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Abstract: Formic acid is a promising liquid organic hydrogen carrier (LOHC) since it has relatively
high hydrogen content (4.4 wt%), low inflammability, low toxicity and can be obtained from biomass
or from CO,. The aim of the present research was the creation of efficient 1 wt% Pd catalysts supported
on mesoporous graphitic carbon (Sibunit) for the hydrogen production from gas-phase formic acid.
For this purpose, the carbon support was modified by pyrolysis of deposited precursors containing
pyridinic nitrogen such as melamine (Mel), 2,2’-bipyridine (Bpy) or 1,10-phenanthroline (Phen) at
673 K. The following activity trend of the catalysts Pd/Mel/C > Pd/C ~ Pd/Bpy/C > Pd/Phen/C was
obtained. The activity of the Pd/Mel/C catalyst was by a factor of 4 higher than the activity of the Pd/C
catalyst at about 373 K and the apparent activation energy was significantly lower than those for the
other catalysts (32 vs. 42-46 kJ/mol). The high activity of the melamine-based samples was explained
by a high dispersion of Pd nanoparticles (~2 nm, HRTEM) and their strong electron-deficient character
(XPS) provided by interaction of Pd with pyridinic nitrogen species of the support. The presented
results can be used for the development of supported Pd catalysts for hydrogen production from
different liquid organic hydrogen carriers.

Keywords: hydrogen production; formic acid decomposition; Pd/C; melamine; g-C3Ny; bipyridine;
phenanthroline; N-doped carbon

1. Introduction

According to research performed for the US Department of Energy [1], it is expected that despite
growth in non-fossil fuel consumption will be greater than that of fossil fuels, the fossil fuels will
still account for 78% of energy use in 2040. The resulting problems are obvious. Among them are
reducing non-renewable sources of energy and high CO, emission, which are suspected to excite global
warming with all related problems. For this reason, interest in eco-friendly and renewable sources like
hydrogen, water, solar or wind energy grows every year.

Hydrogen is a perspective fuel due to possibility of its applications including fuel cells. The
main problems with the hydrogen use are its storage and transportation. The 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
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hydrogen adsorption on high surface area materials like porous carbon. However, both 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.
This hydrogen can be efficiently recovered by a catalytic or non-catalytic reaction.

At the present time, formic acid is considered as an efficient liquid organic hydrogen carrier
(LOHC) [2]. It has sufficiently good physical properties such as stability under standard conditions,
low inflammability, low toxicity (compared to methanol, ammonia or hydrazine, for example), and
relatively high hydrogen content (4.4 wt%). It is important to note, that the density of gravimetric
energy of formic acid is seven times higher than that of the currently used lithium-ion batteries [3].
In addition, formic acid can be obtained from biomass [4,5] or from CO, and renewable H, [6].

A lot of studies related to reversible chemical hydrogen storage [7,8] provide access to potentially
inexpensive, highly efficient and rechargeable hydrogen fuel cells. It is safer to use an easily
decomposable hydrogen-containing material such as formic acid instead of storage and transportation
of molecular hydrogen.

The catalytic formic acid decomposition reaction can be performed either in liquid phase or in gas
phase. The liquid-phase decomposition is only rarely performed continuously and the determined
reaction rates in this case often correspond to the initial rates and not to the steady-state. Gas-phase
formic acid decomposition follows two possible pathways: through dehydrogenation to form H, and
CO; (Equation (1)) and through dehydration to form CO and H,O (Equation (2)):

kJ
HCOOH(gaS) 4 H2 + COZ, AI‘H(2)98 =-14.7 m_ol (1)
HCOOH H,O CO, A/HS,, =265 —kJ 2
(gas) — I (gas) + r Brlyeg = €090 T30 ( )

Depending on the catalysts and conditions the products of the Reactions (1) and (2) can transform
into each other via the Water-Gas Shift or Reverse Water-Gas Shift Reactions. Only the catalysts
providing very high selectivity towards Reaction (1) allow using formic acid and CO, cycle for a
hydrogen storage system.

Catalysts containing no Pt-group metals [9,10] do not show promising properties as the catalysts
with precious metals. Catalysts consisting of supported highly dispersed Pd particles [2,11,12] or
even single Pd atoms [13-15] are often considered as the most efficient for the hydrogen production
from formic acid. High dispersion of Pd implies high sensitivity of the metal properties to the
support material. Flat graphitic carbon surfaces normally only weakly interact with Pd leading to
agglomeration of metal and catalyst deactivation during the reaction. The approach to solving this
problem is modifying the carbon surface by using other chemical elements. Modifying the surface by
electron-rich nitrogen atoms increases the basicity of the support [16,17], sometimes leads to a higher
dispersion of supported metal [10,17] and may change the nature of the active site. Recently, we have
shown [15] for the gas phase formic acid decomposition, while Bi et al. [18] have reported for the
liquid phase one that the pyridinic nitrogen sites present on the surface of carbon support can strongly
interact with Pd and change its electronic state providing high activity in the reaction.

Introducing of pyridinic nitrogen on the surface of carbon support can be done by deposition of
substances with pyridinic nitrogen [19-22]. This approach provides some advantages, as compared
to direct synthesis of a CN material by chemical vapor deposition (CVD). The main advantage is a
possibility to reach a high yield of N-containing material without a catalyst normally needed for the
direct synthesis. In the latter case, the productivity of the catalyst is limited due to the blockage of the
catalyst used for the CN material growth by carbon and complete deactivation. Therefore, the goal of
the present work was the creation of efficient Pd catalysts for the hydrogen production from formic
acid based on the N-doped carbon supports obtained by deposition of melamine, 1,10-phenanthroline
and 2,2’-bipyridine on a mesoporous graphitic carbon. The choice of these N-containing precursors
is explained by the presence of neighboring nitrogen atoms in their molecules. As we have shown



Energies 2019, 12, 3885 30f13

earlier [14,15,23] the structure of the active site on the N-doped carbon may involve a Pd atom attached
to a pair of pyridinic nitrogen atoms in the armchair position on the graphene edge. This armchair
unit is present in the initial molecules of 2,2’-bipyridine and 1,10-phenanthroline and could be created
during pyrolysis of melamine supported on carbon.

For comparisons a graphitic carbon nitride (g-C3Ny) was also used as a support since it also
possesses pyridinic nitrogen sites. Lee et al. [24] showed that catalysts comprising of Pd supported
on graphitic carbon nitride (g-C3Ny4) were promising for liquid phase formic acid decomposition.
Additionally, Oh [25] demonstrated that this type of catalysts may produce hydrogen from liquid
formic acid continuously at least within 3 h, and this result can be used for development of fuel cells.

2. Materials and Methods
2.1. Synthesis of Supports

2.1.1. g-C3N4

g-C3Ny was prepared according to the procedure described by Tahir et al. [26]. This was chosen
because of the reported high BET surface area of the obtained material. Nitric acid (180 mL, 0.2 M, NAK
Azot, Novomoskovsk, Russia) was added to a mixture of melamine (3 g, Sigma-Aldrich, St. Louis, MO,
USA) and ethylene glycol (60 mL, Acros Organics, Waltham, MA, USA) and stirred for 10 min until a
white powder was precipitated. Then, the precipitate was washed with isopropyl alcohol and dried
at 363 K. This sample was called Inter-CxNy. To obtain g-C3Ny, the Inter-CxNy sample was heated
in air in an already heated muffle furnace at 673 K for 15 min. Other heating modes were also used.
It should be mentioned that melamine is inexpensive and low toxic substance [27].

2.1.2. Mel/C

The used approach of doping the carbon material by substances containing pyridinic nitrogen is
shown in Figure 1. Melamine (0.75 g) was mixed with isopropyl alcohol (about 100 mL) at 343 K under
constant stirring. Then, the mixture was added to the mesoporous graphitic carbon—Sibunit (1.5 g,
Sibunit #6, Omsk, Russia). The obtained material was kept for 10 min while isopropyl alcohol was
evaporating. Then, the sample was dried at 357 K and pyrolyzed in the muffle furnace (673 K, 1 K/min)
in air for 2 h. This catalyst support was called Mel/C (muf). The used Sibunit carbon is known to
possess high surface area and high mechanical strength [28].

Another preparation method of the support was heating of a mechanical mixture of melamine
and Sibunit (1:2) under microwave (MW) radiation in air. Microwave treatment of the mixture was
carried out using a specially developed equipment (operating frequency 2470 + 10 MHz, power up to
1 kW) based on a rectangular single-mode cavity with high Q-factor (~6000), which is excited by TEj(,
oscillation mode, described in [29]. Processing MW conditions were the following: T = 673 K; heating
rate —40 K/s and duration time —140 s. The temperature in the reactor was measured using an optical
pyrometer (Raytek, Santa Cruz, CA, USA). The catalyst support obtained by this method was called
Mel/C (MW).

673K, Air Pd(acac), 573K, HCOOH
—>

—/ N/

1,1 oline 2,2’-Bipyridine

Figure 1. A scheme of synthesis of the catalysts based on graphitic carbon (Sibunit).
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2.1.3. Phen/C and Bpy/C

Phenanthroline or bipyridine (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in isopropyl
alcohol (1 mL). The used precursor charge was selected in such a way that the deposited CxNy-material
content in the synthesized sample was 14 wt% that was the same as for the Mel/C (muf) sample
after the pyrolysis. Then, the prepared solution was added to the carbon sample and dried at 358 K.
The’pyrolysis was performed in the muffle furnace (673 K, 1 K /min, 2 h) in air.

2.2. Synthesis of Pd Catalysts

A preparation of 1 wt% Pd catalysts was performed by impregnation of the synthesized supports
with a Pd acetylacetonate (Sigma-Aldrich, St. Louis, MO, USA) solution in acetone (EKOS-1, Moscow,
Russia). This mixture was kept for 5 min with constant stirring followed by drying at 343 K for 1 h
(Figure 1).

A preparation of a (Pd+Phen)/C catalyst was different. First, phenanthroline and Pd(acac),/acetone
solution were mixed in attempt to obtain a complex of Pd with phenanthroline. Then this mixture was
added to the Sibunit carbon. Subsequent steps were the same as above.

2.3. Characterization

Textural samples characteristics were determined using nitrogen adsorption-desorption on an
ASAP 2400 device (Micrometrics, Norcross, GA, USA) at 77 K. The samples were pretreated in a
vacuum chamber at 423 K for 1 h. The calculation of the surface area was carried out using the
Brunauer-Emmett-Teller (BET) method. A CHN-analysis was performed on a Vario EL Cube element
analyzer (Elementar, Langenselbold, Germany) with a thermal conductivity detector.

X-ray Diffraction (XRD) patterns were recorded using Thermo X’tra (Waltham, MA, USA) and
Bruker D8 Advance (Billerica, MA, USA) diffractometers with monochromatic CuK«x radiation
(A = 1.5418 A). On the patterns, the 20 region lower than 15° is not shown since the used sample
holder contributed there. To measure the size of Pd particles, a high-resolution transmission electron
microscopy (HRTEM) study was performed using a JEM-2100F unit (JEOL, Akishima, Japan) with the
acceleration voltage of 200 kV. Determination of electronic state and surface concentrations of Pd, N, O
and C was done via an AXIS Ultra DLD photoelectron spectrometer (Kratos, Manchester, UK) with
monochromatic AlK« radiation (1486.6 eV). Cls at 284.8 eV was chosen as the standard for energy
calibration. To prevent charging of the samples the charge neutralizer was always switched on during
the measurements.

2.4. Catalytic Measurements

Catalytic measurements were performed in a fixed-bed glass reactor attached to a catalytic flow
set-up presented in Figure S1 (Supplementary Materials). Carrier gas (Ar) passed through a glass flask
filled with liquid formic acid to saturate it with formic acid vapor. Then, the flow was additionally
diluted with Ar until the formic acid concentration reached the value of 2.5 vol%. The total volumetric
flow rate was constant and equal to 67 mL/min in all experiments. The temperature in the reactor was
maintained with a furnace in the range from 323 to 673 K. The catalyst weight used in experiments
corresponded to 10-16 mg. The products were analyzed by a gas chromatograph (Chromos GC-1000,
Moscow, Russia) equipped with two thermal conductivity detectors and packed columns filled with
CaA molecular sieves and HayeSep-Q porous polymer. For separation of the products, heating from
313 K to 483 K was performed within 10 min and then the temperature was kept stable for 20 min.

Before the measurements, the catalyst was treated with the same formic acid/Ar flow at 573 K
for 20 min to decompose supported Pd(acac), (decomposition temperature —478 K) and stabilize the
catalyst (Figure 1). After cooling the catalyst in the formic acid/Ar flow, the measurements were started
at 353 K and then performed with 15-20 K steps. The temperature was kept for 20 min at each step
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to reach the steady-state. Specific reaction rates (W) were determined basing on the Pd mass in the
catalyst. They were calculated at low formic acid conversions using a formula:

~ XpaCpavyeNy (molecule) 3)

22,400-mpy S'8p4

Xpa—formic acid conversion, v/—total flow rate (ml/s), Cpa4—formic acid concentration, mps—mass of
Pd in the sample (g), Ng—the Avogadro constant (6.02 X 1023 molecule/mol), 22,400—volume of one
mole of gas at 273 K and 1 atm (ml/mol).

3. Results and Discussion

3.1. Characterization of the Supports

BET surface area values for the catalyst supports are shown in Table 1. They vary in a wide range
from 8 m?/g to 348 m?/g for the g-C3Ny and Sibunit support, respectively (Table 1). Unfortunately,
the used synthesis procedure of the g-C3Ny material did not provide as high surface area as that
reported by Tahir et al. [26] (290 mz/g) for unknown reasons. We used different heating modes for
the intermediate, but it did not allow increasing the surface area of the obtained g-C3Ny4 material.
For example, heating of the sample at 673 K for 2 h gave even a lower surface area (6.5 m?/g).

Table 1. Characteristics of the catalysts, supports and some kinetic data.

Support Surface Mean Particle H; Selectivity

Sample Support Area, m%/g Size, nm (TEM) Ea, kJ/mol (50 % conv.) %
Pd/g-C3Ny g-C3Ny 8.1 2.6+03 39+1 >98
Pd/Mel/C (muf) Mel/C (muf) 86.5 2.0+0.3 32+1 >98

Pd/Mel/C

MW) Mel/C (MW) 42.0 23+05 32z+1 95.7
Pd/Phen/C Phen/C 301 - 43+1 90.1
(Pd + Phen)/C C 348 - 42+1 92.1
Pd/Bpy/C Bpy/C 228 - 4541 94.8
Pd/C C 348 23+03 46 +2 93.4

Doping of the Sibunit surface with substances containing pyridinic nitrogen leads to a decrease
of the surface area owing to occupation of the pores by the nitrogen precursor. The decrease is the
strongest when melamine is used. However, the surface areas of the melamine-based supports were
still high as compared to that of g-C3Ny and reached 86.5 and 42 m?/g.

X-ray diffraction patterns of the g-C3Ny4, Mel/C, Sibunit supports and the intermediate for the
carbon nitride synthesis (Inter-CxNy) are shown in Figure 2. The pattern for the intermediate shows
a lot of sharp peaks, differs from the patterns presented in literature for melamine [26,30,31] and
melem [32], but is very close to the pattern of melaminium nitrate [30]. Hence, we assign the Inter-CxNy
intermediate to melaminium nitrate. The multiple peaks of this compound disappear after pyrolysis
at 673 K. The pattern for the obtained g-C3N,4 sample shows only one intensive peak at 27.1° in the
studied region. This peak is characteristic interplanar stacking peak for g-C3N, (JCPDS 87-1526) [33].
It indicates the presence of the ordered structure of layers of heptazine which is a monomer of g-C3Ny
(002 plane). Interesting that the formation of g-C3Ny4 from melaminium nitrate takes place at the
temperature lower than those from melamine reported in literature (823 K) [31,33].

Diffraction patterns of the Sibunit containing samples show diffraction peaks at 25.5° and 43.1°
for the (002) and (100) planes of graphite (JCPDS 41-1487), respectively. The structure of the obtained
g-C3Ny is denser, as the stacking distance for the carbon nitride is by 0.2 A smaller than that for the
Sibunit carbon.

Comparing the XRD patterns for the N-containing samples with the original Sibunit sample, we
conclude that g-C3Ny cannot be determined using XRD because of the low carbon nitride content
(12-14%) in the Mel/C sample and close positions of the g-C3N, and Sibunit characteristic peaks ((002)
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plane). However, an important result is that multiple characteristic peaks of the melamine, melem or
possible intermediates are absent (Figure 2). Evidently, that melamine or intermediates completely
converted to supported carbon nitride or to another type of a CN containing material.

The ¢/y atomic ratio was determined for our g-C3Nj support by CHN-analysis and was found
to be equal to 0.63. It indicates higher nitrogen content in the sample as compared to stoichiometric
g-C3Ny (0.75). Such low ratios were reported for carbon nitrides earlier [31,34] and could be explained
by the relatively low pyrolysis temperature, which we used.

Intensity, a.u.

Inter-C,N,

15 20 25 30 35 40 45 50
29, °

Figure 2. XRD patterns of the supports and intermediate of the g-C3Ny synthesis.

3.2. Catalytic Activity and H, Selectivity

To elucidate the support effect, using the obtained dependences between the formic acid conversion
and temperature, we calculated the reaction rates at low conversions and plotted them as the Arrhenius
plots (Figure 3). It is seen that both Pd/Mel/C samples convert formic acid better than the other samples
(Pd/C and Pd/g-C3Ny4). The sample synthesized in the muffle furnace is slightly more active than the
sample prepared using the microwave synthesis. However, it is worth noting that the synthesis time in
the mulffle furnace was 2 h, while that for the microwave synthesis was only 140 s. The difference in
the rates between the melamine based Pd samples and the Pd/C sample is significant. The rates differ
by a factor of 4 at about 373 K. In contrast, the Pd/g-C3N4 sample showed the activity even lower than
that for the Pd/C catalyst.

Analyzing the data presented in Figure 4, we can estimate the N-precursor effect on the catalytic
activity. The catalysts prepared with bipyridine and phenanthroline show lower activities than that
for the melamine-based catalyst, and they are not higher than the one of the Pd/C catalysts. These
results are consistent with the data for the apparent activation energies (E,, Table 1). The most active
Pd/Mel/C catalysts show the smallest activation energy (32 kJ/mol), while the less active catalysts
demonstrate higher apparent activation energies (4246 kJ/mol). The E;, value for the Pd/g-C5Ny
catalyst is intermediate (39 kJ/mol). The difference in the apparent activation energies is significant and
should be related to different properties of active sites of the catalyst. The obtained E, values for the
Pd/Mel/C catalyst are among the smallest values for formic acid decomposition over Pd catalysts in
liquid and gas phase.
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Important features necessary for efficient hydrogen production from formic acid are selectivity
and stability. The Pd/Mel/C (muf) catalyst showed the highest selectivity (>98%) at 50% conversion
(528 K) while the phenanthroline based samples showed the lowest selectivities (90-92%).

The stability of the most active Pd/Mel/C (muf) catalyst was tested for 5 h (Figure S2). In this
experiment, the catalyst was not stabilized by pretreatment in the formic acid flow at 573 K as was
done before other experiments. However, no significant changes of the formic acid conversion on
time-on-stream was observed, and it is possible to conclude that this catalyst possesses sufficient
stability to produce hydrogen from gas phase formic acid.

Hence, among the studied samples, the melamine based Pd catalysts showed the highest activity.
We compared the activities of these samples with the activities of 1 wt% Ru, Pt and Au samples on the
N-doped and N-free carbon supports (Table S1). This comparison showed that the metal mass-based
activity of the Pd/Mel/C (muf) catalyst is slightly lower than that of the Pt/N-C catalyst, but it is higher
than the activities of the other catalysts. The apparent activation energy for the melamine based Pd
sample was the lowest.

50
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T T T T T T T T T T T
0.00020 0.00022 0.00024 0.00026 0.00028 0.00030 0.00032
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Figure 3. Arrhenius plots for formic acid decomposition showing the support effect.
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Figure 4. Arrhenius plots for formic acid decomposition showing the N-precursor effect.
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3.3. Characterization of the Pd Catalysts

To understand the reasons of the differences in the activities of the catalysts (Figures 3 and 4)
the Pd samples after the reaction were studied using HRTEM and X-ray Photoelectron spectroscopy
(XPS). Figure 5 shows HRTEM images. Particle size distributions are presented in Figure S3. They are
quite narrow for all studied samples indicating that the particles are rather uniform. Mean particle
size data are presented in Table 1. The most active Pd/Mel/C (muf) catalyst demonstrated the smallest
mean particle size (2.0 nm). An XRD study of this sample was not sensitive enough to determine Pd
in this sample confirming its low content and high dispersion. The highest mean particle size was
obtained for the Pd/g-C3N, sample, which corresponds to 2.6 nm. This could be related to the lowest
BET surface area of the support used (Table 1). However, the mean Pd particle sizes for other two
catalysts did not differ much. Generally, as it is seen in Table 1, the deposition of nitrogen precursors
over the carbon surface did not provide a significant change in Pd dispersion.

Figure 5. HRTEM images of some catalysts after the reaction.

A Cl1s XP spectrum for the Pd/g-C3Ny catalyst after the reaction is shown in Figure S4. It consists
of two main peaks at 288.3 and 284.8 eV assigned to pyridinic (C-N=C) and adventitious carbon,
respectively. The presence of the first peak confirms the formation of g-C3Ny, as it is typical for this
compound [26,33]. The C1s spectra for other catalysts did not differ much from each other and, hence,
are not demonstrated.

N1s XP spectra for all catalysts after the reaction are shown in Figure 6. The main lines are observed
at 398.8 eV assigned to pyridinic nitrogen (C-N=C) and at 400.2 eV assigned to tertiary nitrogen (N(C)3)
like those in g-C3Ny [33]. A shift of the N1s pyridinic line towards higher binding energies by 0.3 eV is
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observed for the Pd/Mel/C (MW) catalyst. This may indicate a stronger interaction of these species in
the surface layer of this sample than in the case of the Pd/Mel/C (muf) and Pd/g-C3N, samples.

Table 2 shows the total surface N concentration determined by XPS (Nit). The highest
concentration was obtained for the Pd/g-C3Ny catalyst (46%) followed by the Pd/Mel/C (MW) (8.9 at %)
and Pd/Mel/C (muf) (4.5 at %) catalysts. The spectra of the melamine-based samples demonstrate
the presence of both N1s lines, but the ratio of pyridinic species is decreased as compared to the
Pd/g-C3Ny4 sample (Table 2). The content of pyridinic N species in the Pd/Phen/C sample is negligible
and Pd/Bpy/C and (Pd+Phen)/C samples do not contain pyridinic nitrogen at all. This shows that
the pyridinic species have been converted either to tertiary N species or to gas products during the
pyrolysis. The difference in the spectra of the melamine based and phenanthroline/bipyridine based
samples can be explained at least partly by a much lower content of nitrogen in the bipyridine and
phenanthroline precursors as compared to melamine (Figure 1). Generally, the state of the deposited
N-containing layer in the supported samples differs from that in the g-C3N, sample. This can affect
the state of supported Pd and provide the observed difference in catalytic properties (Figures 3 and 4).
Therefore, the electronic state of Pd was also studied by XPS.

N-(C),  CN=C
T T T o T
Pd/Mel/C (muf) ;

Pdig-CN,

Pd/C

Intensity, a.u.

T T T T
404 402 400 398
Binding energy, eV

Figure 6. XP spectra of the N1s region for the catalysts after the reaction.

Table 2. Surface concentrations of N species in the catalysts after the reaction (XPS data).

Pd/Mel/C  Pd/Mel/C

Sample Pd/g-C3Ny Pd/Phen/C  (Pd+Phen)/C  Pd/Bpy/C Pd/C

(muf) (MW)
Niot, at % 46.0 45 8.9 1.35 0.57 0.48 0
CN=C 0.66 0.35 0.46 0.14 0 0 -

N(ot

Pd3d XP spectra are shown in Figure 7. The spectra consist of two components: one with Pd3d’/,
at 335.0-336.4 eV (Pd3d3/, at 340.3-341.7 eV) and another with Pd3d®/, at 336.9-338.5 eV (Pd3d?/, at
342.2-343.7 eV). Taking into account the HRTEM data (Figure 5) similar for all samples, we attribute
the first component to metallic Pd (Pd"), and the second component—to oxidized Pd (Pd*). The latter
can exist as a surface oxide over Pd particles. It is formed due to oxidation of the metallic Pd surface by
atmospheric oxygen. Alternatively, some Pd?" species may exist in atomically dispersed state strongly
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interacting with nitrogen, oxygen or carbon defects of the support [13-15,35,36]. This Pd could not be
observed by the HRTEM equipment used in this work.

The Pd3ds); line at 335.0 eV is observed for the Pd/g-C3Ny catalyst, which is close to the Pd
state in the unsupported bulk metal, for example, in Pd foil. The closeness of the electronic state
of Pd in the sample to the Pd metal may indicate that there is no strong interaction of this Pd with
the support. This can be due to small support surface area and low concentration of support sites,
which can strongly interact with Pd. The lowest value of the Pd3d’/, binding energy among the
Sibunit-containing catalysts is observed for the Pd/C catalyst and corresponds to 335.8 eV. This Pd state
is usually attributed to small metal particles interacting with the carbon support [13,35,37]. The Pd3d®/,
lines for the Pd/Mel/C (muf) and Pd/Mel/C (MW) catalysts are strongly shifted to higher binding
energies (336.4 and 336.3 eV, respectively) as compared to that for the Pd/C sample. This cannot
be assigned to sample charging and indicates an electron-deficient state of Pd in these samples due
to a strong interaction with the support. These catalysts showed the highest activity in the formic
acid decomposition reaction and the lowest values of apparent activation energies (Table 1). For the
phenanthroline and bipyridine-based samples, the Pd3d>/, line positions (336.0 eV) are close to that for
the Pd/C sample. The catalytic properties of these systems are also close (Figure 4).

It is an interesting question whether the Pd3d®/, line in the 336.3-336.4 eV region for the
melamine-based samples can be assigned to Pd oxide (PdO). We believe that it cannot, because the
Pd3d®/, binding energy for the PdO is normally located at a higher binding energy (336.8 eV) [38,39]
like those observed for the Pd/g-CsNy and Pd/C samples. However, we will perform soon the
necessary experiments allowing to discriminate whether the high binding energies for the Pd3ds, line
(336.3-336.4 eV) should be assigned to Pd metal or to Pd oxide by performing XPS measurements after
the pretreatment of the samples in Hj in the pretreatment chamber of the XP spectrometer, as it was
done in some of our previous works [10,13,14]. This pretreatment easily transforms the Pd oxide into
metallic Pd.

Intensity, a.u.
Intensity, a.u

T T T T T T T T T T T T
346 344 342 340 338 336 334 346 344 342 340 338 336 334
Binding energy, eV Binding energy, eV

Figure 7. Pd3d XP spectra for the catalysts after the reaction.

Hence, utilization of HRTEM and XPS for the catalysts allowed explaining the effects observed
for the catalytic reaction. The obtained data demonstrated that when pyridinic nitrogen exists on the
surface, Pd becomes electron-deficient and the highest catalytic activity was obtained. At the same
time, the presence of only tertiary nitrogen species does not positively affect the reaction.
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4. Conclusions

In order to obtain a high surface area N-doped support, N-containing precursors (melamine,
phenanthroline or bipyridine) were deposited on the mesoporous graphitic carbon material (Sibunit)
and pyrolysis at 673 K was performed. Melamine showed itself as the most promising N-precursor.
The high activity of the melamine based catalysts in the hydrogen production from formic acid can be
explained by a strong interaction between highly dispersed Pd nanoparticles (~2 nm) and excess of
pyridinic nitrogen of the support that can bind Pd particles and provide a shift of electron density from
the Pd to the support, thus, transforming Pd into an electron-deficient state. This state demonstrates a
significantly enhanced catalytic activity (by a factor of 4 at 373 K), high stability in the reaction (5 h) and
the lowest apparent activation energy (32 kJ/mol) as compared to the state of Pd in the other carbon
supported catalysts (42—46 kJ/mol).

The used approach for synthesis of the N-doped carbon with melamine is much simpler and, if
necessary, it gives a higher yield of the N-doped carbon support as compared to the direct catalytic
CVD approaches. Additionally, since the used carbon support (Sibunit) was specifically developed
to have high surface area and high mechanical strength, our supported Pd catalysts possessed very
much the same properties. Hence, the melamine based Pd catalysts are promising for the hydrogen
production from formic acid and also, probably, from other liquid organic hydrogen carriers.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/20/3885/s1,
Figure S1: Scheme of a catalytic set-up, Figure S2: Stability test for the most active catalyst. Figure S3: Particle size
distributions for some catalysts after the reaction, Figure S4: Cls XP spectrum of the Pd/g-C3Ny catalyst after
the reaction.
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