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ABSTRACT

The Haber-Bosch process has been studied extensively, yet a low-temperature, low-pressure process
remains elusive. As has been shown many times, this stems in part from the difficulty of breaking the
N-N triple bond. In this work, we highlight an additional reason for the lack of a low-temperature ammo-
nia synthesis process: the effect of oxygen poisoning at low temperature. Using density functional theory
(DFT), we have created a new model for the active site of industrial Haber-Bosch catalysts which explic-
itly includes the potassium promoter. Furthermore, we present a new micro-kinetic model for ammonia
synthesis that includes the effect of oxygen poisoning due to trace water content in the input gas stream.
Our model agrees well with previous experiments and shows that devising a strategy to avoid oxygen
poisoning is crucial to creating a low-temperature Haber-Bosch process. Additionally, the model suggests
that using a weaker-binding catalyst is one way to avoid oxygen poisoning if it is impractical to remove

all water from the reactor.

1. Introduction

The Haber Bosch process is run at high temperature and high
pressure [1,2]. The high temperature is required to avoid the poi-
soning of the surface with surface-bound reaction intermediates,
and the high pressure is required to drive the overall process for-
ward at these elevated temperatures. Ammonia (or urea) is pro-
duced at a small number of large facilities, and the product is
transported to the farms where it is used as fertilizer [3]. A decen-
tralized ammonia production system, one with a large number of
small reactors distributed throughout areas with farmland, would
be advantageous because it would reduce distribution costs and it
could be integrated with sustainably produced hydrogen based on
solar or wind electricity. In order to decentralize production, a
lower pressure and therefore lower temperature process would
be highly desirable since it would significantly lower equipment
cost and safety concerns [4].

One reason that a low temperature Haber Bosch process has not
been attained is that, on industrial catalysts, as temperature is low-
ered below the industrial conditions (700 K, 100 bar), the rate of
reaction falls even faster than the Arrhenius equation would pre-
dict, and this effect is more pronounced when more water vapor
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is present [5]. This suggests that the active sites of industrial cata-
lysts are poisoned by oxygen or hydroxyl groups at low tempera-
tures. Therefore, as researchers continue to work toward creating
catalysts that enable a low temperature Haber-Bosch process, it
is important to have a good theoretical understanding of the effect
of oxygen poisoning on industrial catalysts. The theoretical model
presented in this work is in agreement with existing experiments,
and it provides new insight into the nature of the active site, the
effect of K-promotion, and how the presence of water affects a
wide variety of catalysts.

2. Computational methods

Chemisorption energies of N, NH, NH,, NHs, O, and OH on sev-
eral surfaces were calculated using the ASE-Espresso [6] imple-
mentation of density functional theory using the BEEF-VdW
exchange correlation functional [7]. For all gas phase calculations,
a single gamma point was used with a plane wave cutoff of 600 eV
and a density wave cutoff of 6000 eV. For all surface calculations, a
4 x 4 x 1 Monkhorst-Pack k-point grid [8] was used with a plane
wave cutoff energy of 600 eV and density wave cutoff energy of
6000 eV. For bulk calculations, an 11 x 11 x 11 k-point grid was
used with a 800 eV plane wave cutoff and an 8000 eV density wave
cutoff. A lattice constant optimization was performed on FCC bulk



structures of rhenium, ruthenium, iron, rhodium, and platinum.
The resulting relaxed structures were cut into 211 stepped surfaces
using the Atomic Simulation Environment’s built-in surface cutting
method. The surface was four layers deep with the bottom two lay-
ers fixed, and the surface was two atoms by three atoms. 20 A of
vacuum separated the slabs in the z-direction, and the ASE built-
in dipole correction was applied. A convergence test showed that
the N and O chemisorption energies did not change substantially
using five or six layers of metal, so four layers were used for all fur-
ther calculations. Another convergence test showed that doubling
the unit cell width to three atoms by four atoms had no substantial
effect on the N and O binding energies, regardless of whether N, O,
or a vacancy was in the neighboring active site. To determine the
structure of the catalyst with a potassium promoter, a geometric
relaxation was performed on several different configurations of
potassium and oxygen, and the most stable one was chosen. Using
geometric relaxations, the chemisorption energy of N, NH, NH,,
NHjs, O, and OH were calculated in the oxygen vacancy site of the
five FCC K-promoted catalysts, shown in Fig. 1. The gas phase ref-
erence states were 1N,(g) for N, 1H,(g) for H, and H,0(g) — Hz(g)
for O. BCC Iron and HCP Ruthenium are more computationally
expensive to work with because BCC iron requires the use of spin
polarization and the 0001 step requires a larger unit cell, but these
materials are also important Haber-Bosch catalysts. The *NH, and
oxygen chemisorption energies were calculated on BCC iron, and
the nitrogen and oxygen binding energies were calculated on
HCP Ru. The stepped Iron BCC unit cell was the 210 step, a step
in the BCC-100 facet with terraces the same size as the FCC-211
step. The unit cell used also had four layers, three by two surface
atoms, and 20 A of vacuum. The calculation parameters used were
the same as those used for the FCC-211 surface calculations except
spin polarization was turned on. The stepped Ruthenium HCP unit
cell used also had four layers with the bottom two fixed and
20 A of vacuum. Due to the nature of the HCP structure, there are
two different kinds of steps with 0001 terraces. Therefore, the unit
cell had six by two surface atoms and included two steps per unit
cell. The built-in ASE surface cutting method was used with indices
105 to generate the surface. The k-point grid was modified to
2 x4 x 1 to keep k-point density constant across the study, and
all other calculation parameters were the same as the ones used
in the FCC-211 surface calculations. Each step is a distinct type of
active site. The oxygen and nitrogen chemisorption energies at
each step were calculated, and the energies corresponding to the
more active site were chosen because that site is the relevant
one for the Haber-Bosch process. The zero point energy and
entropy of each surface-bound intermediate was calculated on
each K-promoted FCC catalyst using ASE’s built-in harmonic ther-
modynamics package and the same calculation parameters as

those used for the surface calculations. The zero point energy
and entropy of each intermediate was found to be very similar
on the five catalysts. The zero point energy and entropy from the
K-promoted rhodium catalyst were used in the microkinetic model
because this catalyst has moderate reactivity; it is not an extreme
case.

The barriers were calculated using the fixed bond length (FBL)
method. This method has been shown to produce reliable transi-
tion state energies at a lower cost than the nudged elastic band
method [9-11]. The DFT calculation parameters used were the
same as those used for the surface calculations. The N-N transition
state was found by placing two adsorbed nitrogen atoms in the
unit cell, one at the upper step, and one at the lower step, perform-
ing a geometric relaxation, and applying the FBL method to the
relaxed structure. The N-H transition state energy was found in a
similar manner. An adsorbed H atom was added to the upper step,
and separately, to the lower step, of the unit cell with adsorbed
nitrogen in the active site. A geometric relaxation was performed
on each, and the more stable configuration was chosen. This unit
cell with *N in the active site and H* on the nearby terrace was
used to calculate the H* chemisorption energy using 1H,(g) and
the relaxed unit cell with only *N in the active site as the reference
states. We believe this to be the physically relevant quantity
because, in the kinetic model used in this study, the *“NHy interme-
diates in the active site at the step react with adsorbed hydrogen
atoms on the nearby terrace. The FBL method was then applied
to the *N+*H unit cell to find the transition state energy. The
remaining hydrogenation barriers, NH-H and NH,-H were found
in the same way, but starting with the unit cells with the active site
occupied by NH and NH,, respectively. The zero point energy and
entropy of each transition state was determined using the har-
monic oscillator approximation implemented in ASE-Espresso.
Each transition state has an imaginary vibrational mode, which is
an expected characteristic of a transition state structure. When cal-
culating the entropy of each transition state, the imaginary modes
were handled using the method proposed by Brogaard et al. [12]
All calculated adsorption energies, entropies, zero point energies,
and vibrational modes are tabulated in the supplemental
information.

3. Results and discussion
3.1. K-O structure
In order to create an accurate microkinetic model, the surface

must be understood. The industrial Haber Bosch catalyst is known
to be a potassium and oxygen-containing promoter on stepped

Fig. 1. Catalyst structure.



iron [13]. The stability of several different K-O structures were cal-
culated using DFT. The most stable configuration of potassium
oxide on the stepped iron surface was found to be an alternating
K-O motif along the step edge, shown in Fig. 1. The step sites of
metal surfaces have previously been shown to be more reactive
than the terraces, so this result is unsurprising. On iron, this most
stable K-O structure has a calculated formation energy of —1.71 eV
relative to the following reference states Fe: the bare stepped iron
surface, K: bulk potassium oxide, and O: H,O(g) — Hx(g). Even
under the strong reducing conditions of the Haber-Bosch process
(800K and 150 bar), the decomposition reaction to form water
and bulk potassium oxide is thermodynamically disfavored by
0.96 eV, assuming 1 ppm water and 75% H,(g). Therefore, it is
unfavorable for this structure to decompose into bulk potassium
oxide and water vapor, even under reaction conditions. This is in
agreement with previous experiments, which show that there are
metal-oxygen bonds in the industrial catalyst, that the presence
of oxygen increases the stability of the promoter, and that the pro-
moter remains stable at high temperature [13]. The positions of the
atoms and bader charges on each atom are available in Table 12 in
the supplemental information [14].

3.2. Scaling relations

It has previously been shown for many classes of systems that
the adsorption energies of reaction intermediates are roughly lin-
early related to each other for a given class of materials [15]. These
linear scaling relations for the nitrogen reduction intermediates
have already been developed for stepped metal surfaces [16]. In
this study, similar linear scaling relations, shown in Fig. 2, were
developed for all of the nitrogen reduction intermediates in the
oxygen vacancy site in the K-O motif described in the previous sec-
tion. It was found that the nitrogen binding energy in this vacancy
site was unchanged regardless of whether the neighboring site was
empty, contained an O, or contained an N. This is because each
active site is isolated from its neighboring active site by a potas-
sium atom. Therefore, adsorbate-adsorbate interactions were
neglected in this study, and we suggest that this helps to explain
why previous theoretical kinetic models were able to match exper-
iment closely without taking adsorbate-adsorbate interactions into
account.

All of the K-promoted lines follow a similar slope to their plain
stepped metal counterparts. This indicates that each adsorbate
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makes approximately the same number of bonds to the surface
in each case. Furthermore, this indicates that the potassium pro-
moter does not influence the binding energies of the intermediates
through bonding directly with the adsorbates. The intercepts of
several of the lines, however, are affected. Therefore, despite not
forming bonds directly to the adsorbates, the potassium in K-
promoted catalysts does influence the energetics of the surface-
bound intermediates. We attribute this to dipole-dipole
interactions.

There are three important vertical shifts in the scaling lines.
First, the N-N transition state energy versus N binding energy scal-
ing line is about 0.19 eV lower in the K-promoted case than the
pure metal case (at a *N binding energy of —0.5 eV). This means
that for a catalyst with any given nitrogen binding energy, the K-
promoted form of the catalyst will have a lower N-N transition
state energy than the pure metal step edge. This can be explained
through dipole-dipole interactions, demonstrated in Fig. 3. It has
previously been shown that the N-N bond is broken through addi-
tion of electrons to antibonding states, giving a partially negatively
charged transition state [17]. In the K-promoted case, this transi-
tion state is stabilized by the electropositive potassium on the sur-
face, immediately next to the N-N transition state on the step edge.
This explanation for the stabilization of the N-N transition state
has been presented previously, [5] so the downward shift in the
scaling line observed here is in agreement with previous work.

The second important shift is in the *NH; line. This late interme-
diate in the nitrogen reduction pathway is less stable on the K-
promoted catalysts by about 0.4 eV on the most active catalysts.
We attribute this effect to steric hindrance as well as a dipole
effect, shown in Fig. 4. The partial positive charge on the H atoms
in *NH, are slightly destabilized by the presence of the neighboring
electropositive potassium atom. Similarly, K-promotion causes an
upward shift in the *NH vs *N scaling line by about 0.2 eV. Again,
we attribute this effect to steric hindrance and dipole-dipole inter-
actions, but the magnitude of each effect is less than the *NH, case
simply because *NH is less bulky and less polar. Since *NH, and
*NH are the surface species that dominate the coverage of active
sites on the pure metal steps under industrial conditions, destabi-
lizing these species increases the rate of reaction. We suggest that
the increased activity of K-promoted catalysts is primarily due to
these two effects.

A third important shift in scaling is the *O vs *N line. Surface-
bound oxygen is stabilized by the presence of the potassium.
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Fig. 2. Linear scaling relations: a plot of the electronic binding energy of each intermediate as a function of the nitrogen electronic binding energy. Data for the binding
energies of the nitrogen intermediates on the pure metal steps are taken from Medord et al. [16].
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*N-N Transition
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Fig. 3. Graphical demonstration of the stabilizing effect of the K-promoter on the *N-N transition state.

K Promoter

Fig. 4. Graphical demonstration of the destabilizing effect of the K-promoter on the *NH and *NH; intermediates.

Therefore, while these catalysts are much more active, they are
also more susceptible to oxygen poisoning. This is also in agree-
ment with experiments [18]. Furthermore, according to the calcu-
lations in this study, potassium promoted iron falls slightly below
the *O vs *N scaling line, showing that iron is particularly oxophilic
even compared to the other potassium promoted metal steps.

3.3. Microkinetic model

A steady state kinetic model was solved using the scaling rela-
tions presented in the previous section, the free energy corrections
described in the methods section, and the CatMap steady state sol-
ver [19]. The reaction mechanism is shown in Egs. (1)-(9).

*NH, *NH2

Na(g) +x < "Na

Ha(g) + 2# < 2H"

*Ny + % <= *N-N + x — 2*N

*N+ H*" — *N-H + %, — *NH + %,
*NH + H*" — *NH-H + %, — *NH; + #;,

*NHZ + H*h — *NHz-H + *p — *NH3 + *h
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Fig. 5. Log of reaction rate (turnovers per site per second) as a function of inverse temperature (1/K) according to (a) experiment [5], and (b) the theoretical model presented
in this work. The catalyst used in the referenced experiment was BASF S 6-10, which is an iron catalyst with alumina “structural promoter” (used to increase surface area and
prevent sintering) and a potassium electronic promoter (added to increase the intrinsic activity of the active site). The surface composition of this catalyst is shown by XPS to
be mostly oxygen, aluminum, potassium, and iron. [21] In the theoretical calculations, the mole ratio of N2:H2 is 3:1, and the fraction of ammonia is 0.1%. At each point, the
total pressure is set to the pressure that makes the overall reaction free energy approximately that of industrial conditions (AG = —0.3 eV). This was done because we are not
presently interested in showing the effect of driving force on rate. The binding energies of the nitrogen intermediates are the values calculated on the K-promoted BCC iron
step edge, and the transition state energies and oxygen intermediate binding energies are taken from the scaling lines. In each plot, the data is normalized to the rate at 833 K.
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Fig. 6. Heat maps of the ammonia production rate at 900, 700, 500, and 300 K. All four simulations have 20 ppm water, 1% ammonia, and the pressure is changed to keep the
AG of the overall reaction constant. The error bars represent one standard deviation in uncertainty according to the BEEF ensemble method of uncertainty estimation [7].

*NH3 < NH;(g) + = (7) nitrogen dissociation [20]. The steady state model was solved

many times at a variety of temperatures and water partial pres-
sures, and the results are shown in Fig. 5.

There is good agreement between theory and experiment. Both
theory and experiment show an apparent activation energy in the
absence of water of roughly 100 kJ/mol, which is in the middle of
the range of what has been previously reported [22]. Both theory
and experiment show that, in the presence of even a small amount

H,0(g) + * < *0 + Hy(g) (8)

2H,0(g) + 2+ < 2°0H + Hy(g) 9)

Eqgs. (1)-(7) describe the dissociative ammonia synthesis path-
way. Egs. (7)-(9) allow for *O and *OH to poison the active site.
These reactions are assumed to be in equilibrium because the bar-
rier for water dissociation is known to be much lower than that of

of water vapor, the reaction rate decreases with temperature much
more quickly than explained by the arrhenius equation based on
the high-temperature data. For example, the presence of 30 ppm
water, dropping the temperature from 550 C to 380 C results in a



decrease in rate of about 3 orders of magnitude. The chief reason
that increasing temperature reduces the oxygen coverage is simply
entropy. O is in equilibrium with water vapor and hydrogen gas,
and since the *N surface species occurs after the rate determining
step in the reaction mechanism [23], *N is in quasi-equilibrium
with ammonia gas and hydrogen gas. *O reacting with hydrogen
gas to form water vapor has a higher change in entropy than *N
reacting with hydrogen gas to form ammonia gas. Therefore, at
high temperatures, it becomes more and more favorable for *O to
leave the surface compared to *N. Other qualitative details, like
the convergence of the rates at high temperature regardless of
water content are also captured by the model. This agreement
between theory and experiment indicates that the scaling lines
used in the model capture the physical effects relevant to the oxy-
gen poisoning phenomenon.

These same scaling lines were used to calculate the rate of
ammonia production as a function of the catalyst’s oxygen binding
energy and nitrogen binding energy, shown in Fig. 6.

These heat maps provide a much more complete picture of the
oxygen poisoning phenomenon. Loosely speaking, the x-axis can
be read as ’catalyst,” and the y-axis can be read as 'water concentra-
tion.’ If a catalyst falls in a region with vertical contour lines, it is
unaffected by oxygen poisoning; changing the water concentration
would not affect the activity of that catalyst. At 900 K, at all points
along the scaling line, the contour lines of the heat map are verti-
cal. This shows that, at high temperature, all catalysts are not
affected by oxygen poisoning. However, at 300 K, almost the entire
line falls below this region of vertical contour lines, and the rate is
nearly zero for all catalysts. This shows that all industrially rele-
vant catalysts are badly poisoned by oxygen at room temperature
and 20 ppm water vapor. The strong binding catalysts (left half of
the line) become inactive due to oxygen poisoning at a higher tem-
perature than the weak-binding catalysts (the right half of the
line). At intermediate temperatures (near 500 K), catalysts that
are normally considered to be weaker-binding than ideal become
the best catalysts if 20 ppm water vapor is present. This may help
explain why some researchers have been able to measure small
amounts of ammonia production at low temperature using
extreme oxygen guards or weak-binding catalysts. For example,
in work done by Wang et al. [24], a detectable amount of ammonia
was measured using a variety of transition metal catalysts in the
presence of lithium. In the experiments, the input gases were
passed through a sodium powder oxygen guard. We suggest that
the use of this extreme oxygen guard was crucial to the results pre-
sented in their work. Separately, Aika reports producing measur-
able amounts of ammonia (0.23 cm® NH;/(g-catalyst)/day) at 31
degrees C on a potassium promoted ruthenium catalyst [25], which
is weaker-binding than the industrially-used potassium promoted
iron catalyst. We suggest that the use of a weak-binding catalyst
contributed to the success of this experiment.

4. Conclusions

This study proposes a structure of the active site for industrial
Haber-Bosch catalysts that has not been previously identified.
We have created a DFT-based model of that active site that cap-

tures the effect of oxygen poisoning on industrial Haber-Bosch cat-
alysts and agrees with experiments. This model suggests that, as
researchers work toward a low temperature thermal ammonia
synthesis process, mitigating the effect of oxygen poisoning will
be an important design requirement. According to our model, this
could be accomplished by using an extreme oxygen guard or
selecting a weaker-binding catalyst.
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