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ABSTRACT: Conventional colloidal syntheses typically produce nanostructures with positive curvatures due to thermody-
namic preference. Here we demonstrate the creation of surface concavity in Au nanorods through seed-mediated growth in
confined spaces and report their thermochromic responses to temperature changes. The unique surface concavity is created
by templating against Fe304 nanorods, producing a new concavity-sensitive plasmonic band. Due to the high surface energy,
the metastable nanorods can be reconstructed at a moderate temperature, enabling convenient and precise tuning of their
plasmonic properties by aging in different solvents. Such structural reconstruction of concave Au nanorods enables the fab-
rication of thermochromic plasmonic films that can display images with vivid color changes or exhibit encrypted, invisible
information upon aging. This templating strategy is universal in creating concave nanostructures, which may open the door
to designing new nanostructures with promising applications in sensing, anti-counterfeiting, information encryption, and

displays.

1. Introduction

Colloidal nanostructures of noble metals have attracted
increasing attention due to their unique optical, electronic,
and catalytic properties.> Their localized surface plasmon
resonance (LSPR) features sharp absorption peaks, local-
ized electric field enhancement, and tunable colors comple-
mentary to the peak position, which have great potentials in
developing high-performance sensors,%® catalysts,’ and
smart optical devices.1%-12 Among these established applica-
tions, dynamic switching of plasmonic colors has attracted
great attention due to many compelling advantages of plas-
monic nanostructures in the color generation, such as high
tunability, sharp LSPR peaks, and widely accessible colors
in the whole visible spectrum, which have inspired exten-
sive studies on colorimetric responses of plasmonic
nanostructures to various stimuli, including chemicals, pH,
heat, magnetic and electric fields.'3-1> However, most cur-
rent studies have focused on color switching of dispersed
plasmonic nanoparticles in a solution. Realizing dynamic
and controllable color switching in solid films remains chal-
lenging, although it is highly desirable in developing practi-
cal optical devices. A major obstacle limiting further devel-
opment is the lack of synthetic approaches to metal
nanostructures with sufficient responses to surrounding
physicochemical changes. Previous studies have reached an
agreement that metal nanocrystals with unconventional
surface concavity have superior sensing and catalytic per-
formances over nanostructures with positive curvatures
because of the exposure of high-index facets and improved
electric field enhancement.’62® From the thermodynamic
point of view, such concave nanostructures are not stable,
offering new opportunities to design novel materials with
colorimetric responses.21-23

The conventional solution-based methods of creating
surface concavity in plasmonic nanostructures rely on pro-
moting the growth of high-energy facets using secondary

metal atoms or capping ligands.?* The introduction of sec-
ondary metal atoms, mostly plasmonically inactive, often
significantly deteriorate the plasmonic properties of the re-
sulting nanostructures, albeit their exciting potential for
catalytic applications.?5-26 The selective adhesion of capping
ligands has also been employed to produce concave plas-
monic nanostructures, such as those with cuboidal and tris-
octahedral shapes.?7-28 Since selective binding is very spe-
cific to the ligand/metal facet combination, such a strategy
is not general for creating concave nanostructures. Also, the
high surface energy of the resulting surface concavity
makes it extremely challenging to extend the processes for
producing nanostructures of reduced sizes. More im-
portantly, the as-created surface concavity is often small
due to the limited contrast of binding energy of ligands on
different facets, providing few opportunities for active tun-
ing of the plasmonic properties. A promising method re-
cently emerged by combining selective deposition and etch-
ing to synthesize complex metal nanostructures with tuna-
ble concavity.?°-30 However, its evolution into a general plat-
form for the synthesis of concave plasmonic nanostructures
requires additional efforts as it involves complex chemical
reactions, plasmonically inactive metals, and dynamic or-
ganic-inorganic interfaces.3!

In this work, we report a general and efficient method to
create pronounced, highly tunable surface concavity in Au
nanorods, which can be further meticulously tailored by in-
ducing structure reconstruction in confined spaces. By con-
fining the seed-mediated growth of Au in a well-defined
space containing an iron oxide nanorod, we demonstrate
the production of concave Au nanorods whose surface con-
cavity is determined by the nanorod template. Further, we
take advantage of the magnetic property of the iron oxide
nanorods and the thermodynamic instability of the Au na-
norods to design solid thermochromic plasmonic films that



can display rich color changes or exhibit encrypted, invisi-
ble information in response to temperature changes. Our
results demonstrate that nanostructure engineering com-
bined with confined-space chemical transformation may of-
fer exciting opportunities to design unconventional
nanostructures for smart optical materials and devices.

2. Experimental section

2.1. Synthesis of FeOOH nanorods. The uniform FeOOH
nanorods were synthesized by hydrolysis of FeCls in aque-
ous solutions. For synthesizing FeEOOH nanorods with 110
nm in length and 20 nm in width, 10.812 g of FeCls (40
mmol) was dissolved in 400 mL of Milli-Q water. The solu-
tion was placed in an oven at 87 °C for 18 hours. The precip-
itated FeOOH nanorods were washed three times with de-
ionized (DI) water and dispersed in 40 mL of water. For pre-
paring thicker FeOOH nanorods, 0.1 M of FeCls was added
to 400 mL of HCI solution. The concentrations of HCl were
0.06 M and 0.04 M for FeOOH nanorods with diameters of
25 nm and 35 nm, respectively. The prepared solution was
kept at 87 °C for 25.5 hours. The FeOOH nanorods were
washed by water three times and then dispersed in 40-mL
water. FeOOH nanorods with a diameter of 70 nm were pre-
pared by hydrolysis of FeCls (0.1 M) at room temperature.
In our experiments, 4 L of FeCls (0.1 M) was prepared and
sealed in a plastic bottle, which was kept at room tempera-
ture for 6 months. Afterward, the precipitated nanorods
were washed three times by DI water and dispersed in 400
mL of water for further use. The synthesis of FeOOH is scal-
able and suitable for large-scale production.

2.2. SiO2 coating on FeOOH nanorods. FeOOH nanorods
were first modified with polyacrylic acid (PAA). Typically, 5
mL of the FeOOH (100 nm x 20 nm) solutions were added
into 300 mL of DI water containing 108 mg of PAA. The so-
lution was magnetically stirred overnight, and excess PAA
was removed by washing with DI water three times. The
precipitated FeEOOH-PAA nanorods were re-dispersed in 15
mL of DI water. 3 mL of the FeOOH-PAA was used for silica
coating. In a typical process, 1mL of NHz and 20 mL of etha-
nol were added in sequence. The mixture was sonicated for
~10 minutes to fully disperse FeOOH-PAA nanorods. Then,
100 pL and 200 pL of tetraethoxysilane (TEOS) were used
for silica of 3 nm and 8 nm, respectively. For achieving 12
nm silica, another 200 pL of TEOS was added 1 hour after
the first 200-pL. TEOS. The reaction continued for 1 hour.
After silica coating, the FeOOH@SiO2 was precipitated out
by centrifugate (15000 rpm for 10 minutes) and washed
with water three times. For thicker FeOOH nanorods, 3 mL
of the stock solution was added to 120 mL of DI water con-
taining 43.2 mg of PAA. The mixture solution was stirred
overnight. The FeOOH-PAA nanorods were recovered by
washing with water three times and then dispersed in 12
mL of DI water. A 3-mL solution of FeEOOH-PAA nanorods
was used for silica coating. 1 mL of NHs and 20 mL of etha-
nol were added to the solution, which was sonicated for ~
10 minutes to fully disperse nanorods. For the silica layer of
35 nm, 100 pL of TEOS was added twice with a 30-minute
interval. The silica-coated FeOOH nanorods were washed
by DI water three times (11000 rpm for 6 minutes). For pro-

ducing a thin silica layer on FeOOH nanorods with a diame-
ter of 70 nm, 30 uL of TEOS was added, and the reaction
lasted for 30 minutes.

2.3. Synthesis of magnetic nanorods. The high-temper-
ature polyol reduction was used to convert FeOOH into
Fes04.In a typical process, 30 mL of diethylene glycol (DEG)
was heated to 220 °C in a three-neck round bottle flask. The
above FeOOH@SiO: solution was concentrated to less than
50 pL of DI water. The solution was then injected into the
hot DEG slowly. The reaction was stirred at 220 °C for 5
hours. After reduction, Fe30:@Si02 nanorods were washed
with DI water three times.

2.4. Au seeds preparation and attachment. 12 uL of
THPC and 250 mL of NaOH (2M) were added to 45-mL wa-
ter. After stirring for 5 minutes, 2 mL of HAuCl4 (1%) was
added to the above solution. The Au seed (Aus) solution was
aged at dark overnight. The Fe304@SiO2 nanorods were
modified by 3-aminopropyltriethoxysilane (APTES) in eth-
anol. In a typical process, magnetic nanorods were dis-
persed in ethanol and heat at 87 °C under refluxing. 2 mL of
APTES was added, and the solution was kept at this temper-
ature for 5 hours. After modification, the rods were washed
three times by ethanol to remove excess APTES and then DI
water three times. Au seeds were attached to APTES-
modified magnetic nanorods by stirring their mixture (25
mL) for 1 hour and removing excess Au seeds by magnetic
separation.

2.5. Resorcinol-formaldehyde (RF) coating. RF coating
was facilitated by modifying Fe304@Si02/Aus nanorods by
polyvinylpyrrolidone (PVP). The rods were first dispersed
in 35 mL of water, and 5 mL of PVP (10 mg/mL) was added.
The mixture was stirred overnight. Nanorods were recov-
ered by centrifugation, washed three times by DI water, and
dispersed in 10 mL of water. 5 mL of rod dispersion was
added into 25 mL of water. Afterward, 15-mg resorcinol (R)
and 21-pL formaldehyde (F) were added. The temperature
was increased to 50 °C, followed by the addition of 100 pL
of 2.8% NHs. After heating at 50 °C for 1.5 hours, the tem-
perature was raised to 100 °C and maintained for another 3
hours for condensation. Then, it was cooled down to room
temperature and washed with DI water three times. The fi-
nal product was dispersed in 2 mL of Milli-Q water for fur-
ther seeded growth.

2.6. Seeded growth. In a typical process, 500 pL of PVP
(20mg/mL, MW=10000), 100 pL of KI (0.2 M), 100 uL of AA
(0.1M), 15 uL of HAuCl4 (0.25M) were sequentially added into
2 mL of Milli-Q water. The solution turned brown right after
dropwise adding HAuCl, and then colorless within a few sec-
onds. After that, 25 uL of seed solution was quickly injected
into the solution. The growth normally took ~10 minutes. For
growing Ag, 200 pL of PVP (Mw=10000, 20 mg/mL), 50 pL
of seed solution, and 200 uL of formaldehyde (reducing agent)
were added into 2-mL Milli-Q water in sequence and reacted at
80 °C for 10 minutes. For growing Cu, 200-uL PAA
(18mg/mL), 120-pL hydrazine hydrate as reducing agent, 20-
puL CuCl; (0.2M), 50-pL seed solution were added in sequence
into 2-mL Milli-Q water and reacted at 60 °C for 30 minutes.
After reduction, the hybrid nanorods were washed by water
three times and dispersed in water for further characteriza-
tion.



2.7. Aging of concave Au nanorods. The structural re-
construction was carried out by heating a dispersion of con-
cave Au nanorods in DI water, ethanol, or DMF in an oil bath
at 60 °C for different periods. Extinction spectra of the solu-
tion were measured at certain time intervals.

2.8. Characterization. Ultraviolet-visible-near infrared
(UV-Vis-NIR) spectra were measured by Ocean Optics
HR2000 spectrometer. TEM images were taken on Tecnai
12 transmission electron microscope operating at 120 kV.
For measuring the spectra under polarized light, a commer-
cial polarizer was introduced right before the sample.
Meanwhile, a uniform magnetic field was applied at ~0.5
cm.

3. Results and Discussion

3.1. Creation of concavity on Au nanorods. The uncon-
ventional synthesis involves the seeded growth of Au in de-
fined gaps between Fe304 nanorods and their enclosing pol-
ymer shells (Figure 1a).32-33 A typical process began with
the preparation of Fe30:@SiO2 nanorods of different sizes
by synthesizing FeOOH nanorods using a hydrothermal re-
action (Table s1), coating them with a silica layer, and then
reduction by diethylene glycol at 220 °C. The surface of
Fe304@SiO2 nanorods was modified with APTES, attached
by Au seeds via electrostatic interactions,!? 34 and further
coated with RF resin.35-3¢ The SiOz layer was etched away
under the basic condition during RF coating, forming a well-
defined gap between the Fe304 nanorod and RF shell (Fig-
ure 1b).
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Figure 1. The creation of thermochromic Au nanorods with
concavity using space-confined seed-mediated growth. (a)
Schematic illustration of the space-confined growth and re-
construction of the concave Au nanorods. Au and Fe304 are
represented by red and black colors, respectively, and the
RF coating is illustrated by the orange shells. Growth inter-
mediates of the concave Au nanorods with large Fe304 na-
norods as templates (600 nm x 35 nm). (b-g) TEM images
after seeded growth for 0, 1, 3, 5, 7, 10 minutes, respectively.

The seeded growth of Au was ensured using I- as a strong
coordination ligand to Au3* to reduce the reduction poten-
tial and minimize self-nucleation. A growth solution was

prepared by sequentially adding PVP, KI, ascorbic acid (AA),
and HAuCls to Milli-Q water.3” The chloride in AuCl* was
first replaced by iodide, yielding intermediate Aul* as evi-
denced by the change of the solution color to brown.38-3°
Shortly, the solution turned colorless, indicating the further
reduction of Aul* to Aul?-,*0 which has a lower reduction po-
tential of +0.58 V than +0.93 V of AuCl*. The growth of high-
quality Au nanorods benefited from Ostwald ripening,
which was promoted by I- and the dissolved oxygen.#0 At 1
minute upon mixing the growth and seed solutions, Au
seeds inside RF shells ripened into larger ones, which fur-
ther grew isotropically into Au nanospheres (Figure 1c) un-
til reaching the gap size. Their subsequent growth became
one-dimensional owing to the shell confinement (Figures
1d-1g). To understand the Ostwald ripening pathway, we
added KI to the Au seed solution at ambient conditions,
which interestingly turned into bright red with a pro-
nounced plasmonic peak at ~ 520 nm, indicating the for-
mation of large Au nanoparticles (Figures sla and s1b).
Conversely, if H202 was added instead of KI, there were no
obvious changes in the dark brown solution (Figures s1c
and s1d), confirming the critical role of I- in the ripening
process due to its strong coordination to Au*.4!
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Figure 2. (a) TEM image of Fe304@gap/Aus@RF. TEM im-
ages of the hybrid nanorods after seeded growth within
gaps of different thicknesses: (b) 3 nm, (¢) 8 nm, and (d) 12
nm. (e) High-angle annular dark-field (HAADF) image (left
panel) and EDS mapping images of the hybrid structures
(right three panels). (f) Extinction spectra of hybrid nano-
rods after seeded growth within nanogaps of different
thicknesses. Scale bars: 50 nm.

The thickness of the silica layer was firstly tuned to study
how the templates affect the surface concavity of the result-
ing Au nanorods. Using Fe304 nanorods of 110 nmx20 nm
wrapped in 30-nm RF shells as the templates (Figure 2a),
we varied the thickness of the silica shells from 3 to 8 and
12 nm and produced Au nanorods of increasing thicknesses
(Figures 2b-2d). The Fe30s nanorods created apparent
concavity on the Au rods due to the templating effect, as ev-
idenced by hybrid nanorods with side-by-side configura-
tion. The heterogeneous elemental signals of Au and Fe in
Figure 2e demonstrate perfect parallel alignment and a
precise one-to-one ratio of the Janus nanorods. Rotating the



hybrid nanorod by 15°in TEM revealed a gradual shiftin the
relative positions of the nanorods from side-by-side to the
overlapping configuration (Figure s2a), confirming the
presence of surface concavity in Au nanorods with different
configurations.

3.2. Optical properties of concave Au nanorods. We
then measured the extinction spectra of nanorods in real-
time to monitor the formation of surface concavity using
Fe304 rods with 8-nm silica coating as templates (Figure
s2b). The successive one-dimensional growth is evidenced
by the gradual redshift of the main plasmon band and a sim-
ultaneous color change of the solution from light yellow to
dark blue and brown (insets in Figure s2b). An abnormal
plasmonic peak was observed at 625 nm at ~5 minutes,
with gradually increased intensity and a slight blueshift
during the growth, which also existed in the other two sam-
ples with 3-nm (Figure s3a) and 12-nm silica nanoshells
(Figure s3b). As shown in Figure 2f, the longitudinal plas-
mon band and the abnormal band (peaks between 590 nm
and 625 nm) blueshifted because of decreased aspect ratios
when gap size increased from 3 nm to 12 nm. With a larger
gap size, the nanorods have a rounder morphology and thus
the new band blueshifts. The thickness of the RF shells is
crucial in determining product uniformity. For example, a
thin RF shell of ~10 nm produces Au nanorods with irregu-
lar shapes and nonuniform sizes due to the weak confine-
ment (Figures s4a and s4b), whose size distribution is
much broader than the products made of 30-nm RF shells
(Figures s4c to s4e). To understand the optical properties
of the concave Au nanorods, we calculated the extinction,
scattering, and absorption cross-sections (abbreviated as
ECS, SCS, and ACS, respectively) of the Au nanorods synthe-
sized by templating against 8-nm SiO: nanoshells (Figure
s5). By changing the rod orientation from 0° to 90° with a
step of 159, as illustrated in Figure 3a, we calculated the op-
tical cross-sections using the simulation method depicted in
Figure s5. The new plasmon band at 625 nm appeared only
when Au nanorods were parallel to the light incidence
(]90°>), demonstrating a new transverse plasmon band be-
cause the resonant oscillation of free electrons only occurs
along the rod short-axis under such excitation (Figure 3b).
This transverse mode is highly dependent on the concavity
opening relative to light polarization, with maximum
strength at |0°> (Figure 3c) and scattering-dominated plas-
monic properties (Figures 3d, s7a, and s7b). The surface
energy flux (Poynting vector) and localized electric field dis-
tribution in Figure s7c further suggest highly localized and
orientation-dependent scattering on the surface concavity.
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Figure 3. (a) The concave Au nanorod is rotated in the x-z
plane while its extinction cross-section is calculated. (b)
The calculated extinction spectra under various orienta-
tions. (c) Calculated extinction cross-sections of the trans-
verse mode under different concavity opening directions.
The red arrow in the inset indicates the opening direction
of the concave Au nanorods. (d) Summary of the optical
cross-sections of concave Au nanorods at the second trans-
verse band under different opening directions.

We can control the template diameter to precisely tune
the surface concavity and the concavity plasmon band of the
Aunanorods. As shown in Figures 4a-4c, the diameters (r1)
of Fe304 rods are 25 nm, 35 nm, and 70 nm, respectively,
while the thickness of sacrificial silica (r2) remains ~20 nm.
Au is directed to grow into a rod with its surface concavity
complementary to the curvature of Fes04 nanorods, leading
to a gradual decrease in the surface concavity (1/r1) and an
increase in transverse anisotropy (simply estimated by 1+
ri/2rz). If 70-nm thin magnetic nanorods with 5-nm SiO2
layers are used, the seeded growth confined in the narrow
space produces boat-like Au nanostructures with the high-
est transverse anisotropy (theoretical value of 8) among the
four samples (Figure 4d). In Figure s8, the increase in
transverse anisotropy causes the cavity plasmon modes to
redshift from 670 nm to 870 nm. The prepared concave Au
nanorods are in a metastable state far away from thermo-

dynamic equilibrium but favored by reduction Kkinetics.28 42-
43

This method can be readily extended to other concave
nanostructures with different chemical compositions and
shapes, for example, producing concave Ag and Cu nano-
rods by changing the metal precursors during seeded
growth. As shown in the TEM images in Figures s9a and
s9b, Ag and Cu nanorods are formed inside the gaps, and the
presence of Fe304 nanorods creates similar surface concav-
ity on nanorods due to the templating effect. The surface
concavity of Ag nanorods is also confirmed by the extinction
spectrum in Figure s9c, which exhibits a cavity band at 560
nm in addition to the conventional transverse and longitu-
dinal bands at 415 nm and 960 nm, respectively. The extinc-
tion spectra of Cu nanorods in Figure s9d also have three
peaks, with the cavity band at 700 nm, first transverse band
at 600 nm and longitudinal band at 935 nm. While the sharp
longitudinal peaks are consistent with the uniform shape of



the products, the presence of the middle cavity bands
demonstrates the versatility of this method in producing
concave nanorods. The overall shape of the concave
nanostructures is determined by that of the initial tem-
plates. For example, we prepared Au nanospheres each con-
taining one concavity, using 15-nm Fe304 nanospheres as
the initial templates (Figure s10). At the early stage during
seeded growth, the multiple Au seeds inside RF shells dis-
appear. One large Au nanoparticle grows within each gap
due to the ripening of small Au seeds, eventually producing
Au nanospheres, each containing one concavity.
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Figure 4. TEM image of hybrid nanorods by using Fes304
rods with a diameter of (a) 25 nm, (b) 35 nm, (c) 70 nm as
templates. The silica thickness is ~20 nm in the three sam-
ples. (d) TEM image of hybrid nanorods prepared using
Fes304 rods of 35-nm diameter and silica shells of ~5 nm as
templates. Scale bars: 0.5 pm. Scale bars in insets: 100 nm.

3.3. Structural reconstruction and thermochromicre-
sponses. By taking advantage of its metastable nature, we
further demonstrate that the surface concavity can be me-
ticulously tailored through structural reconstruction. As
shown in Figures 5a and 5b, upon aging of the particles in
solution, the surface concavity gradually disappeared, and
the Au-Fe304 boundary became easily distinguishable, along
with the gradual blueshift of both longitudinal and cavity
bands (Figure s11). As the shell confinement contributes to
the formation of high-energy surface curvature, it is possi-
ble to precisely tune the reconstruction kinetics by control-
ling the permeability of the RF shells. Many polar solvents,
such as dimethylformamide (DMF), can easily swell RF
resin and dissolve short chains due to the high polarity of
RF oligomers, making the shell softer and more porous.** As
a result, the migration of Au atoms from the most energetic
domains becomes much easier, which further reduces the
nanorod aspect ratio and causes the longitudinal peak to
shift from 950 nm to 700 nm (Figure 5c). Meanwhile, the
cavity plasmon band gradually blueshifted and finally
merged with the classic transverse band at 550 nm. It has
been generally accepted that the rounding of sharp edges of
plasmonic nanoparticles is responsible for the shift of plas-

mon bands but typically with small magnitudes. For exam-
ple, there would be only a 60-nm shift in the plasmon band
of Ag nanoprisms with comparable sharpness and thick-
ness,*>%6 which is much smaller than the 250-nm shift in our
concave case. The significant change in the surface curva-
ture and morphology is the primary reason for such a sig-
nificant shift in plasmon bands.*7-48 In the case of water and
ethanol, the shift in the two bands was slower and smaller
than that in DMF, with only a 150-nm shift in the longitudi-
nal mode (Figure 5d).

10 nm 10 nm

O

>

o
«©
g

—=—water
1 T «— ethanol
9001 \ « DMF

o o
o @

Extinction (a.u.)
o
RN

10 min 30 min
ih 6h

12h 48h 7004 N
96 h

wavelength (nm)
@
8

o
LX)

0 10 20 30 40 50 60 70 80 90100
Aging time (h)

0.04+—— v . . .
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5. High-magnification TEM images exhibiting the
concavity of Au nanorods (a) before and (b) after aging. (c)
The extinction spectra of the concave Au nanorods during
aging at 60 °C. (d) The peaks shift of plasmon band during
aging at 60 °C in different solvents.

To further depict the reconstruction of surface concavity
upon aging, we carried out a numerical simulation based on
the finite element method. The construction and geometry
parameters of the 3D model of the hybrid nanostructure are
illustrated in Figure s12a and Table s2. The 3D model was
deliberately designed with a constant volume considering
the negligible mass loss during structural reconstruction
while rod surface area decreased significantly due to the
disappearance of surface concavity (Figure s12b). In Fig-
ures 6a, s13, and s14, we observed a continuous blueshift
in the extinction, scattering, and absorption of both the lon-
gitudinal and cavity plasmon bands. In addition to creating
surface concavity on Au, another benefit associated with the
magnetic nanorods is their preferential parallel alignment
along a magnetic field: the orientation and plasmonic exci-
tation of the coupled Au nanorods can be precisely con-
trolled using a magnetic field.® 49-50 This unique property is
not affected by the aging process, making the reconstructed
nanorods still responsive to a magnet. We measured the ex-
tinction spectra of the aged Au nanorods by applying a mag-
netic field and carefully controlling the field direction (Fig-
ure s15a), demonstrating gradually enhanced transverse
mode and simultaneously suppressed longitudinal mode
from |0°> to |90°> as shown in Figure s15b. This property
enables us to distinguish the peak shift of individual mode



during aging by applying a magnet (Figure s16). Under lin-
early polarized light, the cavity band at 600 nm blueshifted
until it overlapped with the classic transverse band (left
panel in Figure 6b), while the longitudinal plasmon band
exhibited a blueshift from 725 nm to 675 nm (right panel in
Figure 6b) when Au nanorods were aged for two days at 60
°C. The experimentally observed shifts of plasmon bands
are consistent with our simulation results (Figure 6c). The
Poynting vectors and the localized electric fields in Figure
6d confirm the decreased scattering strength during the ag-
ing process. Notably, the gradual blueshift of the longitudi-
nal LSPR peak is mainly induced by the decrease of rod as-
pect ratios, while the disappearance of the transverse peak
is attributed to the reconstruction of the surface cavity. Both
transformations are promoted by the concave feature of the
metastable Au nanorods.
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Figure 6. (a) Simulated ECS of the concave Au nanorods
during surface reconstruction. The Left and right panels
represent the transverse and longitudinal modes, respec-
tively. (b) Experimental extinction spectra of the concave
Au nanorods during aging at 60 °C for different times. Left
and right panels represent the transverse and longitudinal
modes, respectively, which is achieved by applying a mag-
netic field during the measurement. (c) Summary of peak
shift of the plasmon bands over aging time. Exp and sim rep-
resent experimental and simulated results, respectively.
Trans 1, Trans 2, and long indicate classic transverse mode,
concavity transverse mode, and longitudinal mode, respec-
tively. (d) The scattering (red arrows) of the concave Au na-
norods over aging. The localized electric fields are repre-
sented by surface color. The concavity opening directions
are 0° under the excitation of 600-nm light.

The surface concavity can be created and removed by
controlling the regrowth and aging of Au nanorods in the
confined spaces. As shown in Figures 7a-7c, the length and
surface concavity of the nanorods decreased during the first

aging process and then increased during the following addi-
tional seeded growth. The corresponding extinction spectra
show a gradual blueshift of the longitudinal plasmon band
and the disappearance of the concave band as the nanorod
aspect ratio decreased from 2.25 to 1.6 during aging (Fig-
ure 7d), and then a redshift of the longitudinal band during
the regrowth of the aged nanorods due to the increasing as-
pect ratio (Figure 7e). It should be noted that seeded
growth of Au nanorods may occur along both lateral and ax-
ial directions since RF shells become more deformable after
aging in solvents, leading to less defined location of the con-
cavity in the regrown nanorods. The cavity band recovered
at 600 nm, consistent with its initial position in Figure 7d.
These spectral results demonstrate the reversible tuning of
the surface concavity over a broad range. When the Au na-
norods were subject to aging again, a similar blueshift of the
two bands was observed (Figure 7f). Fig. 7g shows the con-
sistent changes in aspect ratio and the longitudinal reso-
nance band during the growth-aging cycles.

a b C

Extinction (a.u.)

| 0.0+
D?zoo 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

-+

1 \ //\/\_

0.4-
—— growth aging
0.2 regrowth aging 10 min
aging 1 h aging 3 h )
0.0 aging 7 h
400 500 600 700 800 900 1000

Wavelength (nm)

Extinction (a.u.)

Growth Aging  Regrowth

Figure 7. TEM image of hybrid nanorods (a) before and (b)
after aging and (c) after the second seeded growth process.
(d) The corresponding extinction spectra of hybrid nano-
rods during the first aging. (e) The extinction spectra, meas-
ured every 30 seconds, of hybrid nanorods after the second
seeded growth process. (f) The extinction spectra of hybrid
nanorods after second aging. (g) Summary of the aspect ra-
tios and peak positions of longitudinal modes during the se-
quential seeded growth and aging process.

3.4. Thermochromic plasmonic films. By taking ad-
vantage of the metastable nature of the Au nanorods and the
magnetic property of the Fes04 nanorods, we use the hybrid
nanorods to further develop a thermochromic plasmonic
film that could display designated images with dynamic
color changes or exhibit encrypted information upon aging.
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Figure 8. The use of concave Au nanorods for thermochromic plasmonic films. (a) Digital images of a plasmonic film made of
short Au nanorods and its thermochromic responses to aging. For displaying images under polarized light, the hybrid nano-
rods were aligned horizontally and vertically in the background and letter regions, respectively. (b) The corresponding peak
shift during the aging process. The transverse and longitudinal modes are presented in red and blue, respectively. (c) Digital
pictures of plasmonic films made of Fe304/Au nanorods after selectively etching Fe304 nanorods. (d) The peak shift during
the aging of the concave Au nanorods after etching Fe304 nanorods. The initial longitudinal peak position is located at 816
nm. The black dots and arrows indicate the light propagation direction and polarization, respectively. (e) Time-dependent
longitudinal peak positions during the aging of the films before and after selectively etching Fe304 nanorods.

This strategy is enabled by magnetically aligning the hybrid
nanorods in photocurable polymer substrates, during
which a photomask is introduced to form patterns with dif-
ferent rod alignment in each color domain. Specifically, the
alignment of Au nanorods in the letters and background is
vertical and horizontal in Figure s17a, respectively. Under
a horizontally polarized light, the letters and background
appear red and blue due to the selective excitation of the
transverse and longitudinal mode of the embedded nano-
rods, respectively (top panel in Figure s17b). Changing the
light polarization to a vertical direction alters the excited
plasmon modes and switches the colors in these two re-
gions (bottom panel in Figure s17b). To promote the recon-
struction of Au nanorods, we created additional space by se-
lective etching of Fe304 nanorods in the solid film using ox-
alic acid (Figure s18), which enhances the thermochromic
responses. We started with short Au nanorods with a longi-
tudinal LSPR peak at 640 nm, and the complementary color
to these peak changes from cyan to blue upon aging at 60 °C
for 72 h (Figure 8a). The spectral measurement indicates a
blueshift of the peak to 581 nm, consistent with the per-
ceived color changes (Figure 8b). However, when the
Fe304 nanorods are not etched away, the film displays neg-
ligible color changes, and the final peak is at 605 nm after
thermal treatment for 72 h (Figures s19a and s19b). If con-
cave Au nanorods with large aspect ratios are used, the
thermochromic plasmonic film can exhibit rich color
changes. Figure 8c shows the color changes of a plasmonic
film made of concave Au nanorods with a longitudinal peak
at 816 nm. Because this LSPR peak is in the near-infrared
region, there is no noticeable color contrast under different
polarization for the plasmonic film both before (left panels
in Figure s19c) and after etching Fe304 nanorods (left pan-
els in Figure 8c). After acid etching and thermal aging, the

plasmonic film exhibits red and blue colors if only the longi-
tudinal and transverse mode is selectively excited, respec-
tively (right panels in Figure 8c). A close spectral measure-
ment ascribes this remarkable thermochromic response to
the enhanced shift from 816 nm to 668 nm of the longitudi-
nal peak in the etched film (Figure 8d), which is much
larger than the shift in non-etched film (from 818 nm to 739
nm in Figures s19c and s19d). The time-dependent longi-
tudinal peak positions during the aging of the films before
and after selectively etching Fe304 nanorods are summa-
rized in Fig. 8e. The result presented in the two systematic
studies demonstrates that selective etching of Fe304 nano-
rods can significantly promote the structural reconstruc-
tion of concave Au nanorods and enhance the aging kinetics
and thermochromic response of the solid film. Two images
in the left two panels in Figure 9a imply that the acidic etch-
ing does not significantly affect the film's color at ambient
conditions. Only upon aging will the film color change from
green to blue if a short Au nanorod is used (right panels in
Figure 9a).

Another conclusion from the simple comparison between
these two experiments is that the thermochromic responses
of plasmonic films are highly related to the initial longitudi-
nal peak position of the employed Au nanorods. This obser-
vation is beneficial to create thermochromic plasmonic
films with customizable color changes. To further explain
this effect, we prepared three plasmonic films made of con-
cave Au nanorods with longitudinal peaks at 720 nm, 760
nm, and 860 nm (Figure s20). For the 720-nm sample, the
peak shifts to 625 nm, leading to color changes from light
green to green and cyan. For the 760-nm sample, its peak
shifts to 635 nm, and its initial peak position at the visible-



NIR boundary causes negligible contrast (left panels in Fig-
ure 9b). However, the invisible stripes are perceptible after
aging due to the blueshift of the longitudinal peak back to
the visible region (Figure 9b). In the third sample, its initial
peak at 860 nm produces a yellow color in the plasmonic
film if only the longitudinal peak is excited, primarily in-
duced by the absorption of RF polymer at the short wave-
length (left panels in Figure 9c). Aging this film leads to in-
teresting yellow to green and blue color changes deter-
mined by the longitudinal peak position (Figure 9c). The
success of the first sample allows us to design and fabricate
a thermochromic plasmonic film for displaying encrypted
information upon temperature increase (Figure 9d).
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Figure 9. Thermochromic plasmonic films. (a) Plasmonic
films before (left panels), after selectively etching Fe304 na-
norods (middle panels), and after aging for 36 hours (right
panels). The initial peak position of concave Au nanorods is
at 645 nm. (b,c) Thermochromic plasmonic films made of
concave Au nanorods with initial peaks at 760 nm (b) and
860 nm (c). The panels from left to right in (b) and (c) ex-
hibit the thermochromic films before and after etching
Fe304 nanorods and aging for 36 h and 72 h. (d) The ther-
mochromic plasmonic films displaying the encrypted im-
ages after thermal aging. The black dots and arrows indicate
the light propagation direction and polarization, respec-
tively.

4. Conclusions

In summary, we have developed a robust strategy to cre-
ate pronounced, highly tunable surface concavity on plas-
monic nanorods by taking advantage of seed-mediated
growth in defined gaps and demonstrated their promising
optical properties in designing thermochromic plasmonic
films. While the initial negative curvature can be easily con-
trolled by the size of Fes04 nanorods, the resulting surface
concavity can be further tuned by an aging process. Such
surface concavity produces a structure-dependent trans-
verse cavity band at a long wavelength with scattering-
dominated optical properties. The concave Au nanorods are
far from thermodynamic equilibrium but favored by the re-
duction kinetics, enabling copious thermochromic re-
sponses to temperature changes. The creation and recon-
struction of concave nanostructures can be readily ex-
tended to many metal nanostructures for exquisite struc-
ture and surface engineering. Using the concave Au nano-
rods as responsive building blocks, we have created ther-
mochromic plasmonic films with highly controllable colori-
metric responses to temperature changes, which may have
interesting applications in anti-counterfeiting, information

encryption, and sensing. The creation and reconstruction of
concavity represent a new strategy for designing unconven-
tional nanostructures with advantageous properties desir-
able for a wide range of applications ranging from smart
materials to advanced catalysts.
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