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ABSTRACT: We report a combined experimental/theoretical Artificial

apProach to studying heterogeneous gas/ soli.d catalytic processes NH; Equilibrium Ao

using low-pressure pulse response experiments achieving a 20 o e

controlled approach to equilibrium that combined with quantum = N b $

mechanics (QM)-based computational analysis provides informa- et & ” & ol Do on
tion needed to reconstruct the role of the different surface reaction Products o Products
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steps. We demonstrate this approach using model catalysts for
ammonia synthesis/decomposition. Polycrystalline iron and cobalt
are studied via low-pressure TAP (temporal analysis of products)
pulse response, with the results interpreted through reaction free
energies calculated using QM on Fe-BCC(110), Fe-BCC(111),
and Co-FCC(111) facets. In TAP experiments, simultaneous
pulsing of ammonia and deuterium creates a condition where the participation of reactants and products can be distinguished in
both forward and reverse reaction steps. This establishes a balance between competitive reactions for D* surface species that is used
to observe the influence of steps leading to nitrogen formation as the nitrogen product remains far from equilibrium. The approach
to equilibrium is further controlled by introducing delay timing between NH; and D, which allows time for surface reactions to
evolve before being driven in the reverse direction from the gas phase. The resulting isotopic product distributions for NH,D,
NHD,, and HD at different temperatures and delay times and NH;/D, pulsing order reveal the role of the N, formation barrier in
controlling the surface concentration of NH,* species, as well as providing information on the surface lifetimes of key reaction
intermediates. Conclusions derived for monometallic materials are used to interpret experimental results on a more complex and
active CoFe bimetallic catalyst.
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H INTRODUCTION understand why one composition might perform better than
. . . ther at steady-state, a necessary step in catalyst rational
The ammonia synthesis process supports a prosperous socie ano z Y ’ Ty step %
yn P PP prosp ty design.9 12

by providing the primary source or nitrate based fertilizer vital
for abundant food production.1 Moreover, ammonia can be
used as a dense energy carrier where its decomposition
provides the fuel hydrogen-based fuel cells.” A considerable
body of knowledge has been accumulated on catalytic
ammonia synthesis and decomposition. This shows that the
factors responsible for a good synthesis catalyst’ generally do
not make a good decomposition catalyst”” because the two
processes take place with vastly different gas (and surface)
compositions.

The catalyst manipulates gas and surface concentrations
through a complex network of fast and slow reactions
proceeding both sequentially and in parallel. At steady-state,
only the slowest step is manifest limiting resolution of network Received:  April 1, 2021
details.”® Observation of the catalytic system under non- Published: July 19, 2021
equilibrium conditions enables the complexity of these
interworking parts to be disentangled. While such experiments
may be far from the application environment, they are useful
for discriminating the underlying behavior of a catalyst to

The low-pressure TAP (temporal analysis of products) pulse
response experiment sets forth a cascade of surface reactions
from one direction of pulsed species in the gas phase.””"*
With a singular pulse, the design of the experiment may render
negligible the influence of backward reactions from the gas
phase. At present, this TAP system enables only gas phase
measurements, whence surface accumulation is determined
indirectly, without direct observation of adsorbate config-
urations. To better resolve how surface reactions play out, we
demonstrate in this work how to use controlled pulse timing of
gas-phase species using both reactants and products of the
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Figure 1. Free energy landscape for most abundant Fe(110) and Co(111) surfaces under experimental condition: T = 823 K, (A) NH,
decomposition, (B) H* adsorption, and (C) N* adsorption; blue color represents Co, and green color represents Fe.

Table 1. Free Energy Barrier (AG with the Unit of eV) and Kinetic Rate Constant (k with the unit of s™') for Each
Fundamental Step on Fe(110) and Co(111) Surfaces under the Experimental Conditions: T = 823 K, Pyy, = 25 pascal = 2.5 X

10~* atm, Py, = 1.3 X 107" atm, Py = 1.3 X 107" atm

Fe(110) forward

Fe(110) back

Co(lll) forward

Co(Ill) back

Reaction AGH k AG* k AG* k AGH k
ki, NH; + * < NH;* 0.59 4.18 x 10% 0.83 1.38 x 10% 0.59 4.18 x 10% 0.85 1.01 x 10%
k, NH;* + * & NH,*+ H* 0.72 6.68 x 10" 1.26 3.50 x 10% 1.01 1.12 x 10”7 1.12 2.46 x 10%
k, NH, + H* + * & NH*+ 2H* 0.24 5.81 x 10" 1.30 1.95 x 10% 021 8.87 x 10" 0.67 1.38 x 10%
ks NH* + 2H* + * ©&N* + 3H* 1.16 1.35 X 10% 141 3.97 x 10 1.06 5.53 x 10% 1.03 8.29 x 10%
ky N* + N* & N, + 2% 2.71 415 x 107 2.11 2.17 x 10% 1.24 442 x 10% 2.11 2.17 x 10%
ky H* + H¥ < H, + 2% 1.44 2.74 x 10% 2.11 2.17 x 10%° 112 2.51 x 10% 2.11 2.17 X 10%
catalytic reaction of interest, in combination with isotopic ecomposition, as demonstrated for other bimetallic sys-
tal t f interest binat th isotop d posit d trated for other bimetallic sy
labeling, to observe the intersection of forward and reverse tems.' 7%

surface reactions. Specifically, in our protocol we search for a
unique condition in which a balance is realized between
competitive reactions for a single intermediate.

We present a series of pulse response experiments using
ammonia and deuterium. Polycrystalline iron and cobalt
provide catalytic materials simple enough to support the
interpretation of experimental results via first-principles
modeling using QM. Ammonia and deuterium are pulsed
simultaneously at different temperatures and with different
pump/probe delay sequencing. Previously, the pump/probe
TAP experiment was primarily used to examine reaction
pathways between two reactants, generally hydrocarbon and
oxidant.'® In the current work, simultaneous pulsing of a
reactant and a product creates an equilibrium condition
between ammonia and deuterium while gas phase nitrogen
remains far from equilibrium. The system approach to
equilibrium is controlled by separating the pulse timing of
ammonia and deuterium using a short pump/probe delay. This
controlled approach allows a fixed time for surface reactions to
evolve before reverse reactions are driven from the gas phase.
Through the evolution of isotopically labeled products (NH,D,
NHD,, and HD), we use this method to resolve the lifetime of
different surface intermediates that can be interpreted using
QM predicted reaction barriers for both forward and reverse
reactions. Finally, we use theoretical/experimental results for
monometallic materials to understand experimental observa-
tions of the more complex bimetallic iron/cobalt catalyst and
propose a rationalization for its improved activity in ammonia

10999

B RESULTS AND DISCUSSION

More details regarding the computational and experimental
methods can be found in the Supporting Information.

Computational Results. The free energy landscape for
ammonia decomposition to surface NH,*and H* species is
presented in Figure 1A at 823 K for the Co-FCC(111) and Fe-
BCC(110) surfaces which are most abundant at this
temperature on bare particles. Since cobalt transitions from
HCP to FCC structure near 700 K, we compare our
experimental and computational results at 823 K to avoid
structural ambiguity. In Figure 1A, we adopted the transition
state barriers by Duan et al,'” but we carried out separate
calculations for the intermediate-state Gibbs free energy.
Moreover, in the discussion we also use results on the Fe-
BCC(111) surface from ref 20. We estimated adsorption free
energies based on entropy corrections at 823 K and 2.5 X 107
atm for NH; and 1.3 X 107*? atm for H, and N,, conditions
that are relevant to our experimental ammonia pulse response
studies (for separate hydrogen pulse response studies H,
pressure of 2.5 X 107™* atm is used). The barriers for product
adsorption/desorption steps are compared with NH; dehy-
drogenation steps in Table 1. Kinetic rate constants for
elementary steps are obtained using the Eyring equation, i.e.
assuming the Arrhenius relation between the free energy
barrier, AG¥, and the rate constant, k:

https://doi.org/10.1021/jacs.1c03158
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kT AG*
k= =2 exp| -——
h kT

where kg and h are the Boltzmann and Planck constants,
respectively. Both the rate constants and free energy barriers
are summarized in Table 1.

Figure 1A indicates that, at equilibrium, the dominant
surface species on Fe-BCC(110) will be N* whereas on Co-
FCC(111) NH* is slightly more stable than N* under the
given conditions. Figure 1 shows that ammonia decomposition
is more favorable thermodynamically on iron compared to
cobalt. For both materials the second step of dehydrogenation
NH,* to NH* has the smallest barrier. Overall, the surface
reaction barriers for iron are larger, which should result in a
greater skew in the distribution of surface species.

The surface NH_* species are depleted via competitive
pathways: either forward toward the release of N, and H, or in
the reverse direction toward the release of NH;. We find that
the parallel steps of hydrogen (Figure 1B) and nitrogen
(Figure 1C) desorption are more facile on cobalt, where we
expect the coverage of both H* and N* to be lower than on
iron. In contrast, the stability of N* on iron is expected to
impede reaction. The barrier for nitrogen evolution on Fe-
BCC(110), 2.71 eV, is higher than the experimental value
~2.17 eV on polycrystalline Fe wire at a constant NHj,
pressure of 5 X 107° Torr, by Ertl and Huber,”' but is
consistent with the barrier of 2.08 eV predicted on Fe-
BCC(111).”° Note that N* and H* surface coverage will
impact the stability of different NH,* adsorbates. In this
respect, calculations on Fe-BCC(110) were conducted at low
coverage as this facet is taken as a model of the Fe catalyst at
low coverage of NH,* species, but we will also use results from
our prior work on Fe-BCC(111) as a model of high
coverage.

Reaction coordinate plots as in Figure 1 are useful for
conveying the sequence of a process, but the impact of
multiple parallel processes such as the release of N, and H, is
better understood through microkinetic simulations. To derive
a more quantitative understanding from theory, we solved a
mean-field model numerically using the steps and rate
constants listed in Table 1. All reaction orders were assumed
to be one, and the pressure of reactants and products at time ¢
= 0 was set to Py, = 25 Pa=2.5 X 10~* atm, Py, = 1.3% 107"

atm, Py = 1.3 X 107'* atm at 550 °C to mimic experimental

conditions of a single ammonia pulse described in the next
section. These results are presented in Table S1. While the
simulations include adsorption steps for the H, and N,
products, these rate constants were estimated based solely on
the entropy change: the relatively high values of the barriers,
combined with the low concentration of these species, will
emulate the nonequilibrium condition of the single pulse.
The microkinetic simulations show that N* is the most
abundant surface species for iron (Table S1), as expected,
while the sluggish release of H, results in a 10X higher H*
surface concentration for Fe than Co. On cobalt, N* and H*
are the most abundant and present in similar amounts. For
both iron and cobalt, the low barrier for step kj results in a
negligible NH,* surface concentration. On cobalt, the free
energies of NH* and N* are nearly the same, but the predicted
concentration of NH* is about 3 orders of magnitude lower
than N* because of the low barrier for H, evolution. The H,/
N, product ratio for cobalt is 3, in agreement with

experimental results reported under nonsteady-state condi-
tions.>> The unfavorable barrier for nitrogen evolution on iron,
2.71 €V results in a negligible gas concentration of the N,
product which agrees with experimental results from ammonia
pulsing over Fe catalysts.”” The sluggish release of N, from the
iron surface is manifest experimentally by surface coverage
effects and site blocking that change the probability of the
forward decomposition reaction. Since we have previously
shown that N* adatom accumulation also changes the relative
energetics of Fe-BCC facets,” so that Fe-BCC(111) or Fe-
BCC(100) become more stable facets than Fe-BCC(110) at
high N coverage (reshaping), we model high coverage
conditions using our previous work on ammonia synthesis
on the Fe-BCC(111) surface.”’ In this prior work, the
calculations were aimed at ammonia synthesis conditions in
which decomposition of N, led to N adatoms that add H
atoms sequentially to make ammonia molecules. From the
results of ref 20, we derive that N* is still favored on the Fe-
BCC(111) surface, but at high coverage of N*, the NH,*
species becomes competitive so that the resting state of a (2 X
2) unit cell under no-reaction conditions becomes 3N-NH, on
a2 X 2 surface cell (i.e., with three N* adatoms and one NH,*
species adsorbed on bridge sites).”” Moreover, under a wide
set of reaction conditions the resting state configuration is 2N-
NH,-H (i.e, with two N* adatoms, one NH,*, and one H*
species adsorbed on bridge sites).

In our current experimental work, surface coverages are
expected to be lower than the full coverage achieved under
ammonia synthesis conditions, since we start by decomposing
ammonia to form 1/2 N, (indeed, it is known that ammonia
synthesis and decomposition occur at very different concen-
trations of ammonia).® The computational results here
discussed are used to interpret nonequilibrium experiments
by assuming that the Fe-BCC(110) and Fe-BCC(111) facets
represent idealized (perfect-facet) models of surface concen-
trations at low coverage and high coverage, respectively: they
thus “bracket” the observed trends in the experimental, more
complex situation, making them useful for rationalizing the
experiments.

Comparison of computational and experimental results on
monometallic materials are used to rationalize experimental
trends observed for a bimetallic catalyst in the next section.
Atomistic modeling of the bimetallic material is more
challenging since numerous configurations and active sites
may be present. But we can provide a qualitative interpretation
based on the investigations on Co-doped Fe-based catalysts
reported previously [corresponding to 25% surface doping of
Fe-BCC(111)]** and Fe-BCC(211)R* surfaces.

Experimental Results. Separate experiments pulsing H,,
D,, N,, and NH; were first performed to understand the
interaction of each gas with the catalysts and to validate the
modeling results. For all catalysts, we found negligible
interaction of the N, pulse at reaction temperatures and N,
pulses were not further utilized. Activation energies for H,
adsorption and desorption were determined from pulse
response data usin(% the method of moments described by
Shekhtman et al”® (Figure SIA and S1B). The relative
activation energies for iron and cobalt were in agreement with
calculated desorption barriers for hydrogen (Figure S2A).
Copulsing experiments of a H,/D, mixture showed a
prominent HD pulse response, which clearly indicates that
H, adsorption is dissociative and reversible over these catalysts
(Figure S3). In pulsing ammonia, we clearly observed the
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Figure 2. (A—C) HD and N,, (D—F) NH,D and NHD,, and (G-I) relative product yield of HD and NH,D detected during copulsing of NH,
and D, over iron (A, D, and G), CoFe (B, E, and H), and Co (C, F, and I) at different temperatures.

effects of reversible adsorption in the pulse response shape of
the reactant on Fe (Figure S4). The apparent activation energy
for ammonia conversion was calculated from pulse response
data collected at different temperatures (Figure S1C).
Ammonia activation energies were higher on iron compared
to cobalt containing materials, which is attributed to a higher
stability of the NH* and N* species on the Fe surface that
block active sites and limit conversion. The hydrogen
desorption barrier was similar for Co and CoFe while the
activation energy for ammonia conversion on CoFe was
intermediate of each monometallic. The apparent ammonia
decomposition activation energies for iron and cobalt are in
agreement with the reaction barrier calculated for N, formation
(Figure S2B), which was the highest reaction barrier observed
during the NH; decomposition process (Figure 1).

Copulsed Ammonia/D, Isotopic Exchange Experiments:
Identifying Surface Species and Competing Processes. To
create an equilibrium condition where forward and reverse
steps can be distinguished, a series of experiments were
conducted using copulsing of NH; and D,. First, transport-
only copulsed simulations were used to verify the overlap of D,
and NHj; gases in the catalyst zone since D, will have a much
higher diffusion constant (Figure S5). In copulsed experiments,
we observed clear responses for isotopic products NH,D,
NHD,, and HD (Figure S6) while ND; was not observed. This
confirms that both NH; and D, adsorb dissociatively.

At every temperature, the yield of H,, HD, and N, was
significantly lower on iron compared to CoFe and cobalt.
Figure 2 displays the ammonia decomposition forward
products (HD and N,, Figure 2A—C) and reverse “products”
(NH,D and NHD,, Figure 2 D—F) that were observed on all
catalysts. The forward products show an increase in yield with

temperature for all materials (H, is not reported). The NH,D
and NHD, products result from reverse reaction steps and are
shown in Figure 2D—F for each catalyst. The reverse products
represent the sum of dehydrogenation followed by hydro-
genation and NH; desorption processes. For all materials,
NH,D (single exchange) is formed in greater amounts than
NHD, (double exchange).

With both forward and reverse isotopic products observed, it
is clear that a “decision point” exists for a surface D* species to
either continue forward to release HD or to combine with an
NH,, surface species leading to the desorption of NH,D. From
the reaction barriers in Table 1, we note that the barriers for H
association and evolution of H, are very similar to the highest
barrier for hydrogenation in the reverse direction. More
specifically, on iron the forward barrier for H, formation is 1.44
eV while the first hydrogenation step, k3, N* + H¥* — NH* +
*, is highest in the reverse direction, 1.41 eV. On cobalt, the
forward and reverse barriers are identical, 1.12 eV, with the
highest hydrogenation barrier occurring at the last step before
NH; release, k;, NH,* + H* — NH;* + *. From this
perspective, if the surface concentrations are the same, then the
forward and reverse reactions are similarly probable.

The experimental trends of the NH,D and HD products for
iron are shown in Figure 2A and D. We observe that product
intensities have similar temperature trends and are similar in
magnitude, with NH,D being slightly favored. Similarly, for
cobalt, Figure 2C and F show that the forward and reverse
products also have a similar magnitude at low temperatures
(400 °C) with HD being slightly favored. However, as
temperature increases, the HD formation increases while the
reverse reaction NH,D product is strongly diminished; hence,
the HD/NH,D ratio dramatically increases over Fe (Figure

https://doi.org/10.1021/jacs.1c03158
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2G) and Co (Figure 2I). Generally, the formation of HD at the
expense of NH,D would indicate competition for a common
intermediate, i.e. D*. Recalling however that the forward and
reverse reaction barriers for HD and NH,D formation are
identical on cobalt, we conclude that surface concentration
must also factor into the rate of transformation/yield and that
the lower formation of NH,D at high temperature is associated
with a lower surface concentration of NH_* species on cobalt
due to the low barrier for N, formation, 1.24 eV. In the case of
iron, the NH_* concentration will be much higher due to a
considerable N, formation barrier, 2.71 eV (or 2.08 eV
depending on the facet) and to the favorable energetics of
NH,* species on Fe-BCC(111). Thus, on cobalt, the observed
temperature trends for NH,D formation are understood to
result from the temperature dependence of the N, formation
step, whereas the similar temperature trends for both products
on iron indicates that control lies in either the adsorption or
decomposition steps. By comparing the behavior of each
material under these unique conditions, the relative reaction
barriers for the entire decomposition process are better
understood.

We can exploit these observations on iron and cobalt to
rationalize the experimental results for CoFe where the
uncertainties in surface composition can make quantitative
calculations more difficult. Figure 2B and E show that,
strikingly, CoFe has the highest HD formation compared to
either monometallic materials (Figure 2A and C) and the HD/
NH,D ratio is also significantly higher at lower temperatures
(Figure 2H). This is supported by the high conversion
observed for NH; and the low barrier measured for H,
desorption. However, the amount of N, formed is similar to
that observed on cobalt. The temperature dependence of
NH,D production is weak indicating that the surface coverage
of N may not be as strongly affected by the N, formation
barrier as we observed for iron (where the barrier is high) and
cobalt (where the barrier is low). The value of the N,
formation barrier for CoFe can thus be assumed to be
intermediate of those observed for each monometallic. This
agrees with the experimentally measured activation energy for
NH; conversion where CoFe is intermediate between iron and

cobalt, Figure S2B. Thus, the major impact of the bimetallic
formulation results from changes in the barriers associated with
hydrogen rather than nitrogen.

Isotopic Pump/Probe Experiments: Distinguishing the
Lifetime of Surface Species. To investigate more closely the
relative reaction barriers, a series of pump/probe experiments
were conducted to measure the surface residence time of H*
and NH,* species. The experimental format consists of
separating the introduction of two reactants from separate
valves by a finite time delay, At. The primary (pump) pulse
establishes a cascade of surface reactions which are
interrogated following different time delays by the secondary
(probe pulse). In this manner, the probe pulse samples the
kinetic state at different times during the evolution of the
surface composition in response to the primary pulse.

In the first set of experiments, NH; was pulsed followed by
D, using a time delay of 0.2, 0.4, or 1.0 s (Figure 3A).
Compared to the copulsed experiment, this scheme changes
the approach to equilibrium by allowing a controlled time
period for surface reactions to take place before reverse
reactions are then driven from the gas phase by the probe
pulse. The relative intensities for NH,D, NHD,, and HD
isotopic products are presented in Figure 3B—D. The primary
ammonia pulse sets forth the decomposition reaction and
formation of NH,*, NH*, H*, and N* species on the surface
which the D, probe pulse can then interact with. Changing the
time delay for introduction of D, changes the isotopic product
distribution according to the “snapshot” of NH,* surface
species that have evolved from the initial the NH; pulse. As
shown in Figure 3B—D, at 550 °C, the intensity of all products
decreases with delay time on all three materials. We
consistently observe a large change between simultaneous
pulsing (Figure 2D—F) and the pump/probe delay time 0.2 s
(Figure 3B—D) that exceeds the decay rate observed with
increasing delay time. This can be rationalized by a higher
number of turnovers for a fast reaction when both gases in the
catalyst zone significantly overlap.

On the cobalt samples, NH,D and NHD, reverse product
formation exceeded the surface lifetime of NH,* species on
this surface (Figure 3D). This is confirmed by insignificant
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detection at delay times greater than 0.2 s. In contrast, the iron
sample showed a gradual decrease in NH,D with formation
still detected at 1.0 s (Figure 3B). While NHD, formation
shows a decreasing trend and is not detected after 0.4 s. A
similar decay in HD formation with H* from NH,
dehydrogenation persisting as long as 1.0 s when it combines
with D* molecules from the D, pulse. The amount of HD
formation on iron is significantly lower compared to the large
production on CoFe (Figure 3B and C) but also lower than on
and cobalt (Figure 3D). On iron, when NH, and D, are pulsed
simultaneously, NH,D production is slightly more abundant
than that of HD (Figure 3A). However, with introduction of a
time delay for the D, pulse, HD becomes the more abundant
product (Figure 3A). This inversion may be attributed by a
short lifetime of NH,* species that are detected by deuteration
in simultaneous pulsing. Additionally, on the longer time-scale
of the pump/probe experiment, NH,* is dehydrogenated and
proceeds to NH* before the introduction of the D, pulse. HD
formation is then more abundant, but the NH* species may
still be hydrogenated with both H* and D* to release NH,D in
lesser amounts (see the discussion below).

To discuss the lifetime of different surface species, the
following simplified reversible scheme for dehydrogenation
isotopic exchange and hydrogenation can be considered (all
steps are surface reactions; some H species are mere spectators,
and active sites, *, have been removed for clarity):

kl k2 k3

Scheme | NH; - NH,+ H—NH + 2H 5 N + 3H Forward
Ex1

k_

Scheme . NH,D <= NH,+ D &2
Ex3

k_ k_

Scheme 1. NH,D«—NHD+H<=NH+ H + D Reverse

k_ k_ k_
Scheme |V. NH,D¢—NDH+H¢—ND + 2H¢— N + 2H + D

Here, ammonia is sequentially dehydrogenated in steps kj,
ky, and k; forming NH,*, NH¥*, and N* surface species
(Scheme I). Isotope exchange can take place at any of these
three steps and will be detected as NH,D following the reverse
hydrogenation steps, k_; k_, and k_;. We simplify the
argument by first considering only a singular H-D exchange
and seek to determine if one can experimentally distinguish if
D was added to the N*, NH*, or NH,* species.

First, we find that NH,D formation via Scheme IV is not
observed; i.e, the N* species is not deuterated in k_;. In
separate experiments where samples were pretreated with
'ND, to generate abundant surface '*N*, subsequent pulsing
of D, did not generate ND,. Furthermore, temperature-
programmed desorption experiments of the iron sample
pretreated with 10,000 pulses of *NDj; at 550 °C showed a
maximum "N, formation peak at 750 °C. This indicates that
the iron sample does retain 'SN* species that are not easily
hydrogenated. For cobalt, it has been described that
accumulated N* can form Co,N which is decomposed at
620 °C.”” The computational result, Figure 1, supports this
conclusion as multiple stepwise hydrogenation from N¥*
(Scheme IV) is unlikely to form NDj since N is a significantly
stable structure (—1.84 eV) in the energy landscape of Fe-
BCC(110), and also of Fe-BCC(111).>° On Co-FCC(111),
the NH* and N* species are nearly degenerate whereas N*
was previously reported as significantly more stable than NH*
on Fe-BCC(111).”° To be more specific, in order to make
ammonia species from N*, a global energy barrier as high as
2.56 eV must be overcome on Fe-BCC(110).

Thus, NH,D is predominantly formed from addition of
deuterium to either NH,* or NH* in either Scheme II or III as
listed above. As shown in Table 1, the barrier for NH,* to
decompose into NH* and H* is as low as 0.24 eV on Fe-
BCC(110) and 0.21 eV on Co-FCC(111). Therefore, NH,*
has a very short lifetime on these surfaces. Prior work on Fe-
BCC(111) however shows that NH,* is a significantly
abundant species at high coverage” and indeed the NH,D
product may uniquely prevail over HD on the iron catalyst. By
pulsing D, and NH; simultaneously on iron, the added D is
able to detect the NH,* species via k_; in Scheme II before it
is further dehydrogenated via k,; in this case NH,D is the most
abundant product. However, by adding a delay time in the
pump/probe spacing, dehydrogenation proceeds to NH*
which can still be detected via backward reaction in Scheme
III after time durations up to 1.0 s on iron. NH,D product
formation is diminished when a delay time is imposed due to
three competing routes: hydrogenation with H* via Schemes II
and III and dehydrogenation via k; to N*. This extended
surface lifetime of NH* observed in experiments agrees with
the thermodynamic well found in Figure 1 for iron. Moreover,
the microkinetic modeling result estimates that the NH*
concentration is 10’—10° orders of magnitude higher than the
NH,* concentration (Table S1) on Fe-BCC(110) and Co-
FCC(111); respectively. To summarize, the N* species does
not participate and the lifetime of the NH,* species is beyond
the time resolution of the experiments presented here. For the
iron sample, a half-life of 0.6 s can be attributed to the NH*
species from the NH,D pump/probe decay curve in Figure 3B.
The CoFe or cobalt samples require data collected at delay
time <0.2 s or lower temperatures for reliable NH* half-life
prediction (Figure 3C and D).

The same approach can be used to understand NHD,
formation where double H—D exchange takes place. In fact,
the formation of NHD, further emphasizes the role of the
NH* species on iron, where direct addition of two atoms from
the same D, molecule provides the simplest route. We can
expect the decay of ND,H in Figure 3 to have the same time
constant as NH,D and a lower abundance based on the
concentration of D* species. However, the present data set is
too sparse to reach a reliable conclusion.

From the HD decay curves, the half-life of H* originating
from NHj is found in Table 2 for each material. HD decay is
faster in Figure 3 for cobalt compared to iron, which agrees

Table 2. Half-life (s) Associated with Surface Species
Originating from Different Probe Molecules on Catalysts at
550 °C*

Catalysts
Fe CoFe Co
Surface Half-life Half-life
species (s) R? (s) R? Half-ife (s) R?
NH* from 0.6 0.98 <0.2 - <0.2 -
NH;
H* from 1.1 0.99 2.8 0.89 0.5 0.89
NH,
D* from D, 3.6 0.90 1.9 0.88  Insufficient -

data

“Includes correlation coefficient (R?) of data and exponential fit. NH*
is calculated from the NH,D decay in Figure 3, H* is calculated from
the HD decay in Figure 3, and D* is calculated from the NH,D decay
on iron and HD decay on CoFe in Figure S7.
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Figure 4. (A) Definition of pump—probe experiments with two injection valve, pump molecules: D,, probe molecules: NH;. (B) Intensity of
NH,D, NHD,, and HD intensity versus the pump probe delayed time (At) over Fe.

with the lower barrier for H, evolution on cobalt in Table 1.
Strikingly, however, the bimetallic material demonstrates
significantly higher HD yields (see also Figure 2B) and a
longer half-life than either monometallic component.

In a second set of experiments, the pump/probe format
(order) was reversed with a D, pulse followed by a NH, pulse
(Figure 4A). This is used to determine the surface lifetime of
species originating from D,. Figure 4B shows the relative
product intensities as a function of the pump/probe delay
spacing in the reverse format. Product intensity data in this
experiment were reported on the NH; probe pulse. From the
results on singular D, pulses, we know that the concentration
of D*species is controlled by reversible D, adsorption (Figures
S1 and S2). D, is easily dissociated, forming D*, and by
changing the delay time (At), the surface lifetime of D can be
observed as the isotopic products detected with the probe
pulse diminish. On all samples, deuterated products can be
detected at extended intervals: 1.0, 2.5, and 0.4 s for iron
(Figure 4B), CoFe, and cobalt (Figure S7), respectively.

On the iron sample, in Figure 4B, the intensity of NH,D was
higher than HD which is representative of the short-lived
NH,* species that quickly reacts with available D* when
ammonia is pulsed. Both the NH,D and HD formation on iron
drops sharply between the first two points. With increasing
delay times, NH,D formation on iron shows a slow decline
which indicates the persistence of the D* species from the D,
pulse. From the decay of NH,D, the half-life of D* on iron can
be estimated at 3.6 s. This D* species in the primary pulse will
be available to react with either ammonia dissociation product,
NH,* or H*. Using the argument for near equitable barriers
for forward and reverse, i.e. 1.44 eV for kj; and 1.41 for k3, the
direction of the observed reaction is dependent on the
concentration of NH, species; also recall previous arguments
surrounding the temperature-dependent trends in Figure 2.
The preferred product follows the molecule in the probe pulse;
that is, HD is the primary product when D, is pulsed to probe
the NH,* surface and NH,D is the primary product when NH;
is pulsed to probe the D* covered surface. This again reflects
the fact that the surface lifetime of H* or (D*) is much greater
than NH,*. In other words, if NH, is available on iron, D*
prefers to form NH,D as opposed to HD which agrees with the
slightly lower barrier for k. However, if NH, remains on the
surface, HD will be observed since NH, is converted to more
stable N* species that are unavailable for reaction.

As indicated in Table 2, the half-life of D* from D, is longer
than that detected for H* originating from NH;. This
distinction arises from the availability of the NH,* species in
each experiment. In the NH;/D, experiment the NH,* species
is allowed time to convert to both NH* and H*. On iron,
these species decrease in concentration with a half-life of 0.6
and 1.1 s, respectively. In this case, H* can be consumed
through multiple pathways leading back to NH; and forward to
HD. In the D,/NH; experiment, D* is available for reaction
and associates with NH,* before this species is further
dehydrogenated. As described previously, on iron, the D*
species favors association with NH,* over H*, HD formation
is insignificant (Figure 4B), and only one path exists to NH,D
for the depletion of D* in the D,/NH; experiment.

B CONCLUSIONS

With only three gas phase species, the ammonia synthesis/
decomposition chemistry presents a relatively simple case for
examining how different catalysts control reaction barriers
through manipulation of nonequilibrium conditions in
transient experiments. Under low pressure conditions, the
TAP pulse response of ammonia can be used to drive the
chemistry forward from the gas phase or backward by pulsing
hydrogen (or deuterium). While the evolution of surface
reactions will proceed in both directions, the relative barriers
and role of different surface species were resolved here using
isotopic labeling and manipulation of the approach to
equilibrium between only ammonia and deuterium. Nitrogen
gas was kept out of equilibrium, and the changes in the isotopic
product distribution of NH,D, NHD,, and HD were used to
resolve the relative reaction barriers for both forward and
reverse directions on the catalyst surface.

This work presents a unique vantage point for studying
ammonia synthesis surface reaction steps under low pressure,
which would normally be thwarted by the low N, sticking
coefficient. QM-predicted reaction barriers assisted in the
interpretation of these results for simple polycrystalline iron
and cobalt catalysts. Thermodynamic barriers indicated a
“decision point” where the H* (or D* species used
experimentally) finds nearly equal barriers in forward and
reverse directions toward the gas phase, i.e., either combining
with NH_* leading to NH,D or combining with H* leading to
HD. Experimentally, a balance of competitive reactions for a
single surface intermediate (D*) was found with the system
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controlled by the reaction step associated with the N, product
that remained far from equilibrium. By pulsing NH; and D,
simultaneously at different temperatures and in controlled
pump/probe delay timing, the influence of the reaction barriers
that control surface species concentration were observed.

On cobalt, trends in NH,D and HD formation result from
the temperature dependence of the N, formation step. On
iron, the high barrier for N, desorption keeps the surface
concentration of NH,, species high and temperature trends for
products are controlled by ammonia adsorption. While the
NH¥* species was the primary reactive intermediate on iron and
isothermal pump/probe delay experiments indicated a half-life
of 0.6 s, the participation of the shorter-lived NH,* species was
observed during simultaneous and D,/NH; delay pulsing. The
half-life of D* originating from D, and H* from NH; were
similarly observed for different catalysts. We find different
values depending on the experimental format due to the
presence/absence of NH,*. Both theoretical and experimental
results from the monometallic materials were used to
rationalize experimental results for the more complex CoFe
bimetallic catalyst. By adding cobalt to the surface of iron,
experimental results conclude that the improved performance
of the bimetallic can be attributed to the reduction in the
hydrogen formation barrier.

While pulse response experiments under low pressure
conditions have been established as a means for precise kinetic
characterization, these methods are restricted to measurement
from the gas phase and surface species are not directly
observed. However, this work demonstrates that manipulation
of the approach to equilibrium, through precise pulse timing of
isotopic labels of both reactants and products (in both direct
and reverse order), provides a new approach for understanding
how the network of surface reaction steps unfold on complex
industrial catalysts as well as for deriving quantitative data on
lifetimes of surface species and kinetic constants of individual
surface reactions.
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