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ABSTRACT: The dynamic character of heterogeneous catalyst particles makes direct comparisons between first-principles kinetics
and experimental results obtained for technical catalysts challenging. First-principles kinetics is commonly based on a single model
structure and constant reaction conditions, whereas experiments are performed over a particle distribution with shapes that respond
to the reaction conditions. Here, we develop a framework for particle-shape adaptive kinetic Monte Carlo simulations in a reactor
model (PAKS-R), which integrates first-principles-based kinetic Monte Carlo (kMC) simulations with a reactor model. The
framework bridges the gap between the experimental situation by allowing for (i) particle size distributions, (ii) reaction conditions
that change along the reactor, and (iii) dynamic shape changes of the NPs as a response to the coverages. The method is applied to
ammonia synthesis over Ru NPs, reproducing the previous experimental reaction kinetics. The results show that the activity depends
sensitively on the particle size and reaction conditions. The effect of dynamical shape changes is, on average, limited but strongly
particle dependent. The PAKS-R approach is robust and general and can be used to explore the reaction kinetics of complex,
technical catalysts for a range of reactions.
KEYWORDS: first-principles microkinetic modeling, kinetic Monte Carlo, reactor modeling, shape changes

■ INTRODUCTION
Technical catalysts are commonly realized as a distribution of
metal nanoparticles (NPs) supported on a porous support. The
NPs are typically ill-defined with respect to shape and size, which
makes it challenging to unravel the contribution from the
individual NPs to the overall measured catalytic activity. The
situation is, furthermore, complicated by the dynamic particle
shape changes, which may occur in response to variations in the
reaction conditions within the reactor.1,2 The structural
challenge has been addressed by kinetic measurements on
single crystal surfaces3 or arrays of well-defined nanoparticles.4,5

With the model systems, it has been possible to reveal the
catalytic properties of specific active sites on the NPs. However,
assessing the properties of arbitrary NPs, especially under real
reaction conditions, remains a significant experimental
challenge.6,7

Computationally, first-principles-based microkinetic simula-
tions offer an atomistic approach to explore the role of specific
sites for the activity.8,9 With first-principles microkinetic

simulations, it is possible to obtain information on structural
dependent activity, selectivity, and dominant reaction path.10−12

However, direct comparisons between simulated kinetic proper-
ties and catalytic activities measured over technical catalysts are
generally difficult. Current microkinetic models are often limited
by : (i) The structural models are usually a small set of low-index
extended surfaces; thus, models do not account for the diversity
of active sites and the distribution of particle sizes and shapes
that are present in technical catalysts.7 (ii) The applied reaction
conditions in, especially, kinetic Monte Carlo (kMC)
simulations, do not include the changes that occur in
experimental reactors owing to the ongoing catalytic pro-
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cesses.2,13 The reaction conditions are often fixed to the
experimental operating conditions at the reactor inlet. (iii) The
catalysts in simulations are typically assumed to have fixed
shapes, which neglects the possibility for dynamic NP shape
changes in response to the reaction conditions.1,14,15 With the
knowledge that the measured catalytic activity depends
sensitively on the particle size distribution, the particle
structures, and the reaction conditions, it is essential to
incorporate these effects in atomistic kinetic models.
In this work, we develop a framework for particle-shape

adaptive kinetic Monte Carlo simulations in a reactor model
(PAKS-R), which integrates a DFT-based kMC model with
reactor simulations, Figure 1. Through iterative processes

between the kMC and reactor simulations, PAKS-R provides a
quantitative description of the averaged kinetic properties

observed over a reactor with a distribution of NPs. The Wulff
shapes of the NPs are determined self-consistently as a function
of the reaction conditions. By performing the kMC simulations
on a distribution of NPs, PAKS-R accounts for the impact of
particle size and shape distributions on the kinetic properties.
Furthermore, the reactor model describes how the reaction
conditions change because of the ongoing reactions and the
mass transfer within the reactor.
The ammonia synthesis reaction over Ru NPs is selected as a

case study to illustrate how PAKS-R describes the average
kinetic properties of a reactor. Currently, the ammonia synthesis
reaction consumes 1−2% of the world’s total energy output and
is responsible for 1% of the global carbon emissions.16−18 Thus,
the development of more efficient and sustainable ammonia
synthesis catalysts is desirable. Ru is recognized as an ideal metal
catalyst for ammonia synthesis under industrial condi-
tions,13,19,20 and its kinetic properties have been extensively
studied.21−23 As the catalytic activity of ammonia synthesis is
structure sensitive,24,25 it is important to account for the
experimental size distribution of Ru NPs in kinetic simulations.
In the present work, we apply PAKS-R to investigate the kinetic
properties of the ammonia synthesis reaction within a reactor.
The model successfully reproduces the measured conversion
and TOF. By analyzing the active sites on individual NPs, we
find that the kinetic properties are significantly affected by the
NP size distribution and the reaction conditions. The effect on
the TOF of NP-reshaping as a response to the reaction
conditions is strongly dependent on the specific particle. Particle
reshaping can either enhance or reduce the TOF. Thus, relying
only on the computational results from a single NP may lead to
an incomplete understanding regarding the effects of NP shape
changes.

■ METHODS
Model for Particle-Shape Adaptive Kinetic Monte

Carlo Simulations in a Reactor. In the PAKS-R framework,

Figure 1. Schematic representation of particle-shape adaptive kinetic
Monte Carlo simulations in a reactor (PAKS-R).

Figure 2. (a) Schematic of the plug flow reactor in PAKS-R. (b) Particle number versus particle size for the used particle distribution. (c) Wulff-
constructed NPs in vacuum (left) and at reactor outlet conditions (right). (d) Flowchart of operational workflow in each tank of the plug flow reactor.
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the changes in reaction conditions along the reactor aremodeled
using a plug flow reactor (PFR), Figure 2a. It is assumed that the
catalyst material is uniformly distributed in the reactor. The PFR
is, in this work, divided into 10 tanks arranged in series along the
axial direction. Each tank is an ideal continuous stirred tank
reactor. The reaction conditions change along the reactor, and
each tank has different reaction conditions. The mass is evenly
distributed in the rector (homogeneous density throughout the
reactor); however, to achieve a suitable resolution of steep
gradients in partial pressures, the volume of each tank is
successively increased by 50%, which effectively means that the
mass that contributes to the rate is also increased by 50%.
In each tank, the particle size distribution is based on

experimental data,10 Figure 2b. The simulations consider 26
types of NP in the size range from 0.88 to 7.09 nm. (See Table S1
for a description of the 26 NPs). The thermodynamic
equilibrium shapes are determined by Wulff construction
using the WulffPack code.26 The shape of the Wulff-constructed
NPs is determined by the surface energies (γj0) of the Ru(0001),
Ru(101̅0), Ru(101̅1), Ru(101̅2), and Ru(202̅1) facets.27

Regarding the adsorbate-induced shape changes of the NPs
during reaction conditions, the surface energies γj of facet j are
modified by the adsorption energies and surface species
coverages of NHx species, eq 1,

28

E

A

E

Aj j
s s j s j

j
s s s j0 , ,

ads

site

0 ,
ads,0

site
= + +

(1)

where Asite = 6.15 Å2 is the surface area per atom on Ru(0001).
θs,j and ΔEs,jads are the coverage and adsorption energy of surface
species s on facet j, respectively.ΔEs,jads is approximated to be the
coverage-independent adsorption energy ΔEs,jads,0. Lateral inter-
actions are neglected in the calculation of γj as the NHx
coverages are low on the facets (see Figure 5c). As the NHx
surface species exhibit similar coverages on all facets (see Figure
5f), the average NHx coverages are used in eq 1 for all facets.
Two Wulff-constructed NPs with sizes of about 4.3 nm

(Ru3036 and Ru2958) are visualized in Figure 2c. The atop sites are
colored according to the generalized coordination number
(GCN).29,30 The left particle represents the NP in the first tank
(reactor inlet), whereas the right particle shows the NP during
the reaction conditions in the last tank (reactor outlet). The two
structures clearly demonstrate that the presence of surface
species significantly alters the NP shapes and modifies the
distribution of GCN on the NP.
In PAKS-R, the shapes of the NPs are allowed to change in

response to the reaction conditions. The scheme for the adaptive
procedure is shown in the gray dashed rectangle in Figure 2d.
The self-consistent shapes of the Wulff-constructed NPs are
determined by an iterative loop between particle shape via the
surface energies and the coverages. In the iterative loop, the
coverages are initially calculated by kMC simulations based on
the NP shapes in the absence of surface species (γj0). The surface
energies (γj) are updated with eq 1 using the calculated
coverages. This process continues until convergence is achieved
between the particle shape and coverages. For the present
system, approximately five iterations are required for con-
vergence. The self-consistent loop ensures that the reaction
occurs over a particle with a Wulff shape in thermodynamic
equilibrium with the reaction conditions. The iterative loop in
the gray dashed rectangle is omitted for reactor simulations
without NP shape changes.

The reaction kinetics are highly affected by the local reaction
conditions, which are governed by the ongoing reaction and the
mass transfers within the reactor.2 In PAKS-R, the coupling
between the local reaction conditions and the reaction kinetics is
treated by using an on-the-fly iterative procedure. The flowchart
with red rectangles in Figure 2d outlines the workflow for
obtaining the kinetic properties over the reactor. In the PFR
model, the partial pressures of gaseous species s (ps0) in tank 1 are
given by the inlet partial pressures (psin). From tank 2 to tank 10,
the partial pressures of species s in tank n + 1 (psn+1) are
calculated by the kinetics and partial pressures in tank n (psn)
according to

p p
RTm c

u

TOF
s
n

s
n n1 s site= ++

(2)

where R [J/K = Pa m3/K] is the ideal gas constant. cs is the
stoichiometric coefficient of the gaseous species s. In the
ammonia synthesis reaction, the stoichiometric coefficients of
N2, H2, and NH3 are −0.5, −1.5, and 1, respectively. ρsite [1/kg]
is the number of surface sites per catalyst mass. u [m3/s] is the
gas flow rate. As the change in gaseous molecule numbers in the
reactor has a negligible effect on the flow rate, u is set to be
constant. mn [kg] is the mass of the catalysts in tank n, which is
derived from the total catalyst massmtot in the reactor. Here, the
values of ρsite, u and mtot are chosen to be consistent with the
experiments in refs 10,21,22. In each tank of the reactor, the
average TOF of the NP distribution (TOF) is calculated by the
total reaction rate divided by the total number of surface atoms,
eq 3,

TOF
TOF site number

site number
i i i i

i i i
=

· ·
· (3)

TOFi is the TOF of particle i. sitei is the number of surface atoms
on particle i. numberi is the number of i-particles in size
distribution. The contribution of particle i to the total reaction
rate (Ri) of particle i is defined by

R TOF site numberi i i i= · · (4)

In PAKS-R, the majority of the computational costs are
associated with the kMC simulations. The computational
efficiency is enhanced by parallelization, where the kMC
simulations of different NPs are performed on different
computer cores (see Figure S1 for details).
DFT Calculations and kMC Simulations. The energy

parameters in the DFT calculations are obtained using the
BEEF-vdW exchange−correlation functional.31 All DFT calcu-
lations are carried out with the Vienna Ab initio Simulation
Package (VASP)32−35 with the projector-augmented wave
(PAW) scheme36 to describe the interaction between the
valence electrons and the core. The electronic states were
expanded in a plane wave basis set with a 400 eV kinetic cutoff.
To model the Ru NPs, the electronic energies are calculated for
Ru(0001), Ru(101̅0), Ru(101̅1), Ru(101̅2), and Ru(202̅1), as
well as models for step and edge sites. The reference energies of
gaseous N2, H2, and NH3 are optimized in a (10 × 10 × 10) Å3
box. All of the reaction energies in kMC simulations are zero-
point corrected. Vibrational analysis is performed using the
harmonic approximation with finite differences.
The ammonia synthesis reaction over metal catalysts is known

to follow the dissociative reaction mechanism, where the first
step is N2 dissociation into atomic N, followed by sequential
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hydrogenation of NHx to gaseous NH3.
37 The seven elementary

reaction steps (excluding diffusion events) considered are

N (g) N2 2+ * *F (R1)

N 2N2 * + * *F (R2)

H (g) 2 2H2 + * *F (R3)

N H NH* + * * + *F (R4)

NH H NH2* + * * + *F (R5)

NH H NH2 3* + * * + *F (R6)

NH NH (g)3 3* + *F (R7)

Gaseous species are labeled with (g), and an asterisk represents a
surface site. We included diffusion events for all surface species.
When NH3 readsorption and dissociation are allowed during

NH3 synthesis, it is crucial that the reaction has the correct
thermodynamic preference. The overall thermodynamics can be
adjusted by modification of the stability of gaseous species.38 In
this work, we adjust the gaseous NH3 energy by using the
experimental reaction enthalpy of ammonia synthesis (ΔH =
−0.48 eV). After adjustment of the total NH3 energy, the
desorption energy of NH3 (R7) decreases by 0.13 eV with
respect to the unmodified DFT values, whereas the reaction
energies and energy barriers for other elementary reactions
remain unchanged.
The energy barriers for each reaction on all different types of

sites on the Ru NPs are derived by linear scaling relations27 as a
function of the reaction energies (ΔE):

E a E ba = + (5)

The reaction energies are described by a scaling relation based
on the generalized coordination number (GCN):29,30

E c dGCN= · + (6)

The parameters a−d are fitted by DFT calculations on different
surfaces. The GCN is defined as

cn
cnGCN

1
i

j

n

j
max 1

i

=
= (7)

where ni is the number of nearest neighbors of site i. cnj is the
coordination number of neighboring site j, and cnmax is the
maximum coordination number for atoms in hcp Ru bulk. All
correlations between reaction energies and GCN have been
reported in ref 27. Lateral interactions are important when
describing the potential energy surface of the reaction. We
include lateral interactions between all of the NHx and H surface
species. In addition, the dissociation barrier for N2 has a
dependence on adsorbed N atoms. The model for the lateral
interactions is described in ref 27.
Supported metal NPs are inherently strained because of

under-coordination and interaction with the support.39

Following our recent work,27 the inherent strain in the Ru
NPs is modeled using the random normal distribution, eq 8,

f s
s

( )
1
2

exp
1
2

2

=
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (8)

whereΔs is the strain on a site, μ is the mean value of strain, and
σ is the standard deviation. Here, the values of μ and σ are set as

0 and 0.05, respectively. For Ru NPs, the changes in reaction
energies and energy barriers induced by strain effects are added
to the energy of each elementary reaction.27

The adsorption of gaseous N2, H2, and NH3 are considered to
be barrierless, with the rate constants (ks,nads) calculated according
to collision theory:

k
p A

mk T2s n
s n

,
ads , site

B

=
(9)

where ps,n is the partial gas pressure of gaseous species s in tank n.
To ensure the thermodynamic consistency for reversible
reactions, the rate constants for the desorption process are
calculated via the equilibrium constant:

K
k

k
G

k T
E T S

k T
exp exps n

s n

s n
,

,
ads

,
des

ads

B

ads ads

B
= =

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz
(10)

where ΔGads, ΔEads, and ΔSads are the Gibbs free energy,
adsorption energy, and adsorption entropy of the adsorption
process, respectively. (The enthalpy is approximated with the
electronic energy.) The rate constants for the elementary surface
reactions are calculated using the harmonic transition state
theory:

k T
k T

h
G

k T

T
k T

h
E T S

k T

( ) exp

( ) exp

B a

B

B a a

B

=
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz (11)

where ΔGa is the Gibbs free energy barrier, ΔSa is the entropy
barrier, and Ea is the energy barrier. κ(T) is 1 for the NHx
hydrogenation reactions. For the N2 dissociation step, κ(T) is
fitted to experiments40,41 to account for the low measured
sticking probability.27

The kMC simulations are carried out by using the
MonteCoffee program,42 using coarse-grained adsorption sites.
In this way, each coarse-grained entity contains hollow, bridge,
and top positions, and the surface species are considered on the
preferred geometric adsorption site. The reported TOF and
coverages are obtained in the steady state. The coverages are
calculated based on the normalized residence time.43 The
temperature is set to 673 K, and the partial pressures at the
reactor inlet (tank 1) are 12.5 bar for N2, 37.5 bar for H2, and 0
bar for NH3, respectively. The settings in temperature and
pressure are consistent with the experiments.10,21,22

■ RESULTS AND DISCUSSION
Kinetics of Reactor Model. The conversion (X) and TOF

(TOFreactor) over the reactor are at stoichiometric conditions
calculated with respect to the NH3 partial pressure according to

X
p p

p

p p

p p

2( )NH
in

NH
out

N
in

NH
out

NH
in

N
in

H
in

3 3

2

3 3

2 2

= =
+ (12)

p p u

RTm c
TOF

( )
reactor

NH
out

NH
in

tot NH site

3 3

3

=
(13)
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where pNd2

in , pHd2

in , and pNHd3

in are the partial pressures of N2, H2, and
NH3 at the reactor inlet, respectively. pNHd3

out is the partial pressure
of NH3 at the reactor outlet.
Figure 3 shows the conversion and the TOF over the reactor

for the distribution of particles as a function of the flow rate.

Experimentally measured10,21,22 conversion (black circles) and
TOF (black squares) are indicated. Experimentally, X decreases
from 1.9 to 0.7%, whereas the TOFreactor increases from 4.6 ×
10−3 to 1.1 × 10−2 site−1 s−1 as the flow rate increases from 30 to
200 N mL min−1. Computationally, the reactor model
accounting for NP shape changes predicts a decrease of the X
from 0.91 to 0.06%; simultaneously, the TOFreactor increases
from 2.96 × 10−3 to 5.09 × 10−3 site−1 s−1, as the flow rate
increases from 40 to 1000 N mL min−1. The predicted X and
TOFreactor exhibit the same trends as the experimental
observations. The differences in the values of both X and
TOFreactor are within a factor of 2, which falls within the expected
margin of inherent error in the DFT calculations and the chosen
particle distribution.
The X and TOFreactor are determined by the reaction

conditions and kinetics in each tank of the reactor model.

Figure 4a shows X as a function of tank number and catalyst
mass. The contribution of tank n to conversion (Xn) is calculated
according to

X
p p

p p

RTm c

u p p

2( ) 2 TOF

( )n

n n
n nNH NH

1

N
in

H
in

s site

N
in

H
in

3 3

2 2 2 2

=
+

=
+ (14)

where pNHd3

n and pNHd3

n−1 are the NH3 partial pressures in tank n and
tank n − 1, respectively. As the conversion is low, we used the
inlet pressures of N2 and H2. TOFn is the average TOF of
different NPs in tank n, which is calculated according to eq 3.
The Xn reduces with the increasing flow rates because the higher
flow rates increase the mass transfer and reduce the contact time
between the catalysts and the reactant gas.
According to eq 14, Xn is determined by TOFn . Figure 4b

shows the TOFn as a function of tank number or catalyst mass.
TOFn decreases with increasing tank number, suggesting that
the contribution of each unit catalyst mass to the overall reaction
rate decreases along the reactor. In DFT-based kinetic models,
some fixed reactant and product partial pressures are used to
match the experimental operating conditions. In such an
approach, the TOF calculated by the kinetic model is equal to
the average TOF of some tanks in the reactor. Choosing the
pressures for the reactor inlet (outlet) would result in aTOF that
is higher (lower) than the TOFreactor , which is determined by
integrating over all of the tanks in the reactor. Thus, it is
important to have a full reactor model that accounts for the
changes in the pressures along the reactor.
To assess the effect of NP shape changes on the reaction

kinetics, we compare the Xn with and without NP-reshaping at a
flow rate of 80 NmLmin−1, see Figure 4a. The results show that
NP shape changes enhance the X at the reactor outlet by from
0.4 to 0.5%. To further explore how NP-reshaping affects the
reaction kinetics at different positions of the reactor, Figure 4c
presents theTOFn with and without NP-reshaping as a function
of tank number or catalyst mass. Accounting for NP-reshaping in
tank 1 has no effect on the kinetic properties, as the NP shapes
remain close to unchanged under the chosen reaction
conditions. From tank 2 to tank 10, the NP-reshaping leads to
an increase in TOFn by about 20%.
Particle Resolved Activity. Knowing the kinetic properties

of the reactor, we analyze the contribution of individual NP to

Figure 3. Conversion (red) and TOFreactor (blue) versus flow rate.
Temperature: 673 K. Partial pressures at reactor inlet: pNd2

= 12.5 bar,
pHd2
= 37.5 bar, and pNHd3

= 0.

Figure 4. (a) Conversion, (b) TOFn at different flow rates, and (c) TOFn with and without NPs reshaping versus catalyst mass (tank number).
Temperature: 673 K. Partial pressures at reactor inlet: pNd2

= 12.5 bar, pHd2
= 37.5 bar, and pNHd3

= 0. Flow rate in (c): 80 N mL min−1.
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the reaction rate (Ri). Figure 5a shows the Ri in tank 1 (gray bar)
and tank 10 (red bar) as a function of particle size ranging from
0.88 to 7.09 nm, along with the particle size distribution (blue
curve). We consider, in total, 26 different particle sizes in each
tank. The same number and distribution of particles are used in
each tank. More than 65% of the Ru NP are below 2 nm in the
experimental size distribution. However, according to our
results, NPs smaller than 2 nm make minor contributions to
the total reaction rate, accounting for 22 and 16% of the total
rate in tanks 1 and 10, respectively. In contrast, although only
28% of the NPs are in the size range of 3.0−5.0 nm, this size
range contributes more than 50% to the total reaction rate. The
difference between the distributions of Ri and the particle
number highlights that the small Ru NPs make a small
contribution to the overall reaction rate.
The particle size-dependent kinetic properties are further

analyzed by the TOF for different NPs, Figure 5b. The TOFs in
tanks 1 and 10 exhibit similar trends, suggesting that the particle
size-dependent TOF is not significantly affected by the reaction
conditions. The TOF increases with particle size up to about 3
nm, beyond which it remains constant. For the ammonia
synthesis reaction over Ru NPs, the rate-limiting N2 dissociation
step is facilitated by the presence of step sites with high GCN
(GCN > 8).10,40,44 The lower TOF observed for small-sized Ru
NPs is related to the lack of high-GCN sites. As the particle size
exceeds 3 nm, high-GCN sites appear on the NPs, thereby
enhancing the catalytic activity, which is consistent with
experiments.25 Considering the scarcity of Rumetal, the optimal
size of Ru NPs for the ammonia synthesis reaction is suggested
to be about 3 nm.

A Ru NP of 4.58 nm was selected (Ru3036) to investigate the
details of the kinetics. Figure 5c shows the average coverages of
each surface species for tanks 1 to 10. The coverages on the
facets are generally lower than the coverage on the edges and
corners. In tank 1, H atom is the dominant surface species with a
coverage of about 0.6 monolayer (ML). From tank 2 to tank 10,
the coverages of N atom and NH species increase, whereas the
coverage of H atom decreases. In tank 10, N atom and NH
species coverages are 0.08 and 0.13 ML, respectively, and the H
atom coverage is 0.45 ML. The coverages of N2, NH2, and NH3
species remain below 0.01 ML in all tanks due to their low
adsorption energies. The coverages of NHx species are in
equilibrium with the chemical potential of gaseous NH3 because
each NHx hydrogenation/dehydrogenation and NH3 adsorp-
tion/desorption aremuch faster than the N2 dissociation step. In
tank 1, the absence of gaseous NH3 at the reactor inlet leads to
low coverages of the N atom andNH species. As the NH3 partial
pressure increases from tank 2 to tank 10, the N atom and NH
coverages increase accordingly.
To explain the kinetic results that a higher flow rate leads to an

increasing TOFreactor in Figure 3, we show the average coverage
of NHx species at different flow rates in Figure 5c, which is
calculated as the sum of average coverages of N atom, NH, NH2,
and NH3 on Ru3036 NP. In the ammonia synthesis reaction, the
rate of the N2 dissociation step depends on the NHx coverages
via (i) reduction of the number of available free sites and (ii)
increased barrier for dissociation.10,45 At higher flow rates, the
buildup of an NH3 partial pressure in the reactor decreases due
to shorter contact time between the reactant and the catalyst,
which leads to reduced NHx coverages. The reduction in NHx

Figure 5. (a) Rate contributions (left) and particle number (right) versus particle size. (b) log(TOF) versus particle size. (c) Averaged coverages on
Ru3036 NP versus tank number. (d) Averaged NHx coverages on Ru3036 NP at different flow rates versus tank number. (e) Event frequency (EF) for the
N2 dissociation step and (f) NHx coverages on Ru3036 NP and A5 step sites. Temperature: 673 K. Partial pressures at reactor inlet: pNd2

= 12.5 bar, pHd2
=

37.5 bar, and pNHd3
= 0.
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coverages provides more free sites and weakens the impact of
lateral interactions for the N2 dissociation barrier, thereby
enhancing the catalytic activity.
To explore the contribution of different sites on reaction rate,

we plot a color map of TOF for the N2 dissociation step on the
Ru3036 NP, Figure 5e. The well-known B5 step sites are absent on
Ru3036 NP; however, the A5 step sites with a similar local
structure are present.46 In tank 1, the A5 step sites show a much
higher TOF compared to other sites, owing to their lower
activation barrier for the N2 dissociation step. Specifically, on the
A5 step, the middle sites [S(middle)], with a GCN of 9.17,
exhibit an event frequency (EF) of 0.15 site−1 s−1, whereas the
S(0001) sites, with a GCN of 5.50, have an EF of 0.11 site−1 s−1.
In tank 10, however, the EFs at the S(middle) and S(0001) sites
reduce to 0.026 and 0.0045 site−1 s−1, respectively. The reduced
TOF at the A5 step sites suggests that the kinetics of active sites
are highly sensitive to the NH3 partial pressure.
To further understand how the changes in reaction conditions

affect the kinetics, Figure 5f shows a color map of the NHx
coverage on the Ru3036 NP. In tank 1, the energy barrier of theN2
dissociation step is not affected by the lateral interaction owing
to the low coverage of N atoms. In tank 10, the increasing NHx
coverage significantly impacts the kinetics. On A5 step sites, the
NHx coverage is about 0.8 ML on S(0001) sites but remains

nearly zero on S(middle) sites. As a result, the presence of NHx
species reduces the number of free sites available for the N2
dissociation step on S(0001) sites and increases the energy
barrier of the N2 dissociation step on neighboring S(middle)
sites through the lateral interaction with adsorbed N. The
difference in H coverage across different tanks has a negligible
effect on the kinetics because the H2 partial pressure that
determines the H coverage remains nearly unchanged along the
reactor (Figure S2). Based on the analysis of A5 step sites, the
reduction of TOF in tank 10 can be related to the increased NHx
and N coverage, which decreases the rate of the N2 dissociation
step by reducing the number of available free sites and increasing
the energy barrier.
Analysis of NPs Reshaping.The reaction conditions in the

reactor affect the shapes of NP via the adsorbate-induced NP-
reshaping.14,47 To illustrate how the shape changes influence the
reaction kinetics, Figure 6a shows the TOF of Ru3036 NP with
(TOFchanged) and without NPs reshaping (TOFunchanged) across
the 10 tanks. To quantify the effect in each tank, we calculate the
relative TOF differences (ΔTOF):

TOF
TOF TOF

TOF
100%

changed unchanged

unchanged
= ×

(15)

Figure 6. (a) TOF (left) and relative TOF difference,ΔTOF (right), with and without shape changes on Ru3036 NP versus tank number. (b) Reaction
rate of the N2 dissociation step (left) and the site number (right) on Ru3036 NP versus GCN. (c) ΔTOF versus particle size. (d) GCN and (e) event
frequency (EF) for the N2 dissociation step on Ru3036 NP from tank 1 to tank 10. Temperature: 673 K. Partial pressures at reactor inlet: pNd2

= 12.5 bar,
pHd2
= 37.5 bar, and pNHd3

= 0.
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A positive (negative) value of ΔTOF indicates that the shape
changes lead to an increase (decrease) in the TOF. In tank 2, the
shape changes lead to an increased TOF, with a ΔTOF of 43%.
From tank 2 to tank 5, the ΔTOF is about 20%. From tank 6 to
tank 10, the shape changes reduce the TOF, with aΔTOF value
of about−10%. The changes inΔTOF across the different tanks
suggest that the impact of NP-reshaping on kinetics is highly
sensitive to the reaction conditions.
To gain deeper insight into how shape changes affect the

structures and the kinetics of Ru3036 NP, Figure 6b shows the
distributions of GCN for the surface atoms in the particle (lines)
and the reaction rate for N2 dissociation (bars) for tanks 1, 2, and
10. Additionally, Figure 6d,e shows the color maps of GCN and
EF for N2 dissociation in all tanks. Note that the number of
atoms in the Wulff-constructed NPs changes slightly with the
shape to have the complete facets. The NP in tank 5 has 2868
atoms, whereas the NP in tank 2 has 3180 atoms. Given that the
rate-limiting N2 dissociation step is facilitated by high-GCN
sites,10,40 we focus on changes in the number of high-GCN sites.
In tank 1, there are 66 high-GCN (GCN> 8) sites on Ru3036 NP,
dominated by A5 step sites. In tank 2, the number of high-GCN
sites on the NP increases to 270. The additional high-GCN sites
are mainly located in the Ru(101̅1) facet. The increasing
number of high-GCN sites promotes N2 dissociation and
enhances the TOF. From tank 3 to tank 10, the shape changes of
the NPs increase the ratio of Ru(101̅0) and Ru(0001) facets,
whereas the contribution of Ru(101̅1) facets is reduced. The
reduction in the Ru(101̅1) facet decreases the number of high-
GCN sites, which lowers the TOF.
Knowing the impact of shape changes on the Ru3036 NP, we

extend our analysis to the 10 sets of the 26 NPs in the 10 tanks,
Figure 6c. The distribution ofΔTOF exhibits a wide range, from
−85 to 222%. Both positive and negative values appear in the
distribution, indicating that the NP shape changes can either
enhance or reduce the rate for the different NPs. Considering
the averaged TOF over the reactor (Figure 4c), we find that the
relative difference in TOFreactor with and without NP-reshaping
is about 20%, as indicated by the red dashed line in Figure 6c.
This shows that the average effect of NP shape changes on the
rate is smaller than that for the individual particles. Given that
the ΔTOF values for individual NPs have a wide distribution,
arbitrarily selecting a single NP for kinetic simulations would not
necessarily capture the averaged kinetic properties of all NPs.
Consequently, relying only on the computational results from a
single NP may lead to an incomplete or even inaccurate
understanding of the effect of NP shape changes.
Discussion of Computational Choices. The presented

results are, of course, dependent on a range of computational
choices. The kinetic parameters are obtained by using scaling
relations, which are based onDFT calculations.We have used an
exchange−correlation functional (vdW-BEEF)31 that is known
to describe the surface kinetics properly.48 As the applied
reaction network allows for readsorption and dissociation of the
product, it is crucial that the thermodynamics of the reaction is
described properly. This is guaranteed by adjusting38 the total
energy of the gaseous NH3.
The use of scaling relations enables kinetic simulations over

NPs with a distribution of different types of sites. It is clear that
scaling reduces kinetic differences that might exist between
different sites; however, the importance of differences between
sites is reduced during reaction conditions owing to adsorbate−
adsorbate interactions and kinetic couplings.49 The sensitivity of
the results on the slopes of the scaling relations is, for the same

reason, low, which we have confirmed by explicit simulations
with different slopes.27

We have, in the current work, performed simulations for an
ensemble of NPs using an experimentally measured size
distribution10 of Wulff-shaped particles. The choice of using
the Wulff-construction is a reasonable assumption, as detailed
experimental knowledge on particle shapes is missing. The
Wulff-construction is based on the calculated surface energies.
The sensitivity of the NP shapes (and kinetic properties) to
errors in the surface energies are, however, low as very large
errors in the surface energies are required to obtain markedly
different shapes. Quantum size effects could influence the
properties of particles smaller than about 2 nm. However, only
six of the of the 26 particles in the size distribution are below 2
nm, and the contribution to the activity from these particles is
low because of the small amount of sites with GCN > 9.
Nanoparticles are inherently strained because of the large

surface area and the interaction with the support. The choice in
the present work was to use a random strain pattern with a
standard deviation of 0.05, which is close to the value measured
by high-precision scanning transmission electronmicroscopy for
Pt NP being 0.03.39 We have recently investigated these effects
in detail for ammonia synthesis over Ru NP,27 showing that
increasing the standard deviation leads to a higher TOF. At low
flow rates, a standard deviation of 0.1 could double the
conversion.

■ CONCLUSIONS
The catalytic activity measured over technical catalysts is an
average of the activity from a distribution of particle sizes and
shapes. To allow for direct comparisons between experimental
results and kinetic Monte Carlo (kMC) simulations, it is
essential to consider the complexity of the technical catalyst
under real reaction conditions.
Here, we develop a method�particle-shape adaptive kinetic

Monte Carlo simulations in a reactor model (PAKS-R)�that
provides a robust framework to directly compare Monte Carlo
kinetics with the averaged catalytic activities observed over an
experimental reactor. In PAKS-R, the kMC simulations are
based on DFT calculations, and the shape of the considered
particles changes as a response to the adsorbate coverages. A
distribution of particle size is considered, and a reactor model is
applied to account for changing gas composition because of the
ongoing catalytic reaction. Through iterative processes between
kMC simulations and reactor simulations, a self-consistent
solution is obtained that can be compared with the averaged
kinetic properties similar to what is measured over technical
catalysts.
PAKS-R is used tomodel the ammonia synthesis reaction over

a distribution of Ru NPs. The model successfully reproduces the
experimental conversion and TOF over the reactor. We
investigate the effect of flow rate and find that the TOF
increases with increased flow rate. The enhanced TOF is a
consequence of a reduced NH3 partial pressure, which lowers
the NHx coverages and increases the number of free sites
available for N2 dissociation. We find that NP-reshaping can
either enhance or reduce the TOF for individual NPs. Thus,
neglecting the particle shape and size distributions may lead to
an incomplete or even inaccurate understanding of the effect of
NP shape changes. PAKS-R considers the kinetic properties for
distributions of NPs and accounts for how the NPs respond to
the reaction conditions. The method is general and will be useful
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for reactions where the kinetics are sensitive to the particle sizes
and shapes or to the reaction conditions.
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