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Abstract: The effect of nitrogen doped bamboo-like carbon nanotubes (N-CNTs) on the properties
of supported platinum (0.2 and 1 wt %) catalysts in formic acid decomposition for hydrogen
production was studied. It was shown that both impregnation and homogeneous precipitation
routes led to the formation of electron-deficient platinum stabilized by pyridinic nitrogen sites of
the N-CNTs. The electron-deficient platinum species strongly enhanced the activity and selectivity
of the Pt/N-CNTs catalysts when compared to the catalysts containing mainly metallic platinum
nanoparticles. A comparison of bamboo-like N-CNTs and herring-bone nitrogen doped carbon
nanofibers (N-CNFs) as the catalyst support allowed us to conclude that the catalytic properties
of supported platinum are determined by its locally one-type interaction with pyridinic nitrogen
sites of the N-CNTs or N-CNFs irrespective of substantial structural differences between nanotubes
and nanofibers.
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1. Introduction

Hydrogen is considered as a promising energy source although its safe storage and transportation
are rather complicated tasks. In this connection, the concept of hydrogen storage as a component
of various hydrogen-rich compounds such as borohydrates, hydrazine, or formic acid has recently
received considerable attention. Among such compounds, formic acid (FA) is of particular interest.
First, HCOOH contains a large amount of hydrogen (4.4 wt %), and second, FA can be synthesized
from renewable sources, for example, via different transformations of cellulose, which certainly makes
HCOOH an attractive source of hydrogen [1].

It is known that the decomposition of FA on homogeneous or heterogeneous metal catalysts can
proceed via two routes, leading to the formation of either H, and CO; or H,O and CO. Thus, in the
case of heterogeneous catalysts, the reaction rate and selectivity of hydrogen formation depend on the
sizes, morphologies, distributions, and surface states of metal nanoparticles as well as the properties
of catalyst support (CeO,, SiO,, C, C-N, etc.) [2]. Among the various types of supports for metal
catalysts used for FA decomposition, carbon materials are of special interest because they allow the size
and electronic state of supported metal nanoparticles to be controlled more precisely [3,4]. Moreover,
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the application of nitrogen doped carbon nanomaterials (N-CNMs) or carbon nitride makes it possible
to obtain stable single atom species exhibiting high activity and selectivity in the FA decomposition
reaction [5,6]. Stabilization of these highly active species proceeds via strong interaction of metal with
pyridinic nitrogen centers of nitrogen doped carbon nanofibers (N-CNFs), nitrogen doped carbon
nanotubes (N-CNTs), or C3Ny4, which has been confirmed by x-ray photoelectron spectroscopy (XPS)
data and density functional theory (DFT) calculations [5,7-11].

According to the literature, the synthesis method substantially affects the particle size and
electronic state of metals deposited on N-CNMs. For example, for the Pd catalyst supported on
N-CNFs and nitrogen-doped porous carbon network, we demonstrated that Pd acetate is more
preferable than Pd nitrate for the synthesis of a more dispersed, and therefore more active catalyst [7].
Moreover, when palladium was deposited from Pd acetate on N-CNTs in the amount of <0.8 wt %,
100% of palladium was represented by highly active isolated ions showing stability in both a hydrogen
atmosphere at elevated temperatures and in the course of the HCOOH decomposition reaction [12].
The authors of [8] investigated the properties of 0.5-5% Pt/N-CNTs catalysts synthesized with H,PtClg
as a precursor using different deposition methods: ethylene glycol reduction, sodium borohydride
reduction, or impregnation-Hy-reduction techniques. It was found that the difference between synthesis
routes was caused by the different metal-support interaction (MSI) between the Pt and nitrogen species,
and the impregnation technique led to the strongest MSI via defects in N-CNTs comprising carbon
vacancies and pyridinic nitrogen. As a result, a correlation between the binding energies of Pt4f
(Ep, Pt4fyp) and activity in the electro-oxidation of glycerol and formic acid was found. Previously,
we have shown that such types of defect can form in the graphene layer of N-CNTs [13].

Our earlier comparative study of Pt-group metals (Pt, Pd, Ru) deposited on herring-bone N-CNFs
revealed that the activity of the catalysts toward formic acid decomposition decreases in the following
order: Pt>Pd>Ru [5]. DFT calculations made it possible to propose the active site consisting of a metal
atom coordinated by a pair of pyridinic nitrogen atoms at the edges of the graphene sheets. Indeed,
it is known that multiple edges of graphene layers enriched with pyridinic nitrogen are segregated to
the surface of N-CNFs [14], which explains the preferential interaction of deposited metals with these
sites. In this connection, it seems interesting to explore the interaction of metals with N-CNMs with
another structure, for example, with the widely used bamboo-like N-CNTs where all nitrogen species
(pyridinic, pyrrolic, and graphitic) are located within internal and external graphene layers [15] and
can equiprobably participate in the stabilization of deposited metals.

This paper is devoted to the investigation of the effect of the bamboo-like N-CNTs on the
properties of Pt/N-CNTs catalysts synthesized by impregnation and homogeneous precipitation
methods. The bamboo-like N-CNTs were found to affect the formation of electron-deficient platinum,
showing a 34 fold higher activity in formic acid decomposition when compared to the metallic
platinum nanoparticles. A comparative study of platinum deposited on bamboo-like N-CNTs and
herring-bone N-CNFs revealed that pyridinic nitrogen plays a key role in enhancing the activity of the
catalysts irrespective of the structural features of the carbon nanomaterial.

2. Materials and Methods

Nitrogen-free carbon nanotubes (CNTs) and bamboo-like nitrogen-doped N-CNTs were grown
on an Fe-Ni-containing catalyst (62%Fe-8%Ni-30%Al,O3) via decomposition of ethylene or 40%
ethylene—60% ammonia mixture at 700 °C in a flow reactor with a fluidized catalyst bed [16].
Synthesized CNTs and N-CNTs were thoroughly washed to remove the growth catalyst first in
concentrated HCI, then boiled in 2 M HCl for 6 h, and washed in distilled water until no chloride ions
were detected in the rinsing liquid. The washed carbons were dried in Ar at 170 °C for 2 h.

Platinum (0.2 and 1 wt %) was deposited on the CNTs and N-CNTs by incipient wetness
impregnation and homogeneous precipitation techniques using H,PtClg as the precursor. In the
incipient wetness impregnation method, the defined volume of the H,PtCls aqueous solution was
added to the freshly dried CNTs or N-CNTs at room temperature, the sample was thoroughly stirred,
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stored in a closed vessel for 30 min, and then dried in air for 24 h. The volume of the H,PtClg solution
was defined based on the water capacity of the CN'Ts and N-CNTs [17]. The samples were designated as
0.2-2%Pt/CNTs-im and 0.2-2%Pt/N-CNTs-im. In the homogeneous precipitation technique, a known
amount of HyPtClg was added to an aqueous suspension of the CNTs or N-CNTs and stirred for 60 min
at room temperature. Then, a stoichiometric amount of 0.5 M solution of NaOH was added dropwise
at room temperature. The mixture was stirred and heated for 1.5 h at 70 °C. Ultimately, the pH reached
8. The precipitates were filtered, carefully washed with distilled water, and dried in air. The samples
were designated as 0.2-2%Pt/CNTs-pr and 0.2-2%Pt/N-CNTs-pr. Samples prepared by both methods
were reduced in a 30 vol.% Hjy/Ar mixture for 1 h at 250 °C. The content of Pt in the catalysts was
determined by x-ray fluorescence spectroscopy.

Chemisorption measurements were made using a pulse technique and CO as the adsorbate at
room temperature. Before the chemisorption measurements, the catalysts were re-reduced in situ in
flowing hydrogen at 100 °C. The fractions of metal atoms exposed (Ptgyrface/Ptiotal) Were calculated by
assuming that the stoichiometry of adsorption CO/Ptgyyface Was equal to 1.

High-angle annular dark-field (HAADF STEM) images were obtained on a JEM-2200FS electron
microscope at an accelerating voltage of 200 kV using a high angle annular dark field (HAADF) detector
in the scanning-TEM (STEM) mode.

X-ray photoelectron spectroscopy study was performed with an ES-300 (KRATOS Analytical)
photoelectron spectrometer at a constant pass energy of a photoelectron energy analyzer. The spectra
were recorded using an AlKa source with a quantum energy of 1486.6 eV. The energy scale was
calibrated against the binding energy of gold Au4f;;, (equal to 84.0 eV) and copper Cu2ps,, (equal
to 932.7 eV) [18]. The qualitative control of the surface chemical composition was made using the
survey spectra in the range of 0-1100 eV with the analyzer pass energy HV = 50 eV and scan step 1 eV.
To analyze the quantitative composition and chemical state of elements, core levels of elements were
recorded (Pt4f, Al2p, C12p, Cl1s, Ols, N1s, and Fe2p) at the analyzer pass energy of HV =25 eV and
scan step of 0.1 eV. Since the Pt4f and Al2p lines overlap, control recording of the Pt4f + Al2p spectral
region for the CNTs and N-CNTs supports was performed to take into account a possible contribution
of the Al2p line of aluminum from the growth catalyst to the Pt4f spectrum of platinum. Prior to the
experiments, the samples were treated ex situ with hydrogen at 250 °C for 1 h.

Experiments on formic acid decomposition (5 vol.% HCOOH/He) were performed in a flow set-up
using a quartz reactor with the inner diameter of 6 mm. The catalyst loading was 20 mg; the catalyst
powder was uniformly mixed with 0.5 cm? of quartz sand (fraction 0.25-0.5 mm). The reaction mixture
feed rate was 20 cm®/min. The experiments were carried out in the temperature-programmed mode,
the temperature being raised at a rate of 2 deg/min, and with chromatographic analysis of the gas
mixture. The temperature of the reactor was measured using a thermocouple placed in the catalyst
bed. All gas lines were preheated in a special box to 100 °C, whereas the reactor placed in the furnace
had a special zone where the incoming gas was preheated to the reaction temperature.

The turnover frequencies (TOF) of the 1%Pt/CNTs-pr and bamboo-like 1%Pt/N-CNTs-pr
were compared with the TOFs of Pt catalysts deposited on the herring-bone carbon nanofibers
(1%Pt/N-CNFs). The properties of the 1%Pt/N-CNFs catalysts were described in our previous
article [19]. The TOF values for 1%Pt/N-CNFs catalysts for 125 °C were calculated using the
experimental data presented in [19].

3. Results and Discussion

Temperature dependences of the FA conversion on carbon supports and on supported Pt catalysts
synthesized by homogeneous precipitation route are displayed in Figure 1. One can see that CNTs
and N-CNTs possess some intrinsic activity, which is a typical for carbon nanomaterials [20-24].
The deposition of 0.2 wt % platinum on both supports shifted the temperature curve of conversion
toward low temperatures by more than 100 °C. Note that a greater shift was observed in the case of
0.2%Pt/N-CNTs, which indicates differences in the properties of deposited platinum when going from
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CNTs to N-CNTs. The enhancement of the activity of N-doped catalysts when compared to N-free
catalysts became even more pronounced if 1 wt % of Pt was deposited on the carbon nanotubes, as
seen in Figure 1b.
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Figure 1. Temperature dependences of FA conversion on the CNTs, N-CNTs, and supported Pt
catalysts synthesized by the homogeneous precipitation route: 0.2%Pt (a) and 1%Pt (b). Temperature
dependences of FA conversion and selectivity on 0.2%Pt-N-CNTs-pr (c) and stability test of the
0.2%Pt-N-CNTs-im in the course of the reaction (d).

It should also be noted that the promoting effect of N-CNTs when compared to CNTs was observed
irrespective of the deposition method (impregnation or homogeneous precipitation). In all cases, the TOF
values for N-doped catalysts exceeded the TOFs for N-free catalysts by a factor of 34 (Figure 2). One can
also see that the increase in TOF was accompanied by a substantial increase in the selectivity toward
hydrogen formation, from 92.6 to 98%; this means a decrease of the CO content by ~4 times, where the
latter is very important when FA is used for hydrogen production. Earlier, for the N-CNFs based catalysts,
we demonstrated by DFT calculations that single metal ions coordinated by pyridinic nitrogen sites caused
the cleavage of the C-H bond in the FA molecule to give adsorbed hydrogen atom and carboxyl fragments [5].
It was demonstrated that the adsorbed hydrogen atom and hydrogen of the carboxyl fragment were directed
toward each other, thus providing an easy formation of hydrogen and CO,.

At present, the improved properties of metal catalysts supported on various N-CNMs are
attributed to a decrease in the particle size or an increase/decrease in the electron density of metals due
to MSI via nitrogen species or defects consisting of carbon vacancies and nitrogen sites [25,26]. Indeed,
since the specific areas of all of our catalysts measured by Brunauer-Emmett-Teller method varied in
a very narrow range (140-150 m?/g), the observed differences were most likely related to differences in
the properties of the deposited platinum. To verify this hypothesis, various characteristics of deposited
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platinum were analyzed; first, sizes of the platinum particles in the supported catalysts were compared.
For this purpose, we used chemisorption of CO, which is sensitive to the dispersion of metals [27,28]
as well as HAADF STEM.
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Figure 2. TOF values of the FA decomposition at 125 °C (a) and selectivity at 50% FA conversion
(b) on the Pt catalysts deposited on CNTs and N-CNTs by different routes: im-impregnation,

pr-homogeneous precipitation.

As seen in Figure 3, a minor increase in the TOF with an increase in the CO/Pt ratio was observed
for the N-free catalysts, which may be assigned to similar dispersions of deposited metallic platinum
in the tested catalysts [27,28]. In the case of N-doped catalysts, an inverse dependence was observed:
TOF decreases with increases in the CO/Pt value. In addition, for this series of samples, a decrease in
the platinum content from 1 to 0.2% was accompanied by a considerable (nearly 3-fold) decrease in
the CO/Pt value, irrespective of the platinum deposition method. Such a pronounced decrease in the
amount of chemisorbed CO by lowering the concentration of the deposited metal from 2 to 0.2 wt %
was observed in our earlier study for the Pd/N-CNTs catalysts; a possible reason is that the catalysts
with a palladium content <0.8 wt % completely consisted of isolated palladium ions, which poorly
chemisorb CO [12].
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Figure 3. The influence of TOF of formic acid decomposition at 125 °C on the CO/Pt ratio for
the N-doped and N-free catalysts differing in Pt content and preparation route: im—impregnation,

pr-homogeneous precipitation.
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To verify this assumption, the catalysts were studied by HAADF STEM. It was found that the most
active catalyst 0.2%Pt/N-CNTs-im consisted of Pt particles with the size of about 1.1 nm and a narrow
size distribution, whereas the lowest active 1%Pt/CNTs-pr contained nanoparticles of ~1.9 nm with
a wider size distribution (Table 1). Meanwhile, the size of the nanoparticles in all samples, irrespective
of the support type, deposition method, and Pt content, changed in a quite narrow range of 1.1-1.9 nm,
which cannot explain such strong differences in the CO/Pt values from 15 to 67% (Figure 3). Therefore,
it can be supposed that the catalysts contain platinum clusters or atoms/ions besides nanoparticles.
Indeed, the presence of such species was discovered in all catalysts. The most representative photos
of the catalysts showing single atoms are given in Figure 4. However, in the N-doped catalysts,
the quantity of the isolated platinum atoms was found to be considerably higher, and these atoms
were distributed on the N-CNT surface uniformly when compared with N-free catalysts.

(e) ()

Figure 4. HAADF STEM images of 1%Pt/CNTs-imp (a), 1%Pt/N-CNTs-imp (b), 1%Pt/CNTs-pr (c),
1%Pt/N-CNTs-pr (d), 0.2%Pt/N-CNTs-imp (e), and 0.2%Pt/N-CNTs-pr (f).
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Table 1. HAADF STEM platinum nanoparticle size (nm), standard deviation (sd), TOF (h~1) at 125 °C.

Catalyst Pt Size, nm sd  TOF h!
1%Pt/CNTs-im 1.3 04 144
1%Pt/CNTs-pr 1.9 0.7 108

0.2%Pt/CNTs-im 1.2 0.3 324
0.2%Pt/CNTs-pr 1.3 0.5 216
1%Pt/N-CNTs-im 1.4 0.4 432
1%Pt/N-CNTs-pr 1.3 0.3 360
0.2%Pt/N-CNTs-im 1.1 0.2 936
0.2%Pt/N-CNTs-pr 1.6 0.4 756

Thus, it can be concluded that both methods of platinum deposition on CNTs and N-CNTs
can produce dispersed catalysts consisting of nanoparticles and isolated platinum atoms. For the
N-free catalysts, the samples mainly consisted of nanoparticles and quite a low quantity of single
atoms, which did not significantly influence the CO/Pt and TOF values (Figure 3). For the N-doped
catalysts, irrespective of their preparation procedure, a decrease in the platinum content strongly
lowered the CO/Pt ratio and increased the TOF in HCOOH decomposition and the selectivity of
hydrogen formation.

Along with this, of note is a slightly higher activity of the catalysts obtained by incipient wetness
impregnation when compared to the catalysts synthesized by homogeneous precipitation, irrespective
of the support type and platinum content (Figure 2). The observed difference for the N-free catalysts
can be attributed to a larger particle size and a broader particle size distribution of the catalysts obtained
by homogeneous precipitation (Table 1). In the case of the impregnation method, platinum particles
were formed directly from [PtCls]>~ anions that were molecularly adsorbed on the carbon surface.
In homogeneous precipitation from aqueous solutions, hydrolysis can lead to the formation of not only
mono-, but also polynuclear platinum complexes [Pt(OH)xOy]n and hence to the formation of larger
platinum particles with different sizes [27]. For the N-doped catalysts, the situation seems to be more
complicated and in this case, the MSI between the Pt and nitrogen groups should similarly be taken
into account like in [8]. However, the homogeneous precipitation method is preferable because it has
no scaling limitations.

The difference between N-free and N-doped catalysts can also be seen in the XPS spectra.
Figure 5a shows an example for 0.2%Pt/CNTs-pr and 0.2%Pt/N-CNTs-pr samples. In the case of
0.2%Pt/N-CNTs-pr, the Pt4f line shifted toward higher binding energies by ca. 0.3 eV. The difference
spectrum shows a doublet with E,,(Pt4f;,) = 72.9 eV, which indicates the presence of two or more Pt
states in the catalysts. Deconvolution of Pt4f spectra into individual doublets allowed us to find the
Ey (Pt4f7),) value and the contribution of different components to the experimental spectrum (Figure 5b).

Three states with E,(Ptdf;,) = 71.7, 72.9, and 74.2 eV can be distinguished in the Pt4f spectra
(Figure 5b). The peak with E,,(Ptdf;5) = 71.7 eV corresponds to metallic platinum particles Pt?. A small
increase in Ey, (Pt4f7,) with respect to the value typical of bulk metallic platinum (71.1 eV) [18] indicates
the formation of small nanoparticles [29,30] and is related to the photoemission relaxation effect [31,32].
The peak with the binding energy of 74.2 eV can be assigned to the oxidized platinum species Pt** [33,34].
The oxidized platinum species may emerge due to the oxidation of nanoparticles when samples make
contact with the atmosphere during the transfer to the spectrometer. The peak with the binding energy of
72.9 eV can be attributed to the oxidized platinum species Pt>* [29] as well as to the atomically dispersed
platinum species [35-37]. As seen in Figure 5b, when going from CNTs to N-CNT5, a relative contribution
of the platinum species with Ey,(Pt4f;,) = 72.9 eV increases from 30 to 42%, which testifies to the formation
of more dispersed or oxidized platinum species in this sample. Taking into account that this catalyst
virtually does not chemisorb CO (CO/Pt = 15), it can be supposed that in N-doped catalysts, along
with metallic platinum, the electron-deficient platinum is present. The electron-deficient platinum can
be formed as Pt** species at the interfaces of Pt nanoparticles and N-CNTs [38] and isolated Pt ions.



Energies 2019, 12, 3976 8 of 14

According to the DFT calculations, the formation of such electron-deficient metal species may occur due
to the interaction of metals with pyridinic sites of various N-CNMs [5,7-11].

Binding energy, eV Binding energy, eV
(@) (b)
Figure 5. (a) Pt4f spectra and (b) curve-fitted Pt4f spectra of 0.2%Pt/CNTs-pr (1) and 0.2%Pt/N-CNTs-pr
(2) catalysts.

To confirm the interaction of metals with certain nitrogen sites of N-CNMs, a detailed analysis of
the XPS spectra of deposited metal and nitrogen is commonly used. In [39], the E}, (Pt4f7)) shift to a lower
level was assigned to the interaction of Pt nanoparticles with nitrogen centers of the CN@Pt/CNTs
catalyst. In [40], the depth of XPS analysis decreased when using the energy of monochromatized
synchrotron radiation at 800 eV; this allowed the authors to observe a decrease in the intensity of
the pyridinic nitrogen line and the appearance of a new line at 398.7 eV, which was assigned to the
interaction of Pd with pyridinic sites of the N-Cy; material. Although in [41] the XPS experiments
were performed at a high energy of x-ray radiation, ca. 1500 eV, the authors observed a shift in the
graphitic nitrogen peak to the high energy side by 0.2 eV upon Pt deposition on N-CNTs. It should
be noted that the N-CNTs were synthesized by post-treatment of the oxidized CNTs with ammonia,
and nitrogen seems to be located most likely only on the tube surface. In [8], simultaneous changes
were observed in positions of the lines corresponding to both the graphitic and pyridinic nitrogen
upon platinum deposition on N-CNTs, depending on the synthesis method and platinum amount;
nevertheless, it was concluded that only one of the nitrogen species was responsible for stabilization.

In our study, we primarily verified that nitrogen was incorporated into the carbon’s structure:
this was indicated by the 0.4 eV shift of the C1s spectrum relative to the position typical of sp>-hybride
carbon structures (284.4 eV) and by broadening of the line toward high energies (Figure 6a) [42,43].
The analysis of the N1s spectra revealed that the main structural forms of nitrogen observed in
N-CNMs are present in N-CNTs: pyridinic (Npy 398.5 eV), pyrrolic (Npy, 399.6 V), and graphitic
(Ng 401.0 V) [9,43,44]. Peaks in the region of 402.5 and 404.7 eV correspond to the oxidized state and
molecular nitrogen encapsulated inside the N-CNTs (Figure 6b).

A comparison of the N1s spectra for N-CNTs and 0.2%Pt/N-CNTs-pr, which is illustrated in
Table 2, did not allow a reliable conclusion on the type of nitrogen involved in platinum anchoring.
Investigation of samples with the platinum content of 1 wt % also did not clear up this question.
All of the recorded differences were within the measurement error, although a slight decrease in
the Npy content upon increase in the Pt concentration in the catalysts was observed. Thus, it can
be stated that the possibilities of XP spectroscopy used in this study make it possible to reliably
conclude only on an increase in the relative amount of platinum with E,, (Pt4f;,,) = 72.9 eV in N-doped
catalysts. Sensitivity of the methods should be increased considerably to make a reliable and detailed
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interpretation of the changes that occur in the N1s spectra upon platinum deposition on N-CNTs,
in which, as we have shown, nitrogen is distributed uniformly in the bulk of the material [15].

Cis 284 .4 N1 4 .0
2
284.8
1
280 285 290 295 335 400 405 410
Binding energy, eV Binding energy, eV

(a) (b)

Figure 6. C1s (a) of 0.2%Pt/CNTs-pr (1) and 0.2%Pt/N-CNTs-pr (2) catalysts and N1s (b) XPS spectra of
0.2%Pt/N-CNTs-pr catalyst.

Table 2. Content of different nitrogen species according to XPS data.

Sample pr NI’yr NQ N-Ox Nz N
Eb wt % Eb wt % Eb wt % Eb wt % Eb wt % wt %
N-CNTs 398.4 1.4 399.6 0.50 401.0 1.75 402.5 0.60 404.7 1.35 5.6

0.2%Pt/N-CNTs-pr  398.4 1.35 399.6 0.50 401.0 1.70 402.5 0.70 404.7 1.35 5.6
1%Pt/N-CNTs-pr 398.4 1.30 399.5 0.50 400.9 1.70 402.3 0.65 404.7 1.35 55

Finally, we compared the Pt catalysts deposited on the CNTs and bamboo-like N-CNTs with
corresponding Pt catalysts deposited on herring-bone CNFs and N-CNFs. It should be noted that
nitrogen-free and nitrogen-doped carbon nanotubes and nanofibers were synthesized by the same CVD
method using ethylene or the standard ethylene-ammonia reaction mixture (see [19] and this work).
Figure 7 shows the activity of these catalysts in the formic acid decomposition reaction. As seen in Figure 7,
there was a rather good correlation between the TOF value and nitrogen content in the materials, irrespective
of the essential differences in their structure related to the packing of graphene layers.

1000

2
1 H 4
oL [ [
1%Pt/C catalysts

(a)

Figure 7. Cont.
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Figure 7. The TOF values at 125 °C for the 1%Pt/C catalysts synthesized by the homogeneous
precipitation route depending on (a) carbon supports: CNFs (1), 3.4%N-CNFs (2), 7.5%N-CNFs (3),
CNTs (4), 5.5%N-CNTs (5); and (b) nitrogen content in the catalysts (for 5.5%N-CNTs the capsulated
Ny (1.35 wt %) was excluded). TOFs for CNFs/N-CNFs-based catalysts were calculated using the data
presented in [19].

Moreover, for the carbon tube- and carbon fiber-based catalysts, the decrease in the platinum
content to 0.2-0.3 wt % led to the same dramatic decrease in the CO/Pt values to an extremely low level
(<20%) and, on the contrary, to a substantial increase in TOF (see [5] and this work). The latter allowed
us to conclude that pyridinic nitrogen also plays a key role in the formation of electron-deficient
platinum in the case of N-CNTs. The amount of electron-deficient platinum depends on the content
of pyridinic nitrogen, which in turn is known to be dependent on the total amount of nitrogen in
N-CNTs and N-CNFs [13]. The additional arguments in favor of this conclusion are the similar values
of Ey,(Pt4fy)) for the catalysts with low platinum content, 0.2%Pt/N-CNTs-pr, and 0.3%Pt/N-CNFs,
showing the high activity in the FA decomposition reaction (Figure 8).

Pt4f V2
0.2%Pt/5.5N-CNTs
x3
0.3%Pt/7.5N-CNFs
70 | 75 | 80

Binding energy, eV

Figure 8. Pt4f spectra of the 0.3%Pt/N-CNFs-pr and 0.2%Pt/N-CNTs-pr catalysts. For 0.3%Pt/N-CNFs-pr,
the data presented in [19] were used.
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Indeed, metal species with high binding energies, which are typical of electron-deficient metals or
single atoms stabilized by nitrogen sites, were observed in the case of N-CNMs with different structures
such as bamboo-like tubes [8,9,12], carbon nanofibers with a herring-bone structure [5], porous carbon
materials [6,7,45], or carbon nitride [10,46]. In the listed materials, nitrogen is present in all standard
states (graphitic, pyrrolic, and pyridinic), which makes possible the locally one-type interaction of
metals with nitrogen sites irrespective of their considerable structural differences. The authors of [8]
explained the formation of electron-deficient platinum by the interaction of platinum with the acceptor
defects containing pyridinic nitrogen and carbon vacancy. Such structural fragments of the graphene
layer of C3Ny, as shown in [10,46], also efficiently stabilizes the atomic palladium. This allows for
a conclusion that, irrespective of the structural features of various N-CNMs, these materials have
common properties concerning the interaction with metals; among them the formation of highly stable
(Figure 1c,d) electron-deficient metal nanoparticles, isolated ions, or single atoms via the interaction
with pyridinic nitrogen sites. The amount of these species depends on the content of pyridinic
nitrogen, which in turn is usually determined by the total amount of nitrogen in various N-CNMs [13].
These species poorly chemisorb CO, but are highly active in the selective hydrogenation of acetylene,
ammonia-borane hydrolysis, one-pot conversion of cellulose, and formic acid decomposition for
the production of pure hydrogen. Thus, the possibility of controlling the size and electronic state
of deposited metals makes a broad class of N-CNMs unique materials for the synthesis of efficient
supported catalysts for different purposes.

4. Conclusions

The nitrogen species in N-CNTs manifest themselves as efficient anchoring sites for both Pt
nanoparticles and single atoms, irrespective of the method used for Pt deposition (impregnation or
homogeneous precipitation). Nitrogen in N-CNTs favors the formation of electron-deficient platinum
in comparison with N-free carbon nanotubes. Moreover, it was shown that both the activity and
selectivity of ionic platinum in the decomposition of formic acid were considerably higher when
compared to Pt in the fully metallic state. The comparison of the results with those for Pt/N-CNFs and
with the literature data for other metals and nitrogen-doped carbon supports of different structures
allows us to conclude that the interaction between metal and nitrogen species has a general nature and
the electron deficiency of the metal as well as the catalytic properties are mainly dependent on the
concentration of pyridinic nitrogen.
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