
Green Chemistry

PAPER

Cite this: Green Chem., 2020, 22,
455

Received 7th August 2019,
Accepted 26th November 2019

DOI: 10.1039/c9gc02781e

rsc.li/greenchem

A sustainable preparation of catalytically active
and antibacterial cellulose metal nanocomposites
via ball milling of cellulose†
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Cellulose, the most abundant polymer on Earth, and its composites have recently gained importance for

the production of sustainable materials. These materials should be produced using green methods that

avoid the utilization of toxic chemicals to ensure integrity for environmental sustainability. Ball milling,

which gives a straightforward and (often) green synthetic access to materials, can be used to achieve this

goal. Previously, it was shown that mechanochemical bond breakages in polymers generate mechano-

radicals, which can be used to drive further reactions and to form polymer composites. In this study, we

show that cellulose mechanoradicals generated during the ball milling of cellulose can reduce various

metal ions to the corresponding metal nanoparticles (NPs) (Au, Ag, Pt, Pd, Co, and Cu), which are de-

posited and stabilized in the cellulose matrix. Using mechanoradicals to reduce the metal ions and form

the cellulose composites, (1) the number of synthetic steps is reduced, and (2) the conventionally used,

toxic reducing and stabilizing agents are avoided, which also prevents the contamination of the compo-

sites. The cellulose–metal nanoparticle composites can exhibit a wide range of properties that depend on

the metal nanoparticle in the composite; e.g., Au–cellulose nanocomposites exhibit catalytic activity, and

Ag–cellulose nanocomposites exhibit antibacterial properties. The ball-milling method also permits blend

formation using synthetic polymers, which allows tuning the physical properties of the final material.

Finally, the method shown here provides a quick access to versatile metal nanoparticle cellulose compo-

sites (and their blends), which may find applications, such as in paper-based diagnostics and catalysis.

Introduction

Cellulose is the most abundant biopolymer in nature. It con-
sists of a linear chain of D-glucose units linked by β-1,4-glycosi-
dic bonds.1,2 In the past few decades, this polysaccharide
received considerable attention mostly because it is obtained
from renewable and sustainable resources, which provides
environmental benefits. Choosing natural polymers such as
cellulose for some applications rather than a synthetic
polymer is of great importance due to the rising problems of
petroleum deficiency and environmental pollutions coming
from the non-degradable synthetic polymers. Cellulose pos-
sesses other desirable properties, such as strength, stiffness,
high thermal stability, and low cost due to worldwide avail-
ability.3 Cellulose serves as a non-abrasive and non-toxic

matrix in its composites, and provides a low-density and low-
weight final material.4,5 Another way of obtaining materials
with improved properties with cellulose is blending it with the
commonly used synthetic polymers. For example, the incorpor-
ation of cellulose fibers into thermoplastics enhances the
stiffness and strength of the plastics.6 Cellulose fibers come
from renewable resources; they produce no health hazards and
include biodegradability in the materials.7 For example, cell-
ulose fibers used in the preparation of artificial glass made of
poly(methyl methacrylate) (PMMA) minimize the harm caused
by ultraviolet radiation.8 On the other hand, introducing a
polymer into the cellulose matrix can modify the surface pro-
perties such as hydrophobicity.9

Among a wide variety of cellulose-based composites,10–16

cellulose–metal (nano)composites have recently gained atten-
tion. Noble metal nanoparticles are commonly used in
medicine,17,18 biology18 or industry.19 Depending on the metal
type, their composites are used in antibacterial textiles and
kitchenware,20 medical devices,21 and electronic parts.22

Recently, the cellulose nanocomposites have also started to find
applications in paper diagnostics and paper electronics.23,24
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The cellulose–metal NP composites exhibit certain properties,
for example, cellulose–silver nanoparticle composites can be
used as an antibacterial material.25,26 Another common use of
cellulose–metal NP composites is the catalysis of organic reac-
tions.27 Generally, gold nanoparticles (Au NPs)28–30 are used as
the catalytic component; however, composites bearing palla-
dium (Pd NPs),31 or silver nanoparticles (Ag NPs)32 are also
reported to act as catalysts. Since metal NPs tend to aggregate to
reduce their surface energy, they are generally stabilized by low
molecular weight stabilizers (e.g., thiols), chemical attachment
to polymer surfaces or by simple capping using polymer chains.
The former two methods require extra preparation steps and
usually cause contamination of the final composite, which is
vital if the composite material is to be used in analytical appli-
cations, i.e., in biological or chemical sensing or diagnostics. In
the latter case, NPs stabilized by the functional groups of the
polymer may result in their poor accessibility towards the sub-
strates.33 Of the many matrix choices for nanocomposites, cell-
ulose is a perfect matrix candidate, since it provides the necess-
ary stabilization of NPs and provides a straightforward diffusion
of the reagents to NPs.

In order to prepare cellulose–metal nanocomposites, many
methods were developed.34–38 However, one of the most widely
used procedures is based on the reduction of metal ions in the
cellulose matrix by a reducing agent in the presence of
stabilizers.39–41 This conventional preparation method involves
toxic and hazardous solvents and reagents. Moreover, this
non-environmentally friendly process is usually time-consum-
ing and leads to contamination, which is detrimental in later
applications, as mentioned above. A mechanochemical
approach, which uses green chemistry principles,42–44 stands
as a better alternative to prepare cellulose–metal nanoparticle
composites. It has already been successfully utilized in the
direct synthesis of nanoparticles,45–48 functionalization of
cellulose,49–51 and preparation of composite catalysts.52,53

In this study, we show the preparation of cellulose–metal
nanocomposites (cellulose–Au, Ag, Pd, Pt, Cu, and Co) by acti-
vation of cellulose (cotton and microcrystalline cellulose
(MCC)) by cryomilling (Scheme 1). This method uses no
reducing and stabilizing agents – only cellulose, metal ion pre-
cursors and a few milliliters of water or acetonitrile (the latter
is used only when the metal precursor is not well-soluble in
water, and thus can be avoided by using different counter ions
etc. in the metal precursors) are used. The method starts with
the generation of peroxy mechanoradicals by covalent bond
breakages upon milling.54 The generation of mechanoradicals
was reported many times in the literature for synthetic poly-
mers and cellulose by us51,55 and others.49,56 These mechanor-
adicals play an essential role in the stabilization of other
chemical species on polymer surfaces.57

We have also shown that lab scale chemical reactions can
be driven by mechanoradicals, from nanoparticle synthesis to
dye bleaching.55,58,59 Here we also use the same strategy to
create cellulose mechanoradicals,49,56 and use them in the
reduction of metal ions to obtain cellulose metal nano-
composites. The selection of the metal ions used was made to

ensure an efficient reduction by the cellulose mechanoradicals
(low standard reduction potential) and to provide a group of
composites with different properties, i.e., catalytic and antibac-
terial properties.

Using niche examples, we show that the prepared cellulose
metal (Au, Ag, Pd, and Pt) nanocomposites can act as func-
tional materials, according to the chemistry of the metal they
contain: with Au, Ag, Pt, and Pd NPs, we catalyze the 4-nitro-
phenol reduction, and with Ag NPs, we present the antibacter-
ial action towards E. coli (Gram-negative bacteria) and
B. subtilis (Gram-positive bacteria). Besides, we report the
preparation of cellulose–poly(methyl methacrylate) and cell-
ulose–polystyrene blends by cryomilling, and the formation of
Au nanoparticles in these blends, which eventually yields cell-
ulose polymer–metal nanocomposites. Blending offers the
tuning of physical properties; e.g. for these ‘ternary’ nano-
composites, we show the adjustment of the contact angle by
altering the blend composition, as we show in one example
with polystyrene.

Results and discussion
Synthesis and characterization of cellulose–metal
nanocomposites

In all our nanocomposite preparations, we used two kinds of
cellulose samples, microcrystalline cellulose (MCC) (Sigma-
Aldrich) and conventional cotton. In order to mechanochemi-
cally activate the cellulose samples and to obtain the mechan-
oradicals, we use a cryomill (Retsch, Fig. S1†), which is ideal
for milling the samples under cryo conditions and suppresses
the thermally activated reactions during the mechanical input

Scheme 1 Preparation of cellulose–metal nanocomposites. (a) MCC or
cotton was cryomilled for 30 minutes at 30 Hz frequency at 77 K.
(b) Solutions of AgNO3, HAuCl4, K2PtCl4 (3 mL, 5.1 mM, in H2O),
Pd(C5H7O2)2, Co(C5H7O2)2, and Cu(C5H7O2)2 (3 mL, 5.1 mM, in aceto-
nitrile) were added on cryomilled cellulose (MCC or cotton) to form the
metal nanoparticles in the cellulose matrix. The pellets were pressed
from the corresponding powder after milling, which provides a practical
storage and use of the final composite materials.
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and prevents the sticking of the polymer and cellulose
samples. In a typical preparation, the samples were milled for
30 min at 30 Hz. This milling time was previously optimized to
yield the highest amount of radicals per gram of cellulose
(2.65 × 1018 and 3.25 × 1018 for cellulose and MCC, respect-
ively, determined using the diphenylpicrylhydrazyl, DPPH
assay).60 The accompanying structural changes in the cellulose
were elaborated in our previous study,60 i.e., we showed the
accompanying decrease in the molecular weight of cellulose
(for cotton and MCC, 2.4 and 1.4 times the original molecular
weight, respectively) upon grinding for 30 min.60 The chemical
and morphological changes and the reduction in the particle
size of the cellulose monitored by SEM, XRD, and ATR were
also reported previously.60 After cryomilling of cotton or MCC,
metal ion solution (3 mL, 5.1 mM) was added onto a ground-
cellulose sample and the mixtures were stored in the dark. For
analysis, small parts of the samples were drawn after one day,
one week, and two weeks, and they were washed to get rid of
the metal precursor solution and dried. During the waiting
time, the cellulose powder changed its colour from white to
purple (Au NPs), to brown (Ag NPs), to grey (Pt NPs and Pd
NPs), and to yellow (Cu NPs and Co NPs), reflecting the for-
mation of metal nanoparticles in the cellulose matrix.

The SEM images of cellulose samples showed the NP for-
mation (bright spots in the darker cellulose matrix); e.g.
cotton-Au NPs (Fig. 1a and S2†) formed after one day. In the
case of other metals, to obtain a similar deposition concen-

tration of nanoparticles, longer storage times were necessary
(as also proven by the XPS measurements, Table S1†). As seen
in the SEM images, the nanoparticles (ca. 30–60 nm in size)
were distributed in cellulose matrices (Fig. 1a and S3–S7†) and
did not grow larger with longer waiting times. Even after
waiting for months, the nanoparticles did not aggregate into
larger particles, which indicated that the nanoparticles were
well stabilized in fibrous and porous cellulose matrices due to
secondary bonding (weak interactions) between the NPs and
the hydroxyl and ether groups of the cellulose structure.61

Similar images were obtained for MCC milled and stored with
metal precursors under identical conditions (Fig. S8†). EDX
spectra (Fig. 1a and S9†) showed the presence of an Au atom
(signal at 2.12 eV), Ag atom (signal at 2.984 eV), Pt atom (2.048
eV), Pd atom (2.828 eV), and no signals arising from the corres-
ponding counter ions in the metal ion precursors, which con-
firmed that the deposited material is free from the precursor.
In order to confirm that the deposited material is in the
reduced metallic form, we performed high-resolution X-ray
photoelectron spectroscopy (HIRES XPS). The spectra displayed
only signals from the metallic forms of Au(0), Ag(0), Pt(0)
and Pd(0) NPs for both MCC and cotton nanocomposites
(Fig. 1b, S10 and S11†). In the control experiments with the
samples, which are not milled but allowed to stay in the metal
ion solutions, there was no deposition of the metal (reduced
metal or the metal precursors), as verified by HIRES XPS.

In parallel, X-ray diffraction (XRD) analysis (Fig. S12 and
S13†) of these samples showed the diffraction peaks arising
from the metallic lattices. In the case of cellulose–Cu and cell-
ulose–Co nanocomposites, although the SEM showed the for-
mation of some nanoparticles, the concentration of nano-
particles was low even after 2 weeks of waiting time in the
metal precursor solution, which led to the difficulties in their
analysis by EDX (Fig. 1a and S9†), XPS (Fig. S14†) or XRD
(Fig. S15†). Therefore, it was challenging to identify the exact
oxidation state of Co and Cu NPs. However, due to the lack of
XPS signals of the counter ion of the metal precursor, and
taking the previous results on synthetic polymer/Cu nano-
composites into account,58 we surmise that the metal NPs are
likely to form when cellulose mechanoradicals reduce Cu2+

and Co2+ ions to their metallic forms. Then, some of the Cu0

and Co0 might be oxidized by atmospheric oxygen to form
stabilized CuO and CoO NPs. The chemical mechanism of
metal ion reduction includes the oxidation of cellulose62 and
may be proposed as shown in Fig. S16.† This mechanism is
additionally supported by the FTIR-ATR spectra showing that
during grinding and after the addition of the metal ion precur-
sors a new signal at 1650 cm−1 (CvO stretching) appeared
(Fig. S17 and S18†). (This increase in the carbonyl groups also
helps in effective capping of the metal nanoparticles in the
cellulose matrix.)

The atomic percentages of metals in the nanocomposites
were estimated by XPS measurements (for details, see the ESI
text and Table S1†). The atomic percentages of metals in
cotton composites indicated that the deposition of Au is fast
and does not significantly increase during the waiting time in

Fig. 1 (a) The EDX spectra (shown in red) of cotton-metal nano-
composites after 1 week of their storage in different metal salt solutions.
All types of nanocomposites were imaged by SEM (Au, top left;
Ag, top middle; Pt, top right; Pd, bottom left; Cu, bottom middle; and
Co, bottom right). Scale bar = 500 nm. (b) XPS spectra of cotton-Au
(top left); -Ag (top right); -Pt (bottom left); and -Pd (bottom right).
(c) Current–voltage plot presenting increased electrical surface conduc-
tivity of nanocomposites in comparison with cotton (for details, see the
Experimental section).
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the metal ion solution (0.148%, 0.176%, and 0.184%, after one
day, one week, and two weeks, respectively). However, for
cotton-Ag, and -Pt nanocomposites, increasing the waiting
time of cryomilled cotton in the metal ion solution increased
the metal content of the composites: from 0.013% to 0.167%
(Ag), and from 0.051% to 0.142% (Pt) after two weeks, slowing
down after 1 week, by which the number of mechanoradicals
reaching the surface and reacting level out with respect to the
waiting time, Fig. S19.† 60 The yields of metal ion to metal NP
conversion were calculated based on the ICP-MS measure-
ments (Table S2†) and the initial concentration of the metal
ion solution used. These were found to be 62.4%, 53.9%,
12.1%, and 3.7%, for MCC-Au, -Pt, -Ag, and -Pd, respectively.
For cotton-Au, -Pt, -Ag, and -Pd, the corresponding conversion
yields were determined as 81.6%, 52.6%, 8.5%, and 3.7%.

We also pressed 70 mg of each powdered composite into
pellets with 1 cm diameter using a sample pellet press.
Pelleting the composite powders did not change the chemical
nature and crystallinity of the composites as shown in their
XPS spectra and XRD diffractograms (Fig. S20 and S21†). The
electrical conductivity measurements of these pellets show up
to 40-fold increase in conductivity upon the formation of
nanoparticles in the cellulose samples, Fig. 1c (for details, see
the Experimental section and Table S3†). Nevertheless, for
practical applications of these nanocomposites, e.g., as con-
ductive papers, higher conductivities are required, for which
the preparation procedures should be optimized to obtain a
higher doping of the metals.23

The catalytic activity of cellulose metal nanocomposites

In order to test the catalytic activity of the nanocomposites, we
chose the reduction reaction of 4-nitrophenolate (4-NPh) to
4-aminophenolate (4-APh) using NaBH4. Owing to the straight-
forward monitoring of the reaction by UV-Vis spectroscopy,
this reaction is widely used to probe the catalytic activity in
cellulose metal composites, in which the metal NPs are stabil-
ized using chemicals.28 We used powders of MCC metal nano-
composites (MCC-Au, MCC-Pd, MCC-Pt or MCC-Ag) as
catalysts.

In a typical experiment, NaBH4 (0.375 mL, 0.47 M in H2O)
was introduced into a solution of 4-NPh (3 mL, 0.30 mM in
H2O); the mixture became bright yellow and an absorbance
band with a maximum at 400 nm in the UV-Vis spectrum was
observed due to the formation of 4-nitrophenolate anion
(Fig. 2a and b). After the addition of MCC metal nano-
composite powder (metal content in 1.0 mg of composite:
3.76 µg (Au), 0.20 µg (Ag), 0.12 µg (Pd), and 3.22 µg (Pt),
Table S2†) to the mixture, the absorbance at 400 nm
decreased, while a new peak appeared at 300 nm showing the
formation of 4-aminophenolate (Fig. 2b and S22†). Without
the addition of the catalyst, no significant reduction of 4-NPh
was observed. The catalysed reaction followed first-order kine-
tics as evidenced from the linear plot ln(Ct/C0) vs. time (Fig. 2c
and S22†).63

XPS spectra of the samples before (Fig. S11†) and after cata-
lysis (Fig. S23†) confirm that the nanoparticles remain in their

metallic form and do not oxidize during the catalysis. In order
to show that the MCC metal nanocomposites are reusable in
the consecutive catalytic process, MCC-Au NP powders recov-
ered by filtration after the reduction of 4-NPh were washed and
dried, and were subjected to a consecutive reaction cycle
(Fig. 2b and c). The rate constant for the transformation of
4-nitrophenolate into 4-aminophenolate in this second cycle
was found to be 0.034 ± 0.002 min−1. (The first cycle’s rate con-
stant was 0.501 min−1.) This can be explained by the ICP-MS
measurements, which indicated that the content of gold in
1.0 mg of composite decreased from 3.76 µg to 3.60 µg (after
the 1st catalytic cycle) and 3.46 µg (after the 2nd catalytic cycle)
(Table S2†). This decrease might be because of the confor-
mational changes of the cellulose chains upon the absorption
of water, which allows some of the adsorbed (chain-trapped)
NPs to leak out into the solution. Such a leakage can be pre-
vented by using pellets (Scheme 1) or a chemical binder of cell-
ulose to retain the solid state conformation of the chains also
in the wet state.

We tried to make a comparison between our composite
material’s catalytic performance with the literature values
reported for similar cellulose metal nanocomposites, which
had been formed by the conventional method and that are
used for catalysing the same reaction (Table 1). The reaction
rate of the 4-nitrophenolate reduction catalysed by polymer
metal nanoparticles depends on many factors such as the
nanoparticle size and shape and the type of polymeric support

Fig. 2 (a) Reduction of 4-NPh (3 mL, 0.3 mM in H2O) to 4-APh with
MCC-Au NPs (1.0 mg composite in powder form). (b) UV-Vis absorption
spectra during the first (left) and second (right) catalytic cycles in the
presence of MCC-Au NPs. (c) The reaction is first order as shown by the
linear ln(Ct/C0) vs. time plots in the 1st (left) and 2nd (right) cycles of the
reaction, performed under identical conditions. (For details on the reac-
tion conditions, see the Experimental section.)
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or stabilizing agents,27,28 and therefore, our comparison is
only rough. Our MCC-Au nanocomposite exhibited much
higher catalytic activity than the cellulose nanocrystal or nano-
fiber nanocomposites (Table 1, entries 1–4) (reaction was also
conducted in the flask under constant stirring. The expected
transformation occurred within 8.5 min and the rate constant
was equal to 0.531 ± 0.028 min−1 (see the Experimental section
and Fig. S24†)). However, for both MCC-Ag (Table 1, entry 6)
and MCC-Pd (Table 1, entry 8) nanocomposites, lower catalytic
performance was obtained in comparison with the NPs coated
on cellulose nanocrystals (Table 1, entries 5 and 7). To the best
of our knowledge, there is only one report on catalytic action
of cellulose Pt nanocomposites used in the reduction of
4-NPh. However, there is no reported data for the value of the
rate constant, therefore, a comparison with our composites
was not possible.64 Avoiding the conventional routes which
usually require a stabilizer or other chemicals for the pro-
duction of metal NPs allowed a good access to the surface of
the metal nanoparticles, as evident from the comparison of
the catalytic activities of the conventionally and mechano-
chemically formed nanocomposites. These results clearly
suggest that the latter can be used in the catalytic processes as
a sustainable material.

Antimicrobial activity of cellulose–Ag nanocomposites

Another promising application for cellulose metal nano-
particle composites is their use as antibacterial materials, e.g.
in food packaging or textiles.21 A simple display of such an
activity with our mechanochemically obtained cellulose metal
nanocomposites bearing Ag metal NPs is as follows: silver
nanoparticles are considered as broad spectrum antimicrobial
agents with minimal toxicity to humans.65 The antimicrobial
activity of such mechanochemically prepared cellulose–Ag
nanocomposites was determined using an agar disk assay
against E. coli (Gram-negative bacteria) and B. subtilis (Gram-
positive bacteria); two of the most characterized organisms
among the Gram-positive and Gram-negative species. The
experiments with cotton and MCC Ag nanocomposites were
performed in triplicate grown for different days to demonstrate
the reproducibility. In a typical experiment, the UV sterilized

cellulose–Ag nanocomposite pellets (70 mg) were placed on
the agar plate, and the agar plates were incubated overnight at
37 °C. Based on the growth inhibition zones, both cotton- and
MCC-Ag nanocomposites are toxic to E. coli and B. subtilis.
Surprisingly, cotton supported nanocomposites are more toxic
to both Gram-negative and Gram-positive species compared to
the MCC supported nanocomposites (Fig. 3).

It has already been proved that the toxicity of silver nano-
particles is related to the release of Ag+ upon oxidation of Ag
NPs in the presence of water.66 Ag+ ions disturb several vital

Table 1 Comparison of the cellulose-based nanocatalysts in the reduction of 4-NP

Entry Catalyst Temp. [K]

Molar ratio

k [min−1] Ref.NaBH4 4-NP Metal

1 Au/PDDA/NCCa 298 36 585 37 1 0.306 28
2 AuNPs@CSNFsb 298 22 000 22 1 0.354 29
3 AuNPs@CNsc 298 9720 30 1 0.124 30
4 MCC-Au NPs 298 2200 11 1 0.501 ± 0.060 This work
5 CNC@PDA-Agd 298 30 810 97 1 0.255 32
6 MCC-Ag NPs 298 1980 10 1 0.174 ± 0.080 This work
7 PdNPs@CNse 298 475 000 150 1 0.342 31
8 MCC-Pd NPs 298 6655 34 1 0.172 ± 0.015 This work
9 MCC-Pt NPs 298 990 5 1 0.127 ± 0.020 This work

a Au NPs on poly(diallyldimethylammonium chloride)-coated nanocrystalline cellulose. b Au NPs on crystalline cellulose nanofibers. c Au NPs on
cellulose nanocrystals. d Ag NPs on polydopamine-coated cellulose nanocrystals. e Pd NPs on cellulose nanocrystals.

Fig. 3 Images of agar disc diffusion assays and zone of inhibition of the
cotton- and MCC-Ag NPs for E. coli (Gram-negative) and B. subtilis
(Gram-positive). The zone of inhibition is the mean of measurements
from at least six different points. All experiments were performed in
triplicate (n = 3). The graphs present the mean of 3 independent experi-
ments. Student’s t-test with Welch’s correction was used to assess
the statistical significance. (* = p < 0.05, ** = P < 0.01, *** = P < 0.001,
**** = P < 0.0001). See the Experimental section for further details.
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mechanisms in microorganisms.67 The ions can block the bac-
terial respiration through interacting with the thiol groups in
the related enzymes, and moreover, silver damages cellular
metabolism, protein production, and DNA replication pro-
cesses indirectly via producing reactive oxygen species in the
cytoplasm.68,69 In order to confirm that the Ag+ release takes
place in cotton and MCC based Ag NPs, we stored the nano-
composites in H2O for 24 hours and performed ICP-MS
measurements on the supernatant solution. Indeed, Ag+ was
present in the supernatant (Table S4†), and in the cotton-sup-
ported composites, 3.7 times more Ag+ was released in com-
parison with the MCC based nanocomposites. (The concen-
tration of Ag+ was equal to 669.20 µg L−1 for the cotton-Ag NP
composite and 180.82 µg L−1 for the MCC-Ag NP composite.)

Blends

Mechanochemical preparation can as well be used to tune the
physical properties of the cellulose metal nanocomposites. Of
the many physical properties, we chose to tune the contact
angle (CA) of composites, since these composites may find
applications in paper diagnostics where the hydrophobicity of
the paper material is an important factor.24,70 To display this
tuning, cellulose–PMMA-Au and cellulose–PS-Au nano-
composites were prepared by cryomilling of the corresponding
polymers with cellulose (cellulose/thermoplastic ratio equal to
1 : 1 w/w (cellulose–PS-Au 1 and cellulose–PMMA-Au 1) and
3 : 1 w/w (cellulose–PS-Au 2 and cellulose–PMMA-Au 2)). On
the cryomilled samples, a solution of HAuCl4 in H2O (3 mL,
5.1 × 10−3 M) was introduced. Within the waiting time of
7 days, the powders changed their colour from white to purple.
SEM images and EDX analysis indicated that the concentration
of Au NPs was higher in the composites having a higher cell-
ulose to polymer ratio (Fig. 4a and S25†). The formation of
gold nanoparticles was additionally confirmed by XPS
(Fig. S26†) and XRD (Fig. S27†) analyses. In order to check the
distribution of thermoplastics in cellulose matrix elemental

mapping, EDX-SEM analysis was performed (Fig. S28 and
S29†). All maps confirmed the presence of C, O, and Au, which
indicated that cellulose and PS or PMMA blended well with
each other. A fine and equal distribution of the nanoparticles
in the sample is of great importance due to further appli-
cations of the nanocomposites, which was achieved with our
composites. In contrast to cellulose, polystyrene and poly
(methyl methacrylate) are hydrophobic compounds; thus, their
introduction into the cellulose matrix should increase the
water contact angle. This was more pronounced in the case of
cellulose–PS-Au nanocomposites (Fig. 4b and c). For the nano-
composite consisting of 25% of polystyrene, the contact angle
was equal to 71.5° ± 4.4° (Fig. 4c). The CA increased to 86.2° ±
3.3° when the concentration of polystyrene increased to 50%
(Fig. 4b). Thus, cryomilling of different ratios of cellulose and
hydrophobic polystyrene enables us to achieve a continuum of
desired hydrophobicities that lie in between the two
extremes.71 This tunability of hydrophobicity is essential, e.g.,
in materials for paper diagnostics. Together with the prepa-
ration of the ‘naked’ metal NP in the polymer blend – free of
contamination of any reducing and capping agents – through
a straightforward, two-step process, this method is a promising
way to obtain such 3-component-composite materials.

Experimental
Materials

Cotton was obtained from a local pharmacy. Microcrystalline
cellulose (MCC), copper(II) acetylacetonate, and 4-nitrophenol
from Acros Organics were used. Chloroauric acid, palladium(II)
acetylacetonate, potassium(II) tetrachloroplatinate, cobalt(II)
acetylacetonate, and silver nitrate were purchased from ABCR.
Sodium borohydride, polystyrene (average MW = 280 000) and
acetonitrile were purchased from Sigma-Aldrich. Poly(methyl
methacrylate) (average MW = 550 000) was purchased from Alfa
Aesar. Gold, silver, platinum and palladium plasma emission
standard were purchased from VWR. For the antimicrobial
activity experiments, E. coli K-12 MG1655 strain and B. subtilis
168 strain were used. Sodium chloride, tryptone, yeast extract
and agar powder for growth media preparation were purchased
from Sigma-Aldrich.

Instrumentation

Cryomill. In all experiments, cryogenic grinding of cellulose
samples was performed using a Retsch Cryomill, while cooling
with liquid nitrogen from the integrated cooling system.

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) analyses. The surface morphologies of the cell-
ulose samples and cellulose–metal NP composites were
imaged and analysed using a Quanta 200F model SEM with an
accelerating voltage of 15 kV.

X-Ray photoelectron spectroscopy (XPS). XPS spectra were
recorded using an ESCALAB 250 (Thermo Scientific K-Alpha
X-ray photoelectron spectrometer). Photoemission was stimu-
lated by monochromatic Al K alpha radiation (1486.6 eV).

Fig. 4 (a) The EDX spectra (shown in red) of the blend nanocomposites.
Cellulose–PMMA-Au and cellulose–PS-Au nanocomposites were
imaged by SEM (cellulose–PMMA-Au 1, top left; cellulose–PMMA-Au 2,
top right; cellulose–PS-Au 1, bottom left; and cellulose–PS-Au 2,
bottom right). Scale bar = 500 nm. (b and c) Water contact angles for
cellulose–PS-Au 1 and cellulose–PS-Au 2.
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Survey scans and high-resolution scans were performed with
pass energies of 200 eV and 30 eV, respectively. Binding ener-
gies in the spectra were referenced to the C 1s binding energy
set at 284.8 eV. At least three different measurements were per-
formed for each sample.

X-Ray diffraction (XRD). XRD spectra were recorded using an
X’Pert PRO, PANalytical model X-ray diffractometer with Cu Kα
radiation. 40 mA current and 45 kV accelerating voltage were
used.

UV-Vis spectroscopy. The absorption spectra were recorded
using a Cary 100 Bio UV-Visible spectrophotometer from
Varian.

ICP-MS. For metal content calculations: ICP-MS was recorded
using a PerkinElmer Nexion 350D equipped with a cyclonic
spray chamber and a glass Meinhard concentric nebulizer.
The system operated with a nebulizer gas flow of 0.92 L min−1,
a plasma gas flow rate of 18 L min−1, an auxiliary gas flow rate
of 1.2 L min−1 and an ignition power of 1300 W.

For tracing the release of Ag+ from the MCC- and cotton-Ag
nanocomposites: ICP-MS was recorded using a ThermoFischer
Scientific XSeries 2 ICP-MS equipped with a Peltier-cooled
spray chamber, a high-performance glass concentric nebulizer
and a standard quartz torch. The system was operated in a
peak jumping mode, at a dwell time of 10 000 ms, with a nebu-
lizer gas flow of 0.8 L min−1, sweeps per reading of 100 and an
ignition power of 880 W.

Synthesis of cellulose metal nanocomposites

500 mg of cotton or MCC was cryomilled for 30 minutes at
30 Hz frequency in the presence of 6 zirconia balls (with
10.06 mm diameter) in the zirconia sample chamber at 77 K.
After grinding 3 mL, 5.1 × 10−3 M of metal solution was added
to the chamber and the mixture was mixed at 5 Hz for 30
seconds. Following metal solutions were used: HAuCl4,
K2PtCl4, AgNO3 (in H2O) Co(C5H7O2)2, Cu(C5H7O2)2, and
Pd(C5H7O2)2 (in acetonitrile). Then, the mixture was diluted to
6 mL with the solvent that was used to prepare the corres-
ponding metal solutions, placed in a polypropylene tube
(VWR), and stored in the dark for 1 day, 1 week, or 2 weeks.
Then, the solid was washed with solvent (H2O or acetonitrile)
and dried.

Reduction of 4-nitrophenol

Conducted in a UV cuvette: To a solution of 4-NPh in H2O
(0.30 mM, 3 mL), a solution of NaBH4 in H2O (0.47 M,
0.375 mL) was added. Then, 1.0 mg of MCC-metal NPs (total
metal content: 3.76 µg (Au), 0.20 µg (Ag), 0.12 µg (Pd), and
3.22 µg (Pt), see Table S2†) was added as a catalyst. The reac-
tion was performed in a quartz UV cuvette at room tempera-
ture and monitored using a UV-Vis spectrophotometer. Final
concentrations of NaBH4 and 4-NPh were 0.052 M and
0.27 mM, respectively. Standard deviation was calculated using
the data from at least four independent measurements.

Conducted in the flask under constant stirring: To a solution
of 4-NPh in H2O (0.30 mM, 30 mL), a solution of NaBH4 in
H2O (0.47 M, 3.75 mL) was added. Then, 10.0 mg of MCC-Au

NPs was added as a catalyst. The reaction mixture was stirred
in a 100 mL flask at room temperature, and after an indicated
time, a small sample was taken and UV-Vis absorption spec-
troscopy was performed using a spectrophotometer.

Agar disk assay for the antimicrobial effect

The antimicrobial effects of cellulose–Ag nanocomposite
materials on the Gram-negative (E. coli) and Gram-positive
(B. subtilis) bacteria were determined using an agar disk assay.
Both E. coli and B. subtilis were inoculated in a lysogeny broth
(LB) and grown overnight at 37 °C. Next day, the overnight cul-
tures were inoculated with 1 : 100 dilution in fresh media. The
bacterial cultures were grown until the mid-exponential phase
(OD600 = 0.5–0.6). For each bacteria, 5 × 106 CFU were spread
onto an LB agar plate (OD600 = 1 taken as 109 CFU mL−1 for
E. coli and 5 × 108 CFU mL−1 for B. subtilis). The UV sterilized
cellulose Ag nanocomposite pellets (70 mg) were placed on the
agar plate, and the agar plates were incubated overnight at
37 °C. The imaging was performed using a Bio-Rad
Chemidoc™ imaging platform.

ICP-MS measurements

For metal content calculations: MCC-supported Au, -Pt, -Pd, and
-Au (after the 1st and 2nd catalytic cycles) nanocomposites
(40 mg) were dissolved in 4 mL of aqua regia, diluted to 8 mL
with H2O, centrifuged, and the supernatants were filtered. The
MCC-Ag nanocomposite (40 mg) was dissolved in 3 mL of con-
centrated HNO3, diluted to 6 mL with H2O, centrifuged, and
the supernatants were filtered. ICP-MS of the supernatants was
performed. The reported values were the average result of 3
independent measurements.

For tracing the release of Ag+ from the MCC- and cotton-Ag
nanocomposites: External calibration was performed by the ana-
lysis of a blank solution and five solutions of diluted Ag stan-
dard in H2O ranging from 0 to 1000 µg L−1. The cotton sup-
ported Ag nanocomposite (70 mg) and MCC supported Ag
nanocomposite (70 mg) were left in 10 mL of H2O for 24 h.
After that the mixtures were centrifuged, supernatants were fil-
tered and ICP-MS was performed. The reported values were the
average result of 6 independent measurements.

Surface resistivity measurements

Surface resistivities of the cotton and metal–cotton nano-
composite pellets were measured using a two-probe method,
with w = 13 mm wide samples, and the distance between the
electrodes d = 100 μm. The pellets prepared for the measure-
ments consisted of 70 mg of the nanocomposite. I–V plots
were obtained using a Keithley electrometer (6517B), which
served as the voltage source and also measured the generated
current. Applied voltage was changed from 0 to 100 V in steps
of 10 V and also from 0 to −100 V in steps of 10 V, which gave
identical results in terms of conductivity. From the slopes of
the I–V plots, the values were calculated for surface resistivity,
Rs, according to the equation Rs = (V/I)·(w/d ) and surface con-
ductivity, ρs, ρs = 1/Rs. Standard deviations were calculated
based on 5 independent measurements.
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Preparation of the cellulose polymer Au blends and their
metal nanocomposites

300 mg of cotton and polymer mixture (polystyrene or poly
(methyl methacrylate)) was cryomilled for 30 minutes at 30 Hz
frequency in the presence of 6 zirconia balls (with 10.06 mm
diameter) in the zirconia sample chamber at 77 K. After
grinding, 3 mL of 5.1 × 10−3 M HAuCl4 solution in H2O was
added to the chamber and the mixture was mixed at 5 Hz for
30 seconds. Then, the mixture was diluted to 6 mL with
H2O, placed in a polypropylene tube, and stored in the dark
for 7 days. After that, the solid was washed with H2O and
dried.

Contact angle (CA) measurements

The CAs of 3 µL water droplets on the pellet surfaces (each
pellet contains 70 mg of nanocomposite) were measured 10
times for each pellet at 23 °C using the contact angle system
OCA from Dataphysics.

Conclusions

In this work, cellulose–metal nanoparticle composites were
prepared via the reduction of metal ions by cellulose mechan-
oradicals generated by ball milling. Gold nanoparticles were
formed after 1 day of storage; however in the case of Ag, Pt, Pd,
Cu, and Co, longer storage times were necessary to achieve
higher concentrations of NPs. A great advantage of this
method is the elimination of hazardous reducing and stabiliz-
ing agents used in the conventional synthesis. The presence of
metal NPs in the cellulose matrix also increased the electrical
surface conductivity of the nanocomposites in comparison
with the native cellulose. Moreover, MCC-Au, -Ag, -Pt, and -Pd
NPs were involved in the catalytic transformation of 4-nitro-
phenolate into 4-aminophenolate. Reactions occurred fast with
satisfactory rate constants. Thus, cellulose acts as a good sup-
porting matrix for nanoparticles and provides good access to
‘naked’ metal NPs. In addition, the antimicrobial activity of
cellulose–Ag nanocomposites determined using an agar disk
assay against E. coli and B. subtilis showed that both cotton-
and MCC-Ag nanocomposites were toxic to the Gram-positive
and Gram-negative bacteria. Finally, cellulose–PS-Au and cell-
ulose–PMMA-Au nanocomposites were prepared with a varying
ratio of cellulose to thermoplastic polymer. On introducing
polystyrene into the cellulose matrix, the hydrophobicity of the
nanocomposite increased.

To conclude, with this study we have shown a straight-
forward and green access to ‘naked’ (without any stabilizer)
nanoparticle synthesis with milling of cellulose, which takes
place without any reducing agent other than the cellulose
mechanoradicals produced in the milling process. We hope
that this study serves as an example for the green production
of cellulose nanocomposites, which are gaining an accelerated
interest in newly emerging fields such as paper diagnostics
and paper electronics.
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