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ABSTRACT: Silver nanoprisms (AgNPs) were robustly synthesized using TEMPO-oxidized cellulose nanofibrils (CNFs) as a
dual capping and shape-regulating agent for the first time. Reducing AgNO; with NaBH, in CNF suspensions produced smaller
but more uniform Ag nanospheres (AgNSs) with increasing Ag*/CNF ratios. CNF bound AgNSs were facilely transformed to
AgNPs by etching with H,0,, supporting the capping and shape-regulating capability of CNFs. AgNPs could also be synthesized
directly in a one-shot reduction reaction with NaBH, in the presence of both CNFs and H,0O,. The AgNPs transformed from
CNF bound AgNSs are similar to those synthesized directly, but more stable against H,O,. Successful synthesis of AgNPs with
80—320 nm truncated edges was confirmed by light blue solution color, sharp out-of-plane quadruple resonance peak at 334 nm
and prominent in-plane dipole resonance peaks at 762—900 nm. The [111] lattice plane of AgNP was clearly evident by its
predominant XRD peak at 38°, confirming the unique shape-regulating ability of the nearly fully surface carboxylated CNFs. The
CNF surface bound AgNPs were easily fabricated into freestanding CNF/AgNPs films that showed excellent surface enhanced
Raman scattering of Rhodamine 6G with analytical enhancement factor of S X 10° in contrast to none from the CNF/AgNSs
film.

H INTRODUCTION as more surface plasmon resonance peaks, much higher local
electric field enhancement,” and stronger surface enhanced
Raman scattering intensity.”' The LSPR of AgNPs in the visible
to near-infrared region has been achieved by adjusting their
edge lengths, thickness, aspect ratios, and tip shapes®*>® via
either photochemical®****! or chemical®>**™** reduction.
Among chemical reduction protocols, H,O, aided AgNP
synthesis has received most attention due to short reaction
time (usually minutes), low energy consumption (without
photoirradiation or thermal energy) and ease in size and shape
control.>® In the presence of trisodium citrate, H,O, aided
reduction has shown to be effective in converting variously

Silver nanoparticles are unique in their fascinating response to
light via collective oscillation of free conduction band electrons
coupled with an electromagnetic field of the incident light,
giving localized surface plasmon resonance (LSPR)."” LSPR
induces strong light absorption and resonant scattering, as well
as near-field enhancement of local electromagnetic fields by
several orders of magnitude,” > and is primarily controlled by
the size and shape of silver nanoparticles.*® This unusual size
and shape-dependent property of silver nanoparticles has drawn
special interest as they govern vast applications in catalysis,”"°
sterilization, " optoelectronics,u’13 surface enhanced Raman

scattering (SERS),"*'* metal-enhanced fluorescence,'® bio- shaped Ag nanowire,” nanocubes,"' and bipyramids*' into

logical imaging,” and sensors. 8720 AgNPs. In fact, AgNPs could not be formed by replacing
Silver nanoprisms (AgNPs) are triangular-shaped single trisodium citrate with other carboxylate-containing molecules

crystals with 40 nm to 1 um long edges, 5—50 nm thickness, under photochemical reduction,* except for some diacids and

and face-centered cubic lattice structures, consisting of [111]

crystal facets as the flat surfaces and [110] or [100] facets as the Received: June 12, 2014

edges.6 With increased edge length to thickness anisotropy, Revised:  September 2, 2014

AgNPs have shown much superior plasmonic properties, such Published: September S, 2014
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Figure 1. AgNS synthesis in the presence of CNFs at up to 0.2% concentrations: (a) aqueous suspensions, with CNF concentrations labeled; (b)
UV—vis spectra; (c) Apy and maximum absorbance; (d) fwhm; and TEM of AgNSs synthesized with (e) 0.01 and (f) 0.2% CNFs.

triacids with the nearest carboxylate groups separated by two
carbons under H,0, aided reduction.®® It is widely accepted
that trisodium citrate binds to the [111] facets of Ag
nanoparticles to inhibit the growth along that axis, while
permitting growth on the [100] facets®*** and such binding
passivates Ag nanoparticle by reducing free energy, stabilizing
against H,O, etching, while allowing unpassivated Ag nano-
particles to be oxidized.*”*

Both sulfuric acid hydrolyzed cellulose nanocrystals (CNCs)
and 2,2,6,6-tetramethylpyperidine-1-oxyl (TEMPO) oxidized
cellulose nanofibrils (CNFs) have shown to serve as ca};ging
agents in the synthesis of spherical Ag nanoparticles.**™>> As
over 93% of CNF surface primary C6 hydroxyls could be
converted to carboxylates by TEMPO oxidation,”**° the
extensively surface carboxylated CNFs are hypothesized to
serve as dual capping and shape-regulating agent in the
synthesis of AgNPs. This study was therefore designed to
investigate these dual roles of TEMPO oxidized CNFs. The
ease to form CNF nanopaper by simple vacuum filtration®®*’
also enable direct fabrication of flexible cellulose nanofibrils/
AgNPs to be tested for surface enhanced Raman scattering.

B EXPERIMENTAL SECTION

Materials. Pure cellulose was isolated from rice straw (Calrose
variety) by extraction with 2:1 v/v toluene/ethanol and subsequent
dissolution of lignin and hemicellulose/silica with acidified NaClO,
(14%, 70 °C, 5 h) and alkaline (5% KOH, 90 °C for 2 h),
respectively.®® Cellulose nanofibrils (CNFs) were defibrillated via
TEMPO-mediated oxidation with 10 mmol NaClO per g of cellulose,
followed by homogenization with mechanical blending at 37000 rpm
for 30 min.** Silver nitrate (AgNO;, Ultrapure grade, 99.5%, Acros
Organics), sodium borohydride (NaBH,, 98—99%, MP Biomedicals),
hydrogen peroxide (H,O,, Certified ACS, 30%, Fisher Scientific), and
Rhodamine 6G (dye content ~ 95%, Sigma) were used as received
without further purification. All water used was purified by a Milli-Q
plus water purification system (Millipore Corporate, Billerica, MA)

Synthesis of Silver Nanospheres (AgNSs) and Nanoprisms
(AgNPs). AgNSs were synthesized by reducing silver nitrate (AgNO;)
with excess sodium borohydride (NaBH,) in the presence of varying
amounts of CNFs (0—0.2 wt %) as capping agent. Typically, 40 uL of
50 mM AgNO; was added to CNF suspension and stirred for 1 min,
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then 200 4L of 100 mM ice-cooled NaBH, was added to make the
total volume of 10 mL, and the solution was reacted for 40 min. Both
AgNO; and NaBH, solutions were freshly prepared during the day of
the reaction, and NaBH, was placed in ice to minimize decomposition.

AgNPs were synthesized following two reaction routes: AgNSs
transformation and direct conversion. In transforming AgNSs to
AgNPs, varying quantities of H,0, (0—80 uL) were added to AgNSs
synthesized as above (40 min after NaBH, addition). The as-
synthesized suspension was centrifuged (14000 rpm, 30 min) to
precipitate AgNPs, and the supernatant was digested using nitric acid,
and the total silver content was quantified using inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Thermo iCAP6500)
at a wavelength of 328.068 nm to determine the conversion efficiency.
In a direct conversion reaction, 40 uL of 50 mM AgNO; was added to
a CNF suspension (0.1 and 0.2 wt %), stirred for 1 min, then H,0,
(10—240 uL for 0.1 wt % CNFs, and 20—80 uL for 0.2 wt % CNFs)
was added and stirred for another 1 min, and finally, 200 uL of 100
mM ice-cooled NaBH, was added to make the total volume of 10 mL,
and the solution was allowed to react for 40 min.

Characterization of AgNSs and AgNPs. Extinction spectra of
the solutions were measured in the 250—900 nm range using
Evolution 600 UV—vis spectrophotometer (Thermo Scientific). For
imaging AgNSs, the as-synthesized suspension was diluted 50 times,
and 10 uL of the dilute suspension was deposited onto glow-
discharged, carbon-coated TEM grids (300-mesh copper, Formvar-
carbon, Ted Pella Inc, Redding, CA) and dried under ambient
condition. For imaging AgNPs, the as-synthesized suspension was
centrifuged at 14000 rpm for 30 min in order to remove any unbound
CNFs. The precipitate was collected, redispersed, then diluted 50
times, and deposited onto glow-discharged, carbon-coated TEM grids.
The samples were observed using a Philip CM12 transmission electron
microscope operated at a 100 kV accelerating voltage.

Fabrication of CNF/Ag Nanocomposite Film. To fabricate
CNF/Ag nanocomposite film, S0 mL of 0.2 wt % CNF suspension
containing varying amounts of AgNSs or AgNPs was filtered (nylon
membrane, 200 nm pore size, Millipore, Billerica, MA) for around 8 h
to CNF hydrogel that was detached, pressed between two nylon
membranes, and dried at 80 °C. Pure CNF suspension was used to
fabricate CNF film as control. AgNSs were synthesized by reducing
AgNOj; with 0.01 wt % CNFs as before to which more concentrated
CNF suspension was added to raise CNF concentration to 0.2 wt %
while keeping AgNSs at 8 pmol. AgNPs were synthesized by
transforming AgNSs synthesized with 0.2 wt % CNFs by adding 60

dx.doi.org/10.1021/bm5011799 | Biomacromolecules 2014, 15, 3608—3616
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Figure 2. AgNPs transformed with the post-addition of H,0, (0—80 uL) in the presence of 0.2% CNFs: (a) aqueous suspensions with H,0,
quantities in L labeled; (b) UV—vis spectra; (c) e vs H,O, volume; TEM images of AgNPs formed with post-addition of (d, e) 60 and (f) 80 uL

of H,0,.

UL of H,0,, as described in a previous section, and the AgNP amounts
were kept at 4 and 8 ymol with the addition of extra 0.2 wt % CNFs to
a total of SO mL of suspension. The CNF/Ag nanocomposite films
containing 8 ymol AgNSs, 4 and 8 ymol AgNPs were designated as
CNF/AgNS, CNF/4AgNP, and CNF/8AgNP, respectively.

Characterization of CNF/Ag Nanocomposite Film. The light
transmittance of a CNF/Ag nanocomposite film was measured in the
250—900 nm region using an Evolution 600 UV—vis spectropho-
tometer. The elemental compositions of the CNF/Ag naocomposite
film were measured using the EDS (X-Max"" Silicon Drift Detector,
Oxford Instruments, Abingdon, Oxfordshire, England) adjunct to the
SEM at a magnification of 500X with a 12 kV accelerating voltage and
a 5 mm working distance. XRD spectra for CNF/Ag nanocomposite
films were collected on a Scintag XDS 2000 powder diffractometer
using a Ni-filtered Cu Ka radiation (4 = 1.5406 A) at an anode voltage
of 45 kV and a current of 40 mA from 5° to 90° at a scan rate of 2°/
min.

Surface Enhanced Raman Spectroscopy. CNF/Ag nano-
composite film (S mm X $ mm) was immersed in aqueous fluorescent
dye Rhodamine 6G (10 mL, 1 M to S mM) for 1 h, then rinsed with
water and dried under ambient conditions. Raman scattering spectra of
Rhodamine 6G adsorbed CNF/Ag nanocomposite films were
obtained using a Renishaw RM1000 spectrometer at 785 nm excitation
with 20s acquisition time and an objective magnification of S0X.

B RESULTS AND DISCUSSION

Characteristics of CNFs. Combined TEMPO-mediated
oxidation (10 mmol NaClO/g of cellulose) and mechanical
blending (37000 rpm, 30 min) has shown to facilely isolate
CNFs with about 2 nm widths and a few hundreds to thousand
nm lengths (Supporting Information, Figure S1).>* The surface
carboxylate contents were determined to be 1.68 mmol/g of
cellulose or over 93% conversion of surface primary
hydroxyls.>> Assuming a cylindrical cross-section with a 2 nm
diameter and 1.6 g/cm® bulk density, the surface carboxylate
density on CNFs is calculated to be —0.81 e/nm? All CNF
carboxylates are preserved in sodium salt form under basic pH
10 after TEMPO oxidation to facilitate binding with Ag* while
avoiding an increased acidity of carboxylic for AgNPs synthesis.
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Effects of CNF Concentrations on AgNSs. Reducing
silver precursor AgNO; with NaBH, at 10:1 NaBH,/AgNO;
molar ratio without CNFs turned the aqueous solution
immediately to golden yellow, indicative of AgNSs that were
also confirmed by the 393 nm UV—vis absorption peak (Figure
1a, b), characteristic surface plasmon resonance of AgNSs. The
clear golden yellow solution indicated well-dispersed AgNSs,
possibly due to the stabilizing effect of excess borohydride ions.
In the presence of CNFs, the same reduction reaction produced
a pale yellow solution immediately, which then turned golden
yellow after approximately 20 min with the final colors
darkening with increasing CNF concentrations. UV—vis spectra
of all solutions from reduction with CNFs showed A,,,, at 402
nm, slightly higher than that at 393 nm without CNFs. Surface
plasmon resonance peak shifting of Ag nanoparticles has been
ascribed to many factors including refractive index of the
surrounding medium,” capping ligands,**®" surface oxida-
tion,*” and particle size.”> The A, red-shifted from 393 to 402
nm observed with CNFs is thought be due to the adsorption of
carboxylated CNFs on the AgNS surfaces. A similar red-shift
from 390 to 413 nm has been observed by adsorption of oleate
on the silver nanoparticles. The initial pale yellow color is
consistent with Ag" binding to the CNF surface carboxylates
and hydroxyls by electrostatic and ion-dipole interactions,
respectively, followed by a reduction to zero valence Ag atom
by NaBH,, then coalesce into AgNSs, exhibiting golden yellow
color. The gradual darkening in colors showed the subsequent
growth of CNF bound Ag clusters into larger AgNSs to be
slow. As the CNF concentrations increased from 0.01 to 0.2%,
the A, remained at 402 nm, but the maximum absorbance
decreased, and the full width at half-maximum (fwhm)
increased (Figure 1c,d), again reflecting the increased AgNS
sizes and heterogeneity that were further confirmed by TEM
(Figure le,f). AgNSs synthesized with 0.01% CNF were small
(35 + 1.1 nm) and relatively homogeneous (Figure le),
whereas those produced at 0.2% CNF were much larger and
more elongated (Figure 1f), consistent with the darker
yellowish color.

dx.doi.org/10.1021/bm5011799 | Biomacromolecules 2014, 15, 3608—3616



Biomacromolecules

3.5
CNF concentration
3.0 — 0.025%
0.05%

s 259 —— 01%
c — 0.15%
8209 __o02%
2
E 1.5

1.0

0.5+

900

850 —

800 —

750

max (NM)

=700 ]

650 —

1
300 400

500 600

Wavelength (nm)

T T 600 T T T T
700 800 900 000 005 010 015  0.20

CNF concentration (%)

Figure 3. AgNPs transformed with post addition of 60 4L H,O, in the presence CNFs at up to 0.2% concentrations: (a) aqueous suspensions, with
CNF concentration labeled; (b) UV—vis spectra; (c) A, vs CNF concentration; TEM images of AgNPs formed with (d) 0.05, (e) 0.1, and (f)

0.15% CNFs.

With increasing CNF concentrations from 0.01 to 0.2%, the
COO™/Ag" ratio increases from 0.84 to 16.8, showing excess
COO" in all cases except for 0.01% CNF. With added AgNO5;,
Ag" could bind with COO™ by replacing Na', as previously
confirmed.®* At lower CNF concentrations, both bound and
free Ag" could be rapidly reduced by NaBH,, while free Ag
atoms could nucleate with other free and bound Ag and grow
quickly into small uniform AgNSs (Supporting Information,
Scheme S1). At higher CNF concentrations with COO™ in
excess, most Ag" would bind with the CNF surface COO™ and
reduce to zero valence Ag atoms while still being attached to
the CNF surfaces. Nucleation and growth of the bound Ag
atoms would occur slowly upon release and migration of some
bound Ag atoms to grow on the existing nuclei, leading to more
heterogeneous sizes. Selective binding of CNF surface
carboxylates to specific facets of AgNSs, such as the [111]
facets, would allow growth along the other facets into more
elongated shapes. The more elongated AgNSs gave the first
indication of potential spatial effects of CNF as a capping agent.

Anisotropic AgNPs from etching of AgNSs. AgNSs
synthesized with 0.2% CNFs were transformed into AgNPs via
H,0, etching. Upon adding H,0, (10—80 uL), the solution
color turned immediately from yellow to blue, then lightened
with increasing H,0, quantities (Figure 2a) along with the
observation of bubbles, likely from decomposition of H,O,
(Supporting Information, Video S1). The UV—vis absorption
spectra of all H,0,-containing solutions showed AgNP
characteristic peaks, that is, out-of-plane quadrupole resonance
at 334 nm, as well as increasing in-plane dipole resonance from
762 to 866 nm, but none at 402 nm (Figure 2b,c). The
complete absence of the surface plasmon resonance peak for
AgNSs (402 nm) and the presence of the AgNP characteristic
peaks (334 nm, 762 to 866 nm) give clear evidence of
immediate and increasing transformation of AgNSs to AgNPs
with the addition of H,0O,. Although the solution turned blue
with the addition of 20 uL of H,0, and showed in-plane dipole
resonance at 829 nm, the broad peak (Figure 2b) and
irregularly shaped nanoparticles (Supporting Information,
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Figure S2) indicated 20 uL of H,0, to be insufficient to
convert all AgNSs to AgNPs. With 60 and 80 uL of H,0,, all
AgNSs were transformed to AgNPs, showing 80—200 nm long
truncated edges (Figure 2d—f). The conversion efficiency of
Ag" to AgNPs was further determined using ICP-AES. For
AgNPs synthesized with 40, 60, and 80 uL of H,O,,
approximately 96.2, 97.8, and 98.0% of Ag" were converted
to AgNDPs, respectively. Such high conversions are close to the
nearly 100% vyield of AgNPs synthesized using trisodium
citrate,**** indicating CNFs to be highly efficient in forming
AgNPs.

AgNSs to AgNPs transformation was further investigated at a
constant and optimal 60 pL H,0, but varied CNF
concentrations (0.025 to 0.2%; Figure 3). Upon adding H,0,
to AgNSs synthesized with 0.025% CNF, the solution changed
from yellowish (Figure la) immediately to dark blue (Figure
3a) while exhibiting two UV—vis peaks at 400 and 650 nm,
corresponding to AgNS surface plasmon resonance and AgNP
in-plane dipole surface plasmon resonance peaks, respectively
(Figure 3b), and showing the coexistence of AgNSs and
AgNPs. The blue color became less intense (Figure 3a), while
the AgNS peak at 400 nm decreased in intensity with increasing
CNF concentrations and completely disappeared at 0.15%
CNFs and above (Figure 3b). All solutions showed the small
sharp out-of-plane quadrupole surface plasmon resonance peak
of AgNPs at 334 nm while the in-plane dipole surface plasmon
resonance peak increased in A, from 650 to 850 nm at 0.15%
CNFs and above (Figure 3c). The narrower and higher
intensity of the 850 nm AgNP peak observed at 0.2% CNF
suggested more uniform size and shape than those at 0.15%
CNF (Figure 3b). The shapes and sizes of AgNPs formed at
lower CNF concentrations were highly irregular (Figure 3d—f).
Both improved with increasing CNF concentration to 0.15%
and 0.2% (Figure 2d).

The cellulose 1B crystalline unit cell structure show the
spacings between adjacent surface C6s are 1.038 nm along the ¢
axis (chain direction), 0.663 nm between adjacent 002 planes,
and 0.778 nm between three 002 plane (Scheme 1lab). With

dx.doi.org/10.1021/bm5011799 | Biomacromolecules 2014, 15, 3608—3616
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synthesized with 0.2% CNF and 60 yL H,O,.

93% of surface C6 primary hydroxyls converted, the CNF
surface C6s are nearly fully carboxylated. Assuming all the
adjacent C6 primary hydroxyls exposed on the surface were
carboxylated, these spacings between CNF surface C6s are
much greater than that between the dicarboxylic acid groups in
sodium citrate (2.72—2.98 A).* The [100] and [111] facets of
fcc unit cell of Ag (Scheme 1c) shows that the spacings
between Ag atoms (shown in red) in the hexagonal [111] facet
are closer to the spacing between CNF carboxylates than those
in the square [100] facet so the two adjacent CNF surface
carboxylates may preferentially bind the Ag atoms in [111]
facet via silver—oxygen bonds similarly to sodium citrate to
inhibit the growth along that axis. In contrast to sodium citrate
that binds Ag atoms by closely matching the spacing between
adjacent carboxylates, bindings of CNFs on the [111] facet of
Ag may not be as exactly matched spatially, but the inhibiting
and covering effects were similar because of the multiple
carboxylates along the very long and flexible CNFs. By
selectively binding to the [111] facets of Ag nanoparticles,
CNFs protect the [111] facets while allowing H,0, etching on

3612

other facets to transform AgNSs into AgNPs. While Ag
nanospheres have been transformed to nanoprisms with
sodium citrate and other dicarboxylate and tricarboxylate
compounds with the nearest carboxylate groups separated by
two carbons,***' nearly fully surface carboxylated cellulose
nanofibrils have clearly shown to also facilitate this conversion.
This is the first evidence of passivation by nonsoluble
nanofibrillar solids on such transformation.

Synthesis of Anisotropic AgNPs. AgNPs were also
synthesized by reducing AgNO; precursor in the presence of
both capping CNF and etching H,O, reagents, that is, 10—240
4L H,0, in 0.1% CNF and 20—80 L of H,0, in 0.2% CNF
suspensions. Upon adding NaBH,, the colorless AgNO;/
CNFs/H,0, mixtures turned pale yellow initially, indicating
formation of Ag clusters, then changed to drastically different
colors ranging from orange, brown, purple, blue, and cyan. The
time taken to reach these final colors shortened with increasing
H,0, quantities. Substantial bubbles were also released, likely
from the decomposition of H,O, and NaBH, into O, and H,
(Supporting Information, Video S2).

dx.doi.org/10.1021/bm5011799 | Biomacromolecules 2014, 15, 3608—3616
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At 0.1% CNF, the final colors of yellow, orange, purple, blue,
and cyan were observed in decreasing lengths of time from 28
to 9 min with increasing H,O, from 10 to 240 uL (Figure
4a,b). These colors clearly indicated the formation of
anisotropic Ag nanoplates. Similar color changes with increased
H,0, amount were also observed with 0.2% CNF, but in
slightly shorter times. The successful synthesis of AgNPs was
confirmed by the AgNP characteristic out-of-plane quadrupole
resonance peak at 334 nm, which increased in sharpness with
increasing amount of H,0, (Figure 4c—e). With increasing
H,0, quantities, the nanoprism in-plane dipole resonance
peaks shifted to higher wavelength ranges of 420—775 nm
(Figure 4d) and 516—900 nm (Figure 4e) with 0.1 and 0.2%
CNFs, respectively. In addition, small shoulders near 500 nm
appeared with more H,O,, that is, 160 and 240 uL at 0.1%
CNF, and 60 and 80 uL at 0.2% CNF, and were assigned to
AgNP out-of-plane dipole resonance. The in-plane dipole
resonance, characteristics of anisotropic Ag nanoplates, showed
increased A,,,, with increasing H,0O,, from 420 to 775 nm with
0.1% CNF (10—240 uL H,0,) and more drastically from 516
to 900 nm with 0.2% CNF (20—60 uL H,0,; Figure 4c). In the
latter case, the decrease in A, at 80 uL of H,0, is due to
reduced AgNP sizes from etching, again confirmed by TEM
(Supporting Information, Figure S3). Besides, the 4, of in-
plane dipole resonance is always higher at 0.2% CNF than that
at 0.1% CNFs, indicating less H,O, is needed to synthesize
AgNPs at higher CNF concentrations. The TEM images clearly
showed triangular-shaped AgNPs with edge lengths ranging
from 100 to 300 nm among a CNF network structure (Figure
4f), along with some smaller spherical nanoparticles (Support-
ing Information, Figure S4), indicating partial formation of
AgNPs. As AgNPs were precipitated from centrifugation,
unbound CNFs would remain in the suspension. The
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observation CNFs along with AgNPs supports the CNF
bound nature of AgNPs.

The fact that AgNPs could be synthesized with 80 yL of
H,0, at 0.2% CNF concentration whereas substantially more
H,0, (240 pL) was necessary at 0.1% CNF concentration
attest to the unique dual capping and shape-regulating role of
CNFs. With more CNF present in the solution, Ag clusters are
better protected from oxidization by H,O, and stabilized by
being bound to CNF to allow more effective etching with less
H,0,, leading to significantly reduced reaction time and less
H,0, consumption.

In AgNP synthesis by either method, both H,0, and CNFs
are essential in forming more homogeneous AgNPs. In AgNP
synthesis in the presence of both reducing agent NaBH, and
etching agent H,0,, reduction and oxidization occur
simultaneously. H,0, oxidizes uncapped Ag mnanoparticles
into Ag cations which were then further reduced by NaBH,
to atomic Ag then onto CNF passivated Ag nanoparticles to
form AgNPs. As most of the AgNP surfaces were capped by
CNFs, these capped surfaces were most stable against H,O,
etching. Therefore, the net effect of H,O, is to oxidize
uncapped less stable Ag nanoparticles and promote the growth
of AgNPs.39 Therefore, the amount of H,0, is critical in
controlling both kinetics and yields of AgNPs. CNFs passivate
the [111] facets of Ag nanoparticles by their surface
carboxylates, while permitting Ag nanoparticle growth only
along the [100] facets into anisotropic AgNPs. With more
CNFs, the [111] facets were more fully passivated to synthesize
more homogeneous AgNPs. While AgNPs could be synthesized
with 0.2% CNFs and 60 pL H,0, via both methods,
transformation from AgNSs shows full conversion and more
uniform AgNP sizes and shapes as well as better stability against
H,O0, etching. Besides, more spherical nanoparticles could be
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observed in the one shot synthesized sample as compared to
those transformed from AgNSs. Therefore, AgNPs synthesized
by transformation of AgNSs were made into films for surface
enhanced Raman scattering characterization.

Fabrication and Characterization of CNF/Ag Nano-
composite Films. CNF/Ag nanocomposite films were
fabricated from 0.2% CNF series with varying AgNS or
AgNP quantities. The control CNF film contained no Ag and
appeared translucent (Figure Sa), transmitting 45 to 70% in the
visible light range (Figure Sb). The opaqueness is likely due to
CNF aggregation from vacuum filtration and drying. The
CNF/AgNS film containing 8 umol AgNSs appeared brown
whereas those with 4 and 8 ymol of AgNPs, or CNF/4AgNP
and CNF/8AgNP, respectively, were blue, all in similar colors
as their respective solutions. CNF/AgNS film absorbed more
visible light in the lower wavelength range due to the spherical
nature of AgNSs, but transmitted increasing extents in the
500—900 nm wavelength range to 55% at 900 nm. Both CNF/
4AgNP and CNF/8AgNP films transmitted some light in the
lower wavelengths, that is, 300—720 and 300—520 nm,
respectively, but absorbed all light above these regions, as
expected of AgNPs (Figure Sb). The transmittance decreased
with increased amount of AgNPs. These films are flexible,
bending freely when squeezed between fingers without
breaking (Supporting Information, Figure SS). Tensile strength
and Young’s modulus of TEMPO-oxidized cellulose films have
been reported to be 200—300 MPa and 6—7 GPa.%” The EDS
spectra showed 1.2 At% Na atomic concentration for CNF film,
reflecting the presence of sodium carboxylate on the CNF
surfaces, and the Na content increased to 2.0, 2.5, and 2.4 At%
for CNF/AgNS, CNF/4AgNP, and CNF/8AgNP, respectively,
possibly due to the additional Na absorption from NaBH,
(Figure Sc, Table 1). Although the original CNF/AgNS and

Table 1. Atomic Compositions of CNF/Ag Nanocomposite
Films Quantified by EDS

atomic composition (%)

samples C (0] Na Ag
CNFs 59.0 + 0.2 39.8 + 0.2 12 £ 0.1 N/A
CNF/AgNS 55.5 + 0.2 423 £ 0.1 20+ 0.1 0.28 + 0.04
CNF/4AgNP 56.1 + 1.1 412 + 1.2 2.5 +0.1 0.2
CNF/8AgNP 554 + 1.5 419 + 1.6 24 + 0.2 0.38 + 0.0

CNF/8AgNP solutions had the same 8 ymol Ag concentration,
0.28, 0.2, and 0.38 At% Ag was detected on CNF/AgNS, CNF/
4AgNP, and CNF/8AgNP, respectively. The lower atomic Ag
concentration in CNF/AgNS film is likely due to losing the

small and unattached AgNSs in vacuum filtration. The nearly
doubled Ag content in CNF/8AgNP than that in CNF/4AgNP
is consistent with the doubled initial concentration. The fact
that Ag content in CNF/AgNP films is consistent to the initial
Ag concentration further supports that the AgNPs are strongly
bound to CNFs and fully retained in both films. For CNF/
8AgNP, a sharp dominant peak at 38° in the XRD spectrum
gave the clear evidence of the [111] lattice plane of face-
centered cubic (fcc) silver (JCPCDS 4—783). The predominant
[111] basal faces confirmed that the AgNPs are primarily
bound to CNFs at the [111] plane (Figure Sd). A barely visible
peak at 82° was assigned to the [222] lattice plane, one of the
side faces. No other peaks could be observed in CNF/8AgNP,
indicating lacking specific order of all the other facets thus not
be detected by XRD. In contrast, XRD of CNF/AgNS showed
peaks at 38, 44, 64, and 77°, corresponding to all [111], [200],
[220], and [311] fcc crystal planes of the AgNSs, although at
very low intensities. The appearance of all fcc crystal facets in
CNF/AgNS confirms its isotropic nature while the low
intensity reflects the low quantity of AgNSs. The XRD spectra
of all films exhibited clear cellulose I crystalline structure
between 10 and 30° same as reported for CNFs alone.*®*

Surface Enhanced Raman Scattering of CNF/Ag
Nanocomposite Films. Fluorescent dye was adsorbed in
CNF/Ag nanocomposite films by immersion in aqueous
Rhodamine 6G solution for 1 h. The sensitivity of surface
enhanced Raman scattering (SERS) of CNF/AgNS and CNF/
AgNP was examined (Figure 6a). From adsorption of 107° M
Rhodamine 6G, both CNF/4AgNP and CNF/8AgNP showed
sharp Rhodamine 6G characteristic peaks, that is, 611, 773, and
1127 ecm™! peaks for C—C—C ring in-plane bending vibration,
C—H out-of-plane bending vibration and C—H in-plane
bending vibration, respectively, while showing aromatic
stretching vibrations at 1310, 1360, 1507, and 1648 cm™L.7°
The much stronger peak intensities for CNF/8AgNP over
those for CNF/4AgNP showed the SERS sensitivity to be
AgNPs concentration dependent. In contrast, Raman scattering
peaks for Rhodamine 6G were not detected on CNF/AgNS,
even with an order of magnitude higher S X 107* M
Rhodamine 6G concentration. This is expected as spherical
AgNSs do not absorb nor induce oscillation of the conduction
electron at the 785 nm laser beam wavelength used for
excitation, resulting in no enhancement of the local electric field
and therefore do not show SERS properties (Figure Sb). In
contrast, AgNPs interacted strongly with the light at 785 nm
(Figure Sb), and the local electric field was greatly enhanced to
form hot spots showing significant enhancement of Raman
scattering.
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Figure 6. Surface enhanced Raman scattering of Rhodamine 6G with various concentrations obtained from the CNF/Ag nanocomposite films.
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To quantify the SERS enhancement factor, Raman spectra of
Rhodamine 6G on CNF, CNF/AgNS, and CNF/8AgNP were
recorded and shown in Figure 6b. The analytical enhancement
factor (AEF) was calculated from eq 1:”'

|
AEF — -SERS/ CSERS

(1)

where Igpps and Icyg are the Raman signal intensities for CNF/
Ag and CNF, respectively, and cggpg and ccng represent the
Rhodamine 6G concentrations in the detecting solution for
CNF/Ag and CNF, respectively. The Raman scattering
intensity of Rhodamine 6G on CNF/AgNS is similar to that
on CNF film, both showing no absorption at 785 nm or lacking
SERS as expected (Figure 6b). On the other hand, the CNF/
8AgNP film showed a significant enhancement, with 5.7 X 10°,
6.9 X 10%, 3.7 X 10° and 4.4 X 10° calculated AEF values for the
611, 1310, 1360, and 1507 cm™' Raman peaks, respectively.
These over 3 orders of magnitude increases in Raman signal
enhancement are highly impressive, showing excellent capa-
bility of detecting target molecules at the sub part-per-million
(PPM) level. These data show that CNF/AgNPs are superior
substrates for surface enhanced Raman scattering, capable of
detection at significantly lowering limits.

Ieng/ Cong

B CONCLUSIONS

Cellulose nanofibrils (CNFs) with 1.68 mmol/g surface
carboxylates spaced approximately 0.67—1.04 nm apart have
demonstrated to be highly effective as dual capping and shape-
regulating agents in the synthesis of silver nanospheres
(AgNSs) and nanoprisms (AgNPs). Uniformly small (3.5
nm) AgNSs could be synthesized at low CNF concentration as
0.01%, then grew in sizes and heterogeneity in shapes with
increasing CNF concentrations. The CNF bound AgNSs were
facilely transformed into AgNPs by adding etching agent H,O,,
as evidenced by the disappearance of the AgNS characteristic
peak at 402 nm and the appearance of a new out-of-plane
quadrupole resonance (334 nm) and in-plane dipole resonance
(762—866 nm) peaks, characteristic of AgNPs. Most uniform
AgNPs with edge lengths ranging from 80 to 200 nm were
produced in the presence of 0.2% CNF and 60 uL of H,O,.
AgNPs were also synthesized by NaBH, reduction in the
presence of H,0,, showing tunable in-plane dipole resonance
peaks ranging from 420 to 900 nm, indicating the gradual
evolution of AgNPs. CNF bound AgNPs could be robustly
synthesized with 0.2% CNFs and 60 pL of H,O, by both
methods, with the post-transformed AgNPs being more stable
in the presence of a higher H,O, amount of 80 uL. Both CNF
bound AgNSs and AgNPs could be facilely fabricated into
flexible CNF/Ag nanocomposite films via vacuum ultra-
filtration. CNF/AgNP film showed excellent enhancement on
the Raman scattering with impressive analytical enhancement
factor exceeding 3 orders of magnitude, whereas the CNF/
AgNS film showed none.
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AFM height image and profile of CNF. Scheme for AgNSs
synthesis at low and high CNF concentrations. TEM images of
AgNPs formed with post addition of 20 uL of H,0, at 0.2%
CNEF. TEM of AgNPs synthesized with 0.2% CNF and 60 and
80 uL H,O0,. Images of CNF/Ag nanocomposite files squeezed
with fingers. Video clips of the transformation of AgNSs to
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AgNPs (Video S1) and the one-shot synthesis of AgNPs
(Video S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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