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In last few decades, organic materials (or carbon-based materials in a broad sense)
including polymers have received much attention for their potential applications in elec-
tronics, because they have outstanding advantages such as high processibility, mechanical
flexibility, and low weight. Extensive research efforts have thus been devoted to the de-
velopment and advancement of organic materials for various applications, covering a
wide range from molecular design to device-fabrication methods. In addition, it has been
recognized that surfaces and interfaces play a crucial role in the operation and performance
of the devices. For instance, various interactions at organic–metal interfaces are of great
importance in organic epitaxy, and also have a strong correlation with intermolecular
structures and their electronic properties.

In this context, the main focus of this Special Issue was collecting scientific contri-
butions addressing surface and interface engineering with organic materials, and related
applications. The diversity of contributions presented in this Special Issue exhibits the
potential of organic materials in a variety of applications that are not limited to the fab-
rication of organic devices. This Special Issue contains eight featured original research
papers as regards nanoarchitecture based on organic elements [1], physical behaviors of
organic-based composite materials [2], surface exfoliation and device fabrication using func-
tional polymers [3,4], performance enhancements of organic-based electronic devices [5,6],
conductivity analysis of conducting polymers [7], and measurement system applicable to
analysis of surface and interface engineering [8].

In the contributed article entitled “Investigation on the Adsorption-Interaction Mecha-
nism of Pb(II) at Surface of Silk Fibroin Protein-Derived Hybrid Nanoflower Adsorbent” [1],
Xiang Li et al. demonstrated the preparation of protein-derived hybrid nanoflowers via self-
assembly, and investigated their adsorption behaviors and partialized functions of organic
and inorganic elements upon adsorption. The prepared nanoflowers exhibited excellent
efficiency for Pb(II) removal, which was evaluated by thermodynamic and adsorption
kinetics investigation in this study.

Byung Soo Hwang et al. provided an outlook for the development of stimuli-
responsive functional materials through their study of gelation behaviors of hydrogels
in the contributed article entitled “Thermogelling Behaviors of Aqueous Poly(N-
Isopropylacrylamide-co-2-Hydroxyethyl Methacrylate) Microgel–Silica Nano-particle Com-
posite Dispersions” [2]. In this study, an in-depth investigation of the unique ther-
mogelling behaviors of poly(N-isopropylacrylamide)-based microgels through poly(N-
isopropylacrylamide-co-2-hydroxyethyl methacrylate) microgel (p(NiPAm-co-HEMA))-
silica nanoparticle composite was performed with different molar ratios and various
concentrations.

Peng Xiao et al. presented a facile method for the fabrication of liquid metal electrodes
using polydimethylsiloxane, and also demonstrated solar-blind photodetection via surface
exfoliation in a series of contributed articles entitled “Fabrication of a Flexible Photodetector
Based on a Liquid Eutectic Gallium Indium” [3], and “Flexible and Stretchable Liquid
Metal Electrodes Working at Sub-Zero Temperature and Their Applications” [4]. Two types
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of gallium-based liquid metal, eutectic gallium indium and galinstan, were employed for
their works, and comparative studies according to material properties are described in the
second article.

In the contributed article entitled “Crack-Assisted Charge Injection into Solvent-Free
Liquid Organic Semiconductors via Local Electric Field Enhancement” [5], Ju-Hyung Kim
et al. addressed surface engineering of metal electrodes for local electric field enhancements
in organic devices. Efficient charge injection into solvent-free liquid organic semiconductors
was demonstrated via intentionally cracked metal structures. It was also found that the
cracked structures significantly increased the current density, which was strongly supported
by a field intensity calculation.

In the contributed article entitled “Cesium Doping for Performance Improvement
of Lead(II)-acetate-Based Perovskite Solar Cells” [6], Min-Seok Han et al. presented the
preparation of organolead trihalide perovskite materials using lead(II)-acetate as a lead
source for which inconvenient antisolvent treatment was not necessary. The effect of cesium
doping on the performance of lead(II)-acetate-based solar cells was investigated, and a
power conversion efficiency of 18.02% was eventually achieved in this work.

Hyeok Jo Jeong et al. reported the sigmoidal concentration dependence of electri-
cal conductivity of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) processed
with linear glycol-based additives in the contributed article entitled “Sigmoidal Depen-
dence of Electrical Conductivity of Thin PEDOT:PSS Films on Concentration of Lin-
ear Glycols as a Processing Additive” [7]. It was found that repeated ethylene oxides
with hydroxyl groups were effective in enhancing the electrical conductivity of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) in this work.

In the contributed article entitled “The Methods and Experiments of Shape Measure-
ment for Off-Axis Conic Aspheric Surface” [8], Shijie Li et al. presented three methods
(i.e., auto-collimation, single computer-generated hologram, and hybrid compensation) to
test the shape accuracy of the off-axis conic aspheric surface with high precision. It was
demonstrated that their experimental results involved in peak-to-valley, root-mean-square,
and shape distribution were consistent in the three different methods.

In conclusion, the contributed articles in this Special Issue demonstrate relevant
progress and the potential of organic materials in a variety of applications. I wish to
thank and acknowledge all the authors for their priceless contributions and the editorial
members of Materials. I am personally grateful to Ms. Freda Zhang, Managing Editor of
this Special Issue.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: We investigated characteristics of highly flexible and stretchable electrodes consisting of
Galinstan (i.e., a gallium-based liquid metal alloy) under various conditions including sub-zero
temperature (i.e., <0 ◦C) and demonstrated solar-blind photodetection via the spontaneous oxidation
of Galinstan. For this work, a simple and rapid method was introduced to fabricate the Galinstan
electrodes with precise patterns and to exfoliate their surface oxide layers. Thin conductive films
possessing flexibility and stretchability can be easily prepared on flexible substrates with large
areas through compression of a dried suspension of Galinstan microdroplets. Furthermore, a laser
marking machine was employed to facilitate patterning of the Galinstan films at a high resolution
of 20 μm. The patterned Galinstan films were used as flexible and stretchable electrodes. The
electrical conductivity of these electrodes was measured to be ~1.3 × 106 S m−1, which were still
electrically conductive even if the stretching ratio increased up to 130% below 0 ◦C. In addition,
the surface oxide (i.e., Ga2O3) layers possessing photo-responsive properties were spontaneously
formed on the Galinstan surfaces under ambient conditions, which could be solely exfoliated using
elastomeric stamps. By combining Galinstan and its surface oxide layers, solar-blind photodetectors
were successfully fabricated on flexible substrates, exhibiting a distinct increase of up to 14.7% in
output current under deep ultraviolet irradiation (254 nm wavelength) with an extremely low light
intensity of 0.1 mW cm−2, whereas no significant change was observed under visible light irradiation.

Keywords: liquid metals; gallium alloys; Galinstan; flexible electronics photodetectors; solar-
blind photodetection

1. Introduction

Recently, liquid metals based on gallium (Ga) alloys have received increasing atten-
tion, owing to their outstanding electrical and mechanical properties [1–3]. The Ga-based
metal alloys that exist as virtually non-toxic liquids at room temperature show not only
excellent stretchability and deformability but also environmental friendliness and recycla-
bility. In this context, extensive research efforts have been devoted to the development
of various applications using Ga-based metal alloys, such as sensors [4], reconfigurable
antennas [5], and soft electrodes [6]. These fluidic metal alloys also show great potential
for electronic skins [7,8] and wearable electronics [9–11]. Among various Ga-based metal
alloys, Galinstan (68.5% Ga, 21.5% indium (In), and 10% tin (Sn)) has been notably studied
in recent years due to its remarkably low toxicity and melting point (~−19 ◦C) [12], which
is also suitable for flexible and stretchable devices operating below 0 ◦C compared to other
eutectic gallium indium (EGaIn).

Although Galinstan shows outstanding properties including flexibility and stretchabil-
ity even under cold conditions, its high surface tension and rapid oxidation rate hinder the
fabrication of desirable patterns for electronic devices and circuits in comparison with other
functional materials [13–15]. Various methods for Galinstan patterning thus have been de-
veloped and enhanced, including microfluidic injection [16–21], photolithography [22,23],
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stencil lithography [24–27], imprint lithography [28], microcontact printing [29,30], and
composite material synthesis [31]. Each of these methods has individual advantages
(i.e., high processability, high resolution limits, high stability, or cost-effective fabrication);
however, integrating all the advantageous elements is still a challenge. For instance, the
demanding process conditions for delaying surface oxidation or preventing leakage of the
liquid metal or the low patterning resolution limits still need to be improved depending
on the method. Laser ablation is one of the patterning methods with high processability,
enabling the rapid fabrication of electrodes with complex features [32,33]. Although the
pattern resolution is limited by the beam spot of laser, which is normally in the range
of tens to hundreds of micrometers, this method can be directly employed for various
applications without laborious pre- and/or post-treatments.

In addition, it is worth noting that the spontaneous oxidation of Galinstan in air leads
to the formation of thin Ga oxide (Ga2O3) films on Galinstan surfaces [3,34,35]. Ga2O3
with a wide bandgap (~4.9 eV), which is rapidly formed on Galinstan surfaces in less
than one second during the patterning processes in air [2], is transparent in the visible
light region and exhibits high light-absorption coefficients in the deep ultraviolet (UV)
region [35–38]. The surface oxide layers normally degrade the metallic properties of Galin-
stan; however, these layers are also expected to be utilized for solar-blind photodetection
(i.e., deep UV detection insensitive to solar radiation) if they can be neatly separated from
the bulk material [39].

Herein, we investigated characteristics of the Galinstan electrodes to verify flexibility
and stretchability under various conditions including sub-zero temperature (i.e., <0 ◦C).
For this study, a simple and rapid method was employed to fabricate the Galinstan elec-
trodes with precise patterns. Thin Galinstan films with high electrical conductivity were
uniformly deposited on flexible polydimethylsiloxane (PDMS) substrates by the compres-
sion of Galinstan microdroplets and sequentially patterned using a fiber laser marking
machine. The transparent PDMS substrates were found to be undamaged by a laser with a
wavelength of 1064 nm, and only the Galinstan layers were ablated according to the de-
signed electrode shapes. In addition, the surface oxide (i.e., Ga2O3) layers of the Galinstan
electrodes were also examined to confirm their potential for solar-blind photodetection. For
the photoactive components, the thin Ga2O3 films, spontaneously formed on the Galinstan
surfaces, were exfoliated using elastomeric PDMS stamps [39,40] and then transferred onto
the patterned Galinstan electrodes to complete the device structure for solar-blind pho-
todetection. By combining Galinstan and Ga2O3 films, sensitive solar-blind photodetectors
were successfully fabricated on flexible substrates. The photodetectors showed a distinct
increase of up to ~15.1% in output current under deep UV irradiation (254 nm wavelength)
with an extremely low light intensity of 0.1 mW cm−2, whereas no significant change was
observed under visible light irradiation.

2. Materials and Methods

2.1. Preparation of Galinstan Microdroplets

Galinstan (68.5 wt.% Ga, 21.5 wt.% In, and 10.0 wt.% Sn) and PDMS (SYLGARD 184) were
purchased from Geratherm Medical AG (Geratal, Germany) and DOW (Midland, MI, USA),
respectively. EGaIn (75.5 wt.% Ga and 24.5 wt.% In) was purchased from Sigma-Aldrich
Korea (Seoul, Korea). To prepare the Galinstan microdroplets, 0.5 g of Galinstan was
sonicated in ethanol for 30 min (80 W, 40 KHz). Galinstan was well dispersed during
the sonication process and rapidly stabilized by surface oxidation in ethanol, resulting
in the suspension of Galinstan microdroplets (<10 μm) as shown in Figure 1a. The same
procedure was repeatedly performed for the preparation of the EGaIn microdroplets.
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Figure 1. (a) Preparation of suspensions comprising EGaIn and Galinstan microdroplets by sonication. (b) Schematic
illustration of the fabrication of flexible solar-blind photodetector using Galinstan microdroplets.

2.2. Preparation of Elastomeric PDMS Substrates and Stamps

For the PDMS substrates, the PDMS precursor, consisting of a silicone elastomer
base and a curing agent (in a 10:1 weight ratio), was poured onto a flat Petri dish, and
subsequently degassed in a vacuum desiccator for 1 h. The sample was cured at 80 ◦C for
1 h in a convection oven. After thermal curing, the PDMS film was easily peeled off from
the Petri dish and then cut into 50 mm × 50 mm specimens. The thickness of each substrate
was measured as ~1 mm. Sticky elastomeric PDMS stamps were individually prepared
to exfoliate the thin Ga2O3 films. The mixing ratio of the PDMS precursor was modified
to a 11:1 weight ratio to delay the saturation of cross-linking and enhance its adhesive
properties, and the same preparation procedure as for the PDMS substrates was followed.

2.3. Fabrication of Patterned Galinstan Electrodes

The suspension containing the Galinstan microdroplets was drop-dispensed onto the
flat PDMS substrate and then slowly dried at 30 ◦C for 24 h to avoid the formation of
structural defects induced by rapid evaporation of the solvent. The dried suspension of
the microdroplets in thin-film form was covered with another flat PDMS substrate and
subsequently pressed at a pressure of 15 MPa for 5 s to collapse the surface oxide layers
and connect Galinstan. After releasing the pressure, the upper PDMS mold was peeled off
from the bottom PDMS substrate, resulting in the formation of thin conductive Galinstan
films deposited on both PDMS substrates.

The Galinstan films were patterned using a laser marking machine (50 W, Dongil
Laser Technology, Gwangju, Korea). The scanning speed of the laser marking machine
was 600 mm s−1, and the power intensity was 1.0 % of its maximum power (i.e., 0.5 W). A
high resolution of 20 μm was achieved in the Galinstan patterning process by this laser
ablation method.
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2.4. Characterization of Flexible and Stretchable Liquid Metal Electrodes

To investigate characteristics of the liquid metal electrodes under various conditions,
thin conductive films (15 × 25 mm2) of Galinstan and EGaIn were individually prepared
with the same procedure. The thickness of each film was 1 μm. A semiconductor character-
ization system (4200-SCS, Keithley, Beaverton, OR, USA) was used for the measurements.

2.5. Fabrication of Flexible Solar-Blind Photodetectors Using Ga2O3

The elastomeric PDMS stamp was brought into contact with the surface of the Galin-
stan film. A thin Ga2O3 film (<10 nm), which was spontaneously formed on the Galinstan
surface, was attached to the sticky PDMS stamp and easily exfoliated from the Galinstan
film by peeling off the stamp. The transparent Ga2O3 film on the PDMS stamp was cut and
placed between two patterned Galinstan electrodes to complete the device structure.

2.6. Measurements

A semiconductor parameter analyzer (Keithley 4200, Beaverton, OR, USA) and re-
sistivity meter (Loresta-GX MCP-T700, Mitsubishi Chemical Analytech, Yamato, Japan)
were used to measure electrical properties and perform bending tests on the devices. Pho-
tocurrent measurements were performed for deep UV and visible regions using a UV lamp
(8 W, Vilber Lourmat, Collégien, France) and a halogen lamp (FOK-100W, Fiber Optic
Korea, Cheonan, Korea). The surface morphology was also investigated using atomic
force microscopy (AFM; Nanoscope IIIa, Digital Instruments, Bresso, Italy) and scanning
electron microscopy (SEM; JSM-7500F, Tokyo, Japan).

3. Results and Discussion

Suspensions comprising microdroplets of Galinstan and EGaIn were individually
prepared as shown in Figure 1a. It exhibited a matt dark gray color due to diffuse reflections
and surface oxide layers of the microdroplets. As schematically illustrated in Figure 1b,
the suspension was drop-dispensed onto a flat PDMS substrate and then slowly dried at
30 ◦C for 24 h. As the slow drying process hindered the formation of structural defects
induced by rapid evaporation of the solvent, the microdroplets were densely aggregated
in thin-film form with high uniformity. For Galinstan, the size of each microdroplet
was less than 5 μm, and rod-shaped particles were also observed between the rounded
droplets. It is well known that rounded Galinstan microdroplets are surrounded by a
thin layer of carbon and Ga2O3, of which the inner core is composed of Ga, In, and
Sn [41,42]. As previously reported, the rod-shaped particles possibly consisted of Ga
oxide monohydroxide ((GaO)OH) [43]. Note that Ga in Ga-based metal alloys can react
with decomposed OH− in the presence of O2, leading to the crystallization of (GaO)OH
as follows:

2Ga + 2OH− + O2 → 2(GaO)OH (1)

The amount of rod-shaped particles is significantly less than that of round parti-
cles, and it is expected to be further reduced at low-temperature conditions because
the crystallization strongly depends on heat and reactive oxygen species originating
from sonication [44,45].

The thin film comprising aggregated Galinstan microdroplets was not electrically
conductive because each droplet was fully covered by a non-conductive Ga2O3 layer. Thus,
another flat PDMS substrate for protecting Galinstan was brought into contact with the
thin film, and an external pressure of 15 MPa was sequentially applied to the sample to
collapse the surface Ga2O3 layers and connect Galinstan. With the collapse of the surface
Ga2O3 layers, the Galinstan microdroplets were connected to achieve a continuous phase
between the two PDMS substrates. After peeling off the upper PDMS substrate from the
bottom PDMS substrate, thin Galinstan films were consequently formed on both PDMS
substrates (see Figure 2a). The thickness of each glossy film was measured to be less than
1 μm, of which the surface partially cracked due to rapid surface oxidation during the
peeling process.

8



Materials 2021, 14, 4313

Figure 2. (a) Photographs of (left) a dried suspension of Galinstan microdroplets in thin-film form on a flexible PDMS
substrate, and (right) a conductive Galinstan film fabricated by compression and separation using PDMS. (b) SEM images
of patterned Galinstan films, of which the minimum line width is ~20 μm. (c) Photographs of exemplary Galinstan films,
patterned by laser ablation. (d) Optical microscopy image and its close-up SEM image of an exemplary Galinstan structure
with complex pattern.

A fiber laser marking machine (λ ~ 1064 nm) was employed for the direct patterning
of the Galinstan films, enabling the fabrication of accurate and desirable features with
sub-100 μm resolution. Various exemplary features of the patterned Galinstan films are
shown in Figure 2b–d. The smallest feature size of the Galinstan line was 20 μm. Laser
ablation is a fast and precise method for patterning liquid metal electrodes, facilitating
the fabrication of complex and hollow patterns. In addition, this light-based patterning
method does not cause significant damage to the transparent substrates, such as glass and
PDMS, which do not directly absorb the energy from a fiber laser. After completing the
laser ablation process, partial buckling was observed on the PDMS substrates.

The electrical resistance and conductivity of the Galinstan film were measured corre-
sponding to the structural deformation of the PDMS substrate. For the measurements of
electrical properties, the patterned Galinstan electrode (80 μm × 5 mm) was used as shown
in Figure 3. Its thickness was less than 1 μm. The electrical resistance and conductivity
were initially measured as 48.3 Ω and ~1.3 × 106 S m−1, respectively. In response to the
deformation ratio, the electrical resistance gradually increased to 73.8 Ω, corresponding to
an electrical conductivity of ~8.5 × 105 S m−1. In comparison with pure Galinstan, in which
the electrical conductivity was found to be ~3.5 × 106 S m−1, the relatively low electrical
conductivity of the Galinstan films used in this work could be attributed to the partial
cracks and insulating components remaining in the films, such as (GaO)OH and Ga2O3.
However, since the majority of the film components were Galinstan, the fabricated films still
possessed electrical conductivity high enough to be used as flexible electrodes. It should be
noted that the electrical conductivity of the fabricated Galinstan film (~1.3 × 106 S m−1) is
slightly lower than that of the thin EGaIn film (~2.2 × 106 S m−1) prepared using the same
procedure [39]. It is possibly originating from the content of the insulating material in the
suspension. As shown in Figure 1a, the content of the rod-shaped particles in the Galinstan
suspension is significantly higher than in the EGaIn suspension under our experimental
conditions, which may cause a decrease in overall electrical conductivity.
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Figure 3. Electrical resistance and conductivity of a line-patterned Galinstan electrode (80 μm × 5 mm) corresponding to
the structural deformation of the PDMS substrate.

One advantageous property of Galinstan is the liquid phase, maintaining its flexibility
and stretchability, even below 0 ◦C. To compare with EGaIn, electrical resistances of the
two materials were measured corresponding to lateral stretching (up to ~130%) of the
PDMS substrates. For the measurements, the flat Galinstan and EGaIn electrodes were
individually prepared on the PDMS substrates (15 × 25 × 1 mm3) and then stretched
up to 130% at room temperature and −10 ◦C, respectively. Changes in the electrical
resistances upon lateral stretching are shown in Figure 4a. At room temperature, the
electrical resistances of both materials slightly increased with the stretching ratios, which
is possibly originating from structural deformation [26]. At the temperature of −10 ◦C,
the cracks were generated inside the EGaIn film upon the lateral stretches (see Figure 4b),
leading to significant reduction in the film continuity. When the stretching ratio was
above 110%, the electrical conductivity of the EGaIn film was thus not observed. However,
differently from EGaIn, the Galinstan film was still electrically conductive even if the
stretching ratio increased up to 130%. These results were caused by the difference in the
melting points of the two materials (i.e., ~−19 ◦C for Galinstan and ~16 ◦C for EGaIn).
At −10 ◦C, the EGaIn film in the solid phase was significantly damaged, whereas the
Galinstan film in the liquid phase showed excellent film continuity (see Figure 4c).

Figure 4. (a) Changes in electrical resistances of EGaIn and Galinstan films corresponding to lateral stretching at varied
temperatures (i.e., room temperature (RT) and −10 ◦C). (b) SEM image of a cracked EGaIn film after lateral stretching below
0 ◦C. (c) SEM image of a stretched Galinstan film below 0 ◦C, exhibiting excellent film continuity.

In addition, the Ga2O3 layer, which was spontaneously formed on the Galinstan
film, was neatly exfoliated using an elastomeric PDMS stamp for further investigation. It
should be noted that inherently high adhesion between the thin oxide shell and PDMS was
reported [42], and the elastomeric PDMS stamps enabled intimate contact with the oxide
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surfaces. In this work, the mixing ratio of the PDMS precursor was further modified to
enhance the adhesive properties, demonstrating excellent contact characteristics with a
relatively rough Ga2O3 surface. The elastomeric PDMS stamp was placed on the surface
of the Galinstan film without applying any external pressure and was then detached. In
this process, the transparent Ga2O3 layer was successfully transferred onto the stamp. The
transferred Ga2O3 film was slightly darker than the bare PDMS substrate because small
Galinstan residues in the form of islands (<10 μm) remained on the substrate, as shown
in Figure 5c. However, all Galinstan residues were entirely isolated from each other and
wrapped with Ga2O3, resulting in the formation of a non-metallic film. The thickness of
the exfoliated Ga2O3 film was measured as ~13 nm using AFM, as shown in Figure 5b. It is
worth noting that the measured thickness of the Ga2O3 film in this work is thicker than that
of the single surface oxide layer of Galinstan (i.e., ~3 nm) due to further oxidation during
the exfoliation process. The surface roughness and embossed features of the fabricated
Galinstan film, as shown in Figure 2d, could also affect the thickness of the Ga2O3 film.

Figure 5. (a) Schematic illustration of solar-blind photodetector. (b) AFM image of transparent Ga2O3 film, exfoliated
using a PDMS stamp. The height profile along the white line is also indicated. (c) Optical microscopy image of a channel
between two patterned Galinstan electrodes. The black areas correspond to Galinstan beneath the transparent Ga2O3

film. Photograph of the fabricated photodetector is also shown in the inset. (d) Output characteristics of the solar-blind
photodetector under irradiations of visible light (with a halogen lamp; ranging from 350 to 900 nm) and UV light of
365 nm wavelength, respectively. (e) Output characteristics of the solar-blind photodetector under deep UV irradiation
(254 nm wavelength). The on/off switching of each irradiation was manually performed at 30 s intervals, and the output
characteristics were constantly measured at a sample bias voltage of 0.1 V.

To investigate the solar-blind photodetective properties of the exfoliated Ga2O3 film
in consideration of its wide bandgap (~4.9 eV) [35–38], a channel between two patterned
Galinstan electrodes was bridged using Ga2O3, as shown in Figure 5a. For this work, the
conductive Galinstan film, prepared on a large area (50 mm × 50 mm), was patterned
by laser ablation to form a channel. The transparent Ga2O3 film, individually prepared
on the PDMS stamp, was placed between the channel to complete the device structure
(see Figure 5b). The output current was constantly measured at a sample bias voltage of
0.1 V. Under visible light irradiation with a halogen lamp (ranging from 350 to 900 nm),
the output current only increased by ~2.7% at a high light intensity of 30 mW cm−2 (see
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Figure 5c), and no significant change in the output current was observed at lower light
intensities. As the contribution of the short-wavelength region in the emission spectrum is
not negligible at high intensity, a small increase in the output current could be detected at
light intensities above 30 mW cm−2. To confirm this speculation, the output current was
also measured under irradiation of UV light of a 365 nm wavelength, which was contained
in the emission spectrum of the halogen lamp, and the output current in effect increased
by ~14.9% at a low light intensity of 0.2 mW cm−2. Eventually, under deep UV irradiation
(254 nm wavelength) with an extremely low light intensity of 0.1 mW cm−2, the output
current sensitively increased by up to 15.1% (see Figure 5d). These results strongly suggest
that the combination of Galinstan and its surface oxide layers can be used for sensitive
solar-blind photodetectors that possess remarkable advantages, such as low-cost and easy
processability under ambient conditions, and flexibility.

4. Conclusions

We investigated characteristics of the flexible and stretchable Galinstan electrodes
under various conditions including sub-zero temperature (i.e., <0 ◦C) and successfully
demonstrated solar-blind photodetection via the spontaneous oxidation of Galinstan. In
this work, a simple and rapid method was introduced for fabricating the flexible and
stretchable Galinstan electrodes with precise patterns and exfoliating the surface oxide
layers to complete the device structure enabling solar-blind photodetection. A suspension
consisting of Galinstan microdroplets was prepared by sonication. Thin Galinstan films
with thickness less than 1 μm were uniformly deposited on flexible PDMS substrates by
compression of the dried suspension of the microdroplets. The Galinstan films, deposited
on a large area (50 mm × 50 mm), were sequentially patterned using a fiber laser marking
machine (λ~1064 nm), and accurate and desirable features with a high resolution of 20 μm
were fabricated. Although the electrical conductivity of the fabricated films was lower than
that of pure Galinstan, they still possessed electrical conductivity high enough to be used
as flexible and stretchable electrodes even below 0 ◦C. For the photoactive components,
thin Ga2O3 layers, spontaneously formed on the Galinstan surfaces, were exfoliated us-
ing elastomeric PDMS stamps and successfully transferred onto the patterned Galinstan
electrodes to complete the device structure for solar-blind photodetection. The solar-blind
photodetectors demonstrated a distinct increase of up to ~15.1% in the output current
under deep UV irradiation (254 nm wavelength) with an extremely low light intensity of
0.1 mW cm−2, whereas no significant change was observed under visible light irradiation.
These results strongly suggest that Galinstan can be used for flexible and stretchable elec-
trodes working under extreme conditions, and the combination with its surface oxide layer
also shows great potential for sensitive solar-blind photodetectors that possess outstand-
ing advantages, such as low-cost and easy processability under ambient conditions. We
anticipate that these results will contribute to the development of flexible and stretchable
electronic devices based on liquid metals, which can lead to further application of sensors
under extreme conditions.
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Abstract: We investigate the sigmoidal concentration dependence of electrical conductivity of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) processed with linear glycol-
based additives such as ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TEG),
hexaethylene glycol (HEG), and ethylene glycol monomethyl ether (EGME). We observe that a sharp
transition of conductivity occurs at the additive concentration of ~0.6 wt.%. EG, DEG, and TEG
are effective in conductivity enhancement, showing the saturation conductivities of 271.8, 325.4,
and 326.2 S/cm, respectively. Optical transmittance and photoelectron spectroscopic features are
rather invariant when the glycols are used as an additive. Two different figures of merit, calculated
from both sheet resistance and optical transmittance to describe the performance of the transparent
electrodes, indicate that both DEG and TEG are two most effective additives among the series in
fabrication of transparent electrodes based on PEDOT:PSS films with a thickness of ~50–60 nm.

Keywords: conducting polymer; PEDOT:PSS; electrical conductivity; processing additive; linear
glycol; sigmoidal function

1. Introduction

The poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) compos-
ite has been widely studied for various applications, ranging from an active layer for
electronics and energy devices to functional packaging layers [1–3]. In optoelectronic de-
vices, PEDOT:PSS has been used as transparent and flexible electrodes, because of its high
electrical conductivity, high transmittance in the visible region, high mechanical integrity,
and high ruggedness in ambient conditions [4–9]. PEDOT:PSS is also an effective buffer
layers for charge injection and extraction in devices [10–12]. PEDOT composites can be a
redox-active component for energy storage [13,14]. The high conductivity and easy control
of doping states have enabled its use as a promising p-type thermoelectric material [15–19].
Through electrochemical doping and dedoping, it is also possible to use PEDOT compos-
ites as a conductance-controllable layer in transistor [20–22]. Bioelectronic applications
have also been sought from the PEDOT composites [23,24]. It should be emphasized that
PEDOT and the related composites are industrially compatible because they can be easily
synthesized in a large scale and processed as water-based dispersions.

The electrical conductivity of PEDOT:PSS has been largely increased by varying a
processing protocol in an aqueous dispersion or by applying post-deposition treatment
on thin films [5–7,25–34]. For example, diverse classes of solvents and chemicals have
been used as an additive for enhancing the electrical conductivity of PEDOT:PSS films.
These additives have often been called as a secondary dopants because a minute amount
is added to the stock dispersion of PEDOT:PSS, although the chemicals do not seem
to significantly alter the charge-carrier density. The most noticeable chemicals include
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dimethyl sulfoxide (DMSO) and ethylene glycol (EG) [4,30–34]. DMSO and EG have been
proven to enhance the conductivity and widely used for fabrication of high-conductivity
electrodes. Sorbitol, which is a sugar alcohol and in a solid form at room temperature, has
also been added into PEDOT:PSS for conductivity enhancement [34,35]. Surfactants have
also been mentioned as an effective additive [36–38]. Polymers with a common building
block of ethylene oxide have been mixed with PEDOT:PSS dispersions and showed a
positive effect on the conductivity enhancement [39–41]. The governing mechanisms of
conductivity enhancement have been proposed to be phase segregation between conductive
parts (i.e., PEDOT) and insulating parts (i.e., PSS), bond-structural changes of PEDOT,
crystallization of PEDOT, and elimination of PSS [4,26–28,33].

In addition to the use of additives, other methods have been implemented to increase
the electrical conductivity of PEDOT:PSS composites. Dipping of PEDOT:PSS films in a
solvent can remove excessive PSS and increase the conductivity [8,29–32]. Treatment with
sulfuric acid (H2SO4) and organic acids has showed to be very effective in removing PSS,
separating phases, and enhancing crystallinity, resulting in the electrical conductivity as
high as ~4 kS/cm [6,7,42,43]. Despite the effectiveness in conductivity enhancement, it
can be also challenging to apply the post-deposition treatment because the procedure may
damage the underlying layers and structures.

In this work, we investigated the changes in the electrical conductivity of PEDOT:PSS
films as a function of the concentrations of various linear glycols as an additive and
extracted the threshold concentrations from their sigmoidal dependencies. We chose
ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TEG), hexaethylene glycol
(HEG), and ethylene glycol monomethyl ether (EGME, also known as 2-methoxyethanol)
as the additive, because these share common glycol structures. Although some of these
chemicals have been studied before, we have focused on their concentration dependencies
of systematically varied molecular structures to quantify the transition points. The electrical
conductivity of the PEDOT:PSS with additives followed the sigmoidal dependence with an
inflection point at the glycol concentration of ~0.6 wt.%. We then studied the optical and
photoelectron spectroscopic features of the PEDOT:PSS films processed with additives and
correlated the electrical properties. We also calculated two different figures of merit, which
have been often used to describe the performance of the transparent electrodes, using both
sheet resistance and optical transmittance of the PEDOT:PSS films. We found that both
DEG and TEG could be effective in fabrication of transparent conducting electrodes based
on PEDOT:PSS films with a thickness of ~50–60 nm.

2. Materials and Methods

An aqueous dispersion of PEDOT:PSS has the concentration of 10.2 mg/mL and
the nominal weight ratio of PEDOT to PSS of 1:2.5. The PEDOT:PSS dispersion was
mixed with various additives at controlled molar concentrations and stirred for 24 h at
room temperature. PEDOT:PSS films were prepared on a clean glass or silicon substrate
by spin-coating at 3 krpm for 60 s and annealed on a hot-plate at 140 ◦C for 10 min in
air. The absorption spectra of the films were measured using a Jasco V-670 UV-Vis-NIR
spectrophotometer. The sheet resistances (Rsh) of the films were measured using 4-point
probes in a colinear arrangement with a spacing of 1 mm and an Agilent 34450A digital
multimeter. The resistance (R) in a unit of Ω, obtained by dividing the voltage difference in
the inner probes by the current flowing between the outer probes, was converted to the
sheet resistance (Rsh) in a unit of Ω per square (Ω/sq.) by multiplying a correction factor
(π/ln2) for very thin films [44]. The film thickness (d) was measured by using an Alpha-step
500 surface profilometer. The electrical conductivity (σdc) was calculated with the sheet
resistance and thickness of PEDOT:PSS films (σdc = 1/Rshd). At least four different points
were tested to get the average values. X-ray photoelectron spectra (XPS) were obtained
under ultra-high vacuum (7 × 10−9 mbar) by using Sigma Probe (Thermo VG Scientific,
East Grinstead, UK) with a monochromatic Al-Kα X-ray at 15 kV and 100 W. Survey scan
of XPS was performed at 50 eV for pass energy and 1.0 eV for step size. A high-resolution
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scan was performed at 20 eV for pass energy and 0.1 eV for step size. The XPS peaks were
fitted with the Avantage program and calibrated with C1s (284.5 eV) as reference. Scanning
electron microscopic imaging was conducted using S-3400N (Hitachi, Tokyo, Japan).

3. Results and Discussion

Toward the investigation of increased electrical conductivity of PEDOT:PSS film by
using additives, various additives with different chemical structures have been chosen
and applied. The electrical conductivity of a solidified PEDOT:PSS film is known to be
increased when the stock PEDOT:PSS in a stage of aqueous dispersion is mixed with
various additives such as EG, DEG, DMSO, and sorbitol [4,25–28,30,32–34,39]. Especially,
EG is a commonly used agent for the conductivity enhancement of PEDOT:PSS since
it is a liquid form at ambient conditions and is a mass-produced commercial chemical.
To understand the compositional dependence of the electrical conductivity and other
properties of PEDOT:PSS films on the structures of additives, we have applied EG and
other linear glycol-type additives as the conductivity enhancing agents for PEDOT:PSS
complexes (Table 1). These additives share common repeating units of ethylene oxide and
chain ends of either hydroxyl or methoxy groups. These additives can be well mixed with
water due to their hydrophilic moieties, and thus a homogeneous dispersion of PEDOT:PSS
and spin-cast high-quality films can be obtained (Figure S1).

Table 1. Chemical structures, boiling points, and density of the additives.

Additive Structure
Boiling Point

(◦C)
Density
(g/cm3)

ethylene glycol (EG) 196 1.113

diethylene glycol (DEG) 245 1.118

triethylene glycol (TEG) 285
(4 mmHg) 1.124

hexaethylene glycol (HEG) 217
(4 mmHg) 1.127

ethylene glycol monomethyl
ether (EGME) 124 0.965

We characterized the electrical properties of the PEDOT:PSS films, which were solution-
deposited after mixing with the additives at different concentrations (Figure 1). The sheet
resistances (Rsh) of PEDOT:PSS films were measured using a colinear 4-point-probe method.
In this simple and straightforward method, the contact resistances at the film/probe
interfaces can be excluded by recording the voltage difference between two inner probes
under a current applied between two outer probes. The typical sheet resistance of the
pristine PEDOT:PSS film was ~70–120 kΩ/sq. Figure 1a shows that the sheet resistances
of the PEDOT:PSS films depend on the processing conditions. The sheet resistance of
the films was clearly reduced when linear glycols were added, which also agrees to the
previous studies (See Table S1) [4,22,28,32–34,39–41]. Even at a low concentration of 0.1 M
of TEG, the sheet resistances dropped to 565 Ω/sq and eventually stabilized at higher
concentrations. EG and DEG showed the sheet resistance transition points at slightly
higher concentrations of 0.3 and 0.5 M, respectively, and the Rsh values were stabilized
at 550–600 Ω/sq at higher concentrations of additives. A much longer glycol, HEG, was
also effective in reducing the sheet resistance, although the stabilized sheet resistance was
2 kΩ/sq. On the other hand, EGME, which has one hydroxyl group and one methoxy
group at the ends, is relatively ineffective in the resistance reduction. The sheet resistance
of EGME-added PEDOT:PSS was 20 kΩ/sq.
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Figure 1. (a) Sheet resistance of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) films processed
with linear glycol-based additives at various concentrations. (b) Film thickness of PEDOT:PSS films processed with the
additives. (c) Electrical conductivity of PEDOT:PSS films as a function of the weight fraction of additives in the stock
PEDOT:PSS dispersion. Solid lines in (c) are fitting curves of data with a sigmoidal logistic function as shown in Equation (1).

The sheet resistance of a conductive film was also studied with the different film
thickness. Figure 1b compares the thickness of the PEDOT:PSS films processed using differ-
ent concentrations of the additives. All additives decreased the film thickness, compared
to the average thickness of 77.7 nm of the pristine PEDOT:PSS. The thickness values are
estimated around 55–60 nm at the concentration of 1.0 M. The decrease in the film thickness
is similar to the previous report on the thickness of PEDOT:PSS processed with EG as an ad-
ditive [32]. The decrease in thickness when processed with additives might originate from
the liquid-phase additives acting as a diluting agent during the spin-coating procedure.

From the sheet resistance and thickness of the PEDOT:PSS films, we can obtain the
electrical conductivity as shown in Figure 1c. The electrical conductivity represents an
intrinsic property of the materials, although the sheet resistance is an important parameter
of conductive films for applications in transparent electrodes. The electrical conductivity
of the PEDOT:PSS films followed a sigmoidal curve as a function of the weight fraction
of additives with an inflection point. The sigmoidal dependencies have been previously
reported with DEG, EG, DMSO, and sorbitol, and the threshold points have been assigned
to be ~0.3–0.6 wt.% [28,34]. The sigmoidal curve is observed when a cumulative effect of a
certain probability distribution is important. In the case of the conductivity enhancement
in PEDOT:PSS with additives, the sigmoidal behavior can be explained phenomenolog-
ically by the probability of molecular interaction between PEDOT:PSS and the additive.
Then the concentrations of both polymer and additive are the determining factors for the
conductivity enhancement. To quantitatively analyze the data, we have fit the data with
a sigmoidal logistic function, which is a cumulative distribution function of the logistic
distribution, as in Equation (1):

σdc = σ0 +
σsat − σ0

1 + exp{−k(wadd − wi)} , (1)

where σdc is the electrical conductivity of the sample in a unit of S/cm, σ0 is the base
conductivity of untreated PEDOT:PSS, σsat is the saturation conductivity, wadd is the weight
fraction of additives in a unit of wt.% in the PEDOT:PSS dispersion, wi is a location
parameter indicating the inflection point, and k is an inverse of a scale parameter describing
the steepness of the curve. Table 2 presents the fitting results of the data with the logistic
function (Equation (1)), with the coefficients of determination (R2) ranging from 0.911 for
EGME to 0.997 for DEG and TEG. We note that other types of sigmoidal curves (e.g., the
cumulative distribution function of the normal distribution, which can be expressed with
an error function) can also describe the sigmoidal behavior. In this case, the parameters are
similar to the values in Table 2 with the differences less than 7%.
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Table 2. Fitting parameters of a sigmoidal logistic function (Equation (1)).

Additive
σsat

(S/cm)
σ0

(S/cm)
wi

(wt%)
k

EG 271.8 3.2 0.64 67.7
DEG 325.4 4.9 1.06 7.2
TEG 326.2 4.7 0.60 20.1
HEG 95.9 3.0 0.58 67.3

EGME 11.0 2.9 0.66 20.7

The saturation conductivities are 271.8, 325.4, and 326.2 S/cm for EG, DEG, and TEG,
respectively. These polar solvents can strongly interact with PSS from the PEDOT:PSS
complexes, resulting in an effective phase separation in the films and/or elimination of
the insulating components from the films [26,28,29,39,45]. The saturation values are much
lower for HEG (95.9 S/cm) and EGME (11.0 S/cm). We believe that the low conductivity
of HEG-added PEDOT:PSS films is due to the residual additives remaining in the films.
It has been previously reported that the residual solvents can limit an efficient charge
transport in the polymer complexes [39]. The case of EGME is interesting, considering
that the structural difference between EG and EGME is one end group (hydroxyl group
vs. methoxy group). Although EGME is also polar and can enhance the conductivity,
the affinity with PSS is not strong enough to result in a large degree of changes. The
sheet resistance of EGME-processed PEDOT:PSS films was reduced by a factor of only
~2.4 although the post-treatment was very effective in the resistance reduction by a factor
of ~200 in the previous reports [5,30]. The PEDOT:PSS films have similar transition points
(wi) of 0.6–1.0 wt.% of the linear glycol series as additives, which show close agreement
to the values in the previous reports [28,34]. The coefficient k, representing how steep
the curve is near the point of inflection, is the smallest for DEG. On the other hand, EG
and HEG showed sharp increase in the conductivity as the additive concentration passed
through the transition point. In these cases, an additive concentration of 0.8 wt.% is enough
to show a saturation in the conductivity.

Such a sigmoidal dependence of the electrical conductivity on the amount of glycol
additives suggests that a fraction of the components in PEDOT:PSS are influenced by the
additives. The probability density function of a logistic distribution shows a symmetric
curve peaked at the location parameter (i.e., wi in Equation (1)). In this case, wi may reflect
the quantity of additives with the highest probability of interaction between the additive
molecule and PEDOT:PSS. With a small amount of additive (wadd < wi), only a small fraction
of the components in PEDOT:PSS, either in an unbound form or in a complexed form, are
affected and participate in molecular redistribution and reorganization. The conductivity
sharply increased as the weight fraction of additives increased to near the inflection point
(wadd ~ wi) because many additive molecules can interact with PEDOT and PSS. When the
fraction of additives increased further to the saturation points (wadd > wi), there are only
little molecules left to interact with. The points of inflection and saturation depend on
the polymer compositions, the molecular weights, the polymerization conditions, and the
degree of complexation, as well as the structure of additives.

We investigated the optical properties of PEDOT:PSS films using UV-Vis-NIR spec-
trophotometer, since transmittance is a critical factor for applications in transparent elec-
trodes and the spectra can also provide information on the doping states of the PEDOT
composites (Figure 2) [3,8,22,46,47]. Transmittance (T) spectra of the PEDOT:PSS films
made from dispersions with the additives (1 M), regardless of the structural variations,
showed a fairly high optical transparency of T > 90% in the visible region with a peak value
at around 450 nm. These films can be used for transparent coating layers that pass through
the visible light. The transmittance T at 550 nm, which is often used as a benchmark condi-
tion for visually transparent coatings, was >97% obtained by addition of DEG. TEGME
and EGDME follow close second and third ones, respectively.
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Figure 2. (a) Transmittance spectra, (b) representative transmittance values at 550 nm, and (c) absorption coefficients of the
PEDOT:PSS films processed with various solvent additives at the concentrations of 1 M.

Typical PEDOT:PSS films show a large absorption in the near-infrared (NIR) region
and relatively high transmission in the visible region. Indeed, the absorption coefficient
(α) in the NIR region reaches ~104 cm−1, while those in the visible region were an order of
magnitude lower (Figure 2c). When the additives were mixed in the PEDOT:PSS dispersion,
the absorbance of films slightly decreased compared to the pristine PEDOT:PSS. However,
there was no noticeable change in the shape of the absorption spectra. Although the
absorption coefficients vary depending on the additives, the ratios between the absorbance
at NIR to that at visible regions remain similar, suggesting that the doping states are
rather invariant.

From the sulfur 2p signals of X-ray photoelectron spectroscopy (XPS), we extracted
the molar ratios of sulfonate to EDOT and sodium sulfonate to sulfonic acid (Figure 3).
The XPS signals for S 2p at 163–170 eV in the PEDOT:PSS films should be deconvoluted,
because: (a) there are multiple peaks for the aromatic S in PEDOT with a binding energy
peak at 163–166 eV and the sulfonate form of PSS at 167–170 eV, (b) each of S 2p spectra
shows spin-split signals (i.e., S 2p1/2 and S 2p3/2) with the corresponding ratio of 1:2,
(c) the sulfur in PEDOT can be either in a neutral form (S) or in a cationic form (S+), and
(d) the sulfonic acid (i.e., PSSH) and sodium sulfonate (i.e., PSSNa) also have a difference of
~0.4 eV in the binding energy [26,45,48,49]. Changes in the ratios, examined by XPS, have
been correlated with the conductivity increase [32,45,50]. In our samples, we found that
the sulfonate-to-EDOT ratio was 2.4 for pristine PEDOT:PSS films, similar to the nominal
ratio of the stock dispersion. The ratios slightly decreased to 2.29, 2.18, 2.27, 2.31, and
2.16 for EG, DEG, TEG, HEG, and EGME, respectively, as shown in Figure 3g. Because
the ratios are rather close to each other, it is not clear at this moment if a change in the
ratio at the surface of PEDOT:PSS films by additives is a necessary condition or not for the
conductivity increase. The PSSNa/PSSH ratios dropped from 4.3 for the pristine sample to
1.6 for EG, 1.7 for DEG, 1.2 for TEG, 1.4 for HEG, and 1.9 for EGME, as shown in Figure 3h.
Sodium ions can be eliminated by attractive interaction with the oxygen-rich additives.
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Figure 3. XPS S(2p) spectra of PEDOT:PSS films processed with various additives at 1 M: (a) Without additive and with
(b) EG, (c) DEG, (d) TEG, (e) HEG, and (f) EGME. (g) Ratios of sulfonate to EDOT monomer using the areal ratios of
deconvoluted peaks of the XPS signals. (h) Ratios of PSSNa/PSSH.

We investigated, parameter wise, how effective these additives are for applications
in transparent conducting films by comparing two representative figures of merit. Sheet
resistance (Rsh) and transmittance (T) of transparent conducting films are two important
parameters and often combined to evaluate the figures of merit of transparent electrodes.
One method has been proposed to use Equation (2):

φHaacke =
T10

Rsh
= σdcd exp(−10αd), (2)

to evaluate a figure of merit in a unit of Ω−1 and to quantitatively compare the performance
of transparent electrodes [51]. Alternatively, the two parameters, T and Rsh, are often
correlated, at least for a thin metallic film placed in a free space, with Equation (3):

T =

(
1 +

Z0

2Rsh

σop

σdc

)−1
, (3)

where σop is the optical conductivity and Z0 is the impedance of free space
(Z0 = 4π/c = 4.19 × 10−11 s/cm in cgs unit, which corresponds to 337 Ω in SI unit) [46,52].
In this case, a unitless ratio of σdc/σop is often used as an alternative figure of merit of
transparent conductive films. It has been suggested that the ratio of >10 is required for
touch panels [53]. We applied these approaches to compare the effectiveness of the addi-
tives (Figure 4). We selected the wavelength of 550 nm for comparison and found that DEG
and TEG are equally effective as an additive to result in the PEDOT:PSS-based transpar-
ent electrodes. The Haacke figures of merit (ΦHaacke) of the PEDOT:PSS films, calculated
from Equation (2), are 1.6 × 10−3 Ω−1 for DEG and 2.0 × 10−3 Ω−1 for TEG. EG has
1.2 × 10−3 Ω−1, marking the third place among the additives of interest. For the ratios
of σdc/σop shown in Equation (3), we get the 15.3, 32.3, and 27.3 for EG, DEG, and TEG,
respectively. As expected from the electrical conductivity of the polymer films, HEG and
EGME are rather ineffective as an additive for PEDOT:PSS. We note that the DEG- and
TEG-added PEDOT:PSS films are more stable than the pristine PEDOT:PSS, as the films do
not show significant changes in the electrical and optical properties after aging in air for
several days (Figure S2).
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Figure 4. Figures of merit of the PEDOT:PSS films processed with additives. (a) The parameter
proposed by Haacke. (b) The ratios of electrical conductivity to optical conductivity, at the wavelength
of 550 nm.

4. Conclusions

In this study, we investigated the effects of linear glycols and a derivative (EG, DEG,
TEG, and HEG, and EGME) as a processing additive on the electrical and optical properties
of PEDOT:PSS films. We found that repeated ethylene oxides with hydroxyl groups were
effective in enhancing the electrical conductivity from 3–5 S/cm in a pristine PEDOT:PSS
to 270–330 S/cm with additives. We varied the concentration of the additives in the
stock dispersion of PEDOT:PSS and observed sigmoidal dependence of the electrical
conductivity. Through a curve fitting of the experimental conductivity–concentration data
with a sigmoidal logistic function, sharp transitions were observed at the concentration
of ~0.6 wt%. The PEDOT:PSS films with a thickness of 50–60 nm showed the reasonable
transmittance of 94–97%. We also evaluated two different figures of merit for transparent
electrodes and found that DEG and TEG among the series were effective in enhancing the
performance of the PEDOT:PSS-based transparent conducting films.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14081975/s1. Figure S1: SEM images of the PEDOT:PSS films. Figure S2: Relative changes
in the properties after aging in air. Table S1: Comparison of the film properties with previous reports.
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Abstract: Gelation behaviors of hydrogels have provided an outlook for the development of
stimuli-responsive functional materials. Of these materials, the thermogelling behavior of poly(N-
isopropylacrylamide) (p(NiPAm))-based microgels exhibits a unique, reverse sol–gel transition by
bulk aggregation of microgels at the lower critical solution temperature (LCST). Despite its unique
phase transition behaviors, the application of this material has been largely limited to the biomedical
field, and the bulk gelation behavior of microgels in the presence of colloidal additives is still open
for scrutinization. Here, we provide an in-depth investigation of the unique thermogelling behaviors
of p(NiPAm)-based microgels through poly(N-isopropylacrylamide-co-2-hydroxyethyl methacrylate)
microgel (p(NiPAm-co-HEMA))–silica nanoparticle composite to expand the application possibilities
of the microgel system. Thermogelling behaviors of p(NiPAm-co-HEMA) microgel with different
molar ratios of N-isopropylacrylamide (NiPAm) and 2-hydroxyethyl methacrylate (HEMA), their
colloidal stability under various microgel concentrations, and the ionic strength of these aqueous
solutions were investigated. In addition, sol–gel transition behaviors of various p(NiPAm-co-HEMA)
microgel systems were compared by analyzing their rheological properties. Finally, we incorporated
silica nanoparticles to the microgel system and investigated the thermogelling behaviors of the
microgel–nanoparticle composite system. The composite system exhibited consistent thermogelling
behaviors in moderate conditions, which was confirmed by an optical microscope. The compos-
ite demonstrated enhanced mechanical strength at gel state, which was confirmed by analyzing
rheological properties.

Keywords: stimuli-responsive hydrogels; thermogelling polymers; sol–gel transition behaviors;
complex colloidal systems

1. Introduction

Phase transition behaviors of colloidal dispersion have long been studied to under-
stand the fundamentals of colloidal interactions and to apply the system to various fields
such as cosmetics, pharmaceutics, food industries, paints, inks, slurries, etc. Especially,
in-depth investigation of highly complex systems of slurries and pastes based on the
knowledge of rheological properties of homogeneous or heterogeneous colloidal formu-
lations paves a promising outlook for the energy industry [1,2]. However, most of the
systems applied in the industry are based on hard-sphere-like colloids such as carbon,
polystyrene, and silica. In comparison, investigations on soft materials such as hydrogels
in the previously discussed fields have had a weaker standing.

Hydrogels are water-absorbing polymers well-known for their bio-compatibility and
stimuli-responsivity. The reversible volume phase transition and elastic behaviors of
hydrogel have enabled the design of smart materials such as temperature-responsive drug
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delivery and wound healing materials [3–5], remotely controlled soft actuators [6,7], stimuli-
responsive plasmonic materials [8], flexible sensors [9,10], etc. In addition, a sparse polymer
network in an aqueous medium can be used as a matrix to incorporate nanoparticles [11]
and microreactors [12,13]. However, in the past, their intrinsic drawbacks such as weak
mechanical strength and mandate for the moist environment have limited the field of
applications. Recent achievements addressed these issues: the development of double-
network hydrogels [14] which enhances the mechanical durability and replacement of the
aqueous medium with a non-volatile organic medium that improves the useability in dry
environments [15]. Therefore, we can expect a gradual expansion in the application field of
hydrogel-based soft colloids to the field areas in which hard-sphere-like colloids are used
while maintaining their functionality.

Of the hydrogels, the thermogelling microgel dispersion is one of the intriguing sys-
tems that exhibits reversible sol–gel transition behavior [16]. Unlike the conventional phys-
ical gels that maintain a gel state below the phase transition temperature, the thermogelling
microgel dispersion shows inverse phase transition from sol to gel as the temperature
increases. This inverse phase transition is triggered by the hydrophilic and hydrophobic in-
teractions among microgels at the volume phase transition temperature of the material [17].
Poly(n-isopropylacrylamide) p(NiPAm) microgel dispersion is one of the widely known
temperature-responsive colloid system. In general, it shows reversible swelling/shrinkage
at a lower critical solution temperature (LCST), which is around 32 ◦C. Above LCST, the
hydrophobic moiety becomes dominant and repels water out from the polymer network
of the microgel [18]. The p(NiPAm) colloids show a stable dispersion even at a temper-
ature above LCST. When salt is added, however, it forms bulk gels around LCST due
to the weak electrostatic repulsion among microgels [19]. Because this gelation does not
require additional crosslinking reactions, they have been studied as an in situ gelation
material for biomedical applications. Furthermore, copolymerization of p(NiPAm) with
various comonomers has been investigated to harness sol–gel transition behaviors. Many
endeavors were put to enhance the mechanical strength of the gel while maintaining
the sol–gel transition behavior, and many successes have been reported. For example,
copolymerization of NiPAm with methylcellulose [20] or acrylic acid [21] showed that
the gel’s mechanical strength could be enhanced with varying concentrations. A different
enhancement, the maintenance of the gel volume at LCST, also shared some attention.
For instance, copolymerization with 2-hydroxyethyl methacrylate (HEMA) extended the
sequential delivery of the protein from the gel scaffold, which can be interpreted as an im-
provement from subsequent shrinkage of the gel after gelation [22]. Despite many studies
on understanding gelation and controlling their mechanical properties, the thermogelling
behavior of p(NiPAm)-based microgels in the presence of colloidal additives has not been
fully understood. To take advantage of the unique gelation behavior in various colloidal
systems, it is necessary to understand the effect of colloidal additives. Following the
research mentioned, investigating the phase transition behaviors of microgel–nanoparticle
composite systems will prove useful to expand the areas of application to more than just
the biomedical field.

In this study, we specifically consider thermogelling behaviors of microgels–nanoparticle
composite systems consisted of poly(N-isopropylacrylamide-co-2-hydroxyethyl methacry-
late) (p(NiPAm-co-HEMA)) microgels and silica nanoparticles. We prepared aqueous
p(NiPAm-co-HEMA) microgel dispersions with various NiPAm:HEMA molar ratios through
radical polymerization. Then, thermogelling behaviors of the neat p(NiPAm-co-HEMA)
microgel dispersions upon varying salt concentrations were studied by a rheometer. Finally,
we added silica nanoparticles to the microgel dispersion to make a model composite system
to investigate the thermogelling behaviors.
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2. Materials and Methods

2.1. Materials

N-Isopropylacrylamide (NiPAm, TCI, Tokyo, Japan), 2-hydroxyethyl methacrylate
(HEMA, Aldrich, St. Louis, MO, USA), N,N’-methylenebis(acrylamide) (MBA, Aldrich,
St. Louis, MO, USA), ammonium persulfate (APS, Aldrich, St. Louis, MO, USA), and
sodium dodecyl sulfate (SDS, Aldrich, St. Louis, MO, USA) were purchased and used
as received.

2.2. Synthesis of p(NiPAm-co-HEMA) Microgels

Microgels of the different molar ratios of NiPAm and HEMA were synthesized by
free radical precipitation polymerization. The constituent monomers, NiPAm and HEMA,
and the crosslinker, MBA, were dissolved accordingly to the specified molar ratio while
the amount of the initiator, APS, and the surfactant, SDS, were kept constant. Six batches
of p(NiPAm-co-HEMA) were synthesized, namely, 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, denoting the
molar ratio between NiPAm and HEMA. The detailed recipe of each batch is summarized
in Table 1. The monomers, crosslinker, and surfactant were dissolved in 498 mL of water.
The reaction mixture was transferred to a 1 L-size, three-neck, and double-jacket reactor
equipped with a condenser, a nitrogen inlet, and a mechanical stirrer. The reaction mixture
was stabilized at 70 ◦C while stirring at 360 rpm under a nitrogen atmosphere for an hour.
Afterward, 0.342 g of APS was dissolved in 2 mL of water and added to the mixture to
initiate the polymerization. The reaction time for each batch is specified in Table 1. The
resultant microgel dispersion was washed with three successive centrifugations to remove
unreacted monomers and the surfactant. Finally, the dispersion was freeze-dried to obtain
a solid sample for future use.

Table 1. Reaction recipe for the synthesis of poly(N-isopropylacrylamide-co-2-hydroxyethyl methacrylate) (p(NiPAm-co-
HEMA)) microgels.

NiPAm:
HEMA

Molar Ratio

NiPAm HEMA MBA SDS APS
Reaction

Time

mmol g mmol g mmol g mmol g mmol g h

10:0 250 28.290 0.00 0.000

5.00 0.771 1.00 0.288 1.50 0.342

1
9:1 225 25.461 25.0 3.254 1
8:2 200 22.632 50.0 6.507 1
7:3 175 19.803 75.0 9.761 1
6:4 150 16.974 100 13.014 0.75
5:5 75 8.487 75 9.761 3.00 0.463 0.75

2.3. Rheological Characterization of p(NiPAm-co-HEMA) Microgels

The gelling behavior of the p(NiPAm-co-HEMA) microgels was characterized by
small-amplitude oscillatory shear (SAOS) tests. We used a commercial rotational rheometer
(AR-G2, TA Instruments, New Castle, DE, USA) equipped with a cone-and-plate geometry
(1◦; diameter: 60 mm) to perform the linear viscoelasticity characterization. The storage
and loss moduli (G′ and G”) were monitored at the fixed frequency of 0.63 (rad/s) with
increasing temperature starting from 20 ◦C with the increment rate at 1 ◦C/min.

3. Results and Discussion

3.1. Synthesis and Characterization of p(NiPAm-co-HEMA) Microgels

The p(NiPAm-co-HEMA) microgels were synthesized by radical precipitation poly-
merization as illustrated in Figure 1a [23]. We simply mixed two monomers having
unsaturated hydrocarbon groups with a crosslinker. Thus, it is assumed that the polymeric
structure of the copolymer is random. For Fourier-transform infrared spectroscopy (FTIR)
measurement, p(NiPAm-co-HEMA) microgel was freeze-dried to obtain a powdery sample.
The FTIR data in Figure 1b confirms the successful synthesis of p(NiPAm-co-HEMA) in

27



Materials 2021, 14, 1212

accordance with the specified mole ratio as described in the experimental section. The
absorption peak at 3275 cm−1 and 1640 cm−1 are assigned to stretching vibration of the
amino group (N–H) and the amide I groups (C=O) in NiPAM, respectively [24]. The
peak at 1734 cm−1 is assigned to the stretching vibration of the carbonyl group (C=O) in
HEMA [17]. As the molar ratio of HEMA increases so does the peak intensity at 1734 cm−1,
while it dwindles at 1640 cm−1. Normalized FTIR data for comparison of NiPAm and
HEMA peak ratio of p(NiPAm-co-HEMA) microgels showed an increase of carbonyl group
signal as the content of HEMA increased. For the 5:5 sample, however, the intensity of the
carbonyl group signal decreased because the microgel was not successfully synthesized.
Zeta potential of microgel dispersion with varying NiPAm:HEMA molar ratio was mea-
sured at room temperature. For a control sample, p(NiPAm) microgel dispersion, the value
of zeta potential was at the isoelectric point with a slightly negative value. It showed a
decreasing trend in values as the content of HEMA increased.

Figure 1. (a) Schematic illustration for the synthesis of p(NiPAm-co-HEMA) microgels. (b) Fourier-transform infrared
spectroscopy (FTIR) data for p(HEMA) polymer, p(NiPAm), and p(NiPAm-co-HEMA) microgels with varying molar ratio
between N-isopropylacrylamide (NiPAm) and 2-hydroxyethyl methacrylate (HEMA). For comparison of NiPAm and
HEMA signal ratio among samples, normalized FTIR data are plotted for p(NiPAm-co-HEMA) microgels (right). (c) Zeta
potential of p(NiPAm) and p(NiPAm-co-HEMA) microgels with varying NiPAm:HEMA molar ratio. (d–f) Scanning electron
microscope (SEM) images of p(NiPAm-co-HEMA) microgels with molar ratios between NiPAm and HEMA of (d) 9:1, (e) 7:3,
and (f) 5:5, respectively. Scale bar in (d–f) represents 100 nm. (g) Effect of molar composition of HEMA to particle diameter.

The average diameter of p(NiPAm-co-HEMA) microgels shows a degree of swelling.
Scanning electron microscope (SEM) images of the freeze-dried p(NiPAm-co-HEMA) mi-
crogels in Figure 1d–f indicate uniformly sized, spherical microgels. It was confirmed that
the diameter of microgels increased as the composition of HEMA increased, Figure 1g. The
increment of particle size is attributed to the good water uptake capability of HEMA. As
a result, sparse polymeric networks were formed during the radical polymerization as
the amount of HEMA increased, resulting in the formation of larger-, and mechanically
weaker microgels. Indeed, when we increased the molar ratio of HEMA to more than 0.5,
the structural integrity of p(NIPAM-co-HEMA) microgels could not be maintained. As a
result, bulk p(NIPAM-co-HEMA) polymer cakes were observed as gels precipitated. Based
on the above results, further studies regarding investigations of colloidal stability and their
thermogelling behaviors were mainly focused on the characteristics of p(NiPAm-HEMA)
microgel dispersions with NiPAm to HEMA molar ratios of 9:1, 7:3, and 5:5. In addition,
further experiments were conducted in neutral pH conditions because colloidal stability
under acidic and alkalic conditions was unstable, as shown in Figure S1.
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3.2. Effect of Salt on the Stability of p(NiPAm-co-HEMA) Microgel Dispersion

A notable difference between p(NiPAm-co-HEMA) and p(NiPAm) microgel dispersion
is that the former requires the addition of salt and appropriate temperature for successful
gelation, Figure 2a. This is because the electrostatic repulsion between the microgels is
increased by the hydroxyl group of HEMA. In the presence of HEMA, salt ions are required
to screen the electrostatic double layers on the microgels to prompt the formation of a
particle network that leads to gelation upon thermal heating. Because adding salt in
conventional colloidal dispersion causes destabilization of the system, we first investigated
the effect of salt on the stability of p(NiPAm-co-HEMA) microgel dispersions.

 
Figure 2. (a) Photograph images of thermogelling p(NiPAm-co-HEMA) microgel dispersion upon different temperature
conditions. In the absence of salt, the dispersion remained at the sol state for both 25 ◦C and 33 ◦C (top panel). In the
presence of 0.33 M of sodium chloride (NaCl), microgels dispersion showed volume phase transition from sol to gel state
at 33 ◦C (bottom panel). (b–d) The transmittance of p(NiPAm-co-HEMA) microgel dispersion with molar ratios between
NiPAm and HEMA of (b) 9:1, (c) 7:3, and (d) 5:5, respectively, with respect to NaCl concentration. The bulk aggregation of
microgels by the strong ionic strength of solution was expressed in yellow background. (e) Summary of dispersion quality
of p(NiPAm-co-HEMA) microgels. The microgel showed a well-dispersed (white background) phase, micro aggregation
(blue background) phase, and bulk aggregation (yellow background) phase in accordance with NiPAm: HEMA molar ratios
and NaCl concentrations. (f) Schematic illustration of deswelling of microgel with the increase of the salt concentration.

The stability of p(NiPAm-co-HEMA) microgel dispersion was investigated by ob-
serving the turbidity of the dispersion via a UV–visible spectrometer (SHIMAZU, Kyoto,
Japan). 0.04 wt% of p(NiPAm-co-HEMA) microgel dispersion with varying NiPAm to
HEMA molar ratios were prepared. As shown in Figure 2b–d, the transmittance of the
p(NiPAm-co-HEMA) microgels composed of NiPAm to HEMA molar ratios of 9:1, 7:3,
and 5:5 at different NaCl concentrations were measured. The transmittance for each sample
without NaCl was measured as 59.7%, 34.7%, and 23.7% for 9:1, 7:3, and 5:5 samples,
respectively, which showed a decreasing trend as the amount of HEMA increased. This
is because the particle size-dependent Mie scattering was dominant for particles with a
size similar to the wavelength of the incident light. In all cases, transmittance was slightly
increased at low salt concentration and then started to decrease until it reached the crit-
ical salt concentration. Then, a dramatic increase in transmittance was observed. These
results can be explained by the change of Mie scattering and Debye length of the system
along with the change of the salt concentration. When the salt is added to the system,
osmotic pressure applied to the microgel causes the deswelling of the microgels [16,25]. It
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results in the decrease of the microgel size and thereby decrease of Mie scattering. There-
fore, the transmittance of dispersion was increased. As we stated above, an increase of
the salt concentration in colloidal dispersion also causes the screening of electric double
layer, which results in the decrease of Debye length of microgels. When the Debye length
reaches below the critical value for maintaining a stable dispersion, Van der Waals force
causes aggregation of microgels followed by sedimentation. Here, a decrease and dramatic
increase of transmittance can be explained by microaggregation and bulk aggregation
(i.e., sedimentation), respectively. When the dispersion is at the state of microaggregation,
the effective size of microgels can be considered to be larger and it results in the decrease
of transmittance. Then, a sudden increase of transmittance at bulk aggregation is observed
due to the sedimentation. Therefore, a critical salt concentration can be regarded as a
point at which bulk aggregation of microgels occurs. The phase behaviors of p(NiPAm-
co-HEMA) microgel dispersion with varying NiPAm:HEMA compositions in Figure 2e
revealed that the higher the amount of HEMA is, the more the salt concentration-initiated
microaggregation occurs. By reflecting on the trends of transmittance for each sample,
it is expected that the content of HEMA contributed to the increase of Debye length of
microgels, which also agreed with the previous results. The comprehensive behavior of
microgel dispersion is schematically described in Figure 2f.

3.3. Thermogelling Behaviors of p(NiPAm-co-HEMA) Microgel Dispersion

We characterized the thermogelling behaviors of p(NiPAm-co-HEMA) microgel dis-
persion in accordance with the concentration of NaCl, concentration of microgels and
composition of NiPAm and HEMA by the SAOS test results measured with a rotational
rheometer (refer to the experimental section for the detailed conditions). Following the
conventional method of measuring thermogelling behaviors, the gelation temperature at
which the colloidal dispersion changes from sol to gel was determined by observing the
cross-over behavior of the storage (G′) and loss (G”) moduli, as shown in Figure 3 [26].

Figure 3. Evolution of storage (G′) and loss (G”) moduli of the p(NiPAm-co-HEMA) microgel dispersion from 20 ◦C to
40 ◦C. The procedure was conducted under fixed stress of 0.05 Pa and a frequency of 0.1 Hz (ω = 0.63 rad/s). (a) Change in
dynamic modulus of the polymer at different salt concentrations. The concentration of polymer and molar ratio between
NiPAm and HEMA were kept constant at 2.7 wt% and 7:3, respectively. (b) Change in dynamic modulus at different
copolymer concentration (cm). The concentration of NaCl and molar ratio between NiPAm and HEMA were kept constant at
0.17 M and 7:3, respectively. Log plot between G′ and microgel concentration showed a power-law relationship with a slope
of 2.06 (inset). (c) Change in dynamic modulus at different molar ratios between NiPAm and HEMA. The concentrations of
polymer and NaCl were kept constant at 2.7 wt% and 0.33 M, respectively.
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3.3.1. Effect of Salt Concentration

From the prior investigation of the dispersion stability, it can be concluded that the
microgels under the speculation are stable up to 0.5 M NaCl. Thus, the effect of salt
concentration for thermogelling behaviors was investigated for 2.7 wt% of 7:3 molar ratio
of p(NiPAm-co-HEMA) microgel dispersion with NaCl concentrations of 0.17 M, 0.33 M,
and 0.5 M. As shown in Figure 3a, larger G” than G′ was observed initially for all the
samples with no significant fluctuation, which proves a liquid-like sol state. As temperature
kept increasing, a crossover between G′ and G” occurred at 31.8 ◦C, 29.3 ◦C, and 27.3 ◦C
for samples with salt concentrations of 0.17 M, 0.33 M, and 0.5 M, respectively. The result
shows an aggregation of p(NiPAm-co-HEMA) microgels and thereby gelation of the system.
Based on the findings, it was concluded that the gelation temperature decreases as the salt
concentration increases. Decreasing trends of gelation temperature can be attributed to the
screening of electrostatic repulsion by the salt addition, which results in the decrease of
Debye length of p(NiPAm-co-HEMA) microgels. In addition, it is notable that the plateau
of the G′ and G” after gelation was formed at a similar magnitude for all the samples. It
implies that the mechanical strength of gels in different salt concentrations was not affected.

3.3.2. Effect of Microgel Concentration

Effect of microgel concentration was conducted by comparing 1.3 wt%, 2.7 wt%,
and 4.0 wt% of 7:3 molar ratio of p(NiPAm-co-HEMA) microgel dispersion at a fixed
NaCl concentration of 0.33 M. As shown in Figure 3b, gelation temperature where the
crossover between G′ and G” occurs did not change by the concentration of p(NiPAm-co-
HEMA) microgels. On the other hand, the mechanical strength of gels was affected by the
concentration. When the temperature exceeds the gelation temperature, the magnitude
of both G′ and G” at plateau were proportional to the microgel concentration. It is
noted that the magnitude of G′ and G” at sol state (i.e., below gelation temperature)
only showed little increases with increasing the concentration of p(NiPAm-co-HEMA)
microgels. The current results suggest that the viscous properties (∼=G”/ω) at the sol
states of the samples are all close to that of pure water, i.e., G”~O(10−3) [27], which are
expected to be proportional to the volume fractions of the microgel. However, the change
in the viscous properties with the increasing microgel concentration is too small to be
captured within the sensitivity limit of the rotational rheometer. On the other hand, it is
clear that their gel strengths are significantly affected by the formation of denser physical
networks between microgels during the gelation process as the microgel concentration
increases [26]. The relationship between cm and gel strength (G′) clearly shows a power-
law relationship (inset of Figure 3b), which is consistent with the previous studies on
the gelation of particulate systems [28]. The power-law exponent is 1 when the particle
volume fraction is close to the gelation particle volume fraction (φg), which increases
to 3–5 as the volume fraction significantly deviates from φg [28]. Therefore, it can be
concluded that the current particle volume fraction (≈kcm) range is not far from φg for
p(NiPAm-co-HEMA) microgels, in which k is a proportionality constant between the
particle concentration and volume fraction.

3.3.3. Effect of NiPAm:HEMA

The effect of NiPAm:HEMA molar ratio in p(NiPAm-co-HEMA) microgel was in-
vestigated by preparing 2.7 wt% of p(NiPAm-co-HEMA) microgels that composed of
NiPAm and HEMA with the molar ratio of 5:5, 7:3, and 9:1, respectively, at a fixed NaCl
concentration of 0.33 M. As shown in Figure 3c, the effect of NiPAm:HEMA molar ratio
was somewhat less clear than that of NaCl and microgel concentrations. In both sol and
gel states, magnitudes of G′ and G” were slightly higher with a lower HEMA molar ra-
tio. For gelation temperature, there was a negligible difference between samples with
a NiPAm:HEMA molar ratio of 7:3 and 9:1, and a decrease of gelation temperature was
observed for the sample with a NiPAm:HEMA molar ratio of 5:5. These results are at-
tributed to the difference in size and thereby the different volume fractions of microgels
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in the dispersion. As we discussed in Figure 2, the size of microgels was increased due to
the good water uptake capability of HEMA. Because every sample was prepared to have
the same weight percent of microgels, the volume fraction of microgels will be higher for
the larger microgels. In addition, the composition of HEMA can also cause the change in
the electric double layer and Debye length of microgels. Considering the aforementioned
observations comprehensively, the change in composition affects the gelation properties,
but it is not an appropriate variable for precise control of the gelation temperature or
mechanical properties of the gels.

3.4. Thermogelling Behaviors of p(NiPAm-co-HEMA) Microgel with Silica
Nanoparticle Composites

Investigation of thermogelling behaviors of p(NiPAm-co-HEMA) microgel in the
presence of silica nanoparticles was conducted. Here, p(NiPAm-co-HEMA) microgels
having a 7:3 molar ratio between NiPAm and HEMA were mixed with LUDOX silica
(Aldrich, St. Louis, MO, USA) nanoparticles with weight ratios of 1:1 and 1:5, respectively.
Rheological behaviors of samples showed an increasing trend of elastic modulus upon
gelation while moderately maintaining volume phase transition temperature. As shown
in Figure 4a,b, the microgel–silica nanoparticle composite gel having a 1:1 weight ratio
exhibited an increase of G′ and G” by 10 folds in comparison to the gel in the absence
of silica nanoparticles. This can be attributed to the jammed silica nanoparticles around
the p(NiPAm-co-HEMA) microgels during gelation. As illustrated in Figure 4c, volume
phase transition of p(NiPAm-co-HEMA) microgels takes place when the surface moiety of
microgels change from hydrophilic to hydrophobic. In this case, the hydrophobic nature of
microgels cause them to be percolated, which results in the continuous microgel networks
forming the bulk gel. In the presence of silica nanoparticles, it is readily adsorbed on the
surface of microgels by electrostatic interaction. As a result, percolated microgel network
can be reinforced by jammed silica nanoparticles around the microgels, as illustrated
in Figure 4d. To investigate the gelation behaviors further, we observed volume phase
transition behaviors of microgels through a transmission optical microscope. A neat
p(NiPAm-co-HEMA) microgels at sol state showed homogeneous dispersion, as shown
in Figure 4e, and it gradually percolated as the temperature reached 60 ◦C, shown in
Figure 4f (see Video S1 for details). In the case of the microgel/silica nanoparticle composite,
however, small aggregates were observed at room temperature (Figure 4g), and they
locally aggregated as temperature increased (Figure 4h). These behaviors can be explained
by electrostatic attractions among positively charged microgels and negatively charged
silica nanoparticles. At the elevated temperature of 60 ◦C, the global aggregation was
observed (Figure 4i), in which larger and locally aggregated colloidal grains were prominent
(see Video S2 for details). From the results above, it is concluded that the dispersion stability
has to be carefully considered for successful gelation of microgel–nanoparticle composite
system. Indeed, we found an unstable sol–gel transition behavior when the concentration
of silica nanoparticles was increased further. We conducted experiments for the p(NiPAm-
co-HEMA) microgels and silica nanoparticle composites having 1:5 weight ratios. Although
global gelation was observed by optical microscope for both samples (Figure S2), we were
not able to measure the phase transition behavior by rheometer (Figure S3). This is because
too large microgel–silica nanoparticle aggregates hinder homogenous and continuous
microgel networks, which implies a delicate control of dispersion stability is crucial for
engineering the thermogelling behavior of microgel–nanoparticle composites.
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Figure 4. (a,b) Thermogelling behavior of 2.7 wt% p(NiPAm-co-HEMA) microgels with 7:3 of NiPAm:HEMA molar ratio at
0.17 M of NaCl and silica nanoparticle composite. A comparative study between (a) the neat p(NiPAm-co-HEMA) and
(b) the mixture of the microgel and the silica nanoparticle of 1:1 weight ratio. (c,d) Schematics of gelation process of (c) a
neat p(NiPAm-co-HEMA) microgel dispersion and (d) the p(NiPAm-co-HEMA) microgel–silica nanoparticle composite.
Time-resolved microscopic images showing sol–gel transition of (e,f) a neat p(NiPAm-co-HEMA) microgels and (g–i)
p(NiPAm-co-HEMA) microgel–silica nanoparticle composite.

4. Conclusions

A reverse sol–gel transition behavior of microgel dispersion has long been studied
in the biomedical research field. In particular, a p(NiPAm)-based microgel dispersion
was widely studied due to a moderate volume phase transition temperature around
human body temperature. In this report, we showed the unique phase transition behavior
of p(NiPAm)-based microgel dispersion is maintained in the presence of nanoparticle
additives. When the p(NiPAm-co-HEMA) microgel was mixed with silica nanoparticles
at a 1:1 weight ratio, it showed a stable phase transition behavior. Although some micro
aggregation between microgels and silica nanoparticles was observed, a reversible global
phase transition behavior was also observed. It is noted that a bulk gel strength was
affected by the existence of additives as the jammed colloidal nanoparticle reinforced the
microgel networks. The result implies that the microgel system can be potentially feasible
for versatile applications that demand a complex colloidal system. For example, one can
introduce the conducting colloids to microgel dispersion to provide self-healing properties
to electronic materials. By incorporating plasmonic or fluorescent colloids with microgels,
optical signals can be amplified or reduced because the sol–gel transition also drives the
volume change of the system. Rheological property can also be tuned by gelation, which
can be applied for the formulation of a slurry composed of a complex colloidal system.
Therefore, we believe that the microgel–colloid composite system can be a strong candidate
to be applied for designing a smart and functional colloidal system in the future.
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Supplementary Materials: The following are available online at https://www.mdpi.com/1996-194
4/14/5/1212/s1, Figure S1: (a) UV-vis spectrum of p(NiPAm-co-HEMA) microgel dispersion with
molar ratio between NiPAm and HEMA of 7:3 at various pH values. The increase of transmittance at
acidic of pH 4 and alkalic of pH 10 is attributed to the sedimentation of microgels. (b,c) photograph
images of p(NiPAm-co-HEMA) microgel dispersion at (b) pH 4, and (c) pH 10. Photos were taken
after slightly shaking the sedimented microgels solution for the visualization.; Figure S2: Microscopic
images of p(NiPAm-co-HEMA) microgel and silica nanoparticle composite. The composite was 1:5
in weight ratio. (a) Small aggregates at room temperature. (b) local aggregation as the temperature
increases. (c) Global aggregation and gelation of the composite with 1:5 weight ratio.; Figure S3:
Evolution of dynamic modulus of 1:5 weight ratio composite. Turnover of G′(storage modulus) and
G”(loss modulus) was observed 51.3 ◦C.; Video S1: Supporting Movie S1; Video S2: Supporting
Movie S2.
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Abstract: Lead(II)-acetate (Pb(Ac)2) is a promising lead source for the preparation of organolead
trihalide perovskite materials, which avoids the use of inconvenient anti-solvent treatment. In this
study, we investigated the effect of cesium doping on the performance of Pb(Ac)2-based perovskite
solar cells (PSCs). We demonstrate that the quality of the CH3NH3PbI3 perovskite film was improved
with increased crystallinity and reduced pinholes by doping the perovskite with 5 mol% cesium.
As a result, the power conversion efficiency (PCE) of the PSCs was improved from 14.1% to 15.57%
(on average), which was mainly induced by the significant enhancements in short-circuit current
density and fill factor. A PCE of 18.02% was achieved for the champion device of cesium-doped
Pb(Ac)2-based PSCs with negligible hysteresis and a stable output. Our results indicate that cesium
doping is an effective approach for improving the performance of Pb(Ac)2-based PSCs.

Keywords: perovskite solar cells; performance improvement; lead acetate; cesium doping

1. Introduction

Organometallic halide perovskites (APbX3, in which A = methylammonium (MA+)
or formamidinium (FA+), and X = Cl−, Br−, or I−) have attracted considerable attention
because of their tunable bandgap, high light absorption coefficient, and long exciton diffu-
sion length over one micrometer [1]. Since being first reported by Kojima et al. in 2009 [2],
perovskite solar cells (PSCs) have been intensively investigated, with rapid improvement
in power conversion efficiency (PCE) to above 25.5% [3–8]. As a result, PSCs are considered
one of the most promising candidates for next-generation solar energy devices.

To prepare a CH3NH3PbI3 perovskite, typically lead iodide (PbI2) is used as the lead
source, which chemically reacts with methylammonium iodide (MAI) at a molar ratio
of 1:1 [9]. However, in order to obtain a high-quality perovskite film with a uniform
morphology, an anti-solvent treatment is needed for the one-step spin-coating process [10].
This anti-solvent treatment requires expensive technology for the stable crystallization of
the perovskite grains, which is detrimental to commercialization [11]. To overcome this
problem, lead chloride (PbCl2) can be employed to replace PbI2 as the lead source, which
has resulted in PSCs with similar performance to those prepared from PbI2 [12]. However,
to fully remove the residual MACl from the perovskite film, a lengthy thermal annealing
process (of about two hours) is required, which consumes a large amount of energy [13].
Besides lead halides, lead acetate (Pb(Ac)2) is another important lead source, which can
avoid the need for the inconvenient anti-solvent treatment and lengthy thermal annealing
processes [13]. Zhang and coworkers have shown that the Pb(Ac)2-processed CH3NH3PbI3
perovskite shows a more uniform and compact morphology with increased crystallinity,
compared with PbCl2- or PbI2-processed perovskites. As a result, the PSCs based on
Pb(Ac)2-processed perovskite films were shown to exhibit a high PCE of 14.7%, which is
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higher than that of either PbCl2- or PbI2-based PSCs [13]. To improve the performance of
PSCs, morphology control of the perovskite film is crucial, because it is strongly related to
the charge generation and dissociation properties of the PSCs [14]. Solvent engineering is a
widely used technique for controlling the morphology of perovskite films. For example,
the use of additional dimethyl-sulfoxide has resulted in an improved film morphology of
Pb(Ac)2-based perovskite [15]. Doping of the perovskite crystal is another effective way
to improve the morphology of the perovskite films. For example, Br− and FA+ have been
used to partially replace I− and MA+ in the perovskite structure for preparing mix-cation
perovskite (FAxMA1-xPbIyBr3−y), which resulted in a significantly improved PCE and
enhanced stability of the PSCs [16]. For PbI2-processed perovskite, cesium doping into
the MA site has been demonstrated to be an efficient way to improve the performance of
the associated PSCs [16]. M. Saliba and coworkers have demonstrated that doping with
5 mol% cesium resulted in a uniform and compact perovskite film morphology with fewer
pinholes, which significantly improved the PCE of the PSCs from 16.37 to 19.20% [16].
However, there has not been any investigation into the cesium doping effect on the film
morphology of Pb(Ac)2-based perovskite and the performance of Pb(Ac)2-based PSCs.
Considering the importance and convenience of using Pb(Ac)2 for perovskite preparation,
it is crucial to dope Pb(Ac)2-based perovskite with cesium for PSC fabrication.

In this work, we doped the Pb(Ac)2-based perovskite with cesium by adding a small
amount of cesium iodide (CsI) into the perovskite precursor. After doping, the perovskite
film showed a uniform morphology with enhanced crystallinity and reduced pinholes,
which is beneficial for charge transportation. Consequently, the champion device PCE
raised from 15.22 to 18.02% with negligible hysteresis and a stable output which is a
significant improvement in open-circuit voltage (Voc), short-circuit current density (Jsc),
and fill factor (FF) via cesium doping. Additionally, the average PCE of the Pb(Ac)2-based
PSCs was significantly improved from 14.1 to 15.57%. Our results demonstrate the superior
effect of cesium doping on the performance improvement of Pb(Ac)2-based PSCs.

2. Materials and Methods

2.1. Materials

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, P AI 4083) was
bought from Heraeus Co. (Hanau, Germany). 6,6-phenyl C61-butyric acid methyl es-
ter (PCBM) was purchased from Nano-C Inc. (Westwood, MA, USA). 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) was obtained from Xi’an Polymer Light Technology
Corp (Xi’an, China). CsI was purchased from Sigma Aldrich (St. Louis, MO, USA). Methy-
lammonium Iodide (MAI) was provided by Great Cell Solar (Queanbeyan, Australia).
Pb(Ac)2 was provided by Tokyo Chemical Industry (Tokyo, Japan).

2.2. Device Fabrication

Firstly, we cleaned patterned indium tin oxide (ITO)-glass substrates sequentially in
detergent, acetone, and 2-propanol for 15 min. The hole transport material, PEDOT:PSS,
was deposited on the ITO-glass substrates through a spin-coating process and then an-
nealed at 140 °C for 15 min in air. The perovskite precursors were made by mixing Pb(Ac)2
and MAI in 1 M dimethylformamide. Then, the perovskite precursor with x mol% cesium,
where x = 0, 2.5, 5.0, 7.5, or 10.0, was spin-coated on the ITO/PEDOT:PSS substrates at a
rotation speed of 4000 rpm, which was followed by annealing at 80 ◦C for 10 min. The
electron transport layer (ETL) was formed by spin-coating of PC61BM (30 mg·ml−1 in
Chlorobenzene) on the perovskite layer at 2000 rpm for 30 s. For better charge transport,
we deposited a BCP layer onto the ETL by spin-coating BCP solution (0.5 mg·ml−1 in
2-propanol) at 450 rpm for 30 s. Finally, the deposition of an 80 nm silver electrode was
achieved with thermal evaporation under a high vacuum of approximately 10−6 Torr. The
device area was determined by the overlapped rectangle between the ITO and Ag electrode
bars, being 0.06 cm2 (0.2 cm × 0.3 cm).
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2.3. Measurements

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were conducted
for the perovskite samples using the D8 Advance X-ray diffractometer (Bruker, Billerica,
MA, USA) and the K-Alpha X-ray photoelectron spectrometer (Thermo Electron, Waltham,
MA, USA), respectively.

Current density–voltage (J–V) curves of the PSCs were obtained using the 2400 Series
J–V Source Meter (Keithley Instrument, Solon, OH, USA) under an irradiation intensity of
100 mW cm2 (AM1.5). We used a solar simulator (XES-301S, SAN-EI ELECTRIC, Osaka,
Japan) for simulating sunlight irradiation.

The space charge limited current (SCLC) of a hole-only device (glass/ITO/PTAA/
Perovskite/PTAA/Ag) was obtained using the Keithley 2400 Source Meter under dark
conditions. Electrochemical impedance spectroscopy (EIS) of the PSCs was performed
with an electrochemical work station (CH instruments, Austin, TX, USA) under dark con-
ditions. Steady-state photoluminescence (PL) spectroscopy was conducted using FLS920
(Edinburgh Instruments, Livingston, UK) at wavelengths between 720 nm and 800 nm
with the excitation wavelength of 514 nm. Ultraviolet–visible absorption spectroscopy
was performed with a UV–vis-NIR 3600 spectrometer (Shimadzu, Kyoto, Japan). The
morphology of the devices was measured by the scanning electron microscope (SEM, JOEL,
Tokyo, Japan) and atomic force microscope (AFM, Veeco, Plainview, NY, USA).

3. Results

Figure 1a shows the schematic of the PSCs with a standard inverted structure of
ITO/PEDOT:PSS/Perovskite/PCBM/BCP/Ag. The Pb(Ac)2-processed perovskite films
(with and without cesium doping) were sandwiched between a poly(3,4- ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) hole transport layer and a 6,6-phenyl-C61-
butyric acid methyl ester (PC61BM) electron transport layer. The J–V curves of the PSCs
with 0–7.5 mol% cesium doping are exhibited in Figure 1b, with the photovoltaic parame-
ters listed in Table 1. The reference PSCs without cesium doping had an average PCE of
14.1%, which is a standard value for Pb(Ac)2-processed inverted PSCs. When the perovskite
was doped with 2.5 mol% cesium, the PCE increased to 15.04%. With 5 mol% cesium dop-
ing, the PCE further increased to 15.57%, which was mainly induced by the significant
improvements in Jsc (from 20.16 to 21.08 mA cm−2) and FF (from 0.69 to 0.75). Doping with
7.5 mol% cesium degraded the PCE to 15.37%, indicating that 5% is the optimum cesium
doping concentration for maximizing the PCE. As shown in Figure S1, we measured the
J–V curves scanned in the reverse and forward directions at a scan rate of 200 mV s−1. The
J–V curve of the reverse scan was almost the same as that of forward scan, indicating a
negligible hysteresis of the device. To investigate the hysteresis deeply, dynamic J–V scans
with calculation of the hysteresis index [17] are required, which is beyond the scope of
this study.

Figure 1. (a) Perovskite solar cell structure. (b) Current density–voltage (J–V) characteristics of the MAPbI3 PSCs with
different cesium doping concentration.
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Table 1. Average photovoltaic parameters of the MAPbI3 PSCs based on perovskite precursors with
0 mol%, 2.5 mol%, 5.0 mol%, and 7.5 mol% cesium doping.

Cesium Doping Concentration
(mol%)

Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

0 0.97 20.16 69 14.10
2.5 0.98 21.84 71 15.04
5 0.98 21.08 75 15.57

7.5 1.01 20.8 75 15.37

To identify the origin of the improved PCE by cesium doping, we investigated the
morphology of the 5%-Cs-doped and undoped perovskite films. As is evident in the surface
SEM images in Figure 2a, the undoped perovskite film had poor surface coverage with
many pinholes. A perovskite layer processed from a Pb(Ac)2-based precursor showed a
similar surface morphology with some flaws, which might be caused by MA and halide
deficiencies as shown in [13]. Figure 2a,d show that with increasing cesium doping con-
centration, the coverage of the perovskite layer onto PEDOT:PSS increased. As shown in
Figure 2c, the 5 mol%-cesium-doped perovskite film had a dense and uniform morphology
with full surface coverage. AFM images, shown in Figure S2, further confirm the increased
surface uniformity with cesium doping; the root mean square roughness of the cesium-
doped perovskite film is 8.6 nm, which is much lower than that of the pristine perovskite
(14.6 nm). Furthermore, we found that the cesium-doped perovskite film showed less
lateral grain boundaries compared to the pristine perovskite film. As discussed in previous
studies, the pinholes in the perovskite film trap carriers, which further increase the charge
recombination in the PSCs [18]. The SEM and AFM measurements indicate an improved
morphology of the perovskite film upon cesium doping, which explains the PCE improve-
ment, where improved perovskite seeding may be induced by the cesium addition [16].
These seeds might later turn into nucleation sites for further growth of perovskite during
crystallization, which results in denser grains [16]. A similar process was found by Li
et al. where MAI-modified PbS nanoparticles behaved as growth seeds for highly compact
perovskite films [19]. To prove this mechanism, we characterized the crystallinity of the
pristine and cesium-doped perovskite films.

 

Figure 2. Top-view SEM images of perovskite films with (a) 0, (b) 2.5, (c) 5, and (d) 7.5 mol% cesium doping concentration.
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Figure 3a compares the XRD spectra of the cesium-doped and pristine perovskite
films. All peaks in the XRD patterns show the presence of the CH3NH3PbI3 tetragonal
crystal structure [20]. It can be seen that the intensity of the (110) peak at 14◦ of the cesium-
doped perovskite film is higher than that of the undoped one. Moreover, the peak at about
12◦, which relates to the (001) lattice planes of hexagonal PbI2, is dramatically reduced
with cesium doping. This indicates that the decomposition of the perovskite to PbI2 was
suppressed by cesium doping [21,22]. In the UV–vis light absorption (Figure 3b), a small
blue shift can be observed with cesium doping, indicating a slightly increased optical
bandgap, in good agreement with previous studies [23].

Figure 3. (a) XRD patterns. (b) Ultraviolet–visible absorption spectra of the perovskite films with different cesium doping
concentrations. (c) Nyquist plots of the PSCs without and with 5% cesium doping with a bias of 0.8 V. (d) Photoluminescence
(PL) spectra of the perovskite films without and with 5 mol% cesium doping.

We also conducted EIS for the PSCs under one sun illumination to obtain the resistance
information upon cesium doping. Figure 3c shows the Nyquist plots that are fitted with
the equivalent circuit, which is shown in the inset. After fitting, the series resistance (Rs),
charge recombination resistance (Rct), and chemical capacitance (Cct) of the films could
be obtained and the values of them are listed in Table S1. The Rs value for the case with
5 mol% Cs (60.5 Ω) is 33.0% lower than that without Cs doping (90.3 Ω), which contributes
to the enhancement of Jsc and FF. The Cct values, which are associated with the densities of
space charges at the interfaces, are similar for the cases with and without 5% Cs doping
(2.9 × 10−9 F and 3.0 × 10−9 F, respectively). The Rct of 5% Cs-doped sample (3198 Ω) is
lower than that of undoped sample (6653 Ω). Because the lower Rct indicates the larger
electron recombination at the interfaces, the Rct values predict the higher leakage current
and the lower Jsc for the Cs-doped samples. However, our experimental results show that
the doping of 5% Cs reduces the leakage current, as explained below, and increases the
Jsc (see Figure 4b). The experimental results of previous studies are also controversial;
some studies reported that Jsc increases with Rct [24–26], while other studies reported the
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increase in Rct reduced Jsc [27–29]. We speculate that Rct in our circuit model may not
correctly represent the recombination resistance; Rct in the circuit model was extracted
from a high frequency impedance semicircle, whereas some previous studies insisted that
Rct is related to both high and low frequency semicircles [30–32]. Further studies using
more sophisticated circuit models are required to obtain the more accurate Rct. Figure 3d
shows the PL spectra for the 5 mol%-Cs-doped and undoped perovskite films on glass
substrates. Evidently, the PL peak of the cesium-doped perovskite film was slightly blue-
shifted to 756 nm (the PL peak of the pristine perovskite film is at 760 nm), which is
consistent with the UV–vis absorption results in Figure 3d. The intensity of the PL peak of
the cesium-doped perovskite film is 24% higher than that of the pristine perovskite film,
which indicates decreased surface-trap states (related to non-radiative PL recombination)
and increased perovskite crystallinity (consistent with the SEM results) [33].

 

Figure 4. (a) Dark J−V characteristics of the PSCs with and without 5 mol% cesium doping. SCLC of the PSCs (b) without
and (c) with cesium doping. (d) PCE distribution box chart of the PSCs without and with 5% cesium doping.

Figure 4a showed the dark J–V characteristics of the 5 mol%-Cs-doped and undoped
PSCs. The cesium-doped PSC shows smaller leakage current than the reference PSC
without cesium doping across the voltage range 0 to −1.0 V. To analyze the trap density of
the perovskite films with cesium doping, we measured the SCLC of the hole-only devices
described above [34,35]. As shown in Figure 4b,c, the J−V curve can be divided into three
regions.

The first segment at low bias (<0.4 V) is the ohmic region, in which the current density
shows the almost linear increase with the voltage [36]. The second segment is called the
trap-filled limit (TFL) region, in which the current density has rapid nonlinear growth,
indicating the TFL in which the injected carriers deactivate available trap states [36]. At high
voltages, the current density increases slowly, which is referred to as the Child’s regime.
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The TFL voltage (VTFL) is the voltage where the ohmic and TFL current curves intersect.
The trap density (ntrap) can be calculated from VTFL using the following equation [37];

VTFL =
entrapL2

2ε0ε
(1)

where L is the perovskite film thickness, ε (≈5.7565) is the relative dielectric constant of the
CH3NH3PbI3 perovskite film [38], ε0 is the vacuum permittivity, and e is the elementary
charge. As a result, the ntrap values of the undoped and 5 mol%-Cs-doped devices are
5.8 × 1016 cm−3 and 3.6 × 1016 cm−3, respectively. The reduced trap density in the cesium-
doped sample can be explained by the reduced pinholes and improved crystallinity of the
perovskite layers (shown in Figure 2). In Figure 4d, it is shown that adding 5 mol% cesium
enhanced the average PCE.

XPS spectra for the 5 mol% cesium-doped perovskite film (Figure 5a) show the Cs
3d5/2 peak at 724.41 eV, confirming the presence of cesium in the sample. In Figure 5b, the
cesium doping slightly increases the binding energy of Pb 4f5/2 from 137.24 to 137.86 eV.
For I, the 3d5/2 peak is also blue-shifted by the cesium doping from 618.16 to 618.8 eV, as
shown in Figure 5c. We speculate that the doped cesium atoms cause local distortion in the
lattice, which may affect the binding energies of the Pb and I ions.

 
Figure 5. X-ray photoelectron spectroscopy (XPS) results for perovskite films without and with 5% cesium doping: (a) Cs
3d5/2, (b) Pb 4f5/2, and (c) I 3d5/2.

Our results demonstrate that Cs doping is effective for improving the crystallinity and
morphology of Pb(Ac)2-based perovskite layers, suppressing the formation of secondary
phases such as PbI2. Thus, Cs doping is promising for enhancing the PCEs of Pb(Ac)2-based
PSCs by improving the quality of perovskite films.

4. Summary

In this study, it is proved that suitable amounts of cesium can improve the film
morphology and crystallinity of Pb(Ac)2-based perovskite films and adjust the electrical
properties of the photoactive layer of perovskite for extracting more charge. PSCs based on
these Pb(Ac)2-based perovskite films were demonstrated with a PCE, Voc, Jsc, and FF of
15.57%, 0.98 V, 21.08 mA·cm−2, and 0.75, respectively. Additionally, the optimized devices
showed negligible hysteresis in the forward and reverse J–V scans. This research shows
that a perovskite precursor based on lead acetate is a promising source to achieve highly
efficient PSCs, and further improvements will be possible through subtle tuning of the
chemical composition.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-194
4/14/2/363/s1, Figure S1: Reverse scan and forward scan J–V curve of 5% Cs-doping device; Figure
S2: Tapping-mode AFM height images of (a) the pristine and (b) Cs-doped perovskite films.; Table
S1: Fitted values of the equivalent circuit parameters from dark Nyquist plots of devices without and
with 5% Cs.
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Abstract: A fluidic gallium-based liquid metal (LM) is an interesting material for producing flexible
and stretchable electronics. A simple and reliable method developed to facilitate the fabrication of a
photodetector based on an LM is presented. A large and thin conductive eutectic gallium indium
(EGaIn) film can be fabricated with compressed EGaIn microdroplets. A solution of LM microdroplets
can be synthesized by ultrasonication after mixing with EGaIn and ethanol and then dried on a PDMS
substrate. In this study, a conductive LM film was obtained after pressing with another substrate.
The film was sufficiently conductive and stretchable, and its electrical conductivity was 2.2 × 106 S/m.
The thin film was patterned by a fiber laser marker, and the minimum line width of the pattern was
approximately 20 μm. Using a sticky PDMS film, a Ga2O3 photo-responsive layer was exfoliated
from the fabricated LM film. With the patterned LM electrode and the transparent photo-responsive
film, a flexible photodetector was fabricated, which yielded photo-response-current ratios of 30.3%,
14.7%, and 16.1% under 254 nm ultraviolet, 365 nm ultraviolet, and visible light, respectively.

Keywords: eutectic gallium indium; EGaIn; liquid metal; gallium alloy; flexible photodetector;
flexible electronics

1. Introduction

A fluidic gallium-based liquid metal (LM) is an interesting material for flexible and stretchable
electronics and has received much attention from researchers owing to its extraordinary electrical
conductivity and outstanding mechanical properties [1–4]. It is known that various materials have been
utilized for manufacturing flexible and stretchable electronics [5–7]. However, these materials are not
flexible and stretchable in the bulk state and need to be treated further. Interestingly, LM has a fluidic
nature at room temperature and thus has potential for various applications in stretchable electronics.
With the rapid development of artificial and flexible applications and systems, such as flexible and
wearable electronics [8,9], electronic skins [10–12], sensors [13,14], and energy harvesting and storage
devices [15–17], LMs can be utilized for various applications in these fields. In particular, gallium-based
LMs, such as eutectic gallium indium (EGaIn, Ga/In 85.8%/14.2%), have been intensively investigated
in recent years because their toxicity is lower than that of mercury. For instance, gallium-based LMs
can be used as high-elasticity droplets [18], self-powered liquid metal machines [12], conductive traces
for circuit boards [19,20], soft electrodes for plasma [21], and reconfigurable antennas [22,23].

The patterning of LM film is another strategy for the fabrication of wearable, flexible, and stretchable
devices. In contrast to other solid metals, manipulation of LM is difficult because of its high surface
tension in the fluidic state and quick oxidation in air. To overcome this, various patterning methods
for gallium-based LM have been developed. LM electrodes with patterned structures have been
developed by many facile and cheap printing methods, including 3D printing [24], direct printing [25],
inkjet printing [26], stencil printing [27], photolithography [28], masked deposition [29], microcontact
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printing [30], laser patterning [31] and dielectrophoresis [32,33]. One of these methods, laser patterning,
can be used with various materials and is a fast and simple method for fabricating devices [34,35].
Therefore, we tried to fabricate the desired LM patterns by the laser ablation method. It is expected
that a thin LM film can be rapidly patterned by a fiber laser marker without fatal damage to the
polydimethylsiloxane (PDMS) substrate because only metals can absorb energy at a wavelength of
1064 nm, while PDMS cannot.

In addition to the fabrication of conductive LM film, another main area of this work is the
utilization of a newly formed metal oxide layer of LMs during the process. Most LMs based on
gallium alloys are rapidly oxidized in contact with oxygen and form an ultrathin metal oxide layer by
a self-limiting reaction [2,4,36]. It is known that a transparent Ga2O3 film is used as a photo-responsive
film to measure low-density ultraviolet (254 nm and 365 nm) and visible light [37,38]. Furthermore,
it has been reported that the oxidized layer could be exfoliated from the LMs with adhesive materials
that are used as 2D materials for the semiconducting layer [39]. Thus, it is considered that the newly
formed Ga2O3 film in this work can be separated with an adhesive material, and this layer would show
photo-responsive performance.

In this work, we introduce a simple and reliable method to fabricate a flexible and transparent
photodetector based on an LM. A large and thin conductive EGaIn film can be fabricated with
compressed EGaIn microdroplets. The LM film is sufficiently conductive and can be rapidly patterned
by laser ablation. In addition, a photo-responsive gallium oxide layer can also be separated with an
adhesive PDMS substrate from a conductive LM film. A flexible and transparent photodetector was
fabricated by combining the patterned LM electrode and the separated Ga2O3 film.

2. Materials and Methods

2.1. Fabrication of Liquid Metal (LM) Microdroplets

EGaIn (75.5 wt% Ga and 24.5 wt% In, Sigma-Aldrich, St. Louis, MO, USA) was used to prepare
the microdroplets. It consists of Ga and In, and its melting point is 15.7 ◦C. EGaIn (500 mg) was placed
in a 20 mL vial and was filled with ethanol (94.5%, Daejung, Korea). Hereafter, the vial was sonicated
using an ultrasonic cleaner (80 W, 40 KHz) for 30 min. After ultrasonication, a suspension of LM
microdroplets (<10 μm) was formed, as shown in Figure 1a.

2.2. Preparation of Fully and Incompletely Cured PDMS Substrates

The fully-cured PDMS substrate was prepared by the following process: A PDMS (Dow Corning,
Sylgard 184 A/B) mixture with a monomer and a curing agent (at a ratio of 10:1) was prepared and
poured onto a flat Petri dish (SPL, Gyeonggi, Korea). The bubbles arising from the vacuum chamber
were removed after 1 h, post which it was cured in a convection oven for another 1 h at 80 ◦C. For an
incompletely-cured PDMS substrate, a PDMS mixture with a monomer and a curing agent (at a ratio of
11:1) was used. The mixture was poured on a flat Petri dish, and the height of the incompletely-cured
PDMS substrate was 1 mm. It was then cured in an oven for 15 min at 80 ◦C after removing the bubbles.

2.3. Fabrication of Thin Conductive LM Film with Microdroplet Suspension

A suspension of LM microdroplets formed by ultrasonication was dropped on a flat, fully-cured
PDMS substrate and dried at room temperature for 24 h to avoid formation of cracks by rapid solvent
evaporation. Subsequently, another flat, fully-cured PDMS substrate was placed onto the dried LM
film, which was then pressed by a hydraulic press at 15 MPa for 1 s. After removing the pressure,
the upper PDMS substrate was peeled off from the bottom substrate. Finally, thin conductive LM films
were left on both the upper and bottom PDMS substrates.
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Figure 1. (a) Preparation process of EGaIn microdroplets; (b) Illustration of the fabrication process of a
flexible and transparent photodetector.

2.4. Laser-Engraved Conductive Patterns and Circuits

The thin liquid metal (LM) film was patterned by a fiber laser marker (50 W, Dongil laser
technology, Gyeonggi, Korea). The desired circuits and electrodes were fabricated by a subtractive
method at a resolution of 20 μm. The scanning speed of the fiber laser marker was 600 mm/s, and the
power intensity of the laser was 1% of its maximum power. A pattern with an area of 4 cm2 could be
engraved within 5 s by a fiber laser marker.

2.5. Fabrication of a Photodetector Based on Oxidized LM Film

An incompletely-cured thin PDMS film was placed slightly on the surface of a gallium-based
conductive thin film for conformal contact. The gallium oxide (<10 nm) film on the LM was attached
to the incompletely-cured PDMS film, and it was exfoliated from the conductive film after the peeling
off process. After cutting down a part of the transparent gallium oxide film on the PDMS film, it was
then placed onto the laser-patterned EGaIn electrodes. Finally, the photodetector was fabricated with a
transparent gallium oxide film and patterned conductive EGaIn electrodes.

2.6. Characterization

A semiconductor characterization system (Keithley 4200, Beaverton, OR, USA) was used to
analyze the electrical properties of the conductive electrodes. Bending and stretching tests were also
performed. Photo-detective tests under the irradiation of an ultraviolet (UV) lamp (8 W, Vilber Lourmat,
Marne La-Vallee, France) were also carried out at various wavelengths. The tests were also done
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under a tungsten–halogen lamp (FOK-100 W, Fiber Optic Korea, Cheonan, Korea). Atomic force
microscopy (AFM) and scanning electron microscopy (SEM) images were obtained using a multimode
AFM (Nanoscope IIIa, Digital Instruments, Bresso, Italy) and FE-SEM (JSM-7500F, Jeol, Tokyo,
Japan), respectively.

3. Results

LM based on gallium alloys (EGaIn) was used for the device. In Figure 1a, the preparation process
of EGaIn microdroplets is shown. A suspension of LM microdroplets was formed by ultrasonication
in ethanol. The inner core of the droplet is EGaIn and is surrounded by gallium oxide with an outer
carbon shell [40–42]. In Figure 1b, a schematic illustration of the entire process is shown. The solution
was dropped on a flat, fully-cured PDMS substrate and dried at room temperature for 24 h to avoid the
formation of cracks by rapid solvent evaporation during the drying process.

LM droplets by ultrasonication were distributed on the PDMS substrate after solvent evaporation,
as shown in Figure 2a. EGaIn microdroplets synthesized by ultrasonication were distributed uniformly
on the PDMS substrate, and the size of the droplets was smaller than 3 μm, as shown in Figure 2b.
Round droplets were observed, and the droplets were wrapped with oxidized gallium material.
The film with stacked LM droplets itself is not conductive because it is difficult for an electron to move
a long distance through the nonconductive oxidized layers from one droplet to another. The advantage
of using the droplets formed by ultrasonication is that it is possible to fabricate a thinner and more
uniform LM film when the droplets are used. With bulk EGaIn, it is difficult to create a thin film
because the high surface tension of a bulk LM makes it difficult to manage the LM.

 

Figure 2. (a) Liquid metal microdroplets distributed on a PDMS substrate; (b) SEM image of the liquid
metal (LM) microdroplets; (c) Image of a thin conductive LM film after peeling off process; (d) SEM
image of the continuous conductive LM film on a PDMS substrate; (e) The transparent gallium oxide
film attached on a PDMS after peeling off from the LM film; (f) Magnified optical image; (g) SEM image
of the transparent film of (e); (h) a piece of the thin tore transparent film on a PDMS substrate; (i) The
thickness and (j) the roughness of transparent gallium oxide film (boxed area) by AFM; (k) XRD pattern
of the exfoliated film on a PDMS substrate.
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Subsequently, another flat, fully-cured PDMS substrate was placed onto the dried microdroplet
film, which was then pressed by a hydraulic press at a pressure of 15 MPa. The droplets were
squashed out and connected to each other by pressure after breaking the oxidized layers of the droplets.
The oxidized parts remained in the film inside. However, the connected droplets formed a large
conductive thin film, as shown in Figure 2c,d. The amount of oxidized material is much lower than
that of the conductive part, and the film is sufficiently conductive for use in electric devices. The top
PDMS substrate on the sandwiched LM film was then peeled off. After that, half of the LM remained
on the bottom substrate, and another half was transferred onto the top substrate. As a result of the
peeling process, two conductive LM sheets were obtained on the top and bottom PDMS substrates.
The LM film was formed on the flat PDMS substrate over the entire area. It is difficult to fabricate a
very thin LM film from bulk LM because of its high surface tension. However, this difficulty has been
overcome by using LM microdroplets. In this work, one of the LM-coated sheets (bottom) was used as
a conductive electrode, and another (top) was used for utilizing a photo-responsive layer.

Moreover, an extremely thin oxidized layer could be separated from the LM films by peeling offwith
a sticky PDMS film. The incompletely-cured PDMS film with strong adhesion was designed to peel off
the oxidized layer from the surface of the LM thin film for large-area fabrication. The incompletely-cured
PDMS film was placed and covered on the surface of the LM thin film, and it was brought into contact
with the oxidized layer of the LM, forming a conformal contact. Hereafter, the transparent oxidized
layer was sliced out from the LM film, at the time of peeling off the uncured PDMS film. The optical
image of the separated gallium oxide film from the LM film is shown in Figure 2e. The film is very
thin and transparent. As shown in Figure 2f,g, small LM spots (<10 μm) remained on the transparent
film. However, all the spots were surrounded by gallium oxide film and isolated from each other.
Thus, the separated gallium oxide film is laterally nonconductive. The transparent nonconductive
film was analyzed by grazing incidence X-ray diffraction (GIXRD). The oxidized sample was prepared
on a PDMS substrate, and the graph obtained by GIXRD is shown in Figure 2k. The baseline was
similar to reported GIXRD data of bare PDMS [43], and a broad peak was observed around 35◦. It is
known that GIXRD peaks are also observed at 34◦ and 36◦ for a gallium oxide material. Thus, it is
concluded that the transparent film is gallium oxide, since the peaks of gallium oxide appear on the
graph, and the material was also responsive to UV light in this work. Finally, the separated transparent
film was used for fabricating a photodetector because the oxidized thin film is a material mainly
based on gallium oxide and it shows high photo-detective property, as reported previously [37,38].
The separated oxidized film on a PDMS substrate could be easily cut using a scissor. Then, it was
placed on the substrate between the cathode and anode to fabricate a photodetector. After placing the
gallium oxide on the PDMS film between the electrodes, the photodetector with transparent film and
flexible LM electrodes was completed, as shown in Figure 1b.

In addition, to fabricate a desirable pattern for a flexible and stretchable device, a fiber laser
marker (λ ~ 1064 nm) was used for designing the patterns on a conductive LM film. The fabricated
conductive films are shown in Figure 3a. A laser engraving method is an efficient way to establish
flexible electrodes and patterns for devices. The SEM images in Figure 3b show the pattern with
various sizes based on EGaIn by a fiber laser marker. The advantages of using a fiber laser marker for
the patterning process are fine pattern resolution and less damage to transparent substrates, such as
PDMS or glass, during the patterning process. In fact, buckling of the PDMS substrate due to heat
was observed when LM was blazed out. The method can establish a sub-100 μm pattern, and the
minimum line was approximately ~20 μm in the experiment. Furthermore, better resolution can be
achieved using the laser blazing method if highly qualified equipment is used for patterning [44]. In a
previous report, a CO2 laser, not a fiber laser, was used for cutting the LM electrode inside the PDMS
substrate [31]. Actually, the CO2 laser blazed out the PDMS, and not the LM, in the experiment. In this
work, different mechanisms were used. It is known that metal substrates absorb only a small amount
of energy from the CO2 laser, and most of the energy from the CO2 laser is reflected [45]. In contrast,
a metal can absorb the energy of a fiber laser. Thus, the fiber laser is suitable for patterning thin LM
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films. It could easily remove a thin LM film (<1 μm) quickly. Complex patterns with a resolution
below 100 μm (~20 μm) could be made using a fiber laser in this work.

 

Figure 3. (a) Images of a conductive EGaIn film patterned by a fiber laser marker; (b) SEM images of
conductive EGaIn film patterned by a fiber laser marker, showing a maximum resolution of the pattern
of approximately 20 μm; (c) Resistance of the EGaln electrode under bending and stretching.

After peeling off the top PDMS substrate, half of the LM remained on the bottom substrate and
another half was transferred to the top substrate, as shown in Figure 1b. As a result of the peeling
process, two conductive LM sheets were obtained. Resistance measurement during the stretching
test was also performed with an LM electrode (5 mm long and 80 μm wide). It was measured by
a semiconductor parameter analyzer, and the characteristic performances of the flexible electrodes
are shown in Figure 3c. Resistance of the EGaIn film is between 19.7 Ω and 41.7 Ω; this increases
slightly when the film is stretched to 170% of its initial length. The electrical conductivity of the
EGaIn film in this work was 2.2 × 106 S/m. The value is approximately two-thirds of its known value
(pure EGaIn, ~3.4 × 106 S/m) and was measured using a resistivity meter (Loresta-GX MCP-T700,
Mitsubishi Chemical Analytech, Yamato, Japan) with a four-pin probe to overcome the effect of contact
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resistance. According to the results, the film is sufficiently conductive to be used as an electrode in
the circuit. Here, one of the LM sheets was used as a conductive electrode and the other was used
for a photo-responsive layer. The thickness of the LM films measured by AFM was approximately
600 nm. It is known that it is difficult to fabricate a very thin LM film because of its high surface tension.
However, we could overcome this difficulty by using LM droplets and making a thin (< 1 μm) LM film
on the substrate.

4. Discussion

4.1. Fabrication of the Photodetector

In Figure 2b, a conductive LM thin film and a transparent gallium oxide film that is separated
from the LM film are shown. All films were fabricated on a large PDMS substrate (5 × 5 cm). As shown
in Figure 2d, the morphology of the conductive LM film was not smooth because LM was immediately
oxidized and solidified when exposed to air after the peeling-off process. The thickness of the
conductive LM film measured by AFM was approximately 600 nm. To measure the thickness of the
exfoliated gallium oxide layer, the transparent film on the PDMS substrate was transferred onto a
silicon substrate. The measured thickness of the exfoliated metal oxide film by AFM was 8.7 nm,
as shown in Figure 2i, and the surface roughness (RMS roughness) of the exfoliated 2D Ga2O3 layer
for a flat area was 2.254 nm, as shown in Figure 2j. It is assumed that the measured value of the
gallium oxide layer is thicker than the known value (~3 nm) because there is further oxidation during
the separation process. In this work, the separated transparent film was used as an active layer in a
photodetector because the oxidized film based on the gallium oxide is highly photo-detective.

4.2. Device Characterization

A photo-sensitive device was fabricated with flexible electrodes and a transparent gallium oxide
film based on LM(EGaIn), as shown in Figure 4a. The black rectangular areas on the right side of the
figure are the LM electrodes patterned by a fiber laser, and the transparent area is a gallium oxide
film beneath the PDMS substrate. The center image in Figure 4a shows the bird’s-eye view of the full
structure of the device.

It is known that Ga2O3 has a wide bandgap (4.5~4.9 eV) at room temperature [46,47]. As a result,
the device is used to measure ultraviolet and visible light as a high-range photodetector. As shown
in Figure 4b, the characteristics show an obvious photo-responsive performance under periodic
illumination. Photo-responsive tests were also performed with light of three different wavelengths.
The devices were illuminated by light periodically at intervals of 30 s with three wavelengths: 254
nm, 365 nm, and visible light. The rise/decay times of the device under illumination of 254 nm, 365
nm, and visible light were 28.2 s/26.7 s, 18.3 s/21.9 s, and 29.1 s/23.6 s, respectively. The responsivities
(R) under illumination of 254 nm, 365 nm, and the visible light at 1 V were 2.8 × 10−2 A/W, 3.3 × 10−3

A/W, and 2.6 × 10−6 A/W, respectively. As shown in Figure 4c, the device based on EGaIn shows a
photo-response-current ratio (ΔI/I0) of 30.3% under 254 nm ultraviolet light with an intensity of 0.1
mW/cm2. It also shows photo-response–current ratios of approximately 14.7% and 16.1% under the
illumination of a 365 nm ultraviolet and an ordinary visible light, respectively.
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Figure 4. (a) Images of the photodetector combined with the conductive electrode and photo-responsive
film; (b) Time-dependent photo-response curves and (c) photo-response-current ratios of the
photodetector under illumination with ultraviolet light (λ~254 nm and 365 nm) and visible light.
The bias voltage was 0.1 V, and the on/off time of lights was 30 s/30 s.

5. Conclusions

This work describes a new type of flexible photodetector based on a liquid gallium alloy. A simple
and reliable method was introduced to fabricate a flexible and transparent photodetector based on
LMs. The photodetector was fabricated with a material, EGaIn. Both a conductive electrode and
a photo-responsive layer could be obtained from the material and fabricated on PDMS substrates.
The fabrication process of a conductive film based on LM microdroplets is an efficient method to
fabricate a large-area (5 × 5 cm), flexible, and stretchable LM film. The laser ablation method was
also used to fabricate flexible and stretchable electrodes, and the width of the patterned electrodes
could be controlled at a level of 20 μm. A photo-responsive layer (~8.7 nm) was exfoliated with
an incompletely-cured PDMS by peeling off from the surface of the oxidized LM film. Finally,
the photodetector could be made by combining the patterned electrodes and the photo-responsive film.
It shows 30.3%, 14.7%, and 16.1% of the photo-response–current ratio under wavelengths of 254 nm
and 365 nm in the ultraviolet band, and ordinary visible light, respectively.

The key contribution of this method is that a photosensitive device was fabricated with one
material. The semiconducting active layer was exfoliated from conductive materials, and both layers
were used in the same device. The laser ablation method shows high performance of controllable,
accurate, and efficient patterning. It is expected that the results with LM and various techniques in this
work will contribute to advances in the fields of flexible and stretchable sensors.
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Abstract: Non-volatile liquid organic semiconducting materials have received much attention as
emerging functional materials for organic electronic and optoelectronic devices due to their remarkable
advantages. However, charge injection and transport processes are significantly impeded at interfaces
between electrodes and liquid organic semiconductors, resulting in overall lower performance
compared to conventional solid-state electronic devices. Here we successfully demonstrate efficient
charge injection into solvent-free liquid organic semiconductors via cracked metal structures with a
large number of edges leading to local electric field enhancement. For this work, thin metal films on
deformable polymer substrates were mechanically stretched to generate cracks on the metal surfaces
in a controlled manner, and charge injection properties into a typical non-volatile liquid organic
semiconducting material, (9-2-ethylhexyl)carbazole (EHCz), were investigated in low bias region (i.e.,
ohmic current region). It was found that the cracked structures significantly increased the current
density at a fixed external bias voltage via the local electric field enhancement, which was strongly
supported by field intensity calculation using COMSOL Multiphysics software. We anticipate that
these results will significantly contribute to the development and further refinement of various organic
electronic and optoelectronic devices based on non-volatile liquid organic semiconducting materials.

Keywords: organic electronics; liquid semiconductors; charge injection; surface engineering;
crack engineering

1. Introduction

Non-volatile liquid organic semiconducting materials have attracted a lot of interest as
emerging functional materials for organic electronic and optoelectronic devices in recent years,
because these fluidic materials present outstanding advantages such as tunable optoelectronic responses,
degradation-free characteristics, solvent-free processability, and ultimate mechanical flexibility and
uniformity [1–8]. Various electronic and optoelectronic applications, such as photorefractive devices,
organic light-emitting diodes, dye-sensitized solar cells, memory devices, and optically pumped
lasers, have been already demonstrated using non-volatile liquid organic semiconductors as active
materials [5–16]. In particular, it has been reported that fresh liquid organic semiconductors can be
continuously injected into the devices through microfluidic channels for preventing performance
degradation [15,16]. However, due to the relatively low efficiency in comparison with conventional
solid-state devices, considerable research efforts have been devoted to the development of novel
molecular structures and device architectures to improve device performance, which is still a
challenge [1,11,13–17].
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Since charge carriers (i.e., electrons and holes) for operating organic electronic and optoelectronic
devices should be essentially injected from electrodes, efficient charge injection into the liquid organic
layers is necessarily required to realize high-performance devices based on the non-volatile liquid
organic semiconductors [3,17,18]. However, the fluidity of the liquid organic materials causes
difficulties in inducing preferable molecular orientations on the electrodes for facilitating charge
injection, and intermolecular distances in liquid phases are intrinsically longer than those in solid
phases (i.e., less dense molecular packing in liquid phases). Charge injection and transport processes
are thus significantly impeded at the interfaces between the electrodes and the liquid organic materials,
resulting in overall lower performance [19–25]. In this context, various methods such as inserting
buffer layers and adding ionic dopants have been employed to reduce charge injection barriers and
to increase charge carrier concentrations [12,26–32]. In addition, the charge carrier injection into the
organic liquid materials is expected to be significantly improved if the local electric fields inducing
the migration of charge carriers near the interfaces are enhanced [18,26,27,33,34]. The electric fields
are spontaneously concentrated at the edges of the field plates (i.e., edge effect) [35–38], where the
field intensities are locally increased, and thus the field plate structures (i.e., shapes of electrodes) play
a decisive role in the spatial distributions of electric fields. This phenomenon is also applicable to
interface engineering for improving the charge injection characteristics of organic electronic devices.

Here we successfully demonstrate efficient charge injection into solvent-free liquid organic
semiconductors via cracked metal structures with a large number of edges leading to local electric
field enhancement. For this work, silver (Ag) thin films, deposited on deformable fluorinated ethylene
propylene (FEP) substrates, were used to generate cracks on the field plates in a controlled manner.
The Ag films on the polymer substrates were mechanically gripped and stretched up to fixed ratios,
resulting in the formation of the cracks with reproducible patterns [39,40]. Although this simple
cracking method can be easily performed to fabricate a large number of edges on metal surfaces
without any lithographic processes, heavily cracked metal electrodes normally give a rise to high
electrical resistance resulting in performance degradation [41–43]. To avoid increases in electrical
resistance originating from the structural deformations, the cracked Ag films were transferred and
welded onto other intact Ag films to complete the electrode structures, and then the charge injection
properties were investigated using a typical non-volatile liquid organic semiconducting material,
(9-2-ethylhexyl)carbazole (EHCz) [1,5–8,10,12–14]. The fluidity of EHCz with a glass transition
temperature below 0 ◦C facilitates the penetration of the molecules into the crack structures of the
electrodes, clearly showing the effects of the engineered interfacial structures in charge injection. It was
found that the cracked structures significantly increased the current density at a fixed external bias
voltage via the local electric field enhancement, which was strongly supported by field intensity
calculation using COMSOL Multiphysics software. These results suggest great potential for the
development and further refinement of various organic electronic and optoelectronic devices based on
non-volatile liquid organic semiconducting materials.

2. Materials and Methods

2.1. Materials

The deformable FEP films with a thickness of 0.125 mm (Teflon®FEP) and EHCz were purchased
from Alphaflon (Seoul, Korea) and Sigma Aldrich (Seoul, Korea), respectively, and used as received.

2.2. Device Fabrication

The cracked metal electrodes used in this work were prepared as schematically illustrated in
Figure 1. The Ag thin films with a thickness of 30 nm were preferentially deposited on the deformable
FEP substrates by thermal evaporation in vacuum (<1.0 × 10−6 Torr). The samples were individually
gripped in a rectangular frame for applying tensile forces, and then uniaxially and biaxially stretched
to 120% and 140%, respectively (designated “UA120”, “UA140”, “BA120”, and “BA140”; see also
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Table 1). It should be noted that the maximum stretching ratio which was reliable without tearing
or slipping of the sample in our experimental setup was 140%. To prevent an increase in electrical
resistance, each cracked Ag film was transferred and welded onto another intact Ag film by means of
cold-welding [44–47]. For the cold-welding process, the stretched Ag/FEP sample was brought into
contact with the intact Ag film (with a 30-nm thickness) deposited on a glass substrate, and subsequently
pressed with a pressure of 0.2 MPa for 90 s at room temperature. The FEP substrate was then easily
peeled off from the sample without residue owing to a lower surface energy of FEP (see Figure 1c).
All the transferred samples exhibited no significant change in high electrical conductivity, compared to
a reference electrode (i.e., the intact Ag film with a 60-nm thickness deposited on the glass substrate).
It was also confirmed that the cracked Ag films were neatly transferred onto the intact Ag films,
using scanning electron microscopy (SEM).

Figure 1. (a) Schematic illustration of the preparation of cracked Ag electrode in a controlled manner, and
the fabrication of device. (b) Chemical structure of (9-2-ethylhexyl)carbazole (EHCz). (c) Photographic
images of the cracked Ag film after completing the cold-welding process. (d) Photographic image of
the cracked Ag film inducing diffuse reflection.

Table 1. Stretching ratios of Ag films.

Sample Name Stretching Ratio (X-Axis) Stretching Ratio (Y-Axis)

Reference 0% 0%
UA120 20% 0%
UA140 40% 0%
BA120 20% 20%
BA140 40% 40%

X- and Y-axes are in-plane, which are perpendicular to each other.

Each prepared Ag electrode was covered with another glass substrate coated with indium-tin
oxide (ITO) (20 Ω sq−1), and silica microsphere spacers (of 5-μm diameter) were used for a fixed gap
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distance between Ag and ITO. The gap between the two electrodes was then filled with EHCz by
capillary action to complete the device structure (see Figure 2). The active area of each device was
1 × 1 cm2. It is worth noting that EHCz is highly viscous, which substantially hinders the infiltration
into smaller gaps (in the submicron range). Even if EHCz well stays in the gap without leakage due to
its high viscosity, the two substrates (i.e., lower and cover glasses) should be securely fixed to prevent
slipping by the liquid.

Figure 2. (a) Configuration of device to investigate the charge injection properties via local electric
field enhancement. (b) Photographic image of the device illustrated in (a), under 365 nm UV light.
The optically excited EHCz material under UV irradiation clearly revealed its liquid boundary during
the capillary action (indicated by yellow arrows). Red dashed boxes indicate the locations of silica
microsphere spacers. (c) Optical microscopy image of a cross section of the device in (b). The gap
between the two electrodes is indicated by red arrows.

2.3. Measurements

The current density-voltage (J-V) characteristics of the devices were measured in response to a
voltage sweep from 0.0 to +1.0 V, using a Keithley 2636 source meter. The capacitance of EHCz was
also measured with Agilent 4284A Precision LCR Meter (Agilent, Santa Clara, CA, USA), to evaluate
the dielectric constant.

2.4. Field Intensity Calculation

The field intensity within the device was calculated using COMSOL Multiphysics software
(Burlington, MA, USA). Model structure of the device was prepared, based on the experimental
observation as will be discussed in the Section 3. Static analysis was also performed to elucidate the
spatial distribution of local electric fields within the device at a fixed bias voltage of +1.0 V.

3. Results

The prepared Ag electrodes via mechanical stretching exhibited a matt dark gray color, because
the cracked metal structures cause diffuse reflections rather than specular reflections (see Figure 1d).
To confirm the overall shapes of the cracks formed on the Ag electrodes, the samples after completing
the cold-welding processes were investigated using SEM as shown in Figures 3 and 4. For the UA120
and UA140 samples (i.e., uniaxially stretched to 120% and 140%, respectively), the Ag films tended to
crack in the form of a one-dimensional line. With an increase in the uniaxial stretching ratio, the overall
crack size increased, and the edges of the cracks were more clearly observed. Particularly, in the
UA140 sample, minor cracks were further observed between the major cracks, leading to a higher crack
density compared to UA120 (see Figure 3d). For the BA120 sample, which was biaxially stretched to
120%, the orientations of the cracks were significantly diversified in comparison with the uniaxially
stretched samples. The overall shape and density of the cracks were comparable to the minor cracks
of UA140; however, large cracks similar to the major cracks of UA140 with the well-defined edges
were not observed in BA120. As the biaxial stretching ratio increased up to 140% (i.e., BA140), the Ag
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film was eventually divided into island forms by major cracks, and an average area of the islands was
found to be less than 3 μm2. In comparison with the other samples, minor cracks with a higher density
were clearly observed within the Ag islands as shown in Figure 3h.

Figure 3. SEM images of the cracked Ag electrodes after completing the cold-welding processes. (a,b)
SEM images of the UA120 sample. No further deformation of Ag was observed between crack lines as
in (b). (c,d) SEM images of the UA140 samples. Minor cracks were further observed between major
crack lines as in (d). (e,f) SEM images of the BA120 sample. Orientations of cracks were significantly
diversified in comparison with the uniaxially stretched samples as in (f). (g,h) SEM images of the
BA140 sample. The Ag film was divided into island forms as in (g), and minor cracks with a high
density were clearly observed within the Ag islands as in (h).
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Figure 4. (a) SEM image of a selected cross section of the BA140 sample after completing the
cold-welding process. (b) Colored SEM image of a selected cross section of the same sample as in (a).
Red, green, and blue regions represent the glass substrate, the intact Ag film, and the cracked Ag film,
respectively. The cross section of the crack (with 700 nm width and 30 nm depth) is clearly revealed in
the blue region.

Figure 4 also shows cross-sectional SEM images of the BA140 sample. For these SEM measurements,
platinum (Pt) was coated onto the sample with a thickness of ~5 nm to clearly observe the non-conductive
glass substrate. It was confirmed that the cracked Ag film was neatly transferred and welded on the
intact Ag film through the cold-welding process. It is worth noting here that metal oxide layers could
not be easily transferred and welded onto other substrates in our experimental setup, and thus binding
materials would be required to enhance adhesion.

The J-V characteristics for the devices were measured in response to a voltage sweep from 0.0 to
+1.0 V, as shown in Figure 5. It should be noted that the charge carriers are normally accumulated
in the organic layers in high bias voltage region, due to the relatively low charge carrier mobility.
Such charge carrier accumulations in the organic layers give a rise to changes not only in the electric
field distributions, but also in the J-V characteristics (i.e., from ohmic currents to space-charge-limited
currents) [17,26,28,48,49]. Thus, changes in the charge injection properties according to the local
electric field enhancement can be more clearly examined in low bias region (i.e., ohmic current region).
As indicated in Figure 5, the current density was gradually increased as the density of the cracks
on the Ag electrode increased. In particular, it was found that the slope ratio of the device with the
BA140 electrode to the reference devices was ~170 in the J-V characteristics. At a fixed bias voltage
of +1.0 V, the current densities were measured to be 6.68 × 10−8, 6.60 × 10−7, 1.08 × 10−6, 2.20 × 10−6,
and 1.16 × 10−5 A cm−2 for reference, UA120, BA120, UA140, and BA140, respectively. It is worth
noting that EHCz is an intrinsically p-type material, of which conduction is entirely governed by
holes [1], and the devices presented in this work can be described as hole-only devices.

All the devices showed linear J-V characteristics within the bias voltage range (i.e., 0.0 to +1.0 V),
indicating the ohmic behaviors of the devices in low bias region. If there is no change in charge
carrier mobility, the ohmic currents of organic electronic devices at constant temperature are normally
enhanced as the initial concentrations of charge carriers within the semiconducting layers increase using
ionic dopants [31,32]. However, in this work, the increases in the ohmic currents were solely induced
by the injected charges from the electrodes without using any extra dopants. These results strongly
suggest that efficient charge injection via local electric field enhancement can exert similar effects to the
introduction of ionic dopants on J-V characteristics in terms of charge carrier concentrations. It is notable
that the maximum ohmic current density of 1.16× 10−5 A cm−2 in this work is relatively lower than those
of other solid-state devices based on carbazole derivatives or similar organic semiconducting materials.
In ITO/undoped organic semiconductor/metal structures, previous works reported ohmic current
densities of ~10−4 A cm−2 for 4,4′,4′′-tris(N-3-methylphenyl-N- phenyl-amino)-triphenylamine [32],
poly(2,6-diphenyl-4-((9-ethyl)-9H-carbazole)-pyridinyl-alt-2,7-(9,9-didodecyl)-9H-fluorenyl) [50],
and N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine [51], and even higher ohmic current densities
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were also found with a few of carbazole derivatives [52]. In addition, a few photoluminescent devices
were successfully demonstrated using EHCz as a host material in the previous studies [5,6,8]; however,
at the current stage, we could not observe electroluminescence from dye-doped EHCz materials due to
the imbalance of electrons and holes.

Figure 5. (a) Current density-voltage (J-V) characteristics of the devices using the reference, UA120,
UA140, BA120, and BA140 electrodes, in a linear scale. The characteristics were measured in low bias
region (i.e., ohmic current region). All the characteristics showed a linear relationship, and that the
slope ratio of the device with the BA140 electrode to the reference devices was ~170. (b) Electric field
dependence of the current density. All the slopes were measured to be ~1, indicating ohmic current in
each device.

The field intensity calculation was also performed to investigate the local electric field enhancement
induced by a highly cracked metal structure as shown in Figure 6. The cracked Ag structure with
a depth of 30 nm was considered for the calculation, on the basis of the observed SEM image (see
Figure 6b). In the simulation model, the gap distance between the lower Ag and upper ITO electrodes
was fixed at 5 μm, and the gap was filled with a dielectric material corresponding to EHCz. For the
dielectric material, dielectric constant of 3.02, electrical conductivity of 2.1 × 10−9 S cm−1, and density of
1.004 g mL−1 were used as material parameters to simulate EHCz. It should be noted that the dielectric
constant of EHCz was experimentally measured for this work. For the measurement, EHCz was
injected into the gap between two Ag electrodes with a gap distance of 5 μm, of which the capacitance
was monitored at a frequency of 1 kHz. The measured capacitance was converted into the dielectric
constant in consideration of active area and thickness.

Static analysis was performed to clarify the spatial distribution of local electric fields within the
device at a fixed bias voltage of +1.0 V. According to the distance from the Ag bottom, the local electric
field intensities were calculated for the selected cross sections, as shown in Figure 6a. The local electric
field intensities were significantly enhanced within the cracks of the Ag electrode, of which apexes were
found at the upper edges. In particular, the intensity of the local electric field increased up to ~4000 V
cm−1 at the upper edges. To clearly show the local electric field enhancement, the field intensities for
the selected cross section were further visualized as shown in Figure 6c. These calculation results were
in good agreement with the experimental results, where charge injection properties were dramatically
improved by the high-density cracks contributing to local electric field enhancement.
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Figure 6. (a) Local electric field intensities according to the distance from the Ag bottom, based on
the field intensity calculation at a fixed bias voltage of +1.0 V. Blue circles indicate the local electric
field intensities in the device with a highly cracked Ag structure (30-nm depth), and a red dashed
line indicates the electric field in the reference device. (b) Model structure configured for the field
intensity calculation in (a), and SEM image of BA140 used to prepare the model structure. (c) Local
electric field intensities visualized for a selected cross section. The boundary between Ag and EHCz
is indicated by a white line. The intensity level, presented by colors, increases from blue to red (i.e.,
blue-green-yellow-red).

4. Summary

We demonstrate efficient charge injection into solvent-free liquid organic semiconductors via
cracked metal structures with a large number of edges leading to local electric field enhancement.
For this work, the Ag thin films on the deformable FEP substrates were mechanically stretched to
generate the cracks on the surfaces in a controlled manner, and subsequently transferred and welded
onto other intact Ag films for avoiding increases in electrical resistance. Using the prepared Ag
electrodes with varied crack densities, the charge injection properties into EHCz were investigated
in low bias region (i.e., ohmic current region). It was found that the device with the highly cracked
electrode dramatically increased the current density within the ohmic current region, indicating that
efficient charge injection via local electric field enhancement can exert similar effects to the introduction
of ionic dopants on J-V characteristics in terms of charge carrier concentrations. Although the hole-only
devices were demonstrated in this work, these results still offer a wide range of possibilities for various
device applications. Careful consideration of work functions of electrodes and cascade energy levels
would be required for optimizing the device design or selection of device components. In addition,
the field intensity within the device was calculated using COMSOL Multiphysics software, based on
the experimental observation, and static analysis was also performed to reveal the spatial distribution
of local electric fields. The calculation results were in good agreement with our experimental results,
where charge injection properties were dramatically improved by the high-density cracks contributing
to local electric field enhancement. We anticipated that these results will significantly contribute to the
development and further refinement of various organic electronic and optoelectronic devices based on
non-volatile liquid organic semiconducting materials.
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Abstract: The off-axis conic aspheric surface is widely used as a component in modern optical systems.
It is critical for this kind of surface to obtain the real accuracy of the shape during optical processing.
As is widely known, the null test is an effective method to measure the shape accuracy with high
precision. Therefore, three shape measurement methods of null test including auto-collimation,
single computer-generated hologram (CGH), and hybrid compensation are presented in detail in
this research. Although the various methods have their own advantages and disadvantages, all
methods need a special auxiliary component to accomplish the measurement. In the paper, an
off-axis paraboloid (OAP) was chosen to be measured using the three methods along with auxiliary
components of their own and it was shown that the experimental results involved in peak-to-valley
(PV), root-mean-square (RMS), and shape distribution from three methods were consistent. As a
result, the correctness and effectiveness of these three measurement methods were confirmed, which
are very useful in engineering.

Keywords: off-axis conic surface; shape accuracy; auto-collimation; single CGH; hybrid compensation

1. Introduction

Off-axis aspheric optical elements are often used in modern optical systems such as off-axis TMA
(Three Mirror Anastigmatic), telescope (e.g., GMT (Giant Magellan Telescope), TMT (Thirty Meter
Teloscope), E-ELT (European Extremely Large Telescope)), and so on [1,2]. In order to achieve high
quality, the off-axis aspheric optical element has become the focus of research in optical manufacturing.
To evaluate the quality of off-axis aspheric surface, the related optical measurement technique is
necessary to gain the shape accuracy, which is the key parameter of the optical element. Usually,
interferometry is commonly used to test the shape accuracy of the flat and the spherical optical elements.
However, until now, there has been no unified method for aspheric surfaces, especially off-axis aspheric
surfaces, to test their profile with a nano-precision.

To measure the shape error of the off-axis aspheric surface at a high accuracy, researchers
have offered several useful methods [3–13]. Wang Xiao-kun tested an off-axis ellipsoid mirror with
sub-aperture stitching interferometry and applied least-squares fitting to process the test data, resulting
in a 1.275λ of PV and 0.113λ of RMS [4]. Similarly, Yongfu Wen tested an off-axis hyperboloid mirror
with off-axis annular sub-aperture stitching interferometry and obtained the results by a complex
calculation [5]. Obviously, this sub-aperture stitching technology requires more measuring time, and
the more complex data processing method is not a null test technique [4–6]. Jan Burke used a flat
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mirror as the aiding element to detect a 90◦ off-axis paraboloid mirror, which obtained the results of
PV = 343 nm and RMS = 50 nm. Although this method belongs to the auto-collimation measurement
method, the adjustment processing is difficult [7]. Similarly, Ki-Beom Ahn used a spherical convex
reference mirror as the aiding element to detect the ellipsoid mirror, which was the secondary mirror
of the Giant Magellan Telescope (GMT) [8]. Due to the diameter of this ellipsoid (up to 1.06 m), the
aperture size of the spherical convex reference mirror would reach 0.99 m, leading to serious difficulties
in the fabrication of this aiding element. Additionally, the adjustment processing is tough. As a null
test technique, the computer generated hologram (CGH) method is a suitable compensator for off-axis
aspheric surface measurement [9–11]. M. M. Talha measured a freeform surface with the CGH method
with a result of PV = 0.0479λ [12]. Similarly, Li Fa-zhi used CGH as the aiding element to measure an
off-axis high order aspheric surface [13].

When the aperture of the off-axis aspheric surface is up to the meter level and the asphericity
rises to the millimeter level, the CGH method will not be suitable because the difficulty and cost of
CGH fabrication increase dramatically. In this instance, the application of the two aiding elements,
fold mirror together with GGH, could be a good choice. J. H. Burge used this method to measure the
segment of primary mirror of the GMT, which was an off-axis aspheric surface with an aperture size
of 8.4 m [14]. In the same way, Chang Jin Oh measured an off-axis paraboloid with a 4.2 m aperture
diameter and 9 mm asphericity [15].

In order to obtain accurate measurement results of the off-axis conic aspheric surface, three null
test methods are introduced in Section 2. After that, an off-axis paraboloid (OAP) was chosen to
be tested in Section 3. The aiding elements from the three methods were designed and fabricated
respectively to measure the OAP. Finally, the correctness of three methods were mutually cross-checked
by their experimental results.

2. The Shape Measurement Methods

Interferometry is frequently reckoned as an effective tool to test the shape accuracy of the optical
surface; however, it is limited to directly measuring flat or spherical surfaces. Due to the inherent
aberration of the off-axis aspheric surfaces, an auxiliary optical element is required for the null test.
Moreover, the aiding element changes with the variation of the measurement method.

Due to having perfect image points, a conic aspheric surface such as paraboloid, ellipsoid, and
hyperboloid can be measured using the classical null test method of auto-collimation. Within this
method, a flat mirror (for paraboloid) or a spherical mirror (for ellipsoid or hyperboloid) is required
as the aiding optical element. As shown in Figure 1, two optical layouts for measuring an off-axis
paraboloid with flat mirror and one layout for measuring an off-axis ellipsoid with a convex sphere
mirror are illustrated.

  
 

(a) (b) (c) 

Figure 1. Schematic diagram of auto-collimation: (a) off-axis paraboloid located at off-axis; (b) off-axis
paraboloid located at on-axis; (c) off-axis ellipsoid located at off-axis.

2.1. Auto-Collimation Method

The auto-collimation method is inexpensive and does not need a complex design or a long time to
prepare. To make this method simple and useful, the aperture and the F-number of the aiding element
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should be considered. As shown in Equation (1), there are three errors occurring in the test results of
this method.

Errortotal = ErrorTS + Erroraiding + Erroraspheric (1)

In this equation, Errortotal is the total error of the measurement system, ErrorTS is the error of the
TS (transmission sphere, a standard lens used on the interferometer), and Erroraiding is the error of
the aided element (such as flat mirror or convex sphere mirror). Erroraspheric is the error of the off-axis
aspheric under testing. Usually, the quality of TS is so high that ErrorTS is very small. If the Erroraiding
is also much smaller than Erroraspheric, the test result Errortotal is approximately equal to Erroraspheric.
Otherwise, when the Erroraiding is not small enough, we can subtract Erroraiding from Errortotal to obtain
Erroraspheric after calibrating the Erroraiding. However, for off-axis aspheric surfaces, it is difficult to adjust
all the components to the correct location. If there exists alignment error, there will be unavoidable
misalignment errors such as astigmatism and coma in the test results. As a result, the adjustment turns
into the most difficult process within the auto-collimation method.

The limitation of the auto-collimation method is attributed to the surface type and aperture of the
off-axis aspheric under testing. As the aperture of the aiding element should be larger than the off-axis
aspheric, this is a difficult and expensive mission if the aperture is up to meter level.

2.2. Single Computer Generated Hologram (CGH) Method

As a diffractive optical element, CGH can produce any shape wavefronts [9]. Figure 2 shows the
principle of this method. The interferometer, CGH, and off-axis aspheric under testing are all on the
same axis, so the aberration that should be compensated will be reduced [16].

Figure 2. Schematic diagram of single computer generated hologram (CGH) method for off-axis
aspheric surface.

In Figure 2, the output wavefront after TS is the convergent sphere wavefront. However, the CGH
changes the sphere wavefront into the off-axis aspheric wavefront to match the theoretical shape of the
off-axis aspheric surface under testing, where this off-axis aspherical wavefront vertically illuminates
on the surface. After that, the wavefront with the information of the off-axis aspheric surface is reflected
again into CGH via the same path it comes from, and ultimately back to the interferometer to form
interference fringes, from which we eventually gain the test results. The test result with the single
CGH method is also involved in several errors, as shown in Equation (1), by replacing Erroraiding with
ErrorCGH. Before the CGH basement reaches the precision requirement, it should be processed to
achieve a high quality in surface shape and parallelism, and then processed by photoetching to ensure
the quality of the CGH [17]. As a result, the ErrorCGH is too small to have an effect on the testing results.

The CGH includes three parts: the test CGH, reflection CGH, and crosshair CGH. The test
CGH is the transmission diffraction part (the red part in Figure 2), which creates the same wavefront
of the off-axis aspheric surface under testing. When the off-axis aspheric surface is different, the
corresponding CGH varies according to the customized design. Reflection CGH is used to align the
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interferometer and CGH (the yellow part in Figure 2), and crosshair CGH is applied to align the CGH
and off-axis aspheric under testing (the blue part in Figure 2).

Within the single CGH method, the CGH design is the most important part. The geometry
parameters in Figure 2 determine the size of the CGH and the aberration to be compensated. As it
is a key parameter in the single CGH method, the aberration should be compensated by the CGH
diffraction wavefront that decides the measurement accuracy and can be designed with Zemax (Version
June 9, 2009). After obtaining the CGH phase function, the fringe etching position can be calculated
with a special MATLAB program (R2016b). The design process is shown in Figure 3.

Figure 3. CGH design process.

The disadvantage of the single CGH method lies in the minimum fringe spacing and the size
of the whole CGH. When the minimum fringe spacing is less than the ability of photoetching, this
customized CGH cannot be fabricated successfully.

2.3. Hybrid Compensation Method

Hybrid compensation is also an interference measurement technique to solve the shape
measurement problem of the off-axis aspheric surface. When the aberration is larger than what
a single CGH cannot be compensated, hybrid compensation is a suitable choice. In Figure 4, a fold
sphere mirror was used to compensate most of the low-order aberration and a CGH was applied to
compensate the residual aberration, which is still a null test system [18]. The function of each element
in Figure 4 is similar to that illustrated in Figure 2 of Section 2.2.

Figure 4. Schematic diagram of the hybrid compensation method for off-axis aspheric surface.

The test result of hybrid compensation includes four parts, as seen in Equation (2),

Errortotal = ErrorTS + ErrorCGH + Errorsphere + Erroraspheric (2)

In this equation, the definition of each sub-term is similar to that in Equation (1). The ErrorCGH
from the CGH is very difficult to measure directly and can be estimated by an indirect method [19,20].
Similar to the first two methods (Sections 2.1 and 2.2), when ErrorTS, ErrorCGH, and Errorsphere are all
small enough, the test result Errortotal is approximately equal to Erroraspheric. Otherwise, the error of
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these elements should be separately calibrated and then subtracted from the test result to obtain the
error of the off-axis aspheric under testing.

In this measurement system, the fold sphere and CGH should be designed. According to laboratory
conditions, the fold sphere is chosen by selecting the main parameters of the curvature radius and
aperture. Meanwhile, the location position and fold angle of this fold sphere mirror should consider
whether it will disturb the measurement. After choosing the fold sphere mirror and determining
the geometrical parameters of its measurement system, the CGH can be designed. The CGH design
processing is the same as that of the single CGH method, which is shown in Figure 3.

As shown in Figure 4, this hybrid compensation measurement system possesses four elements
of the folded optical axis, resulting in a complex system that is characterized with huge difficulty in
adjusting. To reduce the difficulty, the customized CGH is divided into multiple parts. In addition to
testing the CGH, others are used to align between different elements such as the interferometer and
CGH, the fold sphere and CGH, and the aspheric and CGH.

The proposed three measurement methods that can all test the shape accuracy of conic off-axis
aspheric surface belong to the null test. The auto-collimation method, which is the simplest technique
with the simplest aiding element, is possessed of stronger generality. Single CGH and hybrid
compensation both need customized CGH, so they have less generality. The customized CGH, which is
a diffractive element, needs long and expensive preparation. However, these two methods can measure
more surface types with the assistance of adjustment marks, resulting in a wider range of application.

3. Experiments

To verify the correctness of these methods, we used three methods to measure the same conic
off-axis aspheric surface. According to the conditions of our laboratory, an off-axis paraboloid (OAP)
was chosen and its parameters are shown in Table 1.

Table 1. The parameters of the chosen off-axis paraboloid (OAP).

Type of Aspheric Aperture Conic
Vertex Radius of

Curvature
Off-Axis Distance

Off-axis paraboloid 135 mm −1 1000 mm 165 mm

3.1. Auto-Collimation Method

First, we used the classical auto-collimation method to measure this OAP. The result can be seen
as the real shape distribution of this OAP. According to Figure 1a, this OAP is located on the off-axis
position. Meanwhile, a Φ150 mm flat mirror was chosen as the aiding optical element. A 6-inch Zygo
interferometer (Middlefield, CT, USA) with an F/0.8 transmission sphere (TS) was used. The quality of
this TS was 1/10λ (PV), and the shape error of the flat mirror measured via interferometry was about
0.1λ (PV). The corresponding error distribution is seen in Figure 5. According to Equation (1), the
testing results can be reckoned as the error of OAP because the errors of TS and flat mirror were both
far less than that of the OAP.

Due to its location on an off-axis position in Figure 5, the OAP was adjusted to guarantee the
position accuracy by a five-dimension adjusting tool. In this measurement system, the adjustment
processing is very difficult because of a lack of alignment marks. Coma, astigmatism, and power
aberration always exist because of the misalignment of different optical elements. Therefore, adjusting
experience is critical. After repeating the adjusting until there is almost no coma and astigmatism,
a credible testing result will be obtained.
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(a) (b) 

Figure 5. (a) Photo of auto-collimation for this OAP; (b) the error of flat mirror (PV = 0.096λ).

3.2. Single CGH Method

Second, we tested this OAP with the single CGH method. Depending on the conditions of our
laboratory, silica (Φ58 mm, n = 1.457081 and d = 6.028 mm) was chosen as the CGH basement. Before
processing the CGH, this silica basement was processed by IBF (ion beam figuring) to guarantee that
its shape error was less than 5 nm (RMS) and its wedge angle was less than 10 s. The geometry
parameters of this measurement system are defined in Figure 6, from which the designing result of a
customized single CGH could be conducted and is demonstrated in Figure 7. The CGH wavefront
was designed using Zemax software and the etching map was generated by the specialized MATLAB
program (Figure 3).

 

Figure 6. The geometry parameters of measuring this OAP with a single CGH.

 
 

 
(a) (b) (c) 

Figure 7. (a) Simulated residual wavefront of the single CGH method (test CGH) in Zemax (PV =
0.0257λ, RMS = 0.0023λ); (b) simulation pattern of the customized CGH; (c) CGH photograph.

After obtaining the design result of the customized CGH seen in Figure 7b, photoetching was
used to fabricate the CGH with high manufacturing precision. Even so, CGH still had some errors
and the real error of CGH was very difficult to calibrate directly. According to the corresponding
estimation method of the CGH error, the total CGH error was about 7.8 nm (RMS), which is a negligible
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value compared with the error of the OAP [19,20]. The customized single CGH includes three parts:
the test CGH (the inner part), reflection CGH (the outer part), and three crosshairs (three orthogonal
rectangular couples), which are attributed to different functions. The test CGH, which is a transmission
CGH using first order diffraction, was fabricated by a grating groove depth of 692.2 nm. It can be
seen that the test CGH is the most important because it was adopted to measure the shape of the
OAP. As shown in Figure 7a, the residual wavefront of test CGH was only 0.0257λ (PV) and 0.0023λ
(RMS). With a grating groove depth of 158.2 nm, the reflecting CGH, which made use of the third order
diffraction, was used to align the interferometer and CGH. With a grating groove depth of 692.2 nm,
three crosshairs, which were transmission CGHs using first order diffraction, were applied to align
the OAP and CGH. The combined CGH was fabricated by photoetching, as shown in Figure 7c. The
measurement experiment is shown in Figure 8 with an obvious crosshair. Relying on these crosshairs,
it was easy to adjust the various optical elements to its own correct position.

 
Figure 8. Photo of measuring the OAP with the single CGH method.

3.3. Hybrid Compensation Method

Third, we tested the OAP using the hybrid compensation method. In the same way, the CGH
basement (silica) and the fold sphere mirror were chosen according to our laboratory, and the related
geometry parameters are shown in Figure 9. Ultimately, the design result of the customized CGH for
the hybrid compensation system is illustrated in Figure 10.

Figure 9. The geometry parameters of measuring this OAP via the hybrid compensation method.
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(a) (b) 

  
(c) (d) 

Figure 10. (a) Simulated residual wavefront of the hybrid compensation method (test CGH) in Zemax
(PV = 0.0001λ); (b) simulation pattern of the customized CGH for this hybrid compensation system;
(c) CGH photograph; (d) error of the fold sphere mirror (PV = 0.054λ).

Another multiple combined CGH was designed and produced. The accuracy of the CGH basement
was the same as that of the basement in Section 3.2. As shown in Figure 10, the multiple combined
CGH was involved in four parts such as the test CGH, alignment CGH and so on. Three parts
were transmission CGH, except the part aligning CGH with the interferometer. The test CGH and
alignment CGH with the fold sphere mirror both adopted the first order diffraction with the same
grating groove depth of 692.2 nm. However, other parts adopted the third order diffraction with the
corresponding groove depth of 158.2 nm. The residual wavefront of the test CGH was only 0.0001λ
(PV), as shown in Figure 10a. At the same time, the error of the fold sphere mirror, which was measured
via interferometry, was about 0.05λ (PV), far less than the error of this OAP.

During the measuring process, the customized CGH was placed close to the fold sphere mirror
by a customized fixture, with which the relative position between the CGH and fold sphere could be
guaranteed, as presented in Figure 11. At the same time, the customized fixture was mounted on a
five-dimensional adjuster so that they would be regarded as the whole during the adjusting process.
After repeatedly adjusting, the position error of each element can be reduced to a negligible value.
Meanwhile, the errors of the fold sphere mirror and CGH were far less than the error of OAP, so the
testing result can be regarded as the shape error distribution of the OAP.
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Figure 11. Photo of measuring this OAP via hybrid compensation (with customized fixture).

3.4. Experimental Results with These Three Methods

This OAP was measured using three methods, respectively. After the measured data were simply
processed in MetroPro software (V9.1.1) [21] to remove piston, tilt, and power, the experimental results
were obtained and are shown in Figure 12.

 
(a) Test result with the auto-collimation method 

 
(b) Test result with the single CGH method 

 
(c) Test result with the hybrid compensation method 

Figure 12. The test result of Φ135 mm OAP: (a) auto-collimation; (b) single CGH; (c)
hybrid compensation.

The resulting value of auto-collimation method as PV = 0.583λ and RMS = 0.092λ, the resulting
value of the single CGH method as PV = 0.572λ and RMS = 0.089λ, and the resulting value of the
hybrid compensation method was PV = 0.615λ and RMS = 0.096λ. The testing results with different
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methods were nearly the same, although there was a slight difference on the shape distribution, which
was mainly caused by the mapping distortion of CGH. Furthermore, there were a few small residual
adjustment errors, some of which were particularly induced by the angle adjustment in the hybrid
compensation method, as it is a delicate process. Hence, a more accurate alignment technique is still
being investigated.

4. Conclusions

Shape accuracy, as a key parameter of the off-axis conic aspheric surface, has an important effect
on the imaging quality of the optical system, so it is necessary to guarantee the shape is accurate during
the measuring process. In this study, we provided three methods to test the shape accuracy of the
off-axis conic aspheric surface with high precision. The first was auto-collimation, which belongs to
a classical and simple method with a requirement of a flat mirror or a sphere mirror as the aiding
element. However, this method has some limitations to the surface type and the aperture of off-axis
surface under testing. The second was the single CGH, which is widely used as an effective method
with alignment marks to reduce the adjustment difficulty. However, this method requires a customized
CGH, which varies with changes in off-axis aspheric surfaces, making it an expensive option. With the
need of a fold sphere mirror and a customized CGH, the third is hybrid compensation, which belongs
to a more complex measurement technology. The method has a stronger aberration compensation
ability and is more suitable for the off-axis aspheric surface of large aperture and large asphericity.
Unfortunately, its adjustment is more difficult. Therefore, we recommend not using this method unless
absolutely necessary.

In this study, an OAP was measured via these three methods. By the means of auto-collimation, a
Φ150 mm flat mirror was used as the aiding element, and the result was PV = 0.583λ and RMS = 0.092λ;
by the means of the single CGH, a customized CGH was designed and fabricated, and the result was
PV = 0.572λ and RMS = 0.089λ; by the means of hybrid compensation, a fold sphere mirror was chosen,
and another customized CGH was also designed and fabricated where the result was PV = 0.615λ and
RMS = 0.096λ. These three measurement methods brought forth approximate results, in the meantime,
the shape distributions were also close to each other, which proves that these three measurement
methods can all obtain comparatively accurate testing results. Furthermore, these three methods can
also cross-check the correctness of each other and other available methods.
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Abstract: For further the understanding of the adsorption mechanism of heavy metal ions on
the surface of protein-inorganic hybrid nanoflowers, a novel protein-derived hybrid nanoflower
was prepared to investigate the adsorption behavior and reveal the function of organic and
inorganic parts on the surface of nanoflowers in the adsorption process in this study. Silk fibroin
(SF)-derived and copper-based protein-inorganic hybrid nanoflowers of SF@Cu-NFs were prepared
through self-assembly. The product was characterized and applied to adsorption of heavy metal
ion of Pb(II). With Chinese peony flower-like morphology, the prepared SF@Cu-NFs showed
ordered three-dimensional structure and exhibited excellent efficiency for Pb(II) removal. On one
hand, the adsorption performance of SF@Cu-HNFs for Pb(II) removal was evaluated through
systematical thermodynamic and adsorption kinetics investigation. The good fittings of Langmuir
and pseudo-second-order models indicated the monolayer adsorption and high capacity of about
2000 mg g−1 of Pb(II) on SF@Cu-NFs. Meanwhile, the negative values of ΔrGθ

m(T)
and ΔrHθ

m proved
the spontaneous and exothermic process of Pb(II) adsorption. On the other hand, the adsorption
mechanism of SF@Cu-HNFs for Pb(II) removal was revealed with respect to its individual organic and
inorganic component. Organic SF protein was designated as responsible ‘stamen’ adsorption site for
fast adsorption of Pb(II), which was originated from multiple coordinative interaction by numerous
amide groups; inorganic Cu3(PO4)2 crystal was designated as responsible ‘petal’ adsorption site for
slow adsorption of Pb(II), which was restricted from weak coordinative interaction by strong ion
bond of Cu(II). With only about 10% weight content, SF protein was proven to play a key factor for
SF@Cu-HNFs formation and have a significant effect on Pb(II) treatment. By fabricating SF@Cu-HNFs
hybrid nanoflowers derived from SF protein, this work not only successfully provides insights on
its adsorption performance and interaction mechanism for Pb(II) removal, but also provides a new
idea for the preparation of adsorption materials for heavy metal ions in environmental sewage in
the future.

Keywords: silk fibroin; hybrid nanoflowers surface; Pb(II) removal; interaction mechanism
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1. Introduction

With fast growing activities of urbanization and industrialization, heavy metal ion (HMI)
contamination in water environments has been widely brought by the rapid economic development [1].
Due to their rapid accumulation in the food chain and non-biodegradable properties, HMIs are
regarded as one of the most serious contamination sources with highly toxicity and carcinogenicity
even at trace amount exposure [2]. Pb(II) is an often encountered HMI which has been widely used in
industries of batteries manufacturing, shipbuilding, oil mining, etc. [3]. The large amount of Pb(II)
discharge in water environment and Pb(II) accumulation in human body can lead to physical defects
such as nephropathy, hepatopathy, and encephalopathy [4,5]. Even more, high concentration of
lead ions will do harm to children’s health [6]. According to the guidelines set by WHO and EPA,
the permissible limit of Pb(II) in portable water should not exceed 0.05 mg L−1 [7,8]. On account of
the serious threatening on the ecosystem’s sustainable development and human health, the removal
of Pb(II) from waste water has become an urgent problem and a mandatory task for environmental
protection [9].

Various treatment techniques—such as chemical reduction [10], biological conversion [11],
membrane separation [12,13], and adsorption treatment [14]—have been developed and applied to
remove HMIs during the past decades. With obvious advantages of high efficiency, cost-effectiveness
and simple operation, adsorption technology has been regarded as one of the most effective and
competitive methods for HMIs treatment [15–18]. Consequent, the development of functional adsorbent
material and the application to efficient HMIs removal are highly desirable for water pollution treatment.

So far, a great number of materials—including lignin [19], biochar [20], chitosan [21], fabrics [22],
soil [23], metal-organic frameworks (MOFs) [24], graphene oxide (GO) [25], and nanomaterials (such as
nanofiber, nanobubble, and nanotube) [26–28]—have been studied and prepared as adsorbents for HMIs
removal. Among these materials, organic–inorganic hybrid nanoflowers (HNFs) is newly developed
functional material and has received considerable attention due to its distinctive physiochemical
characteristics. By binding inorganic nanoparticles to organic components, HNFs show properties
of simple product synthesis and high biomolecule efficiency comparing with the pure organic
nanoflowers [29] and inorganic nanoflowers [30]. Since Ge et al. [31] first reported the preparation
of BSA-incorporated Cu3(PO4)2 nanoflowers, biomaterials-based HNFs have attracted increasing
interest and many researches have focused on their biochemical applications of biosensing [32–34],
biocatalysis [35–37], and drug delivery [38].

The organic component and the preparation method were two important aspects which would
have great influence on the structure, morphology and property of the HNFs composites. For organic
component of HNFs, protein is usually selected as a typical biological material for HNFs fabrication
owing to its unique chemical structure and special biological property. A series of proteins,
including serum albumin (BSA) [31], glucose oxidase (GOx), horseradish peroxidase (HRP) [39],
and immunoglobulin G (Ig G) [40] have been employed to prepare HNFs. Although these nanoflowers
show excellent performances, the products generally suffer from the disadvantages of high price and
difficult acquisition of protein, which greatly limits the HNFs products in actual applications.

Silk fibroin (SF), a facile and low-cost protein which is obtained from the silkworm, is a
well-known and widely-used natural macromolecular protein. During the past thousands of years,
SF has been considered as an excellent raw material for the traditional use in textile industries [41].
Nowadays, the attractive properties of SF protein—such as good mechanism stability [42], superior
biocompatibility [43], and excellent optic performances [44]—have made SF effective use in bioelectronic
substrate [45], optical sensor [46], drug delivery [47,48], and so on. Consequently, SF protein has been
regarded as an excellent candidate of organic biomolecules for HNF fabrication [49].

Besides the organic component, the preparation method is also of great importance for the
HNFs preparation. If the biomolecules are improperly bonded or immobilized with the organic
component, the prepared HNFs usually exhibit lower biomolecule activity, enhanced biomolecule
mass-transfer limitations, and unfavorable conformational changes in the biomolecules [50]. Compared
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with conventional immobilization methods (such as covalent bond [51], physical trap [52]) and new
fabrication techniques (such as welding [53], nanoimprinting [54]), self-assembly process have proven
to show characteristics of simple synthesis, high efficiency, and bright prospect of enhancing stability,
activity, and even selectivity of biomolecules for HNFs fabrication [55].

In this work, copper–protein hybrid nanoflowers by employing SF protein as natural biomaterial
and copper phosphate as inorganic component are fabricated for efficient Pb(II) treatment by
self-assembly method. The prepared nanoflowers derived from SF protein, denoted as SF@Cu-HNFs
thereafter, exhibit several significant advantages: (1) raw biomaterials of SF protein are easy and
cheap to obtain; (2) acidic amino acids in the primary structure of SF can bind cations to drive
self-assembly easily; (3) abundant functional hydroxyl and amino groups are provided by SF protein
for Pb(II) adsorption. The synthesized SF-based nanoflowers were characterized and applied to
HMI adsorption (Pb(II), Ni(II), and Cd(II)). Compared with the adsorption performances of Cd(II)
and Ni(II), the prepared SF@Cu-HNFs exhibited excellent adsorption selectivity and significant
adsorption capacity for Pb(II) removal. Subsequently, the adsorption performance of SF@Cu-HNFs
was systematically evaluated for Pb(II) adsorption through thermodynamic (adsorption isotherm and
adsorption capacity) and adsorption kinetics investigation. Furthermore, the interaction mechanism of
SF@Cu-HNFs was successfully revealed and verified for Pb(II) adsorption with respect to its individual
component of organic SF protein and inorganic Cu3(PO4)2 crystal.

2. Experimental

2.1. Reagents and Materials

Silk fibroin (SF) protein was purchased from Xi’an Shennong Biotechnology Co., Ltd. (Xi’an,
China). The protein has been purified and used as it received. Cadmium nitrate (Cd(NO3)2) was
purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Lead nitrate (Pb(NO3)2), nickel nitrate
(Ni(NO3)2), copper sulphate (CuSO4), sodium chloride (NaCl), potassium chloride (KCl), potassium
dihydrogen phosphate (KH2PO4), dibasic sodium phosphate (Na2HPO4), sodium hydroxide (NaOH),
and nitric acid (HNO3) were obtained from Kelong Chemical Reagent Company (Chengdu, China).
All the reagents were of analytical grade and used as received. Wahaha® purified water (Wahaha,
Hangzhou, China) was used for the preparation of solutions and throughout the experiments.

SF solution was prepared in water and the concentration was adjusted to the value as needed by
experiments. Pb(NO3)2, Cd(NO3)2, and Ni(NO3)2 stock solutions of 1 × 103 mg L−1 were prepared
in water and working solutions were prepared freshly for daily use. The pH was adjusted by using
small amounts of 0.1 mol L−1 NaOH or 0.1 mol L−1 HNO3 solutions without significantly altering
the HMIs concentration. Solution pH was monitored using a pH meter (PHS-3C, Yidian Inc., Ltd.,
Shanghai, China).

2.2. Synthesis of SF@Cu-HNFs via Self-Assembly

0.01 M phosphate buffer solution (PBS, pH = 7.4): Weigh 0.135 g of potassium dihydrogen
phosphate, 0.71 g of disodium hydrogen phosphate, 4 g of sodium chloride, and 0.1 g of potassium
chloride in order using an analytical balance, and add an appropriate amount purified water was
stirred to dissolve it. The solution was transferred to a 500 mL volumetric flask, and the volume was
adjusted with purified water. It was then transferred to a reagent bottle and refrigerate at 4 ◦C until use.

By utilizing SF protein as natural biomaterial and Cu3(PO4)2 as inorganic component, the hybrid
nanoflowers of SF@Cu-HNFs were synthesized according to similar methods developed for BSA-based
and laccase-based nanoflowers described with some modification [31,56]. In brief, 4 mL of PBS
(pH = 7.4) containing different SF concentration was firstly added with 40 μL CuSO4 solution (100 mM).
Then resultant mixtures were gently shaken for 5 min and followed by incubation at 25 ◦C with
different preparation time. Finally, blue hybrid nanoflowers were collected, washed, with deionized
water several times and dried by vacuum freeze-drying.
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2.3. Characterization of SF@Cu-HNFs

The morphologies of the prepared SF@Cu-HNFs products were characterized by a scanning
electron microscope (SEM, EV0 MA15, Carl Zeiss, Germany) at an acceleration voltage of 20 kV. All
samples were sputter-coated with gold using an E1045 Pt-coater (Carl Zeiss, Germany) before SEM
observation. Elemental analysis was conducted with an energy dispersive X-ray spectrometer (EDS)
equipped in the SEM.

The crystal structures of the nanoflower products were characterized by X-ray diffraction (XRD)
analysis (X Pert PRO MPD, PANalytical, Holland). Radial scans using Cu Kα radiation source at 20 mA
and 40 kV were recorded in the reflection scanning mode from 2θ = 10 to 80◦ at a scanning rate of
1◦ min−1.

The chemical structures of the nanoflower products were measured by Fourier transform infrared
spectroscopy (Nicolet 6700 FTIR, Thermo Fisher Scientific Corp., USA) in the range of 400−4000 cm−1

with KBr pellets. The thermogravimetric analysis (TGA) of nanoflowers was measured with a
thermogravimetric analyzer (STA449F3, Netzsch, Germany) in a dynamic atmosphere of dinitrogen
with 20 cm3 min−1 flow rate. The TGA measurements were performed with a temperature ranging
from 40 to 700 ◦C in an alumina crucible at a rate of 5 ◦C min−1.

To evaluate the surface adsorption and interaction process of Pb(II) on nanoflowers adsorbent,
the surface characteristics of SF@Cu-HNFs were furthermore investigated with the addition of
different Pb(II) concentrations. The surface zeta potential was determined by dynamic light scattering
(DLS) measurements (NANO ZS, Malvern Instruments Ltd., UK) equipped with the DTS Ver. 4.10
software package.

2.4. Adsorption Performances of SF@Cu-NFs

Under the optimized pH condition, the adsorption performances of SF@Cu-NFs were studied
by thermodynamic, adsorption kinetics, and selective experiments for Pb(II) removal. The Pb(II)
concentration was detected through an atomic absorption spectrophotometer (AA-7020, Beijing East
West Analysis Instrument Co., Ltd., Beijing, China) during the whole experiment.

2.4.1. Adsorption Kinetics Experiment

For the method, 30 mg of SF@Cu-NFs was first dispersed into 300 mL 300 mg L−1 Pb(II) solution
under continuous stirring. The suspension was sealed and oscillated at room temperature to ensure
equilibration. Then 3 mL of the suspension sample was taken from the system for filtration at a regular
interval time. The residual Pb(II) concentration in the solution was also detected by AAS measurement
like for thermodynamic adsorption. The amount of Pb(II) adsorbed on SF@Cu-NFs (Qt) was calculated
by subtracting the concentration of free Pb(II) at the time of t from the initial Pb(II) concentration as

Qt =
(C0 −Ct) ×V

M
(1)

where C0 and Ct (mg L−1) were the initial and t time Pb(II) concentrations in liquid-phase, V (L) was
the taken volume of dye solution, and M (g) was the mass of the SF@Cu-NFs adsorbent used. The data
obtained were used to draw the kinetic adsorption curves for pseudo-first-order, pseudo-second-order,
and intraparticle diffusion analysis.

2.4.2. Adsorption Isotherm Experiment and Adsorption Thermodynamics

The thermodynamic adsorption experiment of SF@Cu-NFs was carried out by a typical batch
method. First, 7 pieces of 1 mg washed and dried SF@Cu-NFs were added into 7 pieces of 10.0 mL
different concentration Pb(II) solutions (5, 20, 50, 80, 100, 400, 500 mg L−1) placed in the tube at 298 K,
respectively. Then the suspensions were sealed and were vibrated for 2 h at room temperature to
ensure the complete adsorption. After filtrating the mixture for solid–liquid separation, the residual
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Pb(II) concentration in the solution was detected by AAS measurement. The amount of Pb(II)
adsorbed on SF@Cu-NFs (Qe) was calculated by subtracting the concentration of Pb(II) from the initial
concentration as

Qe =
(C0 −Ce) ×V

M
(2)

where C0 and Ce (mg L−1) were the initial and equilibrium Pb(II) concentrations in liquid-phase, V (L)
was the volume of Pb(II) solution, and M (g) was the mass of the SF@Cu-NFs adsorbent used. The data
obtained were used to draw the adsorption isotherms for Langmuir, Freundlich, and Temkin analysis.

In order to obtain the experimental parameters of adsorption thermodynamics on the Pb(II)
adsorption by SF@Cu-NFs, the adsorption capacity at three different temperatures of 298 K, 308 K, and
328 K were investigated with the initial Pb(II) concentration of 100 and 500 mg L−1, respectively.

3. Results and Discussion

3.1. Condition Optimization for SF@Cu-NFs Preparation

In order to obtain the best formation morphology of SF@Cu-HNFs product, preparation conditions
of SF concentration and reaction time were systematically investigated and optimized.

3.1.1. Effect of SF Protein on SF@Cu-NFs Formation

In order to investigate the effect of SF protein on the nanoflower formation, products with and
without SF were firstly prepared and characterized. For the preparation of SF@Cu-NFs in this work,
SF protein was simply added into the solution containing copper ions and phosphate [57]. Meanwhile,
Cu3(PO4)2 particles were also prepared by the similar procedures without the addition of SF solution.
With 24 h preparation time, the photography and SEM images were shown in Figure 1a for SF@Cu-NFs
products prepared with 400 mg L−1 SF and were shown Figure 1b for Cu3(PO4)2 particles without
SF, respectively. As it can be seen, although the appearances were similar (insets in Figure 1a,c),
the microscopic images showed significant differences between SF@Cu-NFs products and Cu3(PO4)2

particles. As shown in Figure 1a,b, SF@Cu-NFs products were successfully formed by self-assembly
with uniform flower-like morphology similar to the Chinese national flowers peony (Inset in Figure 1b).
However, Cu3(PO4)2 particles with irregular flakes and uneven particle size distribution were formed
without SF addition (as shown in Figure 1c,d). The Cu3(PO4)2 particles were not flower-like but
Chinese tremella like with loose structures (Inset in Figure 1d). The above results confirmed that SF
protein was a key factor and had beneficial effects for the flower-like nanoflowers formation.

3.1.2. Effect of SF Concentration on SF@Cu-NFs Formation

Under the condition of 12 h reaction time, the effect of SF concentration on the product formation
was investigated ranging from 50 to 400 mg L−1. As shown in Figure 2, it was notable to observe that
there was a great variation in morphology of SF@Cu-NFs by regulating the protein concentrations.
Interestingly, the SF@Cu-NFs became smaller with the increase of SF concentration (Figure 2a,b,e,f),
which may be caused by the increasing number of nucleation sites on the SF molecular. However,
some SF@Cu-NFs products would bind with each other with SF concentration at 200 and 400 mg L−1

(Figure 2c,d,g,h), which was also disadvantageous for the adsorption with decreasing the SF@Cu-NFs
number and surface. As a result, 100 mg L−1 SF concentration was selected to prepare the SF@Cu-NFs
with the proper product size and superior shape.
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Figure 1. (a,b) SEM images of SF@Cu-NFs product with SF. Insets are photographies of SF@Cu-NFs
and Chinese penoy flower. (c) and (d) SEM images of Cu3(PO4)2 particles without SF. Insets are
photographies of Cu3(PO4)2 particles and Chinese tremella.

Figure 2. (a–d) SEM images of SF@Cu-NFs with different SF concentrations at 50 mg L−1, 100 mg L−1,
200 mg L−1 and 400 mg L−1, respectively. (e–h) The orresponding SEM images enlarged with
mangnification of individual products.

3.1.3. Effect of Reaction Time on SF@Cu-NFs Formation

In order to study the formation process of the three-dimensional hierarchical structures, the effect
of preparation time on the product formation was investigated with the addition of 100 mg L−1 SF
concentration. Experiments were carried out by collecting samples from the reaction mixture and
observing intermediates and products at different time intervals. As shown in Figure S1, the PBS
solution containing SF changed into blue after the addition of CuSO4. Then the solution became turbid
blue after 10 min, indicating the production of NFs products. The SEM images in Figure 3a–d and
insets showed the appearance and solution changes of SF@Cu-NFs product ranging from 30 min to
24 h. The diameter distribution of products from 0 to 24 h was shown in Figure S2. The process of
product formation can be divided into four corresponding stages.

The first stage is initial stage with reaction time from 10 to 30 min. At this stage, blue fine
and visible particles began to appear in the solution (shown as inset in Figure 3a). As observing
from corresponding SEM shown in Figure 3a, primary crystal of Cu3(PO4)2 was formed (encircled in
red circle) and SF protein molecules complexed with Cu2+ on its surface (encircled in green circle).
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The product composited mainly through the coordination of amide groups in the protein backbone
and was beneficial for the formation of larger nanosheet petals.

Figure 3. (a–d) SEM images of the nanostructures of SF@Cu-NFs products at different preparation times
of 30 min, 3 h, 12 h, and 24 h. Insets are photographies of solution change. (e) Schematic illustration of
the formation process of SF@Cu-NFs products at preparation time of 12 h.

The second stage is growth stage with reaction time from 30 min to 6 h. At this stage, the blue
particles grew bigger and blue flocculent precipitation was observed in the solution (shown as inset in
Figure 3b). As observing from corresponding SEM shown in Figure 3b, a series of SF@Cu-NFs products
with complete flower-like shape have been formed (encircled in red circle). However, the morphology
SF@Cu-NFs products were not uniformed and there were still some small petal products (encircled in
green circle). This result indicated the nanoflowers needed to grow further.

The third stage is the formation stage with reaction time from 6 h to 12h. At this stage, small
product particles furthermore grew up and deposited to the bottom ((shown as inset in Figure 3c)).
As observing from corresponding SEM shown in Figure 3c, SF@Cu-NFs products with uniform
flower-like shape and size were formed.

The fourth stage is the overgrowth stage with reaction time from 12 h to 24 h. At this stage, some
SF@Cu-NFs grew up and deposited to the bottom (shown as inset in Figure 3d). This was because polar
side chain of SF could promote the formation of large folding nanosheets through its hydroxyl, carboxyl,
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and amino groups. As observing from corresponding SEM shown in Figure 3d, the further growth
made some SF@Cu-NFs bind with each other to form much bigger product (encircled in green circle).
The overgrowth effect decreased the SF@Cu-NFs number and surface, which was disadvantageous for
the adsorption. As a result, the incubation time of 12 h was considered to be the optimum preparation
time for the SF@Cu-NFs products. The schematic illustration of the formation process of SF@Cu-NFs
products at preparation time of 12 h was shown in Figure 3e.

3.2. Characterization of SF@Cu-NFs Product

3.2.1. Surface Morphology Measurement by LSCM and SEM Image

The morphologies of the synthesized SF@Cu-NFs were observed using and SEM images (shown in
Figure 4a,b). As seen from SEM images, the prepared SF@Cu-NFs displayed highly peony flower-like
morphology with diameters of about 50 μm.

Figure 4. (a,b) SEM images of SF@Cu-NFs product with low and high magnification; (c) EDS pattern
of SF@Cu-NFs product.

Meanwhile, the EDS result was shown in Figure 4c and the related EDS data were listed in Table S1.
The results identified the chemical species of the SF@Cu-NFs products and confirmed the presence of
Cu, P, C, and O. The C and O can be attributed to SF protein and Cu, P and O can be attributed to
Cu3(PO4)2. Meanwhile, the appearance of Cl and Na may be brought by the residual PBS. However,
the N element was not detected in the prepared SF@Cu-NFs product by EDS analysis. Because SF
protein was generally considered as nitrogen rich [58], the abnormal absence of N may be attributed to
the abundant O and C in the SF@Cu-NFs product, which would cover up the N peak in EDS.

3.2.2. Chemical Structure Investigation by FTIR and XRD

The phase structures of the as-prepared Cu3(PO4)2 and SF@Cu-NFs were investigated by the XRD
analysis and shown in Figure 5a. As observed, the diffraction peaks of SF@Cu-NFs and unmodified
Cu3(PO4)2 were in good agreement with the Joint Committee on Powder Diffraction File data for
Cu3(PO4)2 (File NO. 00-022-0548). As a result, it could be concluded that the petals in the hybrid
nanoflowers were formed by regular arrangement of Cu3(PO4)2 crystals and the inorganic composition
of SF@Cu-NFs was Cu3(PO4)2.

90



Materials 2020, 13, 1241

Figure 5. (a) XRD spectrum of (i) copper phosphate; (ii) SF@Cu-NFs nanoflower. (b) FTIR spectrum of
(i) copper phosphate; (ii) SF@Cu-NFs nanoflower; (iii) SF protein.

By assigning peaks to various groups and bonds, the detail FTIR spectra of Cu3(PO4)2 (spectrum
i), SF@Cu-NFs product (spectrum ii) and SF protein (spectrum iii) were shown in Figure 5b. As it
can be seen, SF@Cu-NFs showed (1) weak peaks at 563 cm−1 and 603 cm−1 corresponding to flexural
vibration of P-O, (2) strong peaks at1035 cm−1 corresponding to stretching vibration of P-O [59,60].
These signals corresponded to the asymmetric and symmetric stretching vibrations of PO4

3−, which
were also present in Cu3(PO4)2 (spectrum i). Meanwhile, SF@Cu-NFs also showed (1) peak at
1638 cm−1 corresponding to stretching vibration of C-O originated from amide I, (2) peak at 1536 cm−1

corresponding to superposition of bending vibration of N-H and stretching vibration of C-N originated
from amide II, (3) peak at 1421 cm−1 corresponding to bending vibration of N-H originated from amide
III [61]. These signals corresponded to the major amide bands originating from SF protein, which were
also present in SF protein (spectrum iii). Compared with Cu3(PO4)2 and SF, SF@Cu-NFs showed no
significant changes before and after the formation. Without new absorption peaks or obvious peak
shifts, the above results indicated that SF protein was fixed by self-assembly rather than by covalent
bonds. Meanwhile, the structural integrity of the silk fibroin protein remained intact after product
formation, which furthermore identified the successful preparation of SF@Cu-NFs.

3.2.3. Component Analysis by TGA

In order to clarify the developed nanocomposites construction of the prepared product, TGA was
used to demonstrate the existence of SF protein in SF@Cu-NFs based on the gravity measurement,
shown as spectrum (i), (ii), and (iii) in Figure 6 and Table 1 for Cu3(PO4)2, SF@Cu-NFs and SF protein,
respectively. As can be see, although both the weight loss of Cu3(PO4)2 and SF@Cu-NFs could be
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divided into three stages, but there were some differences between them. For Cu3(PO4)2 as shown
in spectrum (i), its weight loss included (1) due to the physical combination water; (2) due to part of
chemical crystalline water; (3) due to rest of chemical crystalline water. However, the three weight loss
stages of SF@Cu-NFs as shown in spectrum (ii) included (1) due to the physical combination water; (2)
due to the chemical crystalline water; (3) due to the decomposition of amino acid residues and major
peptide chains of SF protein. The weight loss of SF protein showed three stages, including (1) due to
the physical combination water; (2) due to chemical crystalline water; (3) due to decomposition of
amino acid residues and major peptide chains. The weight loss of chemical crystalline water showed
the difference between Cu3(PO4)2 and SF@Cu-NFs, which was mainly resulted from the different water
content. This was mainly because Cu3(PO4)2 was well-known to contain more crystalline waters like
CuSO4·5H2O crystal but protein@Cu-NFs were generally considered to contain three crystalline waters
in the form of Cu3(PO4)2·3H2O [31,39].

Figure 6. TGA spectrum of (i) Copper phosphate; (ii) SF@Cu-NFs nanoflower; (iii) SF protein.

Table 1. Thermogravimetric data of TGA spectrum (i) copper phosphate; (ii) SF@Cu-NFs nanoflower;
(iii) SF protein.

Temperature Range 30–127 ◦C 127–361 ◦C 361–648 ◦C
Cu3(PO4)2 7.32% 2.57% 8.67%

SF@Cu-NFs 10.25% 4.30% 10.85%
SF protein 19.71% 49.63% 14.48%

3.3. SF@Cu-NFs Adsorption Performance for Pb(II)

3.3.1. Investigation of pH Influence on Pb(II) Adsorption

The pH value is a very key factor for the investigation of HMIs adsorption, and the pH effect on
the adsorption of Pb(II) by the prepared SF@Cu-NFs was investigated from the following two aspects
in this work.

On one hand, pH can affect the existing form of the adsorbate metal ion. Generally speaking,
HMI would produce hydrolysis with the change of pH and Pb(II) would exit with different forms at
different pH (free ionic Pb2+ or solid Pb(OH)2). In order to precisely study the adsorption process,
Pb(II) should be excellently prevented from precipitating to be Pb(OH)2). Consequently, the initial
pH must be controlled for the accurate monitoring of Pb(II) adsorption. The pH can be calculated for
Pb(II) by the following precipitation–dissolution equilibrium

Pb(OH)2 ↔ Pb2+ + 2OH− (3)
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Its equilibrium constant was

Ksp(Pb(OH)2)
=
[
Pb2+

]
[OH−]2 (4)

Then, pOH and pH were calculated to be

pOH = −lg

√√
Ksp(Pb(OH)2)[

Pb2+
] (5)

and

pH = 14 + lg

√√
Ksp(Pb(OH)2)[

Pb2+
] (6)

with Ksp(Pb(OH)2)
= 1.2× 10−15 and trace amount

[
Pb2+

]
< 10−7 mol·L−1, the pH for Pb(II) adsorption

should be pH < 10 by Equation (6).
On the other hand, pH can affect the surface charge of the adsorbent material, which is a main

factor influencing the adsorption capacity [62]. Then the zeta potentials of SF@Cu-NFs were analyzed
at different pH conditions by calculating the average of 10 measurements. The test shown in Figure S3a
indicates that the surface of the prepared SF@Cu-NFs adsorbent was positively charged at pH < 5
but negatively charged at pH > 5. The isoelectric point of SF@Cu-NFs was calculated to be pH = 4.2,
at which the dispersion system of SF@Cu-NFs showed the lowest stability. Meanwhile, SF@Cu-NFs
showed the highest stability with the highest absolute zeta potential of 12.83 mV at pH = 5.0, which
was expected to have the best adsorption result.

Combinding the results of above two aspects, the influences of pH value on the adsorption were
correspondingly investigated in the range of pH = 4.0–9.0 for 200 mg L−1 Pb(II) and the responses of
adsorption capacity were shown in Figure S3b. It was noted that the adsorption capacities increased
sharply with increasing pH value from 4.0 to 5.0, and then decreased slowly from 5.0 to to 9.0. As a
result, the prepared SF@Cu-NFs showed the maximum adsorption capacity at pH = 5.0, which was
consistent with above result of zeta potential investigation. Subsequently, pH = 5.0 was selected as the
optimum condition to obtain the best Pb(II) adsorption.

3.3.2. Evaluation of Adsorption Kinetics

The kinetics investigation is important to choose the optimal operating condition on practical
systems for HMIs removal [63]. To get a deeper understanding of the adsorption process of
Pb(II) on SF@Cu-NFs, three typical kinetic models including pseudo-first-order (Equation (7)),
pseudo-second-order (Equation (8)) and intraparticle diffusion (Equation (9)) models were used
to analyze the experimental data

ln(Qe −Qt) = ln Qe − k1t (7)

t
Qt

=
1

k2Q2
e
+

t
Qe

(8)

Qt = C + knt0.5 (9)

where t (min) is the adsorption time; Qe and Qt (mg g−1) are the Pb(II) amount adsorbed at equilibrium;
and k1 (min−1), k2 (g mg−1 min−1), and kn (mg g−1 min−1/2) are the rate constants of pseudo-first-order,
pseudo-second-order, and intraparticle kinetics models, respectively. The adsorption capacity at
different time was indicated in Figure 7a and the kinetic experimental data investigated by the three
kinetic models were shown in Figure 7b–d, respectively. The fitting equations and kinetic parameters
for the adsorption of Pb(II) by the prepared SF@Cu-NFs, as calculated from the plots of above three
models, were listed in Table 1.
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Q
Q

Q

t

Figure 7. (a) The adsorption capacity at different times. Pb(II) removal by silk fibroin mediated
nanoflowers (b) the pseudo-first-order; (c) the pseudo-second-order; (d) the intra-particle diffusion
model sorption kinetics curves.
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Pseudo-first-order (shown in Figure 7b) and pseudo-second-order (shown in Figure 7c) models
were generally used to predict equilibrium adsorption capacity. With high correlation coefficient values
of R2

2 =0.99 > R2
1 =0.98, the results indicated both the pseudo-second-order model provided a better

fitting effect on the experimental data, demonstrating the calculated value of the pseudo-second-order
model was closer to the actual value than that of pseudo-first-order model. As a result, the adsorption
capacity of 300 mg L−1 Pb(II) was then estimated to be 2528.36 mg g−1 by the prepared SF@Cu-NFs.
As shown in Table 2, the relative error between the calculated capacity of 2528.36 mg g−1 and experiment
result of 2407.00 mg g−1 was evaluated to be 4.8%, which indicating the good agreement for them.

Table 2. Comparison parameters of the pseudo-first-order, the pseudo-second-order and the
intra-particle diffusion models for Pb(II) adsorption by SF@Cu-NFs.

Model Fitting Equation Parameter Value

Pseudo-first-order y = −0.07x + 7.75 Qe,cal1 (mg g−1) 2312.00
k1 (min−1) 0.075

R2
1 0.98

Pseudo-second-order y = 4 × 10−4x + 0.0023 Qe,cal2 (mg g−1) 2528.36
k2 (g mg−1 min−1) 6.92 × 10−5

R2
2 0.99

Intra-particle diffusion y = 121.00x + 850.35 C1 850.35
kip1 121.00
R2

ip1 0.94
y = 38.61x + 2022.19 C2 2022.19

kip2 38.61
R2

ip2 0.70

Result in this work Qe,exp(mg g−1) 2407.00

The intraparticle diffusion model was usually employed to examine the controlling mechanism
such as transfer and chemical reaction for the adsorption process. As shown in Figure 7d, the fitting
curve of intraparticle diffusion can be divided into two linear parts, indicating that the adsorption
process consists of two steps. The first stage belongs to boundary layer adsorption, which is the
diffusion of Pb(II) adsorbate from solution to SF@Cu-NFs surface. In the second stage, Pb(II) ion passes
through the boundary layer to further react inside the SF@Cu-NFs adsorbent, which belongs to the
intraparticle diffusion. Because the straight lines of the two stages do not pass through the origin of
coordinate axis, it shows that the adsorption process is controlled by both intraparticle diffusion and
boundary layer diffusion.

3.3.3. Adsorption Isotherm Experiment and Adsorption Thermodynamics

At the above optimal condition of pH = 5, the adsorption thermodynamics were further
investigated by changing the initial Pb(II) concentrations with 1 × 10−3 g mL−1 SF@Cu-NFs adsorbent.
The adsorption performances of Pb(II) on SF@Cu-NFs were studied by the following Langmuir
(Equation (10)), Freundlich (Equation (11)) and Temkin (Equation (12)) models.

Ce

Qe
=

Ce

Qmax
+

1
KLQmax

(10)

ln Qe = ln KF +
1
n

ln Ce (11)

Qe = A ln Ce + B (12)

where KL, KF, and A are the equilibrium constants of Langmuir, Freundlich and Temkin adsorption,
respectively; Ce is the equilibrium concentration of Pb(II); Qe and Qmax are the amount of equilibrium
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adsorption capacity and the maximum adsorption capacity of Pb(II), respectively; The value of n > 1
suggests a normal Langmuir isotherm and n < 1 suggests the cooperative adsorption, respectively [64].

The adsorption of Pb(II) was investigated with different initial concentrations of 5–500 mg L−1 at
different temperatures of 298 K. Meanwhile, due to the high adsorption ability of SF@Cu-NFs, almost
all the Pb(II) in the solution were adsorbed completely in the low concentration of 5–50 mg L−1. The free
concentration of Pb(II) in the final solution could not be effectively detected and the equilibrium
concentration of Pb(II) was thereafter regarded to be 0 during this concentration stage. As a result,
the Langmuir, Freundlich, and Temkin adsorption isotherms of Pb(II) adsorption were efficiently fitted
in high Pb(II) concentration of 80–500 mg L−1 and shown in Figure S4a–c, respectively.

For clarity, the fitting equations and parameters of Langmuir model, Freundlich model and
Temkin model for Pb(II) by SF@Cu-NFs were summarized and listed in Table 3. It is found that
Langmuir model provided better fitting to the equilibrium data than that of Freundlich and Temkin
models with a higher correlation coefficient of 0.98, indicating that the adsorption of Pb(II) on the
prepared SF@Cu-NFs belonged to monolayer adsorption instead of multilayer adsorption. Since the
Langmuir model suggested that molecules are adsorbed uniformly, it can be deduced that the prepared
SF@Cu-NFs were fairly homogeneous with SF protein assembly.

Table 3. Comparison parameters of Langmuir, Freundlich and Temkin models for Pb(II) adsorption by
SF@Cu-NFs.

Fitting
Model

Langmuir Model
y = 5.24 × 10−4x + 0.11

Freundlich Model
y = 0.1895x + 6.36

Temkin Model
y = 230.24x + 409.93

Parameter Qmax (mg g−1) KL (mg L−1) R2 KF (mgn−1 g−1

L−n)
n R2 A B R2

Value 1908.39 4.76 × 10−3 0.98 578.25 5.277 0.79 230.24 409.93 0.77

In order to evaluate the treat ability of the prepared SF@Cu-NFs for Pb(II) adsorption, the maximum
adsorption capacity in this work was compared the results obtained by some other adsorbents which
were reported previously. The results were listed in Table S2. As compared, SF@Cu-NFs indicated as
an excellent adsorbent for Pb(II) treatment with the Qmax as high as 1908 mg g−1, which was about
3–20 folds than that of the other adsorbents. As a result, SF@Cu-NFs was suggested to be a candidate
for Pb(II) removal in wastewater with much higher adsorption performance.

In order to obtain the experimental parameters of adsorption thermodynamics on the Pb(II)
adsorption by SF@Cu-NFs, the adsorption capacity and equilibrium constant at different temperatures
were shown in Figure 8a,b, respectively. Then the thermodynamic data were calculated assuming
the temperature-constant entropy and enthalpy of adsorption and according to the following
temperature-related equations of Equation (13) to Equation (15).

ΔrGθ
m(T) = −RT ln Kθ

T (13)

ΔrGθ
m(T) = ΔrHθ

m − TΔrSθ
m (14)

Kθ
T =

Qe

Ce
(15)
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K

Figure 8. Effect of temperature on the equilibrium adsorption of Pb(II) (a) adsorption capacity and (b)
adsorption constant.

The results of ΔrGθ
m(T)

, ΔrHθ
m and ΔrSθ

m were listed in Table S3 and several conclusions could
be obtained.

First, with ΔrGθ
m(T)

< 0 for both 100 and 500 mg L−1 Pb(II), the adsorption process of Pb(II) onto

SF@Cu-NFs was indicated to be spontaneous. However, the absolute value of ΔrGθ
m(T)

for Pb(II)

adsorption was noted to decrease from 9.07 kJ mol−1 to 3.63 kJ mol−1 with the increase in temperature
from 298 K to 328 K, which indicating that lower temperature was favored for the removal of Pb(II) by
SF@Cu-NFs.

Second, with ΔrHθ
m < 0 for both 100 and 500 mg L−1 Pb(II), the adsorption process of Pb(II) onto

SF@Cu-NFs was indicated to be exothermic. However, the absolute value of ΔrHθ
m for Pb(II) adsorption

was noted to decrease from 64.30 kJ mol−1 to 17.91 kJ mol−1 with the increase in Pb(II) concentration
from 100 mg L−1 to 500 mg L−1, which indicating that higher concentration would result in a mutual
repulsion between mutual Pb(II).

Third, with the absolute value of ΔG < 40 kJ mol−1 at different Pb(II) concentrations and different
temperatures, the observations on the adsorption of Pb(II) by the SF@Cu-NFs in present study was an
obvious physical adsorption process.

3.3.4. Investigation of Adsorption Selectivity for Pb(II)

Selectivity is one of the primary criteria for good adsorbents for the removal of trace amounts of
heavy metals in the presence of other competing metal ions. In this work, the adsorption selectivity
of SF@Cu-NFs was studied for three HMIs of Pb(II), Cd(II), and Ni(II) under the condition of 20 mL
100 mg L−1 HMIs with 3 mg SF@Cu-NFs adsorbent. The removal efficiency for different HMIs at
different concentration were shown in Figure S5. For the three HMIs, all the adsorption processes
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were indicated to be rapid within the first 5 min and thereafter relatively slower by achieving the
equilibrium in 90 min. The heavy metal ions adsorption efficiency (AE) can be calculated as

AE(%) =
(C0 −Ce)

C0
× 100% (16)

The adsorption efficiencies of Cd(II), Ni(II) and Pb(II) were calculated to be 23.77%, 18.76%, and
99.75%, indicating the much higher adsorption performance for Pb(II) by the prepared nanoflower.
The selective factor (sf) was defined to evaluate the adsorbent selectivity as

s f =
AEa

AEb
(17)

where AEa and AEb were adsorption efficiencies for the superior and inferior adsorption HMIs,
respectively. For the prepared SF@Cu-NFs, its selective factors of Pb(II) were calculated to be 4.2
relative to Cd(II) and 5.3 relative to Ni(II), which proved the excellent adsorption selectivity for Pb(II)
by SF@Cu-NFs.

3.4. SF@Cu-NFs Adsorption Mechanism for Pb(II)

3.4.1. Verification of Pb(II) Adsorption by SF@Cu-NFs

In order to access the interactions between SF@Cu-NFs adsorbent and Pb(II) ion, SF@Cu-NFs
after Pb(II) adsorption was furthermore investigated by zeta potential, FTIR, and XRD measurements,
which were respectively shown in Figure 9a,b and Figure S6.

Figure 9. (a) Surface zeta potential measurement of SF@Cu-NFs at different Pb2+ concentrations;
(b) FTIR spectra of SF@Cu-NFs before (spectrum i) and after (spectrum ii) Pb(II) adsorption.
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The average zeta potentials of SF@Cu-NFs adsorbent were analyzed through DLS measurements.
With the addition of different Pb(II) concentrations, the surface zeta potential measurement of
SF@Cu-NFs was presented in Figure 9a. At the optimum pH = 5, the surface of the SF@Cu-NFs
adsorbent was negatively charged and had an average zeta potential of about −12 mV without Pb(II).
With the addition of Pb(II), an increase in the zeta potential was produced, which showed fast in
lower Pb(II) concentration (indicated as the blue area) and thereafter varies rather slowly in higher
Pb(II)concentration (indicated as the green area). This is a typical two-site adsorption behavior
corresponding to two-type interaction dominance [65].

The pattern of HMI adsorption onto solid adsorbents can be attributable to the groups and bonds
present on the material surface. In order to elucidate the active interaction site, FTIR spectrophotometry
was performed to investigate the changes of functional groups of SF@Cu-NFs adsorbent before and
after Pb(II) adsorption, which were shown as spectrum (i) and spectrum (ii) in Figure 9b, respectively.
As it can be seen, the two FITR domains of SF@Cu-NFs after Pb(II) adsorption showed different groups
and bonds, including (1) decreasing peaks at 1638, 1536, and 1421 cm–1 at SF domain, indicating the
interaction between Pb(II) and functional N–H, C–O, and C–N groups; (2) increasing peaks at 1035, 603,
and 563 cm–1 at Cu domain, indicating the interaction between Pb(II) and P-O groups. Because there
was no new functional group appearing in the SF@Cu-NFs adsorbent after Pb(II) adsorption, it can be
determined that the interaction between Pb(II) and SF@Cu-NFs belongs to physical but not chemical
adsorption. The two bands around 2800 cm−1 are corresponding to stretching vibration of saturated
C-H. Generally, the group with high electronegativity has strong ability of electron absorption. When it
is connected with the number of carbon atoms on the carbonyl group of alkyl ketone, the electron cloud
will shift from oxygen atom to the middle of double bond due to the induction effect. These increase
the force constant of C=O bond, increases the vibration frequency of C=O, and shifts the absorption
peak to a higher wave number. This result is also consistent to the adsorption energy obtained in
thermodynamic investigation, which was calculated to be ΔG < 40 kJ mol−1.

As presented in Figure S6, XRD patterns of SF@Cu-NFs were measured before and after Pb(II)
uptake. Compared to the diffraction peaks of hybrid nanoflowers before adsorbing Pb(II), there were
new several miscellaneous diffraction peaks at 2θ values of 21.5, 26.2, 27.5, 30.0, which confirmed
hybrid nanoflowers successfully adsorbed heavy metal ion Pb(II).

3.4.2. Mechanism Analysis of Pb(II) Adsorption by SF@Cu-NFs

Based on the results of adsorption property and adsorption characterization mentioned above,
the mechanism is proposed to illustrate the elimination performance for Pb(II) by the prepared
SF@Cu-NFs. The mechanism diagram is schematically presented in Figure 10, in which the chemical
structure of SF protein was referenced from the previous report [66] and the electronic structure of
Cu3(PO4)2·3H2O was calculated by Material Studio 7.0. Blue, yellow, red, and grey spheres designate
Cu, P, O, and H atoms, respectively. The adsorption of SF@Cu-NFs for Pb(II) removal was originated
from two types of adsorption sites and two kinds of interaction dominance, which can be ascribed to
the individual organic SF protein and inorganic Cu3(PO4)2 crystal. Correspondingly, two stages of fast
adsorption and slow adsorption of Pb(II) by the prepared SF@Cu-NFs was revealed and described
as follows.

Fast adsorption stage of Pb(II). For this stage, the flower ‘stamen’ of organic SF protein was
designated as responsible adsorption site for fast adsorption of Pb(II) (shown as upper part in Figure 10).
This kind adsorption was originated from multiple coordinative interaction produced between Pb(II)
and abundant N, O elements. This interaction showed strong due to the numerous amide groups
provided by SF protein. Meanwhile, the fast adsorption occurred in the shorter adsorption time (shown
as the first linear part by intraparticle kinetic investigation in Figure 7c) and in the lower adsorbent
concentration (shown as the first increasing part by zeta potential measurement in Figure 9a).
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Figure 10. Proposed adsorption mechanism of Pb(II) by SF@Cu-NFs. Upper part indicates the fast
adsorption of Pb(II) by the organic SF component and lower part indicates the slow adsorption of Pb(II)
by the inorganic Cu3(PO4)2 component.

Slow adsorption stage of Pb(II). For this stage, the flower ‘petal’ of inorganic Cu3(PO4)2 crystal
was designated as responsible adsorption site for slow adsorption of Pb(II) (shown as lower part
in Figure 10). This kind adsorption was originated from unique coordinative interaction produced
between Pb(II) and O element. This interaction showed weak due to the powerful restriction from the
strong ion bond by Cu(II) elements in Cu3(PO4)2 crystal. Meanwhile, the slow adsorption occurred in
the longer adsorption time (shown as the second linear part by intraparticle kinetic investigation in
Figure 7c) and in the higher adsorbent concentration (shown as the second increasing part by zeta
potential measurement in Figure 9a).

4. Conclusions

In this work, natural material of SF protein was used for the fabrication of protein–inorganic
hybrid nanoflowers through self-assembly and the three-dimensional structure was applied to efficient
adsorption of HMI Pb(II).

Through adsorption isotherms and kinetics, the adsorption performance of SF@Cu-HNFs for
Pb(II) removal was systematically evaluated in detail. Langmuir and pseudo-second-order models
indicated the monolayer adsorption and high capacity on the SF@Cu-NFs. Meanwhile, the adsorption
thermodynamics showed that the spontaneous and exothermic process. As compared, SF@Cu-NFs
indicated as an excellent adsorbent for Pb(II) treatment with the Qmax as high as 1908 mg g−1, which
was about 3–20 folds greater than that of the other adsorbents.

By ascribing to its individual organic and inorganic component, the adsorption mechanism of
SF@Cu-NFs for Pb(II) removal was discussed and revealed with two stages of fast adsorption and slow
adsorption. On one hand, the flower ‘stamen’ of organic SF protein was designated as responsible
adsorption site for fast adsorption of Pb(II). On the other hand, the flower ‘petal’ of inorganic Cu3(PO4)2

crystal was designated as responsible adsorption site for slow adsorption of Pb(II). This result clearly
indicated that the silk fibroin protein-derived hybrid nanoflower could adsorb HMI Pb(II) well because
of the adsorption site on the adsorbent surface.

In this work, we further understand the adsorption behavior and interaction process of HMI
Pb(II) on the surface of silk fibroin derived hybrid nanoflowers. The present study has been
successful in revealing the microscopic interaction process of Pb (II) adsorption that provides a
new insight on understanding the adsorption mechanism. Also, based on interfacial adsorption, it is
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of great significance to comprehend the development of heavy metal ion removal applications.
By fabricating SF@Cu-HNFs hybrid nanoflowers derived from SF protein, this work not only
successfully provides insights on its adsorption performance and interaction mechanism for Pb(II)
removal, but also significantly indicates its potential applications in contamination adsorption for
environmental treatment.
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