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Catalytic systems prepared by controlled processes play an important role in the
utilization of CO» via catalytic hydrogenation to produce useful C1 chemicals (such
as CO, CHy4, and CH3OH), which will be vital for forthcoming applications in energy
conversion and storage. Size-controlled Pt nanoparticles were prepared by a polyol
method and deposited on H-ZSM-5 (SiO»/Al, O3 = 30, 80, and 280) zeolite supports. The
prepared catalysts were tested for the CO» hydrogenation in the temperature range of T
= 473-873 Kand ambient pressure, with CO»/H» = 1:4. Size-controlled Pt nanoparticles
boosted the catalytic activity of the pure H-ZSM-5 zeolites resulted in ~16 times higher
CO» consumption rate. The activity were ~4 times higher and CH,4 selectivity at 873 K
was ~12 times higher over 0.5% Pt/H-ZSM-5 (SiO2/AloO3 = 30) compared to 0.5%
Pt/H-ZSM-5 (SiO»/AloO3 = 280). In-situ DRIFTS studies assuming the presence of a
surface complex in which the CO is perturbed by hydrogen and adsorbes via C-end on
Pt but the oxygen tilts to the protons of the zeolite support.

Keywords: CO2 activation, heterogeneous catalysis, zeolites, controlled size Pt, drifts, mechanisms

INTRODUCTION

In recent decades, the industrialization and population growth have resulted in record high
atmospheric concentration of greenhouse gases threatening the development of our economy
and society (Mikkelsen et al., 2010; International Energy Outlook 2013, 2013). At the same time,
the dispute between the increasing energy requirement and declining non-renewable fossil fuel
resources could cause a foreseeable crisis to mankind. Carbon dioxide (CO,) is the second most
abundant greenhouse gas after water vapor. The utilization of CO; as a C1 building block is an
outstanding approach toward decreasing the global CO, emissions and additionally initiates a new
sustainable direction for producing beneficial feedstock chemicals and fuels (Aresta et al., 2016;
Robert, 2016; Wang et al., 2016; Li et al., 2017). CO3 is a thermodynamically stable molecule where
the activation of CO, requires significant Gibbs energy input (AG3yg ;5 = —394.4 kJ-mol™1). In
the presence of H, the catalytic hydrogenation of CO, is a thermodynamically favorable reaction.
However, the most important nature of the proposed catalyst for CO; conversion is that it should
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lower the activation energy barriers in the various reactions of
CO; with H,. The key reactions along with their enthalpy and
Gibbs energy values are listed below.

Reverse water gas shift reaction (RWGS) :

CO, + H, — CO + H,0 (1)
AHaos k = 41.2 k] x mol™"; AGaog k = 28.6 k] x mol ™!

CO; methanation:

CO, + 4H, — CHy + 2H,0 2)
AHaog k = —252.9 k] x mol™'; AGyos x = —113.5kJ x mol ™!
Methanol formation:

CO, + 3H, — CH30H + H,0 (3)
AHags k = —49.5 k] x mol™"; AGog x = 3.8 k] x mol™"

The catalytic hydrogenation of CO, to CO, known as the
RWGS reaction (Equation 1), is one of the promising ways to
convert CO,, whereas economize on the utilization of hydrogen
compared with other CO, hydrogenation reactions (Danjun
etal., 2011). In addition to that, the production of CO via RWGS
reaction might be the best replacement technique to conventional
coal gasification technology, which will become a basis for the
future green coal chemistry industry. Particularly, methanation
of CO, (Equation 2) is also one of the most significant
reactions, this reaction can transform the exhausted CO; into
methane (CHy4), where the formed methane can be recycled
for the synthesis of fuel or chemicals (Sakakura et al., 2007;
Olah et al., 2009).

Typically, ZSM-5 are used as sorbents and catalyst due to
their unique channel structure, thermal stability, acidity, and
shape-selective property (Falamaki et al, 1997; Kumar et al,
2002; Cheng et al.,, 2005; Ismail et al., 2006). Furthermore, the
boosting effect of the size-controlled Pt nanoparticles (NPs) on
the hydrogenation reaction of CO, was extensively studied and
was attributed to the active cooperation of the metallic Pt and
oxide support (Sépi et al., 2018). In this work, our purpose is to
prove that the anchoring of Pt NPs on different ZSM-5 zeolite
supports is a favorable heterogeneous hybrid catalyst for the
hydrogenation of CO; into valuable products.

In their early work, Roman-Martinez and co-workers
studied the structure sensitivity of Pt-based catalysts for the
hydrogenation of CO, (Romdan-Martinez et al., 1996). Recently,
Shyam et al. studied the effect of Pt interaction over different
oxide (e.g., SiOy, TiO,, etc.) supports (Kattel et al., 2016). It
was found that the formation of CO is preferred to that of
HCOO™ ion, both kinetically and thermodynamically, indicating
that methane can preferably be formed on the Pt-based catalysts.
Therefore, when Pt NPs are packed on the zeolite support
for hydrogenation of CO;, the distribution of products is
significantly affected due to the long contact time of reactant
gases over the catalyst as well as the special pore structure of the
zeolites. Particularly, the methanation process of CO, (CO,—
CO— CHy) involves the formation of CO as an intermediate
and CHy as the final product. For this reason, constructions
of such composites with Pt NPs would be advantageous to
find the correlation between CO/CHy selectivity and structure
sensitivity of the catalyst (Takeguchi et al, 2000; An et al,

2008). Zhan and Zeng also studied a novel sandwich type ZIF-
67@Pt@mSiO; nanocube catalyst in CO; hydrogenation reaction
(Zhan and Zeng, 2017). It was reported that CO, hydrogenation
on Na-modified, Fe-based Fischer-Tropsch catalyst (Wei et al.,
2017) and Iny O3 catalyst (Gao et al,, 2017) combined with H-
ZSM-5 exhibited excellent selectivity in gasoline, and a CeO,-
Pt@mSiO;,-Co tandem catalyst with two metal-oxide interfaces
converted CO; to C2-C4 hydrocarbons with 60% selectivity (Xie
etal., 2017). Very recently, Zheng et al. developed a highly active
catalyst that is a monodispersed spherical Zr-based metal-organic
framework catalyst, Pt/ Au@Pd@UIO-66, comprising an Au@Pd
core-shell encapsulated in a UTIO-66 center for the hydrogenation
of CO; (Zheng et al., 2017).

In this study, 4.5nm controlled-size Pt nanoparticles were
anchored onto the surface of H-ZSM-5 zeolites with different
Si/Al ratio and were tested in CO;, hydrogenation reaction at
723-873 K. Size-controlled Pt nanoparticles boosted the catalytic
activity of the pure H-ZSM-5 zeolites resulted in ~16 times
higher CO; consumption rate. The activity was ~4 times higher
and CHy selectivity at 873 K was ~12 times higher over 0.5%
Pt/H-ZSM-5 (SiO/Al,03 = 30) compared to 0.5% Pt/H-ZSM-
5 (SiO,/Al,O3 = 280). In-situ DRIFTS studies assuming the
presence of a surface complex in which the CO is perturbed by
hydrogen and adsorbes via C-end on Pt but the oxygen tilts to
the protons of the zeolite support.

EXPERIMENTAL SECTION

Synthesis of the H-ZSM-5 Based Catalysts

for CO, Hydrogenation Reactions

Synthesis of the H-ZSM-5 Zeolites

All NH3-ZSM-5 zeolites were purchased from Alfa Aeasar. NH;3-
ZSM-5-30 zeolite has a Si0O,:Al,O3 molar ratio of 30:1, NH;3-
7ZSM-5-80 zeolite has a SiO;:Al,O3 molar ratio of 80:1 and
NH;3-ZSM-5-280 zeolite has a SiO,:Al; O3 molar ratio of 280:1.
All the zeolites were calcined in air at ambient pressure and
a temperature of 973K for 5h before the investigation and
heterogeneous catalytic tests to stabilize the protonated ZSM-
5 form. We use the notation H-ZSM-5-30, H-ZSM-5-80, H-
ZSM-5-280, respectively, to specify the various calcined zeolites
according to their composition.

Synthesis of 4.4 £+ 0.6 nm Platinum Nanoparticles

The following method was used for the preparation of 4.4nm
Pt nanoparticles. 41 mg H,PtCly and 20 mg polyvinylpyrrolidone
(PVP, MW = 40.000) were dissolved in 5 ml ethylene-glycol and
sonicated for 30 min to get a homogeneous solution. The solution
was evacuated and purged with atmospheric pressure argon gas.
After three purging cycles, the flask was immersed into an oil bath
heated to 473 K under vigorous stirring of the reaction mixture as
well as the oil bath. After 120 min of reaction, the flask was cooled
down to room temperature. The suspension was precipitated by
adding acetone to the mixture. After precipitation, the particles
were washed by centrifugation with hexane and re-dispersing
in ethanol.
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Synthesis of 0.5% Pt-H-ZSM-5 Catalysts

To fabricate the supported catalysts, the proper amount
of ethanol suspension of Pt nanoparticles with known Pt
concentration (measured with ICP-MS) and the H-ZSM-5
zeolite with different Si/Al ratio after calcination at 973K
were mixed together in ethanol and sonicated in an ultrasonic
bath (40 kHz, 80 W) for 3 h. The supported nanoparticles were
collected by centrifugation. The products were washed with
ethanol three times and subsequently dried at 353 K overnight.
H-ZSM-5-30, H-ZSM-5-80, and H-ZSM-5-280 zeolites loaded
with Pt nanoparticles are labeled as Pt-H-ZSM-5-30, Pt-H-
ZSM-5-80, and Pt-H-ZSM-5-280 according to their Si0,/Al;03
composition ratio.

Characterization of the ZSM-5 Supports

and Pt-H-ZSM-5 Catalysts

The morphology of the support, as well as the dispersion of the
Pt nanoparticles over the zeolite supports, was investigated by
Transmission Electron Microscopy (TEM, FEI TECNAI G220
X-TWIN operated at 200 kV).

The crystal structure of the NH3-ZSM-5, as well as the
H-ZSM-5, were examined by X-ray Diffraction [XRD, Rigaku
MiniFlex II Desktop Diffractometer operated with a Cu Ka
source (A = 0.1542 nm) at 30 kV and 15 mA].

The surface properties, specific surface area, and pore size
distributions were investigated using a Quantachrome NOVA
3000e gas sorption instrument by N, adsorption at liquid N,
temperature. The temperature-programmed desorption (TPD)
was carried out in a BELCAT-A apparatus using a reactor (quartz
tube with 9mm outer diameter) that was externally heated.
Before the measurements, the catalyst samples were treated in
oxygen at 1,073 K for 30 min. Thereafter, the sample was cooled
in flowing Ar to room temperature and equilibrated for 15 min.
The oxidized sample was flushed with Ar containing 10% Hj,
and the reactor was heated linearly at a rate of 20 K-min~!
up to 1,373 K. The H;, consumption was detected by a thermal
conductivity detector (TCD). The powders were first out-gassed
at 473 K to ensure a clean surface.

Inductively coupled plasma (ICP) mass spectrometry was
used for the determination of the metal content in each sample
synthesized. The measurements were performed with an “Agilent
7700x” type ICP-MS spectrometer. The sample was previously
dissolved in an acidic mixture of HNO3 and HCL

In-situ infrared spectroscopy measurements were carried out
with an “Agilent Cary-670” FTIR spectrometer equipped with
“Harrick Praying Mantis” diffuse reflectance attachment. The
sample holder had two BaF, windows in the infrared path.
The spectrometer was purged with dry nitrogen. The spectrum
of the pretreated catalyst was used as a background. At room
temperature, a CO,:H, molar ratio of 1:4 was introduced into
the DRIFTS cell. The tubes were externally heated to avoid
condensation. The catalyst was heated under the reaction feed
linearly from room temperature to 773 K, with a heating rate
of 20 K-min~! and IR spectra were collected at 50 K intervals.
All spectra were recorded between 4,000 and 900 cm™! at a
resolution of 2 cm™!. Typically, 32 scans were registered. Due to

TABLE 1 | Parameters based on the N» adsorption measurements of the pure
H-ZSM-5 zeolites with different SiO5:Al, O3 ratio.

Catalyst SBET (m2/g) Vm (cm3/g) Vi (cm3/g)
H-ZSM-5-30 330.4 0.133 0.24
H-ZSM-5-80 360.3 0.073 0.22
H-ZSM-5-280 350.0 0.063 0.22

Sger Is the BET specific surface area.

Vi is the pore volume.

Vi Is the total specific pore volume calculated from the volume adsorbed of P/Pgy at 0.98
(the highest measuring point). The N» adsorption-desorption method was used to find the
specific surface area (Sget) of the materials.

the short optical path within the DRIFTS cell, the contribution
of the reactant gases was negligible, and from the gas phase
products, only the most intense features were observable.

CO, Hydrogenation Reaction in the Flow

Mode

The hydrogenation of CO, was conducted in a fixed-bed
down tubular quartz flow reactor at atmospheric pressure. The
reactor system was equipped with a programmable temperature
controller. A mixture of CO,/H, with a ratio of 1:4 used as the
feed. Typically, the catalytic activity tests were carried out using
0.2 g of grinded pelletized catalyst (typically round-shaped pellet
with 13 mm diameter and 1-3 mm thickness are pressed under
10 bar, than mortared into 1 um pieces) which was suspended
between two quartz wool plugs in the reactor with an inner
diameter of 15mm and the remaining vacant space was filled
with quartz beads. Firstly, the catalyst was pretreated with O, at
50 mL-min~! at 573 K for 30 min, followed by in-situ reduction
at the above temperature using H, flow for 30 min. Then the
reactor was cooled down to 473 K and the reaction was tested in
the temperature range of 473-873 K under a mixture of CO,/H;
with a ratio of 1:4 and a flow rate of 50 ml/min. The catalyst
was heated with 20 K/min upto 873K than for time-on-stream
reaction the temperature was held for another 6h. Outlet gases
were fed into a gas chromatograph (GC 4890D, Agilent) equipped
with PORAPAK QS+ S column and the products were analyzed
by TCD and FID (Supelco EQUITY—1). Argon was utilized
as a carrier gas for the gas chromatograph and hydrogen and
synthetic air were used for FID. CO, conversion (Xco,) and
product selectivity (Sp,04) toward to CO and CHy and CyHy are
defined as follows:

x nXco,,in — nXco,, out @)
CO, = .
: nXco,,in

Nprod, out X NC
nXco,,in — nXco,, out

©)

Sprud =

RESULTS AND DISCUSSION

Structural and Textual Properties

In our characterization experiments, the Brunauer-Emmett-
Teller (BET) gas adsorption method was used for the
determination of surface area of the catalysts. Results for
the BET surface area (Spgr), and total pore volume (Vy) are
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FIGURE 1 | N, adsorption-desorption isotherm plot of the pure H-ZSM-5 zeolites. (A) H-ZSM-5-30; (B) H-ZSM-5-80, (C) H-ZSM-5-280.

summarized in Table 1. The BET surface area of H-ZSM-5
zeolites, is insensitive to the Si:Al ratio (330.4-360.3 m2.g~1).
However, the pore volume was ~2 times higher in the case of
H-ZSM-5-30 zeolite compared to the other counterparts with
higher Si/Al ratio.

Nitrogen adsorption-desorption isotherms of H-ZSM-5
zeolites are presented in Figure 1. The hysteresis loop confirms
the type-IV behavior (type H2 according to IUPAC classification)
(Sing, 1985), which is related to capillary condensation taking
place in the mesopores and also 3D interconnectivity of the
pores. In the case of H-ZSM-5-30, the largest hysteresis loop
was observed at high pressure which is attributed to the large
internal void.

Typically, the catalytic hydrogenation of CO, depends upon
the surface distribution of the acidic-basic sites of the materials.
The Brensted acidic sites can be essential for the activity in the
field of catalysis (Zhao et al., 1993) and most of these sites exist
within the pore structure of the catalyst.

In the case of the H-ZSM-5 zeolites, the total and Brensted
acidity of the catalysts were measured by TPD of ammonia and
the resulted graphs are shown in Figure 2A. Table 2 represents
the obtained values of the week and strong acidic sites (from
Figure 2A) and basic sites (from Figure 2B). Two distinct NH3
or NH** desorption peaks are observed in all H-ZSM-5 supports.
The peaks at 454-481 K and 653-670K corresponding to weak
(physisorbed NH3) and strongly-bonded Brensted acid sites,
respectively. In the case of the zeolites with lower Si/Al ratio,
a higher amount of acidic sites were obtained. Costa et. al.
already reported on the acidity of ZSM-5 zeolites, that the acidity
depends on the Si/Al ratio and the number of the total acidic sites
decreased with the increasing Si/Al ratio (Costa et al., 2000). The
ammonium desorption peak temperature increases as the Si/Al
ratio decreases. In the case of the weak acidic sites, the ammonia
desorption takes place at 454, 476, and 481 K for H-ZSM-5-280,
H-ZSM-5-80, and H-ZSM-5-30, respectively. A similar trend was
observed in the case of the strong acidic sites (H-ZSM-5-280:
653 K, H-ZSM-5-80: 678 K, H-ZSM-5-30: 670 K), however, the
strength of the acidic sites for H-ZSM-5-80 and H-ZSM-5-30 are
close to each other.

Thus, increasing the Si/Al ratio the peak corresponding to the
weak acidic sites was shifted to lower temperatures, indicating

A B
H-ZSM-5-280 - H-ZSM-5-280
~454 K 653K
=_ =. ~480 K
o K H-ZSM-5-80 o H-ZSM-5-80
[ e
8 ~678 K 8
© ©
c = ~483 K
2 481K 2
) »n
(=) H-ZSM-5-30 () H- ZSM-5-30
(8] O
'- ~670 K '-
400 500 600 700 800 400 500 600 700 800
Temperature (K) Temperature (K)
FIGURE 2 | Temperature programmed desorption (TPD) of the H-ZSM-5
catalysts; (A) TPD of ammonia, (B) TPD of CO».

the decreasing strength of such acidic sites. The highest total
amount of acid sites was obtained over the H-ZSM-5-30 zeolite
(0.75 mmol NH3-g~1) (Kim et al., 2011) due to the lowest Si/Al
ratio and the lowest total number of acidic sites was observed
for H-ZSM-5-280 (0.12 mmol NH3~g_1) due to the high Si/Al
ratio. On the other hand, the ratio of the strong/weak acidic
sites is the lowest in the case of the H-ZSM-5-30 zeolite. In
summary, in the case of the H-ZSM-5-30 support, NH3-TPD
study showed that the acidic site concentration of the zeolite
surface, as well as the strength of the sites was the highest, while
the distribution of the weak and strong sites showed the lowest
ratio of strong/weak sites.

Figure 2B represents the TPD-CO, profiles for the various H-
ZSM-5 supports. The CO, adsorption capacity was the highest
for H-ZSM-5-30 and the lowest for H-ZSM-5-280 with the value
of 0.167 mmol CO,-g~! and 0.041 mmol CO,-g~ !, respectively.
Also, the CO, desorption temperature is the highest for H-
ZSM-5-30. From these results, we can conclude that H-ZSM-
5-30 has the strongest basic sites as well as the highest surface
concentration of them compared to other H-ZSM-5 zeolites.

N, NH3, and CO, adsorption/desorption studies are bringing
the following conclusions useful for our system as well as catalytic
behavior. The Pt NP dispersion on the surface of the H-ZSM-5
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TABLE 2 | Acidity and basicity of NH3-ZSM-5 catalysts.

Catalyst Acidity

(mmol NH3.g~1)

Basicity
(mmol CO,.g~ 1)

Weak T (K) Strong

T (K)

Total Strong/weak

H-ZSM-5-30
H-ZSM-5-80
H-ZSM-5-280

0.53
0.26
0.065

481
476
454

0.22
0.20
0.056

670
678
653

0.75
0.46
0.121

0.42
0.77
0.86

0.167
0.073
0.041

supports may depend on the acidic strength of the support:
the more acidic is the surface, the less sintering during the
reaction maybe expected. However, earlier studies showed that
Pt nanoparticles with >5 nm sizes are not showing any sintering
under similar reaction conditions (Sépi et al., 2018). It is worth
mentioning that the lack of the Bronsted acidic sites over the
zeolite supports, the Pt NPs are not stable and consequently
might be leading to the formation of their agglomeration over
the support. Therefore, high acidic and also more basic zeolites
(here: NH3-ZSM-5-30) may offer higher stability for Pt species as
well as different interfacial metal-support interactions (O’Malley
et al., 2015). The above trend should be described through the
following way; the Pt atom coordinated with a Brensted proton
and with a nearby bridging framework oxygen in the ZSM-
5 support. These metal-support interacted sites are good for
adsorption of CO; and may also offer CO, activation leads
to higher catalytic activity as well as selectivity toward the
desired products.

X-ray diffraction (XRD) patterns of the pure supports are
displayed in Figure3. Almost all NH3-ZSM-5 samples are
exhibited the similar diffraction patterns at 26 angles of 7.9°,
8.8°, 23.1°, and 23.7°, which represent the (011), (020), (051),
and (033) planes, respectively (Bin et al., 2014), characteristic
for ZSM-5 type zeolites. The insignificant differences between
NH3-ZSM-5-30 and H-ZSM-5-30 samples show that the heat
treatment of the samples at 973 K has no effect on the structure
of zeolites. On the other hand, we can conclude that the structure
of ZSM-5 remains intact at all Si/Al ratio.

Figure 4 shows the TEM images of the Pt-NHj3-ZSM-
5 catalysts presented in this study. It is important to say
that the polyol based method of Pt nanoparticle synthesis
resulted incontrolled-size nanoparticles with a narrow size
distribution centered at 4.4 £ 0.6 nm, where the particles have
a spherical shape.

The Pt nanoparticles were uniformly dispersed on the H-
ZSM-5 zeolites in all three Si/Al ratio cases. The microporous
nature and the surface acidity of the ZSM-5 support helps
the adsorption of Pt nanoparticles, which in turn improves
the interaction between the Pt nanoparticles and the H-ZSM-5
zeolites which also resulted in the development of isolated and
well-dispersed Pt nanoparticles on the surface.

Catalytic Hydrogenation of CO»

H-ZSM-5 catalysts with different Si/Al ratios (30, 80, and 280)
as well as their counterparts loaded with 0.5% of 4.4nm Pt
nanoparticles were tested in CO, hydrogenation reaction in a

H-ZSM5-280

H-ZSM5-80

H-ZSM5-30

Intensity (a.u.)

RT NH3-ZSM5-30

10 20 30 40 50
2 Theta (degree)

FIGURE 3 | XRD patterns of the NH3-ZSM-5 catalysts.

flow reactor in the temperature range of 473-873 K at ambient
pressure. Before the catalytic tests, the catalysts were pretreated
in O; at 573 K followed by H; reduction at the same temperature.

Initially, Pt-free H-ZSM-5 supports were tested where we
found that the catalysts have slight activity at 723-873 K where
the main products were CO, CHy as well as C,Hy (Figure 5).
Zeolite with the highest aluminum content (H-ZSM-5-30)
showed the highest catalytic activity compared to H-ZSM-5-
80 and H-ZSM-5-280 at 723 K. In the case of the H-ZSM-5-
80, the lowest catalytic activity was observed. In the case of
H-ZSM-5-280, the highest catalytic activity (120 nmol-g~!-s71)
was observed at 873 K, which was ~2 times higher compared
to the activity of H-ZSM-5-30 and that of H-ZSM-5-80. The
catalytic activity was 5 times higher in the case of H-ZSM-5-
280 at 873 K compared to the activity at 723 K. While catalytic
activity was increased in the case of the H-ZSM-5-30 at higher
temperature, the increment was not as significant. These unusual
phenomena maybe attributed to the investigation at the low
conversion regime, as well as the special influence of the different
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H-ZSM-5-30

»

FIGURE 4 | TEM images of H-ZSM-5 zeolite supported 4.4 nm Pt nanoparticles.
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ratio of the weak and strong acidic sites as well as the basic
sites developed by NH3-TPD and CO,-TPD under these low
activity range.

In the case of the Pt-free zeolites, CO, CHy, and C,Hy4 were
formed at 723 K, while only CO and CH4 was observed at 873 K.
H-ZSM-5-280 showed the highest selectivity toward CHy (80%)
at 723 K compared to H-ZSM-5-30 (2%) and H-ZSM-5-80 (62%).
H-ZSM-5-30 produced 100% while there was no CO in the
case of H-ZSM-5-80 and H-ZSM-5-280. A significant amount
of C,H4 was formed in the case of H-ZSM-5-80 (36%) and
H-ZSM-5-280 (22%).

At 873K, CO was the main product in case of the
testing of all Pt-free zeolites. While the formation of CHy is
insignificant, it was observed that H-ZSM-5-80 showed the
highest CHy selectivity (0.7%) compared to H-ZSM-5-30 (0.25%)

and H-ZSM-5-280 (0.2%). It is interesting to note, that H-ZSM-5-
80 showed the lowest activity compared to the zeolites with lower
or higher Al/Si ratio. As TPD results showed, the concentration
and strength of the different acidic and basic sites are crucial
for the catalytic activity we believe that in this case, a special
synergetic of the ratio, concentration and strength of the active
sites needed for high activity.

44nm Pt nanoparticles anchored to the surface of
the different H-ZSM-5 catalysts were also tested in CO,
hydrogenation reactions (Figure 6). H-ZSM-5-30 were able
to consume CO, with a rate of 410 and 580 mmol-g’1~s’1 at
temperatures of 723 and 873K, respectively. The consumption
rate of CO, was enormously increased after the addition of
Pt nanoparticles (i.e., Pt-H-ZSM-5-30 performed with a CO;
consumption rate of 1,630 and 8,130 mmol-g~!-s™! at 723K
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FIGURE 6 | CO, consumption rate and distribution of products at 723 and 873K over 0.5% Pt supported on H-ZSM-5 catalysts. (A) CO» consumption rate at
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and 873K, respectively). Pt supported on zeolites with lower
Si/Al ratio showed higher activity. In the case of Pt-H-ZSM-5-30,
the catalytic activity (1,630 mmol-g~!-s71) was 3 times as well
as 4 times higher compared to the activity of Pt-H-ZSM-5-80
(530 mmol-g_1~s_1) and Pt-H-ZSM-5-280 (460 mmol~g_1~s_1),
respectively at 723 K. The same trend was observed in the case of
activity at 873 K.

For the Pt-H-ZSM-5 catalysts CO and CHy was the main
product, where a small amount of C;H, was formed only at
723 K. All the Pt-loaded catalysts were more selective to CO
than CHy at 723K as well as 873 K. The CHy selectivity is low,
however, the Pt-H-ZSM-5-30 catalysts show 3-10 times higher
methane selectivity compared to the catalysts based on zeolites
with higher Si:Al ratio. At 873K, in the case of the Pt-H-ZSM-5-
30 catalyst, the methane selectivity is 20 times higher compared
to the Pt-free, H-ZSM-5-30 zeolites.

After we tested the samples upto 873K, the catalysts were
monitored at the same temperature for another 6h. During
the time-on-stream measurements no significant deactivation
was observed.

Anchoring of Pt NPs over the H-ZSM-5 zeolites directed to
the synthesis of a more active catalyst, where the pores of the
zeolite support are appropriate to adsorb the reactant molecules
(CO; and H;). Presumably, the Pt NPs are located on the
surface as well as in the channels of the zeolites support and
the upcoming CO, can be captured inside the cage. Then the
concentration of CO, is much higher near the Pt NP. It is

worth mentioning that with increasing the reaction temperature,
the methane (hydrocarbon) selectivity decreased and the CO
selectivity increased. Therefore, we deliberate that the relatively
lower temperature is suitable for obtaining a high yield of
methane. The superior performance of Pt-H-ZSM-5-30 can be
attributed to its highest Bronsted acidity but also to the formation
of homogeneously dispersed Pt NPs over the zeolite support. The
resultant composite catalysts are highly active in gas-phase CO,
hydrogenation, in which the reaction pathway involves (i) a Pt
site that might be involved in the formation of CO from CO,
through the reverse water gas shift reaction and, subsequently, (ii)
methanation and or hydrogenation of CO catalyzed by the nearby
Brensted acidic sites. This can be explained by the following
way; the edges and corners of the Pt nanoparticles are active
sites and kinetically preferred to stimulate the hydrogenation
of the CO; reaction. The adsorption of CO, over the Pt NPs
(binding energy = —0.23eV) is the rate-determining step for
the overall conversion of CO, to CO, CHy, CH30H, and C,Hj.
For a deeper understanding of the mechanisms, high activity and
behavior of the catalysts in-situ DRIFTS studies were performed
and discussed in the following section.

In-situ DRIFTS Studies of the Catalysts Under
Reaction Conditions

For heterogeneous catalytic reactions, the exploration of surface
species formed during the catalytic processes plays a decisive
role in understanding the reaction mechanism. Toward this
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goal, DRIFT spectra were monitored at increasing reaction
temperatures, in the presence of the reactant mixture/products.
The detailed infrared studies were performed on H-ZSM-5-30
for reference state, as well as on Pt-H-ZSM-5-30 and Pt-H-
ZSM-5-280 catalysts under reaction conditions (4:1 H,:CO; ratio
at 323-773K) using FTIR spectrometer equipped with diffuse
reflectance attachment (Figures 7, 8).

The evaluation of the low wavenumber (1,300-2,000 cm ™)
region is difficult, as the zeolites itself has weak absorptions
at the region as well as a sharp absorption edge at ~1,300
cm~!. Although these features should be accounted for by the
background spectrum, they might also change as a function
of temperature and thus disturb our spectra. Above the frame
vibrations of zeolites we obtained relatively weak bands at 1,557
cm™! already at 323K in the case of H-ZSM-5-20 (Figure 7A).
These bands can be attributed to the formation of formate ion
(HCOO™) from the CO; + H, reaction mixture, and these are
assigned to v,(OCO) and vs(OCO) vibrations, respectively (Liao
etal, 2001; Rasko et al., 2004). When the reaction temperature is
increased to 573 K, a new weak peak developed at 1,737 cm™!
which can be tentatively assigned to aldehyde like CO stretch
(Novak et al., 2002; Sapi et al., 2018). These bands were present
up to 873 K, from 673 K peaks for gas phase CO (2,115 and 2,167
cm 1) and methane (3,013 cm ™) showed up (not shown here). It
is interesting that when the acidity is decreased by the increasing
Si/Al ratio, the formaldehyde-like CO (formyl) decreases, on the
surface of Pt-H-ZSM-5-280.

It is very likely, in line with the literature data obtained on
different catalysts (Wang et al., 2015; Sapi et al., 2018; Laszlo
et al., 2019) that the activation of CO, on zeolites does not occur
basically via direct dissociation to adsorbed CO and Oj rather
it proceeds through a carboxylate or bicarbonate intermediate,
which reacts with adsorbed hydrogen species and formate is
produced (Wang et al, 2015; Sapi et al., 2018). The formate
intermediate may transform to the formaldehyde form at higher
temperatures if a significant number of protons are available:

COYy + H((OHg)) — (HCO3) — HCOO) + Oy(1)
HCOO(,) + Hg) — HyCOy, 2)

On the other hand, the formate may decompose to methane
(Roman-Martinez et al., 1996) or CO as was observed on NiO
(Sapi et al,, 2018), and at higher temperatures, the formaldehyde
may transform to gas phase CO on TiO; (Rask¢ et al., 2004):

HyCO,) = CO(g) + 2Hy) (3)

On Pt free zeolites the reaction partway strongly depends on
acidity and, in harmony with this, on the Si/Al ratio. On less
acidity sample this kind of formaldehyde form was not observed
on IR spectra. According to catalytic measurements on pure
zeolite CO formation was the significant reaction pathway. We
may suppose that the CO formation occurs via decomposition
of formate:

HCOO(,) — CO(,) + OH(, (4)

At the high Si/Al ratio with less acidic character, the formate
may partially decompose via C-O bond breaking and the CH

fragments hydrogenate to methane according to RWGS reaction
(Wang et al., 2014)

HCOO(a) — HzCOH(a) — HzC(a) + OH(a) (5)
HyCa) + 2H) — CH4(g) (6)

Ethylene formation was also detected on zeolites with less acidic
character (Figure 5B). It means that a certain fragment of CHjy)
recombines, and ethylene is formed in a fast coupling reaction
step: (Kiricsi et al., 1999)

H2C(a) + CHz(a) — C2H4(g) (7)

Adsorbed ethylene or ethylidine were not detected in DRIFTS
during the reaction, it means that the ethylene forms in the
surface reaction rate determine step.

Pt-H-ZSM-5-30 and Pt-H-ZSM-5-280 catalysts contain more
absorption bands during the reaction (Figures7B,C). Peaks
for bidentate formate also appeared at 1,553 cm™!, but
unfortunately, the symmetric component probably overlaps with
the Si-O stretching band. At low-temperature regime (323-
573K) a peak was detected at 1,617 cm™! wich is attributed
to monodentate formate (Wang et al., 2015) on Pt-H-ZSM-
5-30. This peak may have a bicarbonate component which
is the precursor for formate formation (Wang et al, 2015).
Formate species is generally accepted as a key intermediate
in CO, hydrogenation in literature among others on Pt/NiO
(Sapi et al, 2018), Pd/Al;O3 (Erdohelyi et al., 1986; Wang
et al,, 2015), Rh/AL,O3 (Solymosi et al., 1980), and Rh/TiO,.
(Novdk et al.,, 2002). We believe that in our case the bidentate
form appears on the H-ZSM-5 and monodentate formate on
the Pt sites which play also significant role in CO, + H
reaction. As we demonstrated in Figure 6B, the formation of
methane drastically increased on Pt containing Pt-H-ZSM-5-30.
The methane formation proceeds very probably through formate
pathway (Roman-Martinez et al., 1996; Wang et al., 2015; Sapi
etal., 2018), preferentially on Pt sites:

HCOOy, + H(,) > HCOOH,)* 8)
HCOOH* + H(,) — H,COOH,)* &)
H,COOH(;* — HyCO* + OHy, (10)

The HnCOE"a) (n = 1, 2) intermediates may stabilize on the
surface either as adsorbed formaldehyde and decomposes to
CO (Equation 3) or decomposes to CH; via C-O rupture as
it described in Equations 5,6 and finally CH4 was produced.
Carbonyl hydrites, HnCOZ‘a) (n = 1, 2) or with other words
hydrogen perturbed adsorbed CO is frequently supposed in CO,
hydrogenation reactions (Solymosi et al., 1981; Henderson and
Worley, 1985; Fisher and Bell, 1996; Wang et al., 2015). This band
is usually detected at 1,825-1,840 cm~!. In this structure, it is
suggested that CO bonds linearly to noble metal perturbed by
hydrogen (Henderson and Worley, 1985; Fisher and Bell, 1996).
The frequency shift (~200 cm~!) comparing to simple linearly
bond CO (2,070 cm™!) indicates a weakening in C-O bond. The
support for hydrogen-assisted dissociation of CO comes from
the observation of methane formation at temperatures lower
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than those required for dissociation in the absence of hydrogen
(Sachtler and Ichikawa, 1986). BOC-MP calculation has also
shown that the dissociation of H,CO, where n = 1, 2, or 3, is
energetically more favorable than the direct dissociation of CO
on Pd or Pt (Shustorovich and Bell, 1988). We did not detect
this wavenumber but we observed further frequency shift in C-
O bond (1,730 cm™!) even at 323 K (Figure 7B), which indicates
a further weakening in C-O bond.

The peak at 1,730 cm~! position may attributable to adsorbed
formyl or formaldehyde (CH,CO) as it was observed on Pt
free H-ZSM-5-30 at high temperatures (Figure 7A). However,
we think that HnCO’(“a) intermediate could also exist at this
wavenumber on Pt-H-ZSM-5-30 from 323K (Figure 7B). For
identification of this species, we should mention that band
around 1,750 cm™! was observed upon CO adsorption on
Co0304(111) film [and at somewhat lower wavenumber on
MgO(100) and Fe304(111)]. The band was attributed to a weakly
bound bidentate carbonate which is formed at defect site (Ferstl
et al., 2015). However, in our case, this band was not observed
during adsorption of CO, without hydrogen. We suggest that the
CO in this form exists in a surface complex in which the CO is

perturbed by hydrogen and adsorbes via C-end on Pt but the
oxygen tilts to the proton in zeolites. The other scenario is also
imaginable; namely the H,COyp,) bond to zeolite frame and the
oxygen tilts to Pt site or hydrogen located on Pt at the interface.
These two scenarios are shown in Figure 8. Recently, 1,720 cm ™
infrared band was observed during the interaction of CO, with
H, on Rh/Al;O3. This band was attributed to bridge bonded CO
species positioned between Rh and Al atoms from the support.
In our study, in the case of the Pt-H-ZSM-5-30, the peak area of
the 1,737 cm~! band decreases (Figure 9A) while CHy and CHj
species were developed with increasing temperature as well as
>600 K gas phase methane was detected (Figure 9C). However,
in the case of Pt-free H-ZSM-5-30, no CO or CHy was detected
only the presence of CH4 at elevated temperature (Figure 9B).
This phenomena maybe attributed to the fact that, the inclined
H-CO species is forming methane at the Pt/H-ZSM-5 interface,
however, in the case of the Pt-free catalyst the formate route
is favorable.

The inclined, bent configuration plausibly significantly
weakens the C-O bond (shifted further to lower wavenumbers)
and it could easily break. Low wave number CO (1,770 cm™!)
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was detected under the reaction of CO, + H, on Rh supported
on titanates (Toth et al., 2012). In addition, this unusually low
wave number was also observed in CO adsorption on Mn,
La, Ce, Fe promoted Rh/SiO; (Ichikawa and Fukushima, 1985;
Stevenson et al., 1990; Chuang et al., 2005). It was suggested that
the oxygen on CO inclined to promoter cations, and enhanced
the rupture of C-O bond. On Pt-containing most acidic ZSM-
5 we suggest the following further steps in CO, hydrogenation
(methane formation) where plenty of adsorbed hydrogen
is available:

Hn(CO)(a)H(a)—> CHn(a) + OH(a)
OH(a) + He@)— H20(g)

(11)
(12)

On Pt-containing zeolites ethylene formation was not observed
(Figure 6B), which means that the formed CH species does not
recombine but reacts with hydrogen forming methane or further
dehydrogenates where carbon is formed causing the deactivation
of the catalysts:

CHn(a) + H(a)_> CH4(g)
CHn(a)—> C(a) + nH(a)

(13)
(14)

The inclined CO has different structure and stability than
that of the linearly adsorbed CO on Pt sites, which appeared
at 2,070 cm™! (Figures 7B,C) from 573K. It forms in
formate decomposition or in reaction with hydrogen besides
formaldehyde/formyl decomposition:

HCOO(, + Hy) — CO(,) + H20 (15)
The other possible scenario is that CO, activated and forms
adsorbed CO on Pt sites even at 300 K. This activation process

proceeds via formation of negatively charged CO; radical and it
converts to CO with the help of activated hydrogen (Solymosi
et al., 1981; Fisher and Bell, 1996).

The formed adsorbed CO starts to desorb above 600 K. The
observed CO position is almost agreed with those detected on
Pt-H-ZSM-5 (Rivallan et al., 2010) previously. In that study
two bands appeared; one is at 2,095 cm~!, the other is at
2,080-2,050 cm™!. This later peak is ascribed to smaller Pt
particles for which CO adsorbs abundantly on less coordinated
Pt atoms. The peak at ~1,730 cm™! (formaldehyde and
hydrogen perturbed inclined CO) is present up to 700-800 K.
Above 773K bands appeared at 1,659 cm™! probably due to
carbonate which comes from the decomposition of formate
and formaldehyde.

CONCLUSION

In summary, we synthesized 4.4nm Pt nanoparticles with
narrow size distribution and these Pt NPs were successfully
anchored onto the surfaces of H-ZSM-5 (Si/Al= 30, 80, and
280) supports. The final composite catalysts are firstly explored
for the hydrogenation CO, at 723 and 873K temperatures
and atmospheric pressure. The characterization results revealed
that Pt NPs diffused H-ZSM-5 catalysts have been conceded
for its unique property which makes potential candidates for
catalytic hydrogenation of CO,. Comparison with bare H-ZSM-
5 catalysts the Pt NP modified composites showed superior
catalytic activity. The lower Si/Al ratio composite was showing
the highest catalytic activity. The reasons for this high activity
as well as CH4 selectivity of 0.5% Pt-H-ZSM-5-30 could be
explained by the presence of the CO in a surface complex
in which the CO is perturbed by hydrogen and adsorbes
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via C-end on Pt but the oxygen tilts to proton in zeolites
The other scenario is also imaginable; namely the HnCOZka)
bond to zeolite frame and the oxygen tilts to Pt site or
hydrogen located on Pt at the interface, where this inclined,
bent configuration plausibly significantly weakens the C-O
bond being responsible for the high activity and selectivity
of methane.
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