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ABSTRACT

Heterogeneous catalysis on supported and nonsupported nanoparticles is of fundamental importance in the energy and chemical conversion industries. Rather than laboratory analysis, first-principles calculations give us an atomic-level understanding of the structure and
reactivity of nanoparticles and supports, greatly reducing the efforts of screening and design. However, unlike catalysis on low index single crystalline surfaces, nanoparticle catalysis relies on the tandem properties of a support material as well as the metal cluster itself,
often with charge transfer processes being of key importance. In this perspective, we examine current state-of-the-art quantum-chemical
research for the modeling of reactions that utilize small transition metal clusters on metal oxide supports. This should provide readers with useful insights when dealing with chemical reactions on such systems, before discussing the possibilities and challenges in the
field.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5126090., s

INTRODUCTION
The vast majority of chemical production processes rely on heterogeneous catalysts. Of particular interest is the use of transition
metals in the manufacture of medicines, textiles, building materials, and fuels.1,2 However, the issue of long-term sustainability arises
for technologies that depend heavily on these precious metals due
to the limited availability of known ore deposits.3 One viable alternative to reduce catalytic loading is the use of nanomaterials such
as nanoparticles (NPs) or metal clusters (MCs), which exploit quantum confinement effects for use in catalysis.4–6 Metal agglomerates
of unknown size and shape distribution are referred to as NPs, while
MCs have well defined dimensions. For instance, the general consensus is that the reactivity of clusters consisting of 40 atoms or less
is dictated by the number of surface atom coordination sites. On the
other hand, the reactivity of NPs (>40 atoms) is mainly driven by the
surface energy of the different exposed metal facets. The morphology of such metal facets on NPs often conforms to the combination
of the lowest energy Miller index available for a given number of
atoms.7 Nevertheless, both NPs/MCs are often used interchangeably
when describing small aggregations or conglomerations of metal
atoms in the literature.
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A special group of catalysts exists when NPs/MCs in the form
of finely divided transition metals are dispersed over reducible
or irreducible support substances,8 e.g., TiO2 ,9,10 RuO2 ,11 CeO2 ,12
γ-Al2 O3 ,13 and MgO.14 Within this class of materials, the support provides metal particles with greater surface-to-volume ratios,
enabling a larger number of low coordination sites that increase
the catalytically active area for reactions to occur.15–19 The role of
the support offers several distinct benefits, the most obvious being
protection toward sintering, catalyst activation processes, and deactivation mechanisms.20–23 Furthermore, charge transfer and quantum hybridization at the interface have been shown to influence the
catalytic activity via several compounding effects.24–26 The understanding of metal–support interaction (MSI) and the surrounding
reaction environment is key for the rational optimization of the
catalytic activity and longevity of metal nanoparticles in industrial
applications.
Several experimental techniques have been developed allowing for the gradual buildup of an atomic-level understanding of such systems. For instance, low energy electron diffraction (LEED) spectroscopy,27 temperature programmed desorption (TPD),28,29 scanning tunneling microscopy (STM),30 atomic
force microscopy techniques (AFM),31 and high-pressure X-ray
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Therefore, understanding how the properties of NPs scale with size
is important for their rational design. Traditionally, when modeling catalysts, low index single crystalline surfaces are most often
used, as it is important to relate the mechanism and kinetic parameters to the surface structure. However, the confined nature of NPs
means that they are prone to defects and step edges at their surfaces
as well as multiple facet grain boundaries between planes.51 This
leads to a broad range of catalytic activities on the different crystal
phases, making it important to understand the link between particle morphology and catalyst performance. The challenge for theorists is to obtain reliable structures that best represent the number
FIG. 1. Schematic representation of the structure complexity on modeling nanoparticles and support materials in gaseous and aqueous environments.

photoelectron spectroscopy (HPXPS)32 have all been extremely successful for understanding reactants and products in the gas and
aqueous phase.
Despite these advancements, we can only obtain a clear description of the reactants and products, while the transition state and
reaction pathway remain elusive. In addition, reactions that occur at
the solid-liquid interface add another layer of complication, as UHV
conditions cannot be applied to these systems under working conditions, as shown in Fig. 1. Thus, elucidating features such as the
reaction kinetics, free energy barriers, and the atomistic structures
of intermediates remain a formidable challenge.33–36 To solve these
issues, the development of several theoretical methods,37–43 such as
density functional theory (DFT), microkinetic modeling, and molecular dynamics (MD), have become powerful tools for understanding
the structural nuances and reaction mechanisms on NPs and their
supports. DFT not only allows for an accurate description of crystal structures and accurate energetics but also can determine the
transition states and various other reaction intermediates with relative ease.44,45 This, in tandem with microkinetic modeling, allows
for a more complete picture of reaction cycles on heterogeneous
systems.
To this end, this work primarily focuses on developments
regarding the structure and catalytic activity of supported metal catalysts using electronic structure calculations (ESCs). It should be
noted that, however, there already exists several excellent reviews on
supported and unsupported nanoparticles46–49 that introduce current research and recent advances of design and stabilization based
mostly on experimental endeavors. Here, we begin by discussing
several significant developments before introducing the state-ofthe-art in nanoparticle and support catalyst research. These perspectives also highlight design strategies as well as the primary
challenges in the field. Furthermore, several key advances in heterostructure design are discussed, emphasizing the importance of
interactions with the support and reactants on the catalytic activity using ESCs. Additionally, the dominating factors affecting the
adsorption and reaction pathways, such as the environment effects
and surface defects, have been addressed. To conclude this work, a
brief perspective on the challenges and possibilities within this field
is presented.
NANOPARTICLES: STRUCTURE AND REACTIVITY
The properties of NPs are highly size dependent, making them
versatile materials that can be precisely tuned for a desired purpose.

J. Chem. Phys. 151, 180902 (2019); doi: 10.1063/1.5126090
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FIG. 2. (a) Energetics of gold clusters (AuN , where N ≤ 520) plotted as
(E-εB N)/N2/3 vs N (on an N1/3 scale), where εB = 3.93 eV, which is the cohesive energy in bulk Au. Reproduced with permission from Cleveland et al., Phys.
Rev. Lett. 79, 1873 (1997). Copyright 1997 American Physical Society. (b) Lowest
energy optimized geometry of AuN (N = 2–20) clusters by increasing energy and
cluster size. Reproduced with permission from B. Assadollahzadeh and P. Schwerdtfeger, J. Chem. Phys. 131, 064306 (2009). Copyright 2009 AIP Publishing
LLC.
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of inequivalent active sites, before reaction barriers and kinetic
parameters can be obtained—the issue is further complicated when
multiatom types are present and/or if the reaction environment
changes.
Early, GGA-DFT (generalized gradient approximation) calculations by Fernández et al.52 showed that the structures of various metal clusters are intrinsically related to the atomic charge and
the number of surface atoms. These features are captured well in
advancements in gold (Au) catalysis. Despite being described as “the
most noble of metals” in its bulk form,53 Au possesses a reactivity
that varies depending on the particle size.54–56 DFT has shown great
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promise in unraveling the fundamental characteristics of these small
metal clusters. For instance, Figs. 2(a) and 2(b) highlight the applications of ESCs to find the lowest energy geometry of Au clusters
(AuN) by Cleveland et al.7 and later by Assadollahzadeh and Schwerdtfeger.50 This strategy has helped us to identify shape dependent
trends that subsequently alter the fundamental properties, even with
the addition or removal of single Au atoms.57 Here, it is found that
due to quantum hybridization effects, planar Au structures are the
most stable for clusters up to ∼10 atoms, resulting in an increased
reactivity and progression to nonmetallic properties.58 While on
transitioning from the 2D-to-3D limit, the surface atoms hybridize

FIG. 3. (a) Several optimized structures
for CO adsorbed on Pd clusters (left) and
the calculated energies of CO adsorption, Eads (open circles, kJ mol−1 ), on
PdN as a function of the effective particle
diameter (Deff ) (right). Reproduced with
permission from Yudanov et al., Nano
Lett. 12, 2134 (2012). Copyright 2012
American Chemical Society. (b) Fraction
of the generalized coordination number
(CN) for several nanoparticle geometries
and sizes, shown in the inlays (top). Turn
over frequency (TOF) of CO oxidation as
a function of temperature for the above
geometries (bottom). Reproduced with
permission from M. Jørgensen and H.
Grönbeck, Angew. Chemie Int. Ed. 57,
5086 (2018). Copyright 2018 Wiley-VCH
Verlag GmbH & Co.
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with internal cluster atoms, increasing the coordination number and
leaving a lower charge density for atoms to react with interacting
molecules. Many of these properties are not unique to Au; however,
they have paved the way for a vast range of NPs to be examined
under more realistic conditions.
For modeling chemical reactions on NPs, CO oxidation (2CO
+ O2 → 2CO2 ) and the hydrogen evolution reaction (HER: 2H+
+ 2e− → H2 ) are often used as prototypical model systems for obtaining a fundamental understanding of catalytic activity. Heiz et al.57
investigated CO oxidation on platinum (Pt) clusters; the geometry of the clusters show significant variation as a function of the
number of atoms, i.e., “each atom counts.” Yudanov et al.59 found
that the adsorption energy of CO varies as a function of palladium
(PdN ) cluster size [Fig. 3(a)]. They identified a critical size below
N = 50 atoms, whereby the shift of the metal d-band induces a higher
activity for CO adsorption. When the Pd cluster is dominated by
closed packed faces, the CO-Pd bond strength becomes weaker with
decreasing cluster size.
In a recent study by Jørgensen and Grönbeck,60 the relationship
between PtN particle geometry and CO oxidation reaction kinetics
was investigated [Fig. 3(b)]. The reaction scheme for microkinetic
modeling considered adsorption/dissociation steps as well as diffusion of the reactive species, shown in Eqs. (1)–(5). On using a
detailed kinetic Monte Carlo (KMC) scheme on various Pt cluster
sizes (2.4–3.6 nm) and morphologies, they exemplify how the turn
over frequency (TOF) is dictated by the site distribution, and it was
found that the activity of the active site depends on the site-assembly.
This has provided the first detailed kinetic analysis on a range of Pt
NP sizes and crystal facets,
CO(g) + ∗ ⇄ CO∗ ,

(1)

O2 (g) + 2∗ ⇄ 2O ,

(2)

CO∗ + O∗ ⇄ CO2 (g) + 2∗,

(3)

∗
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CO∗ + ∗ ⇄ ∗ + CO∗ (diffusion),

(4)

O∗ + ∗ ⇄ ∗ + O∗ (diffusion),

(5)

61

Wei and Liu investigated HER on Pt44 NPs based on first
principles calculations (Fig. 4). The implementation of the Stochastic Surface Walk62,63 (SSW-DFT) global structure search algorithm,
which, by design, fully explores the PESs, permits the elucidation of
geometry changes in the presence and absence of surface adsorbed
hydrogen atoms. The specific activity (SA, mol cm−2 s−1 ) for HER
was then calculated based on a microkinetic modeling scheme using
the following equation:
SA =

∑sites (

kB T (
)e
h

−ΔGa
RT

2S ⋅ NA

)

θsite

,

(6)

where S is the surface area, ΔGa is the statistically averaged free
energy barrier, θsite is the number of active sites on the nanoparticle, h is Planck’s constant, and kB is Boltzmann’s constant. Of
particular interest is that the shape of the NP is found to be intrinsically coupled to the reaction environment and the surface coverage
of hydrogen adsorbed on the surface. These findings suggest that
the morphology of the NP is likely to change as the reaction progresses. What becomes clear is that the structural variations on both
the environment and surface adsorbates makes nanoparticle catalysis a particularly enigmatic system class to study using theoretical
models. Noteworthy is that previous investigations do not exhaustively sample the NP PES in the same way permitted using the SSW
methodology,64 making it an ideal tool for future research endeavors
in the field.
The Liu group also investigated the photocatalytic activity
of anatase TiO2 nanoparticles toward the oxygen evolution reaction (OER) in aqueous solvent.5 The surrounding water environment was simulated using DFT combined with a modified

FIG. 4. The configurational spectrum of
Pt44 obtained using SSW-DFT global
structure search (left), a polyhedron
representation showing the nanoparticle
structure evolution from octahedron to
tetradecahedron under the HER conditions (top right), and the specific activity
as a function of the NP diameter (bottom
right). Reproduced with permission from
G. F. Wei and Z. P. Liu, Chem. Sci. 6,
1485 (2015). Copyright 2015 The Royal
Society of Chemistry.
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Poisson-Boltzmann continuum solvation model. They identified the
optimal size of NPs for OER and provided quantitative information regarding the desired morphology, wherein particles dominated
by (101) facets are found to be more reactive by exposing more
active Ti5c terrace sites. These sites have been identified as having
an optimal HOMO/LUMO spatial separation, leading to more efficient covalent bonding between OH species and Ti5c while reducing
the effects of electron-hole pair recombination.
Moreover, several machine learning (ML) strategies have been
evaluated by Jäger et al.65 to model hydrogen adsorption on MoS2
and Au40 Cu40 nanoclusters, providing potential alternative strategies for investigating HER and OER. ML methods are expected to be
highly desirable for current/future simulations of the structure and
reactivity of NPs,66–69 providing the chemical accuracy of DFT coupled with MD simulation time scales typically reserved for classical
force fields. Furthermore, they allow for the extraction of key properties for reactions beyond HER and with system sizes much larger
than those currently feasible.
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METAL−SUPPORT: INTERFACE INTERACTIONS
AND STABILITY
Metal–support interactions (MSI) have long been regarded as
key in rationalizing the interfacial properties of supported NPs.70
Integral to this, ESCs have emerged as a fundamentally important
tool for understanding NPs on support materials at the atomic level
using quantitative descriptors. Both the activity and stability are
found to be inversely proportional to the diameter of the supported
metal particles. Despite small particles often having higher activities,
these effects can be countered by their tendency for degradation,20,71
resulting in a double-edged effect. Consequently, the activity of supported metal catalysts is highly dependent on the metal particle size
in tandem with the metal-support interactions, adding additional
levels of complexity for theoretical models.72–74 Thus, due to the
myriad of bonding mechanism and tendency for degradation, a unified theory for understanding NP–support interactions is missing
from the current literature.68–70

FIG. 5. Experimental (RPES/STM) verification of the two types of metal–oxide interactions. The insets show representative scanning tunneling microscopy images of the model
systems. The resonant enhancement ratio from RPES, reflecting the Ce3+ concentration, reveals two individual processes: spontaneous Ce3+ formation on Pt deposition
at 300 K, attributed to electronic MO interaction, and further formation of Ce3+ on annealing above 500 K, attributed to the activated process of oxygen reverse spillover.
Reproduced with permission from Vayssilov et al., Nat. Mater. 10, 310 (2011). Copyright 2011 Macmillan Publishers Limited.
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A key feature when investigating interfacial interaction is electron transfer, resulting from the requirement to satisfy the Schottky–
Mott rule, which assumes that the vacuum levels for metal NPs and
supports are aligned at the interface. The resulting Fermi energy tunability sees a redistribution of electrons until the Fermi energy on
both sides of the interface reaches an equilibrium point.75 Depending on the band alignment energies, this often creates a charged
interface, with electron accumulation on one side (reduction) and
electron depletion on the other side (oxidation).76,77 This, in turn,
will influence the catalytic properties and durability due to charge
transfer stabilization.11,17,78–80
These features are highlighted well by Vayssilov et al.26 who
investigated the interaction between nanostructured CeO2 (ceria)
and Pt NPs, by combining DFT+U calculations and resonant photoelectron spectroscopy (RPES), as shown in Fig. 5. They identified
two types of metal–oxide (MO) interaction, namely, electron transfer from Pt to ceria and transfer of activated oxygen from ceria to
Pt (reverse spillover). Here, the Pt states essentially fill the whole
bandgap and contribute to the valence band and conduction band
region. The charge transfer results in oxidation of Pt, while Ce3+ ions
are formed due to a partial reduction of the support. Furthermore,
the transfer of oxygen is found to be a unique feature of nanostructured ceria surfaces interacting with Pt NPs, which results in a
previously unreported interaction channel between nanostructured
metal-oxide supports and NPs, leaving much more to be learned
than initially anticipated.
It has been suggested that strong NP adsorption energy is
required for NPs resistance to sintering and degradation, whereby
the thermal stability of the metal can be used as a useful guide for
lifetime analysis, having been found to rapidly increase on going
from NPs of 1 nm to 6 nm in diameter.81 Interestingly, the increased
thermal stability with NP size is independent of the support material used,82 suggesting the possibility for a critical NP diameter on a
given support surface, while the strength of interaction can be predicted from experiment using the adsorption heat energy of NPs
on support materials. The adsorption energy [Eads (NPn )] can be
used as a descriptor using static DFT83 calculations or AIMD.84 For
instance, ESCs can quantify the interaction between a support material and a nanoparticle consisting of n atoms, using the following
equation:
Eads (NPn ) = E(NPx /Sup) − E(Sup) − E(NPn ),

J. Chem. Phys. 151, 180902 (2019); doi: 10.1063/1.5126090

to remove any dipole fluctuations on the surface. Ouyang et al.87
developed an atomistic theory for OR and disintegration in the presence of reactants, wherein the energetics and kinetics data can be
readily extracted from first-principles calculations and applied to
the understanding of macroscale problems. The general consensus
is that it would be highly desirable to control the size of all metal
NPs on the support to be compositionally homogeneous. It emerges
that at this limit of homogeneity, where NPs of equal size are uniformly distributed over a surface, there is no net-difference in the
NP chemical potential leading to a complete suppression of Ostwald
ripening.88
METAL–SUPPORT: REACTIVITY
The catalytic activity of metal-support systems has an additional complexity that can be tuned on changing the support and
the size of the adsorbed NPs. In a number of cases, this is related
to the presence of a triple phase boundary (TPB) and the formation
of high-coordination interfacial sites that play a significant role in
catalysis.9,13,89–91 Here, the interface can modify the energy profiles
of catalytic processes by providing a larger number of adsorption
sites where key reaction intermediates can be stabilized, compared
with the bare NP. Additionally, opening alternative reaction paths
with lower activation energy sees a marked speed-up of the reaction rates, making them applicable for a wide variety of reactions
[e.g., water-gas shift (WGS), CO oxidation, and HER]. From Fig. 6,
the TOF of CO oxidation at the NPN /CeO2 (NPN = Ni, Pd, and Pt)
interface is shown to vary significantly depending on the NP size and
the mode of contact with the support, providing a direct relationship between the structure and function.92 However, it is often the
case that the influence of the support on the catalytic activity cannot
be explained by disentangling the contribution of each component.
Theoretical analysis of the TPBs under operating conditions are,
therefore, inherently difficult, with great care being required when
analyzing results.

(7)

where E(NPx /Sup), E(Sup), and E(NPn ) are the energies of the
NP/support system, the isolated support material, and the NP,
respectively. The stronger the Eads (NPn ), the more stable the
MSI is, resulting in greater stability toward degradation. These
parameters can be used for the effective screening of supportmetal catalysts for optimizing reaction schemes for industrial
applications.
Furthermore, the lack of size control of NPs on supports makes
them unstable at high temperatures and under reaction conditions,
due to growth through Ostwald ripening (OR), diffusion, and other
recombination mechanisms.85 Prieto et al.86 exemplified that size
control along with the interparticle distance is crucial in affecting the
stability of copper catalysts for methanol synthesis under reaction
conditions. On an atomistic level, OR is driven by the difference in
chemical potential between particles of various sizes redistributing

Published under license by AIP Publishing
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FIG. 6. Transition metal-CeO2 interactions, showing the number of sites with a particular geometry as a function of diameter and TOF at 80 ○ C (surface and perimeter
of corner atoms in contact with the support). Reproduced with permission from
Cargnello et al., Science 341, 771 (2013). Copyright 2013 American Association
for the Advancement of Science.
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FIG. 7. (a) Calculated structures for Pt5 /TiO2 (101), Pt8 /TiO2 (101), Pt13 /TiO2 (101), and Pt19 /TiO2 (101) composites. (b) HSE06 DOS spectra for the above Pt NP geometries
on TiO2 , the vertical dotted lines indicate the VBM and CBM of anatase TiO2 (101), respectively, while the bandgap is indicated by a pair of arrows. (c) Geometry structures
for [(a)–(d)] H adsorption at two reactive sites [sites a and b] and [(e)–(h)] transition states of H−−H coupling Gibbs adsorption free energies for the independent adsorption of
H atom on each of the reactive sites, the coadsorption of two H atoms, and the H−−H coupling barrier (all in eV). Reproduced with permission from Wang et al., ACS Catal.
8, 7270 (2018). Copyright 2018 The American Chemical Society.
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In particular, due to favorable band alignments, NP-support
systems have been widely utilized in photocatalytic reactions, such
as the photoreduction of CO2 and the photocatalytic HER.93–95 Here,
the NP provides additional trapping sites for enhanced electron-hole
separation, while the support can modify the electronic structure to
promote the adsorption of reactants. For instance, the mechanism
for the photocatalytic HER on metal NPs is particularly challenging
using DFT. As unlike with typical thermally activated reactions, photocatalytic reactions involve photogenerated electron transfer from
the support to the metal NP as well as the catalytic formation of
H2 on the NP surface. Experiments have suggested that HER preferentially occurs on small Pt NPs of ∼1 nm diameter supported
on TiO2 ,96,97 while large Pt NPs have the tendency to accept photoinduced charge carriers, resulting in electron-hole recombination
pathways that lead to decreased photoactivity.98 This strongly suggests that the size of the NPs/MCs is crucial for describing the
rate-determining step of HER.
To tackle these issues, Wang et al.79 used hybrid DFT
(HSE0699 ) calculations and AIMD simulations to reveal the precise size-dependent activity of photocatalytic HER over Pt/TiO2
at the atomic level [Fig. 7(a)]. They exemplify how the electronic
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properties of supported metals vary with the particle size while the
electron-transfer efficiency follows different size-dependent trends.
From the density of states (DOS) spectra, shown in Fig. 7(b), the
deposition of Pt clusters on TiO2 varies the electronic properties by
splitting the metallic Pt states and opening a gap between 0.5 eV and
1.3 eV. This indicates that the rate-determining step of photocatalytic HER on supported metal catalysts actually changes with the
particle size, as shown in Fig. 7(c). They were able to match the exact
size and morphology of Pt nanoparticles for HER, whereby particle
sizes between 0.70 and 1.52 nm are the most active from free energy
calculations.
Furthermore, photochemical strategies have been used in the
fabrication of stable atomically dispersed Pd/TiO2 catalysts with
organic ligands. Recently, Liu et al.100 exemplified how such systems
exhibit high catalytic activity in hydrogenation reactions by studying H2 reacting with C==C bonds. In the presence of multiple Pd-O
interfaces, Pd1 /TiO2 activates H2 via a heterolytic pathway, rather
than the traditional homolytic pathway on conventional Pd catalysts. DFT+U calculations revealed that the hydrogenation of styrene
using Pd1 /TiO2 followed a stepwise process. They considered two
possible pathways, wherein the energetically favorable process was

FIG. 8. (a) Reaction network of possible WGS reaction steps at the Pt/TiO2
(PCO = 0.1 atm, PH2 O = 0.2 atm, PCO2
= 0.1 atm, and PH2 = 0.4 atm). Reproduced with permission from S. C. Ammal
and A. Heyden, J. Catal. 306, 78 (2013).
Copyright 2013 Elsevier. (b) Rates for
the simulation of γ-Al2 O3 supported Ni
NPs. Thick arrows indicate the preferred
reaction channel. WGS reaction conditions: 300 ○ C, 1 bar total pressure; and
feed composition (molar fraction) 0.10
H2 O, 0.10 CO, 0.80 N2 (left). DRM reaction conditions: 650 ○ C, 1 bar total pressure; and feed composition (molar fraction) 0.45 CH4 , 0.45 CO2 , 0.1 N2 (right).
Reproduced with permission from Foppa
et al., J. Am. Chem. Soc. 139, 17128
(2017). Copyright 2017 The American
Chemical Society.
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found to be H-transfer from Pd to C==C, proceeding with a barrier of
only 0.47 eV. These calculations highlight the promotional effects of
support catalysts for hydrogenation, compared with the traditional
slab systems.
Thus far, the discussion has mainly addressed static DFT and
AIMD calculations, which provide useful information about the
reaction energetics, crystal structure, and activation barriers. However, for industrial applications, the choice of catalyst is based on
improving the rate and selectivity of forming a desired product. On
combining with transition state theory and microkinetic modeling,
DFT calculations can be used to rationalize the rate of elementary
chemical reactions under various reaction conditions. Several excellent kinetics studies have emerged regarding the WGS (CO + H2 O
→ CO2 + H2 ) reaction, which is the key step in many industrial
processes. DFT calculations predict that the dissociation of H2 O is
the rate determining step for WGS. It is found that a cooperative
effect between the support and adsorbed NP is key in describing the
selectivity and reactivity.
Ammal and Heygen101 investigated the temperature dependent
WGS reaction at the Pt8 /TiO2 interface using DFT coupled with a
rigorous microkinetic model. They suggest that at low temperatures
(473–623 K), CO adsorbed on the Pt NP reacts with O from the TiO2
surface, whereby the reduced surface is then reoxidized by H2 O,
forming H2 . At temperatures above 673 K, CO reacts with TiO2 OH
groups forming a carboxyl or formate intermediate, which subsequently dissociates, giving CO2 and H2 and leaving an O vacancy
at the interface that is filled via water dissociation. The overall reaction scheme is shown in Fig. 8(a), along with the calculated rates.
Noteworthy is that the NP/support system gives TOFs ∼2 orders of
magnitude greater than those predicted for pristine Pt(111), highlighting the importance of multiple reaction facets on support-metal
systems.
Later, Foppa et al.102 used a combined DFT/microkinetic modeling approach coupled with experiments to investigate the reactivity
and selectivity of the Ni/γ-Al2 O3 interface toward water–gas shift
(WGS, 573 K) and the dry reforming of methane reactions (DRM:
CH4 + CO2 → CO + 2H2 , >873 K). They found that, similarly to
CeO2 , the γ-Al2 O3 (110) surface provides sites for Oads and OHads
via H2 O or CO2 dissociation, which are key for controlling the selectivity. From Table I, static-DFT calculations predict that the interface significantly enhances the rate for both WGS and DRM reactions since the free energy barriers for H2 O and CO2 activation are
both ∼0.6 eV smaller at interface sites compared with the bare NP.

TABLE I. Comparison between the free energy of adsorption (ΔGads ) and activation
(Δr G≠ ) of small molecules at the bare Ni nanoparticle sites and Ni/γ-Al2 O3 interface
sites. Reproduced with permission from Foppa et al., J. Am. Chem. Soc. 139, 17128
(2017). Copyright 2017 The American Chemical Society.

Adsorption, ΔGads /eV

CH4
CO
CO2
H2 O

Activation, Δr G≠ /eV

Nanoparticle

Interface

Nanoparticle

Interface

0.64
−0.61
0.55
0.22

0.61
−0.91
−0.58
−0.85

1.08
2.61
0.82
0.84

1.45
1.46
0.28
0.26
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However, the catalytic activity of the interface is also related to the
population of intermediates taking part in the RDSs, with CO coverage of the NP being a key factor in favoring the WGS reaction at
low temperatures. The overall reaction scheme is shown in Fig. 8(b),
highlighting the importance of Ni/Al2 O3 interface for WGS, but not
in DRM.
In the above discussion, we have presented a number of theoretical investigations that highlight the critical factors in explaining
the catalytic activity of supported transition metal catalysts. While
not exhaustively complete, we emphasize the importance of ESCs
for investigating how properties scale as a function of size, NP stability, and support-metal interactions. Additionally, the dominating
factors affecting product selectivity and reaction pathways such as
environment effects, surface defects, and catalytic activity toward
industrially significant reactions have been addressed. We highlight
that using first-principles calculations can aid the understanding of
dynamic processes, which, in turn, provide strategies for the rational
design of new materials via a precise understanding of atomic scale
properties.
SUMMARY AND PERSPECTIVES
We have presented computational contributions for simulating thermal and photochemical reactions on supported and unsupported nanoparticles using a variety of first-principles calculation
techniques. Despite numerous theoretical and experimental achievements over the past decades, our understanding toward supported
and unsupported metal catalysts is far from complete. Considerable challenges exist, such as understanding how these properties scale with the size on different support materials. More open
challenges include simulating reactions in the presence of surface ligands under electro- or photocatalytic conditions in aqueous
solutions and the description of charge transport properties
using theories that go beyond time-independent DFT [e.g., timedependent DFT (TDDFT), many-body perturbation theory103,104
(within the GW approximation), random phase approximation105
(RPA), and Bethe-Salpeter Equation106 (BSE)]. In the future, a
deeper understanding of the structure-function relationships of supported and unsupported nanoparticles will accelerate the screening
and design of better catalysts for use in the chemical and energy
conversion industries.
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