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Hollow core fibers, supporting waveguiding in a void, open a room of opportunities for numerous appli-
cations owing to an extended light—matter interaction distance and relatively high optical confinement.
Decorating an inner capillary with functional materials allows tailoring the fiber's optical properties further
and turns the structure into a functional device. Here, we functionalize an anti-resonant hollow-core fiber
with 18 nm-size gold nanoparticles, approaching a uniform 45% surface coverage along 10 s of centi-
meters along its inner capillary. Owing to a moderately low overlap between the fundamental mode and
the gold layer, the fiber maintains its high transmission properties; nevertheless, the entire structure
experiences considerable heating, which is observed and quantified with the aid of a thermal camera. The
hollow core and the surrounding capillary are subsequently filled with ethanol and thermo-optical
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heating is demonstrated. We also show that at moderate laser intensities, the liquid inside the fiber begins
to boil and, as a result, the optical guiding is destroyed. The gilded hollow core fiber and its high thermal-
optical responsivity suggest considering the structure as an efficient optically driven catalytic reactor in
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. Introduction

Photonic crystal fibers (PCFs) are a special class of waveguid-
ing devices, which support long-range optical propagation,
owing to the microstructure periodic internal geometry of
glass capillaries. Similarly to standard telecommunication
fibers, light guiding in solid-core PCFs occurs in a higher
index medium. Hollow-core fibers (HCFs), however, enable
light propagation in a void," opening pathways for new strat-
egies in tailoring light-matter interactions. The holes within
HCFs can be filled with liquids or gases for sensing purposes,
or the inner surfaces functionalized with a variety of materials
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applications where either small reaction volumes or remote control over a process are demanded.

to provide the fiber with additional capabilities on top of light
guiding. Interaction efficiencies in these scenarios are
achieved owing to the overlap between an analyte and a con-
fined mode, propagating along a fiber. Complex inner design
together with various guiding mechanisms allowed the dem-
onstration of a range of practical devices, including polariz-
ation filters,> beam splitters,® logic gates, lasers,” and
sensors.>”'® Among a variety of applications, inner-core
functionalization  strategies have been  increasingly
explored.”®'"™* While many different materials, including
nanostructures, have been explored in this endeavor," ™" here
we will concentrate on plasmonic metals, which are known for
their capabilities to manipulate light below the classical diffr-
action limit."”'® Functionalization of hollow-core PCFs with
silver and gold nanoparticles has been demonstrated.'*"*"*
The surface plasmon resonance phenomenon inside the fiber
was exploited and considered for sensing. Surface-Enhanced
Raman Spectroscopy (SERS)-based detection was found to be
particularly efficient, underlining the benefit of an extended
light-matter interaction length along the fiber.'"'” PCF-based
chemical sensing, enhanced by plasmonic phenomena, is
comprehensively reviewed in ref. 19.

Due to its high optical confinement within a compact
volume, a hollow-core Photonic Crystal Fiber (HC-PCF)
emerges as a highly promising platform for probing photo-
catalytic reactions.>® This architecture has been effectively
employed in various studies, such as analyzing the photo-
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redox-catalyzed a-C-H alkylation of primary alkylamines using
HC-PCF microreactors,?! investigating graphitic, N-doped, and
amorphous carbon-nanodots for photocatalytic fuel pro-
duction,” enhanced photolysis reactions in toluene using
HC-PCF made from high-index soft glass®® and measuring the
quantum yield of vitamin B12 conversion in a liquid-filled
HC-PCF.** These studies not only validate the suitability of
PCF fibers in photocatalysis, but also contribute significantly
to the understanding of photocatalytic mechanisms, paving
the way for more in-depth investigations into chemical pro-
cesses. This approach has been explored in several configur-
ations, where gold and silver nanoparticles were in use.>*’

Gold’s chemical inertness and resistance to oxidation are
key attributes that ensure the durability and functional integ-
rity of its coatings, particularly in diverse chemical environ-
ments. Gold nanoparticles can efficiently absorb and scatter
light at wavelengths, corresponding to their localized plasmon
resonances. Plasmonic nanoparticles can also promote cata-
lytic reactions, though the topic remains debatable.

The field of plasmonic catalysis, especially with gold nano-
particles, is drawing significant interest. Studies demonstrate
that localized surface plasmon resonance in gold nano-
particles can facilitate CO disproportionation at room tempera-
ture, highlighting the potential of plasmonic nanostructures
in catalysis.?® Furthermore, the effectiveness of gold, silver,
and copper plasmonic nanoparticles in enhancing catalytic
processes under visible light has been noted, underscoring the
broad applicability of plasmon-mediated catalysts in various
light-driven reactions.”® In many scenarios, reaction rates
depend on local temperature, which can be controlled with the
aid of plasmonic absorption.>®*! In this case, the interaction
has to be tailored in order to efficiently distribute the tempera-
ture along at least several centimeters of a fiber. In other
words, the plasmonic layer must be sufficiently absorptive to
induce heating, but not too absorptive to dissipate the entire
light intensity close to the fiber facet.

Here, we demonstrate the design and realization of a plas-
monic coating, which allows the HCF to be heated by light pro-
pagating in its core over lengths up to tens of centimeters. The
fabrication process is described and then followed by optical
characterization of the structure - the gilded fiber. Both air
and liquid-filled scenarios are considered, demonstrating
efficient heating, mapped using a thermal camera. Owing to
the efficiency of this process, the temperature of the liquid
inside the core can be elevated toward its boiling point. When
reached, bubbles form high-contrast inclusions within the
fiber core and scatter the propagating light, leading to a drop
in optical transmission. Boiling scenarios are primarily sum-
marized in movies, which appear in the ESL.}

[l. Gilded fiber — fabrication

The fiber was fabricated using the stack-and-draw technique,
specifically designed to significantly suppress higher-order
modes. This type of fiber is known as a one-ring or negative
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curvature photonic crystal fiber. It features a hollow core,
which is created by several capillaries that extend along the
entire length of the fiber. The diameter of the fiber is approxi-
mately 30 microns.>® The HCF has a low-loss transmission
window for wavelengths around 600 nm.

The process to coat the inside of the HCF with gold nano-
particles encompasses two main steps - (i) synthesis of mono-
dispersed small gold nanoparticles (Au NPs) and (ii) inner core
functionalization with the aid of colloidal chemistry
techniques.

Au NPs were synthesized by the citrate method, based on
the chemical reduction of Au®~ with a trisodium citrate solu-
tion.*® Briefly, a three-neck reflux flask was filled with 100 ml
of deionized water and brought to a boil with constant stirring
with a 350 rpm magnetic stirrer. Then 1 ml of HAuCl4
(2.5 mmol) and immediately 250 pl of trisodium citrate solu-
tion (0.334 mol) were added. After 1 minute, the solution
turned blue, and after 5 minutes the color changed to red
orange, the flask was removed from the stove and cooled in
air. The hydrodynamic particle diameter was checked using
the dynamic light scattering (DLS) method using a Zetasizer
Nano ZS from Malvern Analytical. Particles with 18 nm mean
diameter and 5 nm standard deviation value were found.

The inner surface of the fiber was coated with Au NPs using
a three-stage chemical treatment. A silicone fiber was hermeti-
cally connected to the syringe pump to perform the procedure,
described below. The first step was to treat the fiber with a
35% HNO; solution for 20 minutes to clean and activate the
glass surface, after which the fiber was washed with deionized
water (DIW) for 5 minutes until a neutral pH was reached. The
second step was the salinization of the surface using a 2%
solution of (3-aminopropyl)trimethoxysilane (APTMS) in ethyl
alcohol (EtOH) for 20 min to create amino groups on the glass
surface that bind gold nanoparticles. After salinization, the
fiber was thoroughly washed with EtOH and DIW for 5 min.
The final stage was pumping through the fiber of the colloidal
gold solution obtained after synthesis for 20 min. For the
correct course of the reaction, it is necessary to change the
syringe to avoid the coagulation of gold in its volume. Upon
completion of the experiment, the fiber was successively
washed with DIW, EtOH, dried in an airstream, and annealed
in a muffle furnace at 500 °C for 5 minutes. The heating rate
of the furnace was 10 °C min™".

To determine the filling factor of the HCF with gold, the
estimation was performed by binarizing SEM images and cal-
culating the ratio of the area occupied by white pixels (repre-
senting gold particles) to the total area of the processed image.
In all the experiments we used HCFs with their inner walls
coated with a thin layer of gold nanoparticles (hydrodynamic
size 18 nm). Fig. 1 shows a scanning electron microscopy
(SEM) image of the gold-coated fiber cross-section, where gold
nanoparticles are seen to uniformly cover the inner surface of
the fiber without blocking the core thus leaving air and liquid
passage through it. To verify the uniformity of the coverage
along the fiber, a long 10 cm section was cut into pieces and
each one was analyzed independently. Fig. 1(c) demonstrates

This journal is © The Royal Society of Chemistry 2024
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Fig. 1

View Article Online

Paper

Sample 3

9 18 27 36 45
Gold coverage,

(a) SEM image of the HCF with a gold nanoparticle layer deposited on its inner walls. (b) Back scattering electrons (BSE) image of a magnified

inner wall surface of a gold-coated fiber; bright spots are Au NPs. (c) Averaged surface coverage of the inner surface of the capillary by Au NPs for 3

different cuts along the fiber.

the surface coverage for 3 samples, which all possess a similar
35% coverage with several percent deviation, thus confirming
the uniformity over a long sample.

lll. Gilded fiber — optical
characterization

To characterize the optical properties of the samples, a trans-
mission setup has been constructed (Fig. 2(a)). A YSL-Pro
supercontinuum laser was used, providing light with ~300 ps
pulse duration and a total output power of 80 mW. The output
beam from the supercontinuum is filtered by a dichroic mirror
to the 500-650 nm range and then coupled to the hollow core
photonic crystal fiber. For analyzing the spectral and mode
content of the fiber, the light is imaged on a CCD camera and

(%2}
O

Beam block

coupled to the spectrum analyzer (Avantes AvaSpec-2048L).
The setup enables measuring the transmission spectrum of
the fiber.

Liquid filling of the fiber is carried out by using a specially
designed liquid cell (LC in Fig. 2(a)). The inlet of the cell is
connected to a syringe via thin plastic tubing. Using the
syringe, ethanol (or any other liquid) is delivered to the cell
and goes through the fiber due to the pressure created by the
syringe plunger. The cell has a transparent glass window allow-
ing laser coupling to the fiber facet, which is sealed into the
cell.

Ethanol, a widely used organic solvent with a relatively low
boiling point (approximately 78 °C) and low surface tension
(25 mN m™" at 25 °C), was selected for its ability to remove air
bubbles from the core of PCF-fiber. Additionally, ethanol is
suitable for investigating catalytic reactions. Research has

5

Dichroic mirror

Spectrometer

Fig. 2
hollow-core gilded fiber.
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(a) Scheme of the experimental setup. (b) Photograph of the setup. Inlet — a photograph of the light, scattered from the ethanol-filled
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Fig. 3 Transmission (arbitrary units) spectra of fibers. (a,b) for ethanol and air filled fibers. (c,d) for ethanol and air filled gilded fibers correspond-
ingly. Insets — the CCD image of the optical mode (overall light intensity in the 500—-650 nm spectral range).

examined the photo-thermal catalytic reactions of ethanol over
Ag/TiO2, highlighting the role of plasmonic resonance in
enhancing reaction kinetics.>® The second end of the fiber is
free, and the liquid can flow out. While for this study the
leakage does not cause any constraint owing to a very small
outlet flow, it can be blocked, if necessary, by introducing
another liquid cell. Fig. 2(b) shows the photograph of the
setup, positioned on an optical table. Fig. 2(b, inset) shows the
photograph of the light-guiding ethanol-filled gilded fiber. The
light scattering is quite uniform, thus supporting the claim of
uniform coverage with Au NPs. Also, the overall transmission
through the system is about 30%, thus allowing the assess-
ment of the guided mode spectrum and other parameters, as
will be demonstrated hereinafter.

Transmission characteristics of the pure and gilded fibers
have been measured for both air and ethanol-filled conditions,
using the setup described above. Comparing the performance of
the empty and ethanol-filled pure fibers (Fig. 3(a and b)), a red
shift of the transmission window, induced by the liquid, can be
noted. The experiments were performed with 20 cm long sec-
tions. Since the sample is rather short, nonvanishing trans-
mission is observed even at wavelengths where the HCF loss is
high. The infinite fiber behavior can be predicted with a numeri-
cal model.*® The approach is to represent the complex inner
structure of the fiber with a simple concentric layer with thick-
nesses equal to the wall thickness of the smaller capillary (7
smaller tubes in Fig. 1(a)) and the refractive index of fused silica.
This approach was found to replicate the guiding properties of
the one-ring fiber quite accurately and allows us to model the
impact of materials, which fill the inner capillary. However, the
model faced challenges in approximating the gilded fiber behav-
ior, due to the large number of free parameters.

Numerical predictions appear as red solid curves in Fig. 3(a
and b) and resemble the experimental data. Transmission

13948 | Nanoscale, 2024, 16, 13945-13952

characteristics of the gilded fiber appear in Fig. 3(c and d). On
comparing empty fibers (pure vs. gilded - panels a and c), an
additional attenuation near 500-530 nm appears owing to the
plasmonic resonance. This result confirms the claim that the
light interaction with Au NPs is considerable, nevertheless it is
not overwhelming, which is important for uniform heating of
the fiber. The introduction of ethanol into the gilded fiber
smears the plasmonic peak, which has to shift to longer wave-
lengths by ~20 nm (the assessment is done with Mie solu-
tions, applied to an 18 nm gold sphere in a host medium -
i.e., air vs. ethanol).

In all the experiments, the optical mode at the output facet
of the fibers was imaged using the CCD camera and the
results are given in the insets to Fig. 3. In all cases, the exci-
tation of a mixture of modes was observed, which could be
due to the fiber’s limited length or the enhanced losses result-
ing from the introduction of gold filling. The light is primarily
confined in the void, having a relatively small overlap with the
gilded capillaries.

IV. Temperature profiles

The temperature distributions along the fibers were measured
with a thermal camera (ICI 8640 S). Fig. 4 summarizes the
results, obtained with empty fibers (air-filled, without
ethanol). Responses of the gilded fiber are shown in the upper
row in Fig. 4, while the bottom row shows the reference
measurement. The excitation was performed with the super-
continuum laser (as in the set of transmission experiments).
The laser was filtered to the range of 500-600 nm to match the
plasmon resonance of the gold nanoparticles and underline
the differences between the fibers. The experiments were per-
formed with 3 different laser intensities, measured using a

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Temperature distribution along ordinary and gilded air-filled HCFs. The laser is launched from the bottom facet. The top row (al, bl and c1)
— gilded fiber. Input laser powers are indicated on the plots. The bottom row — (a2, b2 and c2) the ordinary fiber, the same laser parameters. Panels

d1 and d2 are the cuts of the colormaps.

power meter before launching the light into the system. Since
the coupling efficiencies are power-independent but unknown,
the powers indicated in the figure legends can be only con-
sidered relative to each other. In the colormaps, the laser is
launched from the lower face, and on the 1D plots, demon-
strating the cuts through the fiber center, the input is on the
left side (60 mm, x-axis).

The reference measurement with the uncoated HCF demon-
strates minor fluctuations in the temperature, approaching
2 °C for the maximal power of 76.2 mW. Two spikes in the
temperature distribution appear along the fiber and these are
points where excess scattering occurs in the HCF owing to the
imperfections in the HCF or contamination. For an additional
assessment, a black marker spot on the fiber cladding also
leads to a local temperature elevation.*> While only a minor
temperature rise was observed with the ordinary fiber sample, the
gilded fiber demonstrates significant heating. During the fabrica-
tion and handling process, the fiber ends are susceptible to
microscopic damage, which can lead to irregularities in the
fiber’s structure. These imperfections can disrupt the uniformity
of light propagation within the fiber, resulting in localized
heating and, consequently, the observed temperature spikes

This journal is © The Royal Society of Chemistry 2024

Fig. 4(d1 and d2) at 56 mm. In the case of gilded fibers, the pres-
ence of gold nanoparticles might exacerbate this effect due to
their high light absorption and heat conversion efficiency. Up to
30 °C difference from the ambient temperature has been
observed. The temperature along the fiber drops nearly exponen-
tially. This can be attributed to the fact that a large proportion of
the light is not being coupled to the fiber mode and has a strong
overlapping with the gold layer and/or fiber walls. Several areas
with spiky behavior along the fiber are observed and, similarly to
the ordinary fiber, are attributed to scattering centers caused by
imperfections in the HCF or the coating, Fig. 4(d1). Fiber was
fixed by using transparent tape, to prevent fiber shaking due to
the air flows, which might result in additional losses and appear-
ing of the correlated hot spots.

V. Boiling inside the gilded fiber

The next step was to fill the fiber with ethanol and retrieve the
temperature. The available light intensity of the superconti-
nuum laser in the visible range is insufficient to reach the
boiling point of the liquid inside the gilded fiber. For this

Nanoscale, 2024, 16, 13945-13952 | 13949
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Fig. 5 Normalized transmission signal measured at the output end of
the fiber using a CCD camera in time.

purpose, the previously filtered IR spectral part (the supercon-
tinuum pump) was unblocked and launched into the fiber.
Ethanol, however, has a significant absorption in the IR
region®® and is also subject to effective laser heating. During
the experiment, boiling was achieved (movies are in the ESIY).
An excessive generation of bubbles caused a significant light
scattering and, as a result, boiling was observed only close to
the input facet (Visualization 1). On Visualization 2 the output
fiber facet was imaged on the CCD camera (THORLABS,
Digital camera) and a supercontinuum (YSL-SC Pro) was
coupled to the fiber from the opposite end facet, then the
output power of the laser was gradually increased. At about
97 mW (in the visible region), the output signal started drop-
ping and reached its minimum for about 7.6 seconds (Fig. 5).

Boiling within a fiber represents a critical challenge for
photo-catalytic processes, primarily because it significantly
increases laser scattering, thereby hindering the passage of the
laser beam through the fiber. This phenomenon, however,
also indicates the capability of the system to reach tempera-
tures exceeding the boiling point of solvents like ethanol. This
observation suggests the potential for conducting reactions
under high-temperature or high-pressure conditions, provided
that appropriate modifications are made to the experimental
setup. Such modifications could involve enhancing the
thermal and pressure resistance of the fiber, as well as opti-
mizing the laser and photo-catalytic system to control and
withstand these extreme conditions. By doing so, it opens the
possibility of exploring a wider range of chemical reactions,
some of which may only be feasible at temperatures or press-
ures above the boiling point of common solvents.

VL.

A gilded hollow-core fiber architecture has been introduced
and investigated both in terms of optical and thermo-optical

Conclusion

13950 | Nanoscale, 2024, 16, 13945-13952
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properties. The samples were fabricated with the aid of col-
loidal chemistry, where the inner capillary of the fiber has
been washed with 18 nm gold nanoparticles in a solution. As a
result, uniform nanoparticle layers, with controllable surface
coverages, reaching 40%, have been obtained. Optical trans-
mission of gilded fibers with air and ethanol-filled cores has
been characterized, demonstrating a moderate interaction
between light and plasmonic particles. This balance supports
long-range optical propagation on one hand and enables
heating the surface on another. As a result, the fiber has been
shown to acquire a temperature increase over 10 s of centi-
meter sections. Temperature mapping of the fiber has been
done with a thermal camera, and 10 s of degrees of heating
have been shown, opening pathways to promote light-driven
catalytic reactions. As an outlook, liquid boiling inside the
fiber has been discussed and demonstrated. Owing to signifi-
cant light scattering on the bubbles, uniform boiling inside
the core is not possible with a propagating mode, which motiv-
ates developing other strategies for boiling, e.g., at transverse
illumination over a large field of view.

As an outlook, given a higher energy throughput, gilded
hollow core fibers are promising candidates for laser-ignition
delivery in internal combustion engines. Laser ignition has
advantages over the electrical spark plug due to the reduced
combustion duration and simultaneous multipoint combus-
tion®” achieved with appropriate end-facet diffractive optics,
resulting in faster energy release and thus higher thermal
efficiency, becoming one of the only ways for igniting the
leaner or higher-pressure fuel-air mixtures.*® Hollow core
fibers enable a tight light focusing on the output ignition spot,
as well as capable of delivering wavelengths, effective in creat-
ing an ignition spark, but unsupported by the solid-core fibers
due to high absorption, such as mid-infrared, on the other
hand, are extremely sensitive to bending loss, if uncoated, or
prone to speckling, both longitudinal and transverse, when
fully coated. This speckling, resulting from a random construc-
tive multi-modal interference, causes ignition misfires and can
damage the fiber itself.>* The gilded fiber potentially targets
problems arising from both extremes. On the one hand, its
lower modes are less sensitive to bending loss than in
uncoated fibers. On the other hand, fewer modes supported
over longer lengths than in the fully coated fiber to prevent sig-
nificant speckling.
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