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Hydrogenation of CO, into Formates by Ligand-Capped
Palladium Heterogeneous Catalysts

M. Dolores Fernandez-Martinez® and Cyril Godard*®

The synthesis of two series of catalysts based on ligand-capped
supported Pd nanoparticles was carried out using a simple
procedure and the resulting materials were tested in the
formate synthesis. Within these series, PPh; revealed the most
appropriate stabilizing ligand while TiO, was the most efficient

Introduction

The environmental issues arising from the high concentration
of CO, in the atmosphere are nowadays regarded as critical and
have triggered much interest in research towards the develop-
ment of non-fossil-based feedstocks. In this context, despite its
inertness, CO, has become a very attractive C1 source to obtain
fuels and chemicals. However, commercially, the transforma-
tion of CO, into chemicals is currently limited to the production
of urea,” polycarbonates,” salicylic acid,” methanol"“**’# and
carboxylic acids.” Among the potential transformations of CO,,
its hydrogenation into formic acid and derivatives have become
a priority in view of the recent progress made in the production
of H, via water splitting."” Indeed, formic acid presents high
hydrogen storage capacity and stability and provides a way to
store CO, in a chemically stable form, giving rise to CO,
mediated hydrogen energy cycle.""! However, the harsh con-
ditions usually required made the design of efficient and
reusable catalysts for this transformation very challenging.

For the transformation of CO, into formic acid/formates,'
several highly active homogeneous catalysts were described.™
On the other hand, heterogenized™ and heterogeneous”
catalysts are usually less active but provide advantages in term
of handling and separation for subsequent recycling and reuse.
However, if the reaction is performed in the gas phase, high
temperatures are usually required and the most interesting
products such as HCOOH and MeOH are thermodynamically
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support for these catalysts. The hydrogenation of CO, was
carried out under mild reaction conditions (1.8 MPa CO,,
1.8 MPa H,, 60°C) using water as solvent and in the presence of
a base, providing excellent selectivity towards formates with a
TON of 1032 (TOF of 69 h™', [HCOOK] = 1.1 mol/l).

disfavored." In aqueous phase, the reaction becomes slightly
exothermic due to solvation effects and is even more favorable
under alkaline conditions. In this process, the pH is a crucial
parameter due to the low solubility of CO, in water, the type of
base used, the temperature and the pressure of CO, and H,.
The hydrogenation of CO, under basic conditions or from the
hydrogenation of carbonates or bicarbonates has several
advantages over the HCO,H/CO, system since it allows the
release of H, without producing CO. The heterogeneous process
involves the adsorption and activation of HCO;7/CO, in solution,
the adsorption and dissociation of H, and the formation and
desorption of formate over the catalyst, which in turn are
mainly dependent on the number of catalytic active sites, the
electron density at the metal and the interactions between
active sites and chemical intermediates. As a result, it was
reported that the particle size of the catalysts and the electron
density at the metal are key factors for the activity in this
reaction.””? Among the metals reported, Pd was described as
one of the most active metals for the production of formic acid/
formate!''™™'® and the combination of Pd with other metals such
as Aul" Ag®" and Ni also revealed efficient for this
transformation.”” The choice of the support in this reaction is
also important and for instance, Pd catalysts on carbon based
supports such as reduced graphene oxide (rGO), N-doped
carbon (N—C) or mesoporous graphitic carbon nitride (g-C;N,)
revealed very efficient for the hydrogenation of bicarbonates to
formates.'?? In 2018, Mori et al. reported the highly efficient
CO, hydrogenation using Pd based catalysts supported onto
Ti0,.” In this study, they showed that using bimetallic Pd/Ag
nanoparticles, isolated and electron-rich Pd atoms are created
and enhance the electronegativity of the dissociated hydride
species, resulting in superior catalytic performance.

In this work, the preparation of heterogeneous CO, hydro-
genation catalysts based on palladium nanoparticles supported
on TiO, is reported. The decomposition of an organometallic
precursor was performed under H, in the presence of various
ligand stabilizers to control the surface composition and the
size of the nanoparticles. Indeed, comparison with other
methods such as chemical reduction or wetness impregnation-
reduction, this organometallic approach initially developed by
Philippot and Chaudret, yields nanoparticles with a clean

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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surface that do not require activation at high temperature.**

Here, phosphorus based ligands and a N-heterocyclic carbene
were used as capping agents for Pd nanoparticles and the
effect on their catalytic performance in the hydrogenation of
CO, into formate was particularly looked at.

Results and Discussion

Colloidal and supported Pd nanoparticles were synthesized in
THF by decomposition of Pd(dba), under 3 bar of H, at 60°C in
the presence of 0.2 equivalent of ligand (0.1 eq. in the case of
bidentate ligand, 0.5 equivalent for NHC ligand) and the
support. The general procedure is described in Scheme 1.

First, the effect of the ligands on the properties of the
resulting nanoparticles such as size, dispersion and morphology
were evaluated using TiO, as support. Various phosphines were
used such as triphenylphosphine (PPh,),*® which was previously
reported as an essential additive for the reduction of CO, to FA
with heterogeneous catalyst,"”*?” diphenyl-2-pyridylphosphine
(PPh,Py) and water soluble phosphines such as 1,3,5-triaza-7-
phosphaadamantane (PTA) and 3-(diphenylphosphino) benze-
nesulfonic acid sodium salt (TPPMS) that were previously
reported using molecular catalysts.”** The N-heterocyclic
carbene (NHC) precursor 1,3-dimethylimidazolium-2-carboxylate
(Me,lm—CO,), previously utilized by our group for the synthesis
of mono- and bimetallic nanoparticles,*® was also tested.

3 bar Hy
—_—

Pd(dba), + Support + Ligand

T THF, 60 °C, overnight Pd-NPs

NHC Carbene

Water-soluble

@O SO;Na fN,:/\[l\
. A it
PPh, @ P "%
@ L @ TPPMS o
@ -c0y |y
-
S ’© 0 ~
N P —
PPh,Py @ dppe s P NN
Me,Im-CO,

Scheme 1. General procedure for the synthesis of Pd-NPs in the presence of
ligands.

Table 1. Characterization data for TiO, supported Pd NPs stabilized by
different ligands.

Entry Ligand Particle size [nm] ICP [Pd wt %]
1 PPh;, 2.37+0.19 3.98
2 PPh,Py 2.47+1.30 3.07
3 PTA 1.924+0.91 297
4 TPPMS 2024157 2.99
5 Me,Im—CO, 2.83+1.38 3.12
6 dppe 231+0.82 3.00
7% - 5364283 4.09
gk PPh, 2.25+091 3.31

Synthesis conditions: Pd 4 wt% (metal precursor Pd(dba),), 0.2 eq. of
ligand (except for dppe and NHC: 0.1 equiv. and 0.5 equiv.), 1 g of TiO,,
200 ml THF, 3 bar H,, 60°C, overnight. [a] In absence of ligand. [b] Using

0.4 eq. of ligand per Pd.
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In all cases, highly crystalline small nanoparticles with
spherical shape were obtained. In the presence of ligands, the
size of the nanoparticles was in the range 2-3 nm with narrow
distributions (Table 1, Figure 1). In contrast, when no ligand was
used in the synthesis, the nanoparticles displayed a diameter of
54 nm with a broad size distribution (Table 1, Entry 7). This
clearly indicated the strong stabilizing ability of these ligands
and their importance to form small and well-defined NPs under
these conditions.

The smallest nanoparticles (ca. 2 nm) were obtained using
water-soluble phosphines (PTA and TPPMS; Table 1, Entries 3
and 4). Chaudret and co-workers reported the synthesis of Ru
and Pt nanoparticles with this ligand and demonstrated that
the coordination of PTA to NPs occurs through the P atom.®"
The NPs stabilized with dppe, PPh;, PPh,Py and the NHC
carbene revealed slightly larger. When the PPh;:Pd ratio was
increased from 0.2 to 0.4 (Entry 1 vs. Entry 8), no significant
differences were observed in terms of mean diameter, although
the distribution was slightly broader. In terms of metal content,
the particles stabilized with PTA and TPPMS have the lowest Pd
content and those synthesized in the absence of ligand, the
largest.

The presence of the P-based ligands at the surface of the
nanoparticles was confirmed by EDX and XPS (Figures 1(c), S5
and S6). XPS analysis of the Pd nanoparticles stabilized with
PPh; (Figures S3 and S6) also evidenced that mainly zero valent
Pd was present at the surface of both colloidal and TiO,-
supported NPs, although some Pd®* was detected (16 and
12.5%, respectively). Using reported methods, the percentage
of Pd®" at the NP surface was calculated to be ca. 20%
(Tables S1 and 52).523334

XRD analysis did not reveal information about the crystalline
structure of the supported nanoparticles due to the high
crystallinity of the TiO, support and the small size of the
nanoparticles (Figure 2(a)). When XRD analysis of the corre-
sponding colloidal nanoparticles was performed, the diffraction
pattern observed indicated fcc packing of the Pd NPs in all
cases (Figure 2(b)).

Distribution

2
Particle size (nm)

" m | -
5

0 1 2 3 4
Full Scale 298 cts Cursor: 7.280 (10 cts)

Figure 1. TEM image (a), HR-TEM (b), SEM-EDX (c) and HR-HAADF STEM
analysis (d) of the catalyst Pd-PPh,/TiO,.
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Rutile Initial catalytic experiments were carried out at 80°C in water
E E with 4 M KHCO; and a total pressure of 36 bar (CO,/H,=1)
= % using both sets of synthesized Pd NPs as catalysts.
g § The results obtained using TiO, supported catalysts bearing
- | various ligands are summarized in Table 3.
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20 (Degrees) 20 (Degrees)

Figure 2. DRX of the catalyst Pd-PPh,/TiO, (a) and colloidal Pd-PPh; NPs (b).

Therefore, with this methodology, a series of small and well
defined ligand capped Pd NPs supported on TiO, was obtained.
The presence of the ligands clearly influenced the size and size
distribution of the synthesized nanoparticles. Moreover, the
steric and electronic properties of these ligands also affected
the size of the resulting NPs, although to a smaller extent.

Next, a second series of catalysts was synthesized using
different supports such as metal oxides (TiO,, CeO,, Al,O;) and
carbon-based supports (COF TpPa-1, g-C;N, and CNTs) using
PPh; as stabilizing ligand. In all cases, small and highly
crystalline nanoparticles with spherical shape were obtained.
The mean diameters of the corresponding Pd NPs varied
between 2.3 and 3.5 nm depending on the support. When
CNTs, COF TpPa-1, TiO,, CeO, and Al,O; were used, the diameter
of the resulting Pd NPs was in the range 2-3 nm, while slightly
bigger nanoclusters were formed using carbon nitride. Interest-
ingly, previous reports on Pd NPs supported onto COF TpPa-1
described the formation of particles with a diameter of 7+
3nm.” Here, in the presence of PPh,, the size of the NPs
obtained onto the same support was ca. 2.3 nm, thus again
indicating that the use of ligands leads to the formation of
smaller and better defined Pd catalysts.

ICP analysis (Table 2) revealed a metal content of 2.09% for
the COF TpPa-1 supported catalyst while the TiO, based
material exhibited a content very close to the nominal value
(3.98%). The two supports with the lowest metal content were
organic in nature.

Therefore, a strong effect of the support on the size of the
Pd NPs was observed, probably due to the strength of the
corresponding metal-support interactions.

Table 2. Characterization data for Pd NPs stabilized by PPh; onto various
supports.

capped catalyst (Entry 3) up to 876 (Entry 1) for that synthesized
in the presence of PPh;. It is noteworthy that when the catalytic
experiments were performed using the catalysts synthesized in
the presence of 0.4 eq. of PPh;, the activity remained practically
unchanged (Entry 8). The catalysts stabilized by the bidentate
ligand dppe also provided high catalytic activity (TON=2856)
while those containing PPh,Py and TPPMS presented intermedi-
ate catalytic activities (TON=ca. 700, entries 2 and 4). Nano-
particles without ligand and those stabilized with NHC provided
TON values somewhat lower (Entries 5 and 6).

Based on these results, it can be concluded that the catalytic
activity is not directly related with the size of the NPs (Figure 3)
since the smallest NPs (PTA) provided the lowest TON value
while the largest NPs (synthesized in the absence of ligand)
exhibited an intermediate activity. In this series, the most active
catalysts were those stabilized by PPh; and dppe. Recently,
Staiger et al.®® used different phosphines as additives for the
synthesis of colloidal Pd NPs for semi-hydrogenation of alkynes.
In their case, the results with PPh;, compared with bulkier
phosphines, provided the highest catalytic selectivity, which
was explained by the steric inhibition of the active sites at the
particle surface.

Table 3. Effect of the ligand in CO, hydrogenation to formate.”

Entry Ligand TON™®! TOF [h~"]
1 PPh, 876 58
2 PPh,Py 700 47
3 PTA 385 26
4 TPPMS 701 47
5 Me,Im—CO, 506 34
6 Without 572 38
7 dppe 856 57
8 PPh, (0.4 eq.) 868 58

[a] 20mg of Palladium nanoparticles supported over TiO, catalyst
stabilized with different ligands, 5 ml H,O0 milli-Q, KHCO; (4 M), 80°C,
pTotal =36 bar, p(CO,)=p(H,), t=15h. [b] TON=mmol formate/mmol
total of Pd, calculated by NMR using 1,4-dioxane as internal standard. [c]
TOF =TON/t(h).

Entry Support Particle size [nm] ICP [Pd wt %]
1 TiO, 2.37+0.19 3.98

2 CeO, 269+1.28 233

3 AlLO; 2.95+1.10 332

4 CNTs 227+1.18 2.55

5 COF TpPa-1 233+1.19 2.09

6 g-GN, 3.51+0.27 3.07

7% - 1.90+0.57 -

Synthesis conditions: Pd 4 wt% (metal precursor Pd(dba),), 0.2 eq. of the
corresponding ligand, 1 g of corresponding support, 200 ml THF, 3 bar H,,
60 °C, overnight. [a] In absence of support.
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Ligands
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TON
Average size (nm)

200
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Figure 3. Effect of the ligand on the size of NPs and catalytic activity for the
hydrogenation of CO,.
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It should be noted that low catalytic activity was obtained
using the NPs stabilized with NHC ligand, which could be due
the stronger interaction between Pd and the ligand that
reduced the number of active sites during catalysis. In the
ligand-free nanoparticles, despite a more available surface, the
activity was lower compared to most catalysts stabilized by
phosphine ligands, which could be attributed to the size of the
NPs or some electronic effect induced by the ligands. Surpris-
ingly, when the nanoparticles containing PTA, which exhibited
the smallest size, were used, the lowest catalytic activity was
obtained. This could be due to the blocking of surface active
sites by the ligand and/ or a fast catalyst deactivation. For other
water-soluble ligand (TPPMS) the activity was higher. For
PPh,Py, the catalytic activity was very similar to that of TPPMS.

Therefore, the variations observed in catalytic activity could
not be related with the size of the nanoparticles obtained
during the catalyst preparation, but with the electronic and
steric properties that the ligands confer to the active phase.

Next, the effect of the support was evaluated in the CO,
hydrogenation to formate under basic conditions. The results
are summarized in Table 4.

Among the series, the highest activity was obtained using
the TiO,-based catalyst (Table 4, Entries 1). All the other
supports provided much lower activities. For other metal oxides
such as Al,O;, the TON values were below 300 (Entries 2 and 4).
In the case of carbon-based supports, the highest activity was
achieved using g-C;N, (TON=465, entry 6), followed by COF
TpPa-1 (TON=321) while very low activity was obtained with
catalysts supported on CNTs and colloidal nanoparticles.

Comparing the results obtained with metal oxides, these
results are in agreement with a previous report by Mori et al.”®!

Table 4. Effect of the support in CO, hydrogenation to formate.”!

that described that TiO, based catalysts were more efficient
than those on CeO,. Regarding the size of the nanoparticles, in
these two catalysts (2.37+0.19 nm vs. 2.69+1.28 nm, Figure 4,
Figure S4 and Table 2), values are similar. However, the metal
content was higher (3.98+0.03 wt% Pd) for Pd/TiO, than for
Pd/CeO, (2.33 wt%), which could indicate a stronger metal-
support interaction between Pd and TiO,. Within the series, the
lowest activity was observed for the Pd/COF TpPa-1 system
(Table 4, Entry 5). This result could be explained by some
stability issue of this support under basic conditions, as
previously described,®” although in another report, Pd catalysts
supported on COF TpPa-1 were previously reported and no
stability issues were indicated.®”

These results thus highlight the importance of metal-
support interactions to reach high catalytic activity in this
reaction.

As previously mentioned, the base plays a fundamental role
in the thermodynamics of this process. At pH 6-9, the true
substrate of the reaction is not CO,, but bicarbonate (HCO;")
since CO, dissolved in water shows a pH-dependent equilibrium
between the HCO,  species (pKal=6.35 at 25°C) and CO,>
(pKa2=10.33).5¥ It was previously reported that the hydro-
genation of carbonates is more difficult than that of bicarbon-
ates in aqueous solutions.®@ Consequently, by increasing the
pH, the balance changes from bicarbonate to carbonate, thus
decreasing the yield to formate. Furthermore, the pH of the
solution can influence the stability of metal hydrides.

In this study, various organic and inorganic bases such as
NEt;, KOH, KHCO; and NaHCO; were tested (Table5 and
Figure 5). In the absence of base (Table 5, Entry 5), hardly any
catalytic activity was observed. When NEt; was used (Table 5,
Entry 4), low activity was obtained, probably due to the low

Entry Support TON® TOF [h—"]
1 Tio, 876 58

2 CeO, 243 16

3 CNTs 15 -

4 ALO, 284 19

5 COF TpPa-1 321 21

6 g-C:N, 465 31

7 Unsupported 7 -

Table 5. Effect of the nature of the base in CO, hydrogenation to
formate.”

Entry Base, 1 M TON®! TOF [h~"]
1 NaHCO, 242 16
2 KHCO, 319 21
3 KOH 229 15
4 NEt, 6 0.4
5 None 9 0.6

[a] 20 mg of Palladium supported nanoparticles catalyst stabilized with
PPh;, 5 ml H,O milli-Q, KHCO; (4 M), 80°C, pTotal =36 bar, p(CO,)=p(H,),
t=15h. [b] TON=mmol formate/mmol total of Pd, calculated by NMR
using 1,4-dioxane as internal standard. [c] TOF =TON/t(h).

[a] 20mg Pd-PPhy/TiO, NPs, 5ml H,0 milli-Q, 80°C, pTotal=36 bar,
p(CO,) =p(H,), 15 h. [b] TON =mmol formate/mmol total of Pd, calculated
by NMR using 1,4-dioxane as internal standard. [c] TOF =TON/t(h).

1000 Supports

N

800+

w

N
Average size (nm)

600+

TON

400+

200

CNTs COF TpPa-1 TiO, CeO, ALO g-C.N

2 273 34

Figure 4. Effect of the support in the catalytic activity as a function of NP
size for the hydrogenation of CO,.
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Base

NaHCO, KHCO, KOH  NEt, None

Figure 5. Effect of the base in the catalytic activity for the hydrogenation of
CO,. Conditions: 20 mg Pd-PPh/TiO, NPs, 5 ml H,O milli-Q, base (1 M), 80°C,
pTotal =36 bar, p(CO,) =p(H,), 15 h. TON =mmol formate/mmol total of Pd,
calculated by NMR using 1,4-dioxane as internal standard.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

85UB017 SUOLULLOD dA1IER1D 3|t dde ay) Ag peueAoh a8 saoiLe YO 38N JO 3N JoJ Akeud1TaUIIUO AB]1M UO (SUORIPUOD-PUB-SWRILLIY A3 | I Afe.q 1 Bu 1 UO//:SdY) SUONIPUOD pue suie | 8y} 885 *[e202/90/vT] uo AriqiTauliuo Asiim ‘IIIBAIA 111NN pepsIeAIuN Ag 80KT0ZZ0Z 2199/200T OT/I0p/LI0d A8 im Afeid i jpuluo adoune-Alis iwayd//sdiy woiy papeojumod ‘9 ‘e§0z ‘668EL98T



Chemistry

Research Article Europe
doi.org/10.1002/cctc.202201408

European Chemical
Societies Publishing

ChemCatChem

solubility of this base in the reaction medium. When bicarbon-
ates were used, high catalytic activity was reached with KHCO,
compared with that obtained with NaHCO; (Table 5, Entry 2 vs.
Entry1). Similar effect was previously reported.”® Indeed, the
cation can affect the balance between carbonate and bicarbon-
ate. Moreover, KHCO; provides a higher concentration of HCO;~
than NaHCO; in solution.*®"'“"® Using KOH, (Table 5, Entry 3),
the catalytic activity was similar to that obtained using NaHCO;.

The concentration of the base also proved important as
TON values increased at higher base concentrations (Table S3).

When the reaction temperature was optimized, the highest
activity was obtained at 60°C (Figure 6(c), Table S5, Entry 2).
The results described a volcano plot that could be explained by
the lower solubility of CO, at higher temperature and/or the
lower stability of the catalysts at T>60°C. In terms of total
pressure, upon increasing from 9 to 18, 24 up to 36 bar of CO,,
(Figure 6(a) and Table S6), the catalytic activity continuously
increased. In terms of partial pressures (Figure 6, Table S7), the
ratio pCO,:pH, 1:2 (Entry 3) provided the highest activity with
a TON value of 1145.

When the reaction was monitored over time (Figure 6(d),
Table S8), the TON values remained constant after 15h of
reaction, indicating deactivation of the catalyst.

Reusability of catalyst

A recyclability experiment was performed under optimized
conditions using the TiO,-supported Pd catalysts synthesized in
the presence of PPh;. After each catalytic test, the catalyst was
recovered by centrifugation, washed three times with Milli-Q
water and dried. Then, the catalyst was redispersed in water,
and fresh KHCO; and 1,4-dioxane were added. The procedure
was repeated three times. However, a decrease in catalytic

b !
@ Total pressure (b) Partial pressure
1200 1200
100 10004
80 8001
Z 60! Z 6004
2 2
40 400
20 2004
9 18 27 36 2:1 121 12 1:3
bar pCOz:sz
(© T (d) :
emperature
1100 P 260 Time
° —n
1000 1000 //
&6 800 .
z . =z [
2 Qeoo; [
800 /-
.. 400
700 ® T L]
200
40 60 80 100 120 0 10 20 30
°c h

Figure 6. Variation of TON values as a function of (a) total pressure, (b)
partial pressures, (c) temperature and (d) time in the hydrogenation of CO,
using Pd-PPh/TiO, as catalyst. Conditions: 20 mg Pd-PPhy/TiO, NPs, 5 ml
H,0 milli-Q, KHCO; (4 M). TON =mmol formate/mmol total of Pd, calculated
by NMR using 1,4-dioxane as internal standard. TOF =TON/t(h).
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activity was observed after each run. TEM images of the catalyst
(Figure 7(b) and 7(c)) after the third recovery revealed that the
NPs had considerably increased in size (ca. 6 nm) and in some
regions, agglomeration was also detected. Similar results were
reported by Mori et al. for the system PdAg/TiO,"" To avoid
such agglomerations in catalysis, the use of ligands, polymers
or surfactants were previously reported.*? ICP measurements of
the catalytic solutions were performed but no Pd could be
detected, indicating that no Pd leaching had occurred. It was
therefore concluded that sintering of the Pd NPs was respon-
sible of the decrease in catalytic activity during these experi-
ments.

Conclusions

In this work, novel catalysts based on ligand-capped Pd NPs
supported on various materials were prepared and their activity
was evaluated in the hydrogenation of CO, to formate. The
results revealed the importance of the ligand in obtaining small
and well defined catalysts, although the size of the nano-
particles could not be directly correlated with their catalytic
performance and the interactions between the nanoparticles
and the support appeared to be critical to the catalyst activity.
The Pd-PPh,/TiO, catalytic system reached a TON of 1032 (TOF
of 69h~", [HCOOK]=1.1 mol/l) under mild conditions of
pressure and temperature (36 bar (pCO, =pH,), 60°C, 15 h).
Initial recycling study revealed unsuccessful and current efforts
are focused on support modification to limit sintering and
enhance catalytic activity of these catalysts.

a .
(@) 1200 Recycling test

1000

800

TON

Figure 7. Recycling experiment with the catalyst Pd-PPh,/TiO, (a) and TEM
images before catalysis (b) and after catalysis (c) with NPs on the order of

6 nm NPs (b) and agglomerates (c). Conditions: 20 mg of Pd-PPh/TiO,
catalyst, 5 ml H,0 milli-Q, KHCO; (4 M), pTotal =36 bar, p(CO,) =p(H,), 60°C.
TON =mmol formate/mmol total of Pd, calculated by NMR using 1,4-dioxane
as internal standard.
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Experimental Section

Synthetic procedures, TEM, XRD, XPS, EDX, HRTEM images and
results of catalysis experiment of hydrogenation of CO, to formate
under different conditions can be found in the Supporting
Information. This material is available free of charge via Internet.

Synthesis and characterization of PPh; stabilized Pd NPs
supported over TiO,

The catalysts were prepared to obtain a 4% wt Pd loading over
TiO,, TiO, was weighted outside the glove box and left in an oven
at 100°C overnight. In a typical experiment, metal precursor and
the stabilizer were weighted in the glove box and charged into a
Fischer-Porter bottle. At this point, TiO, and solvent were added,
the Fischer-Porter was closed, purged with hydrogen several times
and then charged with 3 bar of H,. The reaction mixture was left
stirring (700 rpm) at 60°C overnight. After the reaction, Fischer-
Porter was cooled at room temperature, depressurized and entered
inside glove box. TEM samples were prepared using five drops of
the crude solution and depositing onto a copper grid. The rest of
the reaction crude was concentrated and washed several times
with hexane. The catalyst was dried under vacuum during several
hours.

Catalytic experiments for CO, reduction to formate

Stainless steel high-pressure reactor HEL CAT-7 (7x10 ml) was
charged with TiO, supported palladium nanoparticles (20 mg),
20 mg of 1,4-dioxane and 5 ml of a 4 M base solution employing
Milli-Q water. The reactor was first flushed with 3 cycles of
hydrogen to remove the air. Then, the reactor was charged with
10 bar of H, and heated at 40°C under stirring for twenty minutes.
At this point, the reactor was depressurized, purged several times
with CO, and charged with 18 bar of CO, and let under stirring for
20 minutes. Then, the reactor was charged with 18 bar of H, (1:1,
CO,:H,) and heated to reach the temperature under 600 rpm of
stirring. The experiment was left 15h and after this time, the
reactor was allowed to cool in an ice bath. When the reactor was
cooled, it was depressurized and opened. A small amount of the
sample was filtered through celite and analysed by NMR using D,0
as deuterated solvent.
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