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Abstract

The catalytic hydrogenation of carbon dioxide into valuable petrochemical products and fuel
components is a promising approach to its utilization. One of the most important products of this
reaction is methanol, which is used both for the production of various chemicals and as an
alternative fuel. Recently, In-based catalysts have emerged as promising systems for the
hydrogenation of CO; to methanol. However, the challenge of tuning the morphology of the active
phase particles and selecting suitable supports and media for efficient catalytic performance
remains a key issue. Herein, In-catalysts based on the porous aromatic framework PAF-20 and its
aminated analogue PAF-20-NH: were synthesized and tested in the liquid-phase hydrogenation of
CO: to methanol for the first time. The structure of the materials and catalysts was established
using low temperature N> adsorption, elemental analysis, FTIR spectroscopy, TEM and XPS.
According to XPS data, a short reduction time facilitates the formation of oxygen vacancies in the
structure of In-catalysts. The influence of reaction temperature, hydrogen pressure, indium
content, and reaction media on the catalytic activity was systematically studied. In-PAF-20
demonstrated the highest methanol production rate of 435 mgmeon g™ h! at 60 atm and 275°C,
while in a subcritical ethanol In-PAF-20-NH> exhibited methanol production rate of 507 mgmeon

g h'l. Both catalysts retained their activity over five reuse cycles.

Keywords: hydrogenation, CO>, methanol, porous aromatic frameworks, indium nanoparticles



Abbreviations

PAFs Porous aromatic frameworks

MTBE Methyl tert-butyl ether

PPP Pyridylphenylene polymer
DMF Dimethylformamide

THF Tetrahydrofuran

BET Brunauer-Emmett-Teller

NLDFT | Non-local density functional theory

FTIR Fourier transform infrared

TEM Transmission electron microscopy
XRF X-ray fluorescence

XPS X-ray photoelectron spectroscopy
BE Binding energy

RWGS Reverse water-gas shift reaction

Declarations

Ethics and Consent to Participate Not applicable.

Consent for Publication Not applicable.

Conflict of Interest The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.
Author Contributions Daria Makeeva: investigation, analysis, writing - original draft. Alina
Bikbaeva: investigation, writing - original draft. Anton Maximov: formal analysis, writing - review
and editing, supervision.

Funding This work was supported by the Russian Science Foundation [grant number 24-13-
00242].

Data Availability No data was used for the research described in the article. The experimental

data are provided in the main manuscript.

1 Introduction

High rates of consumption of fossil resources (oil, coal, and natural gas) result in significant
emissions of carbon dioxide, the main greenhouse gas contributing to climate change [1].
Currently, the primary approaches to reduce CO> emissions are the optimization of industrial

processes or its capture and subsequent disposal in underground storage facilities [2]. However,
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the latter method is associated with high investment costs, the risk of leaks, and limitations in the
choice of storage locations. Therefore, CO; capture and its subsequent processing into valuable
chemicals and fuels appears particularly promising. One of the main methods of CO> conversion
is its catalytic hydrogenation into methanol, formic acid, diethyl ether, etc. [3]

Among them, methanol is of particular interest because it is a basic feedstock for a wide
range of commonly used chemical products: high-octane motor fuel components (such as MTBE),
dimethyl ether, dimethyl carbonate, formaldehyde, olefins, and other compounds [4]. Moreover,
methanol can be used as an alternative fuel and energy source, and plays a key role in the green
hydrogen production chain, serving as a convenient and safe form of storage and transportation.

In industry, methanol is produced primarily from natural gas via the syngas production stage.
Although the use of existing production capacities for direct CO> conversion seems rational, this
process is significantly restricted thermodynamically [5]. Under standard conditions, the
hydrogenation of CO2 to methanol is characterized by a small positive standard Gibbs free energy
(AGaosk = +3.5 kJ/mol), with equilibrium shifting toward methanol formation at lower
temperatures and higher pressures. At the same time, acceptable process rates require increased
temperatures.

Nowadays, pilot plants for CO> hydrogenation to methanol mostly operate on well-known
Cu-ZnO-Al>0Os catalysts used to produce methanol from syngas [6]. Cu-based catalysts are known
for their high activity; however, they are still characterized by limited methanol selectivity and
stability. Recently, reducible oxide catalysts such as InoO; and ZnZrOx emerged as alternative
systems for CO2 hydrogenation and gained significant attention due to their high selectivity and
stability [7, 8]. Indium oxide is primarily used in its bulk form; however, its inherent H, activation
ability and overall activity are rather low [9]. The ways to improve In,Os; catalytic performance
include the use of promoters (Pd, Ni, Pt, etc.) for enhanced H; activation or supports for the active
phase stabilization and the improvement of its dispersion [10].

To date, relatively few studies have been devoted to supported In-catalysts. The majority of
them describe catalytic systems based on inorganic supports, such as SiO [11], CeO2 [12], and
ZrO> [8, 13]. The latter has received particular attention, as it promotes dispersion of indium oxide,
contributes to an increase in the concentration of oxygen vacancies at the In2O3—ZrO- interfaces,
and to the adsorption and activation of CO». It should be noted that catalysts based on In2O3
nanoparticles supported on carbon materials have not been described in the literature yet. However,
in a study [14] In-catalysts based on a hybrid support consisting of silicon oxide modified with
hyperbranched pyridylphenylene polymer (PPP) were synthesized for the hydrogenation of CO»

to methanol. It was shown that this modification of the support facilitated additional adsorption of



CO», promoted stabilization of reaction intermediates, and prevented reduction and aggregation of
In,0O3 nanoparticles.

Based on the above, the use of porous organic polymers, particularly porous aromatic
frameworks (PAFs), as supports for In-nanoparticles appears novel and promising. PAFs are 3D-
structures consisting of aromatic rings linked by covalent C-C bonds and characterized by high
thermal stability, high specific surface area, and developed porosity. A wide range of well-known
modification procedures is also available for PAFs, which is important, as it was shown before
that functional groups contribute to the stabilization of transition metal nanoparticles and
complexes within their structure [15—17]. Previously, PAFs-based catalysts have been studied in
various processes including the hydrogenation of unsaturated compounds [ 18, 19], lignin-cellulose
biomass components [20-22] and organic carbonates [23, 24], oxidation [25, 26],
hydroformylation [27], etc.

It should also be noted that CO> hydrogenation is predominantly carried out in the gas phase
[28]. Although the liquid-phase process has been less extensively studied, it is of significant
interest because the use of a solvent facilitates efficient heat removal, shifts the reaction
equilibrium toward methanol formation through the dissolution of methanol and water and
therefore contributes to the alleviation of reaction conditions [29, 30]. Heterogeneous catalytic
systems used in liquid-phase hydrogenation described in the literature can be categorized primarily
into Cu- [31], Pd- [32], and Mo,C-based [33] catalysts, whereas In-based catalysts remain virtually
unstudied.

In this work, In-catalysts based on porous aromatic frameworks were obtained and
investigated in the liquid-phase hydrogenation of CO> to methanol for the first time. The
dependence of the active phase morphology on the support structure and the presence of amino

groups was examined, as was the relationship between these parameters and catalytic activity.

2 Experimental section

2.1 Materials

The following reagents were used in this work: (fetrakis(4-bromophenyl)methane
(synthesized according to the method described in [34]), 1,4-phenylenediboric acid ((HO).B-Ph-
B(OH),, ABCR, 96%), triphenylphosphine (PPhs, Aldrich, ReagentPlus®, 99%), potassium
carbonate (K>COs, Reakhim, high-purity grade), palladium (II) acetate (Pd(OAc), Aldrich,
99.9%), nitric acid (HNOs, Component-Reaktiv LLC, reagent grade), trifluoroacetic acid

(CF3COOH, Aldrich, ReagentPlus®, 99%), tin (II) chloride dihydrate (SnCl, x 2H>O, Aldrich,
4



98%), hydrogen peroxide (H202, Prime Chemicals Group, 50 wt% aqueous solution), hydrochloric
acid (HCI, Sigma-tech, high-purity grade), indium (III) nitrate 4.5-aqueous (In(NO3)3 x 4.5H20,
Khimkraft, 99%), hydrogen (H2, PGS LLC, 99.99%), carbon dioxide (CO2, PGS LLC, 99.99%).

The following solvents were used: dimethylformamide (DMF) (HC(O)NMe>, Ruskhim,
high-purity grade), ethanol (CoHsOH, IREA 2000, purum p.a.), tetrahydrofuran (THF) (C4HsgO,
Khimmed, high-purity grade), 1,4-dioxane (C4HgO>, Ruskhim, high-purity grade),
dichloromethane (CH>Cl, Component-Reaktiv LLC, high-purity grade).

2.2 Characterizations

IR spectra were recorded in the 4000-500 cm™ range on a Nicolet IR-200 instrument
(Thermo Scientific) using the multiple attenuation total reflection method with a Multi-Reflection
HATR accessory containing a 45° ZnSe crystal for various wavelength ranges with a resolution of
4 nm.

Nitrogen adsorption-desorption isotherms were recorded at 77 K on a Gemini VII 2390
(V1.02t) instrument (Micromeritics). Before measurements, the samples were degassed at 120°C
for 8 h. Surface area was calculated using the Brunauer—Emmett-Teller (BET) model based on
adsorption data in the relative pressure range p/po = 0.05-0.2. Total pore volume was determined
based on the amount of nitrogen adsorbed at a relative pressure of p/po = 0.96. Pore size distribution
for all obtained samples was calculated with SAIEUS software using a 2D-NLDFT model for N
adsorption on carbon materials with standard slit pores.

Transmission electron microscopy (TEM) analysis of the catalysts was performed on a JEOL
JEM-2100 instrument with a magnification of 50 to 1500000 and an image resolution of 0.19 nm.
The electron beam potential was 200 kV. Micrographs were processed using ImageJ software.

The metal content of the catalysts was determined by X-ray fluorescence (XRF) analysis on
a Spektroskan MAX-GVM spectrometer (NPO Spektron) at the Laboratory for Microanalysis of
INEOS RAS.

X-ray photoelectron spectroscopy (XPS) studies of the catalysts were performed on a
VersaProbe II PHI 5000 instrument. Monochromatic Al Ka radiation (hv = 1486.6 ¢V) with a
power of 50 W was used to excite photoemission. The instrument's binding energy scale was
calibrated using the Au 4f (84.0 eV) and Cu 2p3/2 (932.6 V) lines. The energy analyzer's pass
energy for individual lines was 23.5 eV. Photoelectron peaks were calibrated using the carbon C
Is line with a binding energy of 284.5 eV.

Gaseous product analysis was performed by gas chromatography on a Crystallux-4000 M

instrument (NPF Meta-Khrom LLC) equipped with a Carboxen-1000 packed column (5 m, 60/80
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mesh) and a thermal conductivity detector. Argon was used as the carrier gas. Chromatograms
were recorded and analysed using specialized software.

The reaction products were analyzed by gas-liquid chromatography on a Hewlett-Packard
chromatograph equipped with a flame ionization detector and a 30 m % 0.32 mm % 0.5 um column
(DB-WAX bonded phase). Hydrogen was used as a carrier gas. Chromatograms were recorded
and analyzed on a computer using HP ChemStation Rev. A. 06. 01 (403) software. The methanol

yield was determined using 1,4-dioxane as an external standard.

2.3 Material and catalyst synthesis

2.3.1 Synthesis of PAF-20 (adapted from [35])

Tetrakis(4-bromophenyl)methane (2 g, 3.14 mmol) and 1,4-phenylenediboric acid (1.04 g,
6.27 mmol) were dissolved in 100 mL of DMF in a 250 mL single-neck flask equipped with a
magnetic stirrer bar, then 2M K>COj solution (13 mL, 26 mmol), palladium (II) acetate (70.6 mg,
0.314 mmol) and triphenylphosphine (452 mg, 1.726 mmol) were added to the mixture while
stirring. The solution was degassed using the freeze-pump-thaw method, after which the flask was
equipped with a reflux condenser, and the reaction was carried out with vigorous stirring for 24
hours at 140°C. The resulting precipitate was filtered, washed with water (2 x 50 ml), and
transferred to a 100 ml beaker, where it was treated for 40 minutes with a solution of concentrated
HCI (40 ml) in water (40 ml) with the addition of 300 pl of H,O> to remove residual Pd. The
precipitate was then filtered again and washed with water (2 x 50 ml), ethanol (50 ml),
dichloromethane (50 ml), and ethanol once more (50 ml). After drying under vacuum for 6 hours,

a white powder of the porous aromatic framework PAF-20 (1.62 g) was obtained.

2.3.2 Synthesis of PAF-20-NO: (adapted from [36])

Trifluoroacetic acid (50 mL) was placed in a 100 mL three-neck flask installed in an ice bath
and equipped with a magnetic stirrer bar, reflux condenser, and dropping funnel. The flask was
cooled to 0°C. PAF-20 (1 g) was added afterwards and stirred for 10 minutes, then 350 uL of nitric
acid was added dropwise. The reaction mixture was stirred at room temperature for 8 hours. The
resulting suspension was poured into ice, washed with water (2 x 50 ml), ethanol (2 x 50 ml), and
THF (50 ml), and then dried under vacuum for 6 hours. The resulting product was a yellow powder

(915 mg).



2.3.3 Synthesis of PAF-20-NH: (adapted from [36])

In a 250 mL round-bottomed flask equipped with a magnetic stirrer bar and reflux condenser,
0.7 g of PAF-20-NO; was dispersed in 150 mL of THF. Tin (II) chloride (11 g, 48.7 mmol) was
then added. The reaction mixture was stirred at reflux for 8 hours, afterwards the mixture was
cooled and filtered. To remove the tin residue the resulting precipitate was placed in a 50 mL of
10% NaOH solution and stirred for 30 min. Then it was filtered again, washed with water (2 x 50
ml), and treated for 40 minutes with a solution of concentrated HCI in water (40/40 ml) with the
addition of 300 pul of H2O». The precipitate was then washed with water (2 x 50 ml) and ethanol

(2 x 50 ml) and dried under vacuum for 8 hours. The resulting product was an orange powder (638

mg).
2.3.4 Synthesis of In-PAF catalysts

In a 50 ml single-neck flask equipped with a magnetic stirrer bar, 10.3 mg of indium(III)
nitrate was dissolved in 50 ml of ethanol. Then, 100 mg of PAF was added and the mixture was
stirred for 24 hours at room temperature. The resulting suspension was dried under vacuum for 6
hours. To reduce the resulting powder with hydrogen, the entire catalyst mass was loaded into a 2
cm diameter, 33 cm long quartz reactor and reduced at atmospheric pressure under a hydrogen

flow of 1.5 L/h for 0.5 hours at 300°C, heating at 3°C/min.

2.4 Catalytic tests

The hydrogenation reactions were carried out in a steel autoclave equipped with a magnetic
stirrer bar. 15 mg of catalyst and 4.5 ml of solvent were added to the autoclave, which was then
sealed, filled with CO, and H; in a 1:3 ratio, respectively, and placed in an oven preheated to the
required temperature. Upon completion of the reaction, the autoclave was cooled below room
temperature and then depressurized. The reaction products were analyzed by gas and gas-liquid

chromatography. The methanol production rate was calculated based on the following equation:

M(cH;0H)

W = ,
m(Me) Xt

where m(CH30H) is the amount of obtained methanol in mg, m(Me) is the amount of

catalytically active metal loaded into the catalytic reaction in g, and ¢ is the reaction time in h.



In the recycling experiments, reaction was finished after the first run, the used catalyst was
recovered by centrifugation and washed with ethanol, followed by centrifugation. The process was
repeated twice, and the resultant solid was used directly in the next run with the same amount of

fresh solvent.

3 Results and Discussion

3.1 Synthesis and characterization of PAFs

Porous aromatic frameworks PAF-20 (also known as PPAF-1 [36]) and its amino-modified
derivative PAF-20-NH> (also known as PPAF-NH; [36]) were synthesized using the techniques
described before in [15, 35, 36]. PAF-20 was prepared via Suzuki-Miyaura cross-coupling
between 1,4-phenylenediboronic acid and tetrakis(4-bromophenyl)methane with Pd(PPhs)s as the
catalyst formed in situ from Pd(OAc), and PPhs (Fig. 1). PAF-20 was further treated with the
mixture of nitric and trifluoroacetic acids followed by the reduction with tin (II) chloride to obtain
PAF-20-NH; (Fig. 1). It was shown previously, that the number of benzene rings between the
carbon nodes in the PAFs structure defines the textural characteristics of materials, thus, the use
of shorter linkers results in the higher surface areas [18]. This may play an important role in the
case of hydrogenation of small gas molecules, since a more developed surface may improve

catalytic efficiency.

Br Br

(HO)ﬁ—@*B(OH)Z

1. HNO,, CF,COOH

2. SnCl,, THF
H.

LN

Fig.1 Schematic synthesis of PAFs obtained in current work

The structural properties of the obtained materials were studied using IR spectroscopy and
low-temperature nitrogen adsorption-desorption.
IR spectroscopy was used to monitor the extent of the framework functionalization (Fig. 2).

The IR spectra of the initial PAF-20 demonstrate the absence of signals in the regions of 3300—
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3400 cm™ and 1076 cm™, characteristic of B-OH and C-Br bond vibrations, respectively,
indicating complete cross-coupling between the starting monomers. The appearance of absorption
bands at 1527 and 1344 cm! in the IR spectrum of the PAF-20-NO,, attributed to asymmetrical
and symmetrical N-O stretches of nitro groups [37], confirms the successful functionalization of
the framework. These bands disappear in the IR spectrum of PAF-20-NHo», while a new absorption

1

band with a maximum at 1616 cm™ appears, corresponding to the N—H bond deformation

vibrations of amino groups [38] and indicating complete reduction of nitro groups.

-Nl—< J\M
PAF-20-NH, \4 I
i 6}7-No2

PAF-20-NO, J{Uw
%

PAF-20 LAM
%kl
3500 2500 1500 500

Wavenumber (cm-1)

Fig.2 IR-spectra of PAFs obtained in this work

The textural characteristics of synthesized supports were studied using low-temperature
nitrogen adsorption-desorption (Table 1). For PAF-20-NH: a decrease in specific surface area was
observed compared to the initial PAF-20 due to the introduction of functional groups into their

structure.

Table 1 Textural properties and elemental composition of PAFs synthesized in this work

SBET, Vtot., o(N),
m?/g  cc/lg  wt%
1 PAF-20 520 0.34 -
2  PAF-20-NH, 388 0.22 5.8

Ne Material




The nitrogen adsorption isotherms of the obtained materials are characterized by intense
adsorption in the region of low relative pressures (p/po = 0-0.05) indicating the presence of a
microporous structure (Fig. 3). Both a gradual rise in the adsorption isotherm in the range of
relative pressures p/po = 0.2-0.9 and a hysteresis loop between the adsorption and desorption
curves demonstrate the presence of mesopores in the structure of the obtained polymers. The
isotherm shape is mostly preserved for PAF-20-NH> compared to the initial PAF-20. The main
differences include reduced adsorption and a narrowing of the hysteresis loop resulting from the
partial filling of pores with amino groups and their consequent narrowing.

An open hysteresis loop should also be noted for both frameworks, which may be associated
with the formation of ultramicropores, due to interpenetration of the framework domains [39]. This
phenomenon is characteristic of certain heterogeneous porous supports, such as metal-organic and
covalent organic frameworks [40, 41].

The pore size distribution (Fig. 3) was calculated using the NLDFT method based on the
adsorption branch of the nitrogen isotherms. The resulting pore size distributions indicate a
predominantly microporous structure with maxima at 1.0 nm and 0.9 nm for PAF-20 and PAF-20-
NHo, respectively. Moreover, a small amount of mesopores is also observed in the range of 2—4

nm for both materials.

250
0.06 +
)
E 200 ~
< = 0045 |
@ E’ 0.045
S 150 - 3 L
£ N
- 2 0.03 |
© 100 - S
F o
€ — PAF-20 |
S 50 0.015
c —— PAF-20-NH,
0 . 0 T T
0 0.5 1 0 100 200 300
Relative pressure (p/p,) Pore diameter (A)

Fig.3 Nitrogen adsorption-desorption isotherms and pore size distribution graphs for PAF-
20 and PAF-20-NH> materials
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3.2 Synthesis and characterization of the catalysts

Monometallic In-containing catalysts In-PAF-20 and In-PAF-20-NH> were synthesized by
impregnating the support with an In(NO3)3 solution in ethanol, followed by solvent evaporation
and subsequent reduction in a hydrogen stream. The obtained catalysts were characterized by
TEM, XRF, low-temperature nitrogen adsorption-desorption, and XPS.

According to TEM data, In-PAF-20 and In-PAF-20-NH; catalysts are characterized by a
uniform distribution of active phase nanoparticles within the aromatic framework structure (Fig.
4). Both samples exhibit a particle size distribution close to normal with maxima of 3.6 + 0.9 nm
and 4.4 = 0.9 nm for In-PAF-20 and In-PAF-20-NH>, respectively. These results indicate effective
particle stabilization within the porous structure of the support. The increase in the average particle
size in the case of the In-PAF-20-NH; catalyst may be associated not only with the influence of
functional groups, but also with a higher metal content (Table 2).
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Fig.4 TEM microphotographs and particle size distribution graphs for a In-PAF-20,
b In-PAF-20-NH;

XRF data confirms that the metal content for both catalysts is close to the theoretical value
of 3 wt.% (Table 2). In the case of In-PAF-20-NHx catalyst, the indium content was slightly higher,
which may be attributed to the enhanced impregnation efficiency due to the formation of In(III)

complexes with amino groups in the support structure [42, 43].

Table 2 Textural properties and elemental composition of catalysts synthesized in this work

SBer,  Vtt, @(In),
m?/g  cc/lg  wt.%
1 In-PAF-20 51 0.07 2.6
2 In-PAF-20-NH, 333 0.21 3.0

Ne Material

The low-temperature nitrogen adsorption-desorption isotherms for the catalysts (Fig. 5)
generally replicate the shape of the corresponding supports, indicating preservation of the porous
structure after indium deposition. However, much lower nitrogen adsorption values were observed
for the In-PAF-20 sample compared to In-PAF-20-NH: (Table 2). This is likely due to a partial
blockage of the micropores and small mesopores by In-nanoparticles with the average diameters
below 3 nm whose presence was confirmed by TEM data (Fig. 4a). For In-PAF-20-NH> the
content of particles with such sizes is much smaller (Fig. 4b), therefore the micro-mesoporous
system mostly remains unaltered. Meanwhile, a hysteresis loop between the adsorption and
desorption curves became wider, indicating restricted nitrogen diffusion, which may also be

related to partial pore blocking by active phase nanoparticles [44].
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Fig.5 Nitrogen adsorption-desorption isotherms and pore size distribution graphs for

In-PAF-20 and In-PAF-20-NH: catalysts

According to the XPS data for In-PAF-20 (Table 3, Fig. 6), the C 1s spectrum demonstrates
one main signal at 284.5 eV, corresponding to the Csp?>~Csp?® bond, as well as an accompanying
n-n* satellite at 291.3 eV (Fig. 6a).

The O 1s high-resolution XPS spectrum was deconvoluted into three peaks at 530.4 eV,
532.2 eV, and 533.6 eV, corresponding to lattice oxygen, oxygen vacancies, and —OH groups,
respectively (Fig. 6b) [45]. The peak at 532.2 eV, resulting from the In bonding with less than six
O atoms (due to the formation of oxygen vacancies), is dominant in the spectrum (Table 3),
indicating an extremely defective structure of the active phase closer in composition to
hydroxylated indium oxide nanoparticles In2O3.x(OH)y [46]. A high content of defects may be
associated with a small particle size (< 5 nm), short low-temperature reduction (heating at 3°C/min
to 300°C, holding for 0.5 h), and partial hydration of the sample under the influence of moisture
contained in the atmosphere [47]. It should be noted that oxygen vacancies in the structure of In-
based catalysts play a key role, as they facilitate the effective adsorption of CO; via an oxygen
atom, leading to the stabilization of the formate intermediate (HCOO*) and thereby directing the
hydrogenation reaction along the formate pathway [9].

Analysis of the In 3d (Fig. 6¢) spectrum indicates the presence of indium exclusively in the
In** state. The two peaks at 445.4 and 445.9 eV can be assigned to InoO3 and In(OH)s, respectively
[48]. The content of hydroxide species in the In 3d spectrum (34%) correlates with the content of

hydroxyl groups according to the O 1s spectrum (31%) (Table 3).
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Table 3 Peak parameters for XPS spectra of obtained In-catalysts

Catalyst In-PAF-20 In-PAF-20-NH:
Line State BE, eV Content, % BE, eV Content, %
3dsn, 445.4 3dsp, 445.3
" 05 1 34, 4530 66 3dsn, 452.9 7
3dsp, 445.9 3dsn, 446.0
O H)s | 54 ) 4535 34 3dsn, 453.7 29
OL 5304 9 530.2 10
Ols Oy 532.2 60 532.0 62
-OH 533.6 31 5334 28
Nls | CarNH ] ] 399.4 61
Car-NH2%"-In 400.4 39
a b
o,
_ 532.2 eV
E} C=C £}
8 284.5eV S
> >|  -OH
? @ | 533.6eV
£ £ o,
= £ 530.4 eV
298 293 288 283 278 540 535 530

Binding energy (eV)

Binding energy (eV)

Intensity (a.u)

In(OH),

4459 eV

In,O4
4454 eV

460

455

450

445 440

Binding energy (eV)

Fig.6 High resolution XPS spectra of a C 1s, b O 1s, and ¢ In 3d for In-PAF-20

525
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The C 1s spectrum for In-PAF-20-NH» (Fig. 7a) in addition to the signal at 284.5 eV
corresponding to the Csp>~Csp? bond and the characteristic n-n* satellite band at 291.3 eV exhibits
a peak at 285.3 eV related to C—N bond. The N 1s spectrum contains two signals with maxima at
399.4 eV and 400.2 eV, corresponding to neutral amino groups and metal coordinated amino
groups (Fig. 7b), which indicates the participation of functional groups in the stabilization of the
active phase [49].

The O 1s (Fig. 7c) and In 3d (Fig. 7d) spectra are generally similar to those of In-PAF-20
catalyst. However, both O 1s and In 3d spectra components for In-PAF-20-NH> are shifted toward
lower BE values relative to the BE values of the unmodified In-PAF-20 catalyst by 0.2 and 0.1
eV, respectively. The decrease in BE values for In-PAF-20-NH> catalyst may be attributed to both
the electron-donating effect of amino groups in the support structure and the increase in particle
size compared to the unmodified catalyst. Similar trends—albeit more pronounced—have
previously been reported for Pd catalysts [18].

The hydroxyl component contents derived from the O 1s and In 3d XPS spectra for In-PAF-
20-NH> catalyst coincided at ~29%, a value slightly lower than that observed for In-PAF-20
catalyst (Table 3). The In-PAF-20 catalyst particles are smaller (Fig. 4a), which may account for

their more rapid hydroxylation during storage in air.
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Fig.7 High resolution XPS spectra of a C 1s, b N Is, ¢ O s, and d In 3d for In-PAF-20-NH:

3.3 Catalytic tests

First of all, the conditions for the CO» hydrogenation reaction were varied using the In-PAF-
20 catalyst, taking into account stoichiometric considerations and general understanding of the
thermodynamics and kinetics of the process. The CO2/H; ratio was maintained at 3:1, which
corresponds to the stoichiometry of methanol formation. While literature data primarily assesses
the thermodynamic parameters of gas-phase reactions [7], this study focuses on the liquid-phase
process, which can affect the equilibrium and kinetic parameters of the system. Therefore, the
optimal reaction conditions were selected by experimentally varying key parameters: temperature,

pressure, and In content. Ethanol was selected as the primary solvent for this study, because it had
16



previously been tested as a reaction medium for CO» hydrogenation [28]. According to the
literature data, the introduction of alcohol solvents can enhance the reaction efficiency, primarily
through the indirect conversion of CO> to methanol via formate intermediates [50]. Furthermore,
the use of polar solvents facilitates the effective dispersion of PAFs. For all reactions described
below, the gas phase composition was analyzed by gas chromatography. It should be noted that
only Hz, CO3, and air were detected in the gas phase; CH4 and CO were not detected in the mixture,
therefore the methanol selectivity was considered 100% in all cases.

The reaction temperature was varied between 225 and 300°C (Fig. 8a). With increasing
temperature, a gradual increase in the methanol production rate from 331 to 404 mgmeon g™ h!
was observed, which is consistent with the literature [12]. The reaction pressure was varied
between 40 and 60 atm (Fig. 8b). The methanol production rate rose significantly from 363 to 455
mgmeon g h™! upon increasing the pressure from 40 to 50 atm, respectively, after which the rise
became less pronounced. This, on the one hand, is consistent with the thermodynamic data, and
on the other, may also be due to increased CO; and H; solubility in the reaction medium and,

consequently, an increase in the concentration of reactants at the active sites [7].
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Fig.8 Dependence of the methanol production rate of the In-PAF-20 catalyst in the CO-
hydrogenation to methanol on a temperature at 40 atm, b pressure at 250°C, ¢ water medium at
250°C, 40 atm; and d In content at 275°C, 40 atm. Reaction conditions: In-PAF-20 — 15 mg,
solvent — 4.5 mL, CO2/H>=1:3,6 h

Additionally, the catalytic properties of In-PAF-20 were investigated in an aqueous medium
(Fig. 8c). Under 250°C and 40 atm, the catalyst exhibited no activity at all after 6 h, and after the
24 hours the methanol production rate amounted to 103 mgmeon gm' h™'. A sharp decrease in
activity in water compared to ethanol may be attributed to the hydrophobic nature of the support,
which leads to limited catalyst dispersion and, consequently, restricts the accessibility of active
sites. Furthermore, the reduced activity of the monometallic catalysts may stem from the
aggregation of indium nanoparticles in water and excessive hydroxylation [12]. On the other hand,
it has previously been demonstrated that the presence of co-adsorbed water during the process
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helps to lower the energy barrier of the rate-limiting step of the formate mechanism [51], while
water-ethanol mixtures can modulate reaction selectivity by suppressing the reverse water-gas
shift (RWGS) reaction, thereby increasing the methanol yield [28].

The effect of metal content on the catalytic properties of the system was studied in the range
of 3—10 wt.% (Fig. 8d). To ensure fair comparison, the mass of the active component was kept
constant throughout the reactions, while the total mass of the catalyst was varied. The data obtained
showed that the highest methanol production rate was achieved at a metal content of 3 wt.%, while
a decrease in activity was observed with further increase in metal content.

Transmission electron microscopy was used to determine changes in the structure of the
active phase (Fig. 9). According to the obtained data, the particle size distribution for the In-PAF-
20 catalyst with a metal content of 5 wt.% was close to normal, with a maximum of 4.5 £ 0.9 nm.
The formation of agglomerates with sizes of approximately 6.0-7.0 nm was also observed.
Therefore, an increase in the In content led to a decrease in the dispersion of the active phase and
its agglomeration, which contributed to a decrease in the methanol production rate, due to a

decrease in the number of accessible active sites.
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Fig.9 TEM microphotographs and particle size distribution for In-PAF-20 (5 wt.% In)

To compare the catalytic activity of the synthesized catalysts In-PAF-20 and In-PAF-20-
NHz, liquid-phase CO> hydrogenation reactions were conducted under several sets of conditions
determined during preliminary studies. The catalysts were tested in order of intensifying reaction

conditions: at first, at 40 atm and 250°C, then at 60 atm and 275°C and in the end, under conditions

19



of subcritical ethanol (Fig. 10). The data obtained allow us to evaluate the influence of support
functionalization with amino groups and active phase morphology on the catalyst activity in CO>
hydrogenation.

Analysis of the obtained data demonstrate that the rise in the methanol production rate of
In-PAF-20-NH; upon transitioning from mild (40 atm, 250°C) to more elevated (60 atm, 275°C)
conditions was relatively small — from 312 to 329 mgmeon g™ h!, respectively. For In-PAF-20
the methanol production rate was higher in both cases — 363 and 435 mgwmeon g™ h!, respectively,
and the increase was much more tangible.

According to XPS, the content of oxygen vacancies (Fig 6b, 7¢) and In,O3 (Fig 6c¢, 7d) is
quite similar for both catalysts, therefore observed phenomena is most likely related to the
dispersion of the active phase. It is higher in the case of In-PAF-20 (Fig. 4a), which explains not
only higher methanol production rates in case of both sets of conditions, but also their more
pronounced increase. The lower activity of In-PAF-20-NH> may be related not only to its lower
dispersion, but also to the partial blocking of active sites on the catalyst surface with amino groups.
It is also known that CO; can react with amines to form carbamates and amides, which hinders its
further conversion into methanol, since the hydrogenation of the intermediate products is not only
the rate-limiting step but can also lead to the formation of N-methylation products rather than

methanol [31, 52].
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Fig.10 Comparison of the methanol production rates of catalysts obtained in this work in
the hydrogenation of CO; to methanol. Reaction conditions: catalyst — 15 mg, ethanol — 4.5 mL,
CO2/H2=1:3,6h
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Furthermore, the activity of the obtained catalysts was studied in subcritical ethanol (Fig.
10). It should be noted that the hydrogenation of CO> to methanol using In-based catalysts under
such conditions has not been previously described. Under these conditions, a change in the
catalytic properties of the studied systems was observed. In particular, In—-PAF-20-NH»
demonstrated a higher methanol production rate of 507 mgmeon g™ h! versus 411 mgmeon gm™'
h! for In-PAF-20. It is known that under these conditions, the solvency of ethanol increases
sharply, which ensures better diffusion of the reactants and promotes increased accessibility of the
active sites of the catalyst [53]. Such conditions may also promote decomposition of intermediate
carbamates and amides, therefore the contribution of CO; adsorption on amino groups becomes
less significant, and although functional groups still contribute to the local concentration of CO»
near the active phase, its further conversion to methanol at the active sites of the catalysts becomes
preferential.

The reuse possibility was investigated over five consecutive cycles of CO; hydrogenation to
methanol for both obtained catalysts (Fig. 11). In both cases the increase in the methanol
production rate was observed after the 2™ cycle, which is more pronounced for In-PAF-20 and is
most likely the result of the In(OH)s reduction to InoOs. However, for In-PAF-20 a significant
decrease in the methanol production rate down to 392 mgmeon g™ h'! was observed after the fifth
cycle. In-PAF-20-NH; demonstrated similar trend, however, the drop in its methanol production

rate was less abrupt.
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Fig.11 The methanol production rates of obtained catalysts upon reuse. Reaction

conditions: catalyst — 15 mg, ethanol — 4.5 mL, 275°C, 60 atm, CO2/H>=1:3,6 h

According to TEM data, the average particle size of the active phase for PAF-20 decreased

slightly from 3.6 to 3.4 nm and the distribution was still close to normal after the fifth reaction run
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(Fig. 12a). In contrast, the average particle size for In-PAF-20-NH> increased from 4.4 to 4.8 nm
(Fig. 12b), and the content of particles larger than 7 nm also rose significantly. It was demonstrated
in our previous works that the incorporation of amino groups in the structure of PAF promotes
higher dispersion and additional stabilization of the active phase for other transition metals, such

as Pd [15], Ru [20], Cu [23], however, the opposite trend was observed for In-based catalysts in

this study.
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Fig.12 TEM microphotographs and particle size distributions for a In-PAF-20,
b In-PAF-20-NH: after the 5" reuse cycle
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4 Conclusions

Thus, this study reports the first synthesis of In-based catalysts supported on porous aromatic
frameworks, both unmodified (PAF-20) and amino-functionalized (PAF-20-NH>»). It was found
that using PAFs as supports enables the preparation of highly dispersed catalysts with average
particle sizes of 3.6 and 4.4 nm for In-PAF-20 and In-PAF-20-NH>, respectively. According to
XPS data, both catalysts were characterized by a high content of oxygen defects and a hydroxide
phase, which makes the structure of the active phase closer in composition to hydroxylated indium
oxide nanoparticles InoO3.x(OH)y. The obtained catalysts exhibit high activity in the hydrogenation
of CO: to methanol, comparable to values reported in the literature. Catalyst In-PAF-20
demonstrated the highest methanol production rate at temperatures below 300°C and pressures
below 60 atm (435 mgmeon g™ h™! at 60 atm, 275°C); however, this trend shifted in a subcritical
ethanol where In-PAF-20-NH; exhibited higher methanol production rate (507 mgmeon g™ h™! at
60 atm, 350°C). Both catalysts retained their activity over five reuse cycles, although a significant
increase in the average particle size of the active phase was observed for In-PAF-20-NHo.

In conclusion, PAFs are promising supports for the development of In-based CO;
hydrogenation catalysts. At the same time, the investigation of further targeted modification of the
catalysts, for example, by promoting the active phase or by incorporating other functional groups

into the support structure, remains essential to enhance their activity.
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