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ARTICLE INFO ABSTRACT

The core-shell bimetallic catalysts have exhibited unique catalytic performance due to the bimetallic synergetic
effect. In this work, the catalytic activity and selectivity of HCOOH dissociation on the Mre@Pdghen(M = Cu,
Au, Co, Ni, Ag, Al) catalysts are investigated to reveal the effect of the core metal on the shell Pd catalytic
performance. Density functional theory calculations with microkinetic modeling are used. The results showed
that compared to the Pd catalyst, M@Pd(M = Au, Co, Ni, Ag) catalysts are highly selective to CO, formation,
while Al@Pd is favorable for CO formation. Especially, Ag@Pd catalyst not only presents the best activity and
selectivity toward CO, generation, but also decreases CO adsorption ability to inhibit its poisoning and reduce
noble Pd usage. The analysis of the electronic properties about the average Bader charge and d-band center
corresponding to the shell Pd identify the function of the core metal type in adjusting the shell Pd catalytic
performance toward HCOOH dissociation, in which the ligand effect caused by charge transfer between the core
metal to the shell Pd plays a key role. This study provides valuable information for the improved performance of
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the core-shell bimetallic catalysts by altering the types of core metal.

1. Introduction

In recent years, formic acid (HCOOH) has been paid extensive at-
tentions based on its wide range of sources, high mass density, and its
weight and volume hydrogen capacity [1-6]. The dissociation of
HCOOH can produce CO, and H, at room temperature, and hydrogen is
used as energy source. At present, there are two common mechanisms
for HCOOH dissociation, one is a direct path and the other is an indirect
path [7-10]. The direct pathway occurs via the O—H scission of HCOOH
to form HCOO,q intermediate, followed by its C—H scission to form
COs. In contrast, the indirect pathway produces CO via COOH,g4 inter-
mediate, which may poison the catalyst; alternatively, the dehy-
drogenation of COOH,q4 intermediate can also product CO,. Further,
HCOOH dissociation also occur via HCO intermediate [11-13], namely,
HCOOH break the C—OH bond to form HCO, and then the C—H bond
scission of HCO to produce toxic CO. Therefore, in order to realize
HCOOH dissociation to produce hydrogen source at room temperature,
it is necessary to develop the catalyst with high selectivity and activity
toward CO, formation, namely, inhibiting CO formation.

Palladium (Pd) is considered to be the most active monometallic
element in HCOOH dissociation [14,15]. However, the catalytic per-
formance of pure Pd catalysts is prone to degradation due to the toxic
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effects of CO [16,17]. In order to improve the anti-CO poisoning per-
formance of Pd catalyst and decrease the usage amount of precious
metal Pd, the incorporation of the second non-noble metal into Pd
catalyst is an applicable approach to increase the catalytic activity of Pd
and reduce the catalyst cost, such as PdSn [18,19], PdNi [20-22], PdAg
[23-25], PdCu [26-28], PdCo [29], and so on. Up to now, extensive
studies have also experimentally and theoretically showed that the
core-shell bimetallic catalysts exhibit excellent catalytic performance
for HCOOH dissociation [28,30,31]. This is closely related to the
electronic properties of the metal surfaces induced by the core metal
types, which is called as ligand effect [30,31], in which the charge
transfer occur between the core and the shell, the electronic properties
of shell surface is optimized. Such as, Tedsree and his colleagues [32]
found that the hydrogen production rate in HCOOH dissociation over
the Ag@Pd core-shell catalysts was higher by 5 times than that of its
corresponding alloy catalysts, which is attributed to the ligand effect
caused by charge transfer from the core Ag to the shell Pd. For the pure
Pd and Au, the Pd-Au random mixing to form the alloy and core-shell
catalysts, the Pd@Au catalysts present the best catalytic activity and
selectivity toward CO. generation in HCOOH dissociation [33,34],
however, it is not clear whether it is also caused by the electronic effect.
Mori et al. [35] showed that CO, hydrogenation to HCOOH has good
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selectivity due to the electronic effect caused by Ag atom on the
Pd@Ag/TiO, catalyst, and its activity is higher than that of Pd/TiO,
catalyst. However, up to now, a fundamental understanding the effect
of the core metal incorporation in the core-shell M@Pd bimetallic
catalysts on the catalytic performance of the shell Pd toward HCOOH
dissociation were still unclear, as a result, a general information about
the design clue of the core-shell M@Pd bimetallic catalysts for the se-
lectivity and activity improvement of HCOOH dissociation to product
H, and CO, cannot be provided.

In this work, aiming at identifying the effect of core metal type on
the shell Pd catalytic activity and selectivity in HCOOH dissociation,
the possible mechanism of HCOOH dissociation over a series of M@
Pdgpen(M = Cu, Au, Co, Ni, Ag, Al) bimetallic catalysts have been fully
investigated utilizing the combination of density functional theory
(DFT) calculations with microkinetic modeling. Then, the Pd catalyst
was used as a reference, the catalytic activity and selectivity of HCOOH
dissociation on the Mo @Pdge catalysts were evaluated to obtain the
effect of core metal type on the shell Pd catalytic performance. The
results are expected to provide a valuable clue for designing efficient,
low-cost core-shell Pd-based bimetallic catalysts in HCOOH dissocia-
tion.

2. Computational details
2.1. Computational method

All calculations were performed based on the Vienna ab initio si-
mulation package (VASP) [36-38]. The projector augmented wave
(PAW) pseudopotentials were used to calculate the interaction between
the core ions and the valence electrons [39]. The correlation potentials
of ion-electron exchange were approximated by the generalized gra-
dient approximation of GGA and PBE (Perdew-Burke-Ernzerhof) func-
tions [40-42]. The cut-off energy of plane wave basis was 400 eV and a
(3 x 3 x 1) k-point grid was established by using Monkhorst-Pack
method [43]. The convergence results were obtained when the total
energy change between two continuous steps is less than 1 x 10~ >eV
and the force constant is less than 0.03 eV A, respectively. Spin polar-
ization was considered. The combination of the climbing-image nudged
elastic band (CI-NEB) [44,45] and dimer methods [46,47] was used to
search the transition states (TS). Frequency analysis was performed to
verify the transition state structure corresponding to only one ima-
ginary frequency. Further, HCOOH dissociation typically occurs under
the room temperature (298 K) [48-51], thus, the energy values in-
cluding adsorption and reaction were calculated at 298 K in this study
(see details in the Part 1 of Supplementary Material).

2.2. Computational model

It is well-known that the mostly exposed surface of face-centered-
cubic (FCC) metal is the (1 1 1) surface, such as the metals Pd, Cu, Au,
Ag, Co, Ni and Al [25,52-57], which corresponds to the lattice con-
stants of 3.955, 3.623, 4.078, 4.086, 3.544, 3.523, and 3.992A, re-
spectively [58]. Here, three-layer p(3 x 3) Pd(111), Cu(111), Au
(111), Ag(111), Co(111), Ni(111) and Al(111) surfaces are con-
structed to simulate the Pd, Cu, Au, Ag, Co, Ni and Al catalysts. A 15 A
vacuum gap is set to avoid the slab interaction in the z direction. For the
core-shell M@Pd(M = Cu, Au, Co, Ni, Ag, Al) bimetallic catalysts, they
are modeled by replacing the monolayer surface M atoms of M(111)
(M = Cu, Au, Co, Ni, Ag, Al) surface with the Pd atoms, respectively.
Further, the top two layers together with the adsorbed species are re-
laxed, and the bottom layer is fixed during the calculations. The opti-
mized structures of the pure Pd and Me @Pdghen(M = Cu, Au, Co, Ni,
Ag, Al) catalysts are presented in Fig. 1.
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3. Results and discussion

The dissociation of HCOOH starts from its adsorption of gaseous
form onto the catalyst surface; subsequently, it generates different in-
termediates by activating the C—H, O—H and C—OH bonds. On the basis
of previous studies [7-13], four possible paths can be obtained for
HCOOH dissociation, as shown in Scheme 1, Paths 1 and 2 go through
the corresponding HCOO and COOH intermediates to produce COo;
Path 3 goes through the COOH intermediate to produce CO; Path 4 is
the C—OH bond scission of HCOOH to generate the HCO intermediate,
followed CO generation through the C—H bond scission of HCO.

The adsorption of all species involved in the four paths of HCOOH
dissociation are firstly examined on the pure Pd and core-shell Cu@Pd,
Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd catalysts. Fig. S1 and Table S1
present the most stable configurations of all adsorbed species, the key
geometric parameters and adsorption free energies.

3.1. HCOOH dissociation over the Pd and M, @Pdpey catalysts

3.1.1. Formation of CO,

For the Path 1, see Figs. 2-8, firstly, trans-HCOOH absorbed at the
top Pd site goes through the O—H bond scission via the transition state
TSx-1(x = 1-7) to produce the HCOO and H species, where the bi-
HCOO binds to the Pd-Pd bridge sites, and H is located at the near fcc
site. This step have the corresponding activation barriers of 50.6, 55.2,
39.9, 57.0, 65.7, 32.8 and 68.3 kJ-mol ! on the pure Pd and core-shell
Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd catalysts, respec-
tively. Previous DFT studies [59] also showed that this step over the Au-
decorated Pd catalysts corresponds to the activation barrier of about
44 kJ-mol ~'. Meanwhile, this reaction is endothermic by 18.8, 44.9 and
37.8 kJ'mol ! on the Cu@Pd, Co@Pd and Ni@Pd catalysts, while those
are exothermic by 1.2, 17.7, 27.5 and 35.7 kJ'mol~! on the Pd, Au@Pd,
Ag@Pd and Al@Pd catalysts, respectively, which is attributed to the
stronger adsorption ability of bi-HCOO on these catalysts. Then, the bi-
HCOO species can isomerize to form mono-HCOO via the transition state
TSx-2(x = 1-7), which facilitates the placement of H atoms and the
cleavage of C—H bond; it is found that bi-HCOO takes a high activation
barrier to form metastable mono-HCOO intermediate, they are 92.8,
78.0, 77.7, 78.6, 77.5, 61.4 and 89.2kJmol ! on the Pd and M@Pd
(M = Cu, Au, Co, Ni, Ag, Al) catalysts. This step is disadvantageous in
dynamics, which is similar to our previous work on PtAu catalysts [60].
This explains why only surface HCOO intermediates were observed on
Pd and Pt catalyst [61,62]. Further, mono-HCOO via the transition state
TSx-3(x = 1-7) breaks the C—H bond to easily produce the H and CO.,
where CO, leaves the catalyst surface to become gas phase; the corre-
sponding activation barriers are 7.9, 4.9, 5.5, 0.7, 1.8, 6.2 and
29.4kJmol ™! on the pure Pd and core-shell Cu@Pd, Au@Pd, Co@Pd,
Ni@Pd, Ag@Pd, Al@Pd catalysts, respectively; and it is a strong exo-
thermic reaction. For mono-HCOO — CO, + H, extensive DFT calcula-
tions [45,59,60] also showed that this step is advantageous in kinetics
with the activation barrier of about 10 kJ'mol ! on the Pd, PtAu and
PdCu catalysts. From the above analysis, it can be concluded that the
activation barrier of trans-HCOOH —HCOO + H and HCOO —
CO, + H on the Ag@Pd catalyst can be reduced in comparison with the
Pd catalyst; namely, the core-shell Ag@Pd catalyst presents better ac-
tivity of HCOOH dissociation to produce CO, via the HCOO inter-
mediate.

In Path 2, trans-HCOOH firstly rotate the H—C—O bond via the
transition state TSx-4(x = 1-7) to convert into cis-HCOOH, as a result,
the C—H bond of cis-HCOOH towards the catalysts surface is beneficial
for its cleavage. The corresponding activation barriers are 70.8, 59.6,
68.2, 58.4, 54.3, 67.5 and 60.9 kJ-mol ! on the pure Pd and core-shell
Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd catalysts, respec-
tively. These reactions are endothermic by 25.7, 14.8, 30.3, 22.6, 20.0,
10.6 and 11.7 kJ'mol ~*. For the conversion of the trans-HCOOH —> cis-
HCOOH, this is consistent with the previous calculation by Duan et al.
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Fig. 1. Side and top views of the optimized
configurations of Pd and M@Pd(M = Cu, Au, Co,
Ni, Ag, Al) catalysts together with the corre-
sponding adsorption sites and surface Pd-Pd
bond length. (Bond length: ;\).
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Scheme 1. Proposed reaction mechanism of HCOOH dissociation over the Pd, Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd and Al@Pd catalysts.

[60]. Subsequently, the C—H bond scission of cis-HCOOH can produce
the COOH and H through the transition state TSx-5(x = 1-7), where the
adsorbed trans-COOH binds to the top Pd sites, H is adsorbed at the near
fcc site. The corresponding activation barriers are 31.5, 50.8, 24.3,
67.7, 56.5, 32.2 and 67.4kJ-mol ™!, respectively; these reactions are
endothermic by 14.0, 0.8 and 39.1 kJ:mol ! on the M@Pd(M = Co, Ni,
Al) catalysts, those are exothermic by 57.3, 32.2, 71.4 and
68.1kJmol ™! on the Pd, Cu@Pd, Au@Pd and Ag@Pd catalysts, re-
spectively, which is attributed to that the trans-COOH has a higher
adsorption ability on these catalysts; this agrees with the calculated
results by Yuan and co-workers [59] on PdAu catalyst with different
Pd/Au proportions. Finally, trans-COOH breaks the C—H bond to pro-
duce CO, and H via the transition state TSx-6(x = 1-7), in which CO, is
far away from the catalyst surfaces. The corresponding activation bar-
riers are 60.1, 57.7, 51.0, 61.5, 64.0, 46.7 and 95.5 kJ'mol ~! over the
seven catalysts, and they are all strong exothermic reactions. Based on
above analysis, compared to the Pd catalyst, the activation barrier of
trans-HCOOH — COOH + H and COOH — CO, + H reactions on the
Ag@Pd catalyst can be reduced or comparable in kinetics; namely,
HCOOH dissociation over the core-shell Ag@Pd catalyst still has better

catalytic activity toward CO, formation in the path of COOH inter-
mediate. In addition, the C—H bond scission of cis-COOH leading to CO,
and H is also considered; our calculated results found that cis-COOH
isomerization to trans-COOH must be firstly needed instead of its C—H
bond cleavage.

3.1.2. Formation of CO

Path 3 also begins with the co-adsorption of trans-COOH and H. The
formation of CO comes from two ways via the trans- and cis-COOH in-
termediates. The co-adsorbed CO and OH species are directly formed
through the C—O bond scission of trans-COOH via the transition state
TSx-7(x = 1-7), generally CO fall at the hollow sites; the corresponding
activation barriers are 79.1, 127.7, 75.1, 94.5, 94.4, 83.4 and
53.7 kJ'mol ~! on the pure Pd and core-shell Cu@Pd, Au@Pd, Co@Pd,
Ni@Pd, Ag@Pd, Al@Pd catalysts, in which the Al@Pd catalyst is fa-
vorable for CO formation compared to the pure Pd catalyst. As for cis-
COOH, it comes from the trans-COOH by rotating the O—H bond via the
transition state TSx-8(x = 1-7) with the corresponding activation bar-
riers of 51.3, 48.6, 44.6, 47.2, 42.8, 51.1 and 53.7 kJ'mol "' over the
seven catalysts, subsequently, the formation of CO via the transition
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Fig. 2. Potential energy profiles of HCOOH dissociation via the pathways of HCOO, COOH and CHO intermediates with the initial states, transition states (TSs) and

final states over the pure Pd catalyst. Bond length is in A.

state TSx-9(x = 1-7) are 71.5, 71.3, 62.5, 81.5, 88.8, 72.4 and
47.9 kJ-mol ™! over the seven catalysts, in which the Al@Pd catalyst is
still favorable for CO formation in comparison with the Pd catalyst.
These results show that irrespective of trans- and cis-COOH species, the
Al@Pd catalyst is in favor of its C—OH bond scission to produce CO
among seven types of catalysts. Meanwhile, CO formation from cis-
COOH was easier than that from trans-COOH, the origin is attribute to
the orientation of the O—H bond, in which the O—H bonds of trans-
COOH need to be rotated, whereas the O—H bond rotation of cis-COOH
is required. This is the reason why cis-COOH intermediate was

considered in many calculations [48,60].

In Path 4, CO formation is via the HCO intermediate. As shown in
Figs. 2-8, Firstly, trans-HCOOH needs to overcome a barrier via the
transition state TSx-4(x = 1-7) to convert into cis-HCOOH, then, cis-
HCOOH breaks the C—OH bond to from HCO intermediate via the
transition state TSx-10(x = 1-6), the corresponding activation barriers
are 94.7, 160.1, 122.4, 139.7, 135.8, 112.5 and 290.5 kJ-mol ! on the
pure Pd and core-shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@
Pd catalysts, respectively, suggesting that the core-shell Cu@Pd, Au@
Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd catalysts are kinetically
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Fig. 3. Potential energy profiles of HCOOH dissociation via the pathways of HCOO, COOH and CHO intermediates with the initial states, transition states (TSs) and

final states over the Cu@Pd catalyst. Bond length is in A

unfavorable for the C—OH bond scission of HCOOH to produce HCO
intermediate than the pure Pd catalyst, subsequently, the co-adsorbed
HCO and OH species to produce CO and H,O species via the transition
state TSx-11(x = 1-7) have the lower activation barriers of 26.6, 17.2,
14.8, 18.1, 11.4, 19.3 and 34.5kJmol~! over the seven catalysts;
meanwhile, this reaction is highly exothermic. Thus, the C—OH bond
scission of HCOOH is much difficult in kinetics compared to the O—H
and C—H bond breakage, CO formation through the HCO intermediate
is kinetically unfavorable compared to that through the COOH inter-
mediate.

3.2. The optimal path and dominant products of HCOOH dissociation

Above results show that CO prefers to be produced via the COOH
intermediate instead of the HCO intermediate on the pure Pd and core-
shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd -catalysts;
namely, the path via HCO intermediates can be excluded, which is
consistent with the research on the Pt and PtAg catalysts, and so on
[63-65]. However, CO, formation mainly goes through the COOH or
HCOO intermediate, which depends on the types of core metal.

On the Pd, Cu@Pd and Au@Pd catalysts, as shown in Figs. 2-4, the
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generation of CO, mainly goes through COOH intermediates rather
than HCOO intermediates, the rate-controlled step is trans-HCOOH —
COOH + H with the corresponding activation barriers of 70.8, 68.2 and
65.6 kJ-mol !, respectively. The production of CO mainly stems from
the COOH intermediates. Starting from the COOH intermediate, CO,
generation is kinetically favorable than CO formation over the Pd (60.1
vs. 79.1kJmol "), Cu@Pd (57.7 vs. 78.6 kJmol~") and Au@Pd (51.0
vs. 71.8 kJ'mol ~!) catalysts. On the Co@Pd catalyst, as shown in Fig. 5,
the generation of CO, mainly goes through HCOO intermediates rather
than COOH intermediates, and the rate-controlled step is bi-HCOO —

mono-HCOO with the activation barrier of 78.6 kJ-mol~!. Comparing
the rate-controlled step of CO, and CO formation, CO, formation is still
favorable than CO in kinetics (78.6 vs. 91.1 kJ'mol~1). As shown in
Figs. 6 and 7, CO, generation via the COOH and HCOO intermediates
correspond to the activation barriers of 77.5 and 76.5 kJ-mol ! on the
Ni@Pd, and those are 61.4 and 67.5kJmol ™! over the Ag@Pd, re-
spectively; thus, the generation of CO, has two parallel path via the
COOH and HCOO intermediates. CO generation have the activation
barriers of 94.4 and 83.4 kJ-mol ~ ! on the Ni@Pd and Ag@Pd catalysts,
respectively. Thus, the main product obtained from HCOOH
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final states over the Co@Pd catalyst. Bond length is in A.

dissociation is CO, on the pure Pd and core-shell Cu@Pd, Au@Pd, Co@
Pd, Ni@Pd and Ag@Pd catalysts.

As shown in Fig. 8, over the Al@Pd catalyst, the pathway to gen-
erate CO, via the HCOO and COOH intermediate are also parallel (93.1
vs. 95.5 kJmol~1). The optimal path of CO generation is trans-HCOOH
dissociation via the COOH intermediate, the rate-controlled step is
trans-HCOOH — COOH + H with the corresponding activation barrier
of 79.1 kJ'mol ~'. Thus, the generation of CO is much higher than that
of CO, in kinetics (79.1 vs. 93.1 kJ'mol 1), CO becomes the dominant
product.

3.3. The effect of catalyst structure properties on the catalytic performance

3.3.1. The effect of core metal type on the product selectivity of COOH
dissociation

As mentioned above, the optimal path of CO generation always goes
through COOH intermediates over the seven catalysts. Similarly, COOH
intermediates also produce the target product CO,. Beginning with the
trans-COOH, CO, generation by the O—H bond breaking corresponds to
the activation barriers of 60.1, 57.7, 51.0, 61.5, 64.0, 46.7 and
95.5 kJ-mol ~ !, respectively; while CO generation by the C—OH bond
scission are 79.1, 127.7, 75.1, 94.5, 94.4, 83.4 and 53.7 kJmol ! on
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final states over the Ni@Pd catalyst. Bond length is in A

the pure Pd and core-shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd,
Al@Pd catalysts, respectively. It can be seen that the Pd and M@Pd
(M = Cu, Au, Co, Ni, Ag) catalysts are beneficial for the formation of
CO,, while the Al@Pd catalyst is advantageous to the formation of CO.
Namely, COOH intermediates play an key function in determining the
product selectivity of HCOOH dissociation.

To better clarify the effect of the M@Pd catalyst on the product
selectivity of COOH dissociation, the difference charge density for the
stable adsorption configurations of trans-COOH intermediate among the
seven catalysts are presented, as shown in Fig. 9, which indicates that

the charge of COOH intermediates accumulates at the region of the Pd-
C and C—OH bonds over the AlI@Pd catalyst, while the region of O—H
bond has no charge-rich, namely, there is strong charge transfer be-
tween C and OH, which enhances the dissociation activity of COOH via
the C—OH bond cleavage to generate CO. On the contrary, the charge of
COOH intermediates accumulates at the region of the Pd—C and O—H
bonds, and the H-oriented surface has a large electron cloud on the pure
Pd and core-shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd catalysts,
which makes the cleavage of the O—H bond easier to from CO, instead
of the C—OH bond scission leading to CO.
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3.3.2. The effect of core metal type on the catalytic performance

To better understand the effect of the core metal type on the activity
and selectivity toward HCOOH dissociation, the activation barriers of
the rate-controlled steps in the optimal path of CO, and CO generation
are analyzed. As shown in Fig. 10, the activation barriers of CO, for-
mation are 70.8, 65.6, 68.2, 78.6, 76.5, 61.4 and 79.1 kJ'mol ™! on the
pure Pd and core-shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@
Pd catalysts, thus, the activity of CO, formation follow the order of:
Ag@Pd > Cu@Pd > Au@Pd > Pd > Ni@Pd > Co@Pd > Al@Pd,
namely, compared to the pure Pd catalyst, Cu@Pd, Au@Pd and Ag@Pd
catalysts can improve the activity of HCOOH dissociation, whereas the
Ni@Pd, Co@Pd and Al@Pd catalysts cannot do the same performance.

On the other hand, the difference of activation barrier between the
generations of CO, and CO was calculated to evaluate the selectivity of
CO, formation. The more negative difference means the higher CO,
selectivity. The energy differences between CO, and CO are —8.3,
—13.0, —3.6, —12.5, —17.9, —22.0 and 14.0-kJ-mol ~ ! on the pure Pd
and core-shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd cata-
lysts. The order of CO selectivity is that: Ag@Pd > Ni@Pd > Co@
Pd > Cu@Pd > Pd > Au@Pd > Al@Pd, indicating that both Ag@
Pd and Ni@Pd catalysts exhibit the highest selectivity toward CO,
formation. Further, the relative selectivity of CO, generation was cal-
culated using microkinetic modeling, the selectivity of CO5 can reach
nearly 99.99% on the Au@Pd, Ag@Pd, Co@Pd and Ni@Pd catalysts;
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both Pd and Cu@Pd catalysts can reach 99.01% and 85.87%, respec-
tively, while that of Al@Pd catalyst is only 4.77%.

Based on the above analysis, considering the activity and selectivity
of CO,, among the M@Pd catalysts, the core-shell Ag@Pd catalyst not
only enhance CO, selectivity and its formation activity, but also reduces
CO adsorption capacity and increase the resistance ability toward CO.
Further, for the Ag@Pd catalyst, the non-noble metal Ag incorporation
as the core can reduce the usage amount of precious metal Pd, and
therefore decrease the cost of the catalyst.

10

3.3.3. The analysis of electronic properties for the Pd and M@Pd catalysts

Based on above results, the surface electronic properties of these
catalysts were further analyzed to illustrate the effect of core metal on
the selectivity and activity of HCOOH dissociation. The average charge
polarization (Ao) of surface Pd atoms on the pure Pd and core-shell
Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd catalysts are ob-
tained by the Bader charge and the corresponding values are 0.006,
—-0.130, —0.022, —0.125, —0.106, —0.088 and —0.875 e, respec-
tively. Meanwhile, the corresponding activation barriers of CO,
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formation are 70.8, 65.6, 68.2, 78.6, 76.5, 61.4 and 79.1 kJmol ™. It
can be seen that the activation barrier of HCOOH dissociation to CO, is
the highest over the Al@Pd catalyst, which corresponds to the largest

11

charge transfer. By analyzing the surface Bader charge of Pd atoms, the
higher the charge transfer from the subsurface non-noble metal to the
surface Pd is, the lower the activity of CO, formation in Pd catalyst can
be achieved. Namely, an appropriate electron transfer between the shell
Pd and the core metal can present better activity toward HCOOH dis-
sociation to CO».

Further, a project density of stated (pDOS) [66-68] and d-band
center (gq) was conducted to explain the catalytic activity over the seven
catalysts, the activity order of CO, formation is that: Ag@Pd
(61.4kJmol™") > Cu@Pd (65.6kJmol~") > Au@Pd (68.2kJmol™ ")
> Pd (70.8kJmol ') > Ni@Pd (76.5kJmol™") > Co@Pd
(78.6kJmol ™) > Al@Pd (79.1 kJ'mol ). See Fig. 11, the d-band center
of the shell Pd over the Pd and M@Pd catalysts show that the g4 of Ag@Pd
(—1.67eV), Cu@Pd (—2.06eV), Au@Pd (—1.68eV) and Pd (—1.85¢€V)
are close the Fermi level, which correspond to better catalytic activity.
Whereas the catalytic activity toward HCOOH dissociation to form CO, is
lower when the ¢4 of Ni@Pd (—2.57 eV), Co@Pd (—2.76 eV) and Al@Pd
(—2.85¢V) are far from the Fermi level.

4. Conclusions

In this study, the mechanism of HCOOH dissociation on the pure Pd
and core-shell Cu@Pd, Au@Pd, Co@Pd, Ni@Pd, Ag@Pd, Al@Pd
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catalysts was systematically studied using DFT calculations and mi-
crokinetic modeling. Our results showed that CO is dominantly formed
via the COOH intermediate instead of the HCO intermediate; namely,
the path via the HCO intermediates can be excluded. However, CO,
formation mainly goes through the COOH or HCOO intermediate,
which depends on the types of core metal. Compared to the pure Pd
catalyst, M@Pd(M = Au, Co, Ni, Ag) catalysts are highly selective to
the generation of CO,, while AI@Pd catalyst is favorable for CO for-
mation. Further, the microkinetic modeling result demonstrates that the
generation rate of CO, on these catalysts at the temperature 298K is
consistent with the results of activation barrier analysis and the cal-
culated selectivity of CO, can reach nearly 99.99% over the M@Pd
(M = Au, Ag, Ni, Co) catalysts. Among them, the core-shell Ag@Pd
catalyst not only presents the best activity and selectivity toward CO,
generation, but also reduces CO adsorption capacity and enhances the
resistance ability toward CO poisoning. Further, for the Ag@Pd cata-
lyst, the non-noble metal Ag incorporation as the core can reduce the
usage amount of precious metal Pd, and therefore decrease the cost of
the catalyst, which is a potential candidate to enhance the catalytic
performance. The results of this study not only help peer scientists
clarify the reaction mechanism associated with the corresponding ex-
periments in the field of HCOOH dissociation, but also help them ad-
vance the design of cost-effective and structure-tunable M@Pd bime-
tallic catalysts (materials) with highly catalytic performances needed
for HCOOH dissociation, which can have broad impact on catalyst de-
velopment.
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