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Sustainable Formate Production via Highly Active CO,
Hydrogenation Using Porous Organometallic Polymer with

Ru-PNP Active Sites

Hongjin Park*,” Kwangho Park®,® Ung Lee,” and Sungho Yoon*®

Efforts to combine the advantages of homogeneous catalysts in
terms of activity with the ease of separation process offered by
heterogeneous catalysts continue to be actively pursued in the
field of catalyst development. Heterogeneous catalysts were
synthesized from Ru-MACHO organometallic compounds, rec-
ognized for their high hydrogenation catalytic activity linked to
the active site of the Ru-PNP motif, through direct polymer-

Introduction

The increase in atmospheric CO, concentration is widely
recognized as a major reason of global warming, prompting
extensive research aimed at mitigating further CO, accumu-
lation and reducing its existing levels! One promising
approach within this effort is the development of methods for
converting CO, into valuable chemical resources that are
integral to our daily lives. Notable among these chemicals are
carbon monoxide (CO) and formic acid, which can be produced
via two-electron reductions, formaldehyde via a four-electron
reduction, and methanol via a six-electron reduction.

Formic acid, in particular, stands out as it can be synthesized
through the reaction of one molecule of CO, with one molecule
of H,, yielding no by-products and thus achieving 100% atom
economy.®? This high efficiency makes the CO,-to-formic acid
conversion a highly attractive target for researchers. As a result,
significant attention has been directed towards developing and
optimizing  catalytic  processes  that facilitate this
transformation.!”

Because the direct reaction of CO,(g) with H,(g) to generate
formic acid()) is thermodynamically unfavorable,"® typically, it is
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ization utilizing the Friedel-Crafts reaction. These catalysts were
then applied for the conversion of greenhouse gas carbon
dioxide (CO,) into formate via hydrogenation, exhibited with a
record-high turnover frequency of 31,700 and a productivity of
36,100 KQtormate/(K9catayst*d). Furthermore, the facile separation
characteristics and recyclability of the heterogeneous catalysts
were confirmed.

conducted in aqueous solution in the presence of a base,
leading to the thermodynamically favored formation of formate
rather than formic acid. To enhance the reaction rate, a catalyst
capable of efficient hydrogenation in aqueous basic solutions is
required (Table S1).

Despite the long history of hydrogenation catalyst develop-
ment, many existing catalysts function primarily in organic
solvents.”? Recently, a few of hydrogenation catalysts effective
in aqueous media have been reported for CO,-to-formate
conversion.®” ¥ However, these catalysts are often homoge-
neous, posing challenges in separating the catalyst from the
products after reaction.*® *® Advancements have been made in
developing heterogeneous hydrogenation catalysts for CO,-to-
formate conversion, overcoming these separation issues.'> *I
Although demonstration projects utilizing these newly devel-
oped heterogeneous catalysts for CO,-to-formic acid conversion
are underway,® the activity of these heterogeneous catalysts
still falls short of the long-established homogeneous hydro-
genation catalysts. Therefore, further research is needed to
enhance the activity of heterogeneous catalysts.

In the case of homogeneous catalysts, hydrogenation
catalysts that include nitrogen (N) atoms in their ligands have
progressively evolved to incorporate phosphine (P) atoms in
the ligands.>=% After over several decades of research and
development, Ru-MACHO catalyst series, which features a PNP
motif, has been reported to exhibit excellent performance as a
hydrogenation catalyst.***” Notably, within the Ru-MACHO
series, catalysts with ligands having four phenyl groups (PPh,)
attached to the P atoms have demonstrated extraordinary
catalytic hydrogenation activity, achieving a maximum turnover
number (TON) of 210,000 in the CO, to formate reaction.?
However, despite this excellent activity, these homogeneous
catalysts still face limitations in separation from the products
and reuse, necessitating research into their heterogenization.

To enhance the potential for direct industrial application
while maintaining the activity of the developed homogeneous
catalyst during the heterogenization process, a relatively

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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straightforward method for creating porous heterogeneous
catalysts was explored. The approach involved connecting the
phenyl groups present in the ligand of the Ru-MACHO PPh,
catalyst with alkyl groups via a Friedel-Crafts alkylation reaction
(FCR). The resulting porous heterogeneous Ru-MACHO PPh,
catalysts, with a high active content retention (10.4 wt%),
exhibited a remarkable catalytic rate of up to 31,700 turnover
frequency (TOF), resulting in a productivity of 36,100 (KQ¢ormate/
(kQcatayyst- d). Additionally, multiple recycling experiments dem-
onstrated that the catalyst maintained its activity, enabling the
hydrogenation of carbon dioxide to formic acid. This demon-
strates the potential of the PNP-type porous organometallic
polymer (POMP) as a heterogeneous catalyst for CO, utilization
to mitigate global warming.

Results and Discussion

The POMP structured Ru-MACHO heterogeneous catalyst,
referred to hereafter as Ru-MACHO-POMP (1), was synthesized
by directly heterogenizing the homogeneous Ru-MACHO cata-
lyst under solvothermal reaction conditions (Figure S1).°9 As
depicted in Scheme 1, during the synthesis, the Ru-MACHO
catalyst underwent a reaction in dichloromethane, with AICI; as
the Lewis acid catalyst, facilitating Friedel-Crafts alkylation,
leading to the formation of Ru-MACHO-CH,Cl (Scheme 1).
Further alkylation occurred, promoting inter-crosslinking and
polymerization among the Ru-MACHO molecules. After com-
pleting the reaction, the catalyst was isolated by simple
filtration. The obtained catalyst powder exhibited a dark brown
color (Figure S1). The as-prepared 1 powder is insoluble in all
commonly used organic solvents, originating its heterogeneous
nature, and maintains the color even in air indicating its stability
in ordinary stock condition.

The particle size of 1 was calculated to be ca. 25 (+5) um,
exhibiting irregular morphology through field emission scan-
ning electron microscopy (FE-SEM) analysis (Figure 1a). Sub-
sequently, powder X-ray diffraction (PXRD) measurements
revealed an extreme broad peak at 20=12.6°, reiterating the
amorphous nature of the prepared 1 (Figure S2). To examine
the distribution of Ru in the synthesized particles, energy-
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Scheme 1. The synthetic route of heterogeneous Ru-MACHO-POMP (1) from
homogeneous Ru-MACHO.
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Figure 1. (a) FE-SEM image of the 1; (b) EDS mapping (Ru) image of the 1; (c)
N, isotherm graph of the 1; (d) *C CP MAS ssNMR spectra of Ru-MACHO and
1; (e) deconvoluted XPS graph of the 1 in the Ru 3p binding energy region;
(f) FT-IR spectra of Ru-MACHO and 1.

dispersive X-ray spectroscopy (EDS) was performed, revealing
Ru sites are uniformly distributed in the powder catalyst
(Figure 1b). The porosities of the prepared catalysts were
assessed by N, adsorption and desorption isotherm measure-
ments. The 1 prepared using the solvothermal method
displayed a type-l isotherm, demonstrating the predominant
presence of a microporous structure (Figure 1c; Figure S3).
Based on the results calculated using the Brunauer-Emmett-
Teller (BET) theory, the synthesized 1 contains a specific surface
area of 580 m?’g™' and a mean pore diameter of 1.9 nm. This
suggests that 1, which is advantageous for the adsorption of
substrates such as CO, and hydrogen,” will facilitate the
smooth approach of formate, the product, to the active site.
Elemental analysis (EA) and C solid-state nuclear magnetic
resonance (ssNMR) spectroscopy were performed to investigate
whether crosslinking occurred using -CH,- in dichloromethane
as a linking agent for the formation of 1. Compared with the
homogeneous Ru-MACHO analog, 1 exhibited a significantly
higher C/N ratio of 33.80 (Table S2). This indicates that a large
amount of -CH,- groups, derived from CH,Cl,, are included as a
crosslinking agent connecting the Ru-MACHO units. °C ssNMR
measurements were also conducted on the as prepared 1
(Figure 1d). The peaks of phenyl rings in homogeneous Ru-
MACHO were commonly observed at §=150-120 ppm. Addi-
tionally, the CH, peaks of the -NH-CH,-CH,-P- structure included
in the MACHO ligand were observed at 50 and 30 ppm.
Similarly, in 1, the carbon region of PPh, was observed at 150-
120 ppm, and an increased intensity of CH, peaks at 20-50 ppm
was also observed. This is reported as the -CH,- bridge region
formed during polymerization via FCR™ Peaks of Ph-CH,-
bridges were observed at 8 =20-50 ppm. Along with the higher
C/N ratio of EA, the high intensity of the Ph-CH,-Ph bridge in
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3C ssNMR spectrum for 1 compared to that of homogeneous
Ru-MACHO indicate crosslinking between the phenyl rings of
the Ru-MACHO monomers.

To analyze the quantity, oxidation state, and coordination
sphere of Ru atoms included in the prepared 1, subsequent
analyses such as inductively coupled plasma optical emission
spectrometry (ICP-OES), X-ray photoelectron spectroscopy
(XPS), and Fourier transform infrared (FT-IR) spectroscopy were
conducted (Figure 1). The Ru content in 1 was determined to
be 10.4 wt% through ICP-OES measurements. This indicates
that the synthesized heterogeneous catalyst consists of more
than 63 wt% homogeneous Ru-MACHO catalyst. To determine
the oxidation states of the active sites of the Ru catalyst, XPS
measurements were conducted (Figure 1, e and S4). The
deconvoluted peak of Ru 3d;, exhibited a binding energy of
281.3 eV (Figure S4), and the deconvoluted peaks of Ru 3p;,
and Ru 3p,,, exhibited binding energies of 484.6 and 482.4 eV,
respectively (Figure 1e). This indicates that the binding energies
of Ru 3p and Ru 3d correspond to the Ru oxidation state 2 4.1
72 According to previous results of heterogenizing Ru-MACHO,
it was reported that Ru—H is substituted by Ru—Cl in the
presence of an excess amount of AICl; during the reaction
process.” " The anticipated structural changes in the active
sites during polymerization were investigated using FT-IR
spectroscopy (Figure 1f). The active site of the Ru-MACHO
catalyst contains Ru—H and Ru-CO, exhibiting vibration peaks at
1970 cm™' (Ru—H) and 1910 cm™' (Ru-CO), respectively (Fig-
ure 11).7" The measured FT-IR spectrum exhibited only the
vibrational peak of Ru-CO (1950 cm ™), without the presence of
a peak corresponding to Ru—H, indicating the complete
substitution of Ru—H in Ru-MACHO with Ru—Cl via the solvent-
knitting method.® 7 Therefore, according to previous analyses,
the 1 was confirmed to contain Ru2 + and possess the Ru-PNP-
CO-diCl structure (Scheme 1).

The conversion of CO, to formic acid is thermodynamically
favorable in alkaline aqueous solutions, and recent studies have
reported the use of various tertiary amines as bases (Table S1).
Among these, triethylamine was selected as the base for
catalytic activity analysis due to its common use in conventional
heterogeneous catalysts, facilitating a comparison of activity
between conventional catalysts and the 1 catalyst."® *? For the
catalytic activity evaluation, standard hydrogenation conditions
(120°C, 80 bar, 3 M TEA, 10 mg cat. amount) were employed
with either Ru nanoparticles on activated carbon (RUNP@AC) or
the CTF catalyst with NN-based ligand motif (RuCl;@TN,,Bpy;-
CTF) (Table 1, entries 1-2, 6) for comparison. RUNP@AC demon-
strated a productivity of 130 KQrormate/(KQcatayst*d),  Producing
0.12 M formate over a reaction time of 120 minutes (Table 1,
entry 1). Using RuCl;@TN,,Bpy,-CTF, which has been previously
reported to possess excellent catalytic activity and stability, the
reaction produced 0.61 M of formate in 120 minutes, corre-
sponding to a productivity of 670 kQtmate/(Kdeatalyst-d).'> This
result is very similar to the previously reported catalytic activity
values. These preliminary results confirm that the hydrogena-
tion reaction conditions reported here are capable of reproduc-
ing previously obtained results. The synthesized 1 exhibited
remarkable activity, generating 1.01 M of formate in only
10 minutes (Table 1, entry 6). When converted to productivity,
this result is 13,400 kgyomate/ (KQcatayst - d), indicating a more than
20-fold increase in catalytic activity compared to the conven-
tional CTF catalyst.

To assess the activity of the 1 catalyst relative to the
homogeneous Ru-MACHO catalyst, the latter was evaluated in
CO, hydrogenation under identical conditions (120°C, 80 bar,
10 min), resulting in the production of 1.14 M formate (Table 1,
entry 3). The heterogeneous 1 catalyst, which produced 1.01 M
formate under the same conditions (Table 1, entry 6), demon-
strated 90% of the activity of its homogeneous counterpart,

Table 1. Catalytic activity for Formate Production via Carbon Dioxide Hydrogenation Using Selected Hydrogenation Catalysts.”

Entry Catalyst. T[°C Total P [bar] Gas ratio [H,:CO,] Format [M] Productivity [kGtomate/ (KGeatalyst. )]
1 RuNP@AC 120 80 1:1 0.12 130

2 RuCl,@TN,,Bpy,-CTF 120 80 1:1 0.61 670

34 Ru-MACHO 120 80 1:1 1.14 -

4 1 80 80 1:1 0.10 1,260

5 1 100 80 1:1 0.42 5,500

6 1 120 80 1:1 1.01 13,400

7 1 140 80 1:1 0.98 13,000

8 1 160 80 1:1 0.96 12,700

9 1 120 20 1:1 0.22 2,890

10 1 120 40 1:1 0.48 6,360

1 1 120 80 1:3 0.66 8,780

12 1 120 80 3:1 1.28 17,000

13 1 120 80 3:1 0.82 36,100

141 1 120 80 3:1 2.11 9,300

[a] Reaction conditions: Ru-MACHO-POMP (1) (10 mg, 10.3 umol Ru), triethyl amine (TEA, 6.1 g, 8.4 mL, 60 mmol), H,O (11.6 mL), 8 MPa (CO,H,=1:1),
120°C, 10 min. [b] Total pressure at room temperature, [c] 120 min. [d] 10.3 umol was used. [e] 3 min. [f] 30 min.
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confirming that the high potential activity of the homogeneous
catalyst was effectively transferred and maintained in the
heterogeneous form.

The formate production reaction through CO, hydrogena-
tion is known to be influenced by various reaction conditions
including temperature, pressure, and hydrogen partial pressure
ratio. The conditions influencing the hydrogenation of CO,
using 1 were evaluated, and the process was optimized by
conducting catalyst activity tests under various reaction con-
ditions (Table 1, entry 4-14). First, experiments were conducted
to observe the catalytic activity as a function of temperature
(Table 1, entry 4-8). The activity rate of the catalyst exhibited a
marked increase when the temperature was increased from 80
to 120°C, culminating in a peak with a productivity of
13,400 KQformate/ (KQcatayst-d) at 120°C (Table 1, entry 4-6). How-
ever, at 140 and 160°C, there was no significant increase in
activity; instead, a slight decrease in productivity value of
13,000 and 12,700 kGformate/ (K9catayst*d),  respectively, was ob-
served (Table 1, entry 7-8). This highlights 120°C as the optimal
temperature for the highest catalytic activity.

Secondly, pressure dependency was assessed by maintain-
ing the optimal temperature at 120°C and varying the pressure
(Table 1, entry 6, 9-10), which revealed a linear increase in the
productivity values of 2,890, 6,360, and 13,400 kg mate’
(kQeatayyst-d) at overall pressures of 20, 40, and 80 bar, respec-
tively. This indicates a proportional relationship between
catalytic activity and pressure.

Finally, the dependence on the H, and CO, partial pressures
was examined by altering the H,:CO, ratio to 1:3 and 3:1
during hydrogenation (Table 1, entry 11-12). A reduced produc-
tivity of 8,780 KGtormate/ (Kcatalyst*d) Was obtained using a 1:3
ratio (H,:CO,) instead of a 1:1 ratio, whereas an increased
productivity of 17,000 kQomate/ (KGcatayst- d) was obtained using a
3:1 ratio (H,:CO,). Thus, it was observed that the reaction rate
increased with a higher relative hydrogen partial pressure
compared to the amount of CO,. These results are consistent
with the established trend in CO2 hydrogenation processes
using conventional Ru catalysts, where an increase in hydrogen
partial pressure leads to enhanced catalytic activity. This
phenomenon is generally attributed to the mechanism at the
catalyst’s active site, where hydrogen binds to the metal and
forms a metal hydride through heterolytic cleavage, serving as
the rate-determining step in the CO, hydrogenation reaction
(Figure S5).* 79 Based on these experimental results, the
optimized conditions for 1 were determined to be 120°C and
80 bar with a hydrogen to carbon dioxide ratio of 3:1.

To determine the turnover frequency (TOF), which is
considered a critical indicator of catalyst efficiency and perform-
ance in heterogeneous catalysts, representing the number of
reactions occurring at a single active site per unit time, the
amount of formic acid produced over varying reaction times
under optimized conditions was measured (Figure 2, a, Table 1,
entry 6, 13-14). The results showed the production of 0.82 M
formate in 3 min and 2.11 M in 30 min. Therefore, the initial
TOF value of 1 was determined to be 31,700, calculated from
the formation of 0.82 M in 3 min.
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Figure 2. (a) Graph of formate production per hour; (b) Formate productivity
in recyclability experiments of the 1.

To explore the recyclability of the catalyst, a series of
recycling experiments was conducted (Figure 2b). The catalyst,
with a size exceeding 20 um (Figure 1a), was easily separated
from the reaction mixture by simple filtration and reused in
hydrogenation reactions without additional treatment. Remark-
ably, activity and productivity were maintained after five cycles,
indicating that 1 possesses the excellent durability required for
a heterogeneous catalyst. Additionally, the catalyst recovered
after four times recycle was analyzed using ICP-OES, and no
change in Ru content (wt%) was observed compared to as-
prepared 1.

The CCU technology that generates value-added products
through CO, hydrogenation must ultimately be applied at an
industrial scale for mass production to meaningfully contribute
to climate change mitigation. For the developed catalysts to be
suitable for large-scale production of formic acid, they require
not only stability but also high catalytic activity." '® Prior
studies on heterogeneous catalyst for CO, hydrogenation have
mainly aimed at enhancing catalytic activity and have reported
excellent TOF values. However, in large-scale industrial proc-
esses, along with the TOF, productivity (kQsmate/(KQcatayst-d))
plays a crucial role in evaluating and optimizing the practical
performance of catalysts. Therefore, the industrial applicability
of the developed catalyst 1 was assessed by comparing its
productivity with one of reported Ru catalysts (Figure 3)."* *¥
Additionally, as the weight of formate produced varies with the
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Figure 3. Graphs comparing the TOF and productivity of reported catalysts
and 1.[13,44]
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type of base used, productivity was expressed in terms of the
molar concentration of formate [Mmae/(9et-h)] for general-
ization, and these productivity values were calculated based on
the highest TOF values reported in the literature. In the last five
years, reported Ru catalysts have demonstrated TOFs of up to
5,000, while 1 exhibited a significantly higher initial TOF of
31,700. Furthermore, it was observed that for some catalysts,
the reported TOF and the calculated productivity are not
correlated, due to the low proportion of active sites relative to
the total mass of the catalyst. In contrast, 1 being a
heterogenized catalyst formed with a homogeneous catalyst
using a -CH,- linker, exhibited a very high concentration of
active sites (> 63 wt %) relative to its mass, resulting in a record
high productivity of 1,640 M¢mate/(deac- h). The results indicate
that the developed catalyst 1 has high potential for industrial
application in formic acid production through CO, hydro-
genation.

Conclusions

In conclusion, the synthesis and characterization of Ru-MACHO-
POMP as a heterogeneous catalyst for CO, hydrogenation to
formate have been successfully demonstrated. The catalyst was
prepared via a solvothermal method, resulting in stable
particles with a uniform distribution of active Ru sites. Various
analytical techniques confirmed the successful heterogenization
of the Ru-MACHO complex and the formation of crosslinked
structures within the catalyst. The catalyst exhibited exceptional
catalytic activity, achieving high formate productivity and
turnover frequency, surpassing both homogeneous and hetero-
geneous counterparts. Optimization studies revealed the influ-
ence of reaction parameters on catalytic performance, high-
lighting 120°C as the optimal temperature for maximum
activity (31,700 TOF). Moreover, the catalyst demonstrated
sustained activity over prolonged reaction times and main-
tained recyclability over multiple recycles, featuring its potential
for practical applications. Comparative analysis indicated the
superior performance of Ru-MACHO-POMP compared to recent
Ru catalysts, emphasizing its high TOF potential and productiv-
ity. Overall, Ru-MACHO-POMP emerges as a highly promising
heterogeneous catalyst with excellent catalytic activity and
sustainability for CO, hydrogenation, offering significant pros-
pects for the development of efficient and environmentally
friendly formate production processes.
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