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Size Effect on Photothermal Heating Ability of Gold
Bipyramids

Aadesh Mohan Naik, Ana Sánchez-Iglesias, José Luis Montaño-Priede PhD,
Nirmala Maria D’souza, Jordi Sancho-Parramon, Stefano A. Mezzasalma, Anish Rao,*
and Marek Grzelczak*

Gold nanoparticles (AuNPs) exhibit photothermal properties that
are fundamental to biomedical and catalytic fields. However, the relationship
between photothermal heating efficiency and nanoparticle characteristics
often features a non-intuitive behavior, being dependent on experimental
parameters, sample scale (microscopic versus macroscopic), and material
phase (solid or liquid). Using gold bipyramids (AuBPs) as a model system
and employing a combination of experimental and computational approaches,
photothermal heating is investigated as a function of nanoparticle dimensions
while maintaining comparable optical properties. The computational analysis
revealed an inverse correlation between the achievable maximum temperature
at the single-particle level versus multi-particle systems. At the macroscopic
scale, it is observed that photothermal heating efficiency follows an inverse
proportionality with nanoparticle volume, with notable deviations occurring
at reduced nanoparticle sizes. This deviation suggests the emergence
of additional energy relaxation pathways. To outline practical implications
of these findings, processable agarose films containing AuBPs capable
of enhancing the performance of light-powered Stirling engine are developed.

1. Introduction

The conversion of incident photons into heat was traditionally
counted as a waste of energy, earning metals the reputation
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of being lossy plasmonic materials.[1,2] How-
ever, this perceived loss became an advan-
tage when researchers began repurposing
the so-called ‘lost heat’ for innovative appli-
cations, including optical tweezing,[3] pho-
tothermal therapy,[4] photovoltaics,[5] ther-
moelectric devices,[6] as well as actuators
and soft-robotic systems.[7] Applications
emerging from such an inventive heatman-
agement have spearheaded research aimed
at understanding the factors not only influ-
encing but also maximizing photothermal
heating efficiency of plasmonic NPs.[8] Cen-
tral to this effort is the exploration of how
size,[9,10] shape,[11–13] composition,[14] sam-
ple homogeneity,[15] and configuration of
experimental setup (thermal camera,[9,10,16]

transient absorption[17,18]) affect the eval-
uation of photothermal heating of plas-
monic nanoparticles. Certainly, the ini-
tial breakthrough in experimental ther-
moplasmonics has been made by us-
ing spherical nanoparticles as a model
system.[19] Increasing the size, however,

inevitably induces a redshift in their localized surface plas-
mon resonance (LSPR), altering their interaction with incident
light and complicating a systematic analysis of size-dependent
effects. The rod-like shape is more convenient in testing the
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Figure 1. Gold Bipyramids. a) TEM images of AuBPs with increasing volume and constant aspect ratio. b) Normalized UV-Vis-NIR spectra of samples
shown in a) displaying LSPR maxima located at ∼808 nm. c) Length vs. width of the samples shown in a). Dashed line: linear fit. d–i) Numerical
absorption, scattering and extinction cross-section spectra. The shaded regions represent the experimental UV-Vis-NIR spectra from b). Insets: 3D
models used for the numerical calculations. j) Change in the absorption-to-extinction ratio (full circles) and scattering-to-extinction ratio (open circles)
as a function of nanoparticles volume.

photothermal heating[9,10] since the LSPR position is more sen-
sitive to the aspect ratio (length to width) rather than to their
volume, offering a more straightforward pathway for disentan-
gling size effects from LSPR shifts. An emerging type of plas-
monic nanoparticles - gold bipyramids[20–22] - with demonstrated
superior photothermal performance,[16,20,22] remains barely stud-
ied in the size-dependent photothermal efficiency. The re-
cent progress in simplifying experimental protocol for these
nanoparticles,[23,24] made it possible to fine-tune their volume at
unaltered optical properties, rendering them an excellent plat-
form for further evaluation and use of their photothermal prop-
erties.
This study evaluates the photothermal conversion efficiency

of gold bipyramids and demonstrates their application in me-
chanical energy generation. Through numerical simulations, we
showed that with increasing volume of AuBPs at a constant op-
tical density, their heating ability follows opposite trends when
interpreted on an individual or multi-particle levels. Specifically,
macroscopic temperature changes are dominated by collective
thermal effects rather than the intrinsic photothermal response
of individual nanoparticles. Furthermore, while both experimen-
tal and computational results confirm an inverse relationship be-
tween AuBP volume and photothermal heating efficiency, devia-
tions emerge at reduced nanoparticle dimensions. These anoma-
lies suggest the activation of additional energy dissipation mech-
anisms, potentially involving non-radiative plasmonic decay or
interfacial thermal effects. To translate our fundamental insights
into practical applications, we engineered processable AuBPs-
embedded agarose composites. These materials exhibit robust
thermoplasmonic properties and enhance the performance of
light-driven Stirling engines, showcasing their potential for solar-
to-mechanical energy conversion. This work establishes a frame-
work for repurposing low-grade thermal energy in plasmon-
enhanced applications. Our findings highlight new opportunities

for utilizing plasmonic nanoparticles in waste-heat recovery tech-
nologies through rational design of their optical properties.

2. Results and Discussion

2.1. Synthesis of Bipyramids

We commenced our study with the chemical synthesis of AuBPs
samples with varying volume and invariant position of LSPR
(Figure 1). In doing so, we utilized a protocol recently devel-
oped that involves two primary experimental parameters, namely,
the concentration of cationic surfactants and Au seeds.[23,24] The
seed concentrations controls the volumes of AuBPs, the con-
centration of cationic surfactant (cetyltrimethylammonium bro-
mide, CTAB) governs the aspect ratio and thus the position of
the maximum of LSPR in the resulting AuBPs (Sections S1.3
and S1.4, Table S1, Supporting Information). That is, the ex-
tinction spectra of all experimental samples showed a reason-
able overlap sharing the maximum of LSPR position at 808
nm (Figure 1b). Note that the selection of 808 nm was con-
strained by the wavelength of continuous wave (CW) laser used
as light source in the photothermal heating experiments. A visual

Table 1. Structural characterization of AuBPs.

Sample Length [nm] Width [nm] Aspect Ratio Volume [nm3]

AuBP1 60 ± 1 18 ± 1 3.3 6742

AuBP2 63 ± 3 19 ± 1 3.3 7872

AuBP3 68 ± 3 20 ± 1 3.4 9364

AuBP4 70 ± 3 21 ± 1 3.3 10629

AuBP5 78 ± 3 23 ± 1 3.4 15407

AuBP6 100 ± 3 29 ± 1 3.5 35431
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Figure 2. Photothermal heating. a) Computed temperature distribution within individual AuBPs, showing the temperature increase with increasing
nanoparticle volume. b) Temperature increase in a cylindrical section of the cuvette under laser illumination at equilibrium (beam diameter 5 mm) for
AuBP1 and AuBP6. Under collective heating regime, small volume AuBPs outperform larger AuBPs. c) Heating curves for all samples, with averages
from three heating cycles shown in solid colors and standard deviations represented by faint shading. White dashed line: fit of exponential decay adopted
to calculate photothermal efficiency. d) Numerical values of individual (gray dashed line) and collective (black dashed line) ΔT (max) as a function of
AuBP volume. e) Experimental values of ΔT (max) as a function of AuBP volume. f) Experimental (solid line) and numerical (dashed line) values of
heating efficiency as a function of AuBP volume.

inspection of Transmission Electron Microsocpy (TEM) micro-
graphs confirmed the high-quality AuBPs with increasing vol-
ume from sample AuBP1 to sample AuBP6 (Figure 1a). Fur-
ther analysis of TEM images (n>200 AuNPs) showed a propor-
tional increase of length and width (Figure 1c). The slope of lin-
ear fit was 3.6, which is in reasonably good agreement with the
mean values of the aspect ratio (3.4) obtained from image anal-
ysis for the entire set of samples (Table 1). The volume varia-
tion was 5.2-fold across the entire set of samples, as calculated
by our recent method[25] (Section S1.6, Supporting Information;
Table 1). Notably, the volume of AuBP1 was ∼6742 nm3, mak-

ing it 3 times smaller than the smallest AuBP previously studied
for photothermal heating in earlier research.[16] The as-prepared
AuBPs were washed and stored in aqueous solution of cationic
surfactant (cetyltrimethylammonium chloride, CTAC, 10 mM)
for further studies.
It is commonly agreed that the performance of photothermal

heating by individual AuNPs is dictated by their absorption cross-
sections,[12] which in turn changes with their volume. That is,
the smaller the volume of nanoparticles, the lower the relative
contribution of the scattering cross-section. Therefore, we hy-
pothesize that the AuBP1–6 samples should exhibit progressive
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variations in the relative contributions of absorption and scat-
tering to their total extinction spectrum. To test our hypoth-
esis, we simulated the extinction, absorption, and scattering
cross-sections using the Boundary ElementMethod approach,[26]

which solves integro-differential equations derived from the
boundary conditions on Maxwell’s equations. The optical prop-
erties were calculated by assuming 3D models of AuBPs gen-
erated by a geometrical inversion method,[25] using literature
values of refractive index for both gold[27] and water (1.333),
and unpolarized incident light. As expected, optical spectra re-
veal a decrease in the absorption contribution and an increase
in scattering as the volume of AuBPs increases (Figure 1d–i).
Worth is mentioning the good agreement found between ex-
perimental and numerical spectra. The absorption-to-extinction
ratio (Abs./Ext.) decreases and the scattering-to-extinction ra-
tio (Scatt./Ext.) increases with particle volume (Figure 1j). For
the smallest nanoparticles (AuBP1), light extinction is almost
entirely due to absorption, whereas for the largest bipyra-
mids (AuBP6), extinction consists of ∼70% absorption and
∼ 30% scattering. This reduction in absorption suggests that
the photothermal performance of AuBPs is expected to de-
cline in larger particles, as an increasing amount of light is
scattered.

2.2. Thermal Properties

Prior to the experimental evaluation of the photothermal prop-
erties of AuBPs, we performed numerical simulations of heat
transfer. The AuBPs are considered as a heat source with heat
dissipation power per unit volume equal to the product of the
laser irradiance and the particle absorption cross-section, as cal-
culated from Maxwell’s electromagnetic equations. The calcu-
lated temperature generated by the AuBPs and their surround-
ings increases with AuBP volumes (Figure 2a,d). The observed
trend can be explained by the larger absorption cross-section of
AuBPs with larger volume. In particular, the value of the absorp-
tion cross-section increases from 3086 to 9969 nm2, for AuBP1
and AuBP6 respectively, even though the relative contribution
of absorption to the extinction cross-section is inversely propor-
tional to volume. However, as our experimental scenario involves
a large number of nanoparticles, a collective thermal effect must
be considered when analyzing heat transfer.[28] Thus, we mod-
eled multi-particles system that approximates macroscopic dis-
persion (2 mL) containing nanoparticles arranged in a lattice-like
configuration. Since the optical density (OD) across all samples
was maintained constant, the nanoparticle density was system-
atically reduced from sample AuBP1 to AuBP6, resulting in the
increase of interparticle distance. (Table S4, Supporting Informa-
tion). The laser beam passing through the cuvette formed a cylin-
der with a diameter of 5 mm and a length of 10 mm (Figure 2b;
Figure S2, Supporting Information). The volume of the cylin-
der is reasonably supposed to contain a homogeneous nanoparti-
cle distribution (Section S7, Supporting Information for further
details). The collective effect considered here assumes the exis-
tence of a steady-state, in which particles stay fixed at their po-
sitions, neglecting stirring and convective effects. Therefore, our
model offers a qualitative rather than an exact thermodynamic
description. Interestingly, collective effects reverse the tempera-

ture trend observed for single AuBPs (Figure 2d). The maximum
temperatures observed from AuBP1 to AuBP6 were 7.41, 6.65,
6.57, 6.33, 5.99, and 4.98 °C, respectively (Figure 2d). It is rea-
sonable to state that the larger values of the maximum tempera-
ture generated by the small AuBPs result from their greater num-
ber compared to large AuBPs, as the concentration of nanoparti-
cles changes 5.2 times across the entire sample set from AuBP1
to AuBP6. Thus, the maximum temperatures in a multi-particle
system are conditioned by the attenuation of light as it propa-
gates through the dispersion, reducing the effective number of
particles contributing to the temperature increase. Consequently,
the largest temperatures in the system with fixed nanoparticle
positions are found in the regions near the laser entry point in
the cuvette (Figure 2b). In general, the maximum temperatures
simulated here should be considered as a guide for estimating
the upper limit for the available temperature in our experimental
setup.
Next, we evaluated experimentally the photothermal properties

of AuBPs. In a typical measurement, the temperature was mon-
itored using a thermal camera placed orthogonally to the inci-
dent beam of a continuous wave (CW) laser (808 nm, ∼677 mW
cm−2), which illuminated a PMMA cuvette containing AuBPs (2
mL, CTAC 10 mM, OD = 1 at 808 nm). Note that maintaining
constantOD values implies a 5.2-fold change in nanoparticle den-
sity, where the decrease in dimensions increases the number of
nanoparticles in solution. Nevertheless, keeping the concentra-
tion low (OD= 1) does not affect photothermal efficiency.[29] Con-
tinuous stirring ensured homogeneous temperature increase
throughout the cuvette (Figure S2). Although the design of the
optimal experimental setup for estimating photothermal effi-
ciency remains a subject of debate,[8] our four-side cuvette setup
meets the necessary standards, especially if overall trends instead
of absolute values are pursued. Under illumination, the temper-
ature saturated after 1200–1500 sec, followed by a drop when the
laser was turned off after 1800 s (30 min) (Figure 2c). Heating
and cooling cycles were repeated three times (see Figure S3, Sup-
porting Information). Interestingly, the obtained maximum tem-
perature increased from 4.0 to 4.7 °C upon decreasing nanopar-
ticles volume, followed by its sudden drop to 4.1 °C for AuBP1
(Figure 2e). That is, the smallest and the larges nanoparticles ren-
dered the same temperature rise, that is quite opposite to the nu-
merical simulation as shown in Figure 2d. A feasible reason be-
hind such a discrepancy are non-thermal relaxation pathways by
the AuBPs of reduced volume and thermal inhomogeneity in the
samples due to the increased total number of nanoparticles.[30]

We can discard possible aggregation of the AuBPs during
irradiation, as the optical characterization confirmed excellent
colloidal and structural stability after three consecutive heating
cycles (see Figure S4, Supporting Information).
To calculate heating efficiencies, we employed Roper’s

method,[31] in which temperature decays were fitted using an ex-
ponential decay function (Figure 2c - white dashed lines). Note
that, to mitigate biased estimates of fitting parameters due to
linearization,[32] we opted for non-linearized equations for the
entire sample set. The heating efficiency was calculated by the
following equation:

𝜂 =
Qprod.

P0(1 − 10-OD)
(1)
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where Qprod. is the photothermal heat power produced, P0 is the
irradiated power, and OD is at 808 nm.Qprod. was estimated from
experimental cooling kinetics by means of:

Qprod. = hA(Tmax. − Tamb.) =
∑

i micp,i(Tmax. − Tamb.)

𝜏
(2)

h andA being the heat transfer coefficient and the surface area for
heat transfer to surroundings, respectively. Tmax. and Tamb. are the
maximum saturation temperature achieved during heating and
the ambient temperature of surrounding area, respectively. In ac-
cordance with the literature, the product (hA) was estimated by
summing the products of mass and specific heat capacities of the
system components that dominate the heat exchangewith AuBPs
(i.e., solvent and cuvette), divided by the cooling time coefficients
𝜏 (Section S9, Supporting Information). The value of 𝜏 was esti-
mated from the exponential fit of the cooling kinetics profile of
each sample.
Figure 2f (dotted line) shows the variation of experimental

heating efficiency with the sample volume, estimated through
Equations (1) and (2) (Section S8, Supporting Information). We
observed an increase in the photothermal heating efficiency
(from ∼50% to ∼80%) when AuBP volumes decreased from
35431 to 7872 nm3 (from AuBP6 to AuB2). This is due to
the decreasing contribution of optical scattering to the extinc-
tion, where the scattered energy relaxes non-thermally, result-
ing in a loss of efficiency. Interestingly, we observed that the
smallest AuBP exhibited a drop in the heating efficiency. This
trend contradicts the numerical simulations, which predicted
a monotonic increase in the heating efficiency with decreas-
ing AuBP volumes (Figure 2d; Section S7, Supporting Infor-
mation). We postulate that such a discrepancy is due to addi-
tional non-thermal relaxation pathways. It has been reported
that for NPs with size smaller than 10 nm, the timescale for
energy dissipation via phonon–phonon coupling becomes com-
parable to that of electron-phonon coupling.[18,33] This conver-
gence in relaxation timescales may suggest that non-thermalized
electrons can interact with the surrounding environment, in-
troducing additional relaxation pathways and consequently re-
ducing the photothermal heating efficiency of very small NPs.
Furthermore, there appears to be a shape-dependent onset
for these additional relaxation pathways, since in the previ-
ous works, Au nanorods with 15 nm in width (comparable
to the width of smallest AuBP used in our study) do not
show a similar loss of heating efficiency.[9,10] This is possi-
bly due to the sharp tips of the bipyramids, the resulting
local volume effect, and electric field enhancement caused
by their large tip curvature (∼1/r). Alternatively, the drop of
efficiency at lower nanoparticles volume (larger number of
nanoparticles) can be related to additional factors such as ra-
diative heat transfer between particles or non-uniform tem-
perature distribution in the medium.[30] Although the pres-
ence of such a shape dependence on non-thermal relaxation
paths may explain the present results, further studies, in-
cluding transient absorption measurements, theoretical and
numerical calculations, are underway to shed full light on
this effect.

2.3. Plasmonic Films Containing AuBPs

The exploitation of photothermal properties of AuNPs requires
appropriate sample processing to meet the constrains imposed
by specific applications. Put differently, transitioning from lab-
oratory proof-of-concept experiments to real-world applications
is a demanding process requiring adaptation of the sample to
a targeted context. For example, optical hyperthermia used in
clinics requires colloidally stable nanoparticles with biocompati-
ble coating.[34] Solar-driven water desalination needs precisely as-
sembled plasmonic Al nanoparticles on thewalls of porousmem-
branes to maximize broadband solar absorption.[35] Similarly,
hydrogel monoliths featuring light-driven oscillatory movement
need a rational distribution of nanoparticles within the polymer
matrix.[36] Thus, only by placing the nanoparticles in the right
context enables the exploitation of photothermal effect. Here, we
aim to use the photothermal properties of AuBP to power a me-
chanical device (a Stirling engine, vide infra) which requires the
use of nanoparticles in a solid state. Therefore, the structural con-
straints of the device necessitate a processable and robust thin
filmwith optical properties similar to those in the colloidal phase,
without compromising colloidal stability.
To meet these requirements, we developed a new method to

embed AuBPs in agarose films (Figure 3). The CTAC-stabilized
solutions of AuBP1 and AuBP6 (constant Au0 concentration)
were dispersed in a hot solution of low MW agarose and allowed
to solidify in a custom-made silicon mold (see Section S1.5 and
Video S1, Supporting Information). The combination of scan-
ning electron microscopy and ion focused beam showed the
mean thickness of the films to be 10 μmand uniform distribution
of AuBPs throughout the polymer matrix (Figure 3a). The inter-
particle distance was (170 ± 73) nm (AuBP1) and (371 ± 132)
nm (AuBP6), indicating that larger AuBPs are more sparsely dis-
tributed within the gel matrix (Figure 3a,b). Importantly, AuBPs
retained their optical properties in the gel medium. The LSPR
redshifted by∼74 nm, which is due to the change in the refractive
index of the medium, from 1.333 (water) to 1.679 (agarose)[37,38]

(Figure 3c). The linewidth of LSPR was conserved, confirming
again the lack of aggregation.
To evaluate whether the plasmonic agarose films feature pho-

tothermal heating ability, we exposed the film to solar simula-
tor irradiation (irradiance: 108 mW cm−2, area: 16.24 cm2 at a
side length of 2.5 cm) by simultaneous monitoring the tempera-
ture change with a thermal camera. The intensity profile of in-
cident light was adjusted to maximize the overlap with LSPR
(Figure S7, Supporting Information). The plasmonic films gen-
erated a uniform temperature increase throughout the irradi-
ated area, demonstrating their photothermal response even un-
der light with relatively low power density compared to the laser
system described above. Control experiments with bare agarose
films showed negligible increase in temperature upon irradiation
(Figure 3d). Furthermore, irradiation of the plasmonic films with
increasing power led to a concomitant rise in temperature, rang-
ing from 3.5 °C to 15 °C as the irradiation power increased from
37 to 108 mW cm−2 (Figure 3e). A detailed analysis of the heat-
ing response revealed that the slopes corresponding to AuBP1
and AuBP6 are comparable: 130 °C per W cm−2 for AuBP1 and
125 °C per W cm−2 for AuBP6. Additionally, the thermal conduc-
tivity of agarose[39] (0.121WmK−1 at 37 °C for 4.5 wt%) is smaller
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Figure 3. Plasmonic films containing AuBPs. a) Digital and SEM images of agarose films doped with AuBP1 and AuBP6. The dried film is 10 μm thick.
b) Mean interparticle distance within agarose film for AuBP1 and AuBP6. c) Normalized UV-Vis-NIR spectra of AuBP1 and AuBP6 in solution (dashed
lines) and in dried agarose film (solid lines) showing ∼ 74 nm redshift due to the change in the dielectric environment. d) Digital and thermal images
of agarose films under dark and light conditions. e) Time-dependent temperature change for different power density of incident light. f) Maxima ΔT as
a function of irradiance for AuBP1 and AuBP6. Dashed lines: linear fits. g) The long-term stability and response of the plasmonic film containing AuBP1
subjected to 50 cycles of light and dark periods (120 s each).

than the water thermal conductivity [40] (0.598 WmK−1). This re-
duced thermal conductivity promotes heat retention within the
agarose film, which explains the more pronounced temperature
rise observed in the agarose films as compared to the temperature
increase in dispersion ∼ 4.7 °C. The photothermal conversion
efficiencies calculated for plasmonic films incorporating AuBP1
and AuBP6 were determined to be 0.68 and 0.72, respectively
(Table S7, Supporting Information). This observed difference be-
tween film samples mirrors the trend observed in nanoparticle
dispersions, where corresponding values of 0.54 and 0.57 were
obtained (Figure 2f). The elevated absolute values in the film con-
figuration may be attributed, again, to thermal accumulation ef-
fects within the agarose matrix. Importantly, the estimated pho-
tothermal efficiency in the plasmonic film configuration provide
further evidence for the presence of non-thermal relaxation path-
ways. These pathways appear to be associated with reduced par-
ticle volume and tip geometry, rather than being mediated by en-
vironmental factors. Finally, to assess the durability and stabil-
ity of plasmonic films, we conducted a number of 50 heating-
cooling cycles. To shorten the heating and cooling periods (2
min) the filmwas placed on a temperature controlled stagemain-
tained at 20 °C. Upon irradiation with light by a solar simula-
tor, the maximum temperature was ∼3.2 °C, and consistently re-
peated over the entire experiment, demonstrating the robustness
of photothermal performance. In summary, given the narrow and
tunable plasmon band and the relatively high transmittance in

the visible spectral range, our plasmonic films are promising
candidates for infrared light harvesting system and associated
heat management.

2.4. Powering Stirling Engine Through Wasted Heat

Finally, we investigated the photothermal ability of plasmonic
films in enhancing the performance of a low-temperature dif-
ferential Stirling engine through dissipated heat from plasmonic
films.[41] Stirling engines operate by converting temperature dif-
ferences (T2-T1) into mechanical work (rotating flywheel) via
cyclic compression of a confined gas (Figure 4a). The expansion
of gas upon heating pushes the displacer piston, then moves
to the cooler side where it contracts, sustaining a cyclic expan-
sion and compression process. This motion, maintained by the
flywheel, efficiently converts thermal energy into mechanical
work. The engine has a small compression ratio, a large dis-
placer piston, and wide thermal conduction surfaces, optimiz-
ing low-temperature operation. The larger the temperature dif-
ference, the faster rotation of flywheel. Also, the direction of
the thermal gradient determines the direction of the rotating
flywheel.
In a typical experimental setup, the temperature values on

both plates were monitored by thermocouples. A thermostat was
used to maintain externally (a heat sink) the temperature of the

Adv. Optical Mater. 2025, 13, e01006 e01006 (6 of 8) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Plasmon-enhanced solar Stirling engine. a) Schematic diagram of Stirling engine. b) Digital photograph of experimental setup used to power
Stirling engine under incident light. c) Thermal image of Stirling engine covered with plasmonic film under illumination. d) Revolutions per minutes
of the flywheel as a function of temperature difference of upper and lower plates under dark and light condition and in the presence and absence of
plasmonic film. The onset of temperature difference shifts toward lower values in the presence of plasmonic films indicating improved performance of
Stirling engine. a) Reproduced with permission. Copyright Kontax Engineering Ltd 03/11/21.

lower plate in our Stirling engine (Figure 4b). The light was
delivered from top by a solar simulator located at the distance
of 7 cm. The light intensity profile was adjusted to maximize
the overlap with LSPR of AuBPs (Figure S7, Supporting Infor-
mation). The performance of Stirling engine was evaluated by
tachometer application installed on amobile phone (Section S1.2
and Video S2, Supporting Information) In a typical experiment,
the initial temperature difference of 10 °C was progressively de-
creased by increasing the temperature of the lower plate in 1 °C
intervals while monitoring in real time the flywheel revolutions
per minute (rpm) in the anticlockwise direction.
Under dark conditions, the onset temperature difference to

maintain the flywheel rotating was 6 °C that shifted further to 3
°C under light irradiation (108mW cm−2) (Figure 4d - grey lines).
Upon irradiation, the displacer piston is heated by absorbed light,
leading to a temperature difference within the chamber and thus
improving the performance of the Stirling engine.
The presence of plasmonic films on the upper plate further

increased the temperature difference and thus the performance
of the engine. The photothermal response of the films resulted
into a localized temperature increase, reaching 34 °C upon illu-
mination (Figure 4c). For AuBP6, the values of rpm increased
from ∼94 to ∼106 at 10 °C temperature difference, marking a
12.7% enhancement (red line in Figure 4d). The film containing
AuBP1 displayed an even greater effect by increasing the rpm
value to∼111, and reducing the onset temperature difference to 2
°C. The film containing AuBP1 showed 18% improvement in the
performance as compared to light conditions without nanoparti-
cles (Figure 4d - red line). Overall, our results demonstrate that
by leveraging thermoplasmonic effects, we can increase the fly-
wheel rpm values and lower the onset of temperature difference
required to maintain its rotation. This also indicates that ratio-
nal nanoscale photothermal engineering can enhance the perfor-
mance of macroscopic devices powered by ‘wasted heat’.

3. Conclusion

The present study provides a comprehensive experimental anal-
ysis of size-dependent photothermal heating efficiencies of
anisotropic nanoparticles. We used AuBP samples with 5.2-fold
variation in volume while maintaining constant aspect ratios and

invariant position of LSPR at 808 nm. By confirming a commonly
accepted behavior, we found that the trend of photothermal heat-
ing on individual nanoparticles is proportional to the nanopar-
ticle volume since nanoparticles of larger volumes are better
light absorbers. The trend reversed at the multi-particle system,
especially in terms of photothermal heating performance. The
larger AuBPs exhibited lower efficiencies due to increased scat-
tering contributions. Interestingly, contrary to conventional ex-
pectations, the smallest absorption-dominant AuBPs, too, showed
reduced photothermal efficiencies. We attribute this behavior to
the potential onset of additional relaxation pathways. Indeed, we
foresee the need for further investigation using techniques like
ultrafast transient absorption spectroscopy and detailed theoreti-
cal models. Finally, we demonstrated the practical implications of
the photothermal heating abilities of AuBPs by generating tem-
perature differences that can drive a Stirling engine. This tangible
demonstration highlights the potential of AuBPs for applications
in thermoplasmonic devices. By systematically exploring the in-
terplay between size and photothermal efficiency in AuBPs, this
work expands the understanding of anisotropic NPs behavior. It
also lays the groundwork for optimizing their geometric and opti-
cal properties for applications in advanced sensing, catalysis, and
energy technologies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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