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ABSTRACT: We report a combined experimental/theoretical approach to studying heterogeneous gas/solid catalytic pro-
cesses using low-pressure pulse response experiments achieving a controlled approach to equilibrium that combined with 
quantum mechanics (QM)-based computational analysis provides information needed to reconstruct the role of the different 
surface reaction steps. We demonstrate this approach using model catalysts for ammonia synthesis/decomposition. Polycrys-
talline 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 
NH3 and D2 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 NH2D, NHD2 and HD at different temperatures and delay times and NH3/D2 
pulsing order reveal the role of the N2 formation barrier in controlling the surface concentration of NHx* 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. 

INTRODUCTION 1 

The ammonia synthesis process supports a prosperous so-2 

ciety by providing the primary source or nitrate based fer-3  

tilizer vital for abundant food production.1 Moreover, am-4 

monia can be used as a dense energy carrier where its de-5  

composition provides the fuel hydrogen-based fuel cells.2 A 6  

considerable body of knowledge has been accumulated on 7  

catalytic ammonia synthesis and decomposition. This 8  

shows that the factors responsible for a good synthesis cat-9  

alyst3 generally do not make a good decomposition cata-10  

lyst4, 5 because the two processes take place with vastly dif-11 

ferent gas (and surface) compositions.6 12 

The catalyst manipulates gas and surface concentrations 13  

through a complex network of fast and slow reactions pro-14 

ceeding both sequentially and in parallel. At steady-state, 15  

only the slowest step is manifest limiting resolution of net-16  

work details.7, 8 Observation of the catalytic system under 17  

non-equilibrium conditions enables the complexity of these 18  

interworking parts to be disentangled. While such experi-19  

ments may be far from the application environment, they 20  

are useful for discriminating the underlying behavior of a 21 

catalyst to understand why one composition might perform 22 

better than another at steady-state, a necessary step in cat-23  

alyst rational design.9-12 24 
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The low-pressure TAP (temporal analysis of products) 1 

pulse response experiment sets forth a cascade of surface 2 

reactions from one direction of pulsed species in the gas 3  

phase.13-15 With a singular pulse, the design of the experi-4 

ment may render negligible the influence of backward reac-5  

tions from the gas phase. At present, this TAP system ena-6  

bles only gas phase measurements, whence surface accu-7  

mulation is determined indirectly, without direct observa-8  

tion of adsorbate configurations. To better resolve how sur-9  

face reactions play out, we demonstrate in this work how to 10  

use controlled pulse timing of gas-phase species using both 11 

reactants and products of the catalytic reaction of interest, 12 

in combination with isotopic labeling, to observe the inter-13  

section of forward and reverse surface reactions. Specifi-14 

cally, in our protocol we search for a unique condition in 15  

which a balance is realized between competitive reactions 16  

for a single intermediate.  17  

We present a series of pulse response experiments using 18  

ammonia and deuterium. Polycrystalline iron and cobalt 19  

provide catalytic materials simple enough to support the in-20  

terpretation of experimental results via first-principles 21 

modeling using QM. Ammonia and deuterium are pulsed 22 

simultaneously at different temperatures and with different 23  

pump/probe delay sequencing. Previously, the 24 

pump/probe TAP experiment was primarily used to exam-25  

ine reaction pathways between two reactants, generally hy-26  

drocarbon and oxidant.16 In the current work, simultaneous 27  

pulsing of a reactant and a product creates an equilibrium 28  

condition between ammonia and deuterium while gas 29  

phase nitrogen remains far from equilibrium. The system 3 0  

approach to equilibrium is controlled by separating the 3 1 

pulse timing of ammonia and deuterium using a short 3 2 

pump/probe delay. This controlled approach allows a fixed 3 3  

time for surface reactions to evolve before reverse reactions 3 4 

are driven from the gas phase. Through the evolution of iso-3 5  

topically labelled products (NH2D, NHD2 and HD), we use 3 6  

this method to resolve the lifetime of different surface inter-3 7  

mediates that can be interpreted using QM predicted reac-3 8  

tion barriers for both forward and reverse reactions. Fi-3 9  

nally, we use theoretical/experimental results for monome-40  

tallic materials to understand experimental observations of 41 

the more complex bimetallic iron/cobalt catalyst and pro-42 

pose a rationalization for its improved activity in ammonia 43  

decomposition, as demonstrated for other bimetallic sys-44 

tems.17, 18  45  

RESULTS AND DISCUSSION 46  

More details regarding the computational and experimental 47  

methods can be found in the supplementary information. 48  

      Computational Results. The free energy landscape for 49  

ammonia decomposition to surface NHx* and H* species is 5 0  

presented in Figure 1A at 823 K for the Co-FCC(111) and 5 1 

Fe-BCC(110) surfaces which are most abundant at this tem-5 2 

perature on bare particles. Since cobalt transitions from 5 3  

HCP to FCC structure near 700 K, we compare our experi-5 4 

mental and computational results at 823 K to avoid struc-5 5  

tural ambiguity. In Figure 1A we adopted the transition 5 6  

state barriers by Duan et al.19 but we carried out separate 5 7  

calculations for the intermediate-state Gibbs free energy. 5 8  

Moreover, in the discussion we also use results on the Fe-5 9  

BCC(111) surface from Ref.20. We estimated adsorption 6 0  

free energies based on entropy corrections at 823 K and 2.5 6 1 

 10-4 atm for NH3 and 1.310-10 atm for H2 and N2, condi-6 2 

tions that are relevant to our experimental ammonia pulse 6 3  

response studies (for separate hydrogen pulse response 6 4 

studies H2 pressure of 2.5  10-4 atm is used). The barriers 6 5  

for product adsorption/desorption steps are compared 6 6  

with NH3 dehydrogenation steps in Table 1. Kinetic rate 6 7  

constants for elementary steps are obtained using the 6 8  

Eyring equation, i.e. assuming the Arrhenius relation be-6 9  

tween the free energy barrier, ∆𝐺‡, and the rate constant, k: 7 0  

𝑘 =
𝑘𝐵𝑇

ℎ
 exp (−

∆𝐺‡

𝑘𝐵T
) 7 1 

where kB and h, are Boltzmann, Planck and molar gas con-7 2 

stants, respectively. Both the rate constants and free energy 7 3  

barriers are summarized in Table 1.  7 4 

Figure 1A indicates that, at equilibrium, the dominant sur-7 5  

face species on Fe-BCC(110) will be N* whereas on Co-7 6  

FCC(111) NH* is slightly more stable than N* under the 7 7  

given conditions. Figure 1 shows that ammonia decompo-7 8  

sition is more favorable thermodynamically on iron com-7 9  

pared to cobalt. For both materials the second step of dehy-8 0  

drogenation NH2* to NH*, has the smallest barrier. Overall, 8 1 

the surface reaction barriers for iron are larger, which 8 2 

Figure 1. Free energy landscape for most abundant Fe(110) and Co(111) surfaces under experimental condition: T = 823 K, (A) 
NH3 decomposition, (B) H* adsorption, and (C) N* adsorption, blue color represents Co and green color represents Fe. 
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should result in a greater skew in the distribution of surface 1 

species.  2 

The surface NHx* species are depleted via competitive path-3  

ways: either forward towards the release of N2 and H2 or in 4 

the reverse direction towards the release of NH3. We find 5  

that the parallel steps of hydrogen (Figure 1B) and nitro-6  

gen (Figure 1C) desorption are more facile on cobalt, where 7  

we expect the coverage of both H* and N* to be lower than 8  

on iron. In contrast, the stability of N* on iron is expected to 9  

impede reaction. The barrier for nitrogen evolution on Fe-10  

BCC(110), 2.71 eV, is higher than the experimental value ~ 11 

2.17 eV on polycrystalline Fe wire at a constant NH3, pres-12 

sure of 5*10-6 Torr, by Ertl and Huber,21 but is consistent 13  

with the barrier of 2.08 eV predicted on Fe-BCC(111).20 14 

Note that N* and H* surface coverage will impact the stabil-15  

ity of different NHx* adsorbates. In this respect, calculations 16  

on Fe-BCC(110) were conducted at low coverage as this 17  

facet is taken as a model of the Fe catalyst at low coverage 18  

of NHx* species, but we will also use results from our prior 19  

work on Fe-BCC(111) as a model of high coverage.20 20  

Reaction coordinate plots as in Figure 1 are useful for con-21 

veying the sequence of a process, but the impact of multiple 22 

parallel processes such as the release of N2 and H2 is better 23  

understood through microkinetic simulations. To derive a 24 

more quantitative understanding from theory, we solved a 25  

mean-field model numerically using the steps and rate con-26  

stants listed in Table 1. All reaction orders were assumed 27  

to be one and the pressure of reactants and products at time 28  

t = 0 was set to PNH3= 25 pascal = 2.5*10-4 atm, PN2= 1.3* 10-
29  

10 atm, PH2= 1.3*10-10 atm at 550 °C to mimic experimental 3 0  

conditions of a single ammonia pulse described in the next 3 1 

section. These results are presented in Table S1. While the 3 2 

simulations include adsorption steps for the H2 and N2 3 3  

products, these rate constants were estimated based solely 3 4 

on the entropy change: the relatively high values of the bar-3 5  

riers, combined with the low concentration of these species, 3 6  

will emulate the non-equilibrium condition of the single 3 7  

pulse.  3 8  

The microkinetic simulations show that N* is the most 3 9  

abundant surface species for iron (Table S1), as expected, 40  

while the sluggish release of H2 results in a 10x higher H* 41 

surface concentration for Fe than Co. On cobalt, N* and H* 42 

are the most abundant and present in similar amounts. For 43  

both iron and cobalt, the low barrier for step 𝑘2
+results in a 44 

negligible NH2* surface concentration. On cobalt, the free 45  

energies of NH* and N* are nearly the same, but the pre-46  

dicted concentration of NH* is about three orders of 47  

magnitude lower than N* because of the low barrier for H2 48  

evolution. The H2/N2 product ratio for cobalt is 3, in agree-49  

ment with experimental results reported under non-5 0  

steady-state conditions.22 The unfavorable barrier for nitro-5 1 

gen evolution on iron, 2.71 eV, results in a negligible gas 5 2 

concentration of the N2 product which agrees with experi-5 3  

mental results from ammonia pulsing over Fe catalysts.22 5 4 

The sluggish release of N2 from the iron surface is manifest 5 5  

experimentally by surface coverage effects and site blocking 5 6  

that change the probability of the forward decomposition 5 7  

reaction. Since we have previously shown that N* adatom 5 8  

accumulation also changes the relative energetics of Fe-BCC 5 9  

facets,23 so that Fe-BCC(111) or Fe-BCC(100) become more 6 0  

stable facets than Fe-BCC(110) at high N coverage (reshap-6 1 

ing), we model high coverage conditions using our previous 6 2 

work on ammonia synthesis on the Fe-BCC(111) surface.20 6 3  

In this prior work, the calculations were aimed at ammonia 6 4 

synthesis conditions in which decomposition of N2 led to N 6 5  

adatoms that add H atoms sequentially to make ammonia 6 6  

molecules. From the results of Ref.20, we derive that N* is 6 7  

still favored on the Fe-BCC(111) surface, but at high cover-6 8  

age of N*, the NH2* species becomes competitive so that the 6 9  

resting state of a (22) unit cell under no-reaction condi-7 0  

tions becomes 3N.NH2 on a 22 surface cell (i.e., with three 7 1 

N* adatoms and one NH2* species adsorbed on bridge 7 2 

sites).20 Moreover, under a wide set of reaction conditions 7 3  

the resting state configuration is 2N.NH2.H (i.e., with two N* 7 4 

adatoms, one NH2* and one H* species adsorbed on bridge 7 5  

sites).  7 6  

In our current experimental work, surface coverages are ex-7 7  

pected to be lower than the full coverage achieved under 7 8  

ammonia synthesis conditions, since we start by decompos-7 9  

ing ammonia to form ½ N2 (indeed, it is known that ammo-8 0  

nia synthesis and decomposition occur at very different 8 1 

concentrations of ammonia).6 The computational results 8 2 

here discussed are used to interpret non-equilibrium exper-8 3  

iments by assuming that the Fe-BCC(110) and Fe-BCC(111) 8 4 

facets represent idealized (perfect-facet) models of surface 8 5  

concentrations at low coverage and high coverage, respec-8 6  

tively: they thus “bracket” the observed trends in the exper-8 7  

imental, more complex situation, making them useful for ra-8 8  

tionalizing the experiments. 8 9  

Comparison of computational and experimental results on 9 0  

monometallic materials are used to rationalize experi-9 1 

mental trends observed for a bimetallic catalyst in the next 9 2 

section. Atomistic modeling of the bimetallic material is 9 3  

more challenging since numerous configurations and active 9 4 

Table 1. Free energy barrier (ΔG with the unit of eV) and kinetic rate constant (k with the unit of s-1) for each funda-
mental step on Fe(110) and Co(111) surfaces at the experimental condition: T = 823 K,PNH3= 25 pascal = 2.5*10-4 atm, 

PN2= 1.3*10-10 atm, PH2= 1.3*10-10 atm.  
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sites may be present. But we can provide a qualitative inter-1 

pretation based on the investigations on Co-doped Fe-based 2 

catalysts reported previously [corresponding to 25% sur-3  

face doping of Fe-BCC(111)]24 and Fe-BCC(211)R25 sur-4 

faces.    5  

    Experimental Results. Separate experiments pulsing H2, 6  

D2, N2, and NH3 were first performed to understand the in-7  

teraction of each gas with the catalysts and to validate the 8  

modeling results. For all catalysts, we found negligible in-9  

teraction of the N2 pulse at reaction temperatures and N2 10  

pulses were not further utilized. Activation energies for H2 11 

adsorption and desorption were determined from pulse re-12 

sponse data using the method of moments described by 13  

Shekhtman et al. 26 (Figure S1A and S1B). The relative acti-14 

vation energies for iron and cobalt were in agreement with 15  

calculated desorption barriers for hydrogen (Figure S2A). 16  

Co-pulsing experiments of a H2/D2 mixture showed a prom-17  

inent HD pulse response, which clearly indicates that H2 ad-18  

sorption is dissociative and reversible over these catalysts 19  

(Figure S3). In pulsing ammonia, we clearly observed the ef-20  

fects of reversible adsorption in the pulse response shape of 21 

the reactant on Fe (Figure S4). The apparent activation en-22 

ergy for ammonia conversion was calculated from pulse re-23  

sponse data collected at different temperatures (Figure 24 

S1C). Ammonia activation energies were higher on iron 25  

compared to cobalt containing materials, which is at-26  

tributed to a higher stability of the NH* and N* species on 27  

the Fe surface that block active sites and limit conversion. 28  

The hydrogen desorption barrier was similar for Co and 29  

CoFe while the activation energy for ammonia conversion 3 0  

on CoFe was intermediate of each monometallic. The 3 1 

apparent ammonia decomposition activation energies for 3 2 

iron and cobalt are in agreement with the reaction barrier 3 3  

calculated for N2 formation (Figure S2B), which was the 3 4 

highest reaction barrier observed during the NH3 decompo-3 5  

sition process (Figure 1).  3 6  

Co-Pulsed Ammonia/D2 Isotopic Exchange Experiments:  3 7  

Identifying Surface Species and Competing Processes. To cre-3 8  

ate an equilibrium condition where forward and reverse 3 9  

steps can be distinguished, a series of experiments were 40  

conducted using co-pulsing of NH3 and D2.  First, transport-41 

only co-pulsed simulations were used to verify the overlap 42 

of D2 and NH3 gases in the catalyst zone since D2 will have a 43  

much higher diffusion constant (Figure S5). In co-pulsed ex-44 

periments, we observed clear responses for isotopic prod-45  

ucts NH2D, NHD2 and HD (Figure S6) while ND3 was not ob-46  

served. This confirms that both NH3 and D2 adsorb dissoci-47  

atively.     48  

At every temperature, the yield of H2, HD and N2 was signif-49  

icantly lower on iron compared to CoFe and cobalt. Figure 5 0  

2 displays the ammonia decomposition forward products 5 1 

(HD and N2, Figure2A-C) and reverse ‘products’ (NH2D and 5 2 

NHD2, Figure2 D-F) that were observed on all catalysts. The 5 3  

forward products show an increase in yield with tempera-5 4 

ture for all materials (H2 is not reported). The NH2D and 5 5  

NHD2 products result from reverse reaction steps and are 5 6  

shown in Figure 2D-F for each catalyst. The reverse prod-5 7  

ucts represent the sum of dehydrogenation followed by hy-5 8  

drogenation and NH3 desorption processes. For all materi-5 9  

als NH2D (single exchange) is formed in greater amounts 6 0  

than NHD2 (double exchange).  6 1 

Figure 2. (A-C) HD  and N2, (D-F) NH2D and NHD2, and (G-I)relative product yield of HD and NH2D  detected during co-pulsing 
of NH3 and D2 over iron (A, D and G), CoFe (B, E and H) and Co (C, F and I) at different temperatures. 
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With both forward and reverse isotopic products observed, 1 

it is clear that a ‘decision point’ exists for a surface D* spe-2 

cies to either continue forward to release HD or to combine 3  

with an NHx surface species leading to the desorption of 4 

NH2D. From the reaction barriers in Table 1, we note that 5  

the barriers for H association and evolution of H2 are very 6  

similar to the highest barrier for hydrogenation in the re-7  

verse direction. More specifically, on iron the forward bar-8  

rier for H2 formation is 1.44 eV while the first hydrogena-9  

tion step, 𝑘3
−, N* + H* → NH* + *, is highest in the reverse 10  

direction, 1.41 eV. On cobalt, the forward and reverse barri-11 

ers are identical, 1.12 eV, with the highest hydrogenation 12 

barrier occurring at the last step before NH3 release, 𝑘1
−, 13  

NH2* + H* → NH3* + *. From this perspective, if the surface 14 

concentrations are the same, then the forward and reverse 15  

reactions are similarly probable. 16  

The experimental trends of the NH2D and HD products for 17  

iron are shown in Figure 2A and D. We observe that prod-18  

uct intensities have similar temperature trends and are sim-19  

ilar in magnitude, with NH2D being slightly favored. Simi-20  

larly, for cobalt, Figure 2C and F show that the forward and 21 

reverse products also have a similar magnitude at low tem-22 

peratures (400 oC) with HD being slightly favored. However, 23  

as temperature increases, the HD formation increases while 24 

the reverse reaction NH2D product, is strongly diminished; 25  

hence, the HD/NH2D ratio dramatically increases over Fe 26  

(Figure 2G) and Co (Figure 2I). Generally, the formation of 27  

HD at the expense of NH2D would indicate competition for 28  

a common intermediate, i.e. D*. Recalling however that the 29  

forward and reverse reaction barriers for HD and NH2D for-3 0  

mation are identical on cobalt, we conclude that surface 3 1 

concentration must also factor into the rate of transfor-3 2 

mation/yield and that the lower formation of NH2D at high 3 3  

temperature is associated with a lower surface concentra-3 4 

tion of NHx* species on cobalt due to the low barrier for N2 3 5  

formation, 1.24 eV. In the case of iron, the NHx* concentra-3 6  

tion will be much higher due to a considerable N2 formation 3 7  

barrier, 2.71 eV (or 2.08 eV depending on the facet) and to 3 8  

the favorable energetics of NH2* species on Fe-BCC(111). 3 9  

Thus, on cobalt, the observed temperature trends for NH2D 40  

formation is understood to result from the temperature de-41 

pendence of the N2 formation step, whereas the similar tem-42 

perature trends for both products on iron indicates that 43  

control lies in either the adsorption or decomposition steps. 44 

By comparing the behavior of each material under these 45  

unique conditions, the relative reaction barriers for the en-46  

tire decomposition process are better understood.  47  

We can exploit these observations on iron and cobalt to ra-48  

tionalize the experimental results for CoFe where the un-49  

certainties in surface composition can make quantitative 5 0  

calculations more difficult. Figure 2B and E show that, 5 1 

strikingly, CoFe has the highest HD formation compared to 5 2 

either monometallic materials (Figure 2A and C), and the 5 3  

HD/NH2D ratio is also significantly higher at lower temper-5 4 

atures (Figure 2H). This is supported by the high conver-5 5  

sion observed for NH3 and the low barrier measured for H2 5 6  

desorption. However, the amount of N2 formed is similar to 5 7  

that observed on cobalt. The temperature dependence of 5 8  

NH2D production is weak indicating that the surface cover-5 9  

age of N may not be as strongly affected by the N2 formation 6 0  

barrier as we observed for iron (where the barrier is high) 6 1 

and cobalt (where the barrier is low). The value of the N2 6 2 

formation barrier for CoFe can thus be assumed to be inter-6 3  

mediate of those observed for each monometallic. This 6 4 

agrees with the experimentally measured activation energy 6 5  

for NH3 conversion where CoFe is intermediate between 6 6  

iron and cobalt, Figure S2B. Thus, the major impact of the 6 7  

bimetallic formulation results from changes in the barriers 6 8  

associated with hydrogen rather than nitrogen.  6 9  

Isotopic Pump/Probe Experiments: Distinguishing the life-7 0  

time of surface species. To investigate more closely the rela-7 1 

tive reaction barriers, a series of pump/probe experiments 7 2 

were conducted to measure the surface residence time of H* 7 3  

and NHx* species. The experimental format consists in sep-7 4 

arating the introduction of two reactants from separate 7 5  
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valves by a finite time delay, t. The primary (pump) pulse 1 

establishes a cascade of surface reactions which are inter-2 

rogated following different time delays by the secondary 3  

(probe pulse). In this manner, the probe pulse samples the 4 

kinetic state at different times during the evolution of the 5  

surface composition in response to the primary pulse.  6  

In the first set of experiments, NH3 was pulsed followed by 7  

D2 using a time delay of 0.2, 0.4 or 1.0 s (Figure 3A). Com-8  

pared to the co-pulsed experiment, this scheme changes the 9  

approach to equilibrium by allowing a controlled time pe-10  

riod for surface reactions to take place before reverse reac-11 

tions are then driven from the gas phase by the probe pulse. 12 

The relative intensities for NH2D, NHD2 and HD isotopic 13  

products are presented in Figure 3B-D. The primary ammo-14 

nia pulse sets forth the decomposition reaction and for-15  

mation of NH2*, NH*, H* and N* species on the surface which 16  

the D2 probe pulse can then interact with.  Changing the 17  

time delay for introduction of D2 changes the isotopic prod-18  

uct distribution according to the ‘snapshot’ of NHx* surface 19  

species that have evolved from the initial the NH3 pulse. As 20  

shown in Figure 3B-D, at 550 °C, the intensity of all prod-21 

ucts decreases with delay time on all three materials. We 22 

consistently observe a large change between simultaneous 23  

pulsing (Figure 2D-F) and the pump/probe delay time 0.2 24 

s (Figure 3B-D) that exceeds the decay rate observed with 25  

increasing delay time. This can be rationalized by a higher 26  

number of turnovers for a fast reaction when both gases in 27  

the catalyst zone significantly overlap. 28  

On the cobalt samples, NH2D and NHD2 reverse product for-29  

mation exceeded the surface lifetime of NHx* species on this 3 0  

surface (Figure 3D). This is confirmed by insignificant de-3 1 

tection at delay times greater than 0.2 s. In contrast, the iron 3 2 

sample showed a gradual decrease in NH2D with formation 3 3  

still detected at 1.0 s (Figure 3B). While NHD2 formation 3 4 

shows a decreasing trend and is not detected after 0.4 s. A 3 5  

similar decay in HD formation with H* from NH3 dehydro-3 6  

genation persisting as long as 1.0 s when it combines with 3 7  

D* molecules from the D2 pulse.  The amount of HD for-3 8  

mation on iron is significantly lower compared to the large 3 9  

production on CoFe (Figure 3B and C) but also lower than 40  

on and cobalt (Figure 3D). On iron, when NH3 and D2 are 41 

pulsed simultaneously, NH2D production is slightly more 42 

abundant than that of HD (Figure 3A). However, with intro-43  

duction of a time delay for the D2 pulse, HD becomes the 44 

more abundant product (Figure 3A).  This inversion may be 45  

attributed by a short lifetime of NH2* species that are de-46  

tected by deuteration in simultaneous pulsing. Additionally, 47  

on the longer time-scale of the pump/probe experiment, 48  

NH2* is dehydrogenated and proceeds to NH* before the in-49  

troduction of the D2 pulse. HD formation is then more abun-5 0  

dant, but the NH* species may still be hydrogenated with 5 1 

both H* and D* to release NH2D in lesser amounts (see the 5 2 

discussion below).  5 3  

To discuss the lifetime of different surface species, the fol-5 4 

lowing simplified reversible scheme for dehydrogenation 5 5  

isotopic exchange and hydrogenation can be considered (all 5 6  

steps are surface reactions, some H species are mere spec-5 7  

tators and active sites, *, have been removed for clarity): 5 8  

 5 9  

Here, ammonia is sequentially dehydrogenated in steps 𝑘1, 6 0  

𝑘2 and 𝑘3 forming NH2*, NH* and N* surface species 6 1 

(Scheme I). Isotope exchange can take place at any of these 6 2 

three steps and will be detected as NH2D following the re-6 3  

verse hydrogenation steps, 𝑘−3, 𝑘−2 and 𝑘−1. We simplify 6 4 

the argument by first considering only a singular H-D ex-6 5  

change and seek to determine if one can experimentally dis-6 6  

tinguish if D was added to the N*, NH* or the NH2* species.   6 7  

First, we find that NH2D formation via Scheme IV is not ob-6 8  

served, i.e., the N* species is not deuterated in 𝑘−3. In sepa-6 9  

rate experiments where samples were pretreated with 7 0  

15ND3, to generate abundant surface 15N*, subsequent puls-7 1 

ing of D2 did not generate 15ND3. Furthermore, temperature 7 2 

programmed desorption experiments of the iron sample 7 3  

pretreated with 10,000 pulses of 15ND3 at 550 °C showed a 7 4 

maximum 15N2 formation peak at 750 °C. This indicates that 7 5  

the iron sample does retain 15N* species that are not easily 7 6  

hydrogenated. For cobalt, it has been described that accu-7 7  

mulated N* can form Co4N which is decomposed at 620 °C 7 8  

27. The computational result, Figure 1, supports this conclu-7 9  

sion as multiple stepwise hydrogenation from N* (Scheme 8 0  

IV) is unlikely to form ND3 since N is a significantly stable 8 1 

structure (-1.84 eV) in the energy landscape of Fe-8 2 

BCC(110), and also of Fe-BCC(111).20 On Co-FCC(111), the 8 3  

NH* and N* species are nearly degenerate whereas N* was 8 4 

previously reported as significantly more stable than NH* 8 5  

on Fe-BCC(111).20 To be more specific, in order to make am-8 6  

monia species from N*, a global energy barrier as high as 8 7  

2.56 eV must be overcome on Fe-BCC(110).   8 8  

Thus, NH2D is predominantly formed from addition of deu-8 9  

terium to either NH2* or NH* in either Scheme II or III as 9 0  

listed above. As shown in Table 1, the barrier for NH2* to 9 1 

decompose into NH* and H* is as low as 0.24 eV on Fe-9 2 

BCC(110) and 0.21 eV on Co-FCC(111). Therefore NH2* has 9 3  

a very short lifetime on these surfaces. Prior work on Fe-9 4 

BCC(111) however, shows that NH2* is a significantly abun-9 5  

dant species at high coverage 20 and indeed the NH2D prod-9 6  

uct may uniquely prevail over HD on the iron catalyst. By 9 7  

pulsing D2 and NH3 simultaneously on iron, the added D is 9 8  

able to detect the NH2* species via 𝑘−1 in Scheme II before 9 9  

it is further dehydrogenated via 𝑘2; in this case NH2D is the 10 0  

most abundant product. However, by adding a delay time in 10 1 

the pump/probe spacing, dehydrogenation proceeds to 10 2 

NH* which can still be detected via backwards reaction in 10 3  

Scheme III after time durations up to 1.0 s on iron. NH2D 10 4 

product formation is diminished when a delay time is im-10 5  

posed due to three competing routes: hydrogenation with 10 6  

H* via Scheme II and III and dehydrogenation via 𝑘3 to N*.  10 7  

This extended surface lifetime of NH* observed in experi-10 8  

ments agrees with the thermodynamic well found in Figure 10 9  

1 for iron. Moreover, the microkinetic modeling result esti-110  

mates that the NH* concentration is 107 – 106 orders of mag-111 

nitude higher than the NH2* concentration (Table S1) on Fe-112 

BCC(110) and Co-FCC(111); respectively. To summarize, 113  

the N* species does not participate and the lifetime of the 114 
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NH2* species is beyond the time resolution of the experi-1 

ments presented here. For the iron sample, a half-life of 0.6 2 

s can be attributed to the NH* species from the NH2D 3  

pump/probe decay curve in Figure 3B. The CoFe or cobalt 4 

samples require data collected at delay time < 0.2 s or lower 5  

temperatures for reliable NH* half-life prediction (Figure 6  

3C-D).   7  

The same approach can be used to understand NHD2 for-8  

mation where double H-D exchange takes place. In fact, the 9  

formation of NHD2 further emphasizes the role of the NH* 10  

species on iron, where direct addition of two atoms from the 11 

same D2 molecule provides the simplest route. We can ex-12 

pect the decay of ND2H in Figure 3 to have the same time 13  

constant as NH2D and a lower abundance based on the con-14 

centration of D* species. However, the present data set is 15  

too sparse to reach a reliable conclusion.   16  

From the HD decay curves, the half-life of H* originating 17  

from NH3 is found in Table 2 for each material. HD decay is 18  

faster in Figure 3 for cobalt compared to iron, which agrees 19  

with the lower barrier for H2 evolution on cobalt in Table 1.  20  

Strikingly, however, the bimetallic material demonstrates 21 

significantly higher HD yields (see also Figure 2B) and a 22 

longer half-life than either monometallic component.  23  

In a second set of experiments, the pump/probe format (or-24 

der) was reversed with a D2 pulse followed by a NH3 pulse 25  

(Figure 4A).  This is used to determine the surface lifetime 26  

of species originating from D2. Figure 4B shows the relative 27  

product intensities as a function of the pump/probe delay 28  

spacing in the reverse format. Product intensity data in this 29  

experiment were reported on the NH3 probe pulse. From 3 0  

the results on singular D2 pulses, we know that the concen-3 1 

tration of D* species is controlled by reversible D2 adsorp-3 2 

tion (Figures S1 and S2). D2 is easily dissociated, forming D*, 3 3  

and by changing the delay time (∆t), the surface lifetime of 3 4 

D can be observed as the isotopic products detected with 3 5  

the probe pulse diminish. On all samples, deuterated prod-3 6  

ucts can be detected at extended intervals: 1.0, 2.5 and 0.4 s 3 7  

for iron (Figure 4B), CoFe and cobalt (Figure S7), respec-3 8  

tively.   3 9  

On the iron sample, in Figure 4B, the intensity of NH2D was 40  

higher than HD which is representative of the short-lived 41 

NH2* species that quickly reacts with available D* when 42 

ammonia is pulsed. Both the NH2D and HD formation on 43  

iron drops sharply between the first two points. With in-44 

creasing delay times, NH2D formation on iron shows a slow 45  

decline which indicates the persistence of the D* species 46  

from the D2 pulse. From the decay of NH2D, the half-life of 47  

D* on iron can be estimated at 3.6 s. This D* species in the 48  

primary pulse will be available to react with either ammo-49  

nia dissociation product, NH2* or H*. Using the argument for 5 0  

near equitable barriers for forward and reverse, i.e. 1.44 eV 5 1 

for 𝑘𝐻
+ and 1.41 for 𝑘3

−, the direction of the observed reac-5 2 

tion is dependent on the concentration of NHx species; also 5 3  

recall previous arguments surrounding the temperature de-5 4 

pendent trends in Figure 2. The preferred product follows 5 5  

the molecule in the probe pulse, that is, HD is the primary 5 6  

product when D2 is pulsed to probe the NHx* surface and 5 7  

NH2D is the primary product when NH3 is pulsed to probe 5 8  

the D* covered surface. This again reflects the fact that the 5 9  

surface lifetime of H* or (D*) is much greater than NH2*. In 6 0  

other words, if NHx is available on iron, D* prefers to form 6 1 

NH2D as opposed to HD which agrees with the slightly lower 6 2 

barrier for 𝑘3
−. However, if NHx remains on the surface, HD 6 3  

will be observed since NHx is converted to more stable N* 6 4 

species that are unavailable for reaction.    6 5  

As indicated in Table 2, the half-life of D* from D2 is longer 6 6  

than that detected for H* originating from NH3. This distinc-6 7  

tion arises from the availability of the NH2* species in each 6 8  

experiment. In the NH3/D2 experiment the NH2* species is 6 9  

allowed time to convert to both NH* and H*. On iron, these 7 0  

species decrease in concentration with a half-life of 0.6 and 7 1 

1.1 s, respectively. In this case, H* can be consumed through 7 2 

multiple pathways leading back to NH3 and forward to HD. 7 3  

In the D2/NH3 experiment, D* is available for reaction and 7 4 

associates with NH2* before this species is further dehydro-7 5  

genated. As described previously, on iron, the D* species fa-7 6  

vors association with NH2* over H*, HD formation is insig-7 7  

nificant (Figure 4B) and only one path exists to NH2D for 7 8  

the depletion of D* in the D2/NH3 experiment. 7 9  

Table 2. Half-life (s) associated with surface species originating 8 0  

from different probe molecules on catalysts at 550 °C. Includes 8 1 

correlation coefficient, (R2), of data and exponential fit. NH* is cal-8 2 

culated from the NH2D decay in Figure 3, H* is calculated from the 8 3  

HD decay in Figure 3 and D* is calculated from the NH2D decay on 8 4 

iron and HD decay on CoFe in Figure S7.  8 5  

Figure 4. (A) Definition of pump-probe experiments with two injection valve, pump molecules: D2, probe molecules: NH3. (B) 
The intensity of NH2D, NHD2, and HD intensity versus the pump probe delayed time (∆t) over Fe. 
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 1 

CONCLUSIONS 2 

With only three gas phase species, the ammonia synthe-3  

sis/decomposition chemistry presents a relatively simple 4 

case for examining how different catalysts control reaction 5  

barriers through manipulation of non-equilibrium condi-6  

tions in transient experiments. Under low pressure condi-7  

tions, the TAP pulse response of ammonia can be used to 8  

drive the chemistry forward from the gas phase or back-9  

ward by pulsing hydrogen (or deuterium). While the evolu-10  

tion of surface reactions will proceed in both directions, the 11 

relative barriers and role of different surface species were 12 

resolved here using isotopic labelling and manipulation of 13  

the approach to equilibrium between only ammonia and 14 

deuterium. Nitrogen gas was kept out of equilibrium and 15  

the changes in the isotopic product distribution of NH2D, 16  

NHD2 and HD were used to resolve the relative reaction bar-17  

riers for both forward and reverse directions on the catalyst 18  

surface.   19  

This work presents a unique vantage point for studying am-20  

monia synthesis surface reaction steps under low pressure, 21 

which would normally be thwarted by the low N2 sticking 22 

coefficient. QM-predicted reaction barriers assisted in the 23  

interpretation of these results for simple polycrystalline 24 

iron and cobalt catalysts. Thermodynamic barriers indi-25  

cated a ‘decision point’ where the H* (or D* species used ex-26  

perimentally) find nearly equal barriers in forward and re-27  

verse directions towards the gas phase, i.e., either combin-28  

ing with NHx* leading to NH2D or combining with H* leading 29  

to HD. Experimentally, a balance of competitive reactions 3 0  

for a single surface intermediate (D*) was found with the 3 1 

system controlled by the reaction step associated with the 3 2 

N2 product that remained far from equilibrium. By pulsing 3 3  

NH3 and D2 simultaneously at different temperatures and in 3 4 

controlled pump/probe delay timing, the influence of the 3 5  

reaction barriers that control surface species concentration 3 6  

were observed.   3 7  

On cobalt, trends in NH2D and HD formation result from the 3 8  

temperature dependence of the N2 formation step. On iron, 3 9  

the high barrier for N2 desorption keeps the surface concen-40  

tration of NHx species high and temperature trends for 41 

products are controlled by ammonia adsorption. While the 42 

NH* species was the primary reactive intermediate on iron 43  

and isothermal pump/probe delay experiments indicated a 44 

half-life of 0.6 s, the participation of the shorter-lived NH2* 45  

species was observed during simultaneous and D2/NH3 de-46  

lay pulsing. The half-life of D* originating from D2 and H* 47  

from NH3 were similarly observed for different catalysts. 48  

We find different values depending on the experimental for-49  

mat due to the presence/absence of NH2*. Both theoretical 5 0  

and experimental results from the monometallic materials 5 1 

were used to rationalize experimental results for the more 5 2 

complex CoFe bimetallic catalyst. By adding cobalt to the 5 3  

surface of iron, experimental results conclude that the 5 4 

improved performance of the bimetallic can be attributed 5 5  

to the reduction in the hydrogen formation barrier.  5 6  

While pulse response experiments under low pressure con-5 7  

ditions have been established as a means for precise kinetic 5 8  

characterization, these methods are restricted to measure-5 9  

ment from the gas phase and surface species are not directly 6 0  

observed. However, this work demonstrates that manipula-6 1 

tion of the approach to equilibrium, through precise pulse 6 2 

timing of isotopic labels of both reactants and products (in 6 3  

both direct and reverse order), provides a new approach for 6 4 

understanding the how the network of surface reaction 6 5  

steps unfold on complex industrial catalysts as well as for 6 6  

deriving quantitative data on lifetimes of surface species 6 7  

and kinetic constants of individual surface reactions. 6 8  

6 9  

Supporting Information.  Catalyst preparation and characteri-7 0  

zation methods.  Computational methods.  Experimental meth-7 1 

ods including TAP reactor description and pulse response 7 2 

methods.  Microkinetic modeling results.  H2 and NH3 Arrhe-7 3  

nius plots.  H2/D2 co-pulsing experimental results.  Time-de-7 4 

pendent rate of the ammonia conversion during one pulse re-7 5  

sponse.  Transport simulation for co-pulsed experiments.  Re-7 6  

sponse of forward and reverse products during NH3 and D2 co-7 7  

pulsing. Half-life calculation method.  D2 and NH3 pump/probe 7 8  

experimental results.  Catalyst characterization results. This 7 9  

material is available free of charge via the Internet at 8 0  

http://pubs.acs.org.  8 1 
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