How Hot Plasmonic Heating Can Be: Phase Transition and Melting of P25 TiO2 from

Plasmonic Heating of Au Nanoparticles

Weigang Lu'®, Rohil Kayastha'$, Blake Birmingham', Bernd Zechmann?, Zhenrong Zhang'*

1- Department of Physics, Baylor University, Waco, Texas 76798, United States

2- Center for Microscopy and Imaging, Baylor University, Waco, Texas 76798, United States

*Email: Zhenrong Zhang@baylor.edu

YW.L. and R.K. contributed equally to this paper.

Abstract:

Plasmonic heating has been utilized in many applications, including photocatalysis, photothermal
therapy, and photocuring. However, the heat dissipation process of the plasmonic nanoparticles
(NPs) and the surrounding matrix is complex. How high the temperature of the matrix that
surrounds the plasmonic NPs, such as the catalyst and substrate, can be reached is unclear. Herein,
we study the dissipation of plasmonic heat generated by resonantly excited gold (Au) NPs
dispersed on P25 TiO2 NP porous film in air. Under resonant 532 nm continuous wave (CW) laser
irradiation at the surface of the Au-TiO,, the surface evaporation and the aggregation of Au NPs
were observed at moderate laser power (10 mW/um?). This process is accompanied by the phase
transition of TiO,. More importantly, the TiO» nanoparticle film melted, forming melt pools and
molten TiO> matrix. This indicates that the temperature of the TiO; reached as high as its melting

point of 1830 °C. When Au/TiO, was irradiated with an off-resonance laser at 638 nm, no phase
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transformation or melting of TiO> was observed. The temperature calculation showed that the
heating generated by Au NPs is not localized. The collective heating from an ensemble of Au NPs
in the irradiated area produced a global temperature rise that melted TiO». Our results suggest that
the photothermal effect could be a significant mechanism in the plasmon-assisted photocatalytic
reactions. The melting of the supporting metal oxide film by plasmonic heating at relatively low
laser power suggests new applications for utilizing plasmonic heating, such as additive
manufacturing.

Keywords: Localized surface plasmons, Laser plasmonic heating, Phase transition, TiO> melting,

Additive manufacturing

Plasmonic heating has been utilized in various applications such as photothermal
catalysis,!* water evaporation,> ¢ photothermal therapy,”” and epoxy photocuring.'® Localized
surface plasmon resonance (LSPR) is the phenomenon when oscillations of the conduction
electrons of metallic nanoparticles (NPs) are at resonance with the oscillations of the
electromagnetic field of the incident light, which significantly increases the absorption of the
incoming light at the resonant frequencies.' !'"!* The heat generated from plasmonic NPs elevates
the temperature of the NPs, the surrounding media like air, water, and the supporting matrix
including substrate or catalyst.: ! 1418 It has been shown that plasmonic heating can reach the
melting temperature of plasmonic ZrN NPs.!® Deformation of the glass substrate was also observed
due to the melting and evaporation of Au NPs supported on a glass substrate.?’ However, the
impact and the mechanism of plasmonic heating on the morphology and structure of the supporting
matrix are scarcely studied. In addition, there is a discrepancy between the experimentally

observed particle temperature and surrounding media and the temperature calculated via a single
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particle model. For example, water boiling was experimentally observed when the plasmonic Au
nanoparticle solution was illuminated by solar light; however, the calculated increase in
temperature of the Au nanoparticle was as tiny as 0.04 °C with the conventional macroscopic
model. A thermal barrier between NPs-vapor bubble interface was proposed to address the high

vaporization efficiency.?!

Recently, the role of collective heating in plasmonic heating has regained attention due to
the difficulty in distinguishing thermal and non-thermal contributions in plasmon-driven
processes.??>* Keblinski et al. have proposed two contributions to plasmonic heating: self-heating
and collective heating.?® Although most of the materials experience temperature increases due to
light absorption, plasmonic self-heating refers to the temperature increase of the well-separated
NPs with the increased absorption cross-section of the light at the plasmonic resonance. The
resonance photoexcitation generates hot electron-hole pairs. The relaxation of the excited hot
charge carriers via electron-electron and electro-phonon scattering increases the temperature of the
plasmonic particles and the surrounding media." ' Collective heating or global heating is the
heating provided by all the plasmonic particles in the irradiated region to the individual localized
particles. Theoretical calculations showed that collective heating could increase the temperature
by orders of magnitude higher for the plasmonic nanoparticle assemblies than for the single
particles.?>!> 2* However, the associated temperature increase was often difficult to predict.
Whether the temperature was confined to the vicinity of the NPs or delocalized was related to the
spatial distribution of the NPs. The time scale of the temperature increases and heat dissipation in
thermodynamics was also challenging to estimate because of the nonuniformity of the
surroundings. Additionally, the temperature of the NPs was difficult to measure.?* Most of the

temperature microscopy methods utilize optical spectroscopy. Although the melting of the
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plasmonic materials and the support and the surface evaporation of plasmonic materials have been
observed, the experimentally obtained melting temperature was much lower than the high

temperature (thousands of Kevin) predicted.!®- 2026

Since 2010, plasmonic chemistry has become an attractive approach to enhance the
photoreactivity of the catalysts.!> 2”28 For example, plasmonic gold NPs supported on titanium
dioxide (TiOz) are widely reported to have better photocatalytic performance than pristine TiO2
systems.?®3" The primary mechanism of plasmon-assisted photoreactivity has long been connected
to hot carriers. Recently, alternative mechanisms, such as photothermal effects and enhanced near
field, have been proposed to make a significant contribution.?* 31-* Theoretical studies suggest
that the photothermal effect can explain the observed enhanced photocatalytic reactivity.>>=’
However, little experimental evidence showed the contribution of plasmonic heating because of

the difficulty of measuring the temperature and separating plasmonic heating from other

mechanisms.?*

Degussa P25, composed of anatase and rutile nanocrystallites, is the golden standard for
the TiO2 photocatalyst. Among TiO2 polymorphs, anatase is the metastable phase, whereas rutile
is the stable polymorph under ambient conditions. Anatase-rutile phase transition (ART) occurs at
a wide temperature range between 400 °C and 1200 °C.***0 Laser-induced phase transition has
been reported using femtosecond laser,*! and nanosecond UV laser*?. Anatase NPs transformed
into an amorphous phase,* or rutile phase,** depending on the laser and the surrounding matrix.
Plasmonic heating enabled the local phase transition of amorphous TiO: thin film into the anatase
phase, observed on polymetric beads coated with Au thin film by a low-power CW laser
irradiation.* Here, the plasmonic heating alone did not introduce phase transition. The heat was

attributed to the plasmonic heating, which was enhanced by the exothermic decomposition of the
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polymetric beads. In general, the melting of the surrounding media with a melting point as high as
~1800 °C has not been reported from plasmonic heating by a CW laser.

In this work, we studied the impact of the plasmonic heating generated by Au NPs on the
surrounding photocatalyst support, specifically, TiO, (Degussa P25) nanoparticle thin film. We
investigated phase transition and melting of TiO» nanoparticle thin film and surface evaporation
of Au under different laser powers on and off the plasmonic resonance. The temperature of Au and
TiO2 NPs was compared with the calculated temperature using the established theoretical model
by considering self-heating and collective heating. The temperature was also directly measured
using Raman spectroscopy. The results raised questions about the high transient temperature that

the Au and TiO; experienced in the photocatalytic reactions.

Results and discussions:
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Figure 1: Characterization of the P25 TiO> film and Au-decorated P25 TiO> film. a) Optical image

of the samples on the glass slide: P25 and P25-Au. b) UV-Vis of the Au NPs with resonance at
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533 nm. ¢) XRD of'the P25 and P25-Au. d) Raman spectra of the P25 sample and a rutile TiO2(110)
bulk crystal. The inset shows the zoomed-in spectra of the P25 in a black dashed box. e¢) SEM
image of P25-Au film showing a mixture of P25 (darker particles) and Au NPs (brighter particles).
f) HAADF-STEM image of the P25-Au NPs. EDS map of the image displayed in f) showing g)

Au NPs and h) Ti element of the P25 (TiO»). Labels: R: Rutile, A: Anatase, and Au: Gold

P25 film, consisting of anatase and rutile TiO2 NPs, was used as a support to test the effects
of plasmonic heating in this study. The sample preparation and characterization are described in
the Methods section. After the Au NPs decorated the P25 film, the white P25 sample turned to
darker red (Figure 1a). The LSPR absorption of the Au nanoparticle was at 533 nm (Figure 1b),
thus, the reflection of a rich red color was observed.*® The 532 nm wavelength laser source was
chosen for maximum resonance absorption in the plasmonic heating study. The size of the Au NPs
was around 25-30 nm (Figure S1). The average size of the P25 NPs was around 27 nm, measured
from the TEM images. XRD patterns (Figure 1¢) of P25 and P25-Au thin films match the
characteristic patterns of P25 and FCC gold NPs.*’->? The P25 was a mixer of anatase nanocrystals
(~80%) and rutile nanocrystals (15%); thus, anatase and rutile peaks were observed in the XRD.
The crystal structure of the TiO> NPs was measured using Raman spectroscopy. The Raman
spectra of the P25 and the rutile phase of TiO> (Figure 1d) matched the reference spectra from
previous reports.>>> The Raman spectrum of P25 exhibits a combination of anatase and rutile
peaks (Figure 1d black curve). The peaks of the anatase vibrational spectrum can be observed at
143 cm ™! (Egmode), 195 cm™! (Eg mode), 396 cm™ (Bigmode), 517 cm™ (A mode), and 638 cm™!
(Eg mode),*% 35-%! and the rutile E; mode of 446 cm™ as shown in the insertion. The rutile peaks

(Figure 1d red curve) at 143, 446, and 608 cm™! are assigned to the Big, Eg, and A, symmetric
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modes, respectively.’® 962 The broad peak at 239 cm™! was associated with the disorder-induced

scattering or second-order effect in the rutile spectra.6! 336

When the Au NPs were attached to the P25 thin film, the SEM image (Figure 1e) showed
that the Au NPs were distributed uniformly but randomly on the TiO2 porous film. Here, the Au
and P25 NPs correspond to the brighter and darker particles. The estimated Au nanoparticle density
from SEM images was about 600/um? (Figure S2). The elemental composition image of the P25-
Au film was obtained using the HAADF-STEM (Figure 1f), showing the composition of the P25-
Au mixture. The elemental composition from the EDS map verified that the actual particles, Au
(Figure 1g) and Ti (Figure 1h), from TiO2 NPs present in the mixture match the spatial

distribution of TiO2 and Au NPs from the HAADF image.
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Figure 2: Characterization of the P25-Au film after on-resonance laser irradiation. a) SEM image

of Au-decorated P25 film after irradiation with 532 nm CW laser at different laser powers. The

white colored numbers correspond to laser power in milliwatts (mW). Zoomed-in SEM images for

the areas experienced various laser powers: b) 6 mW, ¢) 14 mW, d) 20 mW, and €) 30 mW. Raman

spectra of different spots marked as red dots in b) to e) are shown in f) along with other scanned

areas at various laser powers. Labels: R: Rutile, A: Anatase, and Si: Silicon. The 6 mW and 10 mW
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Raman spectra intensity were multiplied by 10 and 4 times, respectively, to compare with the other

spectra.

The impact of plasmonic heating with a 532 nm laser source on the morphology and
structure of the P25-Au sample is presented in Figure 2. The P25-Au film on silicon substrate was
irradiated by scanning a 20 x 20 pm? area with the laser beam with a 500 ms exposure. The Raman
map of the area was simultaneously collected during the scan. The SEM image (Figure 2a) of the
P25-Au surface after laser irradiation with various increasing laser power shows that the heat
generated during the scan causes dramatic changes in the morphology of the scan areas. At lower
power (6 mW), cracks formed on the surface (Figure 2b). As the laser power increased, the size
and depth of the cracks became more extensive (Figure 2a), and the formation of holes/melted
pools and molten balls of TiO, was also observed (Figures 2¢-2d). The Raman spectrum (Figure
2f) at 6 mW power showed that the P25 remained almost unchanged (black curve Figure 1d). The
P25 nanocrystal structure was gradually transformed from mainly anatase to mainly rutile phase
as more rutile peaks were observed (Figure 2f). In addition to the ART phase transition,
agglomerations of melted TiO> were seen at higher power (>12 mW, Figures 2c-2e). The exposed
area of the Si surface also increased as the melted TiO2 and Au NPs aggregated together (Figure
S5). For comparison, the sintering of P25 and P25-Au films on Si substrate was carried out
separately in a muffle oven. No indication of melting was observed after annealing to 1080 °C
(Figure S3), which is expected from the melting temperature of TiO2 NPs. XRD showed that P25
anatase-rutile transition occurred between 600°C to 700°C (Figure S4a), consistent with the
reported P25 phase transition.®*%” The results suggest that as high as the melting temperature

(~1830°C) of the TiO2 NPs was reached due to the dissipation of the plasmonic heating as the laser
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power increased. More details on these effects of plasmonic heating are explained in the later

section.
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Figure 3: Characterization of P25 film and P25-Au film with on-resonance (532 nm) and oft-
resonance (638 nm) laser irradiation. SEM images of P25-Au film after laser scanning: a) 532 nm
at 12 mW and b) 638 nm at 18 mW powers. ¢) SEM image of P25 sample after scanned with
532 nm laser at 30mW power. d) and e) Raman spectra of different spots marked as red dots and
green dots in panels a) and b), respectively. f) Raman spectra of the P25 taken with a 532 nm laser
at various powers during scanning. The anatase peak position at 395 cm™! blue-shifted as the laser

power increased due to a temperature change.

In order to check whether the structural change of TiO> was because of the presence of
LSPR, two different laser wavelengths that were on- and off-resonance with the LSPR of the Au-

nanoparticle were used to irradiate the same P25-Au sample. When an on-resonance 532 nm laser
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scanned the P25-Au film, the surface morphology was changed, as shown above. Cracks and
clumps of melted TiO; particles were seen in the SEM image (Figure 3a) after irradiated at 12 mW
laser power. In comparison, when an off-resonance 638 nm laser at 18 mW power (Figure 3b)
was used, the surface only had a small crack in the scan area due to the laser heat. The drastic
differences of the on- and off-resonance laser irradiation were also observed in an optical
microscope image (Figure S6a). The effects can be more clearly understood after studying the
Raman spectra, which were simultaneously obtained during the scans. At the center area (green
spot) with a 532 nm scan, the cluster area had converted to a rutile phase (green curve in Figure
3d) due to intense plasmonic heat generated by the Au NPs. At the edge area (red spot), the P25
was only partially converted to rutile as both anatase/rutile were observed, and rutile peak intensity
was weaker when compared with the center spot (red curve in Figure 3d). For the off-resonance
scan, the P25 Raman spectra showed no change. Both the center (green curve) and the edge (red
curve) were comparable to the reference P25 spectrum (black curve Figure 1d), which was
dominated by the anatase phase. Thus, confirming the critical role of LSPR resonance in the

heating of the sample.

The laser itself can generate an intense amount of heat on the sample.>* %® Here, the role
and the effect of laser heating alone were studied by measuring the power-dependence Raman
spectra of the P25 thin film without Au NPs. No deformation or cracks were observed on the
surface (Figure 3¢ and Figure S6b) when a 532 nm laser at 30 mW irradiated a thin film of P25
sample. Raman spectra (Figure 3f) obtained at different laser powers from 10 mW to 40 mW show
that the phase of the P25 remains mainly unchanged. Only a tiny peak at 445 cm™' showed the
contribution of the rutile phase. The anatase of the Bj, mode position shifted from 395 cm™ to

392 cm! due to a temperature increase caused by laser irradiation, which is far lower than the ART
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required temperature of 600 — 700 °C for P25. Our results showed that plasmonic NPs, Au in this
case, and an on-resonance wavelength irradiation attributed to the observed phase transition and

melting of the P25 NPs.

This section presents a detailed study of the impact of plasmonic heating on the
morphological change in TiO2 and Au NPs, as observed from SEM, TEM, and EDS images. At
8 mW power, fractures and cracks began to form, as seen from a lower magnification SEM image
(Figure 4.1a). At the crack's edge (Figure 4.1b), a smooth layer of TiO> can be observed along
with Au particles embedded in the TiO, matrix. EDS image (Figure 4.1d) of Au and Ti of that
area verified that the NPs embedded are indeed Au particles. Those Au NPs are much larger
(~100 — 200 nm) than the particles in the area without the crack. Further investigation into the area
without cracks at higher magnification and resolution (red cross in Figure 4.1b) revealed two
variations of sizes of the Au nanoparticle in Figure 4.1¢. The larger particles of ~ 50-100 nm were
formed from the sintering of the original 25 nm Au NPs, and the smaller particles were less than
10 nm in size. The smaller particles indicate surface evaporation of the original Au NPs at the

boiling point. The evaporation of the bulk gold occurs at ~2830°C.2°

Melting of TiO> NPs was observed as the laser power increased. At 16 mW power,
aggregations and small pools of melted TiO> were seen (Figure 4.1e). Investigating further by
looking at the melt pools on the left side of the scan area (white box in Figure 4.1e), each melt
pool had an Au nanoparticle in the middle with size varying from 50-100 nm (Figures 4.1f-h).
The size of the melted pools was close to the laser beam size (0.7 um), so the on-resonance
wavelength Gaussian laser beam melted the TiO2 and formed sintered Au NPs at the center of the
melted TiO2 pools. The melt pool temperature was at least as high as the melting temperature of

the TiO2 NPs, which is known to be around 1830°C.%%"> Another phenomenon is the balling effect

11
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during laser melting. A molten ball of TiO» (Figure 4i) was observed after 30 mW laser power
irradiation. When the adhesion between the TiO2 and the silicon substrate weakens, the melted
Ti0O; forms a ball instead of adhering to the surface to minimize the surface energy. This is known
as the balling effect, commonly observed in the laser powder-bed fusion additive manufacturing.’”
4 At different laser powers, sintered Au NPs were also seen to be embedded in the TiO2 matrix
(Figure S7). The ball-shaped TiO», melted pools of TiO, and evaporation of Au indicate that the

temperature due to plasmonic heating reached at least as high as 1830°C.
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Figure 4.1. Detailed characterization of the P25-Au film after on-resonance laser scanning. SEM
image of the irradiated area with 532 nm laser at powers a) 8 mW, e) 16 mW, and i) 30 mW.

Zoomed-in SEM image of the white square showing various effects of plasmonic heating seen at
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different laser powers: b) surface cracks at 8 mW power, f) melted pools of TiO> at 16 mW power,
and j) melted TiO> ball at 30 mW. d), h), and 1) The EDS image of Au and Ti elements from the
black box square in panels (b), (f), and (j), respectively. High-magnification images showing ¢)
evaporated and sintered Au NPs from the red cross marked area in (b); g) melted TiO» pools with
an Au nanoparticle at the center of pools from the panel (f); k) side view of the melted ball-shaped
TiOz in panel (j). 4.2 a) TEM image of P25-Au mixture after irradiation with 16 mW laser power,
where the darker spots are Au NPs. b) Au elemental map from STEM of (a). ¢) The zoomed-in
area marked with the white square in panel (b) showing the size and the distribution of evaporated
Au NPs. d) The high-resolution TEM image of the white square marked area in panel (¢) showing

the laser-induced rutile phase. e) Size distribution chart of evaporated Au NPs from TEM image.

Further morphological changes in Au and P25 NPs were analyzed using a scanning TEM.
Another P25-Au film sample was irradiated with 16 mW laser power for TEM imaging. The Au-
P25 mixture from a large scan area was separated from the silicon substrate and then transferred
to the TEM grid for transmission imaging. A TEM image (Figure 4.2a) and the corresponding Au
elemental image (Figure 4.2b) showed a small area with the sintered and the evaporated Au NPs
embedded in TiO> with the size of the big, sintered Au particles being 150 nm and 66 nm (HAAD
image and EDX map of Ti and O in Figure S8). A zoomed-in high-resolution TEM image (Figure
4.2¢) showed the size of small Au NPs being less than 10 nm. The mean cluster size of the
evaporated Au nanoparticle was about 3.4 = 0.5 nm, as shown in the size distribution chart (Figure
4.2¢). The evaporated Au NPs were distributed throughout the rutile TiO2 matrix. The mean size
of these smaller particles is about eight times smaller than the original nanoparticle size,
confirming the evaporation of the Au. The surrounding TiO> matrix was transformed to a rutile

phase due to plasmonic heating; a fringe spacing of 2.2 A can be observed (Figure 4.2d),
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corresponding to the rutile (111) plane. For comparison, P25 and Au NPs in P25-Au film annealed
in an oven at 900 °C showed typical sintering and phase transition phenomena®-*’. The size of
gold NPs increased to 30 — 50 nm, and TiO2 NPs increased to a few hundred nanometers through

the aggregation of adjacent NPs (Figures S4b and S4c).
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Figure S: Investigation of temperature changes due to plasmonic heating. a) SEM image of the
plasmonic heated area with 16 mW laser irradiation. b) Raman spectra of 5 different spots (red)
highlighted in (a) during plasmonic heating. ¢) A temperature of the plasmonic heated area during
heating (red) and after heating (orange) obtained from a calibration curve (black) of the
temperature vs wavelength shifts of rutile E; peak. d) Raman map of the plasmonic heated area
(16-mW) and surrounding obtained with non-destructive 2 mW laser power after plasmonic
heating. e¢) Raman spectra from the same five spots (black in panel (d)) as in (a) after heating. f)

The dependence of the temperature of Au nanoparticle on the power of 532 nm laser and 638 nm

14

https://doi.org/10.26434/chemrxiv-2024-ft067 ORCID: https://orcid.org/0000-0001-9316-9267 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-ft067
https://orcid.org/0000-0001-9316-9267
https://creativecommons.org/licenses/by/4.0/

calculated based on isolated single particle self-heating (black, Trano) and collective/global heating

(I'ed, Tg]oba]) .

The temperature dependence of the shift of the Raman peak has been commonly used to
measure the temperature.”>”’® Surprisingly, the temperature measured using Raman spectrometry
during plasmonic heating is much lower than the expected temperature from the evaporation of
the Au NPs and melting of the TiO» NPs. Here, a shift in the ~ 446 cm™ Raman peak was used to
measure the change in temperature during and after irradiation of the P25-Au mixture. E; mode
(~ 446 cm™) in the rutile phase has a significant frequency shift as the temperature changes.”® 78
The 20 x 20 pm? Raman map was simultaneously collected when an on-resonance 532 nm laser at
16 mW power (Figure 5a) irradiated the P25-Au sample. The laser exposure time at each pixel
during the scan was on a 500-millisecond time scale. Raman spectra (Figure Sb) from five
different spots (marked in red) obtained during the scan show variation of peak shifts of the Eg
mode at 422, 424, 423, 415, and 414 cm™!. After completing the 16 mW Raman map scan, the
same scan area was rescanned (Figure 5d) with 2 mW laser power to check the E; peak shift after
heating. A 2 mW low power was chosen as no morphological changes were observed, so there
would be little change in peak shift due to plasmonic heating. The Raman spectra for the same
spots (marked in black in Figure 5d) show rutile E; mode peak shifts at 444, 442, 439, 442, and
443 cm’!. To correspond the Eg peak shifts to temperature changes, a temperature versus Raman
shift plot (Figure 5¢) was calibrated (black dot) by annealing a bulk rutile crystal in a Linkam cell
(Figure S9). This calibration curve matches the calibration reported by Lan et al.’® During
plasmonic heating with 16 mW laser (red marker), the temperature was recorded between 450°C

and 650°C, whereas after it had been cooled down, the temperature (blue marker) ranged from

50°C to 150°C. A mean 450°C temperature difference is seen during and after the scan. The
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temperature was also calibrated using the stokes and anti-stokes Raman, as seen in Figure S10.
The obtained temperature range during laser scanning is comparable to the temperature obtained

from the Raman peak shift.

On-resonance laser

$

Evaporation of Au

) Anatase TiO, J Rutile TiO, \) Au

Figure 6: Mechanism of plasmonic heating induced phase transition and melting of the TiO2 on
P25-Au film. a) Plasmonic Au NPs absorb light energy, and heat from Au NPs is dispatched to
the surrounding TiO> medium. Melting, sintering, and vaporization of Au NPs occurred

simultaneously; b) Au cluster and Au NPs embedded in rutile phase TiO; after cooling.
Discussions:

To understand the plasmonic heating mechanism and the discrepancy of the temperature
obtained from the Raman thermometry and the melting of the TiO», the temperature was calculated
using plasmonic heating models.!> 22> 7 It has been established that when illuminating an
ensemble of plasmonic NPs, the heating was not necessarily localized around each nanoparticle.
The temperature increase experienced at the center of the illuminated areas results from two
contributions. One is self-heating. The other is photothermal collective heating due to heat
diffusion or temperature field overlap with other NPs surrounding the NP.!>% Collective heating

or global heating could raise the temperature (47gobal) Of the macroscopic region orders of
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magnitude higher than that due to self-heating (47Thano) €ven under CW irradiation with moderate
laser intensities. The collective heating is related to the number of particles and their inter-distances
in the illuminated area. The ratio of these two contributions can be estimated using the

p? _

dimensionless number { = ATy 4n0/ATg10par Nﬁﬁ == (3ARL)™1, where p is the average

particle distance, R is the nanoparticle radius, N is the number of NPs under illumination, L? =
p2N is the laser irradiated area and A is the nanoparticle area density.* In this work, we can
estimate { to be ~0.05 (with R = 15 nm, 4 = 600 NPs/um?, and L = 700 nm). Such a small ratio

indicates that collective heating dominates.

The temperature of a single particle supported on TiO> and the global temperature at the
center of the laser beam can be calculated.!> ?* 2> Under CW laser irradiation, the increase of
steady-state temperature of a single spherical nanoparticle of radius R depends on the
nanoparticle’s absorption cross section (Gabs), the light intensity /, and the average thermal

conductivity K according to

a SI
AThano = an:_cR (1)

The laser beam diameter is obtained assuming a Gaussian beam profile and using experimental

optical parameters (NA = 0.50). The laser peak-power density / can be expressed as?’

_ P(2.3546) 2
- 2n(FWHM)?

The Gabs 0of shining laser on a 30 nm diameter Au nanoparticle decorated on a TiO2 powder
film can be estimated using Mie theory with a refractive index (RI) of ~2.60 and 1.0003 for TiO»
and air, respectively.®® The value of 6abs (~1280 nm?) for the 532 nm laser is much higher than that
(60 nm?) for the 638 nm laser as the resonance of the Au NPs is at 533 nm. The value of thermal
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conductivity (i) is taken as K ~ —2 ;K“” = 3+(2)'03 W/mK = 1.5W /mK. The experimental

value of the i of a dense polycrystalline TiO» nanoparticle film is used for that of P25 film.3!: %

The temperature of a single Au particle (7hano) is shown in Figure 5f. The temperature increase
was 180 K for 532 nm and 9 K for 638 nm laser irradiation with 15 mW power and 0.7 um beam
size (~ 2.7 x 10® W/ecm? or 27 mW/um?). The temperature increase from the resonance (532 nm)
irradiation is about 20 times that from the non-resonance (638 nm) irradiation. However, this rise
in temperature from a single Au nanoparticle could not account for the observed Au surface
evaporation and melting of the TiO> NPs, even under resonance irradiation. This estimated
temperature increase is consistent with the estimation by Baffou et al.>* In another study using
similar CW laser irradiance, Setoura et al. observed the surface evaporation of Au NPs into satellite
NPs when well-dispersed ( >10 pum apart) single Au NPs with a 100 nm diameter were irradiated
on glass.?’ The estimated single particle temperature is about an order of magnitude higher than
the single particle temperature estimated in our study. This is because the thermal conductivity of
glass is much less than that of TiO,. The effective £ (0.2 W /mK) for the air/glass is about five
times smaller than the air/Ti0O; interface. Additionally, the larger particle (100 nm in diameter) has
an order of magnitude larger cross-section than the 30 nm Au particles. The collective heating
effect was not considered in Setoura et al.’s work because of the significant separation (10 um)

between the particles.

The temperature increase due to the collective heating (47globa) can be estimated according

to ATgiopar = Zabsl (1 _2a

), where a is the average unit area of particle lattice, and D is the
nkDa VD

beam diameter.!> As shown in Figure 5f, when the power is greater than 15 mW (i.e., 27 mW/um?),
the global temperature of the Au nanoparticle reaches the bulk boiling temperature, ~ 2800 °C.

The melting enthalpy (1.22 x10° J m™) at 1044 °C was added to the estimation. This temperature
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increase is an order of magnitude higher than the increase due to the self-heating at the plasmonic

resonance. The collective temperature increase is about 1 K per 0.007 mW/um?.

At such a high particle temperature, it is unsurprising that we observed the formation of
small (~ 3 nm) Au particles, which were expected from the surface evaporation of the plasmonic
Au NPs. This observation was similar to the surface evaporation of the Au NPs at the air/glass

1.2° Orders of magnitude higher temperatures than the estimated

interface observed by Setoura et a
self-heating temperature were observed in the case of water boiling when solar light illuminated a
solution of highly concentrated gold NPs.?! Bauton et al. suggested that collective thermal effects

must be considered to account for the contradiction between the experimental observation of water

boiling and the small temperatures estimated using self-heating.?*

Figure 6 shows the proposed melting process of the TiO» due to plasmonic heating. When
Au plasmonic NPs supported on TiO2 porous nanoparticle thin film were irradiated by CW-laser
at the plasmonic wavelength, the temperature of the Au NPs increased as a result of both the
localized self-heating and the collective heating. Under the steady-state heating by a CW laser, the
time evolution of the single particle to reach the equilibrium temperature (~ 210 °C) has been
estimated to be an order of 0.07 ns (T,,4n0 = rpz/D ~ 0.07 ns, using thermal diffusivity of TiO»
D =3 x10"°m?/s and r, = 15 nm).?> % The time scale for thermal fields to overlap between
neighboring particles with a particle density of 600 particles/um? can be estimated as 7, = dppz/D
~ 0.5 ns which is about seven times the time scale for a single particle to reach to equilibrium
temperature. The time scale for heat diffusion across the laser beam (0.7x0.7 pm?) is Tglobal =
L?/D ~ 0.16 ps. This indicates that the laser-irradiated area reached a temperature close to the bulk
boiling point (~2800 °C) of Au in about 0.16 ps, much faster than the integration time (500 ms)

used to take Raman spectra. After the temperature reached the boiling temperature of the Au, the
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heat dissipation and the structural evolution process of the Au-TiO> matrix became complex. The
Au particle evaporated at the surface and splattered gold droplets with a size of ~3 nm to the
surrounding area. The heat dissipation melted the TiO> NPs in the laser beam, forming a liquid
TiO; phase mixed with Au NPs. The melting of TiO> would cool down the temperature of the
mixer. The evaporation of Au reduced the particle size of individual Au particles. This lowered
the absorption cross-section, therefore slowing down the heating rate. The Au NPs with a reduced
size diffused and sintered to bigger spherical Au particles (e.g., ~100 nm at 16 mW). As Au is
heavier than Ti0,, large Au particles sunk into the liquid pool of TiO,. The sintering would further
change the absorption cross-section for the self-heating and reduce the number of particles
contributing to the collective heating. Therefore, the temperature estimation after the boiling

temperature is more complicated and needs appropriate numerical simulations.

The collective heating due to plasmonic absorption impacts various applications, including
plasmon photochemistry, which has become a hot topic, and powder-bed additive manufacturing
(AM), which has yet to be explored. The relative thermal and non-thermal contribution (e.g., hot
carriers) in the plasmon-drive process has been under extensive debate regarding the application
of photocatalysis.?*3!-34 The distinguishment requires accurately measuring the actual temperature
of the plasmonic particle and the surrounding matrix (e.g., TiO2). Via shape-changing and surface
evaporation, it is known that the temperature of the Au NPs and other plasmonic particles can
reach melting temperature and boiling temperature under moderate laser irradiance. Theory
simulations predicted these high temperatures.'® However, the impact of the plasmonic heating on
the surrounding catalysts and the photocatalytic reaction is still unclear. Different approaches have
been developed to measure the temperature accurately. Most of the developed techniques are based

on optical measurements, including Raman spectroscopy,’~’® fluorescence anti-stokes emission of
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metal NPs*?, and quadriwave shearing interferometry.!> 34 The time needed to take a spectrum is
about 10-100 ms, which is longer than the 7g;,pq; (~ 0.2 ps) for a focused CW laser beam and the
Tgiopar (~ 130 ps) for an unfocused CW laser beam (e.g. 20 um diameter in air). The temperature
measured from the optical spectroscopy is a time average of the temperature from the rising of the
temperature to partially cooled down. Therefore, the temperature measured from the optical
measurements would not catch the maximum temperature that the Au and TiO> reached. To check
this hypothesis, spectra were taken every 25 ms from when the laser was on. The E; mode shifts
(Figure S11a) from 387 cm™ at 75 ms to 410 cm™ at 4150 ms, representing the decay of the
temperature from about 1150 °C to 715 °C (Figure S11b). Note that 25 ms is the smallest time
interval for our spectrometer. A pump and probe experiment should be able to catch the transient
temperature. Our results show that most optical methods measure the time-averaged temperature
and miss the transient temperature (7g0sar) due to the collective photothermal heating even under
CW laser irradiation. Similar temperature inconsistency has been encountered in laser-based
additive manufacturing.3> 86 Recently, a high-speed (100 kHz) coaxial camera imaging setup has
been developed to resolve the time and spatial evolution of the laser melting and melt pool
cooling.®® The time scale of the metal powder reaching maximum temperature was about 50 ps,

much less than the integration time in the Raman spectrometry.

The result of this study highlights the profound effect of collective heating on the possible
parameter space for CW photothermal catalysis. Under CW laser irradiation, collective heating
enabled high temperatures (e.g., melting temperature of TiO2) to be reached under moderate laser
power. The temperature of the plasmonic Au nanoparticle rose to the maximum temperature in a
short time (~ 0.16 ps). Within this brief period, the surrounding TiO> experienced the same high

temperature as the Au NPs due to collective heating. Our work shows experimental evidence that
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photothermal heating from CW illumination could introduce phase transition of the catalyst and
reach as high as a couple of thousand Kevin in photoreaction. The results suggest that the
photothermal effect could be a significant mechanism in the plasmon-assisted photocatalytic

reactions.

For AM applications, a high-power (40-80 mW/um?) laser has been used to melt stainless
steel powder for 3D metal printing. A new approach to take advantage of plasmonic heating, for
example, adding 1% of plasmonic particles to the stainless-steel powder, could significantly reduce
the laser power needed. An estimation from the collective heating, as presented above, indicates
that the boiling temperature of 4000 K can be reached by CW laser with a laser irradiance of less
than 20 mW/um? from the plasmonic heating of 30 nm Au plasmonic particles. Here, the heating
generated from the light absorption of stainless steel is not included in the estimation. Stainless
steel is only taken as a substrate for heat dissipation. The reported thermal conductivity (0.2 W/mK)
of various popular AM stainless steel powders was used, about 1/10th to 1/100™ of the solid bulk
thermal conductivities. In other words, the additional collective heating generated by Au
plasmonic particles would significantly reduce the laser power needed to melt stainless steel
powder. The laser irradiance is the same as used on TiO> in this study. In these applications, Au
NPs can be replaced by alternative plasmonic materials, e.g., aluminum. Al is economically more
sustainable than Au. Its plasmonic wavelength is tunable in a wide wavelength range. The
calculation shows that the plasmonic photothermal heating of stainless steel (~3600 K) could be
accomplished by Al NPs with a size of 100 nm under the same laser irradiance (22 mW/um?, or
2x10'"" W/m?). A simple economic ultrasonication method has been reported recently to synthesize

Al plasmonic NPs from commercial Al foil.%’
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Conclusions:

Morphological and molecular structural effects of plasmonic heating on the Au-decorated
P25 TiO2 NP porous film have been studied. With the increase of the power of a laser whose
wavelength is in resonance with the LSPR of Au NPs, the phase of P25 transformed from mainly
anatase phase to a rutile phase, accompanied by the formation of cracks and aggregates. At higher
laser power, agglomerations of melted TiO, were observed, indicating that the matrix surrounding
the Au NPs reached a temperature as high as the melting temperature of TiO2, 1830 °C. The
irradiation at the off-resonance laser wavelength did not result in phase transition and the melting
of TiO2, which confirms the role of plasmonic heating. The calculation shows that collective
heating dominates the contribution to the melting of TiO,. However, the temperature measured
using Raman spectroscopy was much lower than the transient temperature that Au and TiO, NPs
experienced. The results suggested that optical measurement often misses the high transient
temperature that the Au and TiO» experienced in the photocatalytic reactions. The experiment
observation of the high temperature of the supporting matrix (e.g., thousands of Kelvins) suggests

the potential new application of plasmonic heating, such as additive manufacturing.
Methods:
Materials and Sample Preparation

P25 TiO; (purity: >99.5%) was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis,
MO). Au NPs were synthesized using chemical reduction of the 0.25 mM gold precursor
HAuCls by 0.25 mM trisodium citrate at 100 °C for 20 min.*® In preparation for the P25 film, 1.5
grams of P25 powder were mixed and ground well with 3 ml ethylene glycol to form a smooth

paste. Then, it was spread onto a Si or glass substrate with a blade in the space between transparent
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tape.® The thickness of the tape determined the thickness of the P25 film. Then, the P25 films
were dried overnight at 200 °C in the air for 2 hours and designated as-prepared P25 films. The as-
prepared P25 was immersed into the gold nanoparticle aqueous solution overnight to obtain the
Au-decorated P25 film, which was washed with water to remove loosely attached Au NPs and

then dried overnight at 75 °C.
Characterization and Instrumentation

Laser irradiation and scanning were carried out by a lab-built confocal Raman system,
which consists of a 532 nm continuous laser source with a maximum power of 55 mW and a Zaber
ASR-E closed-loop microscope stage (Zaber Technologies Inc., Canada) for scanning and
focusing control.®! An Olympus (MPLFLNS50X) objective lens (50x, NA = 0.50) with ~0.7 um
beam spot size was used to scan over the samples’ surface, and the optical shutter of the
spectrometer controlled the exposure time. Assuming the Gaussian beam profile, the calculated
1/e? diameter of the focused laser beam was 0.61 pum using the optical parameters in the setup
(L =532 nm, M? =1, focal length of the objective = 3.6 mm, beam diameter at lens =4 mm).
However, experimentally, the beam profile was a tad asymmetrical, and the beam spot size of ~
0.7 um was measured from the SEM image of the individual melted TiO> matrix due to plasmonic
heating. The movement of the stages was controlled by MATLAB codes programmed in our lab.
In a typical plasmonic heating scanning, the scanning area was 20 pm x 20 um with a 40-pixel x
40-pixel resolution. The laser expose time at each pixel is 500 milliseconds. The laser power was
adjusted with an NDC-100C-4M filter (Thorlabs, Newton, NJ, USA). The Raman spectra were
collected using a Princeton Instruments SCT-320 spectrometer with an 1800 lines/mm grating at
the same time as the laser-induced plasmonic heating. The peak of Si at 520.4 cm ™' was used as

the calibration for all the Raman spectral analyses.
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The X-ray diffraction patterns of the TiO, and TiO; -Au were collected with a Siemens
D5000 diffractometer (Munich, Germany) in -20 mode using Cu Ka radiation (A = 1.5406 A) as
the X-ray source (operated at 40 kV and 30 A). The scanning step size for XRD was 0.05°.
Scanning electron micrographs were collected with a Focused Ion Beam Scanning Electron
Microscope (SEM; Versa 3D, Thermo Fisher, formerly FEI, Hillsboro, OR, USA) at 30 kV.
Energy-dispersive X-ray spectroscopy (EDS) experiments were performed with an Octan Pro EDS
detector (Ametek, Berwyn, PA, USA) to determine the element composition of TiO> patterns at
20 kV with spot size 7. High-resolution transmission electron micrographs of the samples were
obtained using a Transmission Electron Microscope (TEM, Thermo Fisher Spectra 300C) with

TEM and Scanning-TEM (STEM) imaging modes operated at 300 kV.
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