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Reaction and separation system for CO, hydrogenation
to formic acid catalyzed by iridium immobilized
on solid phosphines under base-free condition

Jinling Hu,"? Wentao Ma,"? Qiang Liu," Jiao Geng,"* Youting Wu,' and Xingbang Hu'-**

SUMMARY

Hydrogenation of carbon dioxide (CO,) to produce formic acid (HCOOH) in base-
free condition can avoid waste producing and simplify product separation
process. However, it remains a big challenge because of the unfavorable energy
in both thermodynamics and dynamics. Herein, we report the selective and
efficient hydrogenation of CO, to HCOOH under neutral conditions with imidazo-
lium chloride ionic liquid as the solvent, catalyzed by a heterogeneous Ir/PPh3
compound. The heterogeneous catalyst is more effective than the homogeneous
one because it is inert in catalyzing the decomposition of product. A turnover
number (TON) of 12700 can be achieved, and HCOOH with a purity of 99.5%
can be isolated by distillation because of the non-volatility of the solvent. Both
the catalyst and imidazolium chloride can be recycled at least 5 times with stable
reactivity.

INTRODUCTION

Carbon dioxide (CO,) is one of the major greenhouse gases.' The fractional concentration of CO; in the
atmosphere has exceeded 400 ppm,”” raising concern about climate change. Effective artificial CO,
fixation becomes urgent.*”

The use of CO, and hydrogen as feedstock to synthesize HCOOH is attractive. On the one hand, the
hydrogenation of CO; to HCOOH is an ideal way with 100% theoretical atomic economy. On the other
hand, HCOOH is currently considered as a promising candidate for hydrogen storage. Hydrogenation
of CO, requires simultaneous activation of both CO; and H,, which is quite difficult because of the kinetic
and thermodynamic stability of CO, and H,.°"? Some transition metal-based complexes have been re-
ported that can activate both H; and CO,, such as Ry, 810-18 | 19726 pq 27-30 py 3132 Fg 34738 \n 3740
Co,“1 Ni,*** and Cu.*’ %0

However, the hydrogenation of CO, to HCOOH is thermodynamically unfavored (AG,ggk = +33 kJ/mol).c~?
To overcome thermodynamic limitations, these systems”’™' require the use of bases and consequently
produce stable formates.®'%'#1°7°% As shown in Figure 1., these systems have extremely high catalytic ac-
tivity, but acidification of the formate with strong acid produces waste salt.””>* To simplify the subsequent
formic acid separation process, some studies on catalytic CO, hydrogenation in base-free systems have
also been reported. Solutions containing DMSO'"*° or acetate buffers'*** are typical examples.
When DMSO was used, TON up to 4200 can be obtained. To further improve the TON, acetate buffer

was adopted.w 45657 'School of Chemistry and
Chemical Engineering,
Nanjing University, 163

On the other hand, most of the hydrogenation of CO, to HCOOH is catalyzed by homogeneous cata- Xianlin Road, Qixia District,
lysts.>* The existence of catalyst in the solution may be troublesome during formic acid separation Nanjing 210023, P. R. China
because HCOOH or formate is not stable in the presence of these catalysts.”**° To develop an efficient 2These author contributed

and economical process for the hydrogenation of CO, to HCOOH, in addition to the neutral media, a equally

heterogeneous catalyst with high catalytic activity is also crucial. SLead contact

*Correspondence:

. . . . jlao@nju.edu.cn (J.G.),
Figure 1 summarizes the current status of the hydrogenation of CO, to HCOOH or formate. Regarding the Sj:t?gnﬁu.géuuinu(;%(.) )
separation of HCOOH, an early paper described the use of amine 1exchange to separate the adduct of for- https://doi.org/10.1016/j.isci.
mic acid and triethylamine, which involved multi-step distillation.®' Han et al. proposed a process in which 2023.106672
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Figure 1. Catalytic CO, hydrogenation to HCOOH with diverse catalysts and stabilizing reagents

an immobilized ruthenium catalyst was used in water with an ionic liquid (IL) containing a tertiary amino
group as the recyclable base.®” Leitner et al. utilized the good solubility of HCOOH in supercritical CO,
(scCO,) and proposed a continuous flow hydrogenation of scCO, with integrated product separation
from the immobilized catalyst and stabilized base to produce pure HCOOH in a single unit. An immobilized
ruthenium organometallic catalyst and [pmmim][OOCH] were combined with supercritical CO, to achieve
the highest TON 1938. However, only 14% HCOOH can be extracted in 74 h under at a pressure of 20 MPa.”
These efforts combine well with hydrogenation of CO, and formic acid separation, but the efficiency of
these catalysts is low compared to homogeneous catalysts.'"*>™ Furthermore, the reaction conditions
used in these systems are too harsh.

Herein, we developed an effective reaction and separation system for the hydrogenation of CO; to
HCOOH catalyzed by a heterogeneous iridium compound under base-free condition. It includes the
following key points: (1) A solution system forms multiple hydrogen-bonding with HCOOH which can facil-
itate the thermodynamic process of CO, hydrogenation to HCOOH; (2) easy separation of HCOOH
because of the non-volatility of the solvent; (3) an effective heterogeneous catalyst avoids the HCOOH
decomposition during the separation of HCOOH and exhibits higher reactivity than the homogeneous
one in the hydrogenation of CO, to HCOOH.

RESULTS AND DISCUSSIONS
Catalyst synthesis and characterization

Homogeneous Iridium catalyst has high catalytic activity in the hydrogenation of CO, to HCOOH.""?* It
would be more promising if it could be heterogeneous and reusable. Knitting aromatic polymers (KAPs)
are good candidates to virtually transform highly active homogeneous catalysts into heterogeneous
ones.? Grown by subsequent C—H activations of aromatic monomers, iridium complexes containing ben-
zene rings can be heterogenized by self-polymerization without any prior functionalization. Previously, we
have used this method to synthesize polymerized frustrated Lewis pairs.*

We first attempted to combine [Ir(cod)Cl], with KAPs(Ph-PPhs) to form KAPs(Ph-PPh3)-Ir (Scheme S1). How-
ever, the reaction failed because Ir was barely detectable in the obtained compound. We then replaced
part of PPhz in in the polymerization process with the complex Ir(cod)CI(PPh3) [hereinafter referred to as
Ir(1)-PPh3] and KAPs(Ph-PPhz-Ir) was obtained (Scheme 1). The growth of microporous network with Ir(l)-
PPhs were confirmed by solid-state NMR, XPS spectroscopy, EDS elemental mapping analysis (Figure 2),
FTIR spectroscopy (Figure S3). 3C CP/MAS NMR of KAPs(Ph-PPhs-Ir) (left part of Figure 2A) and
KAPs(Ph-PPhs) (left part of Figure 2B) are similar, with resonance peaks near 137 and 130 ppm correspond-
ing to the substituted aromatic carbon and non-substituted aromatic carbon.®> The resonance peak
near 35.5 ppm indicates the existence of the methylene linker formed by Friedel-Crafts reaction. In the
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Scheme 1. Synthesis of KAPs(Ph-PPh;-Ir)

3P CP/MAS NMR spectra, a new peak appears at —24 ppm for KAPs(Ph-PPh3-Ir), which is attributed to the
Ir-coordinated P atoms. The P atoms involved in coordination are the majority (right part of Figure 2A). XPS
study of KAPs(Ph-PPhs-Ir) reveals he presence of C, P, Cl, and Ir elements in the solid material (Figure Sé).
The XPS pattern in Figure 2 shows that the Ir species in the KAPs(Ph-PPhs-Ir) is in +3 oxidation state.®® The
oxidation state change may be because of the presence of FeClz during the synthesis of KAPs(Ph-PPhs-Ir),
which acted as the catalyst in Friedel-Crafts reaction. To verify whether FeCl; can oxidize Ir(l) to Ir(lll), we
added FeCls to the ether solution of Ir(l)-PPhs. A white solid was rapidly precipitated from the solution.
XPS pattern of the white solid shows that its binding energy is almost the same as that of Ir(lll)-PPhs.
Although the binding energy of the polymerized iridium is different from that of Ir(l1)-PPhs, it is still within
the range of Ir(lll) reported in the literature (Ir 4f;/,: 62.6 ev-62.7 ev).?® The atomic occupancy of each
element in KAPs(Ph-PPhs-Ir) is consistent with Ir(PPh3)3Cls. Figure 2E shows that Iridium is uniformly
dispersed on the catalyst surface. The porous properties of the samples were analyzed by nitrogen adsorp-
tion analysis. The pore size distribution and the N, adsorption-desorption measurements of the catalyst
were shown in Figures 2F and 2G. The BET surface area of KAPs(Ph-PPh-Ir) was 190.95 m?/g. Thermogra-
vimetric analysis (TGA) confirmed that the catalyst was very stable below 150 °C (see Figure S5).

CO; hydrogenation and HCOOH separation

The catalytic hydrogenation reactions of CO, to HCOOH were carried out using KAPs(Ph-PPhs-Ir) as
the catalyst. The KAPs(Ph-PPhs) was used as the catalyst for control experiment and has no catalytic activity
(entry 1, Table 1). Catalyzed by KAPs(Ph-PPhs-Ir), DBU was almost completely converted to DBU formate
with a TON of 159304 (entry 2, Table 1). In terms of catalytic hydrogenation of CO; to formate, the activity
of KAPs (Ph-Phs-Ir) is much higher compared to the polymeric phenanthroline-Ir compound (TON: 40000).”

Because the hydrogenation of CO, to HCOOH is thermodynamically unfavored (AGyggx = +33 kd/mol) in
the absence of base,®” we infer that the formation of multiple hydrogen bond between HCOOH and the
solvent may compensate the Gibbs energy and shift the reaction toward the producing of HCOOH (Fig-
ure 3, Table S1, Figure S7). The energy released during hydrogen bond formation is rather weaker than
that of the reaction between base and HCOOH, and therefore the energy consumption required for sub-
sequent HCOOH separation can be greatly reduced. The hydrogenation of CO, to HCOOH in solvent can
be divided into 3 steps (Scheme 2, Equations 1, 2, and 3). The overall reaction is presented in Equation 4.
Thermodynamic calculations are performed based on the Equation 4 and the corresponding Gibbs free
energy (A,G) and enthalpy (AH) changes of reactions are listed in Table 1. For solvents containing inert
C-H bond without hydrogen bond acceptor, the A,G values are even larger than 33 kdJ/mol (entries 3-5
in Table 1), indicating that the formation of HCOOH is further inhibited in these solvents. As a result, no
HCOOH was produced in the hydrogenation experiments using n-hexane, benzene, or toluene as solvent.
Although acetone, H,0, and THF contain hydrogen bond acceptor, they are unable to promote the hydro-
genation of CO; (entries 6-8 in Table 1). The cartesian coordinates of optimized structures were seen in
Table S3.
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Figure 2. Characterization of KAPs(Ph-PPh;-Ir)

(A) Solid-state 3'C CP/MAS (left) and *'P CP/MAS (right) spectra of KAPs(Ph-PPhs-Ir).

(B) Solid-state 3'C CP/MAS (left) and *'P CP/MAS (right) spectra of KAPs(Ph-PPhs).

(C) XPS pattern for Ir of Ir()-PPhs, IrCl3/PPhs and KAPs(Ph-PPhs-Ir).

(D) XPS pattern for Ir on Ir(l)-PPh3 before (above) and after (below) it was treated with FeCls.

(E) EDS images of KAPs(Ph-PPhs-Ir) with the corresponding element distribution maps as insets.
(F) The pore width distribution of KAPs(Ph-PPhs-Ir).

(G) Nitrogen adsorption (black square) and desorption (red circle) isotherms of KAPs(Ph-PPhs-Ir).

lonic liquid consisting of cation and anion can be used as reaction solvent and provides both strong
hydrogen bond donor and acceptor. When [emim][Cl],[lomim][Cl], and [hmim][CI] are used as solvent,
the A,G values are only 10.58-15.49 kJ/mol (entries 11-13 in Table 1), indicating that these solvents can
facilitate the formation of HCOOH. The hydrogenation of CO; in [hmim][Cl] gave a TON of 12700, which
was much higher than those using neutral solvent. For example, the highest TON was 4200 when DMSO
was used as solvent.""***° The A,G values show that solution containing acetate buffer can significantly
improve the stability of formic acid and this is consistent with literature reports.'**>" When [emim]
[OAC] or [bmim][OAc] was used as solvent, the TON can reach 53832 (entries 14-15 in Table 1). However,
owing to the stronger acidity of HCOOH, HCOOH can react with CH3COO™ to produce HCOO™ and
CH3COOH, which will bring more difficulty for the separation of HCOOH. For the separation of
HCOOH-[bmim][OAc], the distillate obtained from the distillation experiment contained 86.3%
CH3COOH and only 13.7% HCOOH (Figure 4).

Table 1. Energy value and TON data of CO, hydrogenation to HCOOH catalyzed by KAPs(Ph-PPhj3-Ir) in different

solvents

Entry Solvent ArH (kJ/mol) ArG (kJ/mol) TON?
iR DBU (20 mmol) —90.94 —18.99 0

2 DBU (20 mmol) —90.94 -18.99 159304
3 n-hexane (2 mL) —4.75 63.82 <1

4 benzene (2 mL) —15.49 49.52 <1

5 toluene (2 mL) —-18.29 44.67 <1

6 acetone (2 mL) —38.51 30.85 <1

7 Water (2 mL) —37.83 30.66 <1

8 THF (2 mL) —47.27 29.76 <1

9 [emim][BF4] (10 mmol) —37.53 29.84 92

10 [emim][Br] (10 mmol) —49.41 26.84 150
11 [emim][CI] (10 mmol) —55.29 13.99 9550
12 [bmim][CI] (10 mmol) —49.46 15.49 11800
113} [hmim][CI] (10 mmol) —46.63 10.58 12700
14 [emim][OAc] (10 mmol) —84.64 -4.21 50000
15 [bmmim][OAc] (10 mmol) —104.66 —8.08 53832
16 N1ggsCl (10 mmol) —54.65 23.26 1667
17 NH3-H,0 (20 mmol) —56.03 10.45 23330
18° [emim][CI] (10 mmol) —55.29 13.99 205
19¢ [bmim][CI] (10 mmol) —49.46 15.49 1170
20° [bmim][CI] (10 mmol) —49.46 15.49 0

?Standard conditions: KAPs(Ph-PPhs-Ir) (5 mg, 0.12 pmol Ir based on ICP-OES); reaction temperature (100°C); CO, (3MPaat
room temperature), H, (4MPaat room temperature); reaction time (21 h). TON: turnover numbers. TON= n(HCOOH deter-
mined by NMR)/n(Ir determined by ICP-OES). TONs are mean values from at least two independent experiments with a mean
deviation of +(5-10) %.

b5 mg KAPs(Ph-PPh3) was used instead of KAPs(Ph-PPhs-Ir).

“Catalyzed by Ir()-PPh3 (0.001 mmol).

dCatalyzed by Ir(1)-PPh3 (0.0001 mmol) and 5 mg KAPs(Ph-PPhs).

iScience 26, 106672, May 19, 2023 5
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Figure 3. Promoting the CO, hydrogenation to HCOOH by KAPs(Ph-PPh;3-Ir) and multiple hydrogen bond

A simple separation process after reaction is vital for large scale industrial application. A further systematic
investigation of the distillation of different CO, hydrogenation solutions was carried out. The "H NMR of
the original solutions, residues and distillates are shown in Figure S9, and HCOOH concentrations in
both distillate and bottom residue are presented in Figure 4. DBU and other strong organic or inorganic
bases were widely used in the CO, hydrogenation.*”'%"*"5=Y DBU and HCOOH reacted rapidly to form
formate [DBUH][HCOOQ], and no distillate can be obtained even when the temperature of vacuum distilla-
tion was raised to 150 °C. When DMSO was used as solvent-a case widely used to promote base-free CO,
hydrogenation,’'>*>° there was a large amount of solvent in the distillate and the concentration of HCOOH
in the distillate was only 1.8% after the primary distillation. This is similar to the case of formic acid sepa-
rated from imidazolium acetates. The boiling points of HCOOH and DMSO or acetic acid are close to
each other. It is difficult to separate HCOOH and the solvent in one distillation, thus increasing the energy
consumption for product separation. From the perspective of Product Lifecycle Management, excessive
energy consumption in the separation process will obviously decrease the contribution of reaction process
to the carbon neutralization.

Because [emim][Cl] has almost no vapor pressure, HCOOH could be easily separated without the loss of
[emim][Cl]. More importantly, pure HCOOH can be obtained by primary distillation. Combining the
literature data’*” and the several systems we have separated, imidazolium chloride system is more effec-
tive because HCOOH can be easily isolated from [emim][Cl] with a purity of 99.5% and only 0.1% HCOOH in
the residue by vacuum distillation. It should be emphasized that HCOOH s stable in [emim][Cl] in the
absence of a catalyst, even at temperatures up to 140 °C, and therefore losses because of the decompo-
sition of formic acid during distillation can be neglected.

Catalytic effect evaluation

To better understand the inherent influencing factors of CO, hydrogenation reaction, the reaction temper-
ature and the partial pressure of CO, and H; is expanded. Within a certain temperature range, the
efficiency of catalytic CO, hydrogenation increased with increasing temperature. With further increase in
temperature, the rate of formic acid decomposition accelerated, which inhibited the increase of TON
(Table S2). The highest TON was obtained at 100 °C (Figure 5A). Moreover, the hydrogenation of CO,
to HCOOH is an entropy-reducing process® and high temperatures are not favorable for product genera-
tion. Figure 5B confirms this. Although the highest TON was obtained at 100°C, it is recommended to
perform the reaction at a lower temperature if higher concentrations of HCOOH are required. When the
reaction was performed at 80 °C, the HCOOH concentration increased linearly (Figure 5B) because the
HCOOH decomposition was almost negligible comparing with the CO, hydrogenation (entry 3,
Table S2). The decomposition of formic acid significantly accelerated when the temperature rose to

H; (g) + CO, (g) — HCOOH (g) @)
HCOOH (g) — HCOOH (1) )
HCOOH (1) +Solvent () —= HCOOH - -~ Solvent (1) (3)

H, (g) + CO, (g) + Solvent (I) — HCOOH --- Solvent (I) (4)

Scheme 2. CO; hydrogenation process in solvent
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Figure 4. The HCOOH concentration in both distillate and residue of different systems after vacuum distillation
Xncoon= n(HCOOH determined by "H NMR)/n(Solvent determined by 'H NMR).

100 °C and above (entry 4, Table S2). In fact, the catalyst was able to catalyze almost complete decompo-
sition of HCOOH at this temperature and at ambient pressure (Figure S10). The equilibrium of this reaction
will be reached more quickly with the increase of temperature under the same pressure conditions, and the
concentration of formic acid at equilibrium is reduced (Figure 5B).

A C
I 6000
12000
5000+
9000 - i
= %4000
~ 6000 I = 3000+
k 2000
30001 .
i 1000
80 90 100 110 120 150 s A E & & b
TIC P/MPa
B D
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-
3 0.6 Z
z =
‘\5 0.4r —m—100°C
—0-80°C
O 0.2 —A—120°C
0.0

R : i L : 0.
0 20 40 te/% 80 100 120 7 433 3 167 1
PHz/PCOz

Figure 5. Effects of different reaction conditions on carbon dioxide hydrogenation efficiency

(A) Effect of temperature on TON. CO, (3MPaat room temperature), H, (4MPaat room temperature); reaction time (21 h).
TON= n(HCOOH determined by NMR)/n(Ir determined by ICP-OES). TONs are mean values from at least two
independent experiments with a mean deviation of +(5-10) %.

(B) Concentration of HCOOH as a function of reaction time at the temperature of 80 °C (blue circle), 100 °C (green square
and 120 °C (red triangle). CO, (3MPaat room temperature), H, (4MPaat room temperature). Cea= n(HCOOH determined
by NMR)/m(solvent added before hydrogenation).

(C) The influence of total pressure on the TON (Py2/Pcoz = 1, 4h).

(D) The influence of the ratio of py and pcoz on TON (total pressure was 8 MPa, 4h).
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Figure 6. Recycling of catalyst and ionic liquid in the CO, hydrogenation

Conditions: KAPs(Ph-PPhz-Ir) (4.5 mg, 0.1 pmol Ir based on ICP-OES); Ir(1)-PPh3 (0.1 umol); [emim][Cl] (10 mmol); reaction
temperature (100 °C); CO, (3MPaat room temperature), H, (4MPaat room temperature); reaction time (21 h). TON=
n(HCOOH determined by NMR)/n(Ir determined by ICP-OES). TONs are mean values from at least two independent
experiments with a mean deviation of +(5-10) %.

The effect of pressure was also investigated. Alinear correlation in between TON and the total pressure can
be observed (Figure 5C). The catalytic activity was also influenced by the ratio of Py, and Pcop, with the
highest TON being obtained at a ratio of 1.67 (Figure 5D). Near the highest point, a drop in the partial
pressure of CO, or H, led to a rapid decrease in TON.

Recycle of the catalyst and ionic liquid

In addition to TON and separation of HCOOH, an important aspect for the largescale industrial application
is the robustness of catalysts and ionic liquid in recycling processes. The catalyst and ionic liquid were
recycled and reused several times at 100 °C. Figure S11 shows the "H NMR of [emim][Cl] after each cycle,
and no obvious structural changes are observed. The reaction activity of the catalyst presented a slight
drop after the first cycle and it remained stable in the subsequent cyclic experiments. A TON of 8090
can be obtained after 5recycle (Figure 6). To study changes of the catalytic species, further characterization
of the recycled catalysts was performed. XPS pattern reveals that the oxidation state of Iridium changed
after the first hydrogenation experiment, and remained unchanged in the subsequent cycles (Figure 7).
To identify the coordination environment of the complex after reaction, attenuated total reflectance IR
(ATR-IR) spectroscopy was performed. A new peak is detected at 2072 cm ™" for the recycled catalyst (Fig-
ure 7). The peak is most likely to be assigned as Ir-H (The IR spectrum shows absorptions at 2060-
2112 cm™1).%%%? Based on these findings, it is proposed that the steep drop in activity after the first run
is most likely caused by the changes in the coordination environment of catalytic center.””

To further understand the reactivity of the catalysts, the reusing of Ir(l)-PPhs was also carried out. Because the
catalyst is homogeneous, it is remained in the solutions during the separation of HCOOH. The catalytic ac-
tivity of Ir(l)-PPhs was completely lost after the second run (Figure 6). The 3P NMR resonance split into two
peaks after the catalyst was heated in [bmim] [Cl], which indicated Ir(l)-PPhs was unstable in the reaction pro-
cess (Figure S12). We plotted the kinetic curves of HCOOH production from hydrogenation of carbon diox-
ide catalyzed by different iridium catalysts. The results show that oxidation of Ir(l) to Ir(lll) improves the sta-
bility of the catalytic process, and monomer catalysts catalyzed the production of formic acid less effectively
than heterogeneous catalysts (Figure S13). There may be two reasons. One is that the heterogeneous skel-
eton can successfully prevent Ir aggregation and precipitation, and the other is that the immobilization of
the catalyst significantly reduces its efficiency in catalyzing the decomposition of formic acid (Table S2).

Conclusions

We have developed a highly effective reaction and separation system for CO, hydrogenation to HCOOH
under base-free condition. A heterogeneous catalyst, KAPs(Ph-PPhs-Ir), was combined with imidazolium
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chloride to exhibit high catalytic activity for the production of HCOOH. For the CO, hydrogenation, the
polymerized catalyst is more reactive than the un-polymerized one because of its inertness in HCOOH
decomposition. Catalytic turnovers as high as 12700 could be achieved. The highest HCOOH concentra-
tion was up to 1.09 mol/kg in [bmim][Cl]. HCOOH can be easily isolated with 99.5% purity and only 0.1%
of HCOOH was remained in the residue by vacuum distillation. The catalyst and ionic liquid can be recycled
and reused at least 5 cycles with satisfied efficiency. High TON, easy separation of HCOOH and catalyst,
and high stability of the reaction system make the method reported here a potential pathway for producing
HCOOH from CO;, hydrogenation in industry.

Limitations of the study

This study reports a system for the direct catalytic hydrogenation of carbon dioxide to formic acid and its
separation. However, this article only investigated the catalytic performance based on iridium/triphenyl-
phosphine catalysts. Therefore, further studies are needed to investigate the catalytic performance of
catalysts based on other metal complexes and to improve the practical application prospects of carbon
dioxide hydrogenation to formic acid.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Chloro(1,5-cyclooctadiene)iridium(l) dimer, >95%, RG Adamas Cat#17354D
Triphenylphosphine, 99%, RG Adamas Cat#69212E
Tetrahydrofuran Honeywell Cat#178810-1L
1,8-Diazabicyclo[5.4.0lundec-7-ene, 98% MERYER Cat#M33021-100G

n-hexane
Benzene
Toluene
Acetone
[emim][BF,], 97%
[emim][Br], 98%
[emim][Cl], 98%
[bmim][Cl], 98%
[hmim][Cl], 98%
[emim][OAc], 98%
N1gssCl, 98%
NH3-H,O

Nanjing Reagent
Nanjing Reagent
Nanjing Reagent
Nanjing Reagent
MERYER
MERYER
MERYER
MERYER
MERYER
MERYER

DB

Honeywell

Cat#C0760512205
Cat#C0430010223
Cat#C0430114023
Cat#C0720114023
Cat#M83072-100G
Cat#M22808 -500G
Cat#M83163 -500G
Cat#M26986 -500G
Cat#M72651-500G
Cat#M83249-25G
Cat#Q105271-500g
Cat#338818-1L

Iron(lll) chloride, 98% Adamas Chemical Cat#82296A

Iridium(lll) chloride, 99.9% Adamas Cat#10105K

Software and algorithms

Origin 2022b Origin Lab https://www.originlab.com/
MestReNova mestrelab https://mestrelab.com/
Avantage Thermo Fisher Scientific https://www.thermofisher.cn/
Gaussian 09 Gaussian, Inc. https://Gaussian.com/
RESOURCE AVAILABILITY

Lead contact

e Furtherinformation and requests for resources and reagents should be directed to the lead contact,

Xingbang Hu (huxb@nju.edu.cn).

Materials availability

e No new materials were generated in this study, and all reagents were commercially available and

used without purification.

Data and code availability

® The materials generated in this study will be made available on request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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METHOD DETAILS
General reagent information

Commercially available reagents and chemicals were purchased and used without further purification.

H, (99.999 vt.%) and CO; (99.99 vt.%) were purchased from Nanjing Tianze Gas Center, Nanjing. Other
reagents used in this article are listed in the key resources table.

General analytical information

NMR spectra were recorded on a Bruker AV 400 spectrometer. Ir element content analysis was conducted
on agilent ICP-OES730. Fourier transform infrared spectroscopy (FT-IR) spectra were collected using a
Bruker Tenson-27 FT-IR spectrometer. Solid-state nuclear magnetic resonance measurements were carried
out using a Bruker AVIII NMR spectrometer (400 MHz) MHz). Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) elemental analysis were conducted by ZEISS GeminiSEM
300. Thermogravimetric analysis (TGA) was performed under N2 on a TGA Q 500, V20.13 with a balance
gas flow of 10 mL/min and a sample gas flow of 25 mL/min. X-ray photoelectron spectroscopy (XPS) analysis
was performed by PHI 5000 Versa Probe (ULVAC-PHI, JPN). Surface parameters were determined by using
BET adsorption models, and pore size distributions were determined using the NLDFT model equipped in
the instruments.

Synthesis of IrCl(cod)(PPh3) [Ir(l)-PPh; was used in the text to refer to this compound]

0.43 g (0.64 mmmol) chloro-1,5-cyclooctadiene iridium dimer and 0.34 g (1.29 mmol) triphenylphosphine
were added to 10 mL THF under a nitrogen atmosphere. The mixture was stirred at room temperature
20 min and then cooled to 0 °C and stirred 1 h.”° The solvent was removed under reduced pressure and
the pale brown powder was obtained. Yield: 0.53 g (69.3%). Ir(l)-PPh3 was first reported by Lebel & Ladjel.
Liquid NMR was used to characterize this compound (see Figure S1). And the spectra were consistent with
those of similar structure reported in the literature.”’ XPS analysis was also carried out to detect the oxida-
tion state of Ir (see Figure S2).

Synthesis of synthesis of KAPs(Ph-PPh3) and KAPs(Ph-PPh;-Ir)

FeCls (anhydrous 9.75 g, 0.06 mol) was added to a solution of benzene (1.56 g, 0.02 mol), triphenylphos-
phine (5.25 g, 0.02 mol), and formaldehyde dimethyl acetal (FDA, 4.56 g, 0.06 mol) in 20 mL 1,2-dichloro-
ethane (DCE). The resulting mixture was stirred at room temperature for good mixing, and then was stirred
at45°C for 5 h to form original network. After that, it was heated at 80 °C for 67 h to react completely. The
resulting precipitate was washed three times with methanol, then washed with methanol in a Soxhlet for
24 h, and finally dried under reduced pressure at 60 °C for 24 h. Yellowish brown solid (2.40 g) was
obtained.®® XPS and FT-IR were used to analysis the synthesized compound, which were well consistent
with the ref.®®

The synthesis of KAPs(Ph-PPhs-Ir) referred to the synthesis steps of KAPs(Ph-PPhs). FeCls (anhydrous,
1.11 g) was added to a solution of benzene (0.18 ), Ir(1)-PPh3 (0.6 g), PPh3 (0.7 g) and formaldehyde dimethyl
acetal (FDA, 0.52 g) in 2.5 mL 1,2-dichloroethane (DCE). The resulting mixture was stirred at 45 °C for 5 h to
form original network. After that, it was heated at 80 °C for 96 h to react completely. The resulting precip-
itate was washed three times with methanol, then washed with methanol in a Soxhlet for 24 h, and finally
dried under reduced pressure at 50 °C for 24 h. Pale yellow powder (0.49 g) was obtained.

Synthesis of synthesis of Ir(lll)-PPh3

A mix of IrCl3-3H,0 (10 mg,0.028 mmol) and PPh3 (36 mg, 0.14 mmol) in ethanol (2 mL) was refluxed for 12 h.
Once removal of solvent in vacuum, the white powder was triturated with a 1:1 mixture of ester and solvent,
and picked up by filtration (14 mg, 0.024 mmol, 85%).”?

Calculations of the interaction between solvent molecules and formic acid

The calculations in this work were performed with the Gaussian09 software.”® All the structures were opti-
mized with M062X method. 6-311++G** basis set was used for all atoms. The IEF-PCM, SMD solvent model
was used during the geometry optimizations to account for implicit solvent effects. The energy and force
cut-offs: Maximum Force- 0 0.000012, RMS Force- 0.000002, Maximum Displacement- 0.0018, RMS
Displacement- 0.0012. The cartesian coordinates of all structures are listed in the end of the supplemental
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information. The implicit solvent model of isopropyl alcohol is used for ionic liquids because the dielectric
constant of isopropyl alcohol is closer to that of ionic liquids.

Catalytic hydrogenation of CO, to formic acid

In a typical reaction, a 50 mL stainless autoclave was charged with KAPs(Ph-PPhs-Ir) (5 mg) and 10 mmol
[omim][Cl]. The reactor was pressurized with 70 bar of an Hy: CO, (4:3) mixture, and the solution was stirred
for 21hat 100 °C. Then, an aliquot of the reaction mixture was dissolved in 500 uL of CDCl; and the TON of
the reaction was determined by "H NMR spectroscopy, using 1, 3, 5-trimethoxy benzene (1 mmol) as an
internal standard (Figure S8).

Separation HCOOH from the solution

The HCOOH-solvent mixture was distilled at a pressure of 0.1 mbar. The distillation temperatures of each
system were 110, 80, and 120 °C for HCOOH- [emim][Cl], HCOOH-DMSO, and HCOOH-[bmmim][OAc]
respectively. The concentrations of HCOOH in the original solutions, the residues and the distillates
were determined by "H NMR.

Stability testing of formic acid

The thermal stability of HCOOH in [emim][Cl] salt was tested with or without catalyst (Figure S10). HCOOH
was added into [emim][Cl] to prepare 1M solution. Mixture A (without catalyst) was heated to 140 °C for
12 h. The concentration of HCOOH remained unchanged. Mixture B (with 5 mg KAPs(Ph-PPhs-Ir)) was
heated to 100 °C for 12 h. HCOOH was decomposed completely. Mixture C (with 5 mg KAPs(Ph-PPhs-
Ir)) was heated to 80 °C for 12 h. The content of HCOOH remained stable.

Experiments on the decomposition of formic acid catalyzed by different catalysts

The decomposition of formic acid was catalyzed by Ir(ll))-PPh; and KAPs(Ph-PPhs-Ir) at 80 and 100 °C,
respectively. Formic acid and [emim][Cl] were added to a 25 mL flask with a concentration of TM. Formic
acid and ionic liquid were heated and mixed thoroughly. The concentration of HCOOH was accurately
determined by "H NMR. Part of the solution was weighed and heated in an oil bath at 80 °C. 0.4 umol
Ir(l1)-PPh3 was added to the solution and the mixture wass stirred at 80 °C for 2 h. The sample was taken
immediately after the reaction and cooled in an ice bath, and HCOOH concentration was analyzed by
"H NMR. The temperature or catalyst was changed separately and the above steps were repeated to obtain
other data.

Hydrogenation of CO, to formic acid catalyzed by different catalysts

Ir(1)-PPhs, Ir(l)-PPh3, KAPs(Ph-PPhs-Ir) were used to catalyze the hydrogenation of CO, to formic acid. The
amount of catalyst was 0.1 pmol. Other reaction conditions are the same as that in catalytic hydrogenation
of CO; to formic acid. The reaction time of the experiment catalyzed by Ir(lll)-PPh; doubled because
equilibrium has not been reached in 21h.
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