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Exploration of structure sensitivity of gold
nanoparticles in low-temperature CO oxidationt

Lei Ying,®® Yu Han,?® Beien Zhu @*3° and Yi Gao @ *@<°

Gold nanoparticles (NPs) exhibit remarkable catalytic activity in low-temperature CO oxidation and their
performance is highly dependent on size and shape. However, the underlying mechanism isn't fully
understood yet. Herein, we combine density functional theory calculations, a multiscale structure
reconstruction model, and kinetic Monte Carlo simulations to investigate the activity and structure
sensitivity of Au NPs under different reaction conditions. The results indicate that increasing the partial
pressure ratio of O, to CO leads to the decrease of optimal reaction temperature accompanied with the
increase of performance. At low temperatures, the morphology of the NPs evolves to expose a higher
proportion of (110) facets to promote the activity significantly. Moreover, the size dependence analysis
suggests that O,-rich conditions are favorable for small-sized NPs, while CO-rich conditions favor the
large-sized NPs. These findings not only enrich our basic understanding of the structure-reactivity
relationship and the origin of structure sensitivity in gold-catalysis, but provide a guide for rational design

DOI: 10.1039/d3im00117b of Au catalysts.

rsc.li/icm

1 Introduction

Gold nanoparticles (NPs) exhibit extraordinary catalytic
activities in various reactions under mild conditions,
including CO oxidation,"™ water-gas shift reaction,* and
partial oxidation of hydrocarbons.” Among these reactions,
CO oxidation is of particular interest because Au NPs can
catalyze this reaction at temperatures as low as 203 K."? It is
generally agreed that the catalytic properties of Au NPs highly
depend on their sizes and shapes.**™° Therefore, substantial
efforts have been dedicated to synthesizing and characterizing
Au NPs with well-defined shapes and sizes.'"”** However, the
situation becomes complicated due to the change in particle
morphology under reaction conditions.">'® It poses a
challenge to comprehensively investigate the structure-
reactivity relationship taking the reaction-condition-driven
particle reshaping into account.

In the past decade, several theoretical models based on
density functional theory (DFT)"” have contributed significant
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atomic-level insights into the structure sensitivity of Au NPs
in CO oxidation."®® These models were formulated upon
small gold clusters or fixed high-symmetrical structures, e.g.,
a classical truncated octahedral geometry. Due to the neglect
of the influence of reaction environments on morphology,
their ability to offer a comprehensive understanding of
realistic catalytic activity is limited.

In this work, a density functional theory (DFT) based
multiscale structural reconstruction (MSR) model**® was
used to construct the equilibrium structure of Au NPs in the
size range of 3-10 nm under varying reaction conditions.
Then, kinetic Monte Carlo (KMC) simulations were
performed to evaluate the corresponding catalytic
performance. This work focused on the investigation of
freestanding single crystalline Au NPs, while exploring the
effect of twinning®”*® and the support oxide®'®?° on Au
catalysis would be an interesting study in the future. Our
results show that the activity is significantly influenced by
the structural reconstruction induced by the reaction
atmosphere. Furthermore, the size dependency of activity is
intricately linked to the reaction conditions.

2 Results and discussion
2.1 Structure-reactivity relation

The shape evolution of 5 nm Au NPs at different
temperatures and under changing partial pressure ratios of
Py /Poo (1 bar total pressure) is shown in Fig. la. The
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Fig. 1 (a) Contour plot of CNs (b) TOFs for 5 nm Au NPs changing
with the temperature and partial pressure ratio (Piota = 1 bar). Contour
lines of CNs are marked by black dashed curves as guides to the eyes;
(c) typical structures with different CN.

temperature ranged from 273 to 373 K and Py /Pco ranged
from 1 to 100. The NPs with different shapes are
distinguished by the average coordination number of surface
atoms (CN).>* Typical structures with different CNs are
illustrated in Fig. 1c. In general, when the temperature is
higher than 343 K and Py /Pco is larger than 60, the
adsorption of gas on the Au NPs becomes difficult, and the
corresponding structure (CN = 8.6) is close to the structure
under vacuum (Fig. 1). With a decrease in temperature and
O, partial pressure, the fraction of the (110) facet increases,
while the fraction of the (111) facet decreases. This change is
attributed to the different coverage evolution on different
facets.>® The coverage of CO increases rapidly on the (110)
facet due to its stronger adsorption energy (Table S17),
resulting in the rapid decrease of the interface energy of the
(110) facet, which further leads to a change of equilibrium
morphology. More details can be found in Section 4.2 and
our previous works.>*”>® The contour plot of TOFs of these
NPs under corresponding reaction conditions shows that the
catalytic activity is significantly enhanced under
temperature and O,-rich conditions (Fig. 1b). To demonstrate
how structure evolution affects the activity clearly, contour

low

lines of CNs are marked by black dashed curves in Fig. 1b. It
can be observed that there is partial overlap between the
contour lines of CN and TOFs, showing the shape-sensitivity
of this system. The 110-dominant structures (CN < 7.0)
exhibit high activity (TOF > 5.6 x 10° per site per s) when
Po /Pco is higher than 50, while the (111)-dominated
structures (CN > 8.5) always show low activity (TOF < 1.8 x
10° per site per s).

To disentangle the contribution of morphology changes
and reaction conditions to the catalytic activity, Stru-6.7, Stru-
7.3, Stru-7.8, and Stru-8.6 were chosen to obtain the fixed-
structure contour plots of TOFs (Fig. S371). Surface site
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Fig. 2 (a) Surface site fractions of (111), (110), (100), edges and corners
of Au NPs with different CN; TOFs as a function of temperature at
Piotat = 1 bar with Po,/Pco = 1 (b), 10 (c), and 100 (d) for Au NPs with
different CN.

fractions of these four structures are presented in Fig. 2a and
their TOFs as a function of temperature were compared
under Pg /[Pco = 1, 10, and 100, respectively (Fig. 2b-d). It can
be observed that a higher proportion of (110) facet sites is
generally beneficial for catalytic reactions in our studied
conditions, and the TOFs of different structures exhibit
similar trends. At Pg /Pco = 1, the TOFs are below 0.8 x 10°
per site per s and increase slightly with the increase of
temperature for all NPs. At Pg /Pco = 10, the TOFs initially
increase and then decrease as the temperature increases. The
maximum TOF values are 3.6 x 10° per site per s at 333 K, 3.0
x 10° per site per s at 323 K, 2.0 x 10° per site per s at 323 K,
and 1.0 x 10° per site per s at 353 K for Stru-6.7, Stru-7.3,
Stru-7.8, and Stru-8.6, respectively. At Pg /Pco = 100, the TOFs
of NPs are highest at 273 K ranging from 2.4 x 10° to 7.6 x
10° per site per s and decline at higher temperatures. The
results indicate that as Py /Pco increases, the optimal
temperature for the highest TOF decreases. Meanwhile, the
value of the highest TOF increases. This is because the
binding energy of CO is about 0.45-0.57 eV stronger than
that of O, (Fig. S1t). Therefore, the increase of O, partial
pressure eliminates the risk of CO poisoning at low
temperatures and facilitates the adsorption of O, (Fig. S47),
leading to a higher activity.

2.2 Site-specific activity

To understand the activity changes in detail, Au NPs with CN
= 7.3, which possess a relatively uniform site distribution,
were chosen as an example to show the site-specific
contributions to TOFs and CO coverages at atmosphere
pressure with Pg /Pco = 1, 10, and 100 (Fig. 3). The plots of
the other three structures are displayed in Fig. S5-S7.f
Generally, the activities of NPs reach the maximum as their
coverage of CO is around 0.60. This results in the decrease of
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Fig. 3 Site-specific contributions to TOFs and coverages of CO for Au NPs with Stru-7.3 under Po,/Pco = 1 (a, d), 10 (b, e), and 100 (c, f).

the optimal temperature with the increase of O, partial
pressure. At Po /Pco = 1 (Fig. 3a and d), the overly adsorbed
CO poisoned all sites except the (111) facet at 273 K, causing
a very low total TOF (4.2 x 10" per site per s). The increase of
temperature alleviates the CO poisoning on (110) facets first,
followed by the edges and (100) facet sites, resulting in a
monotonic increase in activity. At Po/Pgo = 10
(Fig. 3b and e), the activity of the (110) facet increases first
and then declines as the temperature increases. The
maximum activity of 1.2 x 10° per site per s is achieved at
293 K, with a CO coverage of 0.65. For edge sites, the optimal
temperature is higher (333 K), with a maximum activity of 1.9
x 10° per site per s and a CO coverage of 0.63. At Py [Pco =
100 (Fig. 3c and f), corner sites are protected from poisoning
and maintained relatively stable activity at around 7.2 + 2.1 x
10° per site per s from 273 to 373 K, whereas the activity of
(110) facets declines from 1.4 x 10° to 4.9 x 10" per site per s
and the activity of edge sites declines from 3.9 x 10° to 4.2 x
10° per site per s. Overall, the (110) facet and edge sites
dominate the reactions except at 373 K with Pg /Pco = 100, in
which condition corner sites make the major contributions.
The contributions of (100) and (111) to TOFs are negligible
under all conditions. Decreasing the temperature and
increasing the Pg /Pco promote the reaction and increase the
exposure of active (110) facet sites, thereby further enhancing
the activity of Au NPs.

2.3 Size effect

It is suggested that the critical size for finite-size effects of Au
is about 2.7 nm.*" To compare with the experiment,® the
activities of Au NPs in the size range of 3-10 nm constructed
by the MSR model were investigated at 350 K at a total
pressure of 0.053 bar with Po/Pco = 5 (Fig. 4). In this
condition, Au nanoparticles exhibited a classical truncated
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octahedral geometry. KMC calculations overestimated the
activity by approximately 3 orders of magnitude as compared
to the experimental results, which arises from the use of the
PBE functional and scaling relationship.*> Nevertheless, a
similar trend was obtained. Yellow dashed lines in Fig. 4
show the fraction of edges and corners for particle sizes. It
suggests that the activity dependence on the particle size
under experimental conditions is closely correlated with the
fractions of edges and corners. This finding is coincident
with previous studies which suggested that the main effect of
decreasing the size of Au NPs is the increase of the
proportion of low-coordinated Au atoms.”**3*

However, as discussed in the preceding sections, at certain
temperatures and partial pressure ratios, adsorbates can
induce the structural reconstruction of gold nanoparticles,

i —=— Exp.
3.0 KMC /1000
edges and corners

24 -
£18} L los £
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212F ®
2 7 il
° Uz =
5 7
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Fig. 4 The activity for CO oxidation at 350 K under 40 Torr with Po,/
Pco = 5 as a function of particle diameter of the Au NPs. Experimental
data from ref. 3. Activity is expressed as (product molecules) x (total Au
atoms)™ x s™1. Reaction-condition-dependent structure of 5 nm Au NP
is shown in inserts.
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resulting in the exposure of the active (110) surface at
atmospheric pressure. Under these conditions, the catalytic
activity of Au NPs should exhibit different size dependence.
To validate it, the TOFs for Au NPs with reaction-condition-
dependent structure in the size range of 3-10 nm were
obtained at different temperatures and partial pressure ratios
Po /Poo with the fixed total pressure of 1 bar (Fig. S87). The
size effects were measured by the TOF ratio between 10 nm
and 3 nm particles (TOF;o/TOF;) and were plotted as a
heatmap (Fig. 5a). Three representative size-dependent TOF
trends are shown in Fig. 5b, and the corresponding 5 nm
particle geometries colored according to the TOF at specific
sites are illustrated in Fig. 5c. At high temperature and high
P [Pco (e.g., T =373 K, Py /Pco = 100), only edge and corner
sites are active, resulting in a sharp decrease when the
diameter increases, similar to Fig. 4. However, at low
temperature and low Po /Pco (6.8, T = 273 K, Po /Pco = 1), the
(110) facet sites are the only active sites, because the edges
and corners are poisoned. So, the TOF grows with particle
size, similar to the effect for Pt particles.'®** Notably, at low
temperature and high Pg /Pco (e.g., T = 273 K, Po /Pco = 100),
all sites are active. Although the edge and corner sites exhibit
higher intrinsic activities, the (110) facet sites also make a
large contribution to the total activity owing to the large area,
especially for large NPs. This allows the particle to maintain
a relatively high activity even at a size of 10 nm, which is
about half the activity of a 3 nm particle.

From the above results and discussion, we show that when
the effect of CO poisoning is strong, the particle activity is
unusually proportional to its size. When the particle is not
poisoned by CO, its activity increases with the decrease of size.
These findings may explain why the optimal active size of Au
NPs is around 3 nm.*>® When the size of the Au NP becomes
extremely small (1-2 nm), its interaction with CO will be
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enhanced due to the finite size effect.>" This could induce the
CO poisoning effect and thus inversely reduce the activity.

3 Conclusions

In conclusion, we investigated the CO oxidation over Au NPs
with reaction-condition dependent structures at sizes ranging
from 3 to 10 nm at different temperatures and partial pressure
ratios P /Pco with the fixed total pressure of 1 bar. The
temperature ranged from 273 to 373 K and P /Pco ranged from
1 to 100. The results suggested that with the increase in P /Pco,
the optimal temperature decreases from 373 to 273 K and the
highest TOF increases. This is because the reaction is limited by
O, adsorption. At low temperatures and under O,-rich
conditions, all sites exhibit high activity without being poisoned
by CO. Also, under these conditions, a higher proportion of (110)
facets is exposed induced by adsorbates, making a substantial
contribution to total activity together with corners and edges,
especially for the large-size particles. This work provides a
comprehensive understanding of the structure sensitivity for Au
NPs in CO oxidation. Also, it provides a promising way to further
catalyst design based on atomic-level understanding.

4 Computational methods

The Langmuir-Hinshelwood mechanism involving the
formation of an OCOO intermediate®® was considered to
model the Au-catalyzed CO oxidation:

CO(g) + * = CO* (R1)

Oy(g) + *=0% (R2)

1x10°

——T=273K, PolPeo = 1

0T = 273K, Poy/Pgo = 100
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(a) Heatmap of TOF;o/TOF3 changing with the temperature and partial pressure ratio with a fixed total pressure of 1 bar; (b) three

representative size-dependent TOF trends; (c) 5 nm Au NPs colored according to the TOF at specific sites.
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CO* + 0, = OCOO* (R3)
OCOO* — CO,(g) + O* + * (R4)
CO(g) + O* — CO,(g) + * (R5)
CO* + * — * + CO* (diffusion) (R6)
0% + *—* 4 O%(diffusion) (R7)

O* + * — * + O* (diffusion) (R8)

Here, an asterisk * stands for a free site in the surface.
And the surface species are labelled with superscript
asterisks. For simplicity, the reaction product (CO,) was
considered to desorb immediately after its formation and the
diffusion of the reaction intermediate (OCOO) was neglected.

4.1 Density functional theory

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP) in the projector-augmented wave
(PAW) scheme.’”*° The electronic states were expanded on a
plane wave basis with a cutoff of 400 eV. The generalized
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional was adopted.’® Structures were
optimized until all forces were below 0.05 eV A™.

Surface tensions under vacuum were extracted*' from the
energies of a series of (1 x 1) slab models with increasing
layers from 6 to 20. For surface species, (4 x 4), (2 x 2), and (1
x 1) slab models were constructed to calculate adsorption
energies and lateral interactions between adsorbates.>® Each
model contained 6 atomic layers, where the positions of 2
bottom layers were fixed. The vacuum space of 15 A was set
along the z-axis. The k-point grids** were set to be (3 x 3 x 1),
(6 x 6 x1),and (10 x 10 x 1) for the (4 x 4), (2 x 2), (1 x 1) slab
models, respectively. All calculated results are listed in Tables
S1 and S2.f

4.2 MSR model

By combing the Fowler-Guggenheim (F-G) adsorption
isotherm®* and Wulff theorem,** the equilibrium shape of Au
NPs under reaction conditions can be constructed based on
the interface tension®*>® of three low-index facets ((100),
(110), (111)):

Vlhl}ctl = ynit * [Oco(Eco — 2(Weo-cofco + Weo-0,00,))
+ 6o (Eo, — 2(Wco-0,0co + Wo,-0200,))/Aac (1)

Here, yu is the surface tension of the (Zkl) facet under
vacuum, Eco and Eq, are the adsorption energy of CO and O,
on this facet, 6 is the coverage of the corresponding
adsorbates, z is the number of nearest neighbor sites, w is
the lateral interaction between two neighboring adsorbates,
and A, is the surface area per atom. Considering the short
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lifetime of intermediates, their coverage on the NP during
reaction has been neglected. The coverages of CO and O, on
each facet can be derived by solving the following equations,
respectively:

P 0(370 ex _Z(WCO—COHCO + WCO*O;'goz)
cokco 1-(0co + 0o,) P kgT
(2)
902 Z(wco -0, Oco + Wo, -0, 902 )
Po,Ko, = —77+7——F— -
2% 1 —(Oco + bo,) exp< ksT
(3)

where kg is the Boltzmann constant, and K is the equilibrium
constant defined as:

Eco—T(S -S
Kco = exp ( _~Fco ( a](is‘;o gas,CO)) [4)
B
Eco—T(Sads0, =S
Ko, = exp < _+~co ( a]i:,;z gas,02)> (5)

where S,qs represents the entropy of the adsorbed species,
which is assumed to be negligible. Sg,s represents the entropy
of gas-phase species, which is obtained from the NIST-JANAF
thermochemical tables.**

4.3 Kinetic Monte Carlo

KMC simulation with the direct method (DM)**™*® was adopted
to study the catalytic activities of Au NPs under operando
conditions. In the DM, the time interval of each KMC step is
evaluated by the total rate constant (kiot = Y _ Kevent):

Koo ©)

Here 1, is a random number on the interval (0, 1]. The event
occurring at this step is chosen with a probability proportional to
its rate constant and determined by another random number u,.

The rate constant for adsorption is obtained from
collision theory, assuming a zero-activation energy:

SiAatPi

—— 7
VvV 27'CM[]CBT ( )

kads,i =

where the subscript i denotes the species, M denotes its
molecular mass and s denotes the sticking coefficient. On the
facet sites, the sticking coefficient is assumed to be 0.9 for
CO and 0.1 for 0,.*°° While on edges and corners they are
both assumed to be 1.0. To ensure thermodynamic
equilibrium, the corresponding desorption rate constant is
obtained from k,qs,; and equilibrium constant K;:

kadsi (8)

k, P =
des,i K,P;

The rate constants for reaction and diffusion events are
obtained from transition state theory (TST):
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kBT ZTS _Eevent
to =5 () o (i) .

Here, h is the plank's constant. Z'> and Zz' are the
partition function of the transition state and initial state,
which are assumed to be equal in the simulation. E5"*" is the
activation energy. For the reaction [CO* + 0% =0COO*| and
[OCOO* — CO,(g) + O* + *], the activation energy is evaluated
by the BEP relations and scaling relation fitted based on ref.
19-21 and 51-53 (Fig. S1c-ef). For the reaction [CO(g) + O* —
CO,(g) + *], the activation energy is assumed to be 0.1 eV
following the previous study.>* For diffusion, we increase the
diffusion barrier to 0.6 eV for all adsorbates to accelerate
KMC simulation while ensuring convergence (Fig. S27).

To ensure the reliability of the results, all KMC
simulations were performed for a total of 100 million steps.
The turnover frequency (TOF) of the reaction was calculated
as the reaction rate per surface site over the last 10 million
steps.
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