catalysts

Article

Effect of Platinum Precursor on the Properties of
Pt/N-Graphene Catalysts in Formic Acid Decomposition

Vladimir V. Chesnokov *, Vladimir V. Kriventsov, Igor P. Prosvirin and Evgeny Yu. Gerasimov

check for
updates

Citation: Chesnokov, V.V.;
Kriventsov, V.V.; Prosvirin, L.P,;
Gerasimov, E.Y. Effect of Platinum
Precursor on the Properties of
Pt/N-Graphene Catalysts in Formic
Acid Decomposition. Catalysts 2022,
12,1022. https://doi.org/10.3390/
catal12091022

Academic Editors: Mufsir Kuniyil,
Mohammed Rafi Shaik, Syed
Farooq Adil and Ewa Kowalska

Received: 8 August 2022
Accepted: 5 September 2022
Published: 8 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Boreskov Institute of Catalysis SB RAS, Prospekt Akademika Lavrentieva 5, 630090 Novosibirsk, Russia
* Correspondence: chesn@catalysis.ru

Abstract: Properties of a novel catalytic material, Pt/N-graphene, in gas-phase decomposition of
formic acid to obtain pure hydrogen were studied. The graphene powder doped with nitrogen
atoms was used as the carbon support. The following methods were used to characterize the
synthesized catalysts: X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM), EXAFS and CO chemisorption. It was determined that the platinum precursor
substantially affects the state of the metal in the Pt/N-graphene catalysts. When Pt(NO3), was used
as the precursor, platinum on the catalyst surface was in the form of nanocrystals. Meanwhile, the
use of HyPtClg led to the formation of atomically dispersed platinum stabilized on the surface of
N-graphene. Carbon structures containing defects in the graphene layer surrounded by four nitrogen
atoms had strong interactions with platinum atoms and acted as the sites where atomic platinum
was stabilized.
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1. Introduction

Hydrogen is a prospective fuel due to its possible applications, including fuel cells.
However, several existing technical problems related to the storage and transportation of
hydrogen limit its wide use. Various methods based on physical or chemical storage have
been developed to solve these problems. The physical methods assume storage of molecular
hydrogen in vessels at high pressure and low temperatures or hydrogen adsorption on
high surface area materials, like porous carbon. However, both of these methods lead to
large energy losses; therefore, such storage may appear inefficient. The chemical method
implies hydrogen storage in a chemical bounded form, in molecules with high hydrogen
content. Among them, let us mention boron- and nitrogen-containing compounds [1-5].
Today, formic acid (FA) is considered to be one of the most promising liquid carriers of
hydrogen because it has a high hydrogen concentration (4.4 wt.%), is chemically stable
and is not toxic [6,7]. FA can be synthesized from cellulose by chemical reactions [8,9].
Moreover, FA can be directly produced by biomass processing [10-13].

Catalytic decomposition of FA can follow two pathways leading to the formation
of Hy and CO; or H,O and CO. Consequently, a catalyst has to provide simultaneously
high reaction rate and, especially, selectivity to hydrogen in a wide temperature range. FA
dehydration yields CO, which is a poison for the fuel cell catalysts. Therefore, there is great
demand in developing catalysts that can selectively convert FA to H, and COs.

The use of carbon materials as the catalyst supports is of great interest due to their
inertness, the possibility of controlling their porosity and modifying the carbon surface
by introducing various functional groups that can facilitate controlled synthesis of metal
nanoparticles with high dispersity. Carbon nanomaterials are often used as catalyst sup-
ports in heterogeneous catalysis, including FA decomposition [14-18].

It has been shown [19-23] that nitrogen sites of nitrogen-doped carbon supports
have a positive role in stabilization of metal ions (Pt, Pd, Ru) exhibiting high activity and
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selectivity to decomposition of FA. Their activity was shown to decrease in the series:
Pt > Pd > Ru. Therefore, platinum was chosen as the active component of the catalyst
for decomposition of FA. The catalytic activity is known to depend on the dispersity of
the catalytically active metal. Atomically dispersed platinum is expected to have the
highest activity in the Pt/C catalyst. Hence, substantial efforts were devoted to obtaining
atomically dispersed platinum on the surface of carbon supports [14,21]. It was shown that
the deposition method determines the interaction of the metal (Pt) with specific surface
sites of N-CNT [24].

Among the variety of carbon materials, graphene attracts special attention as the
support for metal catalysts used for various reactions due to its high specific surface area,
electric conductivity and stability [25]. Quantum chemical calculations demonstrated [26]
that hydrogen could be formed selectively by decomposition of FA over atomic palladium
deposited on defective graphene. The authors determined the optimal configuration of
single Pd atoms on the graphene surface. It was found that the location of the Pd atom
over a single vacancy in the graphene layer is the most favorable [26]. In this case, the
palladium atom is coordinated to three carbon atoms. In addition, the search for the
optimal configuration of a single Pd atom stabilized over a double vacancy in the graphene
plane was performed. In the optimal state, the palladium atom located above the graphene
surface was found to be coordinated to four adjacent identical carbon atoms. Such a catalyst
can be efficient and selective for dehydrogenation of FA to generate hydrogen. The Pd
atom stabilized over the double vacancy was shown to be a more active catalyst than
the one with the Pd atom stabilized over a single vacancy. The former catalyst had the
rate-determining step energy barrier of only 0.90 eV. Meanwhile, for the latter catalyst
it was equal to 1.26 eV. The prospects of this support in the FA decomposition were also
confirmed in other theoretical studies [27,28] where the positive role of graphene doping
with nitrogen was demonstrated. However, reduced graphene oxide, including the one
modified with amine groups to improve the hydrophilicity of the support, was most often
used in practical experiments on the FA decomposition in the liquid phase [29-32].

EXAFS was used in conjunction with other methods to study such nanosized plat-
inum supported on various oxide and carbon supports [33—-38]. This method seems be
promising and capable of delivering additional information during structural studies and
determination of the phase composition of the supported active component in various
finely dispersed and low-percentage catalysts.

This paper is devoted to the effect of the platinum precursor on the properties of
Pt/N-graphene catalysts in FA decomposition.

2. Results and Discussion
2.1. TEM Study of N-Graphene

TEM images of N-graphene at different magnifications are shown in Figure 1.

100inm

Figure 1. TEM images of N-graphene at different magnifications: particle agglomerates (a) and
surface morphology (b).
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One can see that graphene aggregates have a plate-like shape with a developed porous
structure and dimensions of about 1 pm (Figure 1a). At higher magnification, the N-
graphene particles have a globular shape (Figure 1b). The size of the carbon globules is
about 30-50 nm.

2.2. TEM Study of Pt/N-Graphene Catalysts Prepared Using Pt(NO3)4

Figure 2a presents a TEM image of N-graphene used as a support in this study. The
HAADEF STEM image of the 0.2 wt.% Pt/N-graphene (Pt(NO3)4) catalyst shown in Figure 2b
demonstrates that the average Pt particle size in this catalyst was about 12 nm.

10 15 20 25 30
Size, nm

Figure 2. TEM and HAADF STEM images of N-graphene (a) and 0.2 wt.% Pt/N-graphene. (Pt(NOs)) (b).

The TEM data on the determination of the platinum particle size for Pt/N-graphene
catalysts are in a good agreement with the CO chemisorption data (Table 1).

Table 1. Fraction of surface platinum atoms determined by CO chemisorption and STEM HAADF images.

The Average Pt Particle Size, nm

Sample . . From
From CO Chemisorption STEM HAADF
0.2% Pt/N-graphene (Pt(NO3)4) 10 12
1% Pt/N-graphene (Pt(NO3)4) 15 16

One can see that an increase in the platinum concentration in the catalyst led to a
decrease in the CO/Pt ratio, suggesting that the platinum dispersity went down as well.

The obtained results indicate that platinum on the surface of N-graphene was in the
form of nanocrystals larger than 10 nm. Therefore, the use of Pt(NO3)y4 as a precursor
did not yield finely dispersed catalysts. In [39,40], Pt(IV)-nitrate solutions were used for
synthesis of Pt/ Al,O3 catalysts. However, the authors failed to obtain finely dispersed
catalysts due to hydrolysis taking place after dilution and/or interaction with the basic
surface of the support. The alkalization of the Pt(IV)-nitrate solutions was found not to
lead to light-yellow mononuclear [Pt(OH)4]%>~ solution because the bridged OH ligands
stabilized oligomeric Pt nitrate complexes.



Catalysts 2022, 12, 1022 40f17

2.3. TEM Study of Pt/N-Graphene Catalysts Prepared Using HyPtCly

According to the chemical mapping data (Figure 3b), carbon and nitrogen atoms
are evenly distributed in N-graphene. Platinum particles were not observed in low-
magnification HAADF STEM images (Figure 3a).

Figure 3. HAADF STEM image of 0.4% Pt/N-graphene (HyPtClg) catalyst (a) and EDX mapping of
nitrogen and carbon atoms (b).

This conclusion was confirmed by high-resolution HAADF STEM images (Figure 4a).
The measurement of 250 platinum particles gave the average particle size of 2 + 0.5 A. The
obtained size was close to single atom sizes. A similar distribution was observed for 1%
Pt/N-graphene (H,PtClg). However, as one can see from the image (Figure 4b), the number
of particles with the size of about 1 nm increased.

Figure 4. HAADF STEM images of 0.4% (a) and 1% Pt/N-graphene (H,PtClg) (b) catalysts.

Bulushev et al. [21] conducted a study of the change of platinum nanoparticles size
for 0.3% Pt/N-CNFs and 1% Pt/N-CNFs catalysts. HAADF STEM measurements demon-
strated that the catalysts contained single-atom species and nanoparticles with a mean
size of 1.0 nm. These results are consistent with our data. The platinum dispersion in-
creases with a decrease in the platinum concentration in Pt/N-CNFs catalysts. However,
a narrower particle size distribution was observed in this paper. Therefore, the 1% Pt/N-
graphene (H,PtClg) catalyst had a higher catalytic activity in the FA decomposition than
the 1% Pt/N-CNFs catalyst.
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2.4. Determination of the Platinum Particle Size in Pt/N-Graphene Catalysts Prepared
Using HyPtClg

The Pty face / Ptiotal ratio in the studied catalysts was determined by CO chemisorption.
The results are reported in Table 2.

Table 2. Average sizes of platinum particles Pt/N-graphene (H,PtClg) catalysts determined by CO

chemisorption and STEM.
The Average Pt Particle Size, nm

Sample CO/Pt, % From CO From
Chemisorption STEM

0.2% Pt/N-graphene (H,PtClg) 2.0 50 0.2

0.4% Pt/N-graphene (H,PtClg) 3.0 33 0.2

1% Pt/N-graphene (HpPtClg) 59 17 0.2

1% Pt/ graphene (H,PtClg) 244 2.5 3

According to the chemisorption data, platinum species are 2.5 nm in average size in
the 1% Pt/ graphene (H,PtClg) catalyst [41]. The CO chemisorption data obtained for the
Pt/N-graphene (HyPtClg) catalysts suggest that the platinum particles in these are larger.
However, this conclusion clearly contradicts with the electron microscopy data. Apparently,
atomically dispersed platinum stabilized on nitrogen sites is unable to adsorb CO. This
effect was earlier reported for Pd/N-CNF catalysts [20].

Therefore, the platinum on the N-graphene surface prepared using H,PtClg precursor
is in an atomically dispersed state in contrast to that synthesized using Pt(NO3)4, which
forms platinum nanocrystals. Therefore, the state of atomically dispersed platinum in
Pt/N-graphene (H;PtCl) catalysts was studied in more detail.

2.5. XPS Study of Pt/N-Graphene Catalysts Prepared Using HyPtCl,
A typical Cls spectrum of the Pt/N-graphene sample is presented in Figure 5.
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Binding energy, eV
Figure 5. C1s XPS spectrum of fresh 0.4% Pt/N-graphene catalyst.

The value of the binding energy of the main peak Cls (284.5 eV) can be attributed
to the sp? hybridization state of carbon. This assignment was additionally confirmed
by a typical satellite peak at the binding energy of about 291 eV, attributed to the 7-m*
transition. The high-resolution C1s spectrum can be divided into four individual peaks
(Figure 5), respectively referring to C=C (284.5 eV), C-N (285.8 eV), C-O (287.2 eV) and
O-C=0 (289.3 eV) [42-44].
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A typical N1s spectrum of nitrogen-doped graphene with deconvolution to individual
components is presented in Figure 6. In accordance with the literature data, components
N1 and N3 can be assigned to the pyridine-like and graphite-like nitrogen species [45,46].
Component N2, with the binding energy intermediate between those of N1 and N3, is
usually assigned to amino groups and pyrrole nitrogen species on the surface of carbon
materials [47,48]. Component N4, with the binding energy of more than 403 eV, belongs
to oxidized forms of nitrogen (e.g., pyridine-N-oxide). Therefore, the following nitrogen
species are present in N-graphene: pyridine (N1), pyrrole or amino (N2), graphite-like (N3)
and oxidized (N4). The concentration of nitrogen atoms in N-graphene is 5.0 wt.%.

N1s 400.3-N2
401.2-N3

1x10* 4

398.4-N1

403.2-N4

Intensity (pulse/s)

9x10°

T T T T T T T T T T T T T T
394 396 398 400 402 404 406 408
Binding energy, eV

Figure 6. Deconvolution of N1s XPS spectrum of N-graphene with deconvolution to individual components.

The nitrogen sites described above are located on the external surface of the support,
as spherical N-graphene particles consist of 2—4 graphene layers and do not have bulk
atoms [49,50].

Pt4f spectra of 0.4% Pt/N-graphene and 1.0% Pt/N-graphene catalyst samples before
and after reduction in the spectrometer chamber are shown in Figure 7.

Ptaf 72.4-Pt"  0.4%Pt/N-graphene Ptaf 72.4-Pt* 1%Pt/N-graphene
73.5.-p" (a) 73.5-pt* (b)

Pt*/Pt*

Binding energy, eV Binding energy, eV

Figure 7. Pt4f spectra of 0.4% Pt/N-graphene (a) and 1.0% Pt/N-graphene (b) catalyst samples before
and after reduction in the spectrometer chamber.
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Prior to recording XPS spectra, the initial catalyst samples were already reduced in
a quartz flow reactor in the 50% H-Ar mixture at 250 °C for 30 min. In Figure 7, they
are denoted as fresh samples. One can see that the platinum on the surface of the fresh
samples was in the form of Pt>* and Pt** ions. The Pt** /Pt?*ratio equaled 0.71 in 0.4%
Pt/N-graphene and 0.67 in 1.0% Pt/N-graphene. After these samples were reduced in the
spectrometer chamber, the amount of Pt** decreased significantly. The Pt**/Pt**ratio was
now equal to 0.26 in 0.4% Pt/N-graphene and 0.29 in 1.0% Pt/N-graphene. Consequently,
after reduction, platinum was predominantly present in the form of Pt** ions stabilized on
the nitrogen sites of N-graphene.

2.6. EXAFS Studies of Pt/N-Graphene Catalysts Prepared Using HyPtClg

Radial distribution functions (RDFs) of atoms of the platinum local arrangement
obtained from the EXAFS spectra of the studied samples and Pt-foil bulk reference are
shown in Figure 8.

{Pt-N

S I |

Magnitude of |FT| (a.u.)

0.0 2.0 4.0 6.0 8.0 10.0
R-0, (A)

Figure 8. RDF curves of atoms of the platinum local arrangement in 0.2% Pt/N-graphene (H,PtClg)
(1); 0.4% Pt/N-graphene (H,PtClg) (2); 1.0% Pt/N-graphene (HyPtClg) (3); Pt-foil*0.5 (4).

The following conclusions can be made based on the EXAFS data obtained for the
studied catalysts. Figure 8 clearly shows that RDF curves for Pt/N-graphene (H,PtClg)
samples with different platinum concentrations (0.2-1.0%) are similar. Only one mean-
ingful peak was observed for all the catalysts. The observed peak with a maximum at
1.79-1.81 A corresponded to R ~ 2.12-2.14 A, which matches the Pt-N distance (values
plotted along the x axis in Figure 8 are R-5, where 3 is the phase correction resulting from
the experimental method, & is about ~0.32-0.35 A). These peaks corresponded best to
Pt-N distances calculated for various nitrogen sites, including square planar sites, where
platinum-nitrogen distances can be as long as 2.08 A [51]. The fitting performed for
0.2-1.0% Pt/N-graphene catalysts supported this assignment and gave practically the same
sets of distances between atoms (R) and coordination numbers (CN). The obtained data
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were within Rpy.yn = 2.12-2.14, CN = 3.7-3.9. Some differences of the obtained data from
the model ones can be attributed to contributions from other possible nitrogen sites with
low coordination or possible structural deformation of the graphene globule, leading to
distortion the square planar nitrogen environment (platinum distortion from the surface
and consequent increase of the platinum-nitrogen distance).

The RDF curve of the Pt-foil bulk reference (Figure 8 (4)) demonstrated peaks corre-
sponding to the metal Pt-Pt distances only. The first significant peak referred to the shortest
Pt-Pt distance in the FCC metal structure (Rpyp; ~ 2.75—2.77A, CN =12) [33,38,52], while the
other distant peaks corresponded to the following longer Pt-Pt distances. The completed
fitting for the Pt-foil bulk reference provided a similar set for the first peak: Rpt.pt ~ 2.76A,
CN = 11.8. It should be noted that no bulk metal Pt’ was detected within the EXAFS
method limitation in the studied Pt/N-graphene (H,PtClg) samples because there was no
peak corresponding to the value R =~ 2.76A typical for Pt-Pt bulk metal distances in the
studied samples.

This is unambiguous proof of the structural disordering and substantial contribution
of isolated platinum that does not have other platinum atoms in the nearest coordination
arrangement. This result makes it possible to conclude that no bulk platinum metal was
present in the studied samples. The obtained EXAFS data unambiguously indicate that
atomically dispersed platinum strongly bound to the N-graphene surface was present in
the studied samples. Its properties are very different from those of the bulk metal as no CO
chemisorption takes place on it.

The analysis of the data obtained by EXAFS led us to the conclusion that the majority
of supported platinum in the Pt/N-graphene samples was in an atomically dispersed form.
Apparently, it localized on nitrogen sites where it could be stabilized in the form resembling
platinum four-coordinated by nitrogen atoms, Figure 9.

HCOOH H,+ CO,

OPt eN eC

Figure 9. A model of a Pt atom stabilized on the N-graphene surface.

Similar results were earlier reported for Pd/NC materials [19,20,53]. The results
obtained by EXAFS are in a good agreement with the HRTEM data for the studied samples.

2.7. Formic Acid Decomposition over Pt/Graphene and Pt/N-Graphene Catalysts Synthesized
Using Pt(NO3)y4

Firstly, Pt/N-graphene catalysts prepared using Pt(NO3)4 were studied. The results of
the catalytic conversion of FA over N-graphene support and Pt/N-graphene catalysts are
shown in Figure 10.

The activity of the catalysts in FA decomposition can be characterized by the tem-
perature of the 50% conversion. This value can be determined more accurately than
temperatures of low conversions at the starting sections of the kinetic curves. The results
are reported in Table 3.
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Figure 10. Dependence of the FA conversion on temperature over catalysts prepared using Pt(INO3)4 as
the precursor: 1% Pt/N-graphene (Pt(NOs)y) (1); 0.2% Pt/N-graphene (Pt(NOs)4) (2); N-graphene (3).

Table 3. Temperature of 50% FA conversion over the studied catalysts and the support.

Tso%, °C
Catalyst Precursor
Without Pt Pt (NO3)4 H,PtCl,
1% Pt/N-graphene — 170 151
0.4% Pt/N-graphene — — 178
0.2% Pt/N-graphene — 213 200
N-graphene 245 — —

According to the obtained data, N-graphene itself can catalyze the FA decomposition.
However, its activity and selectivity were very low (Figures 10 and 11, Table 3).

Time, min.
0 20 40 60 80 100
1 1 1 1
100
00-0\&.-.........\.\“
% .._'\"‘\1
i .,
R S n.
-02: 96 - A““‘A A“\ ‘I‘l\. 2
2 o,
° A e,
@ kL k\l\.
o 94 A m
w k‘\ "
3 A
R A
0

L L DL N S S . S
100 125 150 175 200 225 250 275 300

Temperature, °c

Figure 11. Dependence of the selectivity in the FA decomposition to hydrogen and CO; on tempera-

ture over catalysts prepared using Pt(NOs)y4 as the precursor: 1% Pt/N-graphene (Pt(NOs)4) (1); 0.2%
Pt/N-graphene (Pt(NOs)4) (2); N-graphene (3).
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Deposition of 0.2 wt.% Pt on N-graphene resulted in a substantial increase in the
catalytic activity (Figure 10). The temperature of the 50% FA conversion went down from
245 °C for N-graphene to 213 °C for 0.2% Pt/N-graphene. A further increase in the Pt
concentration to 1.0 wt.% resulted in an additional increase in the catalytic activity.

An important characteristic of the studied catalysts was their selectivity in the
FA decomposition.

As it was noted above, the N-graphene had low activity in the FA decomposition. The
selectivity of this reaction over N-graphene was also not spectacular, going down from
96.4% at 160 °C to 92.3% at 290 °C. The selectivity of the 0.2% Pt/N-graphene catalyst was
found to decrease from 97.3% at 150 °C to 93.4% at 290 °C. The increase in the platinum
concentration in the catalyst to 1 wt.% improved the selectivity to Hy and CO, during
the FA decomposition. The selectivity of the 1% Pt/N-graphene catalyst varied from
99.6% at 105 °C to 97.7% at 235 °C. Therefore, an increase in the platinum concentration in
Pt/N-graphene catalysts favored the selectivity to the pathway leading to the formation
of Hy and CO;. The observed difference in the selectivity of the catalysts with different
platinum concentrations may relate to the different contributions of Pt and the support in
the FA decomposition.

2.8. Formic Acid Decomposition over Pt/Graphene and Pt/N-Graphene Catalysts Synthesized
Using HyPtClg

Pt/N-graphene catalysts with different platinum concentrations (0.2-1.0 wt.%) were
studied in the FA decomposition.

The obtained data (Figure 12, Table 3) demonstrate that Pt/N-graphene catalysts
synthesized using HyPtClg as the precursor were more active than the ones prepared using
Pt (NO3)4. The temperature of the 50% FA conversion over the catalysts prepared using
H,PtClg were lower by 13-19 °C than over the catalysts prepared using Pt(NOjz)4. The
catalytic activity of the Pt/N-graphene catalysts synthesized using H,PtCl4 as the precursor
increased primarily due to higher platinum dispersion.

Time, min.
0 20 40 60 80 100
" 1 " 1 " 1 " 1 " 1
100 4 }’.,.‘-;‘—)!0_0—0-’1% /._’—,‘-ﬁ"
/.} /“/0/ o /A’ g
i / J/
80 1 /' 20 /0 3/. /A 4
. [
°\°- ./ 0/ / A/
s 60 1 / 0/ ® A/
B oy [ A/
g I/ /D '/A/
§ 40- / v
O Va D/o /i
] ' ./.A/
204 }/60/ .)/ A
.l’. O’D’ /.:A/A
et rleb el
0

T T T T T T T T T T T T T T T T
100 125 150 175 200 225 250 275 300
Temperature, °C

Figure 12. Dependence of the FA conversion on temperature over catalysts prepared using H,PtClg
as the precursor: 1% Pt/N-graphene (HyPtClg) (1); 0.4% Pt/N-graphene (H,PtClg) (2); 0.2% Pt/N-
graphene (HyPtClg) (3); N-graphene (4).

At 125 °C TOF of the 1% Pt/N-graphene (H,PtClg) was 0.42 s, Various metals or
alloys (Pd, Pt, Co, Au) supported on oxides (S5iO,, CeO,, ZrO,) or carbon materials were
used as the catalysts [54]. According to the analysis reported in [55], the reaction rate in
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TOF units can vary from 436 to 2268 h~! in the gas phase. Therefore, significant differences
in the TOF values can be explained both by the nature of the active metals and by the
properties of the supports.

Literature data on the catalytic activity of Pd and Pt catalysts are reported in Table 4.
The metals were deposited on carbon supports doped with nitrogen atoms.

Table 4. TOFs for the formic acid decomposition reaction at 125 °C over Pd and Pt catalysts
(imp-prepared by impregnation, pr-prepared by precipitation) containing a significant content of
single-atom sites.

Catalysts TOE s1
0.2% Pd/N-CNTs 0.07
1% Pd/N-CNTs 0.21
1% Pd/N-C 0.28
0.2% Pt/N-CNTs pr 0.21
0.2% Pt/N-CNTs imp 0.26
0.3% Pt/N-CNFs 0.25
1% Pt/N-CNFs 0.24
1% Pt/N-graphene 0.42

The concentration of formic acid in the reaction mixture was 2 or 5 vol.%. TOFs were
normalized to the total Pd or Pt content. The data were taken from refs. [18,21,56-58].
Consequently, the TOF value obtained in this study was quite high.

Platinum introduction resulted in an increase in the selectivity in the FA decompo-
sition to hydrogen and CO, for 0.2% Pt/N-graphene in comparison with N-graphene
(Figures 11 and 13).

Time, min.
0 20 40 60 80 100 120
" 1 " 1 . 1 " 1 " 1 "
1007 Y vy S g rrTTRs TR0
1 Aa, Aa )
0. AAA AAALAAA,AAAAAAA
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A
X 98- A,
z | a
>
s 97 4
9
[
9%
95
%4

M 1 M 1 M 1 v 1 v 1 v 1 M 1 M 1 M 1
75 100 125 150 175 200 225 250 275 300
(o)
Temperature, C

Figure 13. Dependence of the selectivity in the FA decomposition to hydrogen and CO; on tem-
perature Pt/N-graphene catalysts synthesized using HyPtClg as the precursor: 1% Pt/N-graphene
(HyPtClg) (1); 0.4% Pt/N-graphene (HpPtClg) (2); 0.2% Pt/N-graphene (H,PtClg) (3).

The selectivity of 0.2% Pt/N-graphene varied from 99.5% at 120 °C to 97.5% at 290 °C
(Figure 13). An increase in the platinum concentration in the catalysts to 0.4 and 1 wt.% led
to an increase in the selectivity of FA decomposition to hydrogen and CO; to 99.8-100%.
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Therefore, the selectivity of FA decomposition following the pathway yielding Hj
and CO, was higher over the Pt/N-graphene catalysts synthesized using H,PtClg as the
precursor than over the ones prepared using Pt (NO3),.

An important characteristic of catalysts is their stability. Consequently, we studied the
stability of our Pt/N-graphene catalysts in decomposition of FA (5 vol.% HCOOH/He) at
150 °C for 5 h. The dependence of the FA catalytic conversion on time over Pt/N-graphene
catalysts is shown in Figure 14.
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Figure 14. Dependence of the FA conversion on time over catalysts: 1% Pt/N-graphene (H,PtClg) (1);
1% Pt/N-graphene (Pt(NO3)s) (2); 0.4% Pt/N-graphene (H,PtClg) (3); 0.2% Pt/N-graphene (H,PtClg)
(4). Reaction temperature: 150 °C.

Figure 14 demonstrates that the activity of Pt/N-graphene catalysts synthesized using
H,PtClg was proportional to the platinum concentration in the catalysts (curves 1, 3, 4).
This resulted from the same platinum dispersity in these catalysts. Their catalytic activity is
in an excellent agreement with the data obtained in the temperature-programmed reaction
mode. The presented data also show that the catalysts were stable for at least 5 h. These
data agree well with the data obtained in [21]. The 1% Pt/N-CNFs catalyst showed good
stability in the FA decomposition reaction for 43 h at 175 °C [21]. The high stability of Pt/N-
graphene catalysts was caused by their high selectivity to the formic acid decomposition
pathway yielding H, and CO,, and, consequently, low CO concentration in the reaction
products. It is worthy of note that Pt/N-graphene (H,PtClg) catalysts did not chemisorb
CO at all at low temperatures.

3. Methods of Investigation
3.1. Synthesis of Graphene Doped with Nitrogen Atoms

Graphene was synthesized by the template method described in more detail earlier [49,50,59].
For N-graphene synthesis, magnesium oxide was heated in the argon flow to the desired
temperature (650-750 °C). Then, the argon flow was switched off and the feed flow was
opened. Magnesium oxide was subjected to carbonization with a 40% NH3-1% CyH»-CyHy
mixture in a quartz flow reactor equipped with a McBain spring balance, which made it
possible to monitor the weight on the sample during the experiment. The surface area of the
MgO precursor was 70 m?/g. A precursor mixture containing nitrogen (40%NH3-1%C,H,-
C,Hy) was used for the synthesis of nitrogen-modified graphene (N-graphene) because
components of this mixture favored the formation of carbon deposits by the consecutive
mechanism [60] via polymerization and condensation. Ammonia present in this mixture
can be embedded into the carbon chains of the intermediate products. Thus, the forming
carbon material is modified with nitrogen atoms. The carbon film was purified from MgO
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by treatment with an aqueous solution of ultra-pure hydrochloric acid. The specific surface
area of the synthesized N-graphene was 1300 m?/g.

3.2. Synthesis of Pt/N-Graphene Catalysts

Platinum was deposited on N-graphene from an aqueous Pt(INOs3)4 solution containing
250 pg/mL of platinum. A calculated amount of the Pt(NOs), solution was diluted with
10-15 mL distilled water. Then, 1.0 g of the carbon support was added under continuous
mixing with a magnetic stirrer. After the water evaporation, the dry residue was moved
to a porcelain dish and heated in a muffle furnace at 150 °C for 30 min. The platinum
concentration in the catalyst was varied from 0.2 to 1 wt.%. Platinum deposition on N-
graphene using an aqueous HpPtClg solution was performed in a similar way. Before the
catalytic experiments, the Pt/N-graphene catalysts were reduced in a quartz flow reactor
in a 50% Hj-Ar flow at 250 °C for 30 min.

Hereafter, catalysts prepared using Pt(NOj3)4 are denoted as “X% Pt/N-graphene
Pt(NO3)4”. Catalysts prepared using HpPtClg are denoted as “X% Pt/N-graphene (H,PtClg)”.

3.3. Formic Acid Decomposition over Pt/N-graphene Catalysts

The activity of the catalysts in decomposition of FA (5 vol.% HCOOH/He) was mea-
sured using a flow setup. A 20 mg catalyst sample was uniformly mixed with 0.5 cm® of
quartz sand (grain size of 0.25-0.5 mm). The reaction mixture preheated to 100 °C in a
special box was fed into the reactor at the rate of 20 cm?/min. The experiments were carried
out in the temperature-programmed mode at a ramp rate of 2 °/min with chromatographic
analysis of the gas mixture. Before measuring the activity, the catalyst was reduced in a 10%
Hj/He mixture at 200 °C for 1 h. The reaction was monitored by measuring the CO and
CO; evolution. The chromatographic method has low sensitivity to CO. Therefore, before
analysis, the carbon monoxide was converted to methane. The FA conversion was deter-
mined as the ratio of the sum of CO and CO, concentrations to the initial FA concentration.
The selectivity to CO, (and H;) was determined as the ratio of the CO, concentration to the
sum of CO and CO, concentrations.

The apparent turnover frequency (TOF) was calculated as a ratio of the reaction rate
measured at low (<20%) conversions to the total number of platinum atoms in the catalysts.

3.4. Physicochemical Methods for Investigation of Pt/N-Graphene Catalysts

High-resolution transmission electron microscopy (HRTEM) using a ThemisZ (Thermo
Fisher Scientific, Waltham, MA, USA) electron microscope with accelerating voltage of
200 kV and maximum lattice resolution of 0.07 nm was used for investigation of the
structure and microstructure of the catalysts. The TEM images were recorded with a Ceta
16 (Thermo Fisher Scientific, Waltham, MA, USA) CCD matrix. High-angle annular dark-
field imaging (HAADF STEM image) was performed using a standard ThemisZ detector.
The samples for the HRTEM study were deposited on a holey carbon film mounted on a
copper grid by the ultrasonic dispersal of the catalyst suspension in ethanol. The particle
size distribution was calculated using microscopy images in Image] software.

XPS spectra were recorded using a SPECS XPS spectrometer with AIK,, irradiation
(hv =1486.6 eV, 150 W). The binding energy scale (E},) was calibrated using the positions
of the base energy levels of gold and copper, Au4f;,, (84.0 eV) and Cu2ps,, (932.67 eV).
Both survey spectra and specific spectral regions (Pt4f, Cls, N1s and O1s) were recorded at
the analyst transmission energy of 20 eV. The spectral analysis and deconvolution of the
measured photoelectron spectra were performed using the XPS Peak 4.1 computer program
ver.6.1 (Raymund Kwok, freeware, Hong Kong, China) [61].

The EXAFS Station of the Siberian Synchrotron and Terahertz Radiation Center (SSTRC,
Novosibirsk, Russia) was used to study the spectra of the Pd-K edge. The source of radiation
used was the storage ring VEPP-3 [62] with the electron beam energy of 2 GeV and the
average stored current of 80 mA. A channel-cut Si (111) monochromator was used to
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monitor the X-ray energy and all spectra were recorded under fluorescent and transmission
mode, in ~1.5 eV steps.

Previously reported standard procedures were used to treat the EXAFS spectra [63,64].
Briefly, the background was removed by extrapolating the pre-edge region (in the forms
of polynomials) onto the EXAFS region and the smooth part of the absorption coefficient
was constructed by the three cubic splines. The initial point (k = 0) of the EXAFS spectrum
was the inflection point of the edge of the X-ray absorption spectrum. Fourier transform
modulus in the wave number interval of 3.0-12.0A~! was used to calculate the radial
distribution of the atoms (RDF) function from the EXAFS spectra in k3x(k). The interatomic
distances (R) and coordination numbers (CN) were determined using the curve-fitting
procedure with VIPER [64] and EXCURV92 [65] codes. After a preliminary Fourier filtering
using the known XRD literature data for the bulk compounds, k®x(k) in similar wave
number intervals was realized. It should be noted that the values of Debye-Waller factors
were fixed as 202 = 0.009-0.014 A2 and values of R-factor (%) were within ~7-12%.

Chemisorption experiments were performed using an AutoChem II 2920 (Micromerit-
ics, Norcross, GA, USA) instrument in the pulse mode [66]. A helium mixture with CO was
used for chemisorption. The catalyst samples were additionally reduced in hydrogen at
100 °C prior to the CO chemisorption. After cooling to 20 &+ 1 °C, CO was dosed in the mea-
surement chamber until the sample was saturated with CO. The fractions of exposed metal
atoms (Ptgyrface / Ptiotal, Dco) were calculated assuming that the adsorption stoichiometry
CO/Ptgyrface Was equal to 1.

The surface areas and porosity of the synthesized materials were determined by the
BET method [67,68] using an ASAP-2400 (Micrometrics, Norcross, GA, USA) instrument.

4. Conclusions

The properties of a new catalytic system, Pt/N-graphene, were studied in the gas-
phase FA decomposition to pure hydrogen. Graphene powder doped with nitrogen atoms
was used as the carbon support. The graphene aggregates were found to have a plate-
like shape, developed pore structure and size of about 1 um. TEM studies showed that
N-graphene particles consisting of 2—4 graphene layers had a globular shape, with the size
ranging between 30-50 nm depending on the geometric parameters of the MgO template.
The 0.2% Pt/N-graphene, 0.4% Pt/N-graphene and 1% Pt/N-graphene catalysts were
synthesized by impregnation. According to the chemical mapping data, C and N atoms in
N-graphene were evenly distributed in the analysis region.

The platinum precursor was found to have a substantial effect on the state of the metal
in Pt/N-graphene catalysts. The platinum formed nanocrystals on the catalyst surface
when Pt(NO3)4 was used as the precursor. The use of HyPtClg resulted in the formation of
atomically dispersed platinum stabilized on the N-graphene surface.

XPS studies showed that the initial surface of platinum particles in the studied catalysts
was predominantly in the oxidized state (Pt?* and Pt**). The peak with the binding energy
of 72.4 eV can be assigned to the Pt** state formed due to the interaction with nitrogen
sties of N-graphene. After reduction of the Pt/N-graphene catalysts in hydrogen in the
spectrometer chamber at 100 °C, a significant amount of platinum remained in the Pt>*
state. Most likely, the presence of platinum in the Pt?* state related to the strong interaction
with nitrogen sites of the support (N-graphene).

Carbon structures with defects surrounded by four nitrogen atoms in the graphene
layer feature strong interactions with platinum atoms and can be the stabilization sites of
atomic platinum. The state of platinum on the surface affects the catalytic properties of
Pt/N-graphene catalysts in the FA decomposition. The change of the Pt(NO3)4 precursor
for HyPtClg leads to an increase in the catalytic activity, whereas the selectivity to the
pathway resulting in the formation of Hy and CO, reaches 100%. The studied catalysts
were stable for at least 5 h.
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