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EFFECT OF STRUCTURE AND SURFACE STATE
OF NITROGEN DOPED CARBON NANOTUBES
ON THEIR FUNCTIONAL AND CATALYTIC PROPERTIES

O. Yu. Podyacheva'?*, A. N. Suboch?,
S. A. Yashnik'?, A. V. Salnikov'?,

S. V. Cherepanovaz, L. S. Kibis?,
G.Yu. Simenyukl, A. 1 Romanenko3,
and Z. R. Ismagilov'?

A comprehensive study of nitrogen doped carbon nanotubes (N-CNTs) with nitrogen content varying from
0 at.% to 7.3 at.% is reported. A correlation is revealed between the content of pyridine-like nitrogen and
the defectivity of the N-CNT bamboo-like structure. A model of graphene layer with defects containing
ordered carbon vacancies and pyridine nitrogen is proposed. The model is based on a combination of
experimental data obtained by powder X-ray diffraction, X-ray photoelectron spectroscopy, Raman
spectroscopy, scanning electron microscopy and simulation of the N-CNT structure by the use of g-C;Ny
structural elements. It is shown that more than a two-fold increase of the N-CNT specific capacity in acidic
and alkaline electrolytes compared to that of undoped carbon nanotubes is due to the fact that N-CNTs
posses significantly better hydrophilic properties due to the defects based on pyridine-like nitrogen centers.
The N-CNT efficiency as a catalyst and a palladium catalyst support in the reaction of oxidative

desulfurization of dibenzothiophene is demonstrated.
DOI: 10.1134/S0022476621050139

Keywords: carbon nanotubes, doping, nitrogen, structure, defects, specific capacity, catalysts, oxidative

desulfurization of dibenzothiophene.

INTRODUCTION

Nitrogen doped carbon nanomaterials (N-CNMs) are currently a subject of rapidly developing research. To date,
almost all known nitrogen-containing carbon materials have been successfully synthesized (nanotubes, nanofibers, graphene,
various types of porous carbon, nano-onions, spheres, etc.) [1]. Such materials are promising for the use as electrodes of
electrochemical devices, adsorbents, catalysts and catalyst supports in various reactions and in electrocatalysis; extensive data
are obtained on N—-CNM activity in the reactions of oxidation, dehydrogenation, hydrochlorination, aldehyde and ketone
condensation, etc. [2]. In turn, metals supported on these materials exhibit higher activity in reactions of selective
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hydrogenation, dehydrogenation, oxidation, etc., than metals supported on undoped analogs [3]. Recently, the interest to these
objects has increased significantly due to the reported data on the possibility of the preparation of metal catalysts with atomic
dispersion by the use of N-CNMs. Two scenarios are possible: the catalyst contains simultaneously nanoparticles and isolated
atoms [4] or the catalyst consists of isolated atoms only [5].

The electronic structure of carbon nanomaterials changes as a result of nitrogen doping so that electron transfer in
the system may be facilitated or its electron density may undergo local changes [2]. The incorporation of nitrogen into the
carbon structure is accompanied by the formation of positive and negative charges on the surface to affect adsorption of
reagents and stabilization of supported metals [6]. Also, various structural defects formed in N-CNM graphene layers
decrease the size of defect-free graphene blocks [7, 8]. All the above phenomena should determine functional properties of
N—CNMs in various applications.

In this work, a comprehensive study of nitrogen doped carbon nanotubes (N—CNTs) is performed to determine how
their structure and surface composition affect functional properties of N—-CNTs when used as supercapacitor electrodes,

catalysts, and palladium catalyst supports in the reaction of oxidative desulfurization of dibenzothiophene.
EXPERIMENTAL

The CNTs and N-CNTs were prepared by decomposing C,H4 or C,H4/NH; ([NH3] = 25 vol.%, 40 vol.%, 60 vol.%,
and 75 vol.%) on catalyst 62%Fe—8%Ni—30%Al1,05 at 650-750 °C in a flow-type reactor with a vibro-fluidized catalyst bed.
The resulting CNTs and N-CNTs were washed from the growth catalyst in concentrated hydrochloric acid at room
temperature and by boiling in 2M HCI for 6 h. Then the samples were washed from chlorine ions by repeated boiling in
distilled water until no positive control was registered after adding AgNOj; to the rinsing water. The washed samples were
dried in Ar at 170 °C for 2 h. The texture characteristics of CNTs and N-CNTs (Sgg, m?/ g) were studied by low-temperature
nitrogen adsorption at 77 K on an ASAP 2400 analyzer (Micrometrics, USA).

Palladium (2 wt.%) was deposited on CNTs and 7.3%N-CNT by incipient wetness impregnation using palladium
acetate as the palladium precursor. The samples were reduced in 15%H,/Ar at 200 °C for 1 h [9].

The X-ray photoelectron spectroscopy (XPS) studies were carried out on ES-300 (KRATOS Analytical) and VG
ESCALAB HP photoelectron spectrometers with AlK,, radiation. Palladium dispersion in the catalysts was determined by
a JEM-2200FS transmission microscope with a resolution of 1 A.

The CNT and N-CNT diffraction patterns were recorded on a D8 diffractometer (Bruker, Germany) with Cuk,
radiation. The sample was placed in a special monocrystalline silicon cuvette cut along the 911 face giving no reflections.
The calculated diffraction patterns [10] were obtained using an original model of turbostratically disordered crystals. The
model was built as a sequence of a finite number of 2D-periodic layers of graphene and carbon nitride g-C;N4 [11]. The
disordering was modeled by statistical substitution of graphene layers with g-CsNy layers in 3:1, 1:1, 1:3 ratios, and
turbostratic disorder was introduced as random deviations of all layers from their equilibrium positions.

The Raman spectra were recorded on a HORIBA LabRAM HR800 spectrometer equipped with a laser operating at
a wavelength of 632.8 nm.

The electrical conductivity of CNTs and N-CNTs at room temperature (G931, S/cm) was determined by the
standard four-point method.

The water absorption capacity of CNTs and N—-CNTs was measured by the gravimetric method. The electrochemical
properties of carbon materials were studied by cyclic voltammetry using a symmetrical two-electrode cell and two
electrolytes (6M KOH or 1M H,SOy,).

The catalytic activity of CNTs, N-CNTs, 2%Pd/CNTs, and 2%Pd/N-CNTs in the reaction of oxidative
desulfurization of dibenzothiophene (DBT) was measured in a periodic thermostated capacitive quartz reactor. A 25 mg
sample with the addition of 20 mL of model fuel (99.5 wt.% C,¢H34 + 0.5 wt.% DBT) was placed in the reactor and heated to

150 °C in a 15 L/h oxygen flow. The reaction time was 6 h. The oxidized fuel was analyzed for total sulfur content on an
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ASE-2 energy-dispersive X-ray sulfur analyzer, and the composition of hydrocarbon products was determined on an Agilent
6890N chromatography mass spectrometer.

RESULTS AND DISCUSSION

Physiochemical properties of N-CNTs. The CNTs and N-CNTs were compared by XPS. Fig. 1 shows C1 s and O
Ls spectra of CNTs and 7.3%N-CNTs with the maximum nitrogen doping. The C 1s CNT spectrum has a peak at 284.4 eV.
This binding energy is characteristic of sp® hybridized carbon structures [12]. In the 7.3%N—-CNT sample, the C 1s peak is
shifted by 0.3 eV towards higher binding energies, while the spectrum is broadened in the region of binding energies around
285 eV. A similar change of the C 1s spectrum was observed when nitrogen is incorporated into the carbon structure [13-15].
Note however that spectrum broadening above 285 eV may be also due to the presence of various oxygen-containing groups
[13]. Indeed, the O 1s spectra of CNTs and N-CNTs exhibit a similar set of peaks with binding energies 530.5 eV, 532.1 eV,
533.4 eV, and 535 eV which can be assigned to quinone, carbonyl, phenolic (or carboxyl), and hydroxyl groups, respectively

[16-19]. The peak at ~530.5 eV may also be partially related to the oxidized state of iron in the composition of the growth
catalyst of CNTs and N-CNTs [20].
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Fig. 1. C 1s and O 1s spectra of CNTs (/) and 7.3%N—-CNTs (2).
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Fig. 2. Nitrogen content in N-CNTs as a function
of ammonia concentration in the reaction mixture.

773



As can be seen in Fig. 2, using a reaction mixture of simple C,H,—NH; precursors with different component ratios
makes it possible to vary the nitrogen content in N-CNTs in the range from 0 at.% to ~7 at.% whereas the degree of doping
increases monotonically with ammonia concentration. This is a typical effect of N/C ratio on the nitrogen concentration in N—
CNTs. It was also described earlier by other authors when using ammonia and various nitrogen containing organic
compounds as the nitrogen source [21-23].

According to the XPS data, nitrogen in N-CNTs is typical of N-CNMs pyridine-like (Npy, ~398 €V), pyrrolic (Npy,
~400 eV), graphite-like (Ng, ~401 eV), oxidized (Nox, ~402 eV), and molecular (Nn,, ~405 eV) states [24]. Note that
graphite-like and pyridine-like forms are the predominant ones, but the N, content varies within in a narrow range (30-38%)
as the total nitrogen content increases, while the Np, content increases from 20% to 43% (Fig. 3). Therefore, varying the
reaction mixture composition yields N-CNTs characterized by different (~ 2 times) ratios of main nitrogen forms Np,/N(, and
different main forms. As is known, nitrogen incorporation into the pyridine-like position should be accompanied by the
formation of carbon vacancies to compensate the charge, i.e. the defectivity of the structure increases [25, 26].

Decomposition of pure ethylene leads mainly to the formation of multi-walled tubes with an average diameter of
8 nm (Fig. 4). In turn, graphene layers of N-CNTs with an average diameter of 15-17 nm begin to curve and internal arches
are formed. It is known that the incorporation of nitrogen into the graphene provokes the layer's curvature [27]. As a result,
N—CNTs with a maximum nitrogen content of 7.3 at.% are characterized by a pronounced bamboo-like structure. According
to the XPS data, relative contribution of Np, increases with increasing total nitrogen content. Therefore, it can be assumed
that the formation of such a structure is associated with pyridine-like nitrogen. Note that all N—-CNT samples exhibit some
inhomogeneity of the segment length and the number of layers in the arches, apparently, due to different nitrogen content in
distinct tubes [28].

In addition to typical reflections of turbostratically disordered graphite-like carbon materials at ~26° (002), ~43°
(100), and ~53° (004) [10, 29], the N—CNT diffraction patterns exhibit a superstructural reflection at ~12° (Fig. 5a). Note that
a similar reflection for N-CNTs was observed in [30], and the N-CNT diffraction pattern reported in [31] contained
a number of superstructural reflections characteristic of the hexagonal carbon nitride phase. Evidently, the appearance of the
superstructural reflection at ~12° is related to the nitrogen incorporation into the carbon structure, since no such reflection is
observed in the CNT diffraction pattern. The analysis of publications showed that the reflection at small angles is a structural
reflection for the layered carbon nitride phase g-C;N4 due to the formation of structural elements containing four ordered
carbon vacancies surrounded by pyridine-like nitrogens (Fig. 5b) [32]. The formation of such structural elements increases
the intralayer lattice parameter by a factor of 3 (up to 7 A).

We simulated the N—CNT structure using g-C;Ny structural elements. Mixing graphite and carbon nitride layers in

different ratios (1:3, 1:1, and 3:1) and introducing turbostratic disordering allowed obtaining diffraction patterns (Fig. 5b)
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Fig. 5. X-ray diffraction patterns of CNTs and N—CNTs (a); calculated diffraction patterns of g-C5Ny4 (), and
for the models of turbostratically disordered material consisting of graphene layers and g-C;N, layers in ratios
1:3(2), 1:1 (3), and 3:1 (4) (b). The inset shows a fragment of the g-C3N, layer [33].

similar to the experimental ones (Fig. 5a4). A good agreement between experimental and calculated diffraction patterns
suggests that the N-CNT layer contains fragments of the g-C;N, layer similar to the described ones resulting in an additional
peak at small diffraction angles.

A relationship between the N-CNT defectivity and nitrogen content is also confirmed by Raman spectroscopy data
showing a monotonic increase of the ratio of the integral intensity of the D and G bands with the degree of doping, while the
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Fig. 6. ID/IG (a) and 12D/ID (b) dependences according to Raman spectroscopy data and Np,/N(, dependence
according to XPS data (a) plotted as functions of nitrogen content in N-CNTs.

value of this ratio correlates with relative contribution of the pyridine-like nitrogen (Fig. 6). The decrease of the 2D/D ratio
also indicates that the size of the defect-free graphene blocks decreases as the nitrogen content in N—-CNTs increases [34, 35].

Thus, varying the component ratio in the mixture of simple precursors C,H,~NHj can be used to easily control the
nitrogen content in N-CNTs in the range from 0 at.% to 7.3 at.% and to obtain materials with different nitrogen ratios in
graphite-like and pyridine-like states. The increase of nitrogen content in N-CNTs is accompanied by increasing relative
contribution of pyridine-like nitrogen and, consequently, the carbon structure defectivity. The XRD data and the performed
simulation suggest that graphene layers of N-CNTs contain fragments similar to the structural elements of layer g-C;N,,
which contain ordered carbon vacancies surrounded by pyridine-like nitrogen. Therefore, the discovered structural features of
N-CNTs and the presence of nitrogen centers on the surface are expected to change the functional properties of N-CNTs in
various applications compared to those of undoped carbon nanotubes.

Capacitance properties of N—-CNTs. As is known, electrical energy in electrochemical supercapacitors is
accumulated due to the formation of a electric double-layer on the surface of electrodes (capacitance) and, additionally, due
to Faraday redox reactions proceeding on the electrode surfaces involving various surface groups (pseudocapacitance). In the
case of N-CNMs, redox reactions in acidic media can proceed with the participation of pyridine-like nitrogen centers
[36, 37]. Therefore, the comparative studies of electrochemical properties of CNTs and N—-CNTs were performed in alkaline
and acidic electrolytes (Fig.7). The Table 1 lists the obtained values of the total specific capacitance and the
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Fig. 7. Specific capacitance of N-CNTs (C) as a function of nitrogen content in various electrolytes with
a potential sweep rate of 10 mV/s (a) and electrical conductivity (o,93 k) and water absorption capacity (V) as
functions of nitrogen content and the Np,/N, ratio in N-CNTs (b).
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TABLE 1. Specific Surface of Samples; O, Np,, and Fe Contents According to XPS Data; Total Specific Capacitance and
Specific Pseudocapacitance at Potential Sweep Rates of 10 mV/s and 80 mV/s in an Acidic Electrolyte

Total specific capacitance, Specific pseudocapacitance,
SBET, O, Nbpy, Fe,
Sample m%/g at.% at."yA) at.% b b
10 mV/s 80 mV/s 10 mV/s 80 mV/s
CNTs 154 1.6 0 0.05 39.3 31.1 0 0
1.7%N-CNTs 155 1.5 0.4 0.10 49.7 40.5 5 4
3.1%N-CNTs 160 2.6 0.6 0.15 54.6 44.4 9 10
4.8%N-CNTs 157 3.7 1.2 0.30 61.2 53.2 14 10
7.3%N-CNTs 151 4.6 2.7 0.55 97.2 82.6 31 28

pseudocapacitance of synthesized materials. In both electrolytes, the total specific capacitance increases together with the
doping degree of carbon nanotubes (~2-2.5 times) and a typical [24, 37] capacitance decrease with increasing scanning rate
due to diffusion restrictions is observed.

The cyclic voltammetry curves have a shape typical of electric double-layer supercapacitors (Fig. 8). In the case of
acidic electrolyte, the N-CNT curves show additional symmetric peaks, referred to as Faraday peaks, appearing as a result of
redox reactions. Usually, the fact that the total specific capacitance of N-CNMs is higher than that of CNTs is related to
better conductive properties and electrolyte affinity of N-CNMs as well as to the appearance of pseudocapacitance due to
nitrogen centers.

Indeed, doping CNMs with nitrogen should increase their electrical conductivity due to the formation of
an additional donor state near the Fermi level in the case of graphite-like nitrogen or an additional acceptor state due to the
incorporation of nitrogen in pyridinic position resulted in the formation of a carbon vacancy [26]. At the same time, the
analysis of reported data shows that the electrical conductivity of N—-CNMs can increase [38] or decrease with increasing
nitrogen content because of the increased structure defectivity [8, 39]. According to the data shown in Fig. 7b, the electrical
conductivity of CNTs is 14.8 S/cm, while that of N-CNTs does not exceed 6.3 S/cm. The discovered decrease of the
conductivity of N-CNTs is related to their increased defectivity, i.e. the formation of fragments similar to g-C;Ny structural
elements in the graphene layer. In fact, we showed earlier using synchrotron-radiation XPS with variable analysis depth that
pyridine-like nitrogen is incorporated into external and internal graphene layers and into internal arches [40].

On the contrary, doping of CNTs with nitrogen significantly increases the tube's water absorption capacity. The
value of this parameter correlates well with the Np,/Ng ratio in N-CNTs and reaches ~6 cm’/g for 7.3%N-CNTs (Fig. 7b).
Such a high value suggests that the inner N-CNT channel is filled volumetrically despite multiple inner arches (Fig. 4).
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Fig. 8. Cyclic voltammetry curves for CNTs and N-CNTs in alkaline (a) and acidic (b) electrolytes at
a potential sweep rate of 80 mV/s.
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Apparently, the presence of large defects (ordered carbon vacancies surrounded by pyridine-like nitrogens) in graphene layers
improves the wettability of N-CNTs and makes the capillarity effect more pronounced [22, 41]. Thus, the size of the layer
fragment containing four ordered carbon vacancies is at least 5 A. Hence, improved hydrophilic properties of N-CNTs may
be one reason for the increase of the total specific capacitance of N-CNTs compared with that of CNTs in both electrolytes,
while different behaviors in alkaline and acidic electrolytes can be explained by the pseudocapacitance effect.

It is known that Faraday processes in acidic media may involve oxygen-containing surface groups [42], nitrogen
centers [37], and residual metals of growth catalysts [43]. Indeed, the content of these electrochemically active forms
increases together with nitrogen content in N-CNTs (see the Table 1). However, it is unlikely that O-groups and the growth
catalyst contribute to the pseudocapacitance of synthesized N-CNTs. According to XPS, the surfaces of CNTs and N-CNTs
contain identical acidic and basic O-groups (Fig. 2), and CNTs show no Faraday peaks in both electrolytes. In turn, according
to the XRD data, the initial CNT and N-CNT growth catalyst consists of alloy Ni.Fe, and spinel [Fe,(Al)],O4. The XRD
registered only phase Ni,Fe, after the CNT and N-CNT growth. Thus, since the main difference between N-CNTs and CNTs
is that the former contain nitrogen (pyridine-like) centers while the compositions of O-groups (according to XPS) and Fe
containing growth catalyst (according to XRD) are identical, the pseudocapacitance seems to be mainly caused by pyridine-
like centers. As can be seen from the Table 1, the pseudocapacitance contribution increases with increasing Np, content to
reach 30% for the 7.3%N—-CNT sample.

The maximum specific capacitance for 7.3%N—CNTs in an acidic electrolyte was 100 F/g, which is a high value
given low specific surface area of N-CNTs (~150 m?/g). Note that the obtained results are in good agreement with the data
reported for N-CNTs in various electrolytes [24, 44].

N-CNTs as a catalyst and a support for the Pd catalyst. Finally, we compared N-CNTs and CNTs as a catalyst
and a support of the palladium catalyst in the reaction of oxidative desulfurization of fuel. The choice of this reaction is due
to previously reported data on the catalytic activity of N—-CNMs in various oxidation reactions [45-48]. The reaction of
oxidative desulfurization of model fuel based on hexadecane with dissolved dibenzothiophene (DBT) has an important
application concerning the production of ultra-clean diesel fuels [49]. The main task is to choose the optimal catalyst to
remove S-containing sulfur compounds in “soft” conditions without oxidizing the Cs hydrocarbon fuel to oxygenates
(ketones, alcohols, organic acids) and deep oxidation products (carbon dioxide and water). The DBT oxidation can be
associated with the formation of selective hydrogenolysis products (e.g., biphenyl in the case of DBT) and deep oxidation

products (SO,, CO,, and H,0) via the intermediate stage of sulfoxide and/or sulfone formation (Scheme 1).

+0, 402 50, +12C0, +4H,0
OO0 = O
; A9
o o

Scheme 1. Oxidation of DBT.

As can be seen from Fig. 9, CNTs and 7.3%N—CNTs show significantly higher reactivity in DBT oxidation (60-80%
conversion) than in C;¢H3,4 oxidation (20-30% conversion), while DBT is oxidized mainly to sulfone. Undoped carbon tubes
show higher activity than N-CNTs, possibly due to a stronger adsorption of reagents on N-CNTs containing pyridine-like
nitrogen centers on the surface [50]. The decrease of electron transfer in N-CNTs compared to CNTs can be also responsible
for the conversion decrease, since the reaction rate on conducting carbon catalysts is facilitated by electron transfer between
adsorbed initial reagents, intermediate surface compounds, and final products [51, 52].

To increase the oxidation depth of DBT, palladium in the amount of 2 wt.% was deposited on the CNTs and
7.3%N—-CNTs. It was found that palladium indeed increases the DBT conversion. At the same time, the selectivity of deep
DBT conversion into SO,, CO,, and H,O and the C;¢H;4 conversion to oxygenates increase. Catalyst 2%Pd/7.3%N-CNTs
exhibited higher activity and selectivity in deep DBT oxidation than 2%Pd/CNTs, whereas the content of DBT-SO, (sulfone)
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2%Pd/7.3%N-CNTs in the oxidation reaction of the
99.5%C¢H34—0.5%DBT mixture at 150 °C.

and oxygenates were comparable. Again, the observed facts indicate a higher DBT adsorption on N—CNT nitrogen centers,
while high oxidizing ability of Pd-centers seems to promote rapid oxidation of adsorbed DBT and active site regeneration.

It was determined by dark-field microscopy and by XPS that 2%Pd/CNTs contain metallic palladium
(Ey (Pd 3ds;) =335.6 eV) in the form of nanoparticles with an average size of 2.6 nm). Catalyst 2%Pd/N—CNTs contains
nanoparticles of metallic palladium (£}, (Pd 3ds;) = 335.5 eV) with an average size of 1.6 nm and isolated palladium ions
(Ey, (Pd 3ds;,) = 337.7 eV) which are formed due to the anchoring on the defects based on pyridine-like nitrogen centers of N—
CNMs [4]. Apparently, these differences in palladium dispersion and electronic states explain different activity and
selectivity of catalysts in this reaction. It is known that interaction of metals with nitrogen centers of N—-CNMs affects their
catalytic properties in various reactions, including reactions of complete and selective oxidation [53-56]. The obtained results
demonstrate the sensitivity of CNTs/N—CNTs and supported palladium to the reaction of oxidative desulfurization and
suggest the need for further research.

CONCLUSIONS

We report a comprehensive study of the properties of bamboo-like N-CNTs prepared by decomposing a simple
ethylene-ammonia mixture on a Fe containing catalyst. It was shown that increasing the total nitrogen content in N-CNTs
increases the contribution of pyridine-like nitrogen, and fragments similar to g-C;N, structural elements are formed in
graphene layers, which leads to a decrease in the electrical conductivity of N-CNTs. On the contrary, the formation of such
defects significantly increases the N-CNT affinity to aqueous solutions to enhance their electrochemical activity in alkaline
and acidic electrolytes. The maximum specific capacitance of N-CNTs is ~100 F/g in the acidic electrolyte, while the
pseudocapacitance contribution, mainly due to pyridine-like nitrogen, reaches 30%. It was shown that the reaction of
oxidative desulfurization of fuels can be controlled using carbon nanomaterials with specific surface composition or by
adjusting the properties of palladium stabilized on defects with the participation of pyridine-like nitrogen.
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