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Anisotropic silver nanoplates are of interest for their shape-
dependent properties; however, their synthesis often requires sur-
factants and toxic chemicals. We report the first one-pot method
for the green synthesis of colloidally stable triangular, hexagonal
and dendric silver nanostructures, enabled by the unique physical
and chemical architecture of “hairy” cellulose nanocrystals (CNCs).
Silver nanoplates were formed by irradiating a suspension of CNCs
and silver nitrate in a UV chamber for as little as 5 min. Electron
microscopy and diffraction analysis revealed that CNCs with low
carboxyl content resulted in single crystal thin triangular nano-
prisms. Increasing the CNC carboxyl content resulted in hexagonal
nanosheets and flower-like/dendric structures. The synthesized
nanoplates exhibited shape-dependent catalytic performance for
methylene blue degradation.

Decreasing the structural symmetry of silver nanoparticles
can substantially influence their optical, electronic, catalytic
and even biological properties, leading to new and advanced
applications in surface plasmonics,’ encryption
technologies,” chemical/biological sensing,’ antimicrobial
surfaces,” and high performance catalysis.” The preparation
of nanostructures with different controlled shapes is an
effective route to fine-tune their chemical and physical prop-
erties with a greater versatility than can be achieved other-
wise.® For example, triangular/plate-like nanostructures are of
interest for their structure- and environment-dependent opti-
cal features and their anisotropic surface energetics.”® Al-
though the experimental details differ amongst the various
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One-pot green synthesis of anisotropic silver

Mohan Basnet,?
Theo G. M. van de Ven®® and Nathalie Tufenkji*®

Nano impact

Synthesis of anisotropic metallic nanoplates from metal salts often
requires surfactants and toxic chemicals. Green agents such as
polysaccharides have only been shown to achieve pseudospherical
nanoparticles. We report the liquid-phase synthesis of silver nano-
prisms without the need to use harsh chemicals and additives or seed
particles, enabled by a novel preparation of “hairy” cellulose nano-
crystals (CNCs). This is the only method to date that can synthesize a
stable colloidal suspension of anisotropic silver nanoparticles simply
by adding a single agent to the metal salt solution. This green method
contributes to ongoing efforts for sustainable development of
nanomaterials.

methods for preparing plate-like nanostructures, most of
these methods are based on two-step, seed-mediated reduc-
tion (Table S17). None of these methods are regarded as be-
ing green due to the presence of harsh chemicals and addi-
tives.” Polysaccharides such as cellulose can be used for
green synthesis of metal nanoparticles.'®™*> However, polysac-
charides have not been successfully used for producing an-
isotropic metal nanoparticles or achieving shape control.

We report a simple single-step, green method for the syn-
thesis of silver nanoplates with different shapes based on UV
photoreduction of a silver salt in the presence of cellulose
nanocrystals (CNCs). CNCs are rod-shaped nanoparticles iso-
lated from cellulosic biomass by chemically removing the
amorphous regions in cellulose fibers, leaving the highly or-
dered crystalline regions intact (Scheme S1a and bt)."* We
previously reported a two-step oxidation process to produce
“hairy” CNCs flanked by a soft, porous layer of dicarboxylic
cellulose (DCC) chains (Scheme Sict),™ yielding nanocrystals
with a remarkably high number of carboxyl groups.'>'® The
surface charge of the CNCs can be tuned by acid cleavage of
the DCC chains to various extents (Scheme Sict).’” In the pro-
posed method for synthesis of silver nanostructures, CNCs act
simultaneously as mediators for differential crystal growth
and shape control as well as metal cation nucleation sites, re-
dox agent, capping agent and stabilizer. This technique is one
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of the very few non-plasmonic methods and the only green
method that can alter the shape of metallic nanostructures
without the use of seed particles, harsh chemicals, and surfac-
tants. We further demonstrated the shape-dependent catalytic
performance of the silver nanoparticles for degradation of
methylene blue.

Results and discussion

Three samples of CNCs having different carboxyl contents
(Table 1) were prepared as previously reported.”” CNCs were
~100 nm in length and ~5 nm in diameter, as determined
from TEM images (Fig. 1a, Table 1); however, the presence
of the long DCC chains on the poles resulted in a larger hy-
drodynamic diameter in deionized water (DI) for samples
CNC-1 and CNC-2, as measured by dynamic light scattering
(Table 1).

Each CNC sample was mixed with a solution of silver ni-
trate (final concentration of 0.5 mM) and immediately irradi-
ated at 254 nm (4.6 mW cm™>) for various lengths of time.
The initial colorless mixture turned to pale yellow after only 5
min of irradiation, with the color changing to different
shades of dark yellow, orange and red with increasing time.
The molar ratio of carboxyl groups to Ag" ranged from 25 for
the CNC sample with high carboxyl content (CNC-1), to 4 for
the CNC sample with low carboxyl content (CNC-3). The sus-
pensions were stable during a 10 month monitoring period
with negligible color change and no trace of precipitate for-
mation (Fig. 1b). No color change was observed for mixtures
of AgNO; and CNCs in the absence of UV treatment, even af-
ter several days of exposure to fluorescent lighting or
prolonged incubation at 40 °C (Fig. S1f). UV treatment of
AgNO; mixed with non-carboxylated cellulose (ie., Avicell
microcrystalline cellulose beads or CNCs prepared from wood
pulp via hydrolysis by HCI) showed no color change (Fig.
S11) or SPR peak (Fig. S21) even after longer periods of UV
treatment. These results are summarized in Table 2. Extinc-
tion spectra for AgNO;/CNC mixtures subjected to UV treat-
ment exhibited a visible secondary peak after 30 min of UV
treatment, with the intensity of the peaks gradually increas-
ing, and a clear red shift which is associated with the pres-
ence of anisotropic silver nanostructures (Fig. 1c and d).
Interestingly, the peaks did not broaden with time,
suggesting that the size distribution of nanoparticles was pre-
served during UV treatment. This could also indicate that the
kinetics of nanoparticle formation is faster than the time res-
olution of our observations, which is supported by the obser-
vation that 5 min of treatment was sufficient to produce a

Table 1 Characterization of CNC samples

—-COOH content Hydrodynamic TEM size (nm),
Sample (mmol g™ diameter (nm) length-width
CNC-1 6.6 234 +4 97 £8-4+2
CNC-2 3.8 219+4 103 £2-6+1
CNC-3 1.7 125 +7 107 £1-7 £ 2
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Fig. 1 (a) Transmission electron micrograph of sample CNC-1. (b)
Photographs of colloidal dispersions of silver nanoparticles synthesized
with (1) CNC-1, 30 min UV treatment, (2) CNC-2, 30 min UV treatment,
(3) CNC-3, 30 min UV treatment, (4) CNC-3, 1 h UV treatment, (5)
rhamnolipids, 30 min UV treatment. Images were recorded after 10
months of storage at room temperature. Note the thick layer of silver
precipitate formed in sample 5. Extinction spectra measured after
different durations of UV treatment for a mixture of AgNOs; with (c)
CNC-1, (d) CNC-3, and (e) rhamnolipids.

color change, indicative of nanosilver formation. For compar-
ison, a mixture of AgNO; and rhamnolipids (a carboxyl-rich
biosurfactant) was subjected to the same UV treatment. This
system produced a markedly different extinction spectra (no
secondary peak), suggesting slower kinetics and a change in
particle size distribution with time (Fig. 1e). Furthermore,
the resulting suspension was not stable for a long period
when exposed to light (Fig. 1b).

TEM micrographs revealed that CNCs with a higher car-
boxyl content (CNC-1) led to the formation of flower-like or
dendric structures (Fig. 2a and b) with a lattice parameter of
~0.54 nm (Fig. 2c). Decreasing the carboxyl content of the
CNCs resulted in the formation of single crystal hexagonal
plates for CNC-2 (Fig. 2d and e). CNC-3 (the sample with the
lowest carboxyl content) resulted in triangular plates (Fig. 2f)
composed of a mixture of whole triangles, triangles with
rounded vertices and triangles with small truncation at verti-
ces, as reported previously for other synthesis techniques.’
Fig. S31 shows lower magnification micrographs of the syn-
thesized silver structures. What is clear from Fig. S3t is the
markedly low (<10%) population of spherical nanoparticles.
The smaller, seemingly spherical, particles exhibit aniso-
tropic growth with increased reaction time. This phenome-
non can be partially attributed to the non-homogeneous na-
ture of the reaction across the reaction volume due to the
lack of mixing and is discussed in detail further along in the
manuscript.

The control (rhamnolipid system) resulted in pseudo-
spherical nanoparticles (Fig. 2g) that appeared as multiple
islands on the TEM grid (a hallmark of nanoparticle aggrega-
tion upon drying), while the CNC system resulted in well-
dispersed nanostructures when dried on the TEM grid. This
observation, along with the exceptionally high colloidal sta-
bility of the CNC-nanosilver suspensions suggests that the

This journal is © The Royal Society of Chemistry 2016
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Table 2 Summary of results for silver nanoparticle formation under different conditions

Agents added to AgNO; (0.5 mM)

With UV treatment Without UV treatment

CNC-1

CNC-2

CNC-3

CNC-1, degassed

CNC-1, UV treated for 30 min
CNC-3, UV treated for 30 min
CNC (not carboxylated)

DCC

Avicell microcrystalline cellulose beads (MCC)
Rhamnolipids

None

+ -
++ -
++ -
++ -
NA
NA
+ _
++ -

++: intense color change observed; +: slight color change observed; —: no color change.

silver nanostructures may form a hybrid with the CNCs, and
thus benefit from their high colloidal stability. This hypothe-
sis, however, remains to be confirmed as the CNCs are diffi-
cult to visualize by TEM without negative staining. Selected
area electron diffraction (SAED) revealed that the nanostruc-
tures formed by CNC-2 and CNC-3 crystallized in face-
centered cubic (fcc) system along the [111] zone axis
(Fig. 2h and i), which is consistent with that reported in the
literature."®' Energy-dispersive X-ray spectroscopy (EDS)
confirmed the presence of elemental silver in all cases (Fig.
S41). TEM image analysis revealed that the size of the silver
nanostructures varies between 50-200 nm, with most parti-
cles in the size range of 100-150 nm for CNC-1 and CNC-2,
and 70-110 nm for CNC-3 (Fig. S57).

Fig. 2 Transmission electron micrographs of silver nanoplates
prepared by a 30 min UV treatment of AgNOz with (a-c) CNC-1, (d, e)
CNC-2, (f) CNC-3, and (g) rhamnolipids. Panel (c) shows the crystal
plane spacing for the nanostructure in (b). (h) Electron diffraction of
silver nanoplate in (e). (i) Electron diffraction of silver nanoplate in (f).

This journal is © The Royal Society of Chemistry 2016

As a demonstration of the potential application of the syn-
thesized nanostructures, each population was employed as
the catalyst in reduction of methylene blue, a model dye deg-
radation reaction. The extent of dye degradation was quanti-
fied by measuring the absorption of the reaction mixture at
664 nm. Fig. S61 shows that all three nanostructure
populations exhibit different catalytic activity, with the trian-
gular and hexagonal nanoplates showing superior activity
compared to the dendric structures. All three groups of nano-
particles synthesized in the presence of CNCs show superior
catalytic performance to that of the control group; namely,
pseudospherical nanoparticles synthesized via photoreduc-
tion in the presence of rhamnolipids instead of CNCs.

Cellulose and CNCs were previously used as substrates for
nanoparticle synthesis (via chemical,”® thermal®’ or UV-
mediated reduction®). UV photon absorption can break the
oxygen bridge between the glucose monomers in a cellulose
chain, forming chemical species**** that can reduce Ag"
ions. Carboxylation of cellulose is known to increase its sorp-
tive properties for metal ions;>> >’ therefore the highly car-
boxylated CNCs could act as a strong nucleation site for
metal cations, increasing the rate of nanoparticle synthesis.
However, there has been no report of cellulose or other poly-
saccharides playing any role in the synthesis of anisotropic
metallic structures and, thus, the mechanism of shape con-
trol remains to be investigated. We hypothesized that the spe-
cific physical structure of the CNCs used in this work, namely
the amorphous DCC chains on the poles, and their controlla-
ble charge density, may be responsible for the formation of
different shapes of nanosilver. To validate this hypothesis,
CNCs were UV treated for 30 min to activate/cleave the DCC
chains (since amorphous cellulose is more susceptible to
chemical reactions compared to crystalline cellulose'?) before
being mixed with AgNO;. No color change was observed after
addition of the metal salt precursor and incubation at room
temperature (Fig. S11). However, with longer incubation (up
to 4 h, in dark or exposed to light), a very pale color devel-
oped (Fig. S71). Extinction spectra showed a weak SPR peak
for AgNO;/CNC-2 and AgNO;/CNC-3, whereas AgNO3;/CNC-1
presented a noticeable and broad peak at ~400 nm (Fig. S8a
and bf). TEM images of the AgNO;/CNC-1 sample revealed

Environ. Sci.. Nano, 2016, 3, 1259-1264 | 1261
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highly polydisperse fractal silver structures (Fig. 3a) with the
smaller structures (Fig. 3b and c) bearing resemblance to the
fractal flower-like structures observed in Fig. 2a and b. Simi-
lar structures were observed with CNC-2 and CNC-3, albeit at
a much lower density (Fig. 3d and e). The structures formed
exhibit a polycrystalline nature (Fig. 3f); however, the larger
silver structures contained large segments of single crystals
(Fig. 3g). These observations suggest that UV activation of
CNCs produces redox species (either by creating reactive spe-
cies on the cellulose sugar rings or by cleavage of DCC
chains) that can reduce silver ions upon addition of silver
salt to the radiated CNC suspension. However, in the absence
of UV radiation, the energy in natural light is insufficient to
sustain redox species and, thus, silver is formed on the sur-
face of already formed structures instead of forming new
nanoparticles. This observation confirms that UV activation
of the CNCs drives the formation of silver nanostructures
with complex shapes.

To confirm the role of the DCC chains, pure dicarboxy-
lated cellulose (without CNCs'*) was mixed with AgNO; and
UV-treated for 30 min. A pale color change was observed (Fig.
S11). The TEM analysis showed a very low density of pseudo-
spherical nanoparticles with very few triangular prisms ob-
served after 4 h of UV treatment (Fig. 3h). Carboxylate-rich
polymers are effective photoreduction agents for metal cat-
ions. The high-density of DCC chains on the poles of the
CNC nanorods likely provides a more efficient site for the ac-
cumulation of the silver cations compared to the dispersed

Fig. 3 Transmission electron micrographs of silver structures
prepared by mixing different CNC samples that were UV-treated for 30
min with AgNOs, (a-c) TEM images for CNC-1, (d) CNC-2, and (e)
CNC-3. (f) SAED pattern for the polycrystal in panel (c), (g) SAED pat-
tern for the single crystal marked in panel (a). (h) TEM image of silver
nanoprism formed by 4 h UV treatment of a mixture of silver nitrate
and DCC.
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DCC chains in this experiment, thus explaining the slow ki-
netics and low yield in the dispersed DCC system.

The mechanism driving the formation of different plate-
like structures in the presence of CNCs remains to be eluci-
dated. It is believed that one of the factors affecting the final
shape of a nanoparticle is twinning, i.e., surface energetics
driven accumulation of faults in the crystal structure during
the initial phases of nanoparticle formation.?® The morphol-
ogy of this initial seed particle can determine the structure of
the ultimate anisotropic particle by limiting the number and
variety of crystal facets available for growth.> Electron micro-
graphs of AgNO;/CNC mixtures after 5-10 min of UV radia-
tion revealed the presence of nanoparticles that appeared to
deviate from spherical structures (Fig. S91), which may indi-
cate the early introduction of faults in the crystal structure.
Interestingly, it has been shown for nanoparticles of AgBr
that even when they look spherical, on the atomic scale they
are bound by the (111) and (100) faces.*® This information
must be interpreted with caution because the shape of small
nanoparticles (<5 nm) can vary, and studying their morphol-
ogy and crystal structure can be difficult. Furthermore, it is
difficult to predict what nanoparticle morphology will lead to
plate-like crystal growth and this information is not available
in the literature. Even if we entertain the notion that stacking
faults are responsible for the formation of different shapes,
the question still remains as to the factors that drive the for-
mation of twin planes in the presence of CNCs with differing
surface charge. Presence of certain ions (e.g., halides) is
known to affect fault stacking and twinning planes,* and so
it is likely that the products of UV activation/decomposition
of cellulose chains could affect the stacking of the silver
atoms during the initial stages of nanoparticle formation.
Based on this theory, UV affects both reduction and shape
control. The confirmation of this hypothesis, however, re-
quires more in-depth investigation.

Experimental methods
Silver nanoparticle synthesis

Silver nitrate powder (Sigma-Aldrich) was used to prepare a
10 mM solution in DI water. The solution was then diluted to
1 mM in DI water and mixed 1:1 with different CNC sam-
ples. A fresh silver nitrate solution was prepared for each ex-
periment. The mixture of silver salt and CNCs was immedi-
ately irradiated in a ProCleanerTM UV chamber (Nanoforce
Biosciences, IA) at 254 nm (4.6 mW cm ) for various lengths
of time, after which aliquots of the samples were taken and
analyzed via a UV-vis spectrophotometer or TEM. Microcrys-
talline cellulose (50 pum, Avicell) was used as a pure non-
derivatized form of cellulose, as control.

Extinction spectra

The spectral response of silver nanoparticles was measured
using UV-visible spectroscopy. UV-visible spectra were
recorded at room temperature using a spectrophotometer
(Agilent HP Model 8453), with a 1 cm path length quartz

This journal is © The Royal Society of Chemistry 2016
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cuvette and a fixed slit width of 2 nm. Silver nanoparticles
were analysed in the reaction medium (DI water) without fur-
ther purification.

Preparation of cellulose nanocrystals

CNCs were prepared based on the method of Yang et al™*
with key modifications to allow for tunable control of surface
charge, as previously described in detail.”

Conductometric titration

Conductometric titrations were performed on a Metrohm 836
Titrando instrument. A volume of CNC suspension
containing 0.02 g CNCs was diluted to 200 mL with DI water.
The ionic strength of the suspension was adjusted using
NacCl solution (to 0.28 mM) and pH was adjusted to 3.5 using
0.1 M HCI. The mixture was titrated with a 10 mM NaOH so-
lution at a rate of 0.1 mL min™". The part of the titration
curve representing weak acid titration (negligible change in
conductivity with time) was used to calculate the carboxyl
content.

Dynamic light scattering (DLS)

DLS measurements for CNCs were performed using a
Malvern Instruments Zetasizer Nano-ZS. The samples were
diluted to 0.1 wt% in DI and filtered using a 0.45 um syringe
filter. Standard quartz cuvettes were used for all measure-
ments and each measurement was repeated five times at
room temperature.

Transmission electron microscopy (TEM)

A glow-discharged carbon coated copper grid was placed on a
5 uL drop of CNC (0.1 w/w%) or silver nanoparticles for 5
min and washed 3 times by placing on drops of DI water for
10 s. For CNCs, the grids were negative stained using 2% ura-
nyl acetate. All samples were examined via a Philips Tecnai
12 200 kv TEM and images were captured with a Gatan 792
Bioscan 1k x 1k Wide Angle Multiscan CCD Camera. SAED
was performed with the same system operated at 200 kV and
a camera distance of 240 mm. For measuring particle size
using TEM, 30 images were captured from each sample and
at least 50 particles were measured in each captured micro-
graph using Image]J.

Catalytic degradation of methylene blue

The catalysis experiments were conducted as described in the
literature.*® Briefly, the suspension of silver nanostructures
(0.4 mL) was added (immediately after preparation) to 11 mL
of a mixture of sodium borohydride solution (9 mM) and
methylene blue (18.2 mg L™). The mixture was continuously
stirred using a magnetic stirrer for 2 min. The degradation of
dye was quantified by measuring the absorbance of the reac-
tion mixture at 664 nm every five min using a UV-vis spectro-
photometer (Agilent HP Model 8453). The specific reaction
rate for dye degradation was calculated by numerically calcu-

This journal is © The Royal Society of Chemistry 2016
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lating the slope of the methylene blue concentration profile
and dividing by the catalyst surface area. The catalyst surface
area was estimated using the size distribution data and the
surface area of equilateral triangles, hexagons, and five sided
stars for CNC-3, CNC-2, and CNC-1, respectively.

Conclusions

In summary, we present a one-pot green method for the prep-
aration of different shaped plate-like silver nanostructures
based on the surface density of carboxyl groups on CNCs.
This synthesis employs CNCs dispersed in water as the only
agent added to a metal salt precursor and, thus, presents a
green approach for preparation of nanoparticles with various
shapes. It is noteworthy that although our method allows for
shape-control over the majority of the population, a small
population of pseudo-spherical nanoparticles is present in all
samples. Precise shape control over the entire reaction vol-
ume requires meticulous control and fine-tuning of reaction
parameters and goes hand in hand with a deeper under-
standing of the mechanism that drives the development of
the different shapes in the presence of hairy CNCs. Ongoing
work in our laboratory is exploring the mechanism behind
the formation of different shapes and application of this
method to other metal salts (e.g., gold, platinum, zinc). The
remarkable colloidal stability of the CNCs translates to a
highly stable suspension of nanostructures, increasing their
shelf-life and further expanding the range of applications of
the nanoparticles to instances involving high ionic strength
and complex fluids. This work is part of an ongoing effort for
sustainable development of nanomaterials; ongoing studies
in our laboratory are aimed at evaluating the catalytic, anti-
microbial and other properties of the synthesized nanoplates.
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