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Over the past two decades, there has been growing interest in developing catalysts to enable Haber-Bosch
ammonia synthesis under milder conditions than currently pertain. Rational catalyst design requires theoretical
guidance and clear mechanistic understanding. Recently, a spin-mediated promotion mechanism was proposed
to activate traditionally unreactive magnetic materials such as cobalt (Co) for ammonia synthesis by
introducing hetero metal atoms bound to the active site of the catalyst surface. We combined theory and
experiment to validate this promotion mechanism on a lanthanum (La)/Co system. By conducting model
catalyst studies on Co single crystals and mass-selected Co nanoparticles at ambient pressure, we identified
the active site for ammonia synthesis as the Bs site of Co steps with La adsorption. The turnover frequency of
0.47 + 0.03 per second achieved on the La/Co system at 350°C and 1 bar surpasses those of other model

catalysts tested under identical conditions.

espite more than a century of applica-
tion at massive scales, chemical synthe-
sis of ammonia remains a subject of
highly active current research. Ammo-
nia is not only the basis for fertilizer
production but also a prospective energy carrier
or storage intermediate in sustainable energy
systems (7-3). Currently, ammonia is primarily
produced by means of the Haber-Bosch pro-
cess, in which nitrogen (N,) and hydrogen (H,)
react over a promoted iron (Fe) catalyst at quite
harsh reaction conditions (150 to 200 bar, 400°
to 500°C). Large-scale, centralized facilities
are required for the Haber-Bosch process,
mainly because capital investment increases
exponentially with pressure (4). To enhance
compatibility with small-scale green hydrogen
production facilities, operation under lower
pressures would be beneficial. Decreasing the
pressure, however, requires lowering the tem-
perature, or else the process is limited by the
gas-phase equilibrium. Consequently, there
has been a search for a more efficient catalyst
that can operate at lower temperatures and
hence lower pressure (5-15). Alternatives to
the Fe-based catalysts include rubidium (Ru),
cobalt (Co), and nickel (Ni) promoted by ad-
ditives or supports consisting of metal hy-
drides (5, 6), amides (7), and electrides (8).
To explain how Co and Ni, which are very
poor in pure form at activating N,, can become
active when combined with promoters such
as lithiuim (Li) (I6), barium (Ba) (10), and
calcium (Ca) (10, 14), our groups proposed
a spin-mediated promotion mechanism for
these magnetic materials (17). Extensive den-
sity functional theory (DFT) calculations and
analysis suggested that when adsorbed pro-
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motors quench the magnetic moment of the
adjacent Co or Ni atoms on the surface, these
atoms can then bind N, in the dissociative
transition-state geometry more strongly, hence
promoting the N, activation process. Of the
promoters that theory suggests can most
effectively quench the surface Co magnetic
moment, while still being at least partially
reducible, lanthanum (La) stands out (I7).

We have shown experimentally that La-
promoted Co steps are indeed very active for
ammonia synthesis as predicted by theory, by
using Co single crystals and mass-selected Co
nanoparticles (NPs) as two well-defined model
systems. By evaporating La onto the flat
Co(0001) and stepped Co(10115) single crystals
and comparing the respective activities, we
identified La-promoted Co steps as the active
site. The observed turnover frequency (TOF) of
0.47 + 0.03 s on La/Co(10115) is more than
two times greater at 350°C and 1 bar than those
of the potassium (K)-promoted Fe(111) or Fe
step sites that are believed to be the active sites
in the current commercial ammonia catalysts
(18-21). In addition, we have demonstrated
the La promotion effect on mass-selected Co
NPs supported on a partially reducible La pre-
cursor (such as LaN), allowing La to migrate to
and activate the Co surface. By varying the Co
particle size systematically, we provide strong
combined experimental and theoretical evi-
dence that the activity is linearly related to
the number of similar type of step sites found
on the Co(10115) surface.

Previous works by Ye et al. have shown LaN-
supported Co (Co/LaN) to be quite efficient for
ammonia synthesis (17-13). Bolstered by DFT
calculations, they proposed a dual active site
contributing to the high activity, where the
nitrogen vacancies generated in the metal ni-
tride are responsible for the activation of N,
and the Co is mainly responsible for H, acti-
vation. We disagree with this interpretation
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moted by La. By identifying the active site, ..~
were able to quantify its extraordinary activity
in comparison with the conventional catalyst,
thus providing a guiding principle for scal-
ing the active site to a real high-surface-area
catalyst.

Theoretical investigation of the most active
sites for La-promoted Co

La-promoted Co surfaces are predicted to be
very active in N, bond scission owing to the
spin-mediated promotion effect (17), which
comes on top of the usual electrostatic pro-
motion effect (22, 23), as the result of the
charge transfer from La to Co (supplemen-
tary materials). The decrease in the transition-
state energy for N, dissociation on La-Co
induced by the electrostatic effect and spin
effect are -0.35 and -0.57 eV, respectively
(17). The spin-mediated promotion relies on
the combination of two effects: (i) Adsorption
energies of both intermediates and the N-N
transition state are more negative (stronger
bond) on nonmagnetic than on magnetic sur-
faces, and (ii) many promotors quench the spin
moment of the nearby Co or Ni atoms (Fig. 1A
and figs. S1 to S2). The local nature of the spin
quenching turns out to stabilize the transi-
tion state more than the N adsorption energy,
opening the possibility of circumventing the
traditional scaling relation between the two
(Fig. 1B). For further explanation of this effect,
we refer to (17), figure 3D, and the text therein.
That is, N, activation is rendered more favor-
able without proportionally strong blocking of
the surface by adsorbed N. Thus, Co promoted
by La exhibits extraordinarily high activity
that is clearly superior to that of the best-known
K-Fe(111) and cesiuim (Cs)-promoted Ru cat-
alysts, as illustrated in the calculated activity
heatmap (Fig. 1B).

In the present work, we extended the work
in (I7) by systematically studying all the most
likely exposed surface facets of Co in addi-
tion to Co(1015) theoretically (fig. S3) to iden-
tify the most active surface site. We found
that La plays a substantial role in decreasing
the barrier for N, dissociation (rate-limiting
step) on all Co surfaces (Fig. 1C and figs. S4
to S12). In particular, the stepped Co surfaces
containing B; sites, such as Co(0001)-B and
Co(1015) (structures are shown in fig. S2),
are most active; the terrace Co(0001) exhib-
its the least activity, even with La promo-
tion. Like most adsorbates, including the
N-N dissociation transition state, La tends to
adsorb at the Co step sites instead of at terrace
sites, according to the built surface-phase
diagram (figs. S13 and S14), meaning that the
most active Co Bj; site is also the most favor-
able adsorption site for La. More details and
discussions are available in the supplemen-
tary materials.
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Fig. 1. Activity volcano for ammonia synthesis. (A) The spin density difference at the adsorption site of
N* and N-N transition state on La promoted Co(lOTS), where the blue cloud indicates isosurfaces of spin
density depletion. Purple, light blue, and orange spheres indicate Co, La, and N atoms, respectively.

(B) 2D activity heatmap describing the theoretically calculated steady-state rate per site (TOF) for NH3
synthesis as a function of N, transition-state energy (Ex-n) and N, dissociation energy (2Ey). Temperature
(T) = 400°C, pressure (P) =1 bar, Hx:N, = 3:1, and N, conversion = 0.01%. The dashed scaling line
indicates the clean stepped transition-metal surfaces. (C) Calculated free energy diagram for ammonia
synthesis on Co(0001), Co(1015), and La-Co(10115) under the same reaction conditions modeled in (A).
(D) Reaction paths of ammonia synthesis on La-Co(lOiS), where purple, light blue, orange, and pink spheres

indicate Co, La, N, and H, respectively.

On this basis, we conclude that the active
stepped Co with La adsorption is also thermo-
dynamically stable under reaction conditions.
The favorable reaction pathway and optimized
adsorption sites for key adsorbates on repre-
sentative stepped Co(1015) is depicted in Fig.
1D for visualization. The above theoretical re-
sults therefore suggest that the predicted effi-
cient La/Co(step) system should be fruitful
for experimental testing.

Experimental verification on model catalyst of
Co single crystals promoted by La

We performed model catalyst studies of am-
monia synthesis at ambient pressure over two
types of Co single crystals, a stepped Co(10115)
and a terraced Co(0001), by evaporating La to
achieve different coverages and comparing the
activity. Herein, the step Bs-riched Co(10115)
surface can be regarded as a 6.58° tilted vicinal
surface of flat Co(0001), ideally with one single
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atomic step for every approximately eight ter-
race atoms (24). The deposition rate of La was
calibrated by means of quartz crystal mass
balance, and the coverage was double-checked
with He" low-energy ion scattering (LEIS) by
using the attenuation of the Co peak (983 eV)
(fig. S22). The activity test was conducted in
a newly designed ultrahigh-vacuum (UHV)-
compatible high-pressure cell reactor (HPC),
which can operate at 1 bar and up to 550°C
(25). X-ray photoelectron spectroscopy (XPS)
was performed before and after reaction (fig.
$23), and no sign of La sintering or formation
of hydride or nitride was observed.

As shown in Fig. 2A, the clean Co(10115) is
inactive under the test conditions (1 bar, N+
3H,, 350°C), whereas it is readily activated
by evaporated La. The reaction rate versus La
coverage on Co(10115) shows that the rate
reaches maximum at ~0.15 monolayers (ML)
and plateaus up to 0.5 ML. Further increasing
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La loading on the Co surface results in re-
duced activity. This volcano-shaped dependence
of ammonia synthesis activity against La cov-
erage can be explained as follows. At low La
coverage (<0.15 ML), the evaporated La pref-
erentially adsorbs to the most stable and
relatively abundant Bj sites, as demonstrated
in figs. S6 and S7, thus accordingly inducing a
linear relation between the total activity and
the La coverage as expected. As the La cover-
age increases to 0.5 ML, La adsorbs on the
less active Co sites such as the terrace, which
contribute only marginally to the activity, re-
sulting in a sluggish plateau region. Upon fur-
ther increasing the La coverage, the activity
drops off gradually because the Co active site
is blocked by La and eventually completely
disappears at full La coverage. Above all, on
this volcano-like dependence curve of appar-
ent activity on La coverage, activity on the left
leg is limited by the La coverage, whereas
that on the right leg is hampered by the in-
sufficient number of Co Bs sites. A medium
coverage of La as a promotor on a rhodium
(Rh) surface for an optimized performance to-
ward hydrogen oxidation reaction was reported
recently (26).

To reinforce the above conclusion that the
activity is solely dominated by Bj steps, as we
previously observed for Ru (27), we used a flat
Co(0001) to compare with the stepped Co(10115).
Both pristine single crystals are inert. As shown
in Fig. 2B, Co(0001) exhibited only a minute
increase of activity upon deposition of 0.2 ML
of La, which is significantly lower in com-
parison with that of Co(10115) with an equiv-
alent La loading. We suggest that the small
increase comes from the few steps that will
always be present on a (0001) surface. This
result directly supports the theoretical pre-
diction that the enhanced catalytic activity is
primarily attributed to the presence of La-
promoted Co Bj step sites.

Further verification on model catalyst of
mass-selected Co NPs supported on LaN

After the success of the model catalyst study
based on single crystals, we moved on to model
catalyst studies with higher complexity that
are more related to the real catalytic systems.
To bridge this material complexity gap, we used
monodispersed Co NPs of various sizes sup-
ported on reducible LaN as the second well-
defined model system to execute cross validation
for the theory prediction.

As demonstrated in Fig. 3A, by using a well-
established UHV cluster source system (28, 29),
Co NPs of masses ranging from 4.4 x 10* to
1.4 x 10° amu (corresponding to sizes ranging
from 2.5 to 8.0 nm) were selected out and
deposited onto LaN thin films. The LaN sub-
strate was prepared by means of reactive mag-
netron sputtering in a chamber connected to
the UHV system. X-ray diffraction analysis
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Fig. 2. Ammonia synthesis

test of La-evaporated
hcp-Co single crystals.
(A) Apparent reaction rate
and TOF as a function of the
La coverage on Co(10115).
The error bars indicate

the SD of tests on three
independent samples.

(B) QMS signal profiles of
ammonia (mass 17 amu)
tested on clean Co(10115),

0.2ML La on Co(10115), and

N
o
1

gy
o
1

Rate (produced NH, /s)
& 5

0.0 4

Co(0001) at 350°C and 1 bar
No+3H,. The arrows indicate
the beginning and end of

the reaction. (C) Schematics
of surface atomic configura-
tions for tested samples

in (B). Purple, Co atoms;
Light blue, La atoms.

Co(0001)+0.2ML La

(XRD) and XPS characterization identified
the face-centered cubic (fcc) structure and
chemical state of LaN (figs. S24: and S25) (30).
To avoid particle overlap, the loading of the Co
NPs was limited to 5% projected surface area
coverage for NP sizes of 2.5 and 3 nm and 10%
for NP sizes of 3.5 to 8 nm. After preparation,
the sample was transferred in the UHV system
and tested in the HPC, which features a sen-
sitivity high enough to analyze the extremely
low levels of ammonia formed on the Co par-
ticles of loadings of <100 ng (25).
Transmission electron microscopy (TEM)
images and size distribution of the as-deposited
three size ranges of Co NPs/LaN samples show
homogeneous and clean Co NPs monodis-
persed on substrate, with well-defined size
and loading (Fig. 3, B to E). The size distribu-
tion was measured from the TEM images as
described in the supplementary materials. The
average Co NP diameters of masses 7.6 x 10%,
2.6 x 10°, and 1.4 x 10° amu were measured as
3.6+0.3, 50+0.3, and 8.1+ 0.2 nm, respec-
tively. Compared with the respective calcu-
lated diameters of 3, 4.5, and 8 nm assuming
a perfectly spherical particle with metal bulk
density, the measured sizes are slightly larger,
which is induced through rapid oxidation of
Co NP surfaces to CoO and Cos0,, after expo-
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the Co NPs, fresh samples of the same masses
were redeposited and treated in HPC under
reaction conditions and then imaged with
TEM. As shown in Fig. 3, F to I, the reaction
conditions do not result in noticeable sinter-
ing or modification of size distribution. The
excellent thermal stability renders the mass-
selected Co NPs a well-defined model system to
explore size-dependent properties in this study.
Ammonia synthesis activities of samples with
2.5- to 8.0-nm Co NPs supported on LaN are
presented in Fig. 4A. The activity monotoni-
cally grows with decreasing particle size of the
Co NPs over the investigated size range. All the
apparent activities shown have been normal-
ized to 10% projected coverage, so the size de-
pendence indicates strong correlation between
the density of active site and Co NP size. Fur-
thermore, because Co NPs supported on C were
inert under the conditions (350°C, 1 bar) (Fig.
4F), the presence of LaN for the activity is es-
sential. We next addressed the nature of the
active site of the LaN-supported Co NPs by means
of DFT calculation, providing further experimen-
tal evidence to substantiate this understanding.
Extensive studies have revealed that Co NPs
of sizes <20 nm possess fcc rather than the
hexagonal close-packed (hcp) structure known
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sure to air (31). To evaluate thermal stability of
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from bulk Co at room temperature by means
of scanning transmission electron microscopy
(STEM) (31), reflection high-energy electron dif-
fraction (RHEED) (32), ex situ XRD (33), and
in situ XRD (Z0) under NH; synthesis condi-
tions. Thus, we adopted fec-structured Co NPs
to explore the nature of the active site on LaN-
supported Co NPs.

We first built a Wulff construction (Fig. 4B,
inset) by calculating the surface energy of all
the low-energy facets of fcc Co, determining
the most likely exposed surfaces on the par-
ticles (34). We then calculated the dissocia-
tion energy of N, (rate-limiting step) on the
above selected Co surfaces with and with-
out La promotion (Fig. 4B) and found that
Co(110), Co(111)-B, and Co(211) (structures are
provided in figs. S15 to S17) show the relative
lowest barrier. On the basis of the surface
diagram (Fig. 4C), in contrast to Co(110), La
preferentially adheres to Co(111)-B and Co(211)
that possess B; sites. We further support the
existence of La-Co(B;) on the LaN-supported
Co catalysts in light of the calculated phase
diagram (Fig. 4C and fig. S18), which shows
that La can be reduced out of LaN under the
test conditions, owing to the strong bonding of
the metallic La to the B; sites on Co. La/Co(B5)
is thus a good candidate for the active site
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Fig. 3. Mass-selected Co NPs: Preparation, test, and stability. (A) Schematic
illustration of the mass-selected NP deposition and test for ammonia synthesis at
1 bar in a UHV system. Reactive magnetron-sputtering deposited LaN thin film
was used as the substrate. (B to D and F to H) Representative TEM images of three

also on the LaN-supported Co NPs, same as
the La-Co(10115) model catalyst.

We next investigated the relationship be-
tween the number of La/Co B; step sites and
the measured catalytic activity. The active-site
density is not directly given by the particle size
distribution because only the steps containing
B; sites are active for N, dissociation. To eval-
uate the fraction of B; sites on a Co particle, we
built a basic particle shape of fcc-Co NPs using
the calculated Wulff construction and then
counted the number of Co atoms at the B;
sites following the same manner as stated in
previous work (35) (supplementary materials).

Zhang et al., Science 383, 1357-1363 (2024

Last, we derived the B; site volume density as
a function of Co particle size (Fig. 4D).

A direct comparison of calculated volume
density of B sites and volume-averaged NH;
productivity measured experimentally over
differently sized Co NPs supported on LaN is
shown in Fig. 4E, displaying an excellent lin-
ear correlation. Furthermore, if we use both
values of the 2.5-nm Co NPs/LaN sample as a
benchmark, the slope of the normalized fitted
line between the two is 1 and roughly crosses
the points (0, 0) and (1, 1) (fig. S19), which is
even more explicit evidence that no activity is
present beyond Co steps and that the TOF of
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different masses of 4.3x10% 25x10° and 14 x10°amu Co NPs on LaN [(B) to
(D)] before and [(F) and (H)] after reaction conditions treatment at 350°C and
1 bar N+3H,. (E and 1) Corresponding size distributions (E) and (I) were determined
by measuring the size in the TEM images (supplementary materials).

La-Co(step) active site should be constant. We
obtained similar results when hcp-structured
Co NPs were assumed (fig. S20). By using the
calculated number of B; atoms on each size of
Co NPs, we were able to convert the measured
rate of ammonia production to TOF per B;
atoms. As shown in Fig. 4A, the TOF remains
nearly constant at around 0.3 s~ over the in-
vestigated size range, as expected.

TOF and activation energy of Co NPs/LaN
and 20% La/Co(10115) measured at 1 bar and
their comparison with various model catalysts
are presented in Fig. 4F. Similar activation
energies of 56 + 2 kJ/mol and 54 + 6 kJ/mol
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Fig. 4. Size dependence of ammonia synthesis on Co NPs/LaN and its
correlation to DFT-calculated Bs sites density on a fcc-Co surface.

(A) Ammonia production rates of 2.5- to 8-nm-diameter Co NPs supported on
LaN at 350°C and 1 bar N,+3H,. Projected Co coverages are 5% for 2.5- and
3-nm NPs and 10% for 3.5-, 4-, 6-, and 8-nm NPs. The apparent rates of

2.5- and 3-nm NPs were normalized to 10% coverage for comparison. TOF
values were calculated on the basis of the number of Bs sites on Co NPs of
corresponding sizes calculated as shown in (D). The error bars of the apparent
rate and TOF values indicate the SD of tests on three independent samples.

(B) The calculated transition-state energies of different clean (solid bar) and La-

promoted fcc-Co surfaces (hatched bar). (Inset) Wulff construction of fcc-Co
particle with colored facets corresponding to the surfaces in bar chart. (C) The
surface-phase diagram of La in different precursor compounds compared with
La adsorbed on various Co surfaces under ammonia synthesis conditions

[T =673 K, P =1 bar, HxN,= 31, and P(H,0) = 107 bar]. Bulk species are

of Co NPs/LaN and La/Co(10115) are in good
agreement with the value of 64 kJ/mol (0.66 €V)
calculated on the basis of the model of
La/Co(10115) (fig. S12C), suggesting that both
model catalyst systems share the same active
site in nature as depicted in the DFT calcula-

tical application.

during reaction

the dynamics of active site formation, which
is important to improve the activity for prac-

La-Co dynamics of Co NPs/LaN system

shown as dashed lines, and metallic La adsorbed Co surfaces are shown as
solid lines. Bulk energies are from experiments, except for LaN (supplemen-
tary materials). (D) The volume density of Bs sites as a function of fcc-Co
particle size, as calculated through analysis of the atomistic construction
from Wulff structure in (B), inset. Atoms belonging to Bs sites are shown in
gray, and the rest are in purple. (E) Relations between the density of Bs
sites and volume averaged rate measured at 350°C, 1 bar. (F) TOF and
activation energy overview on various model catalyst prepared and tested in
our UHV system. Test conditions were 350°C, 1 bar, and 3H,+N,. The TOF
of Fe(111) was calculated on the basis of the Fe atom density on top surface
of 7.04 x 10** cm™2; 2 nm Ru/Ce0, was calculated with respect to surface
Ru atoms at the Bs site of density described in (35). Activity of Co/C was
not detected at 350°C; the TOF should be <1 x 107 s*, based on the
estimated sensitivity limit of the HPC. The activation energy was calculated
with rate measurements at 450° to 500°C and 1 bar.

peak at 1073 eV, the intensity of which de-
creases after deposition of 10% 4.5-nm Co NPs
on top, and correspondingly, Co shows a peak
at 983 eV. They are easily resolved because of
the sufficiently different atomic masses. The
N peak is not visible in the spectrum because

tion. Comparable TOF values of La/Co(10115)
and Co NPs/LaN further support this picture.
Supreme intrinsic activity and low activation
energy of the La/Co system among various
model catalyst systems prepared and tested in
our UHV system (Fig. 4F) signify major poten-
tial of the spin-mediated promotion mecha-
nism in designing new catalysts for ammonia
synthesis. Identification of the active site on the
La/Co system paved the way for reaction mech-
anism illustration and further exploration into
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An essential stage to enable effective La pro-
motion in Co NPs/LaN involves a redistrib-
ution of La from the LaN substrate to the Co
NPs surface. To illustrate the composition
evolution of the sample surface during the
experiment, we performed XPS and He" LEIS
characterization as snapshots after each exper-
imental step in the process of LaN preparation,
Co NP deposition, and ammonia synthesis test-
ing in HPC. As seen in Fig. 5A, the LEIS spec-
trum of the as-prepared LaN film shows a La

22 March 2024

of the double matrix effect in LEIS on La-
related surfaces (36). XPS confirmed the pres-
ence and stability of both La and N in their
respective LaN valence states throughout the
experiment (fig. S25).

After ammonia synthesis testing at 350°C
in 1 bar H, and N,, the LEIS spectrum showed
higher intensity at the low-energy side, sug-
gesting adsorption of H, N, and NH,, species
on the surface, which may partially explain
the drop of the Co peak and thus indicate the
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reaction taking place on the Co surface. Co
NPs were found to be rather stable against
sintering under reaction conditions, as shown
with TEM (Fig. 3, B to I) and XPS (fig. S25);
thus, we can readily exclude a sintering-induced
surface area decrease of Co during the reaction
test. In contrast to Co, the intensity of the La
peak after reaction increases nearly to the level
of the pristine LaN film, which seems to hint
toward the presence of La on top of the Co
surface. This bears close resemblance to the
well-known phenomenon of strong metal-
support interaction (SMSI) (37, 38)—that is,
when a metal is supported on reducible oxide
and subjected to high-temperature reducing
conditions, it experiences partial decoration
or even encapsulation by species migrating
from the substrate. Because LaN exhibits
reducibility in both calculations (Fig. 4C)
and experiment (71, 12), the inverse change in
LEIS intensity of La and Co after the reaction
appears to suggest a scenario illustrated in Fig.
5A, inset, which implies that during the test in
an H, and N, environment at 350°C, La was
reduced out and migrated onto the strongly
adsorbed step sites of the Co surface, promot-
ing on-site ammonia synthesis. The trend of
sample self-activation was more obviously
observed during a thermal cycling test of a
freshly prepared sample of 4.5-nm Co NPs/
LaN (fig. S26). The testing temperature began
at 250°C, gradually increased to 350°C (up-
ward tests), and then steadily decreased back
to 250°C (downward tests), with a consistent
interval of 25°C. Reaction rates obtained at the
same temperature during downward tests were
always higher than these obtained in the up-
ward tests at 250° to 325°C and finally tested
constant at 350°C, which indicates that the
sample activation was complete at 350°C. Ac-
tually, high-temperature reduction induced
activation of metal NPs supported on reduc-
ible rare-earth oxides for ammonia synthesis
has been observed and attributed to SMSI.
Reduced La and Ce species migrate from the
La-Ce mixed-oxide substrate and then decorate
the surface of supported Ru NPs to promote
ammonia synthesis, although the promotion
mechanism has different explanations (39-41).

Reduction of the substrate catalyzed by sup-
ported metal clusters in reductive conditions
at high temperature has been reported pre-
viously (42, 43). For the Co/LaN system sub-
jected to ammonia synthesis conditions, we
should also see the reduction of LaN as a pre-
condition or in parallel to the migration of La
species onto the Co surface. As observed in the
SMSI, the species migrating from the sub-
strate consistently take the form of an oxygen-
deficient suboxide or, in some instances, have
been reduced out to a metallic state (44). To
provide further insight into the details of this
process, we conducted isotope labeling experi-
ments on samples with 4.5-nm Co NPs on LaN,

Zhang et al., Science 383, 1357-1363 (2024

A ol
©iColLaN before reaction
1
g {1 Before reaction
= |1 dLa
® | 1
| >N
= 1l
) i1t . @®Co
5 LaN v After reaction
L
=
LaN
T T T T T T T T T T T T T T T T T
1200 1100 1000 900 800 700 600 500 400 300 200 100
Kinetic energy/eV
B X101
D2+14N2 MND3
Jla ®Co e"N o/ .D
La'5N
24
<C
2 Y Y
o 14ND,
»616-
P
C
o
—
pu |
3 \Z
5ND; x3
0 T ¥ T T ] T T . & T T ¥ T
0 1000 2000 3000 4000 5000 6000 7000
Time/s

Fig. 5. La-Co dynamics in Co NPs/LaN system during test. (A) He" LEIS spectrum of as-prepared LaN,
Co/LaN, and Co/LaN after test. He" energy is 1250 eV. (Inset) A schematic of La decoration on the Co NPs surface
after reaction. (B) Isotopic labeling test of Co/La™N in N,+3D, for ammonia synthesis at 1 bar, 415°C. The
signal of mass 21(**ND3) is multiplied by 3. (Inset) A schematic of reduction of La'N, species on the La surface or
at the Co NPs/La®™N interface to produce the °ND5 Arrows indicate the beginning and end of the reaction.

as illustrated schematically in Fig. 5B, inset.
Product from the reduction of LaN species, am-
monia, is an indication of the activation process,
and the number of ammonia molecules corre-
lates with the La coverage on Co surface. To
distinguish it from catalytically produced am-
monia, we used a ®N-labeled Co/La®N sam-
ple for testing under an atmosphere of 1 bar
1N, and D,. In this case, ammonia generated
through the catalytic reaction should display a
mass of 20 amu (MNDs) in quadrupole mass
spectrometry (QMS), whereas ammonia re-
sulting from the reduction of La'®N,, should
exclusively appear at a mass of 21 amu (*°ND,).

A control experiment was conducted first
with pristine La'®N to ensure that La'®N was
not making ammonia under the test conditions.
Subsequently, 15% 4.5-nm Co NPs was depos-
ited on La®N for the test. The QMS monitoring
of signals at masses 20 and 21 amu during the

22 March 2024

three consecutive tests is presented in Fig. 5B.
The results reveal a distinct and transient in-
crease in the ’ND, signal at the onset of the
first test, followed by a gradual decay to back-
ground levels over ~150 s. By contrast, produc-
tion of ™ND, remains constant throughout
the 500 s duration of the first test. >ND, produc-
tion can only be attributed to the reaction be-
tween D, and La®N with the presence of Co
NPs, and no other possible product should be
observed at 21 amu. Transient appearance of
°ND, indicates the reduction of La®N,, and
the migration of reduced La species toward the
Co surface reached saturation during the first
test. In the subsequent test, the ’ND, signal
did not appear as before, whereas the 1‘*ND3
production not only persisted but also exhibited
a higher initial rate, which indicates the com-
pletion of the activation process. This pattern
of signal behavior remained consistent during
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the third test, suggesting that the sample
achieved a stable state after the first test.
Assuming that each ’ND, molecule corre-
sponds to one free La atom migrating to Co
surface, the calculated number of La atoms
from the transient ’ND, signal would re-
sult in a La coverage of ~0.50 ML or less on
the Co surface, assuming all Co active sites
are activated and no N isotope exchange oc-
curs. Spontaneous redistribution of the reduced-
out La on the Co surface was driven by the
strong adsorption of La on Co steps, as in-
dicated in Fig. 4C. Saturation coverage of La
on the Co surface estimated should corre-
spond to the surface fraction of the step site
or slightly higher owing to the presence of
other possible strong adsorption sites such as
kicks on Co surface, which is consistent with
the step density calculated in Fig. 4D. Further-
more, the La coverage estimated in the isotope
experiment is generally consistent with the
value on Co(10115) to give rise to activity for
ammonia synthesis shown in Fig. 2A.

Further active-site validation

The reaction mechanism of Co or Ni supported
on reducible metal nitrides such as LaN or
CeN has been previously proposed by Hosono’s
group to be a dual-site mechanism—that is,
the nitrogen vacancies generated in the metal
nitride are responsible for the activation of N,
and the Co or Ni in this system is mainly re-
sponsible for H, activation. To examine this
model, we introduced palladium (Pd) NPs sup-
ported on LaN because Pd is outstanding for
H, dissociation and very poor for N, activation
(45, 46). As shown in fig. S27, 4.5-nm Pd NPs
were deposited on a LaN surface, and the ac-
tivity was compared with that of 4.5-nm Co
NPs/LaN under identical test conditions. Ab-
sence of any discernible activity on Pd/LaN
directly contradicts the dual-site mechanism.

Zhang et al., Science 383, 1357-1363 (2024

Instead, consistent theoretical and experimen-
tal evidence shown in this study identified the
active site as La-promoted Co steps and vali-
dated a spin-mediated mechanism. We expect
the application of the mechanism to guide the
future design of new classes of catalyst based
on accessible and more active materials such
as promoted Co and Ni for ammonia synthesis
under milder conditions.
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