen is generated
by steam reforming of methane and water gas shift reactions, leading to significant energy
consumption and CO, emission. PCE technology is capable of integrating these steps to enable
sustainable NH; production. Specifically, PCEs can directly use renewable hydrogen sources
(e.g., CH4-CO, and C,Hg) to produce NHj according to the following reactions.



Anode

CO, + CH; —4¢=2CO + 4H* (D)
C,Hg — 2¢” = C,H,; + 2H" (2)
Cathode

N, + 6H" + 6e” = 2NH; 3)
2H"+2¢ =H, 4)

These hydrogen sources are renewable and/or have abundant reserves. CH4-CO; is the main
component of the biogas, while the C,Hg is the second largest component in natural gas. In
addition to ammonia production at the cathode, PCEs can also generate CO-enriched syngas or
ethylene at the anode without using intensive energy input and complex procedures. To test
whether or not the Ru-LDC catalysts could also promote these ancillary processes, we first
conducted thermodynamic calculations to determine if the proposed approach were possible
(supplementary Fig. 20). Assuming the ambient pressure and allowing the temperature to vary
from 50 to 850 °C, these studies revealed that the two processes — NH; production and CO-
enriched syngas generation/C,Hs dehydrogenation — can take place with low overpotentials. At
400 °C, the theoretical Ey;,s are only ~0.260 V and ~0.358 V with CH4-CO, and C,H feedstocks,
respectively, implying that the proposed processes are thermodynamically favorable.

We fabricated a second PCE (denoted as PCE-2) with a P/LDCRu-W cathode, PBM/Pt anode,
and BZCYYb-S support to test the viability of these processes with ‘green’ or renewable
feedstocks. PCE-2 used PBM + Pt as the anode catalyst given its high activity for both methane
dry reforming and C,H¢ conversion reactions. BZ,CYYDb was used as the electrolyte to improve
the chemical stability of the PCE when operating with carbon-based fuels. All electrochemical
measurements were carried out at 400 “C. The cathode and the anode were exposed to flowing
wet N, (20 ml min™') and flowing C,Hs (60 ml min™')/CH4-CO, (CH4:CO,=1:1, 60 ml min'),
respectively. Fig. 4a-4b and supplementary Fig 20 display the total current density, NHj partial
current density, NHj partial FE, and NH3 PR over the PCE-2 for tandem electrocatalysis of dry
reforming and ammonia synthesis. Under ascending operating potential and current density
outputs, the P/LDCRu-W cathode provides the highest NH; PR of 0.452 mol h™! m2 with Ey;,s =
1.5 V and the highest NHj; partial FE of 36.5 % at Ey;,s of 0.6 V using CH4-CO, as the hydrogen
source. When C,Hg¢ was used as the anode’s hydrogen source, the highest NH; PR is 0.840 mol
h™' m™2 with an Ey;, of 1.2 V, while the highest NH; partial FE is 35.0 % at Ey;,, of 0.6 V (Fig.
4c-4d and supplementary Fig 21). Since the PCE-2 used the thick electrolyte, the device’s ohmic
resistance increased significantly during the electrolysis meaning that a higher overpotential had
to be applied to achieve reasonable current densities. Although the performance is not as good as
that obtained in PCE-1 using H, as the proton source, we note that the NH; PR in the PCE-2
using high energy carrier hydrogen resources is still comparable to state-of-the-art N,
electrolyzers that are based on the H,. More importantly, such good electrocatalytic activity for
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NH; production using various hydrogen sources can be sustained in the long-term stability
evaluations with varied Eu,s and anode gas feeds (Fig. 4e, supplementary Fig. 23 and
supplementary Fig. 24). These results imply that the catalyst and electrolyzer design concept can
be readily tuned to address a wide range of complex catalytic and electrocatalytic applications.
Chief among these is the electrochemical production of NH; in a sustainable, energy efficient
way. This capability allows for device modularity and flexibility to adapt to the hydrogen source
and the size/need of the intended application.

a b
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Figure 4. Demonstration of ammonia electrosynthesis from various renewable hydrogens. a
and b, total current density and partial current density, and corresponding partial Faraday
efficiencies and production rates of PCE-2 with P/LDCRu-W cathode for ammonia production
using CO,+CHj as the hydrogen source at different E,;,s and 400 °C; c and d, total current density
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and partial current density, and corresponding partial Faraday efficiencies and production rates

of PCE-2 with P/LDCRu-W cathode for ammonia production using C,Hg as the hydrogen source
at different E,;,s and 400 °C; e, long term stability test of P/LDCRu-W cathode for ammonia
synthesis at 400 °C with various hydrogen sources.

Conclusions

Work described in this report developed an efficient heterogeneous catalytic system for the
electrosynthesis of NH;. Using both theoretical and experimental results in concert, this work
shows how creation of coordinated saturated support—OH/Ru NC sites along with a high
performance PCE boosts ammonia production rates by up to 100-fold relative to current state-of-
the-art electrolyzers. We further explored a process using renewable hydrogen containing
feedstocks that combines hydrogen production and extraction, carbon-based fuel conversion, as
well as ammonia production in one device and in one step, making it possible to bring the
ammonia industry closer to becoming efficient and sustainable. These demonstrations of catalyst
development and device integration, along with the chemical process design and integration, have
paved the way for future energy-efficient industrial methods.
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