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ABSTRACT

This comprehensive review highlights the versatile applications of photother-
mal techniques, particularly thermal lens spectrometry (TLS) and photoacoustic
spectrometry (PAS), in the field of nanomaterials characterization. TLS is an effec-
tive technique in the trace detection of different compounds in liquid samples,
photodegradation studies, and analysis of photocatalytic reaction rate, as well as
the study of molecular dynamics, impacting both environmental and catalytical
research. It enables the optimization of thermal diffusivity in soot nanofluids and
offers insights into seed germination and plant yield enhancement in nanobio-
photonics. The review also explores the thermal and elastic characterization of
Fe,O; polymorphs by photoacoustic spectroscopy (PAS). Investigating the metal
mirror demonstrates PAS’s efficacy in determining its reflection coefficient and
thermal diffusivity. ZnO nanoparticles’ strong absorption on diatomite surfaces
is revealed through PAS, emphasizing their effectiveness in light absorption
enhancement. Furthermore, PA techniques address working frequency limitations
in studying silicon-based nanomaterials. Thus, thermal lens and photoacoustic
spectroscopy assume pivotal roles in unveiling the nuanced attributes of various
nanostructured materials, thereby propelling advancements in the realms of sci-
ence and technology.
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Introduction

Nanomaterials (NMs) are entities possessing external
dimensions or internal structures that fall within the
dimensional range of 1-100 nm, engendering novel
attributes. They exhibit a taxonomical stratification
based on their morphological configurations. Among
these, the foremost class comprises nanoparticles
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(NPs), wherein all three external dimensions reside
within the nanoscale domain and exhibit minimal dis-
similarity. Conversely, nanofibers (NFs), nanotubes
(NTs), and nanorods (NRs) feature two dimensions
below 100 nm, while nanoplates (NPLs), nanosheets
(NSHs), and nanoribbons (NRBs) manifest a soli-
tary external dimension in the nanoscale [1, 2]. In
the context of the latter two NM groupings, their
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supplementary dimensions are markedly expansive
relative to those within the nanoscale. An additional
cohort of nanomaterials comprises nanostructures
(NSs), encompassing nanocomposites (NCs), nano-
foams (NFMs), nanoporous materials (NPMs), and
nanocrystalline materials (NCMs) [3]. NCs denote
solid constructs characterized by including at least
one phase possessing one, two, or three dimensions
within the nanoscale spectrum. NFMs are either lig-
uid or solid matrices imbued with gaseous elements,
wherein a requisite phase within NFMs must exhibit
attributes conforming to the criteria of nanomaterials.
NPMs assume the form of voluminous solid phases
housing voids that exhibit open and/or closed porosity
configurations, with pore dimensions confined to the
nanoscale. NCMs signify amorphous matrix materials
wherein interstices are replete with a substantial pro-
portion of crystal grains (crystallites) having dimen-
sions beneath 100 nm.

Owing to their nanoscale dimensions, NMs exhibit
distinct chemical, physical, optical, and mechanical
properties that differ from bulk materials [1-3]. Their
elevated surface-to-volume ratio positions them as sig-
nificant catalysts, pharmaceuticals, sensors, and actua-
tion systems while also serving as advanced conduc-
tive materials due to their low percolation threshold
[3-8]. With increased hardness, NMs are utilized as
potential protective layers, and their enhanced resis-
tivity and reliability render them attractive for elec-
tronics, optoelectronics, and photonics applications
[6, 9, 10]. Moreover, NMs display improved atomic
transport kinetics and lower melting temperatures,
rendering them promising for applications in batter-
ies, solar cells, energy storage, and conversion devices
[11-13], among other industrial and life science
realms. Consequently, diverse NM forms are under
intensive investigation. Characterization techniques
[2] include transmission electron (TEM) and scan-
ning electron (SEM) microscopy, Fourier transform
infrared (FTIR), X-ray diffraction (XRD), and various
spectroscopic techniques for examining morphologi-
cal, structural, and mechanical properties. In contrast,
atomic force microscopy (AFM), piezoresponse force
microscopy (PFM), and other methods assess elec-
trical, physicochemical, piezoelectric, and magnetic
properties. These measurements are complemented
by simulation methods like density functional theory
and finite elemental analysis [14, 15], which are espe-
cially relevant for understanding NM interactions with
biological and environmental systems.
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The comprehensive characterization and determi-
nation of nanomaterials (NMs) properties constitute
a multifaceted challenge crucial for harnessing their
transformative potential in contemporary technolo-
gies. The challenge is to obtain NMs with well-con-
trolled nanoscale-related properties, which requires
developing new measurement techniques that ensure
high precision NMs characterization and their proper-
ties determination together with the correlation of the
parameters with the NMs nanostructure. Techniques
that are perspective in NM characterization are those
based on the photothermal (PT) effect [8, 16-20]. The
PT effect is the consequence of light absorption from
the excitation radiation (ER) illuminating the exam-
ined sample, followed by a number of radiationless
de-excitation processes. This leads to the generation
of temperature oscillations (TOs) in the sample and
its surroundings that further induce changes in tem-
perature, pressure, and refractive index of the medium
as well as in the illuminated sample as deformation
of its surface. TOs carry information about the exam-
ined sample’s thermal and optical properties, which
are determined by its internal structure and transport
properties [21, 22]. Several photothermal techniques
have been developed to monitor the changes induced
in the sample and its surrounding medium by TOs.
The temperature rise is measured by photopyroelectric
spectroscopy (PPES) and calorimetry (PPEC) using a
pyroelectric sensor in direct thermal contact with the
sample [23], the pressure change in gas above the
examined sample is detected by photoacoustic spec-
trometry (PAS) [24], the changes in refractive index
or sample surface deformation are sensed by beam
deflection spectrometry (BDS) [24, 25], the thermal
emission from examined sample is by photothermal
radiometry (IR) [21, 26], whereas the change in optical
properties is by thermal lens spectrometry (TLS) or
microscopy (TLM) [27-29].

Photothermal techniques offer a suite of advantages
over conventional methods, encompassing elevated
sensitivity and broad applicability across an extensive
spectrum of sample types, spanning from bulk materi-
als to diverse nanomaterials in various configurations,
including fluids (gases, liquids), solids, thin films,
multilayered structures, and complex composites
while accommodating both transparent and opaque
specimens [21, 24]. These methodologies addition-
ally facilitate scrutinizing diverse chemical reactions,
non-radiative relaxation processes, photoinduced phe-
nomena, and events linked to phase transitions. The



PT techniques (TLS and PAS) provide nondestructive
means for probing nanomaterials’ internal structure,
composition, and thermal properties, even at low con-
centrations or in small quantities [30]. They also enable
real-time monitoring and dynamic analysis, shedding
light on the stability, reactivity, and performance of
nanomaterials under different conditions. TLS and PA
methods can be seamlessly integrated with other ana-
lytical techniques, such as spectroscopy and micros-
copy, to provide complementary information and a
more comprehensive understanding of nanomaterial
properties. Also, these techniques require minimal
sample quantities, making them ideal for studying
delicate or valuable nanomaterials while minimizing
waste and resource consumption. Both techniques
have the potential for imaging applications, allowing
for the spatial mapping of nanomaterial distributions
and properties within complex matrices. In the con-
text of this study, the objective is to furnish a succinct
overview of the utilization of prominent photothermal
techniques, such as thermal lens spectrometry (TLS)
and photoacoustic spectrometry (PAS), for character-
izing nanomaterials (NMs), with a focus on elucidat-
ing their merits and constraints pertinent to specific
applications.

Methods
Thermal lens spectrometry and applications

Photothermal phenomena occur when materials
absorb photons, which then excite molecules, lead-
ing to non-radiative de-excitation and the release of
energy in the form of heat within the sample. This
liberated heat induces changes in density and refrac-
tive index, providing insights into the diverse physi-
cal properties of the material. In liquid samples, these
refractive index variations generate a lensing effect.
When a sample is irradiated by a periodically modu-
lated laser excitation light (ER), the absorbed energy
produces a refractive index gradient (RIG), mimick-
ing a diverging lens within the medium known as the
thermal lens (TL). Detection of the RIG entails utilizing
two distinct methods—the single-beam and dual-beam
configurations [21, 31, 32]. In the dual-beam approach,
a probe beam (PB) laser is employed to discern the RIG
induced by the pump beam (ER), whereas the single-
beam configuration relies on variations in the intensity
of ER to convey information about the RIG within the

TL region. For optimal signal acquisition in TLS, the
sample’s positioning is determined experimentally,
aligning it approximately 3.5 times the confocal dis-
tance (Z.) beyond the waist of the probe beam [33].
Under these conditions, the changes in relative inten-
sity of the probe beam, stemming from its interaction
with the thermal lens, can be expressed as per Eq. (1)
[34, 35].

AI/T = 2.303EA + (2.303EA)%/2 + ... (1)

where A is the absorption of the sample, and the
enhancement factor relative to the transmission meas-
urements E is given by [31, 35]:

E = — P(dn/dT)/1.91k @)

where A is the PB wavelength, P is the excitation laser
power, Z .= 2ma?/A is the confocal distance, and a is
the PB radius. For low-concentration or weak absorb-
ing species resulting in A <0.1, the second term
in Eq. (1) can be neglected. The TLS signal is then
directly proportional to the excitation power, absorb-
ance, and enhancement factor of the sample, which
enables this technique to be used as a highly sensitive
method for determining chemical species at deficient
concentrations.

Trace detection of silver NPs

Thermal lens spectrometry (TLS) was employed to
monitor the quality of drinking and surface water
samples containing colloidal silver nanoparticles (Ag’
NPs) and to achieve detection limits that are compli-
ant with desired water standards [36]. Investigation
into the interaction between a silver salt solution and
typical water ions during silver nanoparticle forma-
tion was also conducted by various researchers [37,
38]. Colloidal silver NPs, encompassing ionic silver
particles, compounds, or colloids suspended in water,
exhibit antiseptic, antibacterial, and antimicrobial
properties, serving as alternative medical remedies
and dietary supplements for internal and external use
[39, 40]. Ag® NPs at 0.5 mg/L concentration have been
utilized to disinfect drinking water on the Interna-
tional Space Station (ISS), owing to their effectiveness
against various bacteria and sustained presence in
water [41]. However, their residual efficacy is limited
due to slow reactions in organic matter elimination.
Ag’ NPs are toxic in higher amounts, causing skin dis-
coloration, silver deposition in the eyes, and severe
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health issues [42]. Their ingestion can also interfere
with medication absorption. Recommended for ger-
micidal efficacy at 0.025-0.075 mg/L, maximum con-
tamination levels (MCL) range from 0.05 to 0.10 mg/L
in different countries and 0.2-0.5 mg/L for space mis-
sions. The application of colloidal silver NPs for dis-
infection, developed by the National Aeronautics and
Space Administration, European Space Agency, and
World Health Organization over decades, necessitates
a sensitive water quality monitoring system for effec-
tive implementation.

To facilitate real-time production and detection of
silver nanoparticles through the chemical reduction
of silver ions from AgNO; by NaBH,, a flow injec-
tion analysis (FIA) system was integrated with a ther-
mal lens spectrometric detection (TLS) unit [36]. The
plasmon resonance peak observed in the absorption
spectrum at 400 nm in the visible spectrum indicated
the formation of Ag” NPs with an average diameter
ranging from 4 to 40 nm and spherical shape. A pro-
nounced shoulder in the spectra at higher Ag’ NPs
concentrations (2 mg/L and above) indicated the

—— 100nm |

() (b)

presence of a broader nanoparticle size distribution
and the formation of aggregates. These findings were
corroborated by dynamic light scattering and scanning
electron microscopy (SEM) measurements. The SEM
images of the synthesized NPs are shown in Fig. 1 [36].
The use of FIA in combination with TLS enables avoid-
ing the use of NP stabilizers, which can interfere with
the metal surface and influence the results of analysis
[36, 43].

A self-constructed FIA system with a dual-beam
TLS detection unit, shown in Fig. 2, was utilized to
identify Ag’ NPs in water. The FIA system incor-
porates two HPLC pumps: one for delivering the
reducing reagent and the other for transporting the
Ag" standard solutions through a metal-free injec-
tion valve equipped with sample loops. These solu-
tions are mixed in a Teflon tubing coil to synthesize
silver particles, which are then directed into the flow-
through detection cell. The carrier and reductant flow
at 0.3 mL/min each results in a combined flow rate of
0.6 mL/min and a post-mix reductant concentration
of 0.3 mM. Silver colloids are generated by injecting

Figure 1 Scanning electron micrographs of the synthesized Ag’ NPs ata 50 ngmL ™", b 1 pgmL™", ¢ 5 pg mL™!, d 15 pg mL~" [36].

Figure 2 FIA setup with
TLS detection unit.
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silver ions into a 0.6 mM NaBH, solution at pH 12.5.
In the TLS detection system, temperature gradients
induced in the sample by the modulated pump beam
(Krypton laser operating at 407 nm) were probed by
a He-Ne laser of 2 mW output power at 632.8 nm
and monitored by a pin photodiode placed behind a
pinhole and an interference filter, and connected to
a lock-in amplifier and a PC. The beams are focused
and directed by lenses and mirror onto a dichroic mir-
ror that overlaps them and guides them into a flow-
through detection cell with a 1 cm optical pathway and
8 uL volume before reaching the detector. Measure-
ments were optimized using Yates” algorithm and the
normal probability plot. The highest signal response
(peak height) with the least standard deviation was
attained using a 0.6 mM NaBH, concentration at pH
12.5, along with an overall flow rate of 0.6 mL/min
for carrier and reductant. Further refinement was per-
formed, varying sample loop sizes from 10 to 500 uL
and mixing coil lengths from 50 to 75 cm. Optimal con-
ditions were determined as a 100 uL sample loop and
a 75 cm mixing coil, offering maximum peak height
while maintaining low peak dispersion. Therefore, the
optimized setup consisted of a 0.3 mL/min flow rate
for both the carrier and reductant, a 100 pL injection
loop, a 0.6 mM NaBH, concentration at pH 12.5, and
a 75 cm mixing coil with a 1 mm internal diameter.
In the study, TLS signal values were acquired
through online generation of Ag® NPs, involving trip-
licate injections of silver sample solutions into water.
The obtained values were averaged as peak heights
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Figure 3 FIA signals for TLS detection of colloid silver corre-
sponding to: 1—blank, 2—20 ng/mL, 3—40 ng/mL, 4—60 ng/
mL, 5—80 ng/mL, 6—100 ng/mL, 7—120 ng/mL, and
8—160 ng/mL [36].

(see Fig. 3). A linear relationship between Al/I and A
was established for low absorbances (sample concen-
trations < 0.6 mg/L), approximated via least-squares
regression. This enabled curve parameter definition
and limit of detection (LOD) calculation (refer to
Table 1). The signals exhibited linear growth within
the 0-80 ng/mL sample concentration range, with a
standard deviation below 2.5% (refer to Fig. 4). LODs
were calculated at a signal-to-noise ratio of 3 and for
three excitation beam power levels of the 407 nm emis-
sion line, near the resonance band of produced silver
colloids. The slopes correlated well with the linear
TLS signal dependence on excitation power. Calcu-
lated LODs were: 1.2 pg/L for a laser power of 115
mW (y =720.7x; r*=0.98), 0.8 ug/L for a laser power
of 155 mW (y =816.4x; r*=0.99), and 0.7 ug/L for a
laser power of 195 mW (y =993.3x; r*=0.98). Addi-
tional parameters for LOD calculation are presented
in Table 1. The findings suggest that elevating pump
beam power could enhance LOD, particularly when
increased excitation power does not raise the blank’s
standard deviation.

The achieved method’s LODs significantly surpass
the maximum contaminant levels (MCL) for silver in

Table 1 Parameters of calibration cures obtained for Ag’ NP
detection by FIA-TLS for different powers P of ER

P (mW) slope of the calibra- Standard deviation LOD (pg/L)

tion curve (uV/ of the blank (pV)
mg/L)
115 584.5 0.246 1.2
155 795.17 0.216 0.8
195 1068.5 0.241 0.7
08
0-P=115 mW
0,7 1LOD= 1.2 pg/L
0,6 {A-P=155mW
> LOD=0.8 pg/L .
E ™ Ix-p=195 mw
2 04 {LOD=0.7 ng/L
(%]
I_—' 0,3 A A
02 A
01 A
0 T T T T T T T
0 01 02 03 04 0,5 06 07 0.8
¢, ppm

Figure 4 The calibration curves for three values of the output
power of the Krypton laser used as the excitation.
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water, which varies from 0.025 to 0.075 mg/L across
countries and 0.2-0.5 mg/L for space missions, and
notably outperform the LOD of 50 ug/L achieved
by spectrophotometry. The technique’s applica-
bility was tested for quantifying Ag’ NP concen-
trations in water from Russian ISS drinking water
supplies. Analysis was grounded on the calibration
curve (refer to Fig. 4), with the TLS signal value
determined for space water serving as the sample.
For this, the reductant NaBH, was substituted with
double-deionized water. The concentration of col-
loidal silver NPs was ascertained by substituting the
reductant with double-deionized H,O, yielding an
Ag’ NP amount of 0.094 + 0.002 mg/L (Fig. 5).

Additionally, it was observed that various com-
mon ions found in water can notably disrupt the
determination of Ag’ and, consequently, its anti-
bacterial efficacy, necessitating consideration when
utilizing it as a disinfectant agent. This technique
can be optimized using the IonPac Cryptand G1 col-
umn, enabling selective silver detection amidst for-
eign ions. The exceptionally high binding constant
(K) of 2.2.2 cryptand for Ag" (109.6) surpasses all
ions typically present in water supplies, which have
been demonstrated to hinder Ag® NP detection. As
a result of the strong complex formation with Ag”,
the IonPac Cryptand G1 column selectively retains
Ag" over other interfering ion complexes, enabling
the discerning determination of Ag’ NPs. This paves
the way for the technique’s application in selectively
quantifying Ag’ NPs in complex environmental sam-
ples, including natural waters.

¥ = 0,995x + 0,907
R? = 0,996

0 20 40 60 80 100
concentration, ng/ml

TLS signal, pv

y = 0,010x + 0,321x + 4,940
R?=0,989

0 10 20 30 40 5 60 70 8 90
concentration, ng/ml

100 110 120

Figure 5 The TLS signal dependence on the concentration of
Ag0 NPs in batch mode measurements [36].
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Photodegradation studies of modified
multi-walled carbon nanotubes

The application of thermal lens spectrometry (TLS)
for analyzing the degradation process of tartrazine
as a model pollutant and multi-walled carbon nano-
tubes (MWCNTs) as photocatalysts under simulated
sunlight irradiation was explored [44]. MWCNTs con-
sist of nested long wall tubes with a diameter of up to
100 nm and length of up to 400 um so that the aspect
ratio lies typically between 50 and 4000, influencing
their performance and application range. Their porous
and high-surface area structure makes them valuable
for environmental sensing, while their excellent ther-
mal and electrical conductivity enhances insulating
materials when added in small quantities, leading
to various applications in electronics. Incorporat-
ing MWCNTs with Fe;O, results in a high-strength
magnetic material with catalytic applications in pol-
lutant degradation [45]. The TLS experimental setup
was employed in batch mode (BM) to investigate
the electrochemical properties of MWCNTs—COOH/
Fe;O, complex with NiO addition for photocatalytic
tartrazine degradation. Surface area analysis via SEM
revealed that Fe;O, incorporation increased the sur-
face area due to oxide deposits on nanotubes, whereas
NiO incorporation reduced the surface area, possibly
due to NiO entering the pores of MWCNT-COOH/
Fe;O, (Fig. 6). TLS-BM experimental setup used in the
study is displayed in Fig. 7. Each measurement in TLS-
BM was replicated five times, and subsequently, the
mean TLS signal value and its standard deviation were
computed. To investigate the photodegradation of tar-
trazine, experiments were conducted under simulated
sunlight irradiation. The lamp was positioned 20 cm
from a 1 cm cell, illuminating the sample from the top
for intervals of 1, 2, 5, 8, 12, and 20 min.

In order to evaluate the photocatalytic efficacy of
the samples, a calibration curve (y =5.0765x + 1.3058,
?=0.994) was established within the concentration
range of 0-10 mg L™ for tartrazine. The achieved
LOD was 10 ug L™, around 25 times lower compared
to UV-vis spectrophotometry [44]. The utilization
of MWCNT-COOH/Fe;O, nanocomposite coupled
with simulated sunlight radiation led to an initial
20% enhancement in the rate of tartrazine degrada-
tion within the first 2 min of irradiation, decreas-
ing to 10% after 5 min and halting its efficacy after
8 min, indicating incomplete pollutant decomposi-
tion with leftovers reaching 150% of the blank signal.



Figure 6 SEM images of
a MWCNT, b MWCNT-
COOH, ¢ MWCNT-COOH/
Fe;0,, and d MWCNT-
COOH/Fe;0,/NiO [44].

Figure 7 TLS-BM experi-
mental setup with pump
beam of 405 nm and probe

PROBE BEAM UNIT

mirror

beam of 632.8 nm.

irradiation

chopper

PUMP BEAM UNIT

DETECTION UNIT
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In contrast, the implementation of MWCNT-COOH/
Fe;0,/NiO nanocomposite as a photocatalyst, in
conjunction with either 1 min of simulated sunlight
irradiation or 5 min of MWCNT-Fe-Ni interaction
without irradiation, yielded a TLS signal equiva-
lent to the blank (Fig. 8). The enhanced photocata-
lytic efficacy of the nanocomposites in pollutant
degradation can be attributed to the injection of
photoinduced electrons from Fe;O, to MWCNTs,
reducing electron-hole recombination and promot-
ing hole-electron separation rates at their interface
[46, 47]. Additionally, the incorporation of NiO into
MWCNT-COOH/Fe;O, diminishes material surface
area while generating oxygen-rich functional groups
that enhance the oxidation process and thereby

dichroic

mirror SAMPLE

augment the photocatalytic activity compared to
MWCNT-COOH/Fe;0,.

Photocatalytic reaction rate study

The ultra-sensitivity of the TL technique enables its
application in the study of photocatalytic reaction
rates. This section elucidates the TL technique’s appli-
cation in studying the photocatalytic reaction rates of
the Cu- and Zr-modified TiO, photocatalyst. Titanium
dioxide (TiO,), particularly in nanoparticle (NP) form,
emerges as a significant catalyst in water purification
procedures owing to its enhanced reactivity over its
bulk form, along with its non-toxic, biocompatible,
and cost-effective attributes [48, 49].
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Figure 8 Decrease in tartrazine amount of leftovers concentration in the solution determined by TLS as a result of degradation by the

use of synthesized nanocomposites and sunlight illumination [44].

In this work [50], Cu- and Zr-modified TiO, NPs
were employed as photocatalysts for the degrada-
tion of reactive blue 19 (RB19) dye, serving as a test
pollutant. The TLS technique was applied to monitor
the photocatalytic reaction rate, utilizing the TLM-
BM experimental setup shown in Fig. 7 with a pump
laser at 532 nm and probe at 632.8 nm. Measurements
were conducted under simulated irradiation from
a 300-W UV lamp, emitting 13.6 W in the near-UV
range (315-400 nm) and 3.0 W at shorter wavelengths
(280-315 nm). The lamp was positioned vertically,
5 cm away from a 1 cm quartz cell, to irradiate the
sample from the top. A 3 mL water solution containing
6 pg/L of photocatalyst and initially 5 mg/L RB19 was
illuminated for 50 min. After every 5-min irradiation
interval, TLS measurements were conducted in the
presence of unmodified TiO, photocatalyst and Cu/
Zr-modified photocatalyst materials. To assess the
photocatalyst efficiency, scrutiny of photocatalytic
reaction rates is imperative, depicting the progress of
the reaction characterized by first-order kinetics [51].

In(c/c) = —Kpt 3)

where ¢, and ¢ denote the concentrations of RB19 at the
initiation and at time t of the photocatalytic reaction,
respectively, while K| represents the first-order rate
constant of the photocatalytic reaction. The photocata-
lytic reaction rate is determined as the slope of the plot
depicting the natural logarithm of (c/cy) versus time
t (Fig. 9).

The study reveals that the TiO, modified with Zr
(1%), Cu (0.05%), and Zr (1%) Cu (0.05%) signifi-
cantly amplifies photocatalytic reaction rates, accel-
erating the degradation of RB19, as shown in Table 2.
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Figure 9 Decay profiles for first-order photocatalytic reactions
during simulated solar light irradiation of RB19 aqueous solu-
tions in the presence of unmodified TiO, and Cu- and/or Zr-mod-
ified TiO, materials [51].

Table 2 Photocatalytic reaction rate constants for unmodified
TiO, and Cu- and/or Zr-modified TiO, materials [51]

Sample

|KP‘ (min~h)
TiO, 0.039+0.001
TiO,/Cu (0.05%) 0.054 +0.002
TiO,/Zr (1%) 0.044 +0.001
TiO,/Cu (0.05%) Zr (1%) 0.063 +0.002

These outcomes align with existing literature data
[51-53] and are correlated with energy band cap
values and carrier lifetimes of unmodified TiO, and
Cu- and/or Zr-modified TiO, materials. Importantly,



Cu and/or Zr modification does not substantially
alter crystallite particle size (around 25 nm) [51]
but enhances the material surface area, facilitating
pollutant adsorption and light absorption, thereby
bolstering the pollutant degradation efficiency [50].

Single-beam TL study of the effect of allotropic
transformation on the thermal diffusivity
of soot nanofluid

The paper [54] focuses on enhancing the thermal dif-
fusivity of nanofluids using soot, a mixture of carbon
allotropes, as an example. According to existing litera-
ture [55, 56], soot is known to contain diverse carbon
allotropes, including multi-walled (MW) and single-
walled (SW) carbon nanotubes, graphene, fuller-
enes, amorphous carbon, and graphite. Gasoline soot
annealed at different temperatures is used to prepare
the nanofluid, and its morphological modifications
are studied using field emission SEM (FESEM) and
XRD. The FESEM image in Fig. 10 reveals that sam-
ples P30 (soot sample at room temperature) consist of
soot particles with sizes ranging from 20 to 30 nm and

Figure 10 FESEM image
of the sample a at room tem-
perature -P30 b annealed at
400 °C -P400; ¢ Variation of
percentage enhancement of
thermal diffusivity of the NF
containing soot annealed at
different temperatures [54].

sample P400 (soot sample annealed at 400 °C) exhibits
carbon nanotubes (CNTs) with diameters between 25
and 53 nm. Various techniques, including XRD and
Raman spectroscopy, are employed to analyze sig-
nature peak intensities and structural changes in the
soot samples with varying annealing temperatures.
The thermal diffusivity of the nanofluid, containing
the same solid volume fraction of soot, is investigated
using the single-beam TL technique shown in Fig. 11.

Remarkably, the thermal diffusivity of the soot
nanofluid shows oscillatory behavior, mirroring the
changes observed in the XRD and Raman spectro-
scopic studies. The variation of percentage enhance-
ment of thermal diffusivity of the NF containing
soot annealed at different temperatures (P30-P400)
is shown in Fig. 10c. The modifications in the carbon
nanotubes (CNTs) and graphene layers significantly
impact the thermal diffusivity, with an impressive
enhancement of up to 95% for the soot annealed at
300 °C. However, the study also reveals the impor-
tance of maintaining the fluid temperature below
300 °C to avoid morphological and structural changes
that could reduce the thermal diffusivity to 20%.
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Figure 11 Schematic
representation of single-
beam thermal lens technique
(SBTLT) [54].

Nanobiophotonic application of single-beam
TL technique: a study of tuning the thermal
diffusivity of the seed matter

The work [57] explores the crucial role of thermal
behavior in seed germination and growth using SBTLT
detailed above (Fig. 11). Various carbon allotropes,
including MWCNT, super graphene, diesel soot, and
charcoal, are studied to understand their impact on
the germination of Vigna Radiata (VR) seeds. Despite
structural and morphological differences observed in
the carbon allotropes through FESEM images, all of
them enhance the seed’s growth rate compared to the
control set. The compositional variations in the seed
matter modify its thermal behavior, as analyzed using
SBTLT. A representative quantity of the seeds under
examination undergoes a cleaning and grinding pro-
cess and is subsequently transformed into a nanofluid

Figure 12 Representative
photographs of seed and its
seed matter at different stages
of germination [57].
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with 1 g of powder per liter of double-distilled water.
Consequently, nanofluids derived from seeds germi-
nating in water and diesel soot media are studied at
four distinct germination stages (0 h, 24 h, 48 h, 72 h).
The photographs of a representative seed and its seed
matter are displayed in Fig. 12. The percentage vari-
ation of thermal diffusivity of the seed matter at dif-
ferent stages of germination in media with (D) and
without (N) diesel soot is displayed in Fig. 13. The
study reveals a reduction in the thermal diffusivity
of seed matter in carbon allotropic medium (CAM),
leading to energy trapping during biochemical reac-
tions. This increased energy utilization contributes to
the enhanced rate of biosynthesis during germination
and seed growth. The seed matter’s compositional
changes are further analyzed through UV-Vis-NIR,
FTIR, and PL spectroscopic techniques, providing
insights into the formation of chlorophyll molecules
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Figure 13 Percentage variation of thermal diffusivity of the seed

matter at different stages of germination in media with (D) and
without (N) diesel soot [57].

and nucleotides during germination in the carbon
allotropic medium (CAM). This research offers a
mechanism of CAM-assisted germination for produc-
ing healthy plants with high yields in a shorter time,
thereby addressing food security concerns in a world
facing challenges of population growth and carbon
emission-induced pollution.

Understanding molecular dynamics
in heat transfer nanofluids from TL signal
through nonlinear time series analysis

The current study [7] explores the molecular and par-
ticle dynamics occurring in MWCNT nanofluids pre-
pared at three different concentrations (C1-0.02 g/l,
C2-0.04 g/1, and C3-0.08 g/l), in base fluids [water
(MW), ethylene glycol (ME), and acetone (MA)] of
varying viscosity. This investigation uses nonlinear
time series and fractal analyses to analyze the ther-
mal lens (TL) signal. The research holds significance in
designing energy-efficient and high-performance ther-
mal systems through nanofluids with tailored thermal
diffusivity and sample entropy, achieved by selecting
suitable base fluids and nanoparticles. To validate the
characteristics of the MWCNTs, their morphological,
structural, and optical properties are confirmed using
FESEM, XRD, Raman, and UV-visible spectroscopic
analyses. The results from the thermal diffusivity
study reveal that particle dynamics play a significant
role in low viscous media due to reduced viscous drag
force, leading to greater freedom of movement and

faster heat transfer rates, consequently increasing
thermal diffusivity. Conversely, thermal diffusivity
decreases in highly viscous base fluids, but increasing
the concentration of MWCNTSs enhances thermal diffu-
sivity regardless of the base fluid. These findings align
well with the Sankar-Swapna model, which consid-
ers thermal diffusivity’s dependence on the medium’s
viscosity. During the heat transfer process, complex
particle and molecular dynamics are analyzed through
phase portraits, sample entropy, fractal dimension,
and Hurst exponent analyses. The complexity in
MWCNT nanofluids (C1, C2, and C3) within low vis-
cous base fluids is evident from the phase portraits,
sample entropy, and fractal dimension analyses. The
representative excerpts of TL signal, phase portrait,
and sample entropy variations from the literature [7]
are shown in Fig. 14.

Additionally, the complexity of particle dynamics
in nanofluids exhibits an inverse relationship with the
base fluid’s viscosity. The increasing anti-persistence
nature in samples MA (MWCNT nanofluid in acetone)
and MW (MWCNT nanofluid in water) further con-
firms nanofluid’s rising complexity. As a result, the
nonlinear time series analysis of the TL signal presents
a novel methodology for understanding the particle/
molecular dynamics-driven heat transfer property of
nanofluids, offering insights into tuning thermal diffu-
sivity and sample entropy. Knowledge of these param-
eters is essential in thermal engineering to enhance the
efficiency of thermal systems.

Complex network analysis of TL signal
of nanofluids

The study [58] reveals how soot facilitates energy
movement within leaves by analyzing time-resolved
TL signals’ graph properties. Different concentrations
of soot particles, containing various carbon allotropes,
are applied to Lablab purpureus (L.) sweet leaves. After
ten days, leaves are collected, and extracts are made
at concentrations of 0.20 (P1), 0.60 (P2), 1.25(P3), 2.50
(P4), 4.00 (P5), and 5.00 (P6) g/1. UV-Vis spectroscopy
is conducted to comprehend the impact of carbon
nanoparticles (CNPs) on leaf pigment absorption. The
SBTL technique is then applied to nanofluid samples,
and their varying TL signals are analyzed graph-the-
oretically. The representative complex networks con-
structed from the TL signal of samples PO and P3 are
shown in Fig. 15. The constructed network showcases
a complex structure with unconnected nodes, edges,
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Figure 14 A representative a TL signal and b phase portrait of
base fluid acetone and MWCNT nanofluids with acetone; ¢ varia-
tion of sample entropy for the samples MA, MW, ME—MWCNT
nanofluid in acetone, water, and ethylene glycol, respectively [7].

Figure 15 Representative
complex networks con-
structed from the TL signal
of samples PO and P3 [58].
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and clusters. Graph complexity variations are related
to optical absorption and thermal energy flow in nano-
fluids. Topological graph features (E-edges, D-diame-
ter, ND-network density, NC-number of components,
C-closeness centrality) align with absorbance changes;
higher CNP concentrations show increased absorp-
tion. Sample P3 with 1.25 g/l CNP has maximum
absorbance and enthalpy, reflected by more uncorre-
lated nodes in the graph. Comparing this with acetone,
NC increase relates to system enthalpy rise. Graph fea-
tures in two regions (R1, R2) show CNPs first absorb
and re-emit energy, then initiate the intra-pigmental
transfer, favoring photosynthesis, but excessive CNPs
do not significantly enhance transfer due to saturated
enthalpy. Sample P3 with maximum enthalpy has the
least E, D, ND, and C values, suggesting an optimum
CNP concentration of 1.25 g/l for efficient intra-pig-
mental energy transfer and enhanced photosynthesis.

Photoacoustic spectroscopy and applications

In PAS, the absorption of ER and its further non-
radiative release causes the thermoelastic expansion
of the illuminated sample volume and, consequently,
the generation of acoustic waves in the surrounding
fluid [59, 60]. The most often used setup configura-
tion for characterizing a two-layered system is an open
photoacoustic cell (OPC) [61, 62] that ensures greater
signal strength than other PAS experimental setup
configurations.

Theoretical description
The investigated sample is a two-layered structure in the

form of a thin film deposited on a bulk substrate. The
film is a transparent dielectric layer that is uniformly
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enlightened by ER and absorbs its whole radiation,
whereas the substrate is a semiconductor material
(Fig. 16) [63]. In the analysis, it is also assumed that the
whole structure is of cylindrical symmetry and a total
thickness of I=1, +1, (I;, I, are the sample and support
thicknesses, respectively) that is much smaller that the
structure radius R as shown in Fig. 16.

The PA signal obtained from the sample presented
in Fig. 16 includes the thermal diffusion (TD) effect,
which is dominant in PA signals at a lower modulation
frequency of ER, as well as both thermoelastic (TE) and
plasma elastic (PE) effect that have the significant influ-
ence on PA signal at a higher modulation frequency of
ER [62, 64, 65], and is described by:

sptotal(f) = spTD(f) + SpTE(f) + SpPE(f) (4)

where oprp(f), Op1e(f), and Oppg(f) are the thermal dif-
fusion, thermoelastic, and plasma elastic PA signal
components, respectively, expressed by [62, 64, 65]:

povg To(Lf)
T, @)

SpTD (f) =

ogle

R

5p.(f) = % / 277U (r, 2)dr ©6)
0

— R

ER >

substrate
N

Figure 16 The configuration of the experimental setup.

where c=TE, PE in case of thermoelastic (TE) and
plasma elastic (PE), respectively, y is the adiabatic con-
stant, p, and T, are the equilibrium pressure and tem-
perature of the air in microphone, 6g = (1 +i)ug, ug is
the thermal diffusion length in the air; I, is the distance
between sample and microphone membrane, T,([, f) is
the periodic temperature variation at the substrate rear
(non-illuminated) surface, V|, is the OPC volume, and
U,(r,z) is the sample displacement along the z-axes.

Thus, the total PA signal defined as a pressure wave
generated by the periodic sample heating as a result of
its irradiation by ER can be written as [65]:

sptotal(f) = A(f) explip(f)] (7)

Here, A(f) is the PA signal amplitude and ¢(f) the
PA signal phase, whereas i the complex unit.

Thermal and elastic characterization
of nanostructured Fe,O; polymorphs

The examined samples were a- and &-Fe,O; poly-
morphs, and these polymorphs with deposited ultra-
thin layers of TiO, that tailor their properties for light-
activated applications [66]. The morphology of the
Fe,O; polymorphs was studied by using FESEM. It
was found that a-Fe,O; is characterized by particles
of pyramidal shape (lateral size and length =600 and
1000 nm, respectively), as well as globular particles
(lateral size and length =300 and 600 nm, respectively),
that are randomly distributed, creating a topography
of disordered agglomeration (Fig. 17). e-Fe,O; pre-
sent a more uniform morphology having the form
of rod-like structures perpendicular to the substrate
surface (Fig. 17) with the mean nanorods lateral size
and length of 80-350 nm, respectively. The rod-like
structures also showed a cylindrical trunk (= 300 nm)
and a sharper tip (= 50 nm).

In the analysis, the sample was considered to be a
two-layered structure. The thin film of Fe,O; material
(1st layer with a thickness of 800 nm and 450 nm for
a-Fe,O; and e-phase, respectively) was deposited on
a Si substrate (2nd layer with a thickness of 736 um).
The ultra-thin TiO, layer (thickness ~ 10 nm) deposited
on a Fe,O; film was considered a constitutive part of
the Fe,O; layer with the same effective thermal param-
eter values.

The PAS measurements were performed using the
experimental setup presented in Fig. 18 [62]. As an
ER, alaser diode with a power of 15 mW and 660 nm
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Figure 17 a, c Plane-view
and b, d cross-sectional
FESEM micrographs for a, b
a-Fe,0; and ¢, d e-Fe,0;.

Figure 18 Scheme of the
PAﬂSl exi)e;mental setup used pho todiode
in the study. 1
r/
I
current signal
L | modulation detection
system system
microphone .
laser diode
sample )
PC with sound card

was used and modulated in the frequency range of
20 Hz-20 kHz by a homemade current modulator.
ER light intensity was monitored by a photodiode.
The examined sample was placed in a homemade
PA chamber, and its front surface was uniformly
illuminated by ER to satisfy the condition of the 1D
configuration of the setup. A battery-powered elec-
tret microphone monitored the changes in the pres-
sure in the PA chamber. The PC audio controller is
used to emulate lock-in amplifier signal processing

@ Springer

to extract the amplitudes and phases of the acoustic
signal.

The PA signal amplitudes and phases col-
lected for different Fe,O; polymorphs without
(a-Fe,Os, B-Fe,Oj3) and with ultra-thin Ti-based
layer (a-Fe,O5-TiO,, B-Fe,05;-TiO,) together with
the fitted theoretical dependencies are presented in
Fig. 19. The S, represents the measured PA signal
(Asexp(p-amplitude, @ge,,p-phase), whereas the opyqa
(Asprotarp-amplitude, @s,iora1p-phase) is the “true’
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Table 3 The values of determined thermal and elastic properties
of different Fe,03 polymorphs [63]

Sample Dy (X107 k, (W/mK) oy (x 1070 K™
m?/s)

Si/a-Fe,0, 1005 125£03 1243
Si/a-Fe,05— 90 + 5% 11.5£0.3% 11+4%

TiO,
Si/e-Fe,0, 120+8 144+£04 2342
Si/e-Fe,05— 110+9* 13.7+£0.4% 22+3%

TiO,

*Effective values for the entire thin-film layer (polymorph + ultra-
thin TiO,)

two-layer signal obtained after performing the signal
correction procedure [67, 68], Sgyy) (Asgyp-amplitude,
Pssip-phase) are the fitting curves, and 6pS‘total(f) is
the PA signal generated by Si substrate (Agpsiotain-
amplitude, @;psitorai-phase). The obtained values of
the determined parameters can be found in Table 3
[63].

It can be seen that a-Fe,O; has lower values of
thermal and elastic parameters compared to e-Fe,O;
as a consequence of different polymorphs morphol-
ogy. e-Fe,O; has a more compact structure with fewer
interfaces than a-Fe,O5 [69]. Furthermore, the surface
of e-Fe, 0O, is flatter than that of a-Fe,O; [69]. After TiO,

Modulation frequency, £, (Hz)

deposition on the Fe,O;, both the thermal and elastic
properties of a- and e-Fe,O; polymorphs change due
to the whole sample morphology change.

Optical and thermal characterization of metal
mirrors

The PA technique finds applications in the opti-
cal and thermal characterization of metal mirrors,
possessing the advantage of consistently generat-
ing high-quality, distortion-free images over an
extended period. In one of the studies [70], we eluci-
dated the potential of the PA technique in determin-
ing the reflection coefficient and thermal diffusiv-
ity of a specific metal mirror, namely the Aranmula
mirror. This particular mirror, characterized by its
high reflection coefficient, holds significant impor-
tance in optical instrumentation applications. To
gain insights into the mirror’s surface, we assessed
its reflectivity, which is influenced by the root mean
square (rms) roughness. Employing atomic force
microscopy (AFM) analysis (Fig. 20), we quantified
the rms roughness, and the results indicated that
the metal mirror exhibited a surface roughness of
146 nm, contributing to its overall reflective behav-
ior. Further analyses were conducted to study the
mirror’s structural characteristics and composition.
Using FESEM, we explored the surface smoothness
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Figure 20 a AFM image and
b FESEM image of the inner
view of the metal mirror [70].

228 v

and identified the presence of particles within the
mirror. The XRD analysis revealed that the metal
mirror was an alloy of copper (Cu) and tin (Sn), with
an average crystallite size of 33 nm, indicating its
complex composition and nanostructure.

In this study, an Argon ion laser with a wave-
length of 488 nm was employed. The metal mirror
was placed in the photoacoustic cell, and an inten-
sity-modulated laser beam irradiated it while vary-
ing the chopping frequency. The energy absorbed by
it was converted into mechanical energy, resulting in
pressure variations and an acoustic signal in the pho-
toacoustic cell. The amplitude of the acoustic signal
(s) was measured using a lock-in amplifier, which
allowed for in-phase signal detection and effec-
tively eliminated noise signals, thereby significantly
enhancing the signal-to-noise ratio. By investigat-
ing the dependence on the thermal diffusion length
on chopping frequency (f) and the sample thickness
(I), the transition point from a thermally thin to a
thermally thick regime can be noted as a change of
slope in the log (amplitude) versus log (f) plot at the
characteristic frequency (f.) (Fig. 21). The thermal
diffusivity (@) is determined using a = *f.. The a of
the metal mirror was calculated from f.=68.79 Hz
and I;=1.24 mm as 1.058 = 0.001 cm?/s.

The reflection coefficient holds significant impor-
tance in characterizing mirrors, especially for metal
mirrors used in reflecting telescopes. In this research,
the laser-induced PA technique was employed to
find the reflection coefficient of the mirror, with a
carbon black sample used as a reference. By noting
the photoacoustic signal amplitudes (S,, and S¢) for
the Aranmula mirror and carbon black, respectively,
at a given chopping frequency and laser power, the
ratio of mirror-to-carbon black signal amplitudes
was calculated as [70]
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where ‘I’ represents the incident beam intensity, and
A.and A,, denote the absorption coefficients for car-
bon black and the mirror, respectively. Since A_ for
carbon black is equal to 1, the reflection coefficient (R)
can be directly determined by analyzing the variation
of signal amplitude with modulating frequency, as
R=1-A,,. The reflection coefficient of the metal mir-
ror was obtained as 0.92.

Investigation of optical properties of the ZnO
nanoparticles grown on porous surface
of diatomite

Diatoms are photosynthetic microorganisms that are
enclosed within hydrated amorphous silica cell walls.
Such microorganisms live in aquatic environments.
Since they exhibit nanoporous structures with high
surface area and biocompatibility, they find applica-
tion in drug delivery systems [71-73]. Many efforts
were made to improve diatoms properties by their
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surface or structure modification with inorganic (e.g.,
TiO,, MgO, Au) and/or organic materials (e.g., poly-
aniline, organosilane) [74]. One of the most investi-
gated materials to be combined with diatoms is ZnO,
which presents large exciton binding energy and wide
optical energy band gap and thus becomes a promis-
ing material in different optoelectronic or photocata-
lytic devices [75, 76].

The PA spectroscopy in a non-resonant configura-
tion of the cell [77] was applied to investigate ZnO
nanoparticles grown on the surface of diatomite. The
source of EB was a Xe lamp modulated by a mechani-
cal chopper and equipped with the monochromator,
enabling collecting the PA signal within the wave-
length range of 300-700 nm by a microphone with a
low-noise preamplifier as displayed in Fig. 22. The col-
lected PA signal of examined samples was normalized
to the reference signal that was a 1-mm-thick optically
opaque carbon glass sample.

Figure 22 Scheme of the

experimental setup used in
the study.

EB

In the case of ZnO nanoparticles grown on the sur-
face of diatomite, it is seen from Fig. 23 that a strong
absorption occurs in the 300-450 nm range, indicat-
ing that such materials are effective in light absorption
enhancement and, thus, of high potential as materials
used for efficient light capturing [71] without the need
of further material treatment. Such behavior is not
observed for pure diatom samples. This results from
strong light absorption by the dispersed ZnO NPs for
A <450 nm that is not present for A >450 nm, for which
ZnO becomes transparent, and any difference in PA
signal behavior cannot be observed for both types of
samples. Since the PA signal carries information about
the sample’s optical properties, the values of absorp-
tion f, and scattering f, coefficients can be extracted
from PA measurements according to the procedure
described in the literature [71]. Enhancement of both
absorption and scattering coefficients of ZnO nano-
particles grown on the surface of diatomite found in
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the wavelength range of 300450 nm can be observed
that does not occur for pure diatom samples (Fig. 24).

Analysis of nanoparticle degradation
promoted by a polymer coating

The PA technique was applied to monitor and control
the kinetic degradation process of silicon NPs (Si NPs)
with surface-engineered properties in colloidal solu-
tion to examine their potential for application as effi-
cient delivery systems in cancer curation [78]. Colloi-
dal Si NPs were polymer (polyallylamine PAA) coated
and suspended in distilled water. Such modified Si
NPs are positively charged due to the presence of PAA
on their surface, thus attracting hydroxyl (OH") ions,
which increases the pH around the Si NP surface and
further enhances its degradation process.

The PA measurements were performed by the use
of homemade experimental setup for real-time detec-
tion of degradation of Si NPs in colloid solution. The
EB was the second harmonic of a nanosecond Nd:YAG
laser at the wavelength of 532 nm that coincides with
the detected NP’s absorption spectra, optimizing
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the photoacoustic conversion efficiency. ER was col-
limated and split by a plate beam splitter. The split
reflected beam was used to monitor ER intensity by
a PIN Si photodetector. The split transmitted beam
was expanded by a 50 mm focal length concave lens
and directed through a cuvette containing colloidal
solution of Si NPs. The expanded EB ensures the
illumination of the major part of the cuvette to avoid
errors caused by NP sedimentation and prevent Si
NPs from photodamaging. The generated PA signal
was collected by an acoustic transducer stuck to the
cuvette wall by ultrasonic gel. Both cuvette and trans-
ducer were placed in a thermally controlled FLASH
300 module equipped with optical windows for trans-
mitting EB. The reflected EB from the beam splitter as
well as the PA signal was collected by an oscilloscope
triggered by a laser pulse (Fig. 25).

The PA signal was found to depend linearly on the
Si NPs concentration in water (Fig. 26a) with the LOD
of 0.2 pg/mL. Furthermore, Si NPs are found to be sta-
ble in water for the whole observation period (1 day),
whereas, for Si NPs in PBS (Phosphate buffer saline),
a drop to 20% level with the half-life of ¢,, =400 min
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Figure 24 Spectrum of the absorption (a) and scattering (b) coefficient obtained from the PA measurements.

Figure 25 Scheme of the
experimental setup used in
the study.
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(Fig. 26b) is seen. In the case of PAS-Si NPs, almost the
same degradation kinetic is observed with the half-life
of t;, =104 min (Fig. 26b) for both water and PBS solu-
tion. Thus, the PA technique can be applied for direct
observation of the Si NPs fate in highly scattering flu-
ids (e.g., biological samples), making it a promising
technique when designing and screening biodegrad-
able materials for in vivo applications.

Investigation of thermal transport in porous
silicon nanostructures and nanowires

Integrating and miniaturizing electronic systems for
different applications requires the implementation of
NMs, which enable tuning the structure and thermal
properties crucial for designing integrated functional
devices. In this work, silicon-based nanomaterials (Si
NDMs) as porous silicon nanostructures (P Si NSs) and
silicon nanowires (51 NWs) are examined by the use of
PA spectrometry in a piezoelectric configuration [79].

Figure 27 Scheme of PA
experimental setup used for
piezoelectric detection.

sample

Si wafer

buffer

B

Porous Si NSs are characterized by relatively low ther-
mal conductivity and, thus, found application as effi-
cient thermal isolators. In contrast, Si NWs are mate-
rials with strongly anisotropic thermal conductivity
values, making them useful in applications requiring
efficient guidance of heat flux.

The main drawback of the PA technique is the
working frequency range introduced by the micro-
phone used to detect the photoinduced acoustic signal,
which can be overcome by using configurations with
piezoelectric detection. Figure 27 presents the scheme
of the experimental setup used in the study.

The light-emitting diode of 407 nm output wave-
length was used as EB, whose intensity was square-
wave modulated in a frequency range from 10 Hz
to 20 kHz. The illuminated sample has a multilay-
ered structure, as shown in Fig. 27. Its thermoelas-
tic deformation caused by light absorption of EB is
detected by a piezoelectric transducer, which was
in tight acoustic contact with the sample through a

EB generator
modulation

ref

signal

lock-in amplifier
PA cell
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buffer layer. The PA signal’s amplitude and phase
were collected by the use of a lock-in amplifier
(Fig. 27). To extract the values of thermal conduc-
tivities of P Si NSs and Si NWs, a proper theoretical
model was developed [79] further used in the fitting
procedure of theoretical dependences to the experi-
mental data. The examined samples were P Si NSs
with different porosities and Si NWs with different
lengths, whereas the fitted parameter was the mate-
rial’s thermal conductivity. The results obtained in
the study are given in Table 4.

It was found that the Si NSs have much smaller
values of thermal conductivities than the bulk Si
materials that is 150 W/m K [80]. Furthermore, P Si
NSs have lower thermal conductivity compared to Si
NWs (Table 4), a consequence of the morphological
features of P Si NSs matrix. Finally, the thermal con-
ductivity of the Si NWs decreases with the increase
in their lengths as the result of Si NWs in-depth
structural inhomogeneity.

Table 4 Values of thermal conductivities determined for differ-
ent Si NSs [79]

Thermal con-

ductivity (W/m
K)
P Si NSs (50 pm Porosity (%) 45 2.3+0.2
thick) 55 1.8+0.2
65 1.4+0.1
Si NWs (poros- Length (upm) 20 73+04
ity =50-55%) 35 6.2+0.3
50 5.6+0.3
@65
6.0 -
55 4
.50 4
245
;:%4.0 -
= 04
2.5 4
2.0 4
135 T T T T T T
400 450 500 550 600 650 700 750

wavelength, nm

Characterization of core/shell (Ag/CdSe)
nanostructure

The combination of Ag/CdSe metal/semiconductor
NS enables the adjustment of its absorption band to
suit particular applications in light energy conversion
systems [81]. It is performed by controlling the core
size and shell thickness to obtain the proper choice of
core-to-shell ratio. The PA technique was applied to
determine the optical and thermal properties of Ag/
CdSe NS in a powder form. The PA measurements
were performed in the wavelength range between 400
and 700 nm at a modulation frequency of 16 Hz using
the experimental setup shown in Fig. 27. The PA spec-
tra were light intensity normalized using carbon black.
An example of PA spectra for a sample of Ag core and
CdSe shell is presented in Fig. 28.

The character of PA spectra is the result of the influ-
ence of the surface plasmon absorption bands of the
Ag core and the band gap of CdSe shell (Fig. 28a).
Determining the 2nd derivative of the PA signal,
the peak absorption wavelength of the whole mate-
rial is obtained (Fig. 28b). Furthermore, performing
the fitting of polynomial function to the 2nd deriva-
tive of experimental data, the size of the CdSe shell is
found [82]. The obtained values were in the range of
2.57-4.77 nm. The thermal diffusivities of the Ag/CdSe
NSs were found by performing PA measurements in
frequency scan mode of Ag/CdSe NSs compressed into
a disk of 0.5 mm thickness and applying the equation
[82]

D=f12 ©)

where L =0.5 mm and is the thickness of the com-
pressed Ag/CdSe NSs, whereas f, is the characteristic
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Figure 28 a The PA spectra and b related 2nd derivative of the 14—-15 nm Ag core and 3.52-nm-thick CdSe shell.
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frequency [82]. The obtained values of thermal diffu-
sivities of Ag/CdSe NSs are in the range of 0.098 cm?/s
and 0.14 cm?/s, which is an order of magnitude higher
than the bulk value of pure CdSe (0.014 cm?/s) and
thus makes the whole Ag/CdSe material more efficient
for application as solar conversion devices.

Determination of thermal properties
of nanofluids containing Ag nanowire

NPs are widely used as additives to fluids to create
suspensions (nanofluid NF) with improved heat trans-
fer properties that are controllable by proper choice of
NP’s material, sizes, shapes, and concentrations [83].
Thus, it can be used in many industrial applications,
such as medicine, electronics, transportation, chemical,
and food engineering. In this work [84], the properties
of Ag NWs are examined to determine their potential
as additives in the preparation of nanofluids.

The PA technique was used in open cell configu-
ration (Fig. 29). The NF sample is placed on the alu-
minum foil with known thermal effusivity. An electret
microphone detects the acoustic waves generated by
EB modulated by a mechanical chopper at frequency
f- The PA signal is collected by a lock-in amplifier and
normalized using the PA signal collected for the air
sample. In the first step, the PA cell was calibrated by
measuring the PA signal for water as a sample. The
thermal effusivity of the sample is then calculated by
the use of equation [84]:

EB

acrylicring

NENEN
P94 44y o vacuumgrease

aluminium foil

—

acoustic waves

metallized
electret

PA

air gap —
chamber

microphone

metal back
plate

Figure 29 Scheme of the open photoacoustic cell.

Incop
e = %\/znf (10)

where p,, ¢, [ are the density (2.7-3.0 g cm), specific
heat (0.9 ]g_l °C™), and thickness of the aluminum foil
(16 um), respectively, whereas Iy is the slope of the
normalized PA signal as a function of the square root
of f (Fig. 30) [83].

The NF’s thermal effusivities were obtained for flu-
ids with different concentrations of Ag NWs. Based on
their values, the thermal properties of Ag NWs were
found using relations describing the thermal diffusiv-
ity [83]:

ks

D. =
T psCs

(11)

and effusivity [84]:

es = Vkspscs (12)

where k,, p,c, are the thermal conductivity and volu-
metric heat capacity of NF. The results are presented
in Table 5 [83].

The enhancement of thermal properties was calcu-
lated as [83]:

Ps — Pwater 100% (13)

Pwater

E=

where p; is the thermal parameter of fluid (i = water
for water, i =s for NF). The thermal conductivity of
water was taken as 0.613 Wm™ K ! [85], thermal dif-
fusivity as 14.0 x 10® m? s [86], and thermal effu-
sivity as 1570 W s2/m? K [87]. It was found that the
thermal parameter’s enhancement was in the range

0.90

— 0.85 -
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PA signal NF/PA signal a

(

0.55 A

0.50 T T T T T

4.0 4.5 5.0 5.5 6.0 6.5 7.0
fl/zl s12

Figure 30 Normalized PA signal as a function of f'/> for NF
containing Ag NWs with a concentration of 7 x 107 Vol%.
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Table 5 Thermal diffusivity,

o Ag NWs/water (vol%) 3.5x107° 4.7%107° 7.0x107° 1.36x107*  1.74x107*
effusivity, and thermal
conductivity of the examined D,x 1078 (m*~") 1400+0.18 15114020 16.04+0.17 16.58+0.16 17.75+0.24
NFs [83] e, Ws!2m—2K ! 1663 +32 1687 +26 1688 +41 1694+125 1716452

k, Wm™ K

0.622+0.013 0.656+0.011 0.676+0.017 0.690+0.051 0.723+0.023

of 40-20.8 for volumetric fraction between 3.5 x 107
and 1.74 x 107 vol%. Thus, such NFs can be success-
fully applied as cooling liquids for highly efficient
electronic devices, heat exchangers, or solar energy
systems.

Advantages, limitations, and future challenges
Thermal lens spectrometry

The goal of the review is to present the advantages
and limitations of the TLS technique and to indicate
those applications in which TLS can potentially be a
more powerful analytical method than conventional
absorption techniques. Over time, TLS found a sig-
nificant number of applications for NMs characteri-
zation and, thus, experienced rapid developments in
theoretical descriptions and optical schemes [88-91].
Nevertheless, it has not yet become a routine chemical
and biological analysis technique because of the lack
of low-cost, portable, and easy-to-operate tunable light
sources that could provide both ER and PB, which are
crucial elements of the TLS experimental setups [88,
89]. Furthermore, the TL signal is measured as the far-
field change in PB spot size by sensing its power at the
PB axis; thus, the precise alignment of the experimen-
tal setup is required in combination with providing the
optimum position of ER’s and PB’s waists with respect
to the position of the sample cell. The path length in
the examined sample must be much smaller than the
confocal distance of ER and PB. All of this makes the
whole system difficult for non-professional users to
use, requiring the support of qualified people in the
field [31, 92]. Another drawback of the TLS instrument
is its limited tunability, which consequently limits its
versatility since the lasers used as ER provide output
radiation at only a few different wavelengths. In cases
of low-volume samples, transferring the detection sys-
tem to micro/nanospace involves substituting the TLS
with thermal lens microscopy (TLM). This shift neces-
sitates a combination of more theoretical analysis and
experimental measurements [34, 93-98] to investigate
the TLM signal behavior regarding experimental setup
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parameters, aiming to enhance measurement sensitiv-
ity lost due to a path length approximately 100 times
shorter than in conventional TLS.

Another advantage of TLS is the sensitivity
enhancement compared to conventional transmis-
sion signal measurements using absorption spectro-
photometry that is determined by the type of used
solvents and condition of the experimental setup [99]
and can be improved by applying solvents with appro-
priate properties that are those with high refractive
index gradient (dn/dT) and low density (p), thermal
conductivity (k), and heat capacity (c,) according to
Eq. (14) for detection performed using cw-TLS and
Eq. (15) in case of pulsed-TLS [99]:

_ P dn
f . 4Q dn 5
| = —
P 8a,c02, dT (15)

Here, I, is the PB wavelength, whereas w,,. is the
min ER radius focused in the place of the sample
cell. From the above equations (Eqgs. 14 and 15) arises
that the measurement sensitivity of TLS can also be
improved by increasing the ER either power P (cw-
TLS) or irradiance Q (pulsed-TLS), which in turn
increases the convective noise of the measurements,
introduce nonlinear absorption effects as well as lead
to saturation of the TLS signal [32, 100-102]. Convec-
tion noise is produced by convective movements of
the liquid sample in the area of TL, which induces
changes in material temperature that consequently
lead to distortion of the sample refractive index gradi-
ent. Consequently, after PB interaction with TL, the PB
intensity profile is distorted, degrading the TLS signal.
This effect increases with the superior thermo-optical
properties of the sample and the elevated background
absorption we encounter. All of these can significantly
increase the technique’s LOD, thus limiting its sen-
sitivity. The problem of background absorption can
be eliminated in the simplest way by using differen-
tial TLS [103, 104] where the signal is measured as an



optical difference between the background signal and
the signal from the analyzed sample.

Generally, the noise in TLS experiments can be elim-
inated or significantly reduced by applying the lock-in
amplifier to detect the PB intensity changes induced
by the photothermal effect [103] since, in such a case,
only the signal component of the ER modulation fre-
quency is measured. Furthermore, the TLS signal-to-
noise ratio (SNR) can be improved by increasing the
value of the integration time of the used lock-in ampli-
fier, which should be adjusted regarding the stability
of the signal. As a result of TLS signal saturation [103],
the amount of ER radiation absorbed by the sample
and later converted into heat does not further increase
with the increase in the ER power/irradiance, which
negatively impacts the sensitivity of the TLS method.

The TLS measurements are also strongly affected by
the composition of the sample matrix [104-106]. The
influence of electrolytes addition to the sample on the
measurement sensitivity can be either positive or neg-
ative. The improved sensitivity was observed in the
case of water sample solution, whereas the decrease in
sensitivity was found for organic liquids used for sam-
ple preparation. This effect is caused by the changes
in the thermo-optical properties of the whole solvent
introduced by the addition of electrolytes.

Nevertheless, all the drawbacks mentioned above
can be overcome or at least limited to specific TLS
technique applications, making it very competitive
compared to traditional transmission measurements.
Future challenges in this field include the affords of
automatization of the TLS instrument, which would
simplify the procedure of its alignment and optimi-
zation and make the whole instrument more user-
friendly. Another important step in TLS development
would be exchanging the ER laser source to an inco-
herent light source, making the instrument broadband.
It can be concluded that the development of TLS is at
the level that makes it applicable as a tool for routine
characterization of NMs.

Photoacoustic spectroscopy

This paper also gives an overview of PA experimental
schemes currently used for NM characterization in a
nondestructive way, enabling simultaneous determi-
nation of many NM properties. Such multiparametric
sensitivity of the PA signal makes the whole analysis
rather complicated and time-consuming, requiring a

deep understanding of all mechanisms contributing to
PA signal generation. Thus, it is necessary to develop
a specific configuration of the PA experimental setup
providing the maximum sensitivity for determination
of the desired NM parameter and minimizing as much
as possible the influence of all the others on the meas-
ured PA signal [107-109].

The main advantages of the PA technique include
the contactless and nondestructive way of sample
characterization since the method is based on the
detection of pressure waves induced by absorbed ER
that eliminate thermal contact resistance and parasitic
heat losses on the measured signal. The sensitivity
of the PA technique is not limited by the absorption
coefficient values, the sample’s transmittance or the
presence of scattering particles as it is in conventional
transmission/absorption spectroscopy [110]. PA sig-
nal is generated only by the fraction of absorbed ER
radiation that is released then back in the form of heat.
Thus, scattering does not influence the thermal state of
the material under investigation. This reduces the pro-
cedure of sample preparation significantly since pro-
cesses such as filtering does not need to be performed.

Furthermore, the PA technique ensures a wide
dynamic range of measurements that enables perform-
ing the measurements of NMs in which absorption
coefficients are spread over several orders of magni-
tude from weak absorbing samples that require setting
with short path lengths to highly absorbing or opaque
samples without the necessity of their dilution. The
structural properties of the NMs determine the PA sig-
nal since they determine the heat conduction within it
and its exchange with the surroundings; thus, it may
be extracted from the measurements by developing
a proper relation with the generated PA signal. PA
measurements provide not only the ability of a wide
range of NM’s parameters determination but also the
possibility of solid sample depth-profiling by chang-
ing the modulation frequency of ER, which enables the
PA signal collection from the bulk of the sample to its
sub-surface layers as well as performing both in situ
analysis and PA imaging of samples that present high
contrast [111].

The disadvantages of the PA technique may be
related to the complex process of extracting the
desired NM properties from the measured PA sig-
nal, which must often be supported by a complicated
theoretical analysis that needs to be performed for
the specific system configuration [63, 112]. The selec-
tion of the proper experimental configurations for
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NM characterization is determined by the samples’
size as well as the predicted range of the parameters
of our interest, which means that we must know the
order of NM’s parameter value that we are looking for
[113]. Also, PA cells must be calibrated using material
with known properties to eliminate cell effects on the
determined values of examined NM, which makes the
analysis longer and more complicated. Some difficul-
ties with quantitative analysis can also be met, espe-
cially when applying the PA technique for PA imaging
[114], since the measured signal depends on the local
light intensity reaching the area of NM of our interest
that, in turn, is influenced by the optical properties
of material between the targeted volume of NM and
the surface of it which ER illuminates. This problem
can be solved by implementing an appropriate theo-
retical description of the PA signal generation in such
a situation. The PA imaging was further developed
for microscale, creating PA microscopy (PAM). In the
PAM technique, the ER radiation is tightly focused
on the material surface, which provides a high spa-
tial resolution of the PA image that can be collected
from depths up to 100 mm [115, 116] by moving the ER
source over the surface of the sample and detecting the
resulted PA signal. Nowadays, the biggest challenge of
PAM that needs to be solved is monitoring the moving
features, e.g., living objects [117-119].

Conclusions

Delving into the multifaceted examination of nanoma-
terial properties gives insights into the unique char-
acteristics that differentiate them from conventional
materials. This thorough comprehension forms the
foundation for using nanomaterials across various
domains such as catalysis, electronics, energy storage,
and many other applications. This capability allows
for the customization of their properties to suit spe-
cific requirements, thereby maximizing their effective-
ness. Photothermal techniques, such as thermal lens
spectrometry and photoacoustic spectrometry, offer
advantages of elevated sensitivity and broad applica-
bility across diverse sample types. Developing new
measurement techniques, especially those based on
the photothermal effect, is essential for precise NM
characterization and property determination, paving
the way for their continued exploration and applica-
tion in contemporary technologies.
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The objective of this review is to provide a concise
overview of the utilization of prominent photother-
mal techniques, such as thermal lens spectrometry
(TLS) and photoacoustic spectrometry (PAS), in the
characterization of NMs. The review underscores the
versatile applications of TLS in diverse fields, show-
casing its efficacy in trace detection, photodegrada-
tion studies, photocatalytic reaction rate analysis, and
nanobiophotonic investigations. The trace detection
of silver nanoparticles in drinking and surface water
samples utilized TLS coupled with FIA, eliminating
the need for stabilizers that could interfere with metal
surfaces. Moreover, TLS was employed to analyze the
photodegradation process of tartrazine and MWCNTs
under simulated sunlight, demonstrating its potential
in environmental studies. The technique was further
applied to assess the photocatalytic reaction rates of
Cu- and Zr-modified TiO, nanoparticles in degrad-
ing RB19 dye, showcasing its relevance in catalysis
studies. The exploration of soot nanofluids aimed at
enhancing thermal diffusivity featured a single-beam
TLS study, highlighting its role in optimizing nano-
fluid properties. The nanobiophotonic application of
single-beam TLS revealed insights into seed germina-
tion and growth, offering a mechanism for acceler-
ated and healthy plant development. The nonlinear
time series and fractal analyses of TL signals on heat
transfer nanofluids with MWCNTs shed light on the
molecular and particle dynamics at different concen-
trations in base fluids of varying viscosity. The study
on complex network analysis of TL signals in nanoflu-
ids, soot incorporated chlorophyll pigments, reveals
insights into the optimal concentration for efficient
intra-pigmental energy transfer and enhanced pho-
tosynthesis. These findings highlight the significance
of TLS in unravelling the intricacies of nanomaterial
behavior and its broad applicability across scientific
disciplines.

Different nanostructured materials have been
investigated using the photoacoustic (PA) technique,
throwing light on their thermal and optical proper-
ties. The study delved into the thermal and elastic
characterization of Fe,O; polymorphs, revealing
distinctive differences between a-Fe,O; and ¢-Fe,O;,
with e-Fe,O; displaying lower thermal and elastic
parameters due to its more compact structure. The
addition of a TiO, layer further modified the prop-
erties of both polymorphs. Investigating metal mir-
rors demonstrated the PA technique’s efficacy in
determining the reflection coefficient and thermal
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diffusivity of the Aranmula mirror, which is crucial
for optical instrumentation applications. ZnO nan-
oparticles grown on diatomite surfaces exhibited
strong absorption in the 300-450 nm range, under-
stood from the PA spectrum, emphasizing their effec-
tiveness in light absorption enhancement. The PA
technique also played a pivotal role in monitoring
and controlling the degradation kinetics of silicon
nanoparticles (Si NPs) in colloidal solutions. The
study on silicon-based nanomaterials, including
porous silicon nanostructures (P Si NSs) and silicon
nanowires (Si NWs), revealed their distinct ther-
mal conductivities and highlighted the technique’s
capability to address working frequency limita-
tions. Additionally, PA was employed to character-
ize core/shell (Ag/CdSe) nanostructures and deter-
mine thermal properties in nanofluids containing Ag
nanowires.

The versatile thermal lens and photoacoustic spec-
troscopy applications across many nanomaterial
studies underscore their invaluable roles in unveil-
ing nanostructured materials’ intricate thermal, opti-
cal, and structural characteristics, paving the way
for tailored advancements in diverse scientific and
technological domains.
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