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What will be happen in the future

Stretchable LED Stretchable sensors
[Rogers group, UIUC] [Rogers group, UIUC]

Problem: Forming high melting temperature metal film/pattern on low melting
temperature substrate without thermal damage.
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Low temperature process is the most important technology !!!

Solution: Low temperature process development
(1) Nanomaterial (size dependent thermal property, T, g drop)
(2) Laser as localized heat sources (reduced HAZ)
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Laser-Induced Crystalline-Phase Transformation for Hematite
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ABSTRACT: Generally, a high-temperature postannealing proc-
ess is required to enhance the photoelectrochemical (PEC)
performance of hematite nanorod (NR) photoanodes. However,
the thermal annealing time is limited to a short duration as thermal
annealing at high temperatures can result in some critical
problems, such as conductivity degradation of the ft doped
tin oxide film and deformation of the glass substrate. In this study,
selective laser processing is introduced for hematite-based PEC
cells as an alternative annealing process. The developed laser-
induced phase transformation (LIPT) process yields hematite NRs
with enhanced optical, chemical, and electrical properties for
application in hematite NR-based PEC cells. Owing to its
improved properties, the LIPT-processed hematite NR PEC cell exhibits an enhanced water oxidation performance compared to
that processed by the conventional annealing process. As the LIPT process is conducted under ambient conditions, it would be an
excellent altemative annealing technique for heat-sensitive flexible substrates in the future.

KEYWORDS: hematite nanorod, laser, laser-induced phase transformation, water splitting, photoclectrochemical cell

1. INTRODUCTION

Hematite (a-Fe,0,) is one of the most abundant metal oxides
in nature and a thermodynamically stable phase among iron
oxides. Besides, it has interesting properties, such as n-type
semiconducting characteristics, low toxicity, magnetic behav-
ior, and a visible-range band gap of ~20 ¢V.' Owing to these
properties, hematite has attracted significant interest for
application in various electronic and energy devices, including

surface recombination, ™' and cocatalyst deposition to boost
the OER**™*

Since the report by Vayssieres et al on the growth of
vertically aligned hematite nanorods (NRs) on a fluorine-
doped tin oxide (FTO) film via hydrothermal synthesis,
several studies have been conducted on hematite NR
photoanodes for solar water splitting**~*' Hematite NRs
grown via hydrothermal synthesis always require a postanneal-
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sensors,” lithium-ion batteries,’ photocatalysts,* and photo-
electrochemical (PEC) cells.** Among the various applications
of hematite, PEC cells have been extensively studied because of
their band gap, which is suitable for achieving the maximum
theoretical solar-to-hydrogen (STH) efficiency of 16.8%.
However, previous studies” " on hematite-based PEC cells
recorded considerably lower STH efficiency than the
theoretical prediction. This low efficiency is attributed to the
inherent limiting properties of hematite, such as short carrier
lifetime,'"*'* short charge-carrier diffusion length,"* and
sluggish oxygen evolution reaction (OER) kinetics." Hence,
in an attempt to overcome these limitations, many researchers
have employed techniques such as nanostructure enginecring
to increase the effective surface area, "7 functional
element doping or oxygen vacancy engineering to improve
the donor density, ** heterojunction fabrication for
efficient charge separation,” surface-state passivation to reduce
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ing process to change the rystalline phase from the as-grown
akaganeite (f-FeOOH) to hematite. The conventional
annealing process using convection ovens or clectric furnaces
is usually conducted at high temperatures (over 550 °C) and
for a long period (over 2 h). However, the obtained hematite
NRs still exhibit poor PEC performance compared to the
theoretically predicted value. Thus, various alternative thermal
annealing processes have been proposed to enhance the PEC
performance. However, most of these incur challenges, such as
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ARTICLEINFO ABSTRACT

Keywords: Photo-electrochemical (PEC) cells have been widely studied as an eco-friendly method of producing hydrogen

Hematite
Hydrothermal synthesiz
Vertically aligned nanorods
Photo-clectrochemical cell
Cobale phosphate cocatalysts

fuel. Among the various materials, hematite (a-Fe:03) is one of the most promising candidates for PEG appli-
cations due to its chemical stability and visible-range bandgap. However, despite the aforementioned advan-
tages, hematite-based PEC cells have suffered from an extremely short hole diffusion length and charge carrier
lifetime, resulting in a solar-to-hydrogen efficiency far lower than the theoretical maximum. To overcome these

drawbacks, we controlled the length of vertically aligned hemaite nanorod (NRs) arrays on a fluorine-doped tin
oxide substrate by adjusting the chemical concentrations of the precursor solutions. We confirmed that the PEC
performance of the hematite NRs was strongly dependent on their length and showed an approximately inverse
proportionality between the length of the hematite NRs and their phoroactivity. In addition, the hematite NRs
array, with an optimized length, was further modified by cobalt phosphate (Co-Pi) cocatalysts to enhance the
‘water oxidaton kinetics and showed 1.54 mA cm™> of photocurrent at 1.23 V vs. RHE.

1. Introduction

Over the last several decades, interest in ble and inabl

the atmosphere of the Earth (1.6-2.4 €V) lies in the range defining the
bandgap of hematite. Due to these attributes, hematite has been widely

energy as a replacement for fossil fuels has gradually increased. Among
the renewable energy sources, hydrogen emits no greenhouse gases
during burning and is therefore regarded as one of the most promising
candidates for replacing these fucls. Commercial hydrogen gas is usually
extracted from fossil fuels such as petroleum, coal, and natural gas.
However, these extraction processes are not eco-friendly and therefore,
electrolysis and photo-electrolysis of water have received considerable
interest as possible alternative processes of hydrogen gas production.
Thus, since the pment of the first phot ical (PEC)
cell using TiOz [1], various semiconductor materials (c.g., @-Fex0;
[2-41, WO [5,6], TiOz [7,5], and Zn0 [9,10]) have been investigated as
PEG cells for hydrogen fuel production.

Hematite (a-Fe,0s) is an earth-abundant, non-toxic, and thermally
stable n-type semiconductor material with a visible optical bandgap
(1.9-2.2 eV) [11-13]. In addition, the most frequent photon energy in

studied as a ph de in the PEC cell [2-4,14-19]. The performance
of the hematite-based PEC cell is, however, inferior compared with the
solar to hydrogen efficiency (15%), due to its short hole diffusion length
(2-4 nm) [20] and short charge carrier lifetime [21,22].

Considering these poor charge carrier properties of hematite,
reducing the film thickness may be helpful for efficient water oxidation
because this process occurs at the semiconductor material/electrolyte
interface. The photo-generated electrons in an n-type semiconductor
(like hematite) usually migrate to the metal cathode and induce the
reduction of hydrogen ions, whereas holes contribute to the oxidation of
‘water molecules at the interface. In the case of hematite, owing to the
short hole diffusion length, only holes generated near the interface can
contribute to the redox reaction. In this regard, a nano-sized thin layer of
hematite can be beneficial for efficient water oxidation. A nano-sized
thin layer of hematite shows, however, low photon absorption due to
the considerable difference between the layer thickness and the

* Corresponding author. Novel Applied Nano Oprics Lab. Department of Physics, Kyungpook National University, 80 Dachak-ro, Bukgu, Daegu, 41566, Republic of

Korea.
E-mail address: junyeob@knu.ackr (J. Yeo).

hieps://doi.org/10.1016/ jpes.2020.100504

Received 31 December 2019; Received in revised form 10 March 2020; Accepted 11 April 2020

Available online 22 April 2020
0022-3697/0 2020 Elsevier Lid. All rights reserved.

- materials = |

Article
Fabrication of Soft Sensor Using Laser Processing
Techniques: For the Alternative 3D Printing Process

Myeongjoo Seo, Suwon Hwang, Taeseung Hwang and Junyeob Yeo *

Novel Applied Nano Optics (NANO) Lab, Department of Physics, Kyungpook National University,

80 Dachak-ro, Bukgu, Daegu 41566, Korea; ackr (MS); ackr (SH.);
ghkdxotmd@knu.ackr (TH.)
* Correspondence: junyeob@knu.ackr

check for
Received: 23 July 2019; Accepted: 10 September 2019; Published: 12 September 2019 updates

Abstract: Recently, the rapid prototyping process was actively studied in industry and academia.
The rapid prototyping process has various advantages such as a rapid processing speed,
high processing freedom, high efficiency, and eco-friendly process compared to the conventional
etching process. However, in general, it is difficult to directly apply to the fabrication of electric
devices, as the molding made by the rapid prototyping process is usually a nonconductive polymer.
Even when a conductive material is used for the rapid prototyping process, the molding is made
by a single material; thus, its application is limited. In this study, we introduce a simple alternative
process for the fabrication of a soft sensor using laser processing techniques. The UV laser curing
of polymer resin and laser welding of nanowires are conducted and analyzed. Through the laser
processing techniques, we can easily fabricate soft sensors, which is considered an alternative 3D
printing process for the fabrication of soft sensors.

Keywords: laser; resin polymer; UV laser curing; laser nano welding; 3D printing process

1. Introduction

In the fourth industrial era, the importance of sensors that provide data for artificial intelligence in
the Internet of Things (IoT) has progressively increased. Among the various sensor types, soft sensors
for wearable devices [1-6] have received huge interest from both industry and research fields with the
growth of the healthcare system market. Thus, the technology for the fabrication of soft sensors is also
becoming more important.

In conventional fabrication processes for elastomer-based soft sensors [7-10], those processes
usually require a high proficiency due to the complex process steps. Inaddition, there are disadvantages
such as an inconsistent and monotonous sensor structure, which originate from manual manufacturing.
Thus, various processing techniques have been introduced to the fabrication of soft sensors.

The rapid prototyping (RP) process [11,12] is one of the most promising processes for the fabrication
of soft sensors. The RP process has various advantages such as a consistent and diverse structure,
In addition, the RP process enables the fabrication of complex and sophisticated three-dimensional
(3D) structures. Thus, research on thinner and delicate high resolutions by the RP process was actively
carried out, recently [13]. However, the RP process is not impeccably suitable for the fabrication of
soft sensors, as materials available for the RP process are limited [14]; thus, it is difficult to pattern the
polymer body and metal electrode, simultaneously.

Among various RP processes, the laser processing technique is one of the first methods employed
and the most representative method in the RP process. Depending on the type of material used,
the laser processing technique in the RP process is usually classified by the stereo-lithography (SLA)
process for polymer resin [15], selective laser sintering (SLS) for metal nano particles [16], and selective

Materials 2019, 12, 2955; doi:10.3390/mal2182955 www.mdpi.comfjournal/materials
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