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Abstract: Assembly of plasmonic nanomaterials into a low refractive index medium, such as
an aerogel, holds a great promise for optical metamaterials, optical sensors, and photothermal
energy converters. However, conventional plasmonic aerogels are opaque and optically isotropic
composites, impeding them from being used as low-loss or polarization-dependent optical
materials. Here we demonstrate a plasmonic-cellulose nanofiber composite aerogel that comprises
of well-dispersed gold nanorods within a cellulose nanofiber network. The cellulose aerogel host
is highly transparent owing to the small scattering cross-section of the nanofibers and forms a
nematic liquid crystalline medium with strong optical birefringence. We find that the longitudinal
surface plasmon resonance peak of gold nanorods shows a dramatic shift when probed for the
cellulose aerogel compared with the wet gels. Simulations reveal the shift of surface plasmon
resonance peak with gel drying can be attributed to the change of the effective refractive index
of the gels. This composite material may provide a platform for three- dimensional plasmonic
devices ranging from optical sensors to metamaterials.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Plasmonic nanomaterials, such as gold nanorods (GNRs), silver nanoprisms, play an important
role in designing metamaterials, optical sensors, and photothermal energy converters [1-3].
Conventional plasmonic devices usually comprise metallic nanostructures on a solid surface or
in a liquid medium [4,5], whose refractive indices are much larger than that of the air. However,
aerogel, a synthetic highly porous material containing more than 95% of air, is of interest as a
novel host medium to embed plasmonic nanomaterials. Dispersing plasmonic nanomaterials in
an aerogel could enable three-dimensional systems which have low effective refractive index of
the matrix and strong optical interaction of nanoparticles with the environment via the evanescent
wave. Recent advances have demonstrated the plasmonic nanoparticles dispersed in inorganic
or polymeric aerogel hosts, such as alumina, silica, and biomaterials [6—10]. Although these
low-density aerogels exhibit excellent thermal insulation and a broad range of other interesting
properties, the aerogel hosts are typically opaque and optically isotropic media owing to the
non-negligible Mie scattering from the aerogels’ isotropic network with large cross-section,
impeding their application in optical devices which require low loss or polarization controllability.

To circumnutate these obstacles, one strategy is to embed plasmonic nanoparticles into aerogel
hosts comprising nanometer-thin non-adsorptive fibers with well-controlled morphology, which
could greatly reduce the scattering from the skeleton of the aerogel. A network of cellulose
nanofibers (CNFs), each with a uniform cross-section of only 4-5 nm, is an ideal host material
with low scattering [11-12]. CNFs could be readily prepared from abundant natural sources such
as wood, cotton, and bacteria-produced cellulose. Furthermore, CNFs have a high aspect ratio of
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~100-1000, which allows the nanofibers to form a nematic liquid crystal phase with an optical
birefringence above a critical concentration [13].

Here we demonstrate a plasmonic gold-CNF composite aerogel that shows pronounced surface
plasmon resonance (SPR) peaks at the resonance wavelengths and is highly transparent in
the non-resonance regime. The GNRs with a polymeric capping are well-dispersed in the
nanocellulose initially prepared colloidal host. The colloidal co-dispersion is then prompted to
form a hydrogel via hydrogen bonds between the CNFs, followed by converting into alcogels
via solvent exchange and being dried into aerogels. We find the longitudinal SPR (LSPR) peak
of GNRs shows a dramatic blue shift in the aerogel as compared with wet gels. The aerogel
host also has a tunable birefringence depending on the concentration of CNFs. We modeled the
optical properties of the plasmonic gold-CNF gels by utilizing the discrete dipole approximation
(DDA) method [14], which reproduced the experimental findings and revealed that the shift of
surface plasmon resonance peak arises due to the change of the effective refractive index of the
host medium and the CNF network enhances the light scattering efficiency of GNR particles
embedded within the plasmonic gold-CNF aerogel.

2. Materials and methods

CNFs with the dimensions of 4.8 nm by several micrometers were synthesized by 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation of bleached softwood pulp
[15]. Typically, 16 mg of TEMPO and 1.13 g of 80 wt.% sodium chlorite were dissolved in 0.05
M sodium phosphate buffer (90 mL) (pH 6.8) in a flask. A bleached softwood pulp (10 g, 10
wt.%) was suspended in the above solution. NaClO solution (455 mL) (13% active chlorine) was
diluted 10 times with the same 0.05 M sodium phosphate buffer and added to the flask. The flask
was stoppered, and the suspension was stirred at 500 rpm and 60 °C for 96 hours. After cooling
the suspension to the room temperature, the TEMPO-oxidized celluloses were thoroughly washed
with water by filtration. TEMPO-pretreated celluloses were then mechanically blended by a food
processor (from Oster), homogenized by a sonifer (from Branson Ultrasonics), and filtered by
a membrane filter. After oxidation, the electrostatic charging of the carboxylate anion on the
surface of CNFs provides stabilization of the colloidal dispersions against aggregation in water.

GNRs were synthesized by the procedures described in detail in the literature [16,17].
To stabilize the GNRs in the acidic solution where the CNF dispersion is polymerized, we
functionalized GNRs using thiol-terminated methoxy-poly(ethylene glycol) (mMPEG-SH, JemKem
Technology) following the literature [18]. For this, 1 mL of an aqueous solution with 30 mg of
5 kDa mPEG-SH was added to 50 mL of a diluted GNR dispersion with an optical density of
4. After stirring for 24 h, this dispersion was purified via centrifugation to eliminate the excess
mPEG-SH.

Figure 1 illustrates the fabrication process of plasmonic gold -CNF gels. First, the PEG-capped
GNRs with a concentration of 0.1-2.0 wt.% were mixed with the CNF aqueous solution. Since
the PEG-capped GNRs are quite stable in CNF aqueous dispersion, the concentration of GNR
could be further increased depending on the desired optical extinction. The CNFs were then
cross-linked by prompting hydrogen bonds between carboxyl groups. This was achieved after
adding several drops of hydrochloride acid, which transforms the CNF-GNRs aqueous dispersion
into a hydrogel, as shown in Fig. 1(b). The hydrogel was then converted into an alcogel by
exchanging the water with ethanol [Fig. 1(c)] and subsequently dried to an aerogel using critical
point drying (CPD) [Fig. 1(d)].

Light transmittance spectra were obtained using a spectrometer (USB2000-FLG from Ocean
Optics) mounted on an optical microscope (Olympus BX-51). Photographs of samples in the
bright field mode and between crossed polarizers with a 530 nm retardation waveplate were
taken using a digital camera. Transmission electron microscopy (TEM) images were obtained
using a CM100 microscope (FEI Philips). The CNF samples were negatively stained with
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Fig. 1. Fabrication of a plasmonic gold-CNF aerogel. (a) The structure of CNFs initially
obtained in an aqueous dispersion. (b) A hydrogel with interlinked CNFs was formed upon
cross-linking of the individual fibers into a network. (c) An alcogel was obtained via the
slow replacement of water with ethanol. (D) A plasmonic gold-CNF aerogel obtained by the
drying of the alcogel using CPD.

phosphotungstic acid to increase imaging contrast. To achieve this staining, 2 uL of the sample was
drop-casted on the TEM grid, allowed to settle for drying and then dipped into the stain solution
(aqueous 2 wt% phosphotungstic acid). The plasmonic gold-CNF aerogels were characterized by
utilizing scanning electron microscopy (SEM) using a Carl Zeiss EVO MA 10 system. For this,
freshly cut surfaces of the plasmonic gold-CNF aerogels were sputtered with a thin layer of gold
and observed under SEM at a low voltage of SkV.

The optical properties of plasmonic gold -CNF aerogel and GNR particles in different solvent
media were computer-simulated using the DDA method [14,19-24], with the help of an online tool
available at nanohub.org [24]. Three-dimensional structures of GNRs and rod-like CNFs were
generated using a 3D drawing software (Blender v:2.75) and converted to a set of dipoles using
the shape conversion tool, before importing into the nanoDDSCAT for numerical simulations. We
simulated the light extinction, scattering efficiency factor, and the distributions of the magnitude
of the electric field (|E|) around GNR particles, assuming an unpolarized beam of incident light.

3. Results and discussion

The mesoscale morphology of plasmonic gold-CNF aerogels was characterized by electron
microscopy imaging (Fig. 2). TEM images show that the average dimensions of the used GNRs
are 22nm X 52nm, 24 nm X 66 nm, and 31 nm X 94 nm, respectively [Figs. 2(a)-2(c)]. The
CNFs have a uniform diameter of 4.8 nm and a typical length of several micrometers, as shown
in Fig. 2(d). After the gelation, the CNF aerogel exhibits uniform three-dimensional network-like
structures without aggregation or clustering. SEM images show the well-dispersed GNRs in the
network of a CNF aerogel [Figs. 2(e) and 2(f)]. The GNRs orient randomly within the porous
CNF network. For the provided example, the bulk density py, is calculated to be 25 mg/cm? by
the weight/volume ratio of the sample. The porosity, defined as € = (1-pp/ps)x 100%, is then
determined to be € *98% for the used aerogels, where p; is the skeletal density, taken to be
1.5 g/em’.

The CNF gels provide a highly transparent monolithic host media for plasmonic nanomaterials.
Figures 3(a)-3(c) show the pure CNF hydrogel transforms into alcogel via solvent exchange
with ethanol, followed by converting into aerogel. When incorporated with gold nanorods, the
hydrogels exhibit color similar to that observed before gelation, indicating the aggregation-free
dispersion of the nanoparticles during the gelation process. When the wet gel is dried, the LSPR
peak exhibits a remarkably strong blue shift compared with that in wet gels due to the distinct
refractive indices of air and the solvents. The shift of extinction peak associated with LSPR is
visualized in the change of appearance of the gels [Figs. 3(d)-3(f)]. The hydrogel and alcogel
show brown color due to the extinction peaks at 500 nm and 700 nm. However, the aerogels
show green color due to the large shift of the LSPR peak from 700 nm to 600 nm [Fig. 3(g)].
Differently from its longitudinal counterpart, the transverse SPR (TSPR) peak at ~530 nm is
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Fig. 2. Geometry of nanoparticles and mesoscale morphologies of plasmonic gold-CNF
aerogels. (a-c) TEM images of gold nanorods with the average sizes of (a) 22 nm X 52 nm,
(b) 24 nm X 66 nm, and (c) 31 nm X 94 nm. (d) TEM images of the negatively stained CNFs
(e) Low- and (f) high-magnification SEM images of plasmonic gold-CNF aerogels featuring
well-dispersed, individualized gold nanorods within the porous network.

not very sensitive to the change of the refractive index with the change and removal of the
solvent. The numerical simulations also confirm the large shift of LSPR peak of aerogels from
wet gels [Fig. 3(h)]. In Table 1, we summarize the particle size, TSPR, and LSPR peak positions
of different GNRs used in the preparation of wet gels and aerogels. We also notice that the
plasmonic gold-CNF aerogel shows a comparably large extinction at a shorter wavelength relative
to those in wet gels. We attribute this to the scattering from the CNFs, which is considered in the
numerical simulations illustrated in Fig. 4.

Table 1. Surface plasmon resonance peaks in plasmonic gold-CNF hydrogels, alcogels, and

aerogels
Sample LSPR peak (nm) TSPR peak (nm)
hydrogel alcogel aerogel hydrogel alcogel aerogel
Sample 1 629 634 566 516 519 505
Sample 2 646 652 587 518 520 514
Sample 3 700 707 611 517 518 507
Sample 4 752 764 653 514 516 505
Sample 5 785 794 658 518 519 508

To explain our experimental observations, we modeled the optical properties of plasmonic
gold-CNF aerogel, assuming a simplified model of a rod-like CNF attached to the surface of
a GNR particle. To account for the random alignment of CNF and GNR in the medium, the
simulated spectra were averaged over different orientations of this geometry relative to the
incident light’s polarization as well as GNR orientations relative to the long axis of the CNF.
In Figs. 4(a) and 4(b), we compare the extinction spectra and scattering efficiency factor of a
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Fig. 3. Plasmonic gold-CNF gels. Highly transparent CNF (a) hydrogel, (b) alcogel, and
(c) aerogel with slightly blueish hue due to Rayleigh scattering. Plasmonic gold-CNF
(d) hydrogel, (e) alcogel, and (f) aerogel. (g) Experimental and (h) computer-simulated
extinction spectra of the plasmonic gold-CNF hydrogel, alcogel, and aerogel.

CNF-attached GNR with that of a GNR particle in the air simulated based on the DDA method.
The normalized extinction spectra of the CNF attached GNR particle indicates a slight red shift
(~ 5nm) in the LSPR peak [Fig. 4(a)] while showing significant enhancement in the scattering
efficiency factor with respect to the same GNR particle in the vacuum or air [Fig. 4(b)]. The
redshift in the LSPR peak of CNF attached GNR arises from the relatively higher refractive
index of CNF compared to that of air. To analyze the enhanced scattering efficiency of the CNF
attached GNR, we simulated the electric field distribution around the particles as depicted in
Figs. 4(c)-4(f). Figures 4(c) and 4(e) show the electric field distribution near the surface of a
CNF attached GNR for the incident wavelength of 520 nm and 580 nm, respectively, indicating
the enhanced electric field intensity around the CNF, which corresponds to the increase in light
scattering. The electric field distribution at the midplane of the GNR particle [Figs. 4(d) and 4(f)]
shows the electric field enhancement due to the TSPR and LSPR modes of the GNR particles
[2,3,19,20].

Depending on the concentration of CNF, the plasmonic gold-CNF gels exhibit a tunable
optical birefringence, which allows for altering the polarization of incident light in plasmonic
devices. The high length-to-width aspect ratio of CNFs (typically in the range from 300 to
500) assures the emergence of the lyotropic nematic liquid crystal phase behavior above the low
critical concentration of ~1 vol.%, which is consistent with the Onsager theory [25]. When
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Fig. 4. Numerical simulations of light extinction, scattering, and electric field enhancement
for a CNF-attached GNR particle. a,b) Simulated extinction spectra (a) and light scattering
efficiency factor (b) of a GNR particle in the air attached to a rod-like CNF at the surface
of the particle (red curve). The black curves in (a) and (b) represent the extinction spectra
(a) and light scattering efficiency factor (b) of the same GNR particle without CNF. c¢,d)
Electric field intensity map of a CNF attached GNR at an incident wavelength of 520 nm,
showing the field enhancement at the surface (c) and midplane (d) of the particle owing to
the TSPR mode of the GNR particle. e,f) Electric field intensity map of a CNF attached
GNR at an incident wavelength of 580 nm, showing the field enhancement at the surface (e)
and midplane (f) of the particle due to the LSPR mode of the GNR particle.

the concentration of CNF is below the critical concentration, the optically isotropic plasmonic
gold-CNF aerogel could also be achieved. For example, when prepared using a low concentration
of 0.1 wt.% of CNFs, the plasmonic gold-CNF hydrogel is optically isotropic except for a very
weak birefringence at the edges induced by the strain during fabrication [ Figs. 5(a)-5(c)]. When
the concentration of CNFs is above the critical value, the CNFs readily form a nematic lyotropic
liquid crystal. As shown in Figs. 5(d) and 5(f), an optically anisotropic hydrogel was prepared with
the concentration of CNFs of 5 vol.%. The nematic order of CNFs is preserved in the plasmonic
gold-CNFs aerogel when the gel is dried. Figures 5(h)-5(i) show an example of polarizing
optical micrographs of a plasmonic gold-CNF aerogel [Fig. 2(g)] with 2 vol.% CNFs obtained
under crossed polarizers before and after the insertion of a 530 nm retardation, respectively.
This optical retardation An.gd is estimated to be of the order of the visible wavelength per
millimeter of aerogel thickness d, based on the interference color, where An.g is the effective
optical anisotropy. This finding indicates that such aerogels can be used as polarizing optical
elements for visible and infrared light. The optical retardation value could be tuned further by
changing the concentration of CNFs and the thickness of the gels. Further future development
could include unidirectional shearing of colloidal dispersions of CNFs before their cross-linking,
which orients the CNFs and defines the orientation of the optical axis of the aerogels in the final
product, as well as uniaxial and biaxial compression to define the ordering direction of both
CNFs and GNRs. Importantly, such designs could either utilize the change of light polarization
by the aerogel matrix through controlling Ang for light traversing the aerogel in order to tune
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how it interacts with gold nanoparticles, or, instead, this could be avoided by effectively working
with more isotropic matrices at low densities of CNFs. Different wavelengths of light could be
used to locally heat aerogels when matching the laser wavelength to that of TSPR or LSPR peaks
or, instead, be transmitted. Such composite aerogel materials are of interest for various sensing
applications.

a

Fig. 5. Optically isotropic and anisotropic plasmonic gold-CNF gels. (a-c) photographs of
a plasmonic gold-CNF hydrogel with 0.1 vol. % CNFs is optically isotropic except for a very
weak strain-induced birefringence at the edges. (d-f) photographs of a plasmonic gold-CNF
hydrogel with 5 vol.% CNF show a strong birefringence. (g-i) photographs of a plasmonic
gold-CNF aerogel with 2 vol.% CNF reveal a strong birefringence. The corresponding
polarized optical images obtained (b,e,h) before and (c,f,i) after the insertion of a 530 nm
retardation plate, with a slow axis () indicated by a yellow double-headed arrow.

4. Conclusion

We have demonstrated a plasmonic gold-CNF aerogel that comprises well-dispersed GNRs and
nanometer-thin CNFs. The CNF-based gels serve as a highly transparent medium enabled by
their ultrathin fiber network for assembling plasmonic nanoparticles. The plasmonic nanorods are
randomly dispersed in the cellulose network, which could form both an optically isotropic medium
and a nematic liquid crystal phase with a large birefringence, dependent on the concentration of
CNFs. We observed a large blue shift in the LSPR peak of the plasmonic gold - CNF aerogel
compared with the wet gels. Simulations reveal the shift of surface plasmon resonance peak
is attributed to the change of the effective refractive index of the host and enhanced scattering
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efficiency for the GNRs embedded within the CNF network. We believe our approach to assemble
GNRs in a CNF aerogel could be further developed into an ordered system, in which the GNRs
or CNFs could be aligned by shearing forces or magnetic fields within the initial colloidal
dispersion, as well as by uniaxial and biaxial compression upon forming gels [26,27]. This new
composite material could be used in optical sensors, electro-optic devices, three-dimensional
optical metamaterials, etc. Our approach can be extended by combining plasmonic nanoparticles
with other classes of nanomaterials through co-hybridizing them within either isotropic or
nematic nanocellulose gels, with the interesting candidate nanoparticles ranging from quantum
dots to carbon nanotubes and magnetic or photon-upconverting nanorods, potentially creating a
paradigm for the fabrication of composite gels with pre-designable properties [28—30].
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