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Keywords: Catalytic studies aim to design new catalysts to eliminate unwanted by-products and obtain 100
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DRIFTS

standing the role of each component building up the catalyst is essential. However, determining
the intrinsic catalytic activity of pure metals, especially precious metals in the CO hydrogenation
reaction under ambient conditions is complex. This is because the catalyst supports used thus far
always influence the catalytic process either directly or indirectly due to interface formation that
modifies the electronic and morphological structure of the metals. Even SiO,, regarded as inert
shows some activity owing to the hydroxyl groups on its surface. In this work, we propose
chemically inert and defect-free hexagonal boron-nitride fibers (BNF) synthesized via a co-
precipitation method with wide band gap and robust covalent bonds as an uncommon refer-
ence catalyst support to evaluate the catalytic activity of size-controlled Pt nanoparticles (4.7 +
0.6 nm) in the hydrogenation of CO2. The fibers alone show no catalytic activity; however, Pt/
BNF exhibited low but notable activity of 377 nmol/g at 400 °C and the catalyst can achieve
nearly 100 % CO selectivity. X-ray photoelectron spectroscopy, transmission electron microscopy,
and diffuse reflectance infrared Fourier transform spectroscopy measurements were used to
indicate that hexagonal boron-nitride affects neither the metal nanoparticles nor the reaction
itself; the measured catalytic activity stems from the activity of Pt deposites without the effect of
the support, as they were alone. CO vibration spectroscopy studies suggest that due to the lack of
substrate-metal interaction, Pt nanoparticles adopt an ideal spherical structure, resulting in
several low coordination sites capable of COy conversion. Thus, BNF is proposed in the present
article to be used as a reference catalyst support material. It can be efficiently used in in-
vestigations involving the proposed metal and reaction or under varying conditions with different
metal nanoparticles and reaction systems.
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1. Introduction

The constantly growing concentration of greenhouse gases, including CO, is a major global problem. To address this ecological
concern, scientists employed heterogeneous catalysis [1,2], where the catalytic reaction between Hy and CO; using various catalyst
materials is a prominent way for its utilization. As a renewable carbon source, CO, turns into useful C1 fuels and its impact on the
environment is reduced [3-7]. During heterogeneous catalysis on metal nanoparticles, the metal-support interfaces greatly influence
catalytic activity and material properties as a result of interface formation [8]. This phenomenon is termed metal-support interaction
(MSI) [9], the combination of the metal-oxide system was recognized to influence the selectivity of the catalysts [10], therefore the
investigations regarding these interfaces and their connection to the outcome of the catalytic reaction are important. For example, Pt
nanoparticles (Pt NPs) are often applied on oxide supports and the noticeable electronic interaction with the oxide assigned to the MSI
[11].

Pt catalysts were utilized in many industrially important reactions over the past including the above-mentioned CO5 hydrogenation
to CO or different hydrocarbons. On a clean Pt(111) surface, the activation of CO5 with Hy proceeds through the RWGS mechanism
leading to CO production via HOCO intermediate. The HOCO intermediates were determined by DFT calculations on a Pt single crystal.
At the same time, further hydrogenation of the transiently formed CO to CH4 can be observed, happening through a C-O bond cleavage
mechanism [12-14]. DFT was primarly used to model the electrochemical reduction of CO2 on a Pt(111) surface [13]. According to
DFT calculations, Pt NPs alone without support do not exhibit activity in CO, hydrogenation. Even though the Pt nanoparticles possess
active, low-coordinated sites, they are still not able to catalyze the reaction owing to the weak binding of CO, to the catalyst. The
majority of the works were carried out on Pt supported on oxidic supports [15,16]. When using supported Pt nanoparticles, the CO5 is
stabilized, therefore enhanced activity can be detected; compared to Pt(111) their the superior on oxide supports has been recognized
as the effect of low-coordinated sites on small nanoparticles and the large electronic perturbation with the oxide support. On SiO5
support the observed low activity is caused by OH group formation [12]. Therefore, the investigation of the effective catalytic per-
formance of Pt NPs is challenging, as there is no available data due to the lack of inert oxide-free support.

In these investigations, h-BN as an inert material can be employed as a catalyst support. Defect-free h-BN can serve as inert catalyst
support in catalytic research. Naturally, if measurable interaction exists on a vacancy-rich h-BN abundant in defects, it is essential for
improving the catalytic activity. The h-BN activation can happen in two ways. Firstly, during the treatment of h-BN with oxygen above
800 °C, boron and nitrogen vacancies are formed [41-43] or secondly, activation can also be done during edge hydroxylating using a
steam activation process under conditions above 530 °C [32,44]. It was observed that h-BN sheets rich in vacancies and defects can
serve to anchor and also to modify supported metals. In these cases, the catalytic performance is increased due to the metal—support
interaction effects [42,45]. The catalytic activity was increased by high temperature (1100 °C) air treatment of a Pt/h-BN nanosphere
producing a mild oxidation surface, BNNPsOx [43]. Under these circumstances, however, the charge distribution at the surface was
greatly altered compared to the unoxidized sample. In a recent study, the catalytic activity of Ru nanoclusters as a catalyst was
investigated on the h-BN nanosheets support in the hydrogenation reaction of aromatic amines [17]. Boron nitride consists of a group
compounds with alternatively linked boron and nitrogen atoms with a 1:1 stoichiometry, consisting of B and N atoms in a
honeycomb-like configuration, with strong covalent bonds connecting the atoms. When compared to graphene with similar structure
but C-C covalent bonds it can be noticed that in the case of h-BN the variation of the electron distribution differs between the atoms.
The nitrogen atom has a higher electronegativity and therefore it is attracting the electrons more strongly [18-21]. Notably, BN
demonstrates exceptional properties, like chemical inertness, thermal stability and thermal conductivity. Defect-free h-BN exhibits
minimum metal-support interaction when compared to conventionally used oxide supports. Due to these properties, Rh-Ni nano-
clusters are easily formed on a BN surface as the metal particles are able to migrate freely on the surface and leading to increase the
activity in CH4 reforming with CO3 [30]. A moderate surface area is observed in the case of low crystalline h-BN. This can preserve
their unique characteristics. Coke formation and metal-support interaction are absent, therefore they do not deactivate the Pt/h-BN
catalyst for example in the catalytic oxidative decomposition of volatile organic compounds (VOC) [46]. In light of these results and
considerations, the activity and the elementary steps of the reaction mechanism in the CO, hydrogenation on Pt nanoparticles using
size-controlled Pt NPs dispersed on the synthesized high surface area h-BN fibers (BNF) can be established.

As a consequence of the interesting electronic and chemical properties, different forms of h-BN were applied in several techno-
logical operation in the recent years. Due to the distinctive properties of h-BN it can act as a template in the case of various atoms,
molecules, metal clusters, and particles [18,22-27]. The corrugated structure (moiré pattern) of a monolayer of h-BN on Rh(111) and
Ir(111) was found to be a template for Pt nanoparticles [24-26]. Recent studies have shown that h-BN is an appropriate candidate for
an oxide-free catalyst support. The adsorption and selective oxidation of oxygen on Au nanoclusters (Auss) on an inert h-BN surface
was investigated [28]. The transformation of ethanol on an Au/h-BN/Rh(111) interface exhibited high selectivity, and the product was
“CO free” hydrogen, because this way the ethanol dissociates to hydrogen and acetaldehyde without further decomposition [29].
Additionally, in recent studies h-BN alone or with metal nanoparticles on its surface was shown to be efficiently used in selectively
catalyzing the oxidative dehydrogenation of propane or other partial oxidation reactions [30-32]. h-BN materials were used as active
catalysts in the oxidative dehydrogenation of propane (ODHP) owing to their superior stability in oxidative conditions [31] and also to
their high thermal conductivity [33]. The reaction happens without the addition of a metal catalyst [34-38]. Studies also refer to the
partial oxidation of methane reforming for CO, remediation and simultaneous production of valuable products such as syngas or
hydrogen. BN with a Rh-Ni catalyst was effectively applied in dry reforming of methane [30]. Rh supported on h-BN [39] and Ni
nanoparticles [40] in another recent study showed high activity and stability towards partial oxidation of methane to syngas.

During the establishment of the reaction path of the reaction of CO5 with Hy on Pt nanoparticles previous works were considered. It
was suggested by DFT calculations that during the reaction different products are formed, including CO, CH3OH, and CH4 [12]. One of
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Fig. 1. Schematic representation of the BNF preparation steps.

the main conclusions from these calculations is that low-coordinated sites of Pt nanoparticles are the favorable binding sites for all
absorbed species, namely on the corners and the edges. Previous theoretical and experimental studies stated that Hy dissociates on Pt
occurred at a lower temperature than CO, hydrogenation takes place. Accordingly, the dissociation of Hy on the Pt NPs is easy.
Therefore, we can conclude that the Pt nanoparticle catalysts are supported on oxides and they can behave differently from Pt (111) [7,
8,47-54].

The present study aims to provide a method to determine the catalytic activity of size-controlled Pt NPs alone without the effect of
the support under catalytic conditions. The BNF was produced via a co-precipitation method, the material was characterized, and
tested as catalyst support with Pt nanoparticles in the CO, hydrogenation. The activities were compared with the same size distributed
Pt nanoparticles on SiOy, Co304, and MnO> oxide supports.

2. Materials and methods
2.1. Materials and synthesis

2.1.1. Materials

For the synthesis of BNF and size-controlled Pt NPs melamine (C3HgNg), boric acid (H3BO3), HoPtClg-xH20, NaOH, poly-
vinylpyrrolidone (PVP, M, = 40000), ethylene glycol, ethanol and hexane were used. The chemicals obtained from Sigma-Aldrich
were used without further purification.

2.1.2. Synthesis of BNF

Different morphological configurations of h-BN can be synthesized [55-58]. Fullerene-like BN nanospheres exhibit zero-dimension,
and BN nanotubes and fibers have 1D symmetry. Furthermore, 2D nanosheets and 3D nanoporous h-BN can be synthesized as well
[59]. The nanofibers have high surface area, which is also important in catalysis, therefore this morphology has been chosen for
detailed investigations.

The BNF was prepared as previously reported [34], with some modifications. The process of the synthesis is schematically pre-
sented in Fig. 1. To obtain a concentration of 0.16 mol/dm® and 0.08 mol/dm?3, boric acid and melamine were dissolved in distilled
water, respectively [60]. Then, the boric acid solution was added slowly, dropwise to the melamine solution with intense stirring at
85 °C. The as-obtained mixture was kept at this temperature until a white solid precursor was formed, as the water evaporated and the
reaction between the raw materials led to product recrystallization. The white solid was dried overnight at 80 °C in a drying cabinet.
The precursor determined to be melamine-diborate (C3NgHg-2H3BO3) [60] (eq. (1)). Subsequently the fiber-like h-BN structure was
achieved by a second heat treatment step.

H3BOg + CgNsHG hd C3N6H6 . 2H3B03 hd h — BN (1)

The precursor was ground in a mortar with a pestle and placed in a quartz boat, which was heated in the center of a tube furnace
equipped with a quartz tube. First, the tube was flushed with N5 to create an inert atmosphere. The precursor was then subjected to a
heat treatment at 300 °C with a heating rate of 10 °C/min for 1 h. Once the system cooled down to room temperature, it was raised
again to 950 °C with the same heating rate and held for 2 h. The first heating and cooling steps were necessary since thermogravimetric
analysis confirmed a major weight loss at around 300 °C. Holding the system at this temperature and then cooling it ensured the proper
formation of BNF and provided a better yield compared to the direct heating of the precursor to the final calcination temperature. The
whole process was done under the protection of an inert Ny atmosphere. After the annealing, a white solid was collected from the
quartz boat and further characterized.

2.1.3. Synthesis of Pt nanoparticles
Controlled-size Pt nanoparticles with a 4.7 + 0.6 nm diameter were prepared via the polyol method as reported before with a few
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Fig. 2. (a) X-ray diffractogram, (b) TEM image, (c) Raman spectrum, (d) infrared spectrum of the BNF, and high-resolution XPS spectra of (e) N 1s
and (f) B 1s regions.

modifications [61]. The Pt precursor, HyPtClg-6H20 (50 mg) and the PVP (220 mg) were dissolved in ethylene glycol (10 mL). The
mixture was held at 160° under argon atmosphere for 1 h in an oil bath. The nanoparticles were first precipitated with acetone and
centrifuged, then they were repeatedly washed with ethanol and hexane and separated by centrifugation. Finally, the NPs were
re-dispersed in ethanol and stored in the refrigerator until further use.

2.1.4. Preparation of the supported metal catalysts

The BNF-supported Pt nanoparticles (Pt/BNF) with a loading of 1 % by weight were formulated via the wet impregnation method.
The dispersion of the Pt nanoparticles was mixed with the BNF. The excess solvent was removed and the as-prepared sample was dried
overnight at 80 °C.

2.2. Characterization methods of catalysts

The pristine BNF was subjected to XRD measurements using a Rigaku Miniflex II desktop diffractometer with a Ni-filtered Cu-Ko
radiation (o = 0.15418 nm) at 40 kV accelerating voltage and 30 mA with a scan speed of 2°/min. Raman spectroscopy was also used to
characterize the fibers applying a Bruker Sentera II confocal Raman microscope utilizing laser source of 532 nm wavelength and laser
power of 25 mW. The spectral resolution was 4 cm ™! using a 50x optical objective and a 50x 1000 pm aperture with 3 coadditions.
The sample was measured in solid state on clean glass slides. Using the Brunauer-Emmett-Teller (BET) method the specific surface
area of the BNF was determined by employing a Quantachrome NOVA 2200 N gas sorption analyzer at —196 °C. Before the mea-
surements, the samples were pretreated in vacuum (<~0.1 mbar) at 200 °C for 2 h. Inductively coupled plasma (ICP) mass spec-
trometry was used to quantify Pt NPs utilizing an Agilent Technologies 7700X ICP-MS instrument through tracking the signal of the
195py¢ isotope. The samples were dissolved in an acidic solution — composed of HNO3 and HCI - before the analysis.

TEM analysis of all the catalyst supports (pristine and impregnated with the size-controlled Pt nanoparticles) was carried out with
an FEI Tecnai G2 20 X Twin instrument using 200 kV accelerating voltage. The suspensions of the catalysts in isopropanol were drop-
casted on amorphous carbon film-coated copper grids with 200 mesh grid density. X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted using a Specs XPS instrument equipped with an XR50 dual anode X-ray source and a Phoibos 150 hemi-
spherical analyzer. The Al Ka X-ray source was operated with 150W (14 kV) power and the charging of the sample was negated using
an electron flood gun. Survey spectra were collected with 40eV pass energy and 1eV step size whereas high-resolution spectra were
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Fig. 3. (a) TEM image of the Pt/BNF made by impregnation (the insert shows size distribution of the Pt NPs), (b) CO, consumption rate by
temperature (BNF and Pt/BNF), and (c) CO, consumption rate of different catalysts.

collected with 20eV pass energy and 0.1eV step size background corrected with a Shirley background. All peaks, except the Pt(0),
which is asymmetric, were fitted to a Gauss-Lorentzian product function with the Lorentzian contribution of 30 %. The aliphatic
component of the C 1s spectrum region at 284.8 eV was chosen as an inner reference.

DRIFTS measurements were conducted with using a Harrick Praying Mantis diffuse reflectance attachment in an Agilent Cary-670
FTIR spectrometer. The spectrometer was purged with dry nitrogen before the measurement. The background was established using
the spectrum of the catalyst that was pretreated and cooled. The measurement started at ambient temperature. The CO2:Hg mixture
with a molar ratio 1:4 was introduced to the DRIFTS cell at a flow rate of 40 ml/min. The tubes were heated externally to prevent
condensation, while the catalyst was heated from room temperature at a rate of 20°/min to 400 °C with the gas mixture being
continuously provided. An IR spectrum was recorded at 50 °C intervals.

The samples were tested in the CO, hydrogenation under atmospheric pressure in a fixed-bed continuous-flow reactor (200 mm
length, 8 mm inner diameter). 100 mg of the sample was placed between quartz wool plugs in the middle of the reactor. Prior to the test
reactions the as-received catalysts were pre-treated, the conditions were the same in all experiments unless otherwise noted. The
samples were oxidized in an Oy atmosphere at 300 °C for 30 min followed by reduction in Hy at 300 °C for 60 min. Pretreatment
conditions were the same unless otherwise stated. The temperature was adjusted to the reaction temperature while maintaining the
flow of Ny. Then the gas source was exchanged to a mixture of CO,/H; gases at a molar ratio of 1:4 with a constant, 40 mL/min gas flow
controlled with the help of mass flow controllers (Aalborg). The products were evaluated using an Agilent 5890 GC equipped with
thermal conductivity and flame-ionization detectors (TCD and FID). The CO5 conversion was calculated by equation (2):

__Moles of COzn — Moles of COgyt )

CO, Conversion (Xcoz) = Moles of COn, 100 2)
mn
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Table 1

The CO, consumption rates for the 5 nm Pt nanoparticles on different supports.
Catalyst CO, consumption rate (nmol/gs)
BNF 0 present article
Pt/BNF 377 present article
Pt/SBA-15 1365 [68]
Pt/Aerosil 1425 Not published data
Pt/MCF-17 8000 Not published data
Pt/MnOx 10465 [68]
Pt/CoOx 22510 [54]

3. Results and discussion
3.1. Characterization of h-BN

Following the above-detailed synthesis method for BNF, the properties and morphological attributes of the synthesized white
material were investigated by various techniques. As the structure of h-BN can be effectively defined using XRD measurements by
determining the characteristic diffractions, the XRD pattern was observed in the 10-90 26 degrees range. The diffractogram of the BNF
is presented in Fig. 2a, where only the diffractions at positions characteristic of h-BN can be identified, as referenced in the JCPDS file
034-0421. The XRD pattern shows peaks that are well separated at 20 = 25.91° and 42.35° associated with the (002) and (100)
crystallographic planes, respectively [56,62]. Additionally, two other peaks characteristic of h-BN were observed, one at 53.39 20
value corresponding to the (004) crystal plane, and another at 76.51° representing the (110) crystal plane [56].

The TEM image of the as-synthesized BNF revealed fiber structure with well-defined morphology (Fig. 2b). The average width of
the fibers was 182 + 16.4 nm and their average length was measured as 10 + 2 pm.

The successful synthesis of BNF was further confirmed by Raman spectroscopy (Fig. 2¢). The Raman spectrum displayed a single
peak characteristic of the Ex; mode associated with h-BN [63]. The infrared spectrum of the clean BNF (Fig. 2d) exhibited features at
870, ~1160, and ~1280 cm ™! as reported previously for fullerene-like h-BN nanospheres [56,57], and h-BN nanotubes [64,65].
Observing the 3550-3000 cm ! wavenumber range, the pristine fibers do not contain hydroxyl groups, as no feature attributed to them
can be seen. BET measurements revealed a high surface area of 722 m?%/g.

To determine the sample composition and to exclude the presence of impurities, XPS spectroscopy was utilized. The XPS survey
spectra showed no signs of contamination. Fig. 2e and f illustrate the high-resolution spectra of B 1s and N 1s, respectively. Two peaks
representing boron at 190.8 eV [18,66] and nitrogen at 398.3 eV [18,66] confirm the presence of BN. B 1s at 192.5 eV and O 1s at
532.5 eV for boron oxide were not observed [67]. This confirms that the synthesis protocol leads to the formation of h-BN structures
with a fiber-like morphology without contamination.

Further investigations aimed at assessing whether the material is suitable as an inert catalyst support for Pt metal catalysts in the
process of hydrogenation of CO,.

3.2. Catalytic results of Pt/BNF

To demonstrate that BNF can be considered an inert support in the CO3 hydrogenation reaction, we have used controlled-size Pt
nanoparticles previously employed by our research group in combination with various supports in the mentioned reaction under
identical experimental conditions [7,50,54,68-71]. The prepared Pt nanoparticles were impregnated onto the BNF support. They were
homogeneously distributed over the surface of the support without considerable aggregation, as shown in the TEM images (Fig. 3a).
The average metal particle size comprised 4.7 + 0.6 nm (Fig. 3a insert). It is known from the literature that the Pt nanoparticles are
spherically shaped on h-BN [24], whereas on metal [24] or reducible oxide supports such as TiO3 [72,73] the particle aspect ratio is
significantly greater than 1. The Pt loading determined by ICP-MS analysis was ~1 % over the BNF support, therefore the desired
loading was achieved by means of the wet impregnation process.

The catalytic activity of the as-prepared catalysts in the CO, conversion process was evaluated at ambient pressure over a tem-
perature span of 200-400 °C. The CO, consumption rate (nmol/gs) was calculated and is presented in Fig. 3b for both the plain BNF
support and the Pt-supported sample. The plain BNF support showed almost no catalytic activity with a negligible CO, consumption
rate, indicating that CO5 does not bind to the support without the presence of metal nanoparticles. The Pt/BNF exhibited low catalytic
activity towards CO; hydrogenation, which improved with increasing the temperature. The CO selectivity remained constant at nearly
100 % throughout the entire temperature range, independent of the temperature.

To get further insight into the behavior of the support and the metal deposits, Fig. 3c presents and compares the CO5 consumption
rates of catalysts prepared by our research group with the same Pt nanoparticles on different supports (SiO3(Aerosil), SBA-15, MCF-17,
MnOy, CoOy). It can be observed that the incorporation of Pt nanoparticles on the BNF surface enhances catalytic activity; however, it
remains a considerably lower value than that of the same Pt nanoparticles on oxide supports. The data for the CO, consumption rates in
the case of 5 nm Pt NPs are presented in Table 1. Notably, a lower activity was observed in the case of BNF support than in the case of
silica which is mostly considered an inert support material in the literature [5,9,12,74].

An important aspect of catalyst research is the stability of the catalyst. Cyclic stability was assessed at 400 °C and the CO,
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consumption rate is presented in Fig. 4. In the first cycle the consumption rate was 377 nmol/g. Remarkably, the deviation of the data
is within 10 % throughout five cycles. It is concluded that the Pt/BNF catalyst does not suffer significant activity loss in the observed
period.

Therefore, we propose that this extremely low activity stems from the inertness of the BNF, resulting from the lack of interactions
between the Pt nanoparticles and the BNF. The small activity increase compared to plain BNF can be attributed solely to the catalytic
efficiency of the Pt nanoparticles in studied reaction. Based on further results, we aim to explain and confirm this hypothesis in detail.
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3.3. Characterization of the spent catalyst (TEM, XPS, XRD)

To study the behavior of the catalyst and assess whether it suffered any changes during the reaction, additional measurements were
conducted. Fig. 5a and b presents the TEM images of the catalyst after pretreatment, while Fig. 5d and e are the TEM images of the
catalyst after the CO5 hydrogenation. The histogram in Fig. 5c displays a size distribution of the Pt NPs on the catalyst support before
the reaction, with an average size of 4.83 + 0.9 nm. After the reaction, the value was measured as 4.88 + 0.8 nm (Fig. 5f). For
comparison, Fig. 5g features an electronic microscopy image of the identical Pt nanoparticles supported on conventional SBA-15, with
an average size of 4.84 + 0.6 nm (Fig. 5h), which is nearly the same as observed on the Pt/BNF. In both cases, spherical morphology
was considered [75]. These results indicate that the particles retain their size during the pretreatment and the reaction, compared to
the initial size (Fig. 3a). No aggregation and disruption of Pt nanoparticles can be observed in the TEM images and the particles
remained evenly distributed in all cases. Observing the TEM images it was noticed that the fiber structure remained and did not suffer
degradation under the pretreatment and reaction conditions.

The catalyst was analyzed by XRD both before and after the reaction. In the diffractograms shown in Fig. 6a, the same specific
diffractions were observed as described for the BNF support alone (Fig. 2a). Pt was not detected in the diffractograms, likely as they
have low loading and high dispersion on the support. Although the diffraction corresponding to the (112) crystallographic plane at
82.1° 20 was not visible on the XRD pattern of the BNF (Fig. 2a), it is in line with the JCPDS file 034-0421 and other publications on h-
BN [76]. This comparison further demonstrates that the BNF support does not undergo any changes during the reaction and its
crystalline state remains unaltered.

XPS analysis was carried out to determine the electronic state of the Pt nanoparticles. The Pt-4f;/» signal manifested at 71.4 eV
binding energy, which is typical of zero-valent platinum (Fig. 6b). This XPS value was found in our separate experiments in harmony
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with the literature-measured value on Pt/SiO; [77]. The Pt-4f XP spectral region of Pt/SBA-15 after hydrogen treatment at 300 °C
carried out in the same UHV chamber is displayed in Fig. 6¢. The same value (71.4-71.5 eV) obtained on both supports indicates no
significant charge transfer between Pt and BNF. Similarly, the same binding energy value for Pt-4f;,, was obtained on ~3.4 nm Pt
nanocatalyst deposited on h-BN nanomesh formed on Ir(111) [24,26].

3.4. DRIFTS results

In the aim of understanding the interaction between the reactants and the Pt/BNF surface and the mechanism of the catalytic
reaction, DRIFT spectra were recorded at increased temperatures in the presence of the reactants and the resulting products. IR spectra
obtained during the CO, hydrogenation reaction for the Pt/BNF surface are displayed in Fig. 7a.

The identification of IR bands was based on previous vibrational fingerprint data of the species on the surface from prior publi-
cations [6,7,71,74,78-82]. On the BNF surface when CO5 or the mixture of the reactants (CO5 + Hy) were observed, only features at
2400-2200 cm ! and 3750-3550 cm ™! (not shown) could be detected owing to CO3 in the gas state [82]. New reaction species cannot
be identified on the clean BNF by DRIFTS. To get a clear picture of the intermediates formed on Pt/BNF catalysts, the clean BNF spectra
were used as a background. The spectra were recorded at 300 °C with increasing time and after 30 min the reaction mixture was
switched to Hy stream. When CO5 and H; were added together to the Pt nanoparticles containing surface, new bands started to develop
above the temperature of 473 K (Fig. 7a). The intense band around 2080-2040 cm ™! was identified as adsorbed CO-related species [8,
50,54,79-81]. Another new broad feature forms positioned at 1055 cm™! that corresponds to HOCO, and its intensity increased with
reaction time. An IR band around 1600 cm™! was tentatively assigned to water moiety. When the reactant mixture was switched to
hydrogen flow, all new peaks formed during the reaction disappeared. One important observation from the IR measurements in terms
of establishing the reaction mechanism is that formate or carboxylate intermediates could not be detected. These species are frequent
forms in CO5 hydrogenation when using oxide supports [48,54,71,79,80,83-86]. Along with this, it can be determined that the re-
action proceeds via the reversed water gas shift (WGS) reaction mechanism [12]. In this reaction scheme, CO production occurs via a
HOCO intermediate [12-14,87]. In the absence of oxide support, there is no possibility of conversion of the HOCO species to
carboxylate or carbonates. DFT calculations suggested in the CO5 hydrogenation process on Pt single crystal the formation of HOCO
intermediates. The conversion is exothermic when an activated *CO, radical turns into an activated *HOCO radical on the surface of
the platinum active sites (AE = —0.09 eV) with an E, = 1.01 eV. A similar exothermic dissociation can be observed when the formed
*HOCO converts to adsorbed CO and OH (AE = —0.46 eV), corresponding to E, = 0.75 eV [12]. After that, two possible routes can
happen to the CO. It can either desorb from the surface of the metal, or on the other hand it can react with hydrogen that results in the
forming of different hydrocarbon fragments. Detecting the HOCO intermediates is challenging, due to its short lifetime, especially in
the presence of oxide support. Recently this intermediate was observed by HREELS in water gas shift (WGS) reaction (H20 + CO = Hy
+ CO») on Pt3Ni(111). The assessment of the vibrational spectrum reveals the presence of HOCO species at 128-131 meV (approxi-
mately 1056 cm™*) [88]. We suspect that this surface complex as an intermediate may exits also at ~1055 cm ™! on the Pt/BNF
catalyst. The IR peak is quite broad, it has a tailing at the low wavenumber side. One of the explanations for this complex structure is
that it contains cis and trans isomers of HOCO. Using an ab initio molecular dynamics method in the study of H + HOCO reaction, it was
calculated that below 1200 cm_l, the bands of cis and trans isomers together with {HOCOH} intermedier lie between 1111 and 1011
cm ™! [89]. We propose that the hydrogen-stabilized HOCO in the {HOCOH} adduct possesses a longer lifetime, making it more
straightforward to detect it by in situ DRIFTS techniques. Above 2100 cm ™}, the doublet shows the appearance of gas phase CO,
indicating the main reaction route. From the DRIFT spectra, we suggest the following reaction mechanism, detailed in eqations 3-5 on
BNF-supported Pt catalyst:

CO, +H,— 'CO, + 2H 3)
'CO0,+H-"H-0-C-0 @
'H-0-C-0-CO+OH ©)

The activated hydrogen reacts with OH on Pt sites as shown in eqation 6:
OH+H —-H,0 6)

Traces of methane are produced via sequential CO hydrogenation [12-14,47].

Interestingly, the CO IR feature is rather broad, containing at least three main components (Fig. 7a). We suppose that the origin of
the CO band shape could either be related to the presence of co-adsorbed hydrogen or it may have morphological reasons. The surface
properties of the supported metal nanoparticles by analyzing the adsorbed CO can be effectively investigated by utilizing in-situ
DRIFTS spectroscopy [75,90-93]. Therefore, we have separately investigated the adsorption of CO without co-adsorbed hydrogen
on the Pt/BNF. The CO adsorption feature after CO adsorption obtained at 200 °C is presented in Fig. 7b. The detailed analysis of
absorbed CO DRIFT spectra obtained on a Pt/BNF catalyst shows the same complex feature. In light of a similar result, we conclude that
the influence of adsorbed hydrogen on the position of the CO infrared band can be excluded.

The DRIFTS CO adsorption spectra exhibit five well-resolved components. The bands between 2090 and 2000 cm ™! are generally
attributed to the linearly adsorbed CO [75,90-92]. One peak occurs at 2082 cm ™!, moreover one prominent peak appears at 2064
cm ! and three other states appear at low coordination sites, namely at 2046, 2025, and 2009 cm . Based on the positions of the peaks
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Fig. 8. CO adsorption spectra of Pt/BNF and schematic representation of Pt nanoparticle structure on BNF.

and their intensities, the bridge bonded [75,90,91,93] and gem-dicarbonyl CO species [91,93] can be ruled out. The observed
“multiple bands” feature on Pt/BNF is very similar to those obtained during CO adsorption on EuroPt-1 (6.3 wt %Pt/SiO3) model
system at 300 K studied experimentally using DFT calculations [94,95]. Using the notation of the theoretical model regarding the sites
[95], we believe that the bands detected when observing the spectra of Pt/BNF can be associated with CO adsorbed on (111) facets of
Pt nanoparticles along with edges, corners, and (100) and (110) facets. At the same time, we also take into account the site-specific
character of the Pt surface determined recently [96]. It was also demonstrated earlier that the Pt surfaces consisted of (111) ter-
races interrupted by (110) or (100) monoatomic steps [97]. Additionally, in situ FTIR spectra for full CO coverages on Pt(331) surface
with the shortest (111) terraces and (110) steps exhibited a band at 2042 cm~! [96].

This attribute is significantly different from that observed on Pt nanoparticles supported on the quasi-inert support SBA-15. Fig. 7c
represents a typical infrared spectrum of CO on Pt nanoparticles supported on SBA-15, reduced at 300 °C and measured in the same
experimental system. In harmony with several literature data, the observed strong linear band (2079 cm 1) reflects the homogeneous
surfaces of Pt atoms in a spherical form on the catalyst. A tailing at a lower wavelength (2064 cm ™) can be attributed to the minimal
coordination (edges, steps) [75,90]. The size, spherical morphology, and oxidation states of Pt atoms on both the BNF and Si support
are the same, however, owing to the small interaction in the case of Si with the Pt nanoparticles, less low coordination sites are present
[751.

In the lack of significant interactions between Pt metal and support, we believe that the observed feature in adsorbed CO on Pt/BNF
can be explained by morphological reasons and the sites developing on the Pt NPs can be accounted for the adsorption forms and
reaction mechanism. The proposed active sites in CO, hydrogenation are in agreement with the theoretical calculation applied for
unsupported Pt nanoparticles in the same reaction [12]. Even though SBA-15 support has less low coordinated sites, the present OH
groups, due to the hydroxylated SiO, surface, are responsible for the moderately enhanced activity [5,12], which overcompensates the
impact of active sites.

The suggested structure of Pt nanoparticles on h-BN fibers, based on CO bands obtained by DRIFTS is schematically represented in
Fig. 8. Based on these findings we conclude that the BNF does not contribute to the reaction. That is why it is an ideal support to
investigate metal nanoparticles in the CO, activation reaction.

4. Conclusion

The use of defect-free hexagonal boron nitride fibers (BNF) enables monitoring the activity and reaction mechanism on metal
nanoparticles free from the effect of the support. It is an optimal reference support for investigating the behavior of size-controlled Pt
nanoparticles with an initial size of 4.7 + 0.6 nm in the CO5 hydrogenation reaction under ambient conditions. The catalytic activity
tests showed that the rate of CO3 consumption on pure BNF was under the detection limit. The Pt-loaded BNF has a higher catalytic
activity, it was determined as 377 nmol/g at 400 °C. Besides, the CO selectivity was almost 100 %. TEM images before and after the
reaction revealed that the size and spherical shape of the Pt NPs did not change during the reaction. XPS measurements confirmed that
the Pt NPs were in the metallic state, with Pt 4f;,, binding energy at 71.4 eV both before and after the reaction. DRIFTS experiments
demonstrated that the reaction follows a reverse water gas shift reaction mechanism. CO production occurs via a HOCO intermediate
which was suggested previously by DFT calculations for Pt single crystal. No carboxylate or formate surface complexes could be
detected on the Pt/BNF catalyst.
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The topology of Pt NPs was also unfolded by CO adsorption because the infrared bands of adsorbed CO are sensitively influenced by
the properties of the active site of the metal component. Analysis of CO vibration states revealed that the ~5 nm Pt nanoparticles were
composed of different facets, edges, and corners. Based on our experimental results we concluded that distinct Pt NPs are key factors in
the observed catalytic activity without interaction with the support.

The present study confirms that defect-free h-BN serves as an ideal reference support material to investigate the distinct behavior of
Pt or other metal nanoparticles in environmentally important reactions like CO3 hydrogenation or potentially in other catalytic re-
actions, without the effect of active interface formation between the support material and the metals, especially when the intrinsic
activity of the metal nanoparticles is not fully understood.
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