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ABSTRACT: The hydrogenation of carbon dioxide (CO2) to formic acid (FA; HCOOH), a renewable hydrogen storage material, is 
a promising means of realizing an economical CO2-mediated hydrogen energy cycle. The development of reliable heterogeneous 
catalysts is an urgent yet challenging task associated with such systems, although precise catalytic site design protocols are still 
lacking. In the present study, we demonstrate that PdAg alloy nanoparticles (NPs) supported on TiO2 promote the efficient selective 
hydrogenation of CO2 to give FA even under mild reaction conditions (2.0 MPa, 100 °C). Specimens made using surface engineer-
ing with atomic precision reveal a strong correlation between increased catalytic activity and decreased electron density of active 
Pd atoms resulting from a synergistic effect of alloying with Ag atoms. The isolated and electronically promoted surface-exposed 
Pd atoms in Pd@Ag alloy NPs exhibit a maximum turnover number of 14,839 based on the quantity of surface Pd atoms, which 
represents a more than ten-fold increase compared to the activity of monometallic Pd/TiO2. Kinetic and density functional theory 
(DFT) calculations show that the attack on the C atom in HCO3

– by a dissociated H atom over an active Pd site is the rate-
determining step during this reaction, and this step is boosted by PdAg alloy NPs having a low Pd/Ag ratio. 

Introduction 

The selective transformation of carbon dioxide (CO2) to 
useful chemicals or fuels has the potential to alleviate both 
climate change and future demands for fossil fuels.1-4 The hy-
drogenation of CO2 to produce formic acid (FA; HCOOH) is a 
promising strategy, since the target product is a valuable 
commodity chemical commonly used for preservative and 
antibacterial purposes.5-6 Because FA has a relatively high 
hydrogen content (53 g·L–1) and is a less-toxic, nonflammable 
liquid under ambient conditions, it is also regarded as a prom-
ising hydrogen storage material. Using this compound, chemi-
cally stored hydrogen could be liberated in a controlled man-
ner in the presence of appropriate catalysts, even at room tem-
perature.7-14 Recently, FA has also been considered as an alter-
native to methanol as a fuel source for direct liquid fuel cell 
systems generating electricity.15 The current industrial FA 
production methods traditionally include the hydrolysis of 
methyl formate and oxidation of biomass.16-17 Thus, the appli-
cation of CO2 hydrogenation catalysts to generate FA must be 
researched in order to ensure efficient CO2 utilization and the 
realization of economically-viable CO2-mediated hydrogen 
energy cycles.18 

The gas phase hydrogenation of CO2 to FA involves a posi-
tive free energy change (∆G = 33 kJ mol-1), while the same 
reaction in aqueous solution proceeds more readily because of 
the relatively low (negative) free energy (∆G = –4 kJ mol-1).19 
Significant efforts have been devoted to the research of homo-

geneous transition metal complexes as catalysts for FA pro-
duction, especially those based on Ir and Ru, and interesting 
results have been obtained.8, 11, 20-23 Unfortunately, the devel-
opment of heterogeneous catalysts lags significantly in spite of 
the obvious practical advantages of such materials.5, 24-32 Thus, 
heterogeneous catalysts still require the use of high catalyst 
concentrations, extremely elevated pressures and organic sol-
vents.  

The immobilization of existing molecular organometallic 
complexes on insoluble matrixes could combine the tunability 
of the well-defined active centers in homogeneous catalysts 
and the operational simplicity of heterogeneous materials.33 
Surface-grafted silica-based substances having a variety of 
functional groups allow the coordination of analogous metal 
complexes.34 Porous organic framework (POF) materials, in-
cluding metal organic frameworks (MOFs), are also potential 
supports for single-atom active centers, based on the utiliza-
tion of the framework skeleton to provide suitable coordina-
tion sites.35-36 The design of this category of catalysts is rela-
tively simple because the resulting coordination environments 
are similar to those of their homogeneous counterparts.  

However, to date, there have been few insights with regard 
to the most promising design strategies for active catalyst sites 
in supported metal nanoparticles (NPs). Pd-, Au- and Ru-
based catalysts have all been shown to be active for the target 
reaction and their activity can be enhanced by the appropriate 
selection of support materials, by increasing the NP dispersion 
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and by altering the electronic structures of the active metals. 
The electronic and geometric effects associated with bimetal-
lic NPs, whose architectural configuration involves two met-
als, can be surface engineered to obtain random alloys, segre-
gated or core–shell structures. This flexibility offers signifi-
cant opportunities to maximize catalytic activity and selectivi-
ty compared with monometallic counterparts, owing to the 
unique interactions between neighbouring metals.37-39 As a 
result, there has been remarkable progress in the development 
of supported bimetallic NP catalysts, with the creation of nov-
el catalysts based on a well-understood design strategy. How-
ever, although it is well known that catalytic performance can 
be modified as a result of alloying, additional elucidation of 
the catalytically active species during the hydrogenation of 
CO2 to FA is required.  

In this paper, we present a new catalyst based on PdAg alloy 
NPs supported on TiO2, intended to promote heterogeneous 
CO2 hydrogenation to produce FA. This material was used 
because surface engineering with atomic precision can provide 
PdAg alloys with different surface compositions. When using 
this catalyst, isolated and electron-rich Pd atoms created with 
the aid of neighbouring Ag atoms at a low Pd/Ag ratio boost 
the electronegativity of the dissociated hydride species. This 
ultimately enhances the rate determining HCO3

- hydrogenation 
step, as demonstrated by kinetic and density functional theory 
(DFT) calculations. 

 

Results and Discussion  

Supported PdAg catalysts were prepared using a conven-
tional method. Briefly, TiO2 (JRC-TiO-6, BET surface area 
(SBET) = 100 m2·g–1, rutile) was impregnated with an aqueous 
solution of [Pd(NH3)4]Cl2 and AgNO3. The Pd/Ag ratio in the 
resulting material was controlled by varying the concentration 
of Ag while maintaining a constant Pd loading of 1.0 wt%. 
The samples obtained in this manner were subsequently re-
duced with NaBH4 without calcination, affording PdAg alloy 
NPs supported on TiO2 having different atomic ratios. For 
comparison purposes, various other supports, including lay-
ered double hydroxide (LDH), MgO, CeO2 and Al2O3, were 
also employed for the deposition of PdAg alloy NPs. In addi-
tion, Pd-based alloy NPs supported on TiO2 were synthesized 
along with Cu, Zn, Au or Ni precursors as the second metal by 
the same impregnation method, followed by reduction with 
NaBH4. 

We initially attempted to identify the optimal catalyst for 
the hydrogenation of CO2 to FA, and generated the data sum-
marized in Table 1. A typical reaction was performed in a 25 
mL stainless steel reactor in a basic aqueous solution contain-
ing 1.0 M NaHCO3 under a total pressure of 2.0 MPa (H2:CO2 
= 1:1) at 100 °C over 24 h. FA was obtained with >99 % se-
lectivity for all catalysts and any other products cannot be 
observed. The support used for the alloy NPs was regarded as 
a crucial parameter because the support can provide additional 
heterogeneous catalytic sites, and may also modify particle 
sizes and electronic properties. The PdAg/TiO2 (Pd:Ag=50:50) 
specimen was found to be an efficient heterogeneous catalyst, 
with a high turnover number (TON) of 748 (entry 1) after 24 
h. In addition, trials without a catalyst or using only the TiO2 
support material showed no activity. We recently reported that 
strongly basic LDH can act as an efficient support for a single-
site Ru catalyst during the hydrogenation of CO2, and the pre-
sent data show moderate activity was obtained when using 

PdAg/LDH (entry 2). However, the other heterogeneous PdAg 
catalysts, such as PdAg/MgO, PdAg/CeO2 and PdAg/Al2O3, 
were found to be less active (entries 3-5). Interestingly, 
PdAg/TiO2 exhibited considerably high activity compared 
with the corresponding PdCu, PdZn, PdAu and PdNi catalysts 
supported on TiO2 (entries 6-9). In the Pd K-edge X-ray ab-
sorption near-edge structure (XANES) spectra, the edge posi-
tion of the PdAg/Al2O3 was lower than that of the PdAg/TiO2 
(Figure S1), which presumably ascribed to the differences in 
the work functions between Al2O3 (4.70 eV) and TiO2 (6.21 
eV). This result also suggests that the moderate interaction 
between PdAg NPs and TiO2 is suitable for attaining active 
catalysts for this target reaction. 

 

Table 1. Screening results for CO2 hydrogenation to formic 
acid over various catalysts.a 

a Conditions: catalyst (50 mg), 1.0 M aqueous NaHCO3 solution (10 mL), H2:CO2 
(1:1, total 2.0 MPa), 100 °C. 

Figure 1. (A) TON values (based on Pd atoms) versus the mole 
fraction of Ag in PdAg/TiO2 catalysts having different Pd and Ag 
concentrations. (B) TEM image of a single PdAg/TiO2 NP and the 
elemental distributions as determined by cross-sectional EDX line 
profiling. 

 

Additionally, the catalytic activity was greatly affected by 
the composition of the PdAg alloy NPs. Figure 1A plots TON 
values versus the Ag content in various specimens. The mon-
ometallic Pd/TiO2 gave poor results, while the reaction using 
monometallic Ag/TiO2 was also extremely sluggish (TON = 
7). The TON increased with increases in the Ag proportion up 
to 70%, after which it decreased. This “volcano” type varia-
tion in activity based on the Pd/Ag ratio suggests the for-
mation of a uniform PdAg alloy structure on the surface of the 
TiO2 as well as a synergic effect originating from the integra-
tion of the Pd and Ag.40 High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) im-

Entry Metal NPs 
Molar  
ratio 

(Pd:M) 
Support TON@24h 

1 PdAg 1:1 TiO2 748 

2 PdAg 1:1 LDH 342 

3 PdAg 1:1 MgO 200 

4 PdAg 1:1 CeO2 142 

5 PdAg 1:1 Al2O3 40 

6 PdCu 1:1 TiO2 353 

7 PdZn 1:1 TiO2 344 

8 PdAu 1:1 TiO2 251 

9 PdNi 1:1 TiO2 120 

10 Pd 1:0 TiO2 281 
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ages demonstrated highly dispersed PdAg alloy NPs with a 
narrow size distribution on the TiO2 support in the case of the 
PdAg/TiO2 (Pd:Ag = 30:70), with a mean particle diameter 
(dave) of 3.3 nm (Figure S2). This value is similar to that ob-
tained for the Pd/TiO2 (dave = 3.2 nm, see Figure S3). Energy-
dispersive X-ray spectroscopy (EDX) line analysis revealed 
that both Pd and Ag were situated on the same particles, con-
firming the formation of a random PdAg alloy (Figure 1B). In 
contrast, the mean particle size of the PdAg NPs on the Al2O3, 
which exhibited activity substantially inferior to that observed 
using TiO2, was 9.5 nm with a wide size distribution (Figure 
S4). The formation of small PdAg NPs with a narrow size 
distribution could therefore be one important factor contrib-
uting to the high catalytic activity of the PdAg/TiO2.  

As discussed, the maximum activity was obtained with a 
low Pd/Ag ratio (Pd:Ag = 30:70) in trials using random PdAg 
alloy NPs. This result indicates that Pd atoms surrounded by 
excess Ag atoms can efficiently facilitate the hydrogenation of 
CO2. Based on these data, we investigated the effect of sur-
face-exposed active Pd atoms in alloy NPs on the catalytic 
activity, applying a surface engineering approach.  

Figure 2. TEM images of and elemental distributions along single 
NPs of (A) Pd@Ag/TiO2 and (B) Ag@Pd/TiO2 as determined by 
cross-sectional EDX line profiling. 

 

Because of the complete solid solubility and similar reduc-
tion potentials of Pd and Ag ions (E0(Pd2+/Pd0) = +0.99 V, 
E

0(Ag+/Ag0) = +0.80 V), random PdAg alloy NPs can be read-
ily formed via the co-reduction of Pd and Ag precursors. Thus, 
we were able to tune the surface composition of PdAg NPs to 
form PdcoreAgshell structures via the successive reduction of 
metal precursors. This was accomplished by first impregnating 
the TiO2 with [Pd(NH3)4]Cl2 followed by reduction with 
NaBH4 to form the Pd core. Next, AgNO3 impregnation was 
carried out and the material again subjected to reduction with 
NaBH4 to form a Ag shell, affording Pd@Ag/TiO2. To pro-
duce AgcorePdshell catalysts, Ag@Pd/TiO2 was also synthesized 
by the same successive reduction method but in the opposite 
order. Pd:Ag molar ratio was unified to 30:70 for fair compar-
ison. In this paper, the term of alloy was used for both ran-
domly distributed PdAg NPs core-shell type nanoparticles. 

Elemental analysis confirmed that the average composition 
of the NPs in both types of materials was Pd30Ag70. HAADF-
STEM images also showed highly dispersed PdAg NPs with 
average diameters of 3.1 and 3.2 nm for the Pd@Ag/TiO2 and 
Ag@Pd/TiO2, respectively (Figures S5 and S6). EDX line 
scans confirmed the successful surface engineering of the NPs, 
such that Pd atoms were preferentially located in the core re-
gion, while the Ag atoms were situated in the shell region in 
the Pd@Ag/TiO2 (Figure 2A). Conversely, the Pd and Ag 

atoms had the opposite distribution for the Ag@Pd/TiO2 (Fig-
ure 2B). 

 

Figure 3. (A) Pd K-edge and (B) Ag K-edge FT-EXAFS spectra 
of PdAg/TiO2, Pd@Ag/TiO2, Ag@Pd/TiO2, Pd/TiO2 and refer-
ence materials. 

Table 2. Curve fitting results for Pd and Ag K-edge EXAFS data. 

 

X-ray absorption measurements were carried out to precise-
ly determine average local structural information for the Pd 
and Ag atoms. The shapes of the normalized X-ray absorption 
near-edge structure (XANES) spectra at the Pd K-edge and the 
edge positions of three PdAg samples resembled those of Pd 
foil and monometallic Pd/TiO2 but differed from those of PdO. 
These results suggest that the oxidation state of the Pd atoms 
was close to Pd0 (Figure S7). More detailed inspection found 
two distinct peaks at approximately 24,367 and 24,385 eV, 
corresponding to the allowed 1s → 5p transition in the PdAg 
samples. These peaks were slightly shifted to lower energy 
values compared to the Pd/TiO2, indicating that the symmetry 
of the Pd metal face centered cubic (fcc) structure was slightly 
disordered by integration with the Ag.41 The Pd K-edge Fouri-
er transform-extended X-ray absorption fine structure (FT-
EXAFS) spectra contained a single sharp peak associated with 
Pd−Pd bonds at approximately 2.6 Å that was also suggestive 
of metallic Pd (Figure 3A). However, the Pd–Pd distance in 
the PdAg samples was found to be slightly longer compared to 
the values for Pd foil and Pd/TiO2, indicating the presence of 
heteroatom Pd−Ag bonds. No peaks due to Pd−O or Pd−O−Pd 

sample edge shell CN CNtotal R/Å ∆σ2/Å2 

PdAg/TiO2 

Pd/Ag = 30/ 70 

Pd K 
Pd–Pd 3.1 

7.1 
2.77 0.086 

Pd–Ag 4.0 2.85 0.018 

Ag K 
Ag–Ag 5.1 

9.5 
2.86 0.095 

Ag–Pd 4.4 2.80 0.035 

Pd@Ag/TiO2 
Pd/Ag = 30/ 70 

Pd K 
Pd–Pd 3.3 

8.1 
2.75 0.098 

Pd–Ag 4.8 2.80 0.079 

Ag K 
Ag–Ag 4.5 

8.8 
2.83 0.011 

Ag–Pd 4.3 2.78 0.036 

Ag@Pd/TiO2 
Pd/Ag = 30/ 70 

Pd K 
Pd–Pd 1.8 

5.6 
2.75 0.047 

Pd–Ag 3.8 2.79 0.010 

Ag K 
Ag–Ag 7.0 

10.7 
2.84 0.011 

Ag–Pd 3.7 2.79 0.036 
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bonds (expected at approximately 1.6 and 3.0 Å in the case of 
PdO) were observed. The Ag K-edge XANES spectra of these 
three PdAg samples were also found to resemble those of Ag 
foil and monometallic Ag/TiO2, confirming the presence of 
metallic Ag (Figure S8). Their FT-EXAFS spectra contained 
a single intense peak ascribed to contiguous Ag−Ag bonds 
with a length of approximately 2.7 Å (Figure 3B). This peak 
was shifted to a slightly shorter interatomic distance compared 
with those of pure Ag foil and Ag/TiO2, again suggesting 
Pd−Ag bonds.  

Coordination numbers (CNs) and bond lengths (R) obtained 
from EXAFS curve fitting can provide critical information 
regarding the composition of the bimetallic NPs, and these 
data are presented in Table 2. The Pd–Pd bond distances were 
evidently shorter than those of Pd–Ag bonds, which in turn 
were shorter than Ag–Ag bonds. These results are consistent 
with the shifts of the main peaks due to metallic bonding in the 
FT-EXAFS spectra. It is widely accepted that the atoms inside 
an fcc lattice are completely coordinated with a CN of 12, 
while the surface atoms are coordinately unsaturated with a 
CN of 7, 8 or 9 for (110), (100) and (111) facets, 
respectively.42 As a result, the CN of the shell atoms will typi-
cally be less than that of the core atoms, since atoms at the 
surface have fewer neighbors than those in the core.43 In the 
present case, the dave for the three PdAg NP samples were all 
approximately 3 nm, meaning that the total CN was considera-
bly less than 12. The CNtotal (CNPd–Pd + CNPd–Ag) at the Pd K-
edge for PdAg/TiO2 made with a random alloy was found to 
be 7.1, which is lower than the value of 9.5 (CNAg–Ag + CNAg–

Pd) at the Ag K-edge because the Pd concentration was sub-
stantially lower than that of Ag (Pd:Ag = 30:70). As expected, 
the CNtotal at the Pd K-edge for the Pd@Ag/TiO2 was in-
creased, while the Ag K-edge was decreased, confirming a 
PdcoreAgshell structure. The opposite trend was observed in the 
case of the Ag@Pd/TiO2 with a AgcorePdshell structure. 

We also characterized the surface PdAg NPs by Fourier 
transform infrared (FT-IR) experiments following CO adsorp-
tion (Figure 4A). In a preliminary DFT calculation, the ad-
sorption energies (Ead) of CO adsorbed at a Pd site on the Pd 
(111) and PdAg (111) surfaces were determined to be 31.7 and 
33.9 kcal/mol, which are noticeably larger than 12.9 and 12.5 
kcal/mol at an Ag site on the Ag (111) and PdAg (111) surfac-
es, respectively (Table S1). In addition, the amount of CO in 
the pulsed CO adsorption measurement of monometallic 
Ag/TiO2 was 0.009 cm3/g, which was ca.0.2% of the theoreti-
cal value, by assuming monodentate type adsorption onto Ag 
atoms (Table S2). These results suggest that the CO molecules 
are predominantly adsorbed on the Pd atoms rather than the 
Ag atoms. Monometallic Pd/TiO2 generated two distinct peaks 
assignable to the linear and bridging stretching vibrations of 
adsorbed CO at 2076 and 1943 cm–1, respectively.44 The con-
tribution of bridging-type CO decreased as the Pd/Ag ratio 
was lowered, and was completely absent in the case of the 
Pd@Ag/TiO2, suggesting the isolation of Pd atoms. Addition-
ally, linear-type CO was predominantly observed for all sam-
ples, and the peaks were gradually shifted to lower wave-
numbers with decreases in the Pd/Ag ratio. Thus, the Pd atoms 
in the PdAg NPs were evidently electron enriched by charge 
transfer from Ag atoms owing to the net difference in ioniza-
tion potential between the two metals (Pd: 8.34 eV, Ag: 7.57 
eV). A similar tendency was observed in the XPS data. The Pd 
3d peaks generated by the PdAg samples were shifted to lower 
binding energies than those of the Pd/TiO2, and this shift was 

observed to decrease in the order of Pd@Ag/TiO2 > 
PdAg/TiO2 > Ag@Pd/TiO2 (Figure 4B). 

Figure 4. (A) FT-IR spectra of CO chemisorbed on Pd and PdAg 
samples. (B) XPS spectra of Pd and PdAg samples. (C) Relation-
ship between the TON for CO2 hydrogenation based on surface-
exposed Pd atoms (as determined by CO pulse adsorption) and the 
Pd 3d binding energy (as determined by XPS). 

 

The catalytic activities of a series of supported PdAg cata-
lysts having different surface compositions, and of Pd/TiO2, 
were assessed during CO2 hydrogenation, with the results pro-
vided in Figure 5. Comparing the TON values based on the 
total quantities of Pd employed, the Pd@Ag/TiO2 exhibited an 
elevated TON (2,496) despite the low density of surface ex-
posed Pd atoms. In an effort to elucidate the cause of these 
activities, the dispersion of Pd species was determined by 
pulsed CO adsorption measurements (Table S2). As a result, a 
maximum TON value of 14839 was obtained from the 
Pd@Ag/TiO2 based on the quantity of surface Pd atoms, 
which represents a more than ten-fold increase compared with 
the Pd/TiO2. These TON values obtained under relatively mild 
conditions are superior to those reported previously for other 
heterogeneous catalysts, including Au/Al2O3 (580 at 4 MPa),29 
Ru/γ-Al2O3 (139 at 13.5 MPa),26Pd/mpg-C3N4 (85 (24 h) at 
100 °C, 4 MPa),30 Ru/LDH (698 (24 h) at 100 °C, 2 MPa),18 
Au/TiO2 (215 (20 h) at 70 °C, 4 MPa),29 Ir-PN-
PEI@TNT(Na+) (1012 (20 h) at 140 °C, 2 MPa),45 
PdAg/SBA-15-phenylamine (874 (24 h) at 100 °C, 2 MPa)38 
and PdAg/amine-modified mesoporous carbon (839 (24 h) at 
100 °C, 2 MPa).37 Moreover, a TEM image of the recovered 
catalyst confirmed that the particle sizes remained essentially 
unchanged without significant agglomeration of the NPs and 
the average diameter was determined to be 3.7 nm (Figure 
S9A). EXAFS analysis also demonstrated no significant varia-
tions in the alloy structure (Figure S9B-E). Furthermore, the 
spent catalyst keeps its original activity even second reaction. 

The high catalytic activity of the Pd@Ag/TiO2 can be as-
cribed to the generation of isolated and electron-rich Pd atoms 
with the aid of the surrounding Ag atoms, since the average 
diameters estimated by TEM revealed no significant differ-
ences in NP size. There is also evidently a correlation between 
the TON based on surface Pd atoms and the Pd 3d5/2 binding 

Page 4 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

energy determined by XPS analysis (Figure 4C). The im-
portance of the electronic state of the active center to the hy-
drogenation of CO2 to FA has been reported previously. As an 
example, the strong electron-donating ability of PNP pincer-
type ligands or N-heterocyclic carbenes in Ir(III) complexes 
are responsible for promoting the reaction.46-47 In prior work, 
our own group also identified a correlation between catalytic 
activity and the Ru 3p binding energy for a series of Ru-based 
LDH-supported catalysts, in which the TON based on Ru con-
tent increased as the binding energy decreased.18  

Figure 5. Comparison of the catalytic activities of a series of 
supported PdAg catalysts with different surface compositions and 
Pd/TiO2 during CO2 hydrogenation. Conditions: catalyst (10 mg), 
1.0 M aqueous NaHCO3 solution (10 mL), H2:CO2 (1:1, total 2.0 
MPa), 100 °C. 

 

Considering previous experimental and theoretical studies 
regarding the reaction mechanisms of metal NPs,29, 37-38, 48 we 
propose a possible catalytic cycle for CO2 hydrogenation over 
supported PdAg NPs (Figure 6A). The reaction is initiated by 
the dissociation of H2 to afford a metal-hydride species (step 

1). This is followed by the adsorption of HCO3
– generated 

under basic conditions (step 2), which undergoes hydrogena-
tion to give a formate intermediate (step 3). The reduction of 
HCO3

– is energetically more likely to proceed if active H at-
tacks the C atom of HCO3

– rather than the O atoms. Finally, 
the production of formate accompanied by H2O regenerates 
the initial active species (step 4). NaHCO3 and NaOH gave 
almost similar activity as an additive, while the use of trime-
thylamine showed moderate result (Figure S10). The activity 
without additives is quite low because of the limited solubility 
of CO2 in aqueous solution. Kinetic studies showed almost 
zero-order dependence in CO2 pressure (Figure S11). The FT-
IR spectrum of the Pd@Ag/TiO2, upon treatment in an aque-
ous NaHCO3 solution at 1.0 MPa of CO2 showed the peak due 
to ν (CO3) band of the adsorbed HCO3

- was observed at 
around 1454 cm-1 (Figure S12).49 These results suggest that 
the present catalytic system mainly proceeds via the reduction 
of HCO3

– transformed from gaseous CO2 under basic aqueous 
solutions, while the involvement of the direct CO2 activation is 
the minor pathway. The origin of the FA during this hydro-
genation process was investigated using 13CO2 in D2O as a 
solvent (with 0.5 M NaOH) followed by analysis of the prod-
ucts by 13C NMR spectroscopy. Deprotonated H13COO– gen-
erated a sole peak at 170. 8 ppm without the formation of by-
products (Figure S13).50 Additionally, HCO3

- was used as a 
sole carbon source without gaseous CO2, the attained TON 

significantly decreased. These experiments provide firm evi-
dence that the FA originates from the CO2.  

In the case of a reaction under a flow of H2 and D2 through 
the catalyst, the TOF for HD formation was almost independ-
ent of the surface composition, as shown in Figure 7A.51 On 
the contrary, the effect of the HCO3

– concentration was greatly 
dependent on the surface composition (Figure 7B). The reac-
tion order decreased as follows; Pd/TiO2 (0.67) > 
Ag@Pd/TiO2 (0.36) > PdAg/TiO2 (0.33) > Pd@Ag/TiO2 
(0.22), which is consistent with the TON values based on the 
quantity of surface exposed Pd atoms for the CO2 hydrogena-
tion. These kinetic investigations demonstrate that the elemen-
tary steps involving HCO3

– species (step 2 or 3) is the rate-
determining step, rather than the dissociation of H2 (step 1). 

Figure 6 (A) Possible reaction mechanism and (B) potential 
energy profiles for CO2 hydrogenation to formic acid. 

 

To better understand the positive effect of alloying with Ag, 
potential energy profiles were obtained using DFT calcula-
tions, employing Pd22, Pd11Ag11 and Pd6Ag16 clusters as mod-
els for monometallic Pd and alloy NPs (Figure 6B). In the 
case of Pd22, the dissociation of H2 (step 1) occurs at Pd sites 
via TSI/II with a barrier of 13.9 kcal/mol. Following this, 
HCO3

–
 is adsorbed on the Pd to produce intermediate III (step 

2), followed by reduction through the attack of a hydride via 
TSIII/IV, with a barrier of 77.4 kcal/mol (step 3). The energy 
barrier to step 4, in which formate is spontaneously generated 
along with H2O when the OH of HCO3

– is attacked by another 
hydride, is negligibly small. These results show that the rate-
determining step in the present catalytic cycle is step 3. In the 
cases of the Pd11Ag11 and Pd6Ag16 clusters, the dissociation of 
H2 occurs with a barrier of 11.9 and 11.0 kcal/mol, respective-
ly. These activation energies are similar to that obtained with 
the Pd22, but differ from the 39.0 kcal/mol calculated for an 
Ag22 cluster model. These results agree with the kinetic data 
obtained from the HD formation reaction, and show that alloy-
ing with Ag does not affect the H2 dissociation step. In sharp 
contrast, the activation energy for the reduction of HCO3

– via 
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TSIII/IV was decreased with increases in the proportion of Ag 
atoms, with calculated values of 58.7 and 46.2 kcal/mol for 
Pd11Ag11 and Pd6Ag16, respectively. These results are also in 
good agreement with the kinetic investigation into the effect of 
HCO3

– concentration, and further demonstrate that the PdAg 
alloy NPs with a low Pd/Ag ratio plays a pivotal role in boost-
ing the rate-determining step. In a preliminary calculation, the 
energy barrier in the dissociation of H2 on Ag atom of Pd6Ag16 
cluster was determined to be 38.9 kcal/mol, which is almost 
similar to that on the Ag22 cluster, but is substantially larger 
than those on the Pd atoms of Pd22, Pd11Ag11, and Pd6Ag16, 
respectively. This result definitely excludes the participation 
of Ag atoms on the catalytic cycle as an active center even 
after the formation of Pd@Ag core-shell structure. 

 

Figure 7. (A) Comparison of activity during the HD exchange 
reaction using Pd and PdAg catalysts. (B) Effect of HCO3

- con-
centration on TOF values using Pd and PdAg catalysts 

Figure 8. Representative Mulliken atomic charges as determined 
by DFT calculations in the reaction intermediate C for (A) Pd22, 
(B) Pd11Ag11 and (C) Pd6Ag11 clusters. 

 

As discussed above, the electronic state of the active Pd at-
oms is important to the hydrogenation of CO2, and there is a 
strong correlation between the TON based on surface Pd at-
oms and the extent to which the Pd atoms are electron rich. 
The significant enhancement of the rate-determining step by 
the PdAg alloy NPs having a low Pd/Ag ratio can be explained 
by considering the electronic state in reaction intermediate III. 
Figure 8 depicts the highest occupied molecular orbital 
(HOMO) level of reaction intermediate III and the representa-
tive Mulliken atomic charges of selected atoms as determined 
by DFT calculations for Pd22, Pd11Ag11 and Pd6Ag16 clusters. 
The HOMO can be tuned through coupling of the electronic 
structure as the NP composition is varied, and is elevated 
(from –1.65 to –1.51 eV) when Pd atoms are surrounded by 
more Ag atoms. This higher HOMO level would be expected 
to increase the extent to which the Pd atoms are electron rich 
and so to decrease the electronic charge of the Pd atoms that 

participate in the dissociation of H2. Thus, these charges de-
crease in the order of –0.115 (Pd22) > –0.168 (Pd11Ag11) > –
0.216 (Pd6Ag16). These results are supported experimentally 
by the FT-IR spectra following CO adsorption as well as the 
XPS analysis. Such changes accordingly decrease the electro-
negativity of the dissociated hydride species on the Pd atoms. 
In contrast, the electronic charges of the C atoms of the ad-
sorbed HCO3

– are almost constant for all cluster models, and 
maintain their positive charges. Therefore, electronically pro-
moted hydride species on the Pd6Ag16 will tend to attack the C 
atoms of the adsorbed HCO3

–, whereas electronic repulsion 
between the less negative hydride species on the Pd22 and the 
positively charged C atoms results in a greater activation ener-
gy. It can be concluded that the electronic ligand effect result-
ing from the interplay of the neighboring Ag atoms explains 
the enhanced activity for CO2 hydrogenation. 

 

Conclusion  

In summary, we have elucidated the effects of highly active 
Pd sites surrounded by Ag atoms during CO2 hydrogenation to 
FA. By tuning the surface-exposed Pd atoms in the alloy NPs, 
the optimized Pd atoms in Pd@Ag/TiO2 performed as an effi-
cient catalyst even under low pressure conditions. Excellent 
selectivity was obtained owing to the electronic ligand effect 
caused by the Ag atoms, with activity greater than that of 
monometallic Pd/TiO2 by a factor of more than ten. The en-
hanced electronegativity was found to facilitate the rate deter-
mining reduction step of the adsorbed HCO3

– species, as evi-
denced by kinetic and DFT calculations. This study provides 
advanced insights into the architecture of catalytically active 
sites for CO2 hydrogenation to FA. This work also emphasizes 
the importance of the surface engineering of alloy NPs with 
atomic precision for optimization of the target reaction. Fur-
ther improvement of the catalytic performance by the en-
hancement of CO2 adsorption properties may lead to the de-
velopment of environmentally-benign CO2-mediated hydrogen 
storage/release systems. 

 

Experimental Section 

Materials: TiO2 (JRC-TiO6) was kindly supplied by the 
Catalysis Society of Japan. [Pd(NH3)4]Cl2 was obtained from 
the Aldrich Chemical Co., AgNO3 was purchased from 
Nacalai Tesque and NaHCO3 was purchased from Wako Pure 
Chemical Industries, Ltd. All commercially-available com-
pounds were used as-received. Distilled water was employed 
as the reaction solvent.  

Catalyst synthesis: TiO2 (0.5 g) was dispersed in 100 mL 
of an aqueous solution containing [Pd(NH3)4]Cl2 (0.047 mmol) 
and AgNO3 (0.047 mmol), followed by stirring at room tem-
perature for 1 h. The suspension was evaporated under vacu-
um and the obtained powder was dried overnight. Subsequent-
ly, the sample was reduced with NaBH4 (0.28 mmol) and 
washed with distilled water several times to yield PdAg/TiO2 
(Pd: 1.0 wt%, Pd/Ag molar ratio = 1/1). Using the same co-
reduction procedure, the support, the second metal in the alloy 
and the Pd/Ag molar ratio were all changed. During the syn-
thesis of the Pd@Ag/TiO2 catalyst (Pd: 1.0 wt%, Pd/Ag molar 
ratio = 3/7), TiO2 was first impregnated with Pd(NH3)4]Cl2, 
followed by reduction using NaBH4, after which AgNO3 was 
added, followed by a second reduction with NaBH4. 
Ag@Pd/TiO2 was also synthesized by the same successive 
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reduction method but in the opposite order. Analysis by induc-
tively couple plasma atomic emission analysis (ICP-AES) 
clearly indicated that the desired amounts of metal species 
were successfully loaded onto each of the catalysts. 

General procedure for the catalytic hydrogenation of 

CO2: CO2 hydrogenation to FA was conducted with a batch 
reactor system using a stainless steel autoclave (60 mL). In 
each trial, the catalyst (10 mg) and a 1.0 M aqueous NaHCO3 
solution (10 mL) were transferred into the reactor and the 
pressure was set to 2.0 MPa by adding H2:CO2 (1:1). The sys-
tem was subsequently heated to 100 °C and stirred for 24 h. 
FA yields were determined by high performance liquid chro-
matography (HPLC), using a Shimadzu instrument equipped 
with a Bio-Rad Aminex HPX-87H ion exclusion column (300 
× 7.8 mm) and 5 mM H2SO4 (0.5 mL/min) as the mobile 
phase, at 40 °C. TON values were determined by dividing the 
quantity of FA produced after 24 h by the moles of either total 
Pd or surface-exposed Pd. 

Characterization: Powder X-ray diffraction (XRD) pat-
terns were recorded using a Rigaku Ultima IV diffractometer 
with Cu Kα radiation (λ=1.54056 Å). TEM images were ob-
tained with a Hitachi HF-2000 FE-TEM instrument operating 
at 200 kV. Nitrogen adsorption-desorption isotherms were 
acquired at -196 °C using a BELSORP-max system (Micro-
tracBEL Corp.). Samples were degassed at 150 °C for 3 h 
under vacuum to vaporize physisorbed water prior to each 
trial. Specific surface areas were calculated by the Brunauer-
Emmett-Teller (BET) method using nitrogen adsorption data 
over the range from p/p0 = 0.05 to 0.35. XPS was performed 
with a Shimadzu ESCA-3400 system, using Mg Kα radiation 
(hν = 1253.6 eV) as the excitation source. The binding energy 
values of the spectra were calibrated using the contaminant C 
1s core level at 284.5 eV. Metal concentrations in the samples 
were determined by ICP-AES analysis with a Nippon Jarrell-
Ash ICAP-575 Mark II instrument. STEM images and ele-
mental maps were obtained using a JEOL-ARM 200F appa-
ratus equipped with a Kvex energy-dispersive X-ray detector 
(JED-2300T) operating at 200 kV. CO pulse adsorption was 
performed by using a BEL-METAL-1 instrument (BEL Japan, 
Inc.) to measure the amount of surface exposed Pd. The sam-
ples were pretreated under a helium flow at 323 K for 15 min, 
and subsequently under a H2 flow at 323 K for 30 min. The 
CO adsorption was measured at 323 K at a CO flow rate of 20 
cm3 min–1. Pd and Ag K-edge XAFS spectra were recorded 
using a fluorescence yield collection technique at the 01B1 
beamline station at the SPring-8 facility, JASRI, Harima, Ja-
pan (proposal nos. 2017B1081 and 2017B1084), with a 
Si(111) monochromator. Data reduction was performed using 
the REX2000 software program (Rigaku). Fourier transfor-
mation of the k3-weighted normalized EXAFS data was car-
ried over the range of 3.0 Å < k/Å-1 < 12 Å to obtain radial 
structure functions, and backscattering amplitudes and phase 
shift parameters for curve fitting analyses were calculated with 
the FEFF8.40 code. 

DFT calculations. All DFT calculations were performed 
with the DMol3 program in the Materials Studio 17.2 software 
package.52-53 The generalized gradient approximation (GGA) 
exchange-correlation functional proposed by Perdew, Burke 
and Ernzerhof (PBE) was combined with the double numerical 
basis set plus polarization functions (DNP). Pd22, Pd11Ag11 and 
Pd6Ag16 clusters were chosen as models of monometallic Pd 
and PdAg alloy NPs, with the lower two layers fixed at the 

corresponding bulk position and the top layer allowed to relax 
during geometry optimizations. 
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