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Abstract: Synthesis of Ni/C nanostructured composites based on a natural raw material, i.e., wheat
straw, is carried out in this work. The synthesis is performed by one- and two-stage methods using
NiCl, as the activating agent. The X-ray diffraction and EDS analyses reveal the presence of metallic
nickel in the structure of the composites, whereas magnetic measurements showed that nickel was
contained in the porous carbon matrix in the nanoparticle state. For nanocomposites synthesized
by the one-stage method, the largest contribution to the formation of the porous structure might
be attributed to pores with radii from 5 to 30 nm; for a nanocomposite synthesized in two stages,
the pore distribution function exhibits a narrow isolated peak with a maximum of around 2.6 nm.
Based on the obtained magnetic data, the coercive force, specific saturation magnetization and
nickel content in nanocomposites are calculated. For the measured values of the coercive force, the
average size of magnetic moment carriers is determined to be ~100 nm for the two-stage synthesis
nanocomposite and ~100 < 110 nm for the one-stage synthesis nanocomposites. The developed Ni/C
nanocomposites might be used as a cheap material for energy storage applications or as magnetically
controlled adsorbents.

Keywords: nanostructured composite; nickel chloride; porous structure; adsorption properties;
magnetic hysteresis

1. Introduction

The synthesis of nanosized metals, as well as their oxides and hydroxides, in different
highly porous matrices and the study of their physicochemical properties are important
issues in modern nanomaterials science. Since these nanostructured composites (NC)
possess unique catalytic, magnetic and electrode features, they outperform macroscopic
metal powders and their compounds in many aspects. The use of highly porous matrices
for the synthesis of such NC allows one to overcome two important problems in the use of
metal nanoparticles. Firstly, a highly developed surface of these particles makes them more
chemically active in comparison to macroscopic materials, which leads to their complete
or partial oxidation. Secondly, metal nano-powders undergo processes of spontaneous
agglomeration, which leads to the loss of some unique physicochemical properties and
complicates their further application. The composites which use transition metals, their
oxides or hydroxides as the active substances, are widely used as catalysts, devices for
recording and storing information, active materials for supercapacitor electrodes and
magnetically sensitive adsorbents [1-8].
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A relatively simple approach to obtain highly porous metal/carbon composites is
the method based on metal ions reduction from solutions of their salts in a carbon matrix.
The first important factor to take into account is the accessibility of the carbon material
surface for ions, as well as the chemical composition of the surface groups. For example,
it was shown in [9] that different surface groups had different effects on the reduction
of palladium. Therefore, by modifying the surface of the carbon matrix, for example, by
treating it with acids, it is possible to increase the reducing properties of the matrix for the
synthesis of NC metals [10,11]. However, this method is suitable mainly for noble metals.
For transition metals, more complex conditions are required: high temperatures, complex
solvents, the presence of excipients, for example, sodium acetate [12].

Another method traditionally used to produce carbon materials is pyrolysis. Encap-
sulated nanoparticles of metals and their alloys can be obtained using pyrolysis. In [13],
nanoparticles of NiFe solid solution, 10-20 nm in diameter, covered with a thin carbon
shell approximately 6 nm thick, were obtained by Na;Fe(CN)sNO and Ni(NOs), pyrolysis
on the surface of gamma-aluminum. The pyrolysis can be combined with detonation
technology, as demonstrated in [14]. To that end, the authors used a mixture of picric
acid (2,4,6-trinitrophenol) and ferrocene, which was placed in a closed vessel and heated
to 290 °C. At this temperature, the acid explosion occurred, which led to an increase in
pressure up to 40 MPa and temperature up to 1000 °C. Such conditions caused the de-
composition of ferrocene and formation of encapsulated 5-20 nm iron nanoparticles. The
carbon nanotubes with a diameter of 40-100 nm also formed in the process of detonation.
Their amount depended on the acid/ferrocene ratio.

Notwithstanding the significant advances in the synthesis of transition metals NC,
many scientists are looking for technologically simpler, cheaper and, most importantly,
environmentally friendly ways to obtain NC with high performance characteristics. To
achieve this goal, various natural materials [15,16], ready-made porous carbon materi-
als [17], metal foams [18] or polymer matrices [19] are used as substrates. It has been
established that the properties of the obtained NC largely depend on the properties of the
matrix used and the synthesis method; therefore, it is extremely important to study the
structure and properties of NC according to the conditions for their preparation.

Since natural materials are easily accessible, cheap and belong to renewable raw
materials, the aim of this work was the synthesis of Ni/C nanocomposite material from
wheat straw by different methods based on pyrolysis and the study of the structural,
adsorption and magnetic characteristics of synthesized composites.

2. Materials and Methods
2.1. Sample Preparation Techniques

Nickel chloride was used as an activator for the synthesis of Ni/C NC from natural
materials [16]. The synthesis was carried out in one stage by pyrolysis with steam-gas
activation. It was noted that nickel chloride not only provided the formation of magnetic
moment carriers in carbon, but also contributed to the development of carbon material
surface and reduction of the amount of impurities present in the initial raw materials.

However, the use of other activators in the synthesis of activated carbon is often
more effective using the two-stage synthesis method. This method is most commonly
used in KOH or NaOH activation [20,21] and consists in the preliminary carbonization
of the initial raw material at 300-500 °C; then, the char is mixed with alkali in a certain
proportion, placed in an oven and activated in an inert atmosphere at 600-1000 °C. As
the result, a highly porous activated carbon is obtained, which is both an effective sorbent
and active material of supercapacitor electrodes. In [22], the one- and two-stage synthesis
was performed using FeCls. It was shown that, as a result of both types of synthesis, Fe/C
NC was obtained, in which iron ions were in the state of FesO4 magnetite. However, the
two-stage synthesis gives a significantly larger specific surface area and smaller magnetite
nanoparticles compared to these parameters for the sample obtained by the one-stage
synthesis.
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Based on the results of [22], the synthesis of Ni/C NC was performed by the afore-
mentioned one- and two-stage methods using nickel chloride NiCl, (anhydrous, powder,
99.99% trace metals basis) as an activator. The wheat straw granules were used as the initial
raw material (cf. Figure 1).

Figure 1. Granules of wheat straw.

At the first stage, wheat straw granules were carbonized in an inert atmosphere (argon)
for 90 min at 400 °C. As the result, the weight of the obtained char was determined to be
~50% of the initial weight of the initial raw material.

Based on these data, the samples were prepared for further activation:

1. The initial wheat straw granules were poured over with an aqueous solution of NiCl,
with the salt/raw material ratio 1:10, as had been carried out successfully for other
natural precursors in the work [16] (sample NC1_10);

2. Since there is a loss of ~50% of the initial weight of the raw material in the process of
preliminary carbonization, the char of wheat straw granules was poured over with an
aqueous solution of NiCl, with the salt/char ratio 1:5, which in terms of weight of
the initial raw material would correspond to the same concentration as in the sample
NC1_10 (sample NC2);

3.  To compare the effect of a higher concentration of the activator (as in the sample NC2),
the initial granules of wheat straw were poured over with an aqueous solution of
NiCl, with the salt/raw material ratio 1:5 (sample NC1_5).

The materials prepared in this way were kept at room temperature for 48 h and then
dried at 110 °C until a constant weight. NC was synthesized at 700 °C and kept at this
temperature for 90 min with additional steam-gas activation, which was provided by the
supply of water aerosol in argon atmosphere from an ultrasonic aerosol generator to the
reactor during carbonization. The gaseous by-products were withdrawn out of the reactor
with Ar flow through a hydro-seal. The argon overpressure in the reactor was kept at the
level of 1 kPa and the gas flow rate was in the range 2-10 1/min. As-obtained composites
were boiled in distilled water for 30 min in a flask with a reflux condenser. Then, they were
dried until the constant weight at 100 °C. For further experimental studies, the composites
were milled mechanically in a porcelain mortar.
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2.2. Methods of Experimental Study

The Phenom ProX scanning electron microscope from ThermoFisher Scientific, Waltham,
Mass., U.S. integrated with the EDS analysis system was used for obtaining images of
synthesized carbon.

The parameters of the porous structure of synthesized NC (specific surface area,
total pore volume, pore size distribution, average pore radius) were estimated using
isothermal processes of nitrogen adsorption/desorption at the boiling point (T = 77 K). The
Quantachrome NOVAtouch LX2 specific surface area and pore size automated analyzer
were used for this purpose. Before the measurements, the test samples were degassed in
vacuum at the temperature of 473 K for 16 h.

X-ray structural studies were carried out both for raw material and synthesized NC.
The X-ray diffraction patterns were obtained by means of the DRON-3 X-ray automated
diffractometer with CuKa-radiation (A = 1.5418 A) monochromatized by the reflection from
the (002) plane of a single crystal of pyrolytic graphite mounted on a diffracted beam. In
order to measure the X-ray diffraction patterns over a wide range of scattering angles, the
method availing of ray reflection from the sample surface was used. For this purpose, the
powder samples were placed in cuvettes made of organic glass, 2 mm deep. In order to fix
the samples, a layer of Vaseline oil was applied to the cuvette bottom and the surface was
leveled with a glass slide. The diffraction patterns were recorded in the mode of continuous
movement of the detector with an angular velocity of 2 deg/min. The method of research
of powder samples is described in detail in the monograph [23].

The method of ray transmission through the sample was used to determine the
small-angle X-ray scattering (SAXS) spectra. The SAXS spectra were measured using a
DRON-3 automated diffractometer equipped with three-slit collimators of primary and
scattered radiation. To monochromatize the scattered CuKa-radiation, a flat single crystal
of pyrolytic graphite mounted on a diffracted beam was used. The powder samples were
placed in a cuvette 1.5 mm thick, whose inlet and outlet windows were sealed with a
polyethylene film 50 um thick. The scattering at the film could be neglected due to the
very low absorption capacity of the material. The correction for background scattering
and collimation correction for the height of the detector receiving slit were made in the
scattering intensity curves.

Magnetic parameters (hysteresis loop, saturation magnetization, coercive force) were
measured using a vibrating sample magnetometer at 73 Hz frequency and at room temper-
ature. Pure non-porous nickel was used as reference for calibration. The specific saturation
magnetization was measured at the magnetic field strength equal to 800 kA/m. The
description of the equipment and measurement techniques are discussed in detail in [16].

3. Results and Discussion

The diffraction pattern of the original sample is presented in Figure 2. The analysis of
phase composition revealed that the dominant phase in the original sample is cellulose i.e.,
a linear polysaccharide whose molecular composition is (C¢H19Os)n [24]. The diffraction
pattern of the sample shows a number of diffraction maxima characteristic of this phase,
in particular maxima with angular position 20 ~ 16.1° (d & 5.5 A), 20 ~ 22.3° (d ~ 4.0 A),
20 ~28.9° (d ~ 3.1 A), 20 ~34.7° (d ~ 2.6 A). Apart from maxima related to the crystalline
phase, the diffraction pattern reveals broad diffuse maxima corresponding to scattering
by the regions exhibiting amorphous structure. They are located close to the scattering
angles 26 ~ 19.1° and 20 ~ 43.6°. Therefore, the structure of the original sample has both
amorphous and crystalline features. In order to determine the crystallinity level of the
cellulose, the Ruland—-Wonka method was used [25]. This approach relies on a comparison
of the total integral scattering intensity (with background contribution removed) to the
full integral scattering intensity of the amorphous phase. A measure for comparison is
the ratio = /I,, where I, stands for the total integral scattering intensity with removed
background contribution and I is the total integral scattering intensity for the amorphous
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phase. In order to remove the background scattering contribution, the DHN_ADS software
was used.
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Figure 2. X-ray diffraction pattern of the raw material.

Figure 3 depicts the diffraction pattern of the input raw material in the form of a
superposition of diffraction maxima from the crystalline and the amorphous phases. For the
analytical description of the profiles, the Lorenz function was used. The presented approach
allows one to determine the angular positions, half-widths and integral intensities of the
maxima. From the computations, the values of the crystallinity degree were determined as
=37.2%. Moreover, the size of the coherent scattering region for the crystalline component
of the sample was estimated from the half-width of the most distinctive maximum of
the crystalline phase (20 ~ 22.3°) from the Debye-Scherer formula L = A/(Bcos®),
where A = 1.5418 A and B is the half-width of the maximum. From the computations, it
follows that L ~ 4.2 £ 0.4 nm, which indicates that the nanocrystalline structure is being

developed.
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Figure 3. Profile analysis of the diffraction pattern of the raw material.
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The obtained SEM images are shown in Figure 4. As it can be seen from this figure,
the synthesized nanocomposites mimic the shape of particles of the initial raw material,
regardless of the synthesis method. In addition, the synthesis methods used preserve the
developed macro-porous structure of wheat straw. The macropores certainly have a small
area (up to 2 m?/g), yet they are good transport pores for ions and small molecules, for
example, in the case of using synthesized composites as adsorbents or catalysts.

Al ie

Figure 4. SEM images of synthesized NC together with data of EDS analysis of the basic substance:
(a) NC1_10; (b) NC1_5; (c) NC2.
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In addition, the EDS analysis data presented in Figure 4 show the presence of Ni
ions in the basic substance. This confirms the fact that nickel entered the structure of
the synthesized nanocomposite and was not washed out upon washing of the samples
before the test. In addition, in NC1_10 and NC1_5 nanocomposites, nickel content is more
concentrated than in NC2. This may indicate a better insertion of nickel into the initial
natural raw material compared with a pre-carbonized material.

In the X-ray diffraction patterns of synthesized NC samples (Figure 5), apart from dif-
fuse peaks of the disordered carbon phase, there are a number of distinct peaks (111), (200),
(220), (311), and (222) of polycrystalline nickel, the presence of which causes ferromagnetic
properties of the samples.

1000 b4 1
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= 400} Q o
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200 | l m
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Figure 5. X-ray diffraction patterns of NC1_10 (1), NC1_5 (2), NC2 (3) samples.

For a more detailed analysis of the disordered structure of carbon phase, Figure 6
shows the diffuse peaks of synthesized NC in the form of a superposition of two Gaus-
sian peaks. A characteristic feature of patterns is the presence at small scattering angles
(26 ~ 11°) of the so-called pre-peak in the main peak, the position of which corresponds
to the diffraction angles 20 ~ 22.0-22.5°. The parameters of peaks (angular positions 20,
interplanar distances d, half width at half maximum FWHM, relative integrated intensity
I/1,) are presented in Table 1.

The occurrence of an additional peak (pre-peak) on the left side of the main peak may
indicate the formation of a cluster structure of the carbon phase. The effects of this type are
often observed in the diffraction patterns of amorphous metal alloys of the AI-TM-RZM
system (TM—a transition element, RZM—a rare-earth element) [26,27]. The chemically
ordered clusters with a predominant interaction of AI-RZM atoms are formed in these
alloys. It is possible that, in the studied materials, along with the short-range atomic order,
the so-called intermediate order is observed, caused by the correlation in the arrangement
of carbon atoms at distances significantly exceeding the typical interatomic distances. As
seen in Table 1, the angular position of the pre-peak corresponds to the interplanar distance
approximately twice as great as the corresponding value for the main peak dprep. ~ 2d,.
The dprep value can be considered as a characteristic spatial scale of the intermediate order.
Thus, if the main peak occurs due to the interference of scattered X-rays by atoms inside
the cluster, then the occurrence of a pre-peak indicates the effect of inter-cluster scattering.

The position of the main peak in all the samples corresponds to the distance between
the graphene layers in the range d, ~ 0.38-0.400 nm. As it can be seen, the interlayer
distances are much greater than the distances between the layers in polycrystalline graphite
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(d(oo2) =~ 0.335 nm), which is the evidence of a disordered structure of the samples. The
correlation distance, which corresponds to the characteristic size of carbon clusters (L), can
be estimated by the half-width of the additional maximum. As seen in Table 1, in a number
of samples NC1_10—+NC1_5—NC2, an increase in the size of clusters from 1.3 to 2.2 nm is
observed, which can be explained as an increase in the degree of their atomic ordering. On
the other hand, there is a decrease in the pre-peak contribution to the integrated intensity
of the diffuse peak, which may be associated with a decrease in the volume fraction of
cluster structural units.
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Figure 6. Cont.
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Figure 6. Analysis of the diffuse peak profile of the carbon phase in NC1_10 (a); NC1_5 (b); NC2
(c) samples.

Table 1. Parameters of carbon phase peaks in synthesized nanocomposites.

Sample 20,° d, nm FWHM, ° I/1, L., nm
9.70 0.910 74 19.2
NC1_10 22.80 0.390 13.2 100.0 13
10.45 0.850 49 7.3
NCL5 22.45 0.400 13.1 100 20
14.00 0.630 4.6 9.6
NC2 23.50 0.380 114 100 2.2

The analysis of X-ray diffraction patterns indicated the presence of metallic nickel in
the structure of all samples.

The mechanism of metallic Ni formation is most likely the same as that of metallic
Fe [28]: at high temperatures, nickel is reduced to zero valence by carbon. The parameters
of the unit cells of Ni phase in different samples were calculated by the angular positions
of Ni lines (Table 2). A clear tendency to an increase in the Ni cell parameter in a number
of samples NC1_10—+NC1_5— NC2 (Table 3) was observed. The calculation of average
grain sizes and relative micro-deformation of Ni crystal lattice by half-widths of (111) and
(222) Ni lines was performed using the Laue method. The obtained results revealed an
increase in the grain size and a decrease in the relative deformation of the lattice during
the transition from the sample NC1_10 to NC2.

Figure 7 shows the dependence of the intensity of scattering by the samples on
the wave vector modulus after the collimation correction for the height of the detector
receiving slit, made on the basis of the SAXS patterns. All scattering intensity curves I(s)
are presented in double logarithmic scales. As seen in Figure 5, in the range of wave
vectors s < sg (5o & 0.55 nm~!), the small-angle patterns of samples NC1_10 and NC1_5
almost coincide and are characterized by a higher scattering intensity compared with the
NC2 sample. At the same time, the NC2 sample is characterized by a significantly higher
scattering intensity in the range of values s > s(. This result can be explained by an increase
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in the relative fraction of electron density inhomogeneities (pores), a typical size of which

is less than L = 27t/sy ~ 11.5 nm.

Table 2. Analysis of diffraction patterns of polycrystalline Ni in synthesized nanocomposites.

Sample d,A 20,° I/T, FWHM, ° hkl
2.0268 44.709 100.0 0.721 111

1.7557 52.089 47.4 0.744 200

NC1_10 1.2437 76.603 26.1 0.751 220
1.0613 93.155 24.8 0.732 311

1.0158 98.725 8.5 0.799 222

2.0319 44.591 100.0 0.503 111

1.7595 51.968 423 0.600 200

NC1_5 1.2455 76.477 20.3 0.635 220
1.0627 92.999 15.9 0.701 311

1.0176 98.499 5.0 0.759 222

2.0244 44.764 100.0 0.595 111

1.7559 52.082 48.8 0.597 200

NC2 1.2446 76.537 30.7 0.612 220
1.0621 93.069 35.3 0.650 311

1.0172 98.540 10.9 0.704 222

d-interplanar distance (A), 26-diffraction angle, I/Io-relative intensity of peaks, FWHM-full width at half

maximum.

Table 3. Microstructural parameters of polycrystalline Ni phase.

o

Sample a, A L, nm g, %
NC1_10 3.5237 4+ 0.0008 455+ 34 0.017
NC1_5 3.5369 + 0.0007 64.8 +4.8 0.013

NC2 3.5295 + 0.0006 157.1 £ 11.7 0.004

a-unit cell parameter (A), L-average grain size, e-relative lattice deformation.

10°

Intensity, a.u.

10° F

10°

103 P T T | L L L L P S T T |
0.1 1

s, nm

Figure 7. Curves of intensity of X-ray scattering by samples NC1_10 (1), NC1_5 (2), NC2 (3) after

collimation correction for the height of the detector receiving slit.
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The distribution functions of effective pore radii were calculated by an integral equa-
tion using an indirect Fourier transform, which integrates the scattering intensity with the
pore distribution function in a polydisperse system of spherical particles:

16) = [ io(sR) - m(r) - Dy(R)aR 1)

where I(s) is the scattering intensity, i, (sR) is the form factor of scattering by a polydisperse
spheres system, D, (R) = 71R® - N(R) is the volume function of pore distribution, and N(R)
is the number of pores with effective radius R.

The functions Dy (R) were calculated using the GNOM software package. The average
pore radius was determined by the formula:

Z}Is]:l Dk
Yil1 (Dr/Rid)

where N is the number of experimental points of the curve D, (R).

Our qualitative analysis of SAXS patterns is confirmed by the calculation of volume
functions of the effective pore radii distribution (Figure 8). As can be seen, samples NC1_10
and NC1_5 are characterized by a wide distribution of pore radii in the range up to 50 nm.
The largest volume contribution to the formation of the porous structure is observed from
pores the radii of which are in the range from 5 to 30 nm. At the same time, a significantly
different volume distribution of pores is observed for the NC2 sample. The distribution
function Dy(R) of the NC2 sample contains a narrow isolated peak with a maximum of
~2.6 nm. Thus, the pores R ~ 2.6 nm make the main contribution to the formation of the
porous structure of NC2 sample. The height of the peak D,(R) of NC2 sample shows a
more than two-fold increase in the concentration of micropores compared with NC1_10
and NC1_5 samples. At the same time, the concentration of mesopores with radii from 5 to
50 nm is approximately twice as low. As a result, a decrease in the average pore radius is
observed in a number of samples NC1_10—+NC1_5—NC2 from R. = 7.5 nm to R, = 3.7 nm
(Table 4).

Rgs = [ } ’ )

0.08
9
7 1
2
0.06 - 3
¢ o
o
~ 0.04
>
(@]
0.02
0.00

R, nm

Figure 8. Volume functions of pore distribution in samples NC1_10 (1), NC1_5 (2), NC2 (3).
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Table 4. Parameters of porous structure of synthesized nanocomposites by the SAXS method.

Sample R, nm Qyp, 10° nm—3 Kp, 10* nm—4 Sp, m?/g

NC1_10 7.5 168.7 143 267

NC1.5 6.9 185.3 1.72 291
NC 2 3.7 107.7 1.87 544

Another important characteristic of a porous structure is the specific surface area and
pore volume. To calculate the specific surface area, the asymptotic behavior of scattering
intensity was used, since the relation known as the Porod’s law is satisfied for s — oo [29]:

K
I(s) =+ ©

where I, is a constant value characterizing the contribution of atomic scattering to the
small-angle scattering intensity, and the Porod constant K}, is proportional to the total pore
surface area [29]. The calculation of the parameters I, and K} is performed by creating
dependency graphs s*I(s) = f(s*). Then, having selected the linear sections on the graphs
when s — o0, I, and K, parameters can be determined using the least squares method.
Having determined the Porod constant, the Porod invariant can be calculated:

Smax K
Q, :/ s21(s)ds + —F-, )
0 Smax

where Smax is the maximum value of the wave vector. The specific surface area of pores is

calculated by the formula:
S Kp
Sp=—=nw ,
m omQp

®)
wherew =1 — % is the pore volume fraction, p,, is the real density, and py is the structural
density. '

Table 4 presents the obtained results of calculating the integral invariants of the
scattering curves for the studied NC. As seen in Table 4, a decrease in the integral intensity
(the Porod invariant Q) is observed in NC2 sample, which can be explained by a decrease
in the fraction of large inhomogeneities (mesopores). However, the total area of pores
increases, as indicated by the value of the Porod constant Kp. As a result, almost a two-fold
increase in the specific surface area of pores is observed in the NC2 sample compared with
other synthesized NC.

The peculiarity of the small-angle X-ray scattering method described above is that it
is sensitive to both closed and open pores. However, the presence of closed pores in the
nanocomposite makes it unsuitable for use as an adsorbent or catalyst. In this case, it is
important to study other adsorption methods that would provide information about open
pores. One of the simple and reliable methods is the method of adsorption/desorption
of gases, such as nitrogen. The gas molecules will interact only with the surface of the
porous material accessible to them, and this will give information about the presence and
distribution by the size of open pores in it.

At the first stage of this study, adsorption/desorption isotherms are obtained, which
are shown for the synthesized biocarbon nanocomposites in Figure 9. All isotherms can be
classified by the isotherm shapes as type I according to the IUPAC classification, which
are typical of microporous solids. All isotherms are characterized by the discrepancy of
adsorption and desorption branches, especially in the area of low relative pressure. Such
isotherm behavior is called low pressure hysteresis, and it can be caused, according to [30],
by:

1. Irreversible retention of gas molecules in pores, the size of which is close to the size of
these molecules;
2.  Irreversible chemical adsorbate/adsorbent interaction;
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3. Swelling of the spatial high molecular scaffold of adsorbent.
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Figure 9. Isotherms of nitrogen adsorption at 77 K by synthesized nanocomposites, 1—NC1_10;
2—NC1_5; 3—NC2.

In our case, the most likely cause may be the first one.

To calculate the parameters of synthesized NC, the obtained isotherms were analyzed
using the Quantachrome TouchWin program. In particular, to determine the specific
surface area, the multipoint BET method [30] was applied, using the experimental data
approximation by a straight line in the range of the relative pressure P/Py = 0.05 + 0.35, cf.
Figure 9. The coefficient of correlation with the model was 0.996 for all nanocomposites. As
the result of calculations, the values of specific surface area and pore volume were obtained,
as presented in Table 5. The obtained values of the specific surface area for samples NC1_10
and NC1_5 are slightly smaller than the values calculated by SAXS patterns. This difference
is significantly bigger for the NC2 sample. These facts indicate that a significant part of
the porous space of the samples NC1_10 and NC1_5 is open and accessible to adsorbed
molecules, which is not the case for NC2 nanocomposite.

Table 5. Parameters of the porous structure of synthesized nanocomposites according to nitrogen
adsorption/desorption data.

Multipoint BET Method DFT Method
Sample —
S, mZ/g V, cm3/g r, nm Sm, m2/g Vi, cm3/g
NC1_10 224.5 0.148 1.32 187.8 0.128
NC1_5 218.8 0.145 1.33 184.3 0.127
NC2 296.7 0.167 1.16 329.2 0.146

The nature of adsorption isotherm behavior shows a significant effect of micropores
in the studied nanocomposites. This allows using the density functional theory (DFT)
method for modelling, which is based on quantum mechanical calculations with the use
of fundamental molecular parameters characterizing gas—gas and gas—solid interactions
in the adsorption system. We have chosen a model of slit-like pores with perfectly flat
graphene walls [31]. The results of calculating the pore distribution are shown in Figure 10,
and the specific surface area and volume of micropores are presented in Table 5. The
behavior of curves in Figure 10 completely follows the behavior of the curves calculated on
the basis of SAXS patterns (Figure 8), only with a shift to the area of micropores, because
the DFT method gives the best results precisely for this part of the porous structure of
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samples. Thus, the nickel chloride activator promotes the development of the carbonaceous
materials’ surface, especially by the two-stage synthesis. The activation efficiency is not as
significant as with FeCl; [32], but the activation mechanisms are probably similar.
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Figure 10. Distribution of pores in synthesized nanocomposites according to DFT model, 1—NC1_10;
2—NC1_5; 3—NC2.

Hysteresis loops of the synthesized Ni/C nanocomposites are shown in Figure 11,
and the values of coercive force (H.), specific saturation magnetization (c;), and relative
residual magnetization (¢, /0s) are given in Table 6. Table 6 shows that the values of the
specific saturation magnetization of composites NC1_10 and NC1_5 significantly exceed
the magnetization of previously synthesized Fe/C composites [22], where the carrier of the
magnetic moment was Fe3Oy4 oxide. Slightly lower and close to the values of Fe/C is the
value of the specific saturation magnetization of the nanocomposite NC2. However, the
previously given values of the specific saturation magnetization are sufficient, for example,
for the use of composites as magnetically controlled adsorbents.

8
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Figure 11. Hysteresis loops of the magnetic moment of composites: 1—NC1_10; 2—NC1_5; 3—NC2.
In insets: range of small values of the magnetic field strength.
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Table 6. Magnetic properties of synthesized nanocomposites.

Ni Content with Respect to

s, H,, Ni Content, .
Sample Am?kgl kA-m-1 oo Mass % that. I'ncorporated 11.1to the
Initial Raw Material, %
NC1_10 48 3.5 0.14 9 90
NC1.5 7.0 4.0 0.12 13 72
NC2 2.9 4.0 0.06 5.4 30

On the basis of the dependence coercive field vs. size of nickel nanoparticles at
room temperature [33], the size of nickel particles in the synthesized composites was
estimated to be ~110 nm for NC1_10 and ~100 nm for NC1_5 and NC2. The particles are
obviously multidomain, since these values exceed the critical diameter of the transition to
the single-domain state of Ni nanoparticles at T = 300 K, which according to [34] is 85 nm.

Based on the experimental data of the specific saturation magnetization, the content
of Ni nanoparticles in the synthesized composites was calculated (Table 6). The values
of the specific saturation magnetization for a bulk sample were used in the calculations,
since significant values of the magnetization decrease according to the data [35] were
observed for d < 100 nm Ni particles. It was found that, for the NC1_10 sample, at a low
concentration of the activator, almost all nickel was incorporated into the structure of the
synthesized nanocomposite (Table 6). With a twofold increase in the activator concentration
(sample NC1_5), the efficiency of nickel incorporation into the nanocomposite decreased
and constituted 72% of its amount in the initial activation solution. The amount of nickel
incorporated in NC2 sample was even smaller, only 30%. This means that the efficiency of
incorporating nickel into pre-carbonized wheat straw is much lower than into the initial
raw material.

4. Conclusions

The research has confirmed a fundamental possibility to synthesize Ni/C nanostruc-
tured composites by different pyrolysis methods with the use of steam—gas activation based
on biocarbon materials, in particular wheat straw.

The present paper contributes to a better understanding of synthesis route for Ni/C
nanostructured composites obtained from an easily accessible raw material, i.e., wheat
straw. These materials may be useful e.g., for application in supercapacitor design or
as magnetically controlled adsorbents. The present paper illustrates the fundamental
morphological differences for composites synthesized in one and two-stage methods.
The use of the one-stage synthesis method results in a nanocomposite with a wide pore
distribution and a higher saturation magnetization compared with the nanocomposite
synthesized by the two-stage method.

In the future, we plan to conduct research focused on determination of the optimal
ratio of raw material-activator to obtain carbon nanocomposites with a controlled porous
structure or the content of Nickel nanoparticles of specified sizes. Of course, it will be
possible to use new methods of activation or a combination of already used types of
activators. It is important to stress that different types of bioorganic waste may be used as
raw input material. Therefore, our research may contribute to sustainable and eco-friendly
use of natural resources.
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