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This work is designed to examine the size and composition effects of the pure and Ag-modified Pd nan-
oclusters on the activity and selectivity of HCOOH decomposition using DFT calculations and microki-
netic modeling, Pd,(n = 13,38,55) and Ag,@Pd,(m + n = 13,38,55) nanoclusters are considered. The
results show that HCOOH decomposition dominantly undergoes COOH intermediate instead of HCOO
intermediate, and CO, formation is more favorable than CO formation. The pure and Ag-modified Pd nan-
oclusters with the small size exhibit higher activity and selectivity toward CO, formation; meanwhile,
when the nanocluster size is the same, compare to the pure Pd, the Ag composition improves the activity
and selectivity toward CO, formation, and decreases the usage of noble-metal Pd. The better catalytic
performance is attributed to that the d-band center is more close to the Fermi level. The results provide
a method for improving catalytic performance of Pd-based nanoclusters by adjusting the size and core
composition of the nanocluster.
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1. Introduction

Formic acid (HCOOH) fuel cells are widely studied as green
energy (Fellay et al., 2008; Zhang et al., 2010; Ha et al., 2005;
Uhm et al., 2008), in which Pd-based catalysts exhibit better activ-
ity and selectivity toward HCOOH decomposition (Mori et al.,
2013; Yang et al., 2019; Hu et al.,, 2019; Choi et al., 2019; Rice
et al., 2002), HCOOH decomposition mainly goes through direct
dehydrogenation pathway (HCOOH — CO, + H) to produce CO,
and H, (Wang et al., 2014; Brandt et al., 2008). Whereas the pure
Pd catalyst is unstable when HCOOH is operated at high concentra-
tion due to the rapid and gradual dissolution of Pd in oxidation
state and slow intermediate adsorption under acid conditions
(Wang et al., 2011; El-Nagar et al., 2016; Yu and Pickup, 2009).
Nowadays, Pd-based bimetallic catalysts, such as Ni-Pd (Gao
et al,, 2011; Shen et al., 2013), Au-Pd (Yu et al, 2014; Gu et al.,
2011), Ag-Pd (Lu and Chen, 2012; Tedsree et al.,, 2011), Sn-Pd
(Wang et al., 2016; Sun et al., 2015) and Cu-Pd (Dai and Zou,
2011; Wu et al.,, 2016), have attracted much attention for HCOOH
decomposition, which improved the catalyst stability, catalytic
performance, and decreased the usage of noble-metal Pd due to
the synergistic interaction between two metals (Huang et al.,
2010; Feng et al., 2016; Maroun et al., 2001; Fan et al., 2016; Liu
et al., 2017). Among them, the Ag-Pd bimetallic catalysts prepared
by Lu et al. (Lu and Chen, 2012) exhibited strong catalytic activity
and high current density for HCOOH oxidation, as well as the
strong resistance to CO poisoning.

On the other hand, the core-shell nanocluster catalysts with
unique structures have become one of the most promising cata-
lysts. Li et al. (Li et al., 2014) concluded that the core-shell Cu@Pd
catalysts presented higher activity by four times than the pure Pd
catalyst toward HCOOH decomposition. Zhou et al. (Zhou et al,,
2008) found that the core-shell PdAu/C catalysts are favorable
for HCOOH decomposition to produce H; and inhibit CO poisoning.
Huang et al. (Huang et al.,, 2018) showed that the core-shell
PdAg@Pd nanotubes exhibited better catalytic performance toward
HCOOH decompostion compared to PdAg nanotubes, which is
attributed to the unique surface and electronic structure. Tedsree
et al. (Tedsree et al., 2011) synthetize a series of M@Pd(M = Ru,
Rh, Ag, Au, Pt) catalysts, in which the Ag@Pd catalyst showed weak
CO poisoning ability. Recently, our studies (Yang et al., 2020) have
investigated HCOOH decomposition over a series of core-shell
bimetallic M@Pd(M = Cu, Au, Co, Ni, Ag and Al) catalysts by DFT
calculations and microkinetic modeling, among them, Ag@Pd has
the highest activity and selectivity of CO, formation and shows a
strong anti-CO poisoning ability. On the other hand, the particle
size of core-shell nanocluster has an important influence on the
stability and catalytic properties, such as Zhao et al. (Zhao et al.,
2017) studied the size effect of Cu catalyst including the Cuys,
Cusg, Cuss nanoclusters and Cu(111) surface on C,H; selective
hydrogenation.

Further, for the pure and Ag-modified Pd nanoclusters, Huang
et al. (Huang et al., 2009) showed that the activity of the size-
controlled Pd/C catalysts for HCOOH decomposition depends on
the catalyst particle size, however, to our knowledge, only the
Pd; (Li et al., 2012) and Pdss (Liu et al.,, 2017) nanoclusters are
reported; meanwhile, HCOOH decomposition via the COOH inter-
mediate has not been mentioned. Thus, up to now, the fundamen-
tal understanding about the particle size effects of the pure and Ag-
modified Pd catalysts on the catalytic activity and selectivity of
HCOOH decomposition are still unclear due to the lack of incom-
plete information over different sizes of the pure and Ag-
modified Pd nanoclusters.

This work is designed to solve above issues by investigating the
selectivity and activity of HCOOH decomposition over different

sizes of the pure and Ag-modified Pd nanoclusters, which include
the Pd,(n = 13,38,55) and Ag,,@Pd,(m + n = 13,38,55) nanoclus-
ters; here the density functional theory calculations and microki-
netic modeling were employed. It is expected that the results can
provide a clue for the rational design of high-performance core-
shell Pd-based nanoclusters by controlling their sizes and
compositions.

2. Computational details
2.1. Computational method

The VASP 5.2.2 is used for the periodic theoretical calculation
(Kresse and Furthmiiller, 1996a, 1996b). In the whole calculation
process, the pseudopotential uses projector augmented wave
(PAW), the generalized gradient approximation with the Perdew-
Burke-Ernzerhof (GGA-PBE) is used to describe the exchange and
correlation (Blochl, 1994; Perdew and Wang, 1992; Perdew et al.,
1996). The plane wave cutoff energy is set to 400 eV and the Bril-
louin zone was sampled with a 1 x 1 x 1 k-point grid for the total
energies. For the geometry optimization, the convergence results
were obtained when the total energy change between two contin-
uous steps is less than 1 x 107> eV and the force constant is less
than 0.03 eV A. The climbing-image nudged elastic band (CI-NEB)
(Sheppard et al., 2012, 2008) and dimer methods (Henkelman
and Jonsson, 1999; Olsen et al., 2004) were used to search for tran-
sition state (TS), which corresponds to only one imaginary fre-
quency. The details for calculating relevant energy at 298 K are
presented in the Supplementary Material.

2.2. Surface model

For the pure Pd nanoclusters, experimental studies showed that
the Pd;3, Pdsg and Pdss clusters are the stable magic number nan-
oclusters (Soler et al., 2000; Nayak et al., 1997), which not only
model different sizes of the nanocluster, but also present different
surface structures. In this study, the Pd;3, Pdsg and Pdss nanoclus-
ters with the corresponding diameters of about 5, 8 and 10 A were
used to investigate the size effect of Pd nanocluster on the catalytic
performance of HCOOH decomposition. Meanwhile, aiming at con-
sidering the effect of the composition in the core-shell M@Pd cat-
alysts, different sizes of core-shell Ag,@Pd;;, Ags@Pds;, and
Ag13@Pd,, catalysts were constructed using Ag atoms replacing
Pd atoms in the central groups of Pd;3, Pdsg and Pdss nanoclusters.
The most stable configurations of these nanoclusters and the corre-
sponding adsorption sites were presented in Fig. 1.

Both Pd;3 and Ag;@Pd;, nanoclusters are the icosahedral struc-
tures, including twenty (11 1) faces (Karabacak et al., 2003; Rapps
et al., 2013) with 12 atoms in the shell and one atom in the core, all
the shell atoms have the same coordination number 6. Both Pdsg
and Ags@Pds, nanoclusters with the truncated octahedron struc-
ture are more stable than other isomers (Zhu et al., 2015; Kumar
and Kawazoe, 2003), the shell consists of 24 Pd atoms at the top
of (100) plane and 8 Pd atoms at the center of (111) plane; the
coordination number of the shell Pd atom is 6 and 9. For the Pdss
and Ag,3@Pd,4, nanoclusters, the most stable structure is also a
highly symmetrical structure (Zhu et al, 2015; Kumar and
Kawazoe, 2003; Zhao et al., 1995), in which the outmost layer
has 42 atoms, the second layer has 12 atoms, and the core has an
atom; accordingly, the coordination number of the shell Pd atom
is 6 and 8.

Further, in order to analyze the effect of nanocluster size on the
catalytic performance of HCOOH decomposition, previous studies
about HCOOH decomposition over the Pd(111) and Ag@Pd(111)
surfaces used to model very large sizes of the pure and Ag-
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Fig. 1. Optimized structures for different sizes of Pd3, Pdsg, Pdss, Ag@Pd,, Ags@Pd5,, Ag13@Pd4, nanoclusters, as well as the adsorption sites. Blue and silvery balls denote

Pd and Ag atoms, respectively.

modified Pd nanoclusters (Yang et al., 2020) were also considered
and compared, all surface Pd atoms over the Pd(111) and Ag@Pd
(111) surfaces correspond to the coordination number of 9.

3. Results and discussion
3.1. The proposed pathway of HCOOH decomposition

The adsorbed HCOOH decomposes into different products via
various intermediates based on different decomposition pathways.
Since the first step of HCOOH decomposition involves the C-H, O-H
and C-OH bond cleavage, three possible pathways for HCOOH
decomposition were proposed, as shown in Scheme 1.

Path 1 is the O-H bond scission of HCOOH via the HCOO inter-
mediate; Path 2 is the C-H bond scission via the COOH intermedi-
ate; Path 3 is the C-OH bond scission via the HCO intermediate.
CO, + H; formation may goes through the HCOO and COOH inter-
mediates; whereas CO + H,0 formation may undergoes the COOH
and HCO intermediates. However, previous studies (Yang et al.,
2020; Zhang et al., 2012; Singh et al., 2014; Qi et al., 2015) showed

Path 1

Path 2
HCOOH ——> H+#rans-COOH

— hi-HCOO+H ———> mono-HCOO

that CO formation via the HCO intermediates on the pure Pd and
core-shell M@Pd(M = Cu, Au, Co, Ni, Ag, Al) catalysts is difficult
to occur compared to CO formation via the COOH intermediates.
Thus, Path 3 via the HCO intermediate is excluded in this study,
only HCOOH decomposition via the HCOO and COOH intermedi-
ates are considered.

Fig. S1 presents the stable adsorption configurations of possible
species, the corresponding adsorption free energies and adsorption
sites are listed in Table S1. The activation barrier and reaction
energy of elementary reaction in HCOOH decomposition are listed
in Table S2.

3.2. HCOOH decomposition over the pure Pd,(n = 13, 38, 55)
nanoclusters

3.2.1. HCOOH decomposition via the HCOO intermediate

As shown in Figs. 2-4, in Path I, HCOOH is firstly decomposed
into the co-adsorbed bi-HCOO and H species via the transition state
TSx-1(x = 1-3), which have activation barriers of 23.9, 37.4 and

CO+H

cis-COOH
———————————— > CO+0OH

Path 3
HCO+OH

> CO+H;0

Scheme 1. Proposed reaction mechanism of HCOOH decomposition.
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Fig. 2. Potential energy profile of HCOOH decomposition via the HCOO and COOH intermediates with the initial state, transition states and final states on Pd;3 nanocluster at

298 K.

41.7 kJ-mol~! over the Pdy3;, Pdsg and Pdss, respectively, it is
exothermic by 77.8, 35.4 and 39.6 kJ-mol~!, respectively. Mean-
while, previous studies on Pd(111) surface (Yang et al., 2020)
showed that this reaction has activation barrier of 50.6 kJ-mol~!
and it is slightly exothermic by 1.2 k]-mol~".

Then, beginning with the bi-HCOO intermediates, to facilitate
the H atom falling onto the nanoclusters, the first step is to form
mono-HCOO via the TSx-2(x = 1-3) with the close activation bar-
riers of 89.5, 93.8 and 85.1 kJ-mol~! over the Pd;3, Pdsg and Pdss,
respectively, which is also close to the activation barrier of
92.8 kj-mol~! on Pd(111) surface (Yang et al., 2020). In this step,
the conversion of HCOO intermediates by different adsorption
configurations agrees with the previous studies (Wang et al.,
2014; Zhang et al., 2019; Samjeske and Osawa, 2005; Gao et al.,

2012; Herrero and Feliu, 2018), which were also experimentally
observed over other Pd-based and Pt-based catalysts (Vela
et al,, 1992; Chen et al., 2006; Duan et al., 2016). Further, the tar-
get product CO, is produced by mono-HCOO decomposition via
the TSx-3(x = 1-3) corresponding to the close activation barriers
of 15.5, 19.3 and 18.4 kj-mol~! over the Pd;s;, Pdsg and Pdss,
respectively, this reaction is strongly exothermic by 66.5, 103.5
and 101.7 kJ-mol~!, respectively; the activation barrier on Pd
(111) surface is 7.9 kJ-mol~! (Yang et al., 2020). Thus, bi-HCOO
dehydrogenation to form CO, (HCOO — CO, + H) corresponds
to the overall activation barriers of 89.5, 96.3, 85.1 and
92.8 kJ-mol~! with reaction energies of 1.1, —26.5, —39.9 and
—71.4 kJ-mol~! over the Pd;s, Pdsg, Pdss and Pd(111) (Yang
et al., 2020), respectively.
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Fig. 3. Potential energy profile of HCOOH decomposition via the HCOO and COOH intermediates with the initial state, transition states and final states on Pds;g nanocluster at

298 K.

Above results show that the reaction of HCOO — CO, + H is the
rate-controlled step for HCOOH decomposition via the HCOO inter-
mediate, meanwhile, the size of Pd nanoclusters affect the activa-
tion barrier of trans-HCOOH — HCOO + H and HCOO — CO, + H,
and therefore alter the catalytic activity of HCOOH decomposition
via the HCOO intermediate, especially, the first step of HCOOH
decomposition (trans-HCOOH — bi-HCOO + H), the differences of
activation barrier and reaction energy over different sizes of Pd
nanoclusters is mainly attributed to the adsorption stability of
co-adsorbed HCOO and H species, in which both bi-HCOO and H
species are adsorbed at the stepped plane over the Pd;s, Pdsg and
Pdss nanoclusters, whereas those are adsorbed at the flatted Pd
(111) plane.

3.2.2. HCOOH decomposition via the COOH intermediate
In Path II, trans-HCOOH is firstly isomerized to form cis-HCOOH
aiming at facilitating the C-H bond breakage via the TSx-4(x = 1-3),

which is also confirmed by previous studies on PtAu catalysts
(Duan et al,, 2016); this reaction has the activation barriers of
60.9, 70.9, 72.5 and 70.8 k]-mol~! over the Pd;s, Pdsg, Pdss nan-
oclusters and Pd(111) (Yang et al., 2020), respectively.

Then, the C-H bond breakage of cis-HCOOH can produce the co-
adsorbed trans-COOH and H species via the TSx-5(x = 1-3), which
correspond to the activation barriers of 1.0, 12.8, 16.5 and
31.5 kl-mol~!, and it is exothermic by 99.1, 78.4, 66.9 and
57.3 kJ-mol~", respectively. Thus, trans-HCOOH — COOH + H has
the overall activation barriers of 60.9, 70.9, 70.1 and 70.8 kj-mol ™!
with the reaction energies of —47.1, —27.8, —36.1 and —31.6 k]-m
ol~! over the Pd;s, Pdsg, Pdss and Pd(111), respectively. Starting
with the trans-COOH intermediates, it goes through the O-H or
C-OH bond cleavage to produce CO, or CO.

For CO, formation via the TSx-6(x = 1-3), the activation barriers
are 37.2, 50.4, 61.0 and 60.1 kJ-mol~! over the Pdy3, Pdsg, Pdss and
Pd(111), respectively, suggesting that the activity of CO, formation
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Fig. 4. Potential energy profile of HCOOH decomposition via the HCOO and COOH intermediates with the initial state, transition states and final states on Pdss nanocluster at

298 K.

decreases with the size increasing of Pd nanoclusters. Meanwhile,
trans-HCOOH — COOH + H is the rate-controlled step for HCOOH
decomposition via the COOH intermediate to form CO,.

For CO formation, two routes exist, one is the isomerization of
trans-COOH to cis-COOH (TSx-7(x = 1-3)), followed by the dissoci-
ation of cis-COOH intermediate (TSx-8(x = 1-3)); the other is the
dissociation of trans-COOH via the TSx-9(x = 1-3). For the former,
trans-COOH is firstly isomerized to cis-COOH by the O-H bond rota-
tion, followed by the O-H bond cleavage of cis-COOH to form CO,
the overall activation barriers are 101.9, 108.6, 83.0 and
81.8 kl-mol~!, and it is exothermic by 96.9, 96.9, 72.9 and
10.9 kJ-mol~! over the Pd;3, Pdss, Pdss and Pd(111), respectively.
The latter route has the activation barriers of 101.7, 107.8, 84.1
and 79.1 kJ-mol~! over the Pd;3, Pdsg, Pdss and Pd(111), respec-
tively. It is found that two routes of CO formation is energetically
competitive; moreover, the structures of TSx-8 and TSx-9 are sim-
ilar and the C-O bond length of CO is close over the Pdq3 (1.934 vs.

1.908 A), Pdsg (2.022 vs. 2.006 A), Pdss5 (1.812 vs. 1.856 A) and Pd
(111) (2.000 vs. 2.002 A) (Yang et al., 2020), respectively. Thus,
CO formation has two parallel routes, the activity of CO formation
increase with the size increasing of Pd nanoclusters. The reaction
trans-COOH — CO + OH is the rate-controlled step for HCOOH
decomposition via the COOH intermediate to form CO.

3.3. HCOOH decomposition over the Ag;@Pd;,, Ags@Pd3, and
Ang@P d42

3.3.1. HCOOH decomposition via the HCOO intermediate

See Figs. 5-7, in Path I, trans-HCOOH — HCOO + H via the TSx-1
(x = 4-6) has the activation barriers of 22.3, 44.8 and 32.1 kj-mol ',
and it is exothermic by 71.1, 46.9 and 44.1 k]-mol~ over the Ag,@-
Pdy,, Ags@Pds; and Ag;3@Pd,,, respectively. Meanwhile, the acti-
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vation barrier is 32.8 k]-mol~! on Ag@Pd(111) surface (Yang et al.,
2020), and it is exothermic by 27.5 kJ-mol ™.

Then, starting from bi-HCOO intermediates, HCOO — CO, + H
has the overall activation barriers of 96.2, 90.6, 82.5 and
61.4 k]-mol~" with the reaction energies of —2.8, —19.8, —56.5
and —95.1 kJ-mol~! on the Ag,@Pd;,, Ag¢@Pds,, Ag3@Pds, and
Ag@Pd(111), respectively. These results show that HCOO — CO, +H
is the rate-controlled step for HCOOH decomposition via the HCOO
intermediate, and the activity of CO, formation increases with the
size increasing of Ag-modified Pd nanoclusters.

3.3.2. HCOOH decomposition via the COOH intermediate
In Path II, the reaction of trans-HCOOH — trans-HCOO + H via
the cis-HCOOH intermediate has the overall activation barriers of

57.6, 64.8, 59.2 and 67.5 kJ-mol~! with reaction energies of
—47.1, -29.0, —41.7 and —57.5 kJ-mol~! over the Ag,@Pd,,, Ags@-
Pds3,, Ag13@Pd4; and Ag@Pd(111) (Yang et al., 2020), respectively.

Starting with the trans-COOH intermediates, CO, formation via
the TSx-6(x = 4 ~ 6) corresponds to the activation barriers of 41.7,
50.1, 49.4 and 46.7 kJ-mol~! over the Ag,;@Pd;», Agc@Pd,, Ag,5@-
Pd4, and Ag@Pd(111), respectively. Meanwhile, the reaction of
trans-HCOOH — COOH + H is the rate-controlled step for HCOOH
decomposition via the COOH intermediate to form CO,.

Starting with the trans-COOH intermediates, for CO formation,
the C-OH bond cleavage of trans-COOH to form CO has the activa-
tion barriers of 99.2, 117.2, 91.1 and 83.4 kJ-mol~! over the Ag,@-
Pdy;, Ags@Pds;, Agi;3@Pdy; and Ag@Pd(111), respectively.
Alternatively, the isomerization of trans-COOH to cis-COOH, fol-

1204
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Fig. 5. Potential energy profile of HCOOH decomposition via the HCOO and COOH intermediates with the initial state, transition states and final states on Ag;@Pd;, at 298 K.
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Fig. 6. Potential energy profile of HCOOH decomposition via the HCOO and COOH intermediates with the initial state, transition states and final states on Ags@Pds, at 298 K.

lowed its O-H bond cleavage to form CO, has the overall activation
barriers are 96.5, 105.5, 84.0 and 86.7 k]-mol !, and it is exother-
mic by 87.9, 74.4, 95.6 and 44.3 k]-mol~! over the Ag,@Pd,, Agc@-
Pds,, Ag13@Pd,4; and Ag@Pd(11 1), respectively. These results show
that the route via the cis-COOH intermediate is slightly favorable in
kinetics than trans-COOH direct dissociation. trans-COOH — CO + O-
H is the rate-controlled step for HCOOH decomposition via the
COOH intermediate to form CO.

3.4. General discussion

3.4.1. The effects of cluster size and composition on the optimal route
For CO formation, as shown in Figs. 2-7, HCOOH decomposition
mainly goes through COOH intermediate to produce CO over differ-

ent sizes of Pd and Ag-modified Pd nanoclusters, in which two
routes exist, one is trans-COOH dissociation; the other is the disso-
ciation of cis-COOH intermediate from the isomerization of trans-
COOH. Over the Pd;3, Pdsg and Pdss, these two routes are energet-
ically competitive and simultaneously contribute to CO formation.
However, the route via the cis-COOH intermediate to form CO is
favorable than trans-COOH direct dissociation to form CO over
the Ag;@Pd,,, Ags@Pds, and Ag,3@Pd,, nanoclusters, namely, the
route via the cis-COOH intermediate dominantly contribute to CO
formation. Further, trans-COOH — CO + OH is the rate-controlled
step for HCOOH decomposition via the COOH intermediate to pro-
duce CO.

For CO, formation, as shown in Figs. 2-7, based on the rate-
controlled step of HCOOH decomposition route via the HCOO or
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Fig. 7. Potential energy profile of HCOOH decomposition via the HCOO and COOH intermediates with the initial state, transition states and final states on Ag,3@Pd,, at 298 K.

COOH intermediate, CO, prefers to be formed through the COOH
intermediate; meanwhile, CO, can be also formed via the HCOO
intermediate on different size of pure Pd and Ag-modified Pd
nanoclusters.

Based on above results, HCOOH decomposition prefers to
undergo COOH intermediate route to produce CO and CO,, respec-
tively; alternatively, CO, can be also formed via the HCOO interme-
diate route over different sizes of Pd and Ag-modified Pd
nanoclusters, suggesting that the cluster size of the pure Pd and
Ag-modified Pd nanoclusters has weak effect on the optimal route
of HCOOH decomposition to form CO and CO,. However, compared
to the pure Pd nanoclusters, the composition in the Ag-modified Pd

nanoclusters changes the optimal route of HCOOH decomposition
to form CO.

3.4.2. The reason why COOH dissociation is more favorable CO, rather
than CO

As mentioned above, the formation of CO and CO, in HCOOH
decomposition undergoes the common trans-COOH intermediate;
moreover, trans-COOH dissociation is more favorable for CO, for-
mation via the O-H bond cleavage in kinetics rather than CO forma-
tion via the C-O bond cleavage. To better clarify the reason, the
differential charge density of trans-COOH intermediate over the
pure and Ag-modified Pd nanoclusters were analyzed. As shown
in Fig. 8, the charge accumulation between H atom and catalyst
surface makes the O-H bond cleavage more easily to generate
CO, on the Pd,(n = 13,38,55) and Ag,,@Pd,(m + n = 13,38,55). In
other words, there is an electron group of H atom toward the cat-
alyst, which is beneficial to the O-H bond breakage to produce CO-.
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Moreover, the dissociated H species have stronger adsorption
energy than the dissociated OH species via the C-O bond cleavage.
In addition, starting from trans-COOH intermediate, previous stud-
ies also supported our calculated results, for example, the studies
by Zhang et al. (Zhang et al., 2012; Duan et al., 2016) found that
the O-H bond cleavage was much favored in kinetics than the C-
O bond cleavage on the periodic Pd(111), Pt(111) and Pty;Au
(111) surfaces, which was also similar to the studies by Scaranto
and Mavrikakis on Pd(111) surface (Scaranto and Mavrikakis,
2016). He et al. (He et al., 2016) investigated the catalytic activity
of Cu;@Pd3(111) in HCOOH dissociation, indicating that trans-
COOH is more favorable for CO, formation in kinetics than CO
formation.

3.4.3. The effects of cluster size and composition on catalytic
performance

To better understand the effect of cluster size and composition
on catalytic performance of HCOOH decomposition, firstly, the
activation barrier difference of the rate-controlled step between
CO, and CO formation in the optimal formation path is used as a
descriptor (Wang et al., 2014; Yang et al.,, 2020; Zhang et al.,
2019) to quantify the effect of cluster size and composition on
the selectivity of HCOOH decomposition. More negative difference

Side view

Top view

Side view

Top view

Agi@Pd12

signifies more favorable formation of CO, and the lower CO pro-
duction. As shown in Fig. 9, the activation barrier differences
between CO, and CO are —40.8, —36.9, —10.5 and —8.3 k]-mol”
over the Pd;3, Pdsg, Pdss and Pd(111); those are —38.9, —40.7,
—24.8 and -22.0 kJ-mol~! over the Ag;@Pd;,, Agg@Pds,, Ags@Pd3,
and Ag@Pd(111), respectively. Moreover, the activation barriers
for the rate-controlled step of CO formation via the COOH interme-
diate and CO, formation via the HCOO intermediate showed that
CO, formation is also energetically competitive or favorable than
CO formation, namely, there are HCOO intermediate in HCOOH
decomposition to form CO,. Thus, DFT results show that CO, is
the dominant product on the pure and Ag-modified Pd clusters;
moreover, CO, selectivity decreases with the increasing of nan-
ocluster size.

On the other hand, microkinetic modeling (Liu et al., 2003; Cho
et al.,, 2017; Ling et al., 2017; Choi and Liu, 2009) were further
employed to investigate the activity and selectivity of HCOOH on
different sizes of Pd and Ag-modified Pd catalysts, which can well
consider the effects of reaction temperature, pressure (Pycoony = 1-
atm, T = 298 K), and the terms of surface coverage for all interme-
diates in HCOOH decomposition under the realistic conditions. As
listed in Table 1, microkinetic modeling results show that CO,
selectivity in HCOOH decomposition on different sizes of Pd and

Agiz@Pds

Fig. 8. The charge redistribution with the difference charge density for trans-COOH intermediate over the Pd;3, Pdsg, Pdss, Ag1@Pd,, Ags@Pds,, Ag13@Pd4, nanoclusters. The
blue and yellow shaded regions represent the charge loss and charge gain, respectively.

Ags@Pd32
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Fig. 9. The activation barrier of the rate-controlled step for the optimal path of
HCOOH decomposition over the Pdi3, Pdsg, Pdss, Ag@Pd,, Age@Pds,, Agi3@Pdy,
nanoclusters, Pd(111) and Ag@Pd(111) surfaces (Yang et al., 2020).

Ag-modified Pd nanoclusters can reach 99.90%; meanwhile, the
high surface coverage of HCOO intermediate is involved in the
route of HCOOH decomposition to form CO,, namely, HCOO inter-
mediate route mainly contributes to CO, formation under the real-
istic experiment conditions. Overall, DFT and microkinetic
modeling results show that CO, is the dominant product on the
pure and Ag-modified Pd clusters irrespective of the cluster size
and composition.

As shown in Fig. 9(a), DFT results show that CO, formation has
the activation barriers of 60.9, 70.9, 72.5 and 70.8 k]-mol~! over the
Pd;3, Pdsg, Pdss and Pd(111), respectively; moreover, as listed in
Table 1, microkinetic modeling results show that the correspond-
ing rates of CO, formation are 4.16 x 107'!, 6.63 x 10719
4.67 x 1072° and 1.07 x 107!¢ s~Lsite™!; namely, the activity of
CO, formation follows the order of Pd;3 > Pd(111) > Pdsg > Pdss.
As shown in Fig. 9(b), those of CO, are 57.6, 64.8, 59.2 and
61.4 kJ-mol~! over the Ag;@Pd;,, Ags@Pds, Agi3@Pdy, and
Ag@Pd(111), respectively; the corresponding rates of CO, forma-
tion are 557 x 107!, 126 x 107", 852 x 107 and
1.99 x 107'7 s lsite”!; namely, the activity of CO, formation fol-
lows the order of Ag;@Pd;, > Ag;3@Pds, > Ags@Pds;, > Ag@Pd
(111). Thus, the pure and Ag-modified Pd nanocluster with the
small size exhibit higher activity toward CO, formation in HCOOH

Table 1

decomposition. Moreover, when the size of the pure and Ag-
modified Pd nanocluster is the same, compare to the pure Pd, the
composition in the Ag-modified Pd improves the activity of
HCOOH decomposition to form CO,.

The adsorption of HCOOH, HCOO and COOH intermediates
involving in HCOOH decomposition are very key for the activation
of these intermediates to form CO,, as listed in Table S1, HCOOH,
HCOO and COOH adsorption energies on the Pd,(n = 13,38,55)
and Ag,,@Pd,(m + n = 13,38,55) nanoclusters generally decrease
with the increasing of the cluster size, namely, the Pd;5; and Ag,@-
Pd;, nanoclusters is more favored for the adsorption of these inter-
mediates due to the lower surface metal-coordination numbers in
comparison with those on the Pd,(n = 38,55) and Ag,,@Pd,,(m + n =
38,55) nanoclusters due to the higher metal-coordination num-
bers. Further, the projected density of states and d-band analysis
were carried out to give out a physical explanation of this phe-
nomenon, the d-band center (&4) of surface Pd atoms on the pure
and Ag-modified Pd nanoclusters are analyzed, as shown in
Fig. 10, among the Pd,(n = 13,38,55), Ag,,@Pd,(m + n = 13,38,55)
nanoclusters, Pd(111) and Ag@Pd(11 1) surfaces, with the decreas-
ing of the nanocluster size, the ¢4 for Pd atoms is shifted upward,
meanwhile, a upward shift of &g would lead to the weak interaction
between the adsorbed species and metal nanoclusters (Li and Eric
Croiset, 2012; Huo et al., 2009). This result well explains the higher
adsorption energies of HCOOH, HCOO and COOH intermediates on
the Pd;3 and Ag;@Pd;, nanoclusters than those on the Pd,(-
n = 38,55) and Ag,,@Pd,(m + n = 38,55) nanoclusters, thus, Pd;3
and Ag@Pd,, are more favorable for the adsorption and activation
of HCOOH, HCOO and COOH intermediates to form CO, in compar-
ison with Pd,(n = 38,55) and Ag,,@Pd,(m + n = 38,55).

As shown in Figs. 2-7, HCOOH dehydrogenation to HCOO and
COOH, as well as HCOO and COOH dehydrogenation to form CO,
on the pure and Ag-modified Pd,3 nanoclusters is still energetically
favored or competitive compared to other large sizes of the pure
and Ag-modified Pd nanoclusters. Correspondingly, the &4 of Pd3
(-1.31 eV) and Ag,@Pd;, (—1.29 eV) are much close to the Fermi
level corresponding to better activity toward HCOOH dehydro-
genation to form CO, among these types of catalysts. Moreover,
compared to Pd,(n = 13,38,55), the g4 of Ag,,@Pd,(m + n = 13,38,
55) with the same size is also close to the Fermi level, which pre-
sent better catalytic activity, the promoter Ag changes the activity
by changing the d-band center of Pd catalysts. In general, the closer
the &4 from the Fermi level is, the better the activity of CO, forma-
tion is, which provides physical origin of the difference for the
activity of HCOOH decomposition to CO, on the Pd,(n = 13,38,55)
and Ag,,@Pd,(m + n = 13,38,55) nanoclusters.

In summary, the small particles of the pure Pd and Ag-modified
Pd nanoclusters exhibit better activity and selectivity toward
HCOOH decomposition to produce CO,. For the pure Pd nanoclus-
ter, our results are consistent with the experiments (Huang et al.,

The formation rates (s~ '-site™!) of CO, and CO over the Pd;s, Pdsg, Pdss, Pd(111) (Yang et al., 2020); Ag,@Pd;,,
Age@Pd3;, Ag13@Pdy; and Ag@Pd(111) surfaces (Yang et al., 2020) at 298 K, as well as the relative selectivity of CO, and

Co.
Catalysts Formation rate Selectivity
CO, co Co, co

Pdy5 416 x 10711 3.44 x 10715 99.99 0.01
Pdsg 6.63 x 10719 145 x 107% 99.99 0.01
Pdss 467 x 10720 5.85 x 102 99.87 0.13
Pd(111) 1.07 x 10716 494 x 10720 99.99 0.01
Ag@Pd;, 5.57 x 1011 1.02 x 10713 99.99 0.01
Ag@Pds, 126 x 10715 7.59 x 10722 99.99 0.01
Ag13@Pd, 852 x 1071 1.51 x 10720 99.99 0.01
Ag@Pd(111) 1.99 x 10717 3.56 x 1072 99.99 0.01
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Fig. 10. Partial density of states for the surface Pd atoms of Pd;3, Pdsg, Pdss, Ag@Pd;,, Age@Pd3,, Ag13@Pdy4, nanoclusters, Pd(111) and Ag@Pd(11 1) surfaces (Yang et al.,
2020). The vertical dashed lines denote the location of the d-band center of surface Pd atom. The vertical solid lines represent the Fermi level.

2009; Kim and Kim, 2019; Zhou et al., 2006) that the smaller size of
Pd nanoparticle exhibited higher activity and selectivity toward
CO, formation in HCOOH decomposition. Meanwhile, compared
to the pure Pd nanocluster, Ag,,@Pd, nanocluser not only reduced
the usage of precious metal Pd, but also exhibited better activity
and selectivity toward HCOOH decomposition to form CO,. More-
over, previous experimental results also supported our calculated
results that Ag@Pd catalyst promoted the decomposition rate of
HCOOH, for example, (Mori et al., 2013) believed that the activity
of HCOOH decomposition to form CO, and H, strongly depended
on the existence of the core Ag atom in the PdAg nanoparticles,
which was obviously superior to the pure Pd and Ag catalysts.
Jiang et al. (2012) concluded that Ag@Pd catalyst significantly
improved the activity of HCOOH decomposition and enhanced
the stability of Pd. Further, Tedsree et al. (2011) showed that
Ag@Pd catalyst greatly increased the yield of CO, and H, in HCOOH
decomposition compared to the pure Pd. Mandal and co-workers
(Mandal et al., 2015) showed that the highest yield of H, in HCOOH
decomposition was obtained over the AgPd catatlyst with the Ag:
Pd ratio of 1: 1.

4. Conclusions

In this study, the size and composition effects of the nanoclus-
ters on the activity and selectivity of HCOOH decomposition on dif-
ferent sizes of pure and Ag-modified Pd nanoclusters was revealed
using DFT calculations and microkinetic modeling. Pd,(n=13,38,55)
and Ag,,@Pd,, (m + n = 13,38,55) nanoclusters were considered. The
results show that HCOOH decomposition dominantly undergoes
COOH intermediate to produce CO and CO, instead of that via
HCOO intermediate, namely, HCOOH decomposition to form CO

and CO, undergoes common intermediate COOH irrespective of
the cluster size and composition. Meanwhile, COOH dissociation
is more favorable for CO, formation in kinetics than CO, which is
attributed to that the charge accumulation between H atom and
catalyst surface makes the O-H bond cleavage more easier on the
Pd,(n = 13,38,55) and Ag,,@Pd,(m + n = 13,38,55). Further, small
size of Pdy3 and Ag,@Pd;, nanoclusters present higher activity
and selectivity toward CO, formation than large sizes of Pd,(-
n = 38,55) and Ag,,@Pd,(m + n = 38,55) nanoclusters; moreover,
when the size of the pure and Ag-modified Pd nanocluster is same,
compare to the pure Pd, Ag in the Ag-modified Pd improves the
activity and selectivity of HCOOH decomposition to CO,, and
decrease the usage dose of noble metal Pd. The better catalytic per-
formance for small size nanoclusters and Ag composition is attrib-
uted to that the d-band center is more close to the Fermi level. The
results of this study not only clarify the effects of cluster size and
composition on the activity and selectivity of HCOOH decomposi-
tion, but also provide a method to evaluate the catalytic perfor-
mance of other Pd-based nanoclusters by adjusting the size of
the nanocluster and changing the core metal type of the
nanocluster.
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