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The hydrogenation of CO, to formic acid is an essential subject since formic acid is a promising hydrogen
storage material and a valuable commodity chemical. In this study, we report for the first time the
hydrogenation of CO; to formic acid catalyzed by a Pd®* catalyst, Pd—V/AC~air. The catalyst exhibited
extraordinary catalytic activity toward the hydrogenation of CO, to formic acid. The TON and TOF are
up to 4790 and 2825 h™, respectively, representing the top level among reported heterogeneous Pd

) 202 catalysts. By combining a study of first-principles density functional theory with experimental results, the
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state of Pd®*, thus promoting the reaction. This study reports the effect of metal valence and electronic
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Introduction

Nowadays, carbon dioxide chemistry has attracted extensive
attention in academic and industrial communities,' since the
greenhouse effect is becoming more and more serious. The
catalytic hydrogenation of CO, to useful chemicals is one of the
most effective measures to alleviate climate change and assist
carbon recycling.*®* Among all products from CO, hydrogena-
tion, formic acid (FA) is a valuable commodity chemical.>** As
a less-toxic, nonflammable liquid with 4.4 wt% hydrogen, it is
also regarded as a promising hydrogen storage material'>**
since the chemically stored H, in formic acid can be liberated in
a controlled manner in the presence of appropriate catalysts,
even at room temperature.'**®* Moreover, the hydrogenation of
CO, to FA is the first and an indispensable step in the reduction
of CO, to other chemicals, such as methanol and hydrocar-
bons.” There is no doubt that research on CO, hydrogenation
to FA is an essential and promising subject.*®

The hydrogenation of CO, to FA involves a positive free
energy (AG = 33 k] mol "), while the same reaction can proceed
more readily in water with a negative free energy (AG =
—4 kJ mol ").** Similarly, the addition of a base can change the
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efficient heterogeneous catalyst for the hydrogenation of CO, to formic acid.

equilibrium and significantly promote the reaction. Various
catalysts have been reported for the hydrogenation of CO, to
FA>*?®* Homogeneous metal complexes, especially Ru and
Ir,>** have been extensively studied and show excellent activity
toward the hydrogenation of CO, to FA. However, the activity of
heterogeneous catalysts lags a lot in spite of it showing obvious
advantages in product separation and catalyst recycling.'®
Therefore, there is great demand for heterogeneous catalysts
with excellent activity, and it is certainly desirable to find special
properties of heterogenous catalysts that affect the performance
and study of the structure-activity relationship.

For the hydrogenation of CO, to FA, the most widely
researched heterogeneous catalysts are supported Pd
catalysts.>**¢ As we all know, the catalytic performance of sup-
ported metal catalysts is largely determined by the electronic
properties of the catalyst surface.*”* The modification of the
metal center*® and support** can change the electronic proper-
ties of the catalyst surface. The introduction of a second metal
could greatly improve the catalytic performance because of the
electronic effect between two metals.*>** Electron-rich Pd
centers are created with the aid of neighboring Ag atoms in
a PdAg catalyst, which boost the electronegativity of dissociated
hydride species and thus facilitate the reaction.** A Pd@Ag alloy
exhibited a turnover number of 2496 based on the quantity of all
employed Pd atoms. A zeolite-encaged metallic PdAMn catalyst
exhibited extraordinary catalytic activity and durability in CO,
hydrogenation into formate due to ultrasmall metal clusters
and electron-rich Pd surface resulting from the synergistic effect
between Pd and Mn components, and the formate generation
rate during CO, hydrogenation reached 2151 mol¢,mate molpg’
h™" at 353 K.** It has been demonstrated that the introduction
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of an amine group to the support could also promote the
reaction rate toward the hydrogenation of CO, to FA.**** The
introduction of amine could increase the adsorption capacity of
the catalyst to CO,. More importantly, it can change the elec-
tronic structure of the Pd center and put Pd into a positive state.
Although it has been recognized that Pd in a positive state is
beneficial to the reaction, reported catalysts are often pre-
reduced to zero-valent palladium prior to use. It is unknown
for the catalytic performance of Pd in a positive state, especially
for divalent palladium.

In this study, we have synthesized Pd-V/AC-air through
calcination of the Pd precursor supported on activated carbon
(AC) in air, in which Pd is in divalent state. It exhibited
extraordinary catalytic activity toward the hydrogenation of CO,
to FA. The TON and TOF can be up to 4790 and 2825 h™ ',
respectively, both representing the top level among all the
heterogeneous Pd catalysts. First-principles density functional
theory (DFT) calculations show that the energy barrier for the
reaction over PdO is lower than that over Pd°, which demon-
strates the superiority of Pd** for the hydrogenation of CO, to
FA.

Results and discussions
Synthesis and characterization of the catalyst

The Pd-V/AC-air catalyst was prepared by an impregnation
method. It was obtained by impregnation of palladium(u) ace-
tylacetonate and vanadium(iv)oxy acetylacetonate on AC and
later calcined in air at 300 °C. The preparation of the Pd-V/AC-
H, catalyst is similar except that the precursor was reduced in
10%H,/Ar at 300 °C. The details and preparation of other
catalysts are shown in the ESIL.}

Fig. 1a shows the transmission electron microscopy (TEM)
image of prepared Pd-V/AC-air, where the mean particle size is
about 10 nm, similar to that of prepared Pd/AC-air, Pd/AC-H,
and Pd-V/AC-H, (Fig. S1t). The crystalline structures of
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Fig. 1 (a) TEM image of the Pd—V/AC-air catalyst. (b) XRD patterns of
various Pd heterogeneous catalysts. (c) XPS spectra of Pd for the Pd—
V/AC-air catalyst. (d) XPS spectra of Pd for the Pd—V/AC—-H, catalyst.
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prepared Pd heterogeneous catalysts were characterized by X-
ray diffraction (XRD), and the results are displayed in Fig. 1b.
The PdO diffraction peak at 33.7 is clearly visible for the Pd/AC-
air catalyst (PDF” 46-1107). The disappearance of the PdO
diffraction peak in the Pd-V/AC-air catalyst may result from the
partial occupation of oxygen by the introduced V. Pd-V/AC-H,
and Pd/AC-H, catalysts show a Pd diffraction peak at 40.1 (PDF”
46-1043). X-ray photoelectron spectroscopy (XPS) measure-
ments were used to study the surface electronic state of the Pd-
V/AC-air and the Pd-V/AC-H, catalysts. For Pd-V/AC-air, peaks
at 337.55 eV and 342.74 eV are attributed to Pd** 3d;/, and Pd**
3dsp,, respectively (Fig. 1c).** For Pd-V/AC-H,, peaks at
335.40 eV and 340.75 eV are attributed to Pd® 3ds,, and Pd® 3d;,
2, respectively (Fig. 1d). These illustrate that Pd species in Pd-V/
AC-air exist in the state of Pd*', whereas most palladium
species have been reduced to Pd° in the Pd-V/AC-H, catalyst.*
The XPS of Pd/AC-air and Pd/AC-H, were also analysed, and the
results are displayed in Fig. S2.} Similar results were obtained,
where the Pd species in Pd/AC-air exist in the state of Pd>",
whereas they are Pd° in the Pd/AC-H, catalyst. The ICP-AES
suggests that the contents of palladium and vanadium in Pd-
V/AC-air are 0.61% and 0.49%, respectively.

The superiority of Pd>*

The hydrogenation of CO, to FA was carried out in a basic
aqueous solution containing 1.0 M Na,CO; under a total pres-
sure of 6.0 MPa (H,/CO, = 1:1) at 120 °C over 12 h (Table 1).
Pd-V/AC-air exhibited excellent catalytic performance. The
TON and TOF of the FA can be up to 4790 and 2825 h™,
respectively (Table 1, entry 2). Both these values are superior to
those of the reported heterogeneous Pd catalysts for the
hydrogenation of CO, to FA (Table S1t). The catalytic perfor-
mance of Pd/AC-air was also tested, and it showed much lower
catalytic activity than Pd-V/AC-air, where the TON of FA is 2968
and the TOF is only 983 h™" (Table 1, entry 1). This shows that
the introduction of V could improve the catalytic activity and
enhance the reaction rate a lot in spite of the low activity of V/AC
itself (Table 1, entry 6). Compared with the Pd/AC-H, catalyst,
Pd/AC-air showed higher activity (Table 1, entries 1 and 3).
Furthermore, the activity of Pd-V/AC-air is more than 20 times
that of the Pd-V/AC-H, catalyst (Table 1, entries 2 and 4). These
results demonstrate the superiority of Pd*>" compared to the Pd®
catalyst for the hydrogenation of CO, to FA. Besides, we calcined
Pd-V/AC-H, and obtained the catalyst Pd-V/AC-H,-air, and

Table 1 Hydrogenation of CO; to FA over various catalysts®

Entry  Catalyst Pdvalence ~TON  TOF®  Sel. (%)

1 Pd/AC-air +2 2968 983 >99

2 Pd-V/AC-air +2 4790 2825 >99

3 Pd/AC-H, 0 143 0 >99

4 Pd-V/AC-H, 0 143 164 =99

5 Pd-V/AC-H,-air  — 2047 — >99
V/AC — 0 — —

“ Reaction conditions: catalyst (5 mg), 1.0 M Na,CO; (2 mL), Py, (3 MPa),
Pco, (3 MPa), T (120 °C), ¢ (12 h). > TOF was calculated at 0.5 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Pd-V/AC-H,-air exhibited much better catalytic performance
than Pd-V/AC-H, and the TON of HCOOH increased to 2047
(Table 1, entry 5), which identifies the active site for this cata-
lytic system as Pd*". For all the heterogeneous Pd catalysts
tested in this research, the selectivity for FA was more than 99%,
and no other product was detected in the reaction system.

Considering the good performance of Pd-V/AC-air, other
reaction conditions were optimized. Na,CO; was proved to be
the best additive base among those bases we checked (Table
S2t). The effect of total pressure and pressure ratio of H,/CO,
was also studied. When H, pressure is greater than 3 MPa, CO,
pressure has little effect on the TON and TOF values. 3 MPa H,
and 1 MPa CO, are enough to obtain a satisfactory TON for FA
(Table S37).

To investigate electronic and structural information of the
Pd species in heterogeneous Pd catalysts, X-ray absorption near-
edge structure spectroscopy (XANES) and extended X-ray
absorption fine structure spectroscopy (EXAFS) of Pd/AC-air,
Pd-V/AC-air and Pd-V/AC-H, were measured, and EXAFS
fitting data are listed in Table S6.7 As shown in Fig. 2a, the K-
edge XANES spectra of Pd/AC-air and Pd-V/AC-air were found
to resemble that of PdO. In the Pd K-edge Fourier-transformed
EXAFS spectra, a peak at about 1.6 A attributed to the Pd-O
bond was observed for the Pd/AC-air and Pd-V/AC-air catalysts
(Fig. 2¢). Nevertheless, the K-edge XANES spectrum of the Pd-V/
AC-H, catalyst is similar to that of Pd foil (Fig. 2a), and the peak
at about 2.5 A, attributed to the Pd-Pd bond in the Pd K-edge
Fourier-transformed EXAFS spectrum, was obvious (Fig. 2c).
These results illustrate that the Pd species exist as Pd*" in the
Pd/AC-air and Pd-V/AC-air catalysts and as Pd° in the Pd-V/AC-
H, catalyst, consistent with XPS results. It is noteworthy that
there is a slight difference in the Pd white-line intensity between
Pd/AC-air and Pd-V/AC-air (Fig. 2b). The Pd white-line intensity
for Pd-V/AC-air is slightly lower than that for Pd/AC-air, which
indicates a higher electron density of the Pd species in the Pd-V/
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Fig. 2 (a) Normalized Pd K-edge XANES spectra of Pd/AC-air, Pd-V/
AC-air, Pd-V/AC-H,, Pd foil and PdO. (b) Extended spectra of
normalized Pd K-edge XANES spectra of Pd/AC—-air and Pd—V/AC-air.
(c) Fourier transform of k?-weighted EXAFS spectra and (d) EXAFS
oscillations of Pd/AC-air, Pd—V/AC-air, Pd—V/AC—-H,, Pd foil and PdO
at the Pd K-edge.
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AC-air catalyst. The EXAFS fitting data of the Pd-V/AC-air
catalyst demonstrates that there exists a Pd-O-V structure,
which may result in the slightly higher electron density of the Pd
species (Table S6 and Fig. S37). The introduction of the second
metal V modified the electronic environment of the Pd>" species
and thus improved the catalytic performance toward the
hydrogenation of CO, to FA since V/AC has no catalytic activity
(Table 1, entry 6).

DFT study

To better understand the superiority of the Pd** catalyst over the
Pd° catalyst, DFT calculations were performed. The most stable
Pd (111) slab was chosen as the structural model for the Pd°
catalyst, and the Pd>" catalyst was represented by the PdO (101)
slab since the PdO (101) facet possesses the lowest surface
energy among the four possible PdO facets (Fig. S47).

Next, we probed the reaction energetics of the hydrogenation
of CO, to FA, and the resulting potential energy diagram and
schematic diagrams of transition states are shown in Fig. 3. The
energies of studied intermediates and transition states are
tabulated in Table S7.1 In the case of the PdO (101) slab, the
heterolytic dissociation of H, occurs via TS1 with a barrier of
0.32 eV. Following this step, the adsorbed CO, is attacked by the
hydride through TS2 with a barrier of 0.43 eV. Next, the adsor-
bed proton is transferred to the oxygen of the adsorbed HCOO*
and forms the adsorbed HCOOH* through TS3. Finally,
HCOOH* desorbs from the PdO surface. In the case of the Pd
(111) slab, the reaction pathway is similar except that the
dissociation of H, is neglected since the dissociation of H, on
the Pd surface is so easy that hydrogen atoms are assumed to
adsorb on the surface directly.* The results show that the rate-
determining step of the hydrogenation of CO, to FA is the attack
of the hydride on the adsorbed CO,. The barrier of the rate-
determining step on the PdO (101) slab (0.43 eV) is much
lower than that on the Pd (111) slab (1.48 eV), and it is notice-
able that the potential energy diagram of PdO (101) (Fig. 3, blue
lines) is flatter than that of Pd (111) (Fig. 3, red lines). In this
way, the hydrogenation of CO, to FA is proved to be more effi-
cient on PdO, and it further illustrates the superiority of Pd>* for
the hydrogenation of CO, to FA.
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Fig. 3 Potential energy profiles for the hydrogenation of CO, to FA on
the PdO (101) slab and Pd (111) slab. Structures of transition states are
shown in insets. Blue: Pd; red: O; grey: C; white: H.
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Conclusions

In summary, we prepared a Pd>" catalyst, Pd-V/AC-air, and it
exhibited excellent catalytic performance toward the hydrogena-
tion of CO, to FA. The TON and TOF can be up to 4790 and 2825
h™", respectively, both of which are higher than those of the re-
ported heterogeneous Pd catalysts. Furthermore, Pd-V/AC-air
showed much higher activity than Pd-V/AC-H,, indicating the
superiority of Pd>" over Pd’. DFT calculations displayed that the
rate-determining step of hydrogenation of CO, to FA was the attack
of the hydride on the adsorbed CO,, and the barrier of this step
over PdO is much lower than that over Pd. In addition, the EXAFS
illustrates that the introduction of V modifies the electronic
structure of the Pd species and thus improves the catalytic
performance. To the best of our knowledge, the important role of
Pd*" in the hydrogenation of CO, to FA was demonstrated for the
first time. This study provides guidelines for the design of
a heterogeneous catalyst and a direction for further research into
the hydrogenation of CO, to FA via heterogeneous catalyst.
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