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ABSTRACT: It remains a research challenge in determining the
catalytic reaction mechanisms primarily caused by the difficulty to
experimentally identify active intermediates with current analytic
characterizations. Although computational chemistry has provided
an alternative approach to simulate the catalysis process and
achieve insights into the reaction pathways, the simulation results
would not be conclusive without experimental evidence. Herein,
we investigate spatiotemporal electrostatic potential (ESP)
distribution surrounding reacting molecules during the catalysis
process and suggest its use as a fingerprint to help differentiate and
identify active intermediates. Our ESP study of ammonia synthesis
on the Ru surface shows a high spatial sensitivity of ESP
distribution to molecular configuration and structure of inter-
mediate species and only minor temporal ESP oscillation throughout the lifetime of the intermediates, which provides strong
theoretical support to use ESP distribution as a new approach to characterize intermediates. With the ESP measurements at the
microscale and in real-time, turning feasible, experimental identification of active intermediates and determination of reaction
pathways would become possible by measuring the ESP surrounding the reacting molecules. We suggest developing ESP
measurement tools to experimentally explore and unveil reaction mechanisms.

■ INTRODUCTION
Mechanistic catalysis study is an important topic that not only
helps to understand the reaction mechanisms and catalytic
properties but also provides theoretical guidance in catalyst
material research and development. With experimental
identification of active intermediates keeping a grand challenge
restricted by current analytic techniques, density functional
theory (DFT) simulation provides an alternative approach to
obtain insights into the reaction mechanisms.1,2 By computing
the adsorption energy of all possible intermediates and the
energy barrier associated with individual elementary steps,
plausible active intermediates and catalysis mechanisms can be
proposed through finding the most balanced reaction pathway.
Till to date, DFT has been widely used in fundamental
catalysis research that resulted in many interesting findings.3−5

However, the DFT simulation results remained largely
unvalidated with a lack of solid experimental proof.6−8 Direct
measurement of the relative energy of intermediates is difficult
to implement. In this regard, the discovery of a new
methodology that allows experimental identification of active
intermediates becomes essential to confirm DFT simulations
and eventually determine the catalysis mechanisms.
Herein, we propose electrostatic potential (ESP) distribu-

tion of active intermediates as a new approach for their
characterization that can be linked to reaction mechanism
validation. Most intermediate species have molecular polarity

and have strong electronic interaction with the catalytic active
site that often is accompanied by charge transfer,9 which would
generate ESP distribution in the surrounding space. Consid-
ering that the ESP distribution is sensitive to the molecular
configuration and structure, it can be used as a fingerprint of
active intermediates for differentiation. In the meantime, high
spatial and temporal sensitivity of current ESP techniques has
allowed experimental measurement of the values at the
microscale and in real time, for instance, surface potential
mapping using scanning probe microscopy.10−12 Thus, it
would become technically feasible to experimentally monitor
spatiotemporal ESP changes surrounding the reacting mole-
cules to help identify the intermediates and determine the
reaction pathways during catalysis.
In this work, we validate the use of ESP as an active

intermediate fingerprint by simulating ammonia thermal
synthesis on the ruthenium surface and investigating spatial
and temporal ESP distributions surrounding the active
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intermediates. Ammonia synthesis is one of the most
important chemical reactions, and Ru is discovered as one of
the most active catalysts in this reaction.13−16 The past decades
have witnessed intensive experimental and theoretical efforts
on understanding the reaction mechanisms and the catalytic
properties.17−20 Different mechanisms have been proposed,
among which the associative and dissociative pathways are
largely accepted.21,22 These previous studies provide a
representative, good basis reaction system for our ESP study.
Our findings show that the ESP distribution is spatially
sensitive to active intermediates and temporally stable, with
only slight oscillations, throughout the lifetime of intermedi-
ates, which provide strong theoretical support of ESP as a valid
method for their characterization and differentiation.

■ RESULTS AND DISCUSSION

With many previous DFT studies already conducting extensive
mechanistic investigations, this work is not intended to discuss
the ammonia synthesis mechanisms but rather uses this
reaction as a model system for our ESP study.23,24 In this
work, we only consider a case of reacting hydrogen molecule
directly with adsorbed nitrogen without considering the
dissociative adsorption process of H2 molecules. Two widely
accepted reaction mechanisms, the dissociative pathway (route

1) and the associative pathway (route 2), are adopted for
simulation on Ru (001) (Table S1).25−27 Figure 1a shows the
energy diagram of ammonia synthesis following the dis-
sociative mechanism. The reaction begins with the adsorption
of the N2 molecule to the active site followed by dissociation
into two *N intermediates. This step is kinetically unfavored
due to a significant energy barrier to break the symmetric and
strong NN triple bond.28 The generated *N reacts stepwise
with hydrogen, which goes downhill in energy levels and forms
*NH, *NH2, and *NH3, respectively. The *NH3 would
eventually desorb from the Ru surface, resulting in the final
product NH3. In comparison, N2 would not undergo molecular
dissociation after adsorption to the active site in the associative
mechanism (Figure 1b). Alternately, it directly reacts with
adsorbed hydrogen and generates a *N−NH intermediate.
*N−NH would continue hydrogenating into *N−NH2, which,
with further hydrogenation, generates an unstable *N−NH3

transition state that quickly decomposes into NH3 and *N.
The hydrogenation of *N into *NH, *NH2, *NH3, and
eventual NH3 follows a similar route as depicted in the
dissociative mechanism. Structural models of all these involved
intermediates are provided in Figures S1−S13 with computa-
tional details. The simulated pathways are consistent with

Figure 1. DFT-simulated energy diagrams for ammonia synthesis on Ru (001) following (a) dissociative mechanism and (b) associative
mechanism.

Figure 2. 3D and 2D ESP maps of different active intermediates generated on Ru (001) during ammonia synthesis.
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literature studies,29−31 which validate our DFT simulations of
the two ammonia synthesis mechanisms.
Figure 2 shows computed two-dimensional (2D) and three-

dimensional (3D) electrostatic potential (ESP) maps of
individual active intermediates, which are involved in the
ammonia synthesis process. The contour maps are colored for
differentiating ESP variation, with color gradients between blue
and red representing different ESP values from a lower limit to
an upper limit. All 3D maps are shown with ESP values ranging
from 0.565 to 0.610 V, and the associated 2D maps are the top
view of the ESP in the Ru (001) surface that ranges from 0.650
to 0.660 V. The narrow ESP range of the 2D maps is mainly
because of the fact that Ru is metallic and thus the surface is
largely equipotential, except the interface region between the
intermediate and Ru surface and the void regions between Ru
surface atoms. Nevertheless, the ESP still exhibits significant,
distinct distributions on the 2D maps with different
intermediates. The dependency of ESP distribution on the
intermediate type is more dramatic in the 3D space in terms of
both the contour map shape and ESP value. This is reasonable
as the spatial distribution of ESP is primarily determined by the
intermediate species, which is sensitive to their characteristic
molecular structure and configuration. For instance, a N2
molecule by itself is symmetric with strong NN triple
bonds. It generates a very weak ESP distribution with its
nonpolar characteristic and thus zero dipole moment. When it
adsorbs to Ru and forms *N2, it gets polarized owing to the
electronic interaction with the active site that would lead to
orbital hybridization and charge transfer. However, the low
adsorption energy reveals only a moderate interaction and thus
slight polarization. As a result, the 3D ESP map for *N2 shows
a merely observable distribution surrounding the intermediate.
In comparison, *NH and *NH2 intermediates are generated in
the dissociative pathway. As they possess a higher polarity and
thus a larger dipole moment, their ESP intensity and spatial
distribution are more significant compared to *N2. *N−NH

and *N−NH2 are important intermediates in the associative
pathway. Their 3D ESP distributions are also intense due to a
significant dipole moment and can be easily distinguishable
from each other owing to their different molecular character-
istics. By examining all the simulated ESP maps, it is evident
that each intermediate has its unique ESP distribution that is
sensitive to the molecular structure and configuration. In this
regard, ESP distribution is an intrinsic characteristic of
intermediates and can be used as a fingerprint for their
differentiation.
Considering that catalysis is a kinetic process during which

individual intermediates would possibly undergo dynamic
molecular motions like rotation and bond vibrating during
their lifetime, we analyzed temporal changes in their ESP
distribution for examining the influence of the intermediate
dynamics. Figure 3 shows simulated ESP maps at nine
different, representative moments for *N−NH2, an inter-
mediate that has been experimentally characterized and
thought to be formed in route 2.32,28 It needs to be noted
that typical dynamic motions of a molecule occur in a high
frequency within nanoseconds. In our simulation, an arbitrary
lifetime interval is used, which does not represent real time but
would not affect our major conclusion. The *N−NH2 exhibits
slight changes in the rotational and vibrational mode at the
nine captured moments, evidencing that the intermediate does
undergo dynamic motions. For more quantitative comparison,
we read the ESP values at three different space positions
surrounding *N−NH2, being labelled as Positions #1, #2, and
#3 in Figure 3, at these temporal moments. The ESP readings
are found significantly different at the three locations,
confirming the spatial sensitivity of the ESP distribution. At
each position, the values show continuous variation along the
entire measurement timescale, corresponding to the change of
ESP distribution caused by intermediate dynamic motions. In
the meantime, the ESP variation with arbitrary time series
seems minor, with an average of 0.6851 ± 0.0004 V at Position

Figure 3. Representative ESP maps of *N−NH2 at different life moments and temporal changes in the ESP value at different positions (inset: the
statistical average of the ESP values at three positions).
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#1, 0.6626 ± 0.0009 V at Position #2, and 0.6433 ± 0.0018 V
at Position #3 obtained. These data represent only a <0.2%
change (Table S2), which suggests that the ESP distribution of
the intermediate would not be significantly influenced by
molecular dynamic motions and remains largely unchanged
along time. In other words, the space−time results, i.e., the
spatiotemporal distribution, further validate the use of ESP as a
fingerprint of active intermediates. It needs noting that our
ESP distribution simulation is limited to a space close to the
intermediates as restricted by the DFT. Considering the big
ESP values at angstroms away from the intermediates and
decay of ESP being inversely proportional with distance, the
ESP would be still significant in value and experimentally
sensible even at more distanced positions.
With ESP being identified as a characteristic of the

intermediate, it provides us the possibility to depict a whole
reaction process that involves the generation and consumption
of active intermediates using ESP spatiotemporal distribution.
As illustrated in Figure 4, the reaction system exhibits

characteristic, distinct ESP distributions when different
intermediates are generated and consumed in sequence during
a catalysis cycle along with subtle ESP oscillations caused by
dynamic motions of individual intermediates during their
lifetime. The study of ESP distributions would help to achieve
more insights into reaction intermediates and mechanisms that
would be especially meaningful when the ESP values can be
experimentally measured.
Supposing ESP can be measured at the nanoscale, which has

been becoming possible with the high sensitivity of current
potential measurement technology and rapid advancement of
microelectronic technology,12,33,34 real-time ESP values at
different positions surrounding the active sites throughout the
whole reaction process would be obtained. Real-time ESP
maps can be reconstructed using the measured ESP values that
help to identify the intermediate type and finally determine the
reaction pathway, and the timescale ESP change would provide
valuable lifetime information of intermediates.

■ CONCLUSIONS
In summary, we studied ESP distributions of active
intermediates in ammonia synthesis and examined the
spatiotemporal changes. By investigating all involved inter-
mediates, we found that each intermediate has its unique,
characteristic ESP distribution, which is spatially sensitive to its
molecular structure and configuration. The ESP distribution
and values show only slight oscillation over the intermediate
lifetime due to molecular dynamic motions of the intermediate.

The sensitive feature of ESP distribution and the little temporal
change in value suggest a good possibility for use, which helps
fingerprint active intermediates and achieve more insights into
reaction pathways, which is particularly valuable when the
experimental measurement of ESP at the nanoscale becomes
available. The discovery of ESP distribution as an intermediate
fingerprint would open a new avenue in fundamental catalysis
research by achieving additional information of intermediates
and unearthing the reaction mechanisms.

■ EXPERIMENTAL SECTION
Computational Methods. All DFT calculations were

performed using the Quantum ESPRESSO package.35

Generalized gradient approximation (GGA) and the Per-
dew−Burke−Ernzerhof (PBE) with projector-augmented wave
(PAW) sets from PSlibrary 0.3.1 were used to carry out the
structure relaxation and energy calculation.36 The bulk lattice
of Ru was optimized before the cleavage of the (001) surface.
The Ru slab was modeled by a p(3 × 3) unit cell with five
layers of close-packed Ru (001) surfaces and a vacuum layer of
18 Å in the direction perpendicular to the surface. A plane-
wave basis set was used with a cutoff energy of 60 Ry with the
density cutoff being 600 Ry and a Monkhorst−Pack k-point
mesh being 2 × 2 × 1. The Fermi-level smearing was set at 0.1
eV. All atoms in the supercell were allowed to relax until the
force on each atom is less than 0.05 eV/Å. The relative
electrostatic potential surface and values were obtained by
post-processing of the abovementioned DFT calculation
results using Quantum Espresso.
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