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Abstract—A matrix of microcrystalline cellulose was used as a nanoreactor for the reduction of Ni(Il) ions

with hydrazine dihydrochloride.
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Numerous polymeric nanocomposites with preset
physicochemical properties [1], containing stabilized
metal (Ag, Cu, Ni, Pt, Pd, etc.) nanoparticles [2—7],
have been prepared by now. Nanoparticles of some
metals, e.g., Ni, impart fo polymeric nanocomposites
magnetic and catalytic properties [8]; however, the
preparation of Ni(0) nanoparticles is complicated
because Ni metal is readily oxidized [9].

Recently the interest in preparation of metal nano-
particles in ordered solid matrices (nanoreactors)
increased, because in these matrices, in contrast to
polymer solutions, significant aggregation of nano-
particles can be avoided [1]. Among promising nano-
reactors is cellulose, a natural polymer characterized
by a highly porous system of conjugated fibers. It has
a large specific surface area and is successfully used
as a solid matrix for intercalation of transition metal
(Ag, Pt, Pd, Cu) nanoparticles [10—12]. Papers on the
intercalation of Ni nanoparticles into natural polymers
(in particular, cellulose) are few [13, 14]. Ishiyama
et al. [13] reported on the preparation of 5-21-nm
particles of Ni and its oxide in a gel membrane of
cellulose acetate by thermal decomposition of the
membrane after the intercalation of Ni2* ions.

This paper continues our studies of the use of a
cellulose matrix as a nanoreactor for intercalation of
nanoparticles of zero-valent metals (in particular, Ni)
and their oxides [15]. Nanocomposites based on cellu-

lose and nickel can be used in catalysis and also as
magnetic and conducting materials.

EXPERIMENTAL

Cellulose samples containing nanoparticles of Ni(0)
or its oxides were prepared by diffusion of Ni2* ions
into a cellulose matrix from a solution of nickel ni-
trate Ni(NO3), - 6H,0, followed by reduction of NiZ*.
As a matrix we used microcrystalline cellulose (MCC)
prepared by acid hydrolysis according to [10]; it was a
powder with the particle size less than 0.06 mm and
moisture content not exceeding 1 wt %. As a reductant
for Ni>* we used hydrazine dihydrochloride NoHy-
2HCI (Reaktiv Joint-Stock Company, St. Petersburg).
It is known that nickel ions are reduced with N,H,-
2HCI only in alkaline solutions containing complex-
ing anions at a large excess of the reductant and ele-
vated temperatures [16].

A 1-g sample of MCC was vigorously stirred with
20 ml of a 0.05 or 0.1 M citrate solution of nickel
nitrate for 1 h; the diffusion temperature was varied
from 20 to 95°C. The C,,(C¢H5037)/C,,,(Ni%*) ratio
was 1 : 1. Citrate ions served as ligands for Ni%* ions,
preventing the precipitation of nickel hydroxide in
a strongly alkaline medium; also, being sorbed on the
forming metal particles and imparting to them a nega-
tive charge, they prevented the particle aggregation.
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Nickel content in the bulk and on the surface of MCC-Ni samples and crystallite size of Ni and MCC

Sample | Temperature of Ni2* Ni content, wt % Crystallite size (XPA), nm
no- diffusion, °C in the bulk (elemental analysis) |on the surface (XPES) MCC Ni(0)
1 20 6.9 31.5 7.5+0.3 10.8+1.0
2 70 7.4 17.4 7.5+0.3 123£1.0
3 95 10.0 18.7 7.44+0.3 13.5+£1.0

To a suspension obtained after the diffusion of Ni2+,
we added with vigorous stirring a solution prepared
by dissolving a weighed portion of N,H,-2HCI in
20 ml of 3 M NaOH. The N,H,-2HCI concentration
in this solution was varied from 0.5 to 4 M, so that
the molar ratio Cm(N2H4-2HCl)/(Cm(N12+) (MR) was
varied from 5 to 40. The reduction was performed at
95°C for 0.5-2 h.

After the reduction, the precipitate was separated
on a glass frit and washed with water and ethanol.
The washing completeness was judged from the neu-
tral reaction of the wash waters and negative reaction
for the Ni2* ions with dimethylglyoxime [17]. The
samples after vacuum drying at 40°C were powders
of the color varying from light green to black. All the
chemicals used in the synthesis were of pure or ana-
lytically pure grade. The nickel-containing cellulose
materials obtained by this procedure are hereinafter
designated as MCC-Ni.

The nickel concentration in the bulk of MCC-Ni
samples was determined by elemental analysis, and
that on the sample surface, by X-ray photoelectron
spectroscopy (XPES). The oxidation state of Ni on the
fiber surface was also determined by XPES. The sam-
ple structure, nickel oxidation state in the bulk of cel-
lulose, and changes in the chemical composition were
studied by X-ray phase analysis (wide-angle X-ray
scattering, XPA) and IR Fourier spectroscopy. The
procedures for sample preparation and calculations are
described elsewhere [10]. The morphology of MCC-
Ni samples and the nickel particle size and particle-
size distribution were studied by scanning electron
microscopy (SEM) [15].

The experimental conditions strongly affect both
the amount of Ni intercalated into the MCC matrix
and its oxidation state in MCC-Ni samples. For ex-
ample, as the temperature of Ni?* diffusion into the
MCC matrix in the first step of the process was in-
creased from 20 to 95°C, the amount of the interca-
lated nickel after the subsequent reduction appreciably
increased (from 6.9 to 10.0 wt %) at any C, (N,H,-
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2HC1)/Cm(N12+). A similar trend was observed when
NaBH, and KH,PO, were used as reductants [15].

Another factor strongly affecting the Ni content in
the final products is the reductant concentration. As
the MR was increased from 5 to 40, the Ni content in
the bulk of MCC increased until the maximal value of
10.0 wt % was attained. An increase in the reductant
concentration also favors the reduction of NiZ* to
Ni(0). It is known that the color of the samples ob-
tained characterizes the oxidation state of Ni in the
samples [18]. An increase in the MR from 5 to 40 led
to a change in the sample color from light green or
greenish-brown, caused by the presence of Ni(OH),,
to light gray (at MR = 15) and then dark gray (at
MR = 20 and over), characteristic of finely dispersed
Ni(0). Thus, the reduction of Ni%* to Ni(0) is possible
only at a high concentration of the reductant, hydra-
zine dihydrochloride (MR > 15-40). The maximal
amount of nickel introduced into the cellulose matrix
(10.0 wt %) corresponds to 0.289 mol of Ni per mole
of MCC units. With NaBH, and KH,PO, used as re-
ductants, the maximal Ni content (molar ratio to MCC
units) was 0.315 and 0.358 (11.1 and 12.8 wt %),
respectively [15]. All these values are close, i.e.,

w, wt %
12}
R . _ . )
*
8 -
4 L
0 40 ) 80 120
T, min

Fig. 1. Kinetic curve of NiZ* reduction with N,H, - 2HCL
Cm(Ni2+) 0.1 M, MR = 30, diffusion and reduction temper-
ature 95°C. (w) Ni content and (t) time.
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Fig. 2. Diffraction patterns of MCC-Ni sample nos. 1-3
prepared at MR = 30; reduction temperature 95°C. (I) X-ray
scattering intensity and (v) scattering angle. (/-3) Sample
nos. 1-3 (see table), respectively; the same for Fig. 3.

about 1 mol of Ni was intercalated per 3 cellulose
units with all the three reductants.

One of the major factors affecting the nickel con-
tent in the final products is the reduction time. The
dependence of the nickel content in MCC-Ni samples
on the reduction time (Fig. 1) shows that the equilib-
rium content of Ni in the MCC matrix is attained in
0.5 h and does not further change in the subsequent
1.5 h. The apparent rate constant of the pseudo-first-
order reaction under these experimental conditions
(the reaction was performed at MR = 30), calculated
from the semilog plot, was k = 2.7 x 1072 min~!. The
lower the MR, the slower the reduction. At MR = 20,
the reaction rate decreases by a factor of approx1mate—
ly 3. It should be noted that the rate of the Ni2* reduc-
tion with N,H,-2HCI exceeded by an order of magni-
tude the rate of its reduction with KH,PO, reported
in [15].

As shown above, an increase in the reductant con-
centration leads to a proportional increase in the N1
content in the bulk and to the reduction of Ni%*
Ni(0). This was confirmed by XPA. The scattermg
curves of samples prepared at MR = 20 contained
strong reflections of nickel oxide in the region of 26
36.8° and 42.9° and weak reflections of Ni(0) in the
region of 20 44.3° and 51.2° ([111] and [200], respec-
tively). With an increase in the MR to 30, the X-ray
scattering curves of MCC-Ni samples differing only
in the temperature of diffusion of Ni?* into the MCC
matrix (Fig. 2) contained Ni(0) reflections, and their
intensity was proportional to the nickel content in the
sample. This fact indicates that Ni(0) was the major

nickel form in the bulk of these samples. The mean 864.7 859.3 854.3 848.3 Ey, eV
size of the crystallites, determined from the [111] Fig. 3. XPE spectra of MCC-Ni sample nos. 1-3: (I) Tnten-
reflections, was 10.8—-13.5 nm (see table). Thus, XPA sity and (E;,) binding energy.
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Fig. 4. Electron micrographs of MCC-Ni sample nos. (a) 1 and (b) 2; histograms of the distribution of Ni nanoparticles on the
surface of sample nos. (c) 1 and (d) 2 with respect to the particle diameter. () Fraction of particles and (d) particle diameter.

confirmed the presence of the nanodispersed crystal-
line phase of Ni(0) in the bulk of the samples.

As in the case of reduction of Ni2* with NaBH,
and KH,PO,, the formation of nickel nanoparticles in
the cellulose matrix did not affect the MCC crystal
structure. The structural morphology of cellulose I,
characteristic of MCC, was preserved, and the size
(width) of MCC crystallites in MCC-Ni samples was
close to that in the initial MCC (7.4£0.1 nm, see
table).

Thus, by intercalation of nickel in an MCC matrix
we prepared MCC-Ni nanocomposites containing in
the bulk mainly Ni(0) nanoparticles; the Ni oxidation
state and crystallite size depended on the experimental
conditions and primarily on the reductant concentra-
tion.

A comparison of the IR Fourier spectra of the
MCC-Ni (at the maximal Ni content in the bulk) sam-
ples with that of the initial MCC revealed a minor
decrease in the intensity of the absorption band at
3000-3600 cm™! belonging to the stretching virba-
tions of OH groups participating in inter- and intramo-
lecular hydrogen bonds. Apparently, intercalation of
Ni into a cellulose matrix is accompanied by cleavage
of a small amount of hydrogen bonds on the surface
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of cellulose fibrils, followed by their redistribution.

The nickel concentration on the surface of fibers,
determined by XPES, exceeds by a factor of 1.8-4.6
the nickel content in the bulk (see table). The ratio of
redox forms on nickel on the surface is also different.
Figure 3 shows the XPE spectra of the Ni2ps,, line
and the resolution of spectral lines into four or five
major components in MCC-Ni sample nos. 1-3. The
components correspond to the Ni2p;,, binding energy
in Ni,O5 (Ey, = 856.7 €V, components a), NiO (E, =
854.8 eV, components b), and Ni(0) (E, = 853.4 eV,
components c¢) [19]. The Ni(0) content on the fiber
surface in sample nos. 2 and 3 (2.8 and 4.1 wt %, re-
spectively) is considerably lower than that of nickel
oxides. The high content of nickel oxides on the sam-
ple surface is due to the high susceptibility of Ni(0)
nanoparticles to oxidation with atmospheric oxygen
[9]. Thus, the samples obtained are not uniform in the
chemical composition of nickel on the surface. It
should be noted that the spectra of all the samples
have also components with higher binding energies
(858.0 and 860.4 eV, about 10%) which cannot be
assigned to the above-noted nickel compounds. These
may be electronic satellites [19]. Thus, an XPES study
shows that the MCC-Ni nanocomposites prepared by
reduction of Ni’* ions in a cellulose matrix have a
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variable content of nanoparticles of Ni(0) and nickel
oxides on the surface of MCC fibes.

The distribution of nanoparticles of Ni(0) and nick-
el oxides on the surface of MCC-Ni samples is shown
in the electron micrographs of MCC-Ni sample nos. 1
and 2 (Figs. 4a, 4b) and in the histograms of the nick-
el particle-size distribution (Figs. 4c, 4d). In most
cases, nanoparticles of Ni(0) and its oxides have a
globular shape and are nonuniformly distributed on
the surface. In some cases, nanoparticles form giant
agglomerates (however, few in number). The majority
of nanoparticles in sample no. 1 (>55%) have a size
within 160-280 nm (Fig. 4c). Contrary to sample
no. 1, the majority (about 80%) of nanoparticles in
sample no. 2 have a size of about 60 nm (Fig. 4d).
Sample nos. 1 and 2 Were prepared at the same MR,
but the diffusion of Ni2* into the MCC matrix was
performed at 20 and 70°C, respectively. These results
show that an increase in the diffusion temperature (see
table) favors formation of smaller nanoparticles of Ni
and its oxides on the surface. As a rule, the size and
size distribution of nanoparticles are the decisive
factors governing the applicability of materials con—
tammg nanoparticles. The results of reduction of Ni2*
in a cellulose matrix with N,H,-2HCl show that
nanoparticles of Ni(0) and its oxides on the surface
have a smaller size than those obtained by reduction
with other solvents, in particular, KH,PO, [15],
whereas the size of Ni(0) crystallites in the bulk does
not depend essentially on the kind of reductant used
(cf. data from [13, 14]).

Thus, by reduction of Ni2* in an MCC matrix w1th
N,H, - 2HCI we found that the temperature of the NiZ*
diffusion into the matrix and the reductant concentra-
tion are the major factors affecting the formation of
nanoparticles of Ni(0) and its oxides of widely varied
size in the bulk and on the surface of MCC fibers.

CONCLUSIONS

(1) Powdered cellulose materials with the maximal
content of intercalated mckel of 10.0 wt % were pre-
pared by reduction of Ni2* ions in a cellulose matrix
with hydrazine dihydrochloride.

(2) The presence of nanoparticles of Ni(0) and its
oxides in the bulk of the cellulose matrix was con-
firmed by XPA.

(3) The distribution of nanoparticles of Ni(0) and
its oxides on the surface of microcrystalline cellulose
fibers was studied by SEM, and the qualitative com-
position and oxidation state of nickel on the surface,
by XPES.
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