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Preface to ”Multifunctional Nanomaterials for Energy
Applications”

The rapid growth of the world’s population has significantly increased energy consumption and

environmental impact. The transition from fossil fuels to sustainable energy sources that is needed for

a sustainable future demands more efficient materials and improved technologies, but allows us to

tackle this great and necessary challenge. This Special Issue highlights some of the latest energy

advances in the field of materials, in particular low-dimensional materials, and nanostructured

materials. Various topics related to synthesis and characterization methods, properties, and energy

application uses are highlighted.
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Editorial

Multifunctional Nanomaterials for Energy Applications
Simas Rackauskas 1 , Federico Cesano 2,* and Mohammed Jasim Uddin 3
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* Correspondence: federico.cesano@unito.it; Tel.: +39-011-6707548

In the last few decades, global energy requirements have grown exponentially, and
increased demand is expected in the upcoming decades. Traditional energy resources have
remarkably impacted energy production so far, but the use of renewable energy sources has
constantly increased and is gradually substituting fossil fuels. Such non-renewable energy
resources are limited in nature, and their use for energy purposes affects climate change.
The new paradigm is materials for sustainable energy, and when materials are nanostruc-
tured, new key concepts are involved. Nanomaterials exhibit properties very different from
their bulk counterparts due to their significant surface boundary and quantum confinement
characteristics. Furthermore, the structure (or nanophase assembly) is also relevant for
explaining various novel and interesting properties, notably when energy applications
are taken into consideration. Remarkably, the aggregation and interface properties of
nanostructures, even at lower dimensionality, are expected to boost energy applications.

Nanomaterials and nanotechnologies for energy have been more actively studied
and used since the 2000s, as recognized by the number of scientific contributions that are
growing exponentially (Figure 1a). As far as the geographical point of view is concerned,
the subdivision of the contributions seems unbalanced when considering the continents:
North/East/Central Asia (52%), Europe (23%), North/South America (18.3%), Africa
(3.8%); Australia (2.5%). In more details, most contributions have been from China (c.a.
26.5%) and the United States (15.0 %), followed by India (9.8%), South Korea (4.3%), UK
and Germany (2.9%), Australia, Japan, France (c.a. 2.5%), Italy (2%), and Spain (1.8%)
(Figure 1b). This subdivision probably does not reflect the geographical distribution of
investments, but it provides an overview of countries providing innovation in the near
future in the fields of energy by nanomaterials. However, nanomaterials are not the only
materials that have attracted the recent attention of the scientific community. For example,
nanostructured materials and compounds are also frequently studied subjects.

As for the global market for energy nanomaterials, recent trends of segment indicate
a significantly increasing of demand with a stable growth at a compound annual growth
rate (CAGR) of 13.4% over the 2020–2027 period [1]. The global nanotechnology in energy
industry was estimated to be at $140 million (2020), and it is estimated near $385 million by
2030 [2]. The geographical distributions of the market prospect a rising product application
(especially in North America), the expanding mass production and price reduction of
nanomaterials (mainly in Europe) together with the entry for new players due to the
government financial support, increasing demand, along with a huge population (Asia-
Pacific) [1,2].

From a thematic viewpoint, the field of “energy materials” is very wide the research
requires a multidisciplinary approach with multifaceted activities from basic and funda-
mental scientific studies to more applicative works.
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Figure 1. Scientific contributions dedicated to energy nanomaterials: (a) documents published since
2000 and (b) their geographical distribution. Keywords: “energy” AND “nanomaterials” within:
Article title, Abstract, Keywords (Source: Scopus; May 2022).

This Special Issue, comprising two reviews and fourteen research articles, highlights
some recent improvements and perspectives in the field of energy nanomaterials, which
can be considered to address our current improvements and future challenges. The number
and variety of contributions reflect the remarkable interest in topics related to energy
nanomaterials. Furthermore, the presence of contributions addressing environmental
issues, such as the use of environmentally friendly and recyclable raw materials, indicates
an increased interest in sustainability, which is likely to become in the near future an
increasingly important issue.

From such a broad and multifaceted item, the reader can expect that the contributions
will cover some of the most debated hot topics in the scientific community, including
materials and technologies for: (i) light harvesting enabling efficiency improvements [3,4],
(ii) triboelectric nanogenerators [5]; (iii) nuclear energy production [6]; (iv) energy (batteries,
supercapacitors, and some components, including electrolytes, electrodes, catalysts) [7], and
fuel (methanol, H2) storage [8]; CO2 capture; (v) thermal energy storage applications [9];
(vi) new wiring based on carbons for electrical applications and electronics [10,11]; and
(vii) detectors, optoelectronic devices (i.e., laser technologies, spectral converters, LEDs and
three-dimensional displays).

Oliveira et al. [12] reviewed the topic of colloidal lithography (CL) for photovoltaics
(PVs). The authors overviewed some of the most promising methods for material mi-
cro/nano structuring methods in the field of photovoltaics, where colloidal lithography
has been demonstrated to be among the best and preferred patterning techniques for imple-
mentation in industrial processes and promise to be a reliable alternative to conventional
hard-patterning processes. In this regard, photonic-enhanced PVs have been shown to
bypass many of the conventional shortcomings of current solar cell technologies, as fol-
lows: (i) reflection losses and (ii) decreased light absorption occurring in thin films. The
authors remarked also on the opportunity to enable other attractive functionalities, such as
improved transparent contacts and self-cleaning properties due to the high aspect ratio of
photonic microstructures.

Song et al. [13] reported a non-iterative method to precisely extract five model parame-
ters for a single diode model of solar cells. The authors’ method, overcoming the complexity
and accuracy difficulties by employing a simplified calculation process, uses equation parts
which are to be dynamically adapted, and thus the five parameters are calculated from the
I-V curve. Interestingly, the authors reported that the proposed method is reliable (more
than other methods) based on the root mean square error analysis. More interestingly,
the authors simulated I-V and P-V characteristics by using the extracted parameters and
compared them with the experimental fit of solar cells under different conditions.

Shaoo et al. [14] reported the fabrication of a flexible multilayer graphene triboelectric
nanogenerator (TENG) for use as an energy harvester for next-generation flexible elec-
tronics. The device was layer-by-layer assembled by introducing a charge trapping layer
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(CTL) made of Al2O3, which was placed between the conducting electrode and the positive
triboelectric layer. The authors reported a 30-fold increase in output power for three layers
of graphene TENG (3L-Gr-TENG) with CTL compared to 3L-Gr-TENG without CTL device
counterpart. Interestingly, the developed device also showed continuous operations for
more than 2000 cycles with remarkable stability. Surprisingly, the same device was capable
of powering 20 green LEDs and sufficient to power an electronic timer with rectifier cir-
cuits. The authors associated the greatly improved performance with the synergistic effects
occurring between the graphene layers and the Al2O3 dielectric layer.

Durairaj et al. [15] reviewed the cellulose nanocrystals (CNCs) field for the applica-
tion as supercapacitors (SCs), from CNC synthesis/surface function to development of
conductive CNCs. The authors also remarked and summarized recent perspectives and
problems to be addressed including: (i) the importance of fabricating CNCs of millimeter
thickness and with a hierarchical porous microstructure; (ii) control/optimization of CNC
surface for both hydrophobic and hydrophilic matrices; (iii) bio-precursors allowing the
incorporation of biological molecules (i.e., virus, etc.) for making a better impact on their
superior properties; (iv) the need to obtain metal-free porous and heteroatom-doped CNC
using a low cost, and sustainable approach from abundant biomass; and (v) the need to
improve the performance of SCs, energy, and power densities of SCs.

Bakardjieva et al. [16] synthesized layered ternary Ti2SnC carbides. Among the
adopted synthesis methods, an unconventional low-energy ion facility (LEIF) based on
Ar+ ion beam sputtering of Ti, Sn, and C targets, was adopted by the authors. The
contribution provided insights into the understanding of Sn atom segregation at the sur-
face, highlighting the role played by aberration-corrected STEM techniques, such as high-
angle annular dark-field detector (HAADF) analysis combined with simulations of SAED
patterns to track atomic paths clarifying the properties of Sn atoms at the proximity of
irradiation-induced nanoscale defects and the existence of oxidized species formed during
the preparation process.

Veelken et al. [17] investigated the local ionic conductivity in a hybrid electrolyte
interface between ceramic particles and polymers in hybrid electrolytes (polyethylene
oxide with Li bis(trifluoromethanesulfonyl)imide: PEO6–LiTFSI; and Li6.5La3Zr1.5Ta0.5O12:
LLZO:Ta) by electrochemical strain microscopy (ESM). Interestingly, the results presented
by the authors described significant insights to attain an advanced understanding of ionic
transport mechanisms in the interior of hybrid electrolytes, and provided two strategies for
the hybrid solid-state electrolyte improvements. Firstly, the covering of the particles can
help to decrease the interfacial resistance. Secondly, a structure consisting of a continuous
percolation path along the ceramic particles may take advantage of the high lithium content
at the interfacial regions with the consequent overall ionic conductivity increasing.

Cui et al. [18] reported the fabrication of a graphene-polydopamine electrode
(PDA@3DVAG) composite with 3D vertical-oriented macropores by unidirectional freezing
and subsequent self-polymerization approach. The authors tested the composite as the
positive electrode of zinc-ion hybrid supercapacitors (ZHSCs) and reported excellent elec-
trochemical performances compared with the conventional electrolyte. In this regard, the
authors reported that the vertically oriented composite electrode showed better properties
compared to performance (48.92% at a current density of 3 A g−1), wider voltage window
(±0.8 V voltage drop), better cycle performance with specific capacitance from 96.7 to
59.8 F g−1, and higher energy density (46.14 Wh kg−1).

González-Gil et al. [19] prepared a new nanocellulose-based gel polymer electrolyte
(GPE) to be used in supercapacitors. The authors synthesized the GPE from a mix-
ture of an ionic liquid (1-ethyl-3-methylimidazolium dimethyl phosphate) with carboxy-
methylated cellulose nanofibers at different weight ratios. The addition of nanocellulose-
based fibers helped to improve the ionogel properties, including ionic conductivity in the
0.32–0.94 mS cm−2 interval and to become easily printable on the electrode surface. Inter-
estingly, the authors reported that the new GPE-based supercapacitor cell showed good
electrochemical performances with high specific capacitance (160 F g−1) excellent energy

3



Nanomaterials 2022, 12, 2170

density and good power density (46.14 Wh kg−1 at the power density of 393.75 W kg−1

and 19.29 Wh kg−1 at 2183 W kg−1, respectively). More interestingly, the energy density
exceeds that of conventional electrochemical capacitors and of some large-size batteries.

Askari et al. [20] reported the one-step preparation by the hydrothermal method of
Mn3O4-CeO2 mixed metal oxides and reduced graphene oxide (rGO) hybrid catalysts to be
used in the methanol oxidation reaction (MOR) process. Interestingly, the authors remarked
the occurrence of a synergetic effect occurring between rGO and Mn3O4-CeO2. In this
domain, Mn3O4-CeO2-rGO material showed an oxidation current density of 17.7 mA/cm2

in overpotential of 0.51 V and 91% stability after 500 consecutive runs of cyclic voltammetry
(CV). Furthermore, the optimal concentrations of methanol for Mn3O4-CeO2 and Mn3O4-
CeO2-rGO catalysts were determined in CV experiments to be 0.6 and 0.8 M, respectively.

Wan et al. [21] synthesized a series of amine-functionalized highly stable Ti-based
MOFs (MIP-207) by the mixed linkers method from 1,3,5-benzenetricarboxylic acid (H3BTC)
and 5-aminoisophthalic acid (C8H7NO4) with different weight fractions. Interestingly, the
introduction of amino groups demonstrated remarkable CO2 uptake performance (up to
3.96 and 2.91 mmol g−1), which are 20.7% and 43.3% higher than those of unmodified
MIP-207 at 0 and 25 ◦C, respectively. The CO2 uptake is attributed by the authors to the
introduction of -NH2 into the framework of MIP-207, leading to the increase of specific
surface area and more Lewis basic adsorption sites, thereby enhancing the CO2 working
capacity and CO2/N2 selectivity properties.

Bu et al. [22] synthesized Co nanoparticles supported on bagasse-derived porous
carbon catalysts for catalyzed hydrolytic dehydrogenation reaction of NaBH4. One of the
catalysts prepared by the authors exhibited a remarkable hydrogen generation activity
with an optimal H2 production rate of 11,086.4 mLH2·min−1·gCo

−1 and low activation
energy (31.25 kJ mol−1). Density functional theory (DFT) results indicated that the metal
nanoparticles-supported on porous carbon catalyst structure was advantageous for the
dissociation of [BH4]−, which remarkably enhanced the hydrolysis efficiency of NaBH4.
Interestingly, the catalyst presents excellent durability, retaining 72.0% of the initial catalyst
activity after several cycling tests.

Mahroug et al. [23] reported a selection of the most promising oxide-based supporting
materials for the Li4(OH)3Br peritectic compound to be used in thermal energy storage (TES)
applications at ca. 300 ◦C. The authors investigated micro/nanoparticles of MgO, Fe2O3,
CuO, SiO2 and Al2O3 as candidates for supporting materials. Among all oxides, based
on: (i) chemical compatibility of the supporting material with molten Li4(OH)3Br; (ii) anti-
leakage effectiveness and maximum salt loading; and (iii) thermal and microstructural
properties and stability of Li4(OH)3B, MgO nanoparticles were found the most promis-
ing oxide also due to the fact that all of the other oxides studied showed more or less
pronounced upon heating and upon cycling conditions.

Orbaek White et al. [24] reported the growth of multi-walled car-bon nanotubes
(MWCNTs) by the liquid injection chemical vapor deposition (LI-CVD) method at 780 ◦C
from toluene-loaded polystyrene (PS) with different amounts of PS in the presence of
ferrocene used as a catalyst. Then, acid-washed Bucky papers were produced, and their
DC electrical properties were found to be in the range of 2.2–4.4 Ohm, with no direct
correlation with PS loading. In addition, MWCNTs were used by the authors to fabricate
MWCNT-based ethernet cables, consisting of tightly packed MWCNT powders. These 2-cm
long carbon wires were then tested in server-to-client data transfer operations. Interestingly,
the authors measured data transfer rates up to about 99 Mbps for the MWCNT-based wires.
More interestingly, the life cycle assessment (LCA) of MWCNT-based wires was compared
to that of copper ones for a use-case scenario in a Boeing 747-400 airliner over its lifetime.
Due to their lightweight properties, MWCNT wires were found to reduce the CO2 footprint
by 21 kTonnes (kTe) over the overall life of the aircraft.

Louw et al. [25] modelled a new proposed Fe+++ ion sensor based on Eu-MOF crystals
placed on a polymer surface. In their paper, the diffusion properties of ferric ions through
a solution and a polymer layer and the interaction with a MOF crystal located at the
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interface between the solution and the polymer were investigated. The authors adopted a
2D diffusion model to predict the progress of Fe+++ through the solution and the polymer,
and the association of Fe+++ with a MOF crystal at the interface. In the paper, a facile 1D
model was reported to find the most appropriate values for the dimensionless parameters
required to optimize the time for a MOF crystal to reach a steady state. Interestingly, a large
non-dimensional diffusion coefficient was obtained and a small effective flux association
reducing the time to reach a steady state was predicted by the authors’ model.

Pawlin et al. [26] reported the synthesis of multicolor light-emitting nanomaterials
based on Tb3+ and Eu3+ rare earth co-doped oxyfluoride glass-ceramics containing BaF2
nanocrystals. Excitation and emission spectroscopy along with decay analysis from the
5D4 level of Tb3+ was performed and the authors observed that co-doping with Eu3+

caused the decrease in decay times of the 5D4 state from 1.11 ms to 0.88 ms and from
6.56 ms to 4.06 ms for xerogels and glass-ceramics, respectively. Hence, based on lifetime
values, the Tb3+/Eu3+ energy transfer (ET) efficiencies were estimated to be ca. 21% for
xerogels and 38% for nano-glass-ceramics. The authors explained the increase in energy
transfer efficiency by shortening the separation between interacting Tb3+ and Eu3+ cations
embedded into the BaF2 nanocrystal lattice.
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experts in various fields for growing their knowledge in the fields of energy nanomateri-
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Abstract: The pursuit of ever-more efficient, reliable, and affordable solar cells has pushed the devel-
opment of nano/micro-technological solutions capable of boosting photovoltaic (PV) performance
without significantly increasing costs. One of the most relevant solutions is based on light manage-
ment via photonic wavelength-sized structures, as these enable pronounced efficiency improvements
by reducing reflection and by trapping the light inside the devices. Furthermore, optimized mi-
crostructured coatings allow self-cleaning functionality via effective water repulsion, which reduces
the accumulation of dust and particles that cause shading. Nevertheless, when it comes to market
deployment, nano/micro-patterning strategies can only find application in the PV industry if their
integration does not require high additional costs or delays in high-throughput solar cell manu-
facturing. As such, colloidal lithography (CL) is considered the preferential structuring method
for PV, as it is an inexpensive and highly scalable soft-patterning technique allowing nanoscopic
precision over indefinitely large areas. Tuning specific parameters, such as the size of colloids, shape,
monodispersity, and final arrangement, CL enables the production of various templates/masks for
different purposes and applications. This review intends to compile several recent high-profile works
on this subject and how they can influence the future of solar electricity.

Keywords: colloidal lithography; thin-film photovoltaics; photonics; light-trapping; self-cleaning

1. Introduction

Highly efficient renewable energy sources and storage devices are needed to deal
with the increasingly expensive energetic demands of our society. Considering the de-
pleting fossil fuel stock and the devastating effects of global warming, technologies like
photovoltaics (PV) have become one of the leading contenders in this field, as PV offers a
broad diversity of devices—each with their potential use and functionality [1–4]. Recent
reports [5,6] show that, despite its current small output, about half of the growth in the
electric production capacity worldwide is now held by solar energy systems (Figure 1), with
the technology costs decreasing largely. These are indicators of a clear energy transition
with large investment, highlighting a tremendous growth potential.
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Figure 1. Annual growth of the solar energy market in each development area/country. Although Europe is slowly
increasing its production, China is decreasing its yearly rate—overall, the global market is growing largely throughout the
years. The inset pie plot presents the net power generating capacity (in GW) added in 2019 for several energy-generating
sources, showing that the biggest market growth belongs to solar energy. Adapted with permission from [5]. Copyright
2020 SolarPower Europe.

First-generation solar cells based in mono-crystalline silicon wafers convert a large
fraction of the incident sunlight energy with an efficiency of up to ~26 %, being still the
most commercially used PV technology with a widespread application on rooftops and
solar farms. Second-generation solar cells, based on thin-film technologies, have shown
signs of becoming a competitive PV class due to potential advantages in low cost, large area,
lightweight, solution-process fabrication, and mechanical flexibility [7]. In this category,
we can additionally include semitransparent organic and hybrid (organic-inorganic) PV
devices, which also tend to be suitable for indoor applications as they work relatively well
with diffuse visible light [8–10].

Thin-film solar cells enable fast and cheap production methods, such as flexible
roll-to-roll processes [9,11]. Moreover, thin devices benefit from lower material usage
and thence further cost reduction, also with the potential of increase in the open-circuit
voltages, VOC (and consequently efficiencies), due to lower bulk recombination. These are
crucial factors at the industrial level for cost-effective production, making the technology
attractive for application in affordable solar-powered consumer products such as mobile
electronics (e.g., wearable PV), intelligent packaging (e.g., smart labels), electronic devices
for Internet of Things (IoT) applications (e.g., smart buildings), and portable medical
diagnostic services [12–18].

The efficiency of the solar cells is inherently limited by the absorber material’s bandgap,
as it sets the lower energy limit for absorption [19]. Moreover, thin-film PV suffers from
additional absorption losses from the smaller travel path of light within the thin absorber
layer [20]. One method to circumvent the first problem would be shifting the incident
lower energy photons into higher energy photons [21]. To overcome the second drawback,
advanced light management techniques must be used to improve the optical response of
the devices. From these, light-trapping (LT) schemes that create challenging conditions for
light to escape the device have been the topic of many studies [22–31]. The development of
photonic structures, implemented via nano-patterning methods [32,33], has been funda-
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mental for PV performance enhancements, for instance by extending the absorption onset
to the near-infrared (NIR) region of the solar spectrum [34].

As a production technique, microfabrication has been essential to modern science and
technology through its role in microelectronics and optoelectronics. Photolithography is
the current state-of-the-art patterning technique, and as such, it is the most well-established
microfabrication method [35,36]. However, it is primarily limited by its low diffraction-
limited resolution, high-cost, and low-throughput. The sizes of the features that it can
produce (i.e., patterning resolution) are mostly determined by the wavelength of the
radiation used. As such, small features require high-energy radiation and thence complex
and expensive facilities and technologies [37,38]. Moreover, photolithography cannot be
easily applied to nonpolar surfaces, as it tolerates little variation in the materials that can
be used, and it provides almost no control over the chemistry of the patterned surfaces.

With these disadvantages in mind, many alternative techniques have been developed
to fabricate nanostructures [39]. For instance, electron beam lithography is capable of
fabricating designs with <10 nm resolution, with a high level of acceptance for application
in more sophisticated devices where costs are not critical, but is even more limited in
terms of patterning speed [40]. Focused ion beam (FIB) lithography has similar advan-
tages and drawbacks, but permits patterning without the use of a resistor or mask [41].
Nevertheless, these techniques do not entirely mitigate the previously mentioned issues
of photolithography, such as the cost, low throughput, and the requirement for highly so-
phisticated equipment. Hence, such disadvantages prompted research for unconventional
soft-lithography fabrication techniques [39] as: nanoimprint lithography (NIL) [42,43],
hot embossing [44], thermal injection molding [45], light-initiated polymerization (with
ultraviolet, UV-NIL, and step-and-flash NIL [43,46]), solvent-based processing [47], and
colloidal lithography (CL) [48]. These cost-effective soft techniques have brought focus to
the patterning world, as they can be used in nonpolar surfaces—increasing the range of
allowed materials, enable large scale patterning, and most importantly, employ industrially
attractive fabrication methods due to their ease of use and low manufacturing cost [49].

Among several soft-lithography techniques developed in the last decade, NIL and CL
sparked the highest research interest for micro and nanostructuring in photovoltaics [42].
In NIL [50], a pattern is created by pressing a mold into the resist, thus printing the inverse
design of the mold. This technique is severely limited when applied to large areas, due to
sticking issues from the large contact area between the mold and the imprinted structure,
as well as the low pattern fidelity over large areas since the polymer chains in the stamping
materials tend to relax elastically. NIL depositions are also strictly reserved for materials
that can be molded and cured at moderated temperatures, resulting in a limited range of
materials that can be effectively NIL patterned. As such, NIL may not provide the best
solution for photonic applications, which usually require dense dielectric or metal oxide
materials with a high refractive index for stronger interaction with light [26,51].

The main focus of this study, CL, is presently considered the most promising nano/mic
ro-structuring method for photonic and PV applications [52]. It is an especially interesting
technique since it can pattern almost any material, as it is not affected by the aforementioned
limitations of NIL. It uses low-temperature steps (<100 ◦C), therefore not limiting the usage
of temperature-sensitive materials (e.g., polymeric-based flexible substrates) or devices
(e.g., perovskite solar cells, PSCs) [52], tolerating a wide range of materials and surface
chemistries. Properties such as processing simplicity, low cost, and substrate agnostic
patterning make CL a highly desirable method [53]. It can also produce well-ordered
two-dimensional (2D) and three-dimensional (3D) periodic arrays of nanoparticles from
various materials on many substrates. Three-dimensional layers are of tremendous interest
for photonic crystal-based applications [49], whereas two-dimensional layers can be used
as etching or lithographic masks that can be used for nanofabrication of several structures,
specially photonic-enhanced PV devices [29,31,52].

In terms of the CL resolution, it is solely dependent on the colloidal particle sizes that
can be deposited, thus allowing nanoscale patterning. However, the smaller the particles
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the more they become affected by destabilizing Brownian forces which prevent their
ordered arrangement in the self-assembly process. Consequently, thus far the minimum
feasible resolution of CL ranges between 50 to 200 nm [22,54], which is comparable to that
of state-of-the-art hard-lithography (more costly) systems, such as photolithography (set
by the diffraction limit of UV light), but not as low as the resolution of E-beam or FIB
(order of nanometers). Nevertheless, research means are underway to further improve
the CL resolution, for instance by operating at low temperature to hinder the Brownian
diffusion [55].

This article provides an overview of the present panorama of CL, exploring its working
concept and the patterning materials, with a focus on its last-generation
PV-related applications.

2. Colloidal Lithography (CL) Methodologies

The use of colloids in lithography has been studied for about 35 years, with the
continuous development of nano and microfabrication methods reaching increasing po-
tentialities [39]. The methodology (Figure 2) generally comprises two main stages: the
patterning mask preparation (Figure 2a,b), followed by the nano/micro-structure produc-
tion (Figure 2c,d). The process starts with a colloidal deposition technique which is further
described in Section 2.2, where we present a large set of procedures that use self-assembled
colloidal arrays for surface patterning. The variety of methods that can be used for the
colloidal array formation, as well as for the subsequent structure production, shows the
high versatility of this method for implementation in various applications.

Figure 2. Illustration of the colloidal lithography (CL) main steps, depicting the sequence of
(a) the deposition of colloidal particles on a surface, (b) reactive ion etching (RIE) for particle shap-
ing, (c) material deposition, and (d) lift-off of the colloids leaving only the patterned material on
the surface.

2.1. Colloidal Self-Assembly

Colloid particles are an important class of materials, sharing properties with bulk
and molecularly dispersed systems. Their behavior is mostly governed by the particles’
size, shape, surface area, and surface charge density [56]. Several techniques and protocols
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have been developed to synthesize highly monodispersed colloidal spheres with diameters
ranging from a few to thousands of nanometers.

For CL applications, any particle material can potentially be used to create the self-
assembled colloidal mask in the first 2 steps of Figure 2. However, the preference lies in
colloidal materials that: (1) can be synthesized with precise monodispersed particle sizes;
(2) allow highly-selective etching (RIE) in step b) of Figure 2; and (3) can be easily removed
by chemical lift-off in step d) [54,57–64]. In view of that, the most synthesized particle
materials for use in CL have been polystyrene (PS), polymethyl methacrylate (PMMA),
and silica [65]. Good phase stability, together with a narrow colloidal size distribution (less
than 5% for the typically employed microspheres), has been achieved by suspension [40],
emulsion [66], and dispersion polymerization [64,67] synthesis techniques.

The self-assembly of colloidal particles, crucial for next-generation surface and volume
nanostructuring applications, consists of their spontaneous arrangement into ordered
superstructures (Figure 3) [68].

Figure 3. (a) Illustration of the self-assembly of colloidal particle structures forming a hexagonal close-packed array (also
known as honeycomb), which results in the highest in-plane packing density; (b) Top-view and (c) cross-sectional scanning
electron microscopy (SEM) images of honeycomb arrays of 800 nm PS spheres. Adapted with permission from [69].
Copyright 2021 Elsevier.
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Based on the type of dominant force driving the self-assembly, these methods can be
organized into four classes: physical (process dominated by shear forces, adhesion, and
surface structuring), fluidic (by capillary forces, evaporation, surface tension), external
fields (by electric and magnetic fields) and chemical (by chemical interaction, changing the
surface charge or creating binding sites) [70].

In 1981, a lithographic method using self-assembled PS monolayers as a mask was first
proposed by Fisher and Zingsheim [71]. Afterwards, Deckman and co-workers successfully
increased the mask area for patterning [72]. Owing to the size, shape, and monodispersity,
colloidal particles can self-assemble into 2D or 3D extended periodic arrays, but the 2D
colloidal crystals are those that captured the most attention for PV application [53,73,74].

The production of self-assembled arrays of colloidal particles is the starting point
of the CL process, which utilizes the close packing of such colloidal crystals to fabricate
long-range ordered nano/micro-structures in/with any material [68,70,73].

Interesting examples are the fabrication of nanoporous templates [75], 3D photonic
bandgap structures [76], and thin-film nanocrystal solids for electronic devices [77]. For
instance, it has been shown that spherical colloidal particles coated with liquid crystals,
or other materials having nematic degrees of freedom, can form composite materials
that exhibit point defects with sp and sp3 valences. For future applications, the most
intriguing aspects of colloidal particles are their potential utility as building blocks, capable
of mimicking molecular self-assembly through covalent and non-covalent interactions, to
created artificially-designed materials [78].

2.2. Deposition of Colloidal Arrays

Three techniques should be emphasized when considering the initial step of colloidal
monolayer deposition on the substrate of the CL method (see Figure 2a). These are spin-
coating, doctor blade, and Langmuir–Blodgett sketched in Figure 4 and described in this
sub-section.

Figure 4. Production of a colloidal monolayer using (a) a spin-coating technique, (b) doctor blade trough, (c), and a
Langmuir–Blodgett trough.

The spin-coating technique (Figure 4a) can be considered a simple process for rapidly
depositing thin coatings onto relatively flat substrates [54,79–81]. A spinning fixture holds
the substrate (often using vacuum to clamp and position the substrate in place), and the
coating solution/dispersion is then dispensed onto the surface. The revolving action causes
the solution to spread out and leave behind a uniform coating of the chosen material on
the surface. Due to its short time of production, combined with its simplicity and low cost,
this method is useful in industrial conditions as far as small-area batch coating processes
are concerned. However, it is not compatible with large-area deposition, and the resulting
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colloidal films tend to be less uniform than those produced by dip-coating methods such
as Langmuir-Blodgett [82].

Spin-coating experiments have mainly been designed to deposit small-area nanosphere
monolayers, severely limiting the application of these films as physical masks. Therefore,
important research parameters have been optimized to prepare high-ordered colloidal films
with different diameter nanospheres on larger scales. For instance, by adjusting the spin
speed and acceleration, Chen et al., (2013) [54] spin-coated long-range ordered colloidal
crystal films of PS spheres with diameters of 223 nm, 347 nm, 509 nm, and 1300 nm. Further-
more, for the 509 nm of spheres’ diameter, the team also used these conditions to inspect the
relation between the monolayer coverage area and spin parameters. It was found that with
the increase of the spin speed and acceleration, the monolayer coverage areas oscillated,
with the largest ordered areas (near 100% of 25 mm × 25 mm × 0.5 mm quadrate and
3-inch circular silicon substrates) being achieved at a speed of 1700 rpm and acceleration
of 600 rpm/s. Chen’s results thus revealed the successful preparation of monolayer and
bilayer films of PS nanospheres with four different diameters. In the only structure that
was considered to be with reasonable hexagonal close-packed ordering, both monolayers
and bilayers could be found, which is not suitable for colloidal lithography applications.

Another impactful development was reported by Park et al. [81], who introduced
polyoxyethylene (12) tridecyl ether (PEO-TDE) as a surfactant for the spin-coating of PS
nanosphere monolayers onto Si wafers and glass substrates, under ambient laboratory
conditions, with optimal surfactant properties, as opposed to the conventional highly toxic
Triton X-100 surfactant. Low viscosity and surface tension cause this mixture to show
excellent wettability, which results in superior coverage and uniformity [81].

Another simple, but highly scalable process for nano/microspheres deposition is the
doctor blade coating or blade coating technique (Figure 4b). This method is widely used in
the textile, paper, photographic film, printing, and ceramic industries to create highly uni-
form flat films over large areas [83]. An immobilized blade (or rod) applies a unidirectional
shear force to a slurry that passes through a small gap between the blade and the substrate.
This is a roll-to-roll compatible method that has played a crucial role in ceramic processing
to produce thin, flat ceramic tapes for dielectrics, fuel cells, batteries, and functionally
graded materials. A simplified doctor blade coating process was developed by Velev
et al. [84], based on an evaporative colloidal assembly technology that relies on capillary
forces to drive and merge colloidal particles into crystalline structures with thicknesses
ranging from a single monolayer to a few layers. Inspired by this technology, Yang et al.,
(2010) [85] reported a roll-to-roll compatible doctor blade technology for producing highly
ordered colloidal crystals (mainly polymer nanocomposites) and macroporous polymer
membranes. The resulting 3D-ordered structures exhibited uniform diffractive colors, and
Yang has shown that the templated macroporous membranes with interconnected voids
and uniform interconnecting nanopores can be directly used as filtration membranes to
achieve the size-exclusive separation of particles.

Lastly, the Langmuir–Blodgett (LB) method [86] (Figure 4c) consists of the compression
of nanoparticles, floating in an air-liquid interface, into monolayers—Langmuir films—and
its transferal onto immersed solid substrates via vertical dipping [87]. This technique offers
the possibility to obtain highly ordered, well-defined, controlled mono/multilayers, ulti-
mately serving the patterning purposes for CL applications [88]. Common LB-deposited
materials have amphiphilic molecules with two distinct regions: a hydrophilic head group
(water affiliation) and a hydrophobic tail group (water repulsion). They must be solu-
ble in organic nonpolar and water-immiscible solvents (ethanol, diacetone, chloroform,
benzene, among others [89,90]), with water-insoluble amphiphilic molecules forming a
floating monolayer at the air-water interface. Long-chain fatty acid and lipid molecules are
examples of typical LB-deposited materials, but the method has also been found successful
(highly precise) for the patterning of close-packed monolayers of colloidal spheres, as
for CL.
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The two main steps of the LB technique are the preparation of a floating self-assembled
colloidal monolayer at the air-water interface (Langmuir-film) and its deposition on a solid
substrate [91]. At first, the colloidal particles are dispersed in a volatile and preferably
water-insoluble solvent to prepare the colloidal dispersion. Then, small amounts of this
solution are carefully deposited and spread onto the air-water interface at the LB trough.
Afterward, the volatile solvent evaporates, and the LB barriers are compressed accord-
ingly to force the formation of a self-assembled close-packed colloid monolayer at the
interface [88]. Finally, the immersed substrate is withdrawn vertically from the aqueous
subphase, while the lateral barriers continue to close in towards the substrate, at controlled
rates, therefore transferring the colloids stabilized at the air/water interface to the upwards
moving substrate [86], resulting in a successfully deposited monolayer colloidal film. Mul-
tilayer films can also be engineered by successively subjecting the previously deposited
substrate to further cycles of LB deposition. These multilayers have been considered model
membranes due to their remarkable 3D uniformity; and offer potential application as
photonic waveguides and in breakthrough optoelectronic, nonlinear optical, and sensory
devices [92,93].

Surface and interface chemistry is of paramount importance for defining how the col-
loidal particles float and are packed [32,33,81,94]. For instance, relatively small PS colloids
with sizes close to visible wavelengths (under 1 µm) tend to sink into the aqueous subphase,
contrasting with larger ones that typically float [94]. The fabrication of monolayers by
interface coating methods as LB has been subject to numerous studies, varying the size of
colloids, the amount of solution, temperature, deposition angle, and others [22,95–97].

It is also believed that the use of surfactants in the aqueous subphase may enhance
the floating and Langmuir-film production of colloidal particles at the air/water interface,
with larger areas and mechanical strength, similarly to the solutions presented by Vogel
et al., (2011) [94] for the spin-coating method. Surfactant molecules tend to occupy the
media interfaces and join the incoming colloidal particles together, thus opposing their
dispersion caused by the Brownian motion. The surface assembly forces tend to enlarge the
array area, increasing the monolayer order and coverage [95]. There is also a reduction of
surface tension at the interface due to the presence of the surfactant, which favors colloidal
particle movement along the interface to find their lowest energy configuration, resulting
in an optimally-ordered hexagonal close-packed monolayer [98]. Adding the surfactant,
however, may introduce undesired contamination to the interface. Therefore, care must be
taken to avoid the transfer of substantial amounts of contaminants to the substrate during
the LB lift-up process, to avoid imperfections in the deposited colloidal array [79].

From the three methods mentioned above, the Langmuir-Blodgett method combines
quality, versatility, and scalability, being the headmost characteristics for the fabrication
of high-quality 2D or 3D crystalline films. Furthermore, the capacity to precisely control
the deposition of each layer in a layer-by-layer process, the ability to choose different
particle sizes for each deposited layer, and the possibility for this method to be adapted
to fast industrial production techniques such as roll-to-roll processing [22,99–101] make
it an outstanding candidate for the first step of the CL process. These advantages are
demonstrated in the research of O. Sanchez-Sobrado et al. [29,33,48] that has revealed
outstanding results of thin-film solar cells enhanced with photonic front structures that
were patterned via CL using highly-uniform LB-deposited colloidal masks.

2.3. Colloidal Masking for Surface Patterning

After achieving a good monolayer of close-packed colloidal particles, as previously
described, it is then necessary to define how one can effectively use such array as a
mask to achieve the desired microstructures in the targeted material (recall Figure 2).
The final structures and properties achieved by the CL process are highly dependent
on the prepared mask of material and packing [102,103]. Although attaching functional
molecules or coating materials to colloids offers various possibilities for additional tuning
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of their properties [104], most polymeric or silica colloids end up being straightforwardly
assembled into monolayers without functionalization, for further processing in CL.

The use of the originally deposited close-packed colloids (Figure 2a) as a mask allows
only a limited exposure area in the interstitial spaces of the hexagonal array. Therefore,
increasing the inter-particle distance in non-close-packed arrays (Figure 2b) is an important
tool to optimize the masked area on the surface, at the expense of requiring an extra
intermediate step of physical etching of the colloids.

Still, using the simpler CL version with close-packed 2D colloidal crystals as etching
masks, triangular nanoparticles [105], nanodots [106], and thin-films with nanohole ar-
rays [107], nanotips [108], or nanopillars [109] have been fabricated on several substrates
(such as polymer-based, silica, and silicon) [65,69,97].

Regarding the formation of non-close-packed monolayers (Figure 2b), dry etching
methods have been used (such as reactive ion etching, RIE) to reduce the size of the
spheres after their deposition, and therefore increase their inter-space distancing in the
array (Figure 5).

Figure 5. Schematic illustration of the reduction of the colloidal spheres dimension (with 0.5 µm initial diameter) and
increase of their spacing in the array, via low-frequency plasma etching, with increasing etching time (left to right). Adapted
with permission from [60]. Copyright 2021 MDPI.

A recent study from Yun Chen et al., (2019) [60] has shown that low-frequency plasma
etching (40 kHz) can be used to produce PS nanospheres-based arrays with smooth sur-
faces, doubling the etching rate when compared to high-frequency systems. This study
revealed that low-frequency RIE processes are dominated by a thermal evaporation etching
mechanism, different from the atom-scale dissociation mechanism that underlines the
high-frequency etching. It was found that the PS features size can be precisely controlled
by adjusting the etching time and/or power. By introducing oxygen as the assisting gas in
the low-frequency RIE system, one can achieve a coalesced PS particle array and use it, for
instance, as a template for metal-assisted chemical etching which can significantly improve
the aspect ratio of silicon nanowires to over 200 due to their improved flexure rigidity.

RIE has also been used in the CL fabrication of optimized photonic front structures
for light-trapping in thin-film solar cells, which is crucial for increasing light absorbance
in the absorber layer and subsequently the performance of the devices. Recently, two
efficient four-step approaches were described by Mendes et al., (2020) [52] that can produce
two types of geometries based on arrays of semi-spheroidal voids or domes, as shown
in Figure 6. Briefly, for both cases, this method starts with the deposition of a monolayer
of close-packed colloidal PS microspheres (LB method), followed by RIE producing a
non-close-packed array.
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Figure 6. Depiction of two different CL methods used to create distinct geometries of photonic microstructures for light-
trapping, integrated in the front contact of thin-film solar cells, arranged in non-closed-packed hexagonal (honeycomb)
arrays of semi-spheroidal voids (a) or domes (b) Adapted with permission from [52]. Copyright 2021 Elsevier.

The main difference between both approaches occurs in the first two steps. In the
first method (Figure 6a), the selective RIE only acts on the particles, so the final void-like
structures are defined by the subsequent deposition of material in the inter-spaces between
particles (as in Figure 2c,d). Although in the second method (Figure 6b), the less-selective
RIE process also etches the underlying layer, ultimately defining the final dome/cone-like
structures obtained.

Using etched nanospheres as molds/masks in processes such as metal deposition, in-
filtration, or imprint, it has been possible to produce ordered arrays of spherical voids [110]
and nanoshells [111,112]. Through dewetting around nanospheres, nanorings of poly-
mers [113], carbon nanotubes, or nanoparticles [63] can be obtained. Resorting to site-
selective deposition or etching, nanospheres with asymmetric shapes or functional features
have been produced [114], difficult or impossible to obtain by other synthetic routes.

After the deposition of the intended material onto the RIE-shaped colloidal mask
in step c) of Figure 2, a lift-off treatment removes the colloids (step d) leaving only the
microstructured material on the front surface. After this process, undesirable colloidal
residues may be found in the areas previously occupied by the particles, due to incomplete

16



Nanomaterials 2021, 11, 1665

removal. In such cases, besides the chemical removal (e.g., with toluene), both oxygen
plasma [115] and thermal annealing [116] treatments can also be used to remove the
polymeric particle residues which are usually quite volatile at temperatures around 100 ◦C.

3. Photonic Crystals

The previous section showed that there is a wide range of nano/micro-structure
designs that can be engineered with CL techniques for various technologies, whose di-
mensions are chiefly set by the size of the masking particles. The colloidal particles’ size
propinquity to visible light’s wavelengths will therefore grant the fabricated structures
excellent interaction properties with this type of radiation (Figure 7) [57,70,117–119].

Figure 7. Schematic optical interaction of (a) an ordered colloidal crystal and (b) an amorphous colloidal array under white
light. The structural color from the colloidal crystal changes depending on the viewing angle, while that of the amorphous
array remains nearly unchanged.

It is important to note that photonic crystals have structural similarities with common
crystals but have no direct relationship with crystalline materials. The dimensionality
of the photonic crystal is defined by the length(s) in which the dielectric constant varies
periodically, and they can be represented by basic 1D, 2D, and 3D crystals. However, only
3D photonic crystals allow for omnidirectional photonic bandgaps [120] that are an optical
analog of the energy bandgap of the crystalline network.

In nature, one can find many examples of natural photonic crystals (Figure 8), such as
in wings of butterflies and natural opals (Figure 8a,b). These natural crystals are composed
of periodic microstructures whose scattering and transmission properties strongly depend
on the incident light frequency, thus displaying brilliant colors, which have inspired
artificial designs (Figure 8c,f).
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Figure 8. Natural photonic crystals (left): (a) photo showing the blue iridescence and SEM image of the 1D structure of the
Morpho butterfly, (b) photo of an opal gemstone, and SEM image of the silica sphere structure within it. Adapted with
permission from [121]. Copyright 2021 The Royal Society of Chemistry. Artificial fabricated photonic crystals deposited on
flexible substrates made of semitransparent: (c) photonic crystal films and (d) photonic crystal films with anti-transmission
black tape as the transferred substrate, which blocks backlight transmission [122], as well as (e) photo and (f) reflectance
spectra of stripe-patterned composite photonic crystals with 20 different optical bandgaps. Adapted with permission
from [123]. Copyright 2021 John Wiley and Sons.

Due to their unique characteristics, photonic crystals fabricated via colloidal assembly
have attracted much interest for various prospective applications, ranging from gas sens-
ing to optical filters [124,125], photonic papers [126], inkless printing [127], flat reflective
displays [128], optical devices, photochemistry, and biological sensors [70]. Recent devel-
opments have further enhanced their complexity using non-spherical particles [129,130],
binary colloidal dispersions [131], as well as controlled production of 3D defects (acting
as optical cavities) within the crystals [132,133]. Several approaches have been developed
enabling defect engineering controlled to a great extent, such as surface micromachining
which allows for symmetries other than face-centered cubic [117,134].

Self-assembly has a crucial role in the fabrication of photonic crystals with a pho-
tonic bandgap in the visible and near-infrared region [135]. For instance, freestanding
films have been fabricated by the layer-by-layer assembly [136], solution casting [137],
surfactant-assisted deposition [138], and filtration of dispersions of materials using mem-
brane filters [61]. A facile approach to fabricate such large asymmetric free-standing 2D
array films is by forming 2D colloidal particle arrays at the air−water interface, as in the LB
method [139]. Nevertheless, besides LB, colloidal photonic crystal growth via self-assembly
of monodispersed colloids can involve, as previously mentioned, various fabrication meth-
ods such as controlled evaporation, spin coating, shear growth, among others.

Although the fabrication of 1D or 2D photonic crystals is relatively straightforward,
adapting the conventional patterning techniques to fabricate 3D crystals remains a chal-
lenge. This originates from the stringent constitutional quality, and functional requirements.
Several methods have been proposed in this respect. The most economical and direct ap-
proach to fabricating 3D photonic crystals is also by the self-organization of colloidal
particles. The most inexpensive and direct approach to fabricating 3D photonic crystals
is also by the self-organization of colloids that can be used as a template. Inverse opals
materials with a high degree of periodicity in three dimensions are important templates
for the design of photonic crystals. One method used to prepare these photonic crystals
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consists in infiltrating the void spaces between spheres in a colloidal crystal template with
the desired material in solution phase (sol-gel), which is subsequently solidified. The
subsequent removal of the templating spheres leaves a structured photonic crystal [140].
The sequential passivation reactive ion etching (SPRIE) method, [117] as the name suggests,
relies on sequential passivation and reactive ion etching reactions using C4F8 and SF6
plasma chemistries. It allows the addition of the third dimension using a simple and robust
protocol for direct structuring of silicon-based 3D photonic crystals. Through a single
processing step, SPRIE transcribes 2D colloidal crystal arrangements into well-ordered
3D architectures. The lateral etch extent controls various 3D topologies, useful in the
delamination of 3D photonic crystals slabs or for the insertion of structural defects [117].

Alternatively, direct writing or single-step processing techniques have emerged as
powerful tools for rapid and scalable 3D photonic crystals fabrication. Multiphoton poly-
merization lithography seems an attractive scenario, as it allows for unprecedented control
of the crystal geometry and the defect incorporation, although it suffers from low through-
put due to the serial writing procedure [117]. By infiltrating the interstices of polymer latex
colloidal crystals with inorganic materials, and subsequently burning out the polymer latex,
ordered macroporous films known as ‘inverse opals’ can be prepared. Inverse opals can
have higher reflectivity over wider optical stop gaps (which prohibits light from propagat-
ing in only some directions) [121] due to the higher refractive index mismatch between the
spheres and the medium. Such structures can also have 3D photonic bandgaps in the very
high-frequency regions. Despite their bandgaps being very narrow, these can be reduced
even further with the introduction of small defects, since they exhibit wider stop gaps
and broader mechanical stability. For the production of inverse opal structures, colloidal
templates of inorganic colloids (silica) can be used. Within this process, composites with
polymeric materials are formed and then converted to polymeric inverse opal structures
via the removal of the inorganic particles using selective etchants such as hydrofluoric
acid [141].

Non-crystalline colloidal arrays—photonic glasses (see Figure 8b)—have also much
interest for certain applications. These structures consist of aggregates of monodisperse
colloids with short-range order, over a range of a few particles, that can be detected from
the structure’s diffraction pattern. Although photonic crystals can be used to manipulate
ballistic photons, photonic glasses are useful in controlling light diffusion. The random
structures of designed uniform colloids can interact strongly with light and produce
unusual diffusion phenomena, including random lasing, angle-independent color, and light
localization. These disordered monodisperse and short-range ordered particle structures
have been produced by destabilizing the colloids with the control of the salt concentration,
or by adding particles of different sizes to the colloidal solution [141].

4. Photovoltaics Enhanced with Micro-Structuring

The amazing light-interaction properties of wavelength-sized structures overviewed
in the previous section have motivated their development for optical manipulation in
PV devices, aiming for maximum sunlight conversion to electrical power. In particular,
thin-film solar cells suffer from significant absorption losses, relative to thicker wafer-based
cells, due to their diminished absorber thickness. As such, advanced light management
techniques are necessary to compensate for such losses and ensure that high efficiencies are
achieved [20,33]. As was already introduced, nanophotonic elements in the wave-optics
regime are seen as a promising method to efficiently trap light inside the thin absorber
material, thus boosting its broadband absorption, as further discussed in Section 4.1 [142].

The self-assembled templates from colloidal spheres can provide monolayers with
long-range order throughout large device areas, thus providing an inexpensive and easily
scalable mask to engineer materials with the physical parameters appropriate for efficient
light-trapping (LT) in solar cells. This has led to a significant interest in CL methods for
photovoltaic devices, which is the focus of this review. Nevertheless, the CL applications in
the PV field are not limited to the integration of LT structures. In the next sub-sections, we
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will highlight two other promising nano/micro-structuring solutions that have also been
demonstrated with CL: namely for transparent electrodes (Section 4.2) and self-cleaning
functionality (Section 4.3).

A review article by Wang (2018) [73] described that CL can produce several different
patterns and geometries that could form an anti-reflective LT mechanism. It may include
Janus particles, hexagonal and non-close-packed single layers, double layers, free-standing
films, and template-induced arrangements. The nanostructures obtained by this process
can already be promptly applied to many different areas. Furthermore, this technique can
also be adapted by tweaking the experimental parameters, such as the dimension of the
spheres, the morphology of the surface, and chemical composition, thereby increasing the
spectrum of possible applications.

Micro-meshed electrodes (MMEs) obtained by CL have been one of the most promising
approaches to produce industrial-compatible transparent conducting materials (TCMs),
with excellent optical transmittance and electrical conductance, composed of TCO/metal/
TCO multilayers (TCO = transparent conductive oxide). In particular, replacing the intra-
layer metallic film (usually silver) with a micro-grid of the same material has allowed
additional degrees of freedom to optimize the TCM performance, namely enabling much
higher transparency in the red-NIR (near-infrared) spectral range while maintaining highly
conductive TCMs [62].

Besides efficiency, the outdoor reliability of PV systems is another crucial factor
necessary for their widespread deployment. Solar panels tend to lose efficiency with
time mainly due to unavoidable environmental degradation. Phenomena such as the
formation of hot-spots (areas of large heat dissipation) caused by partial shading of solar
cells (e.g., due to debris/dirt deposits) can be responsible for pronounced efficiency losses
that, for instance, have reached 11% in three days and 65% after six months in certain
power plants [74,143]. Therefore, decreasing unwanted processes that block the amount
of sunlight reaching the cell, such as dust and other accumulation of particles, merits
particular attention due to their inevitability and ubiquity [74].

Most current solutions to this include the mechanical cleaning of the devices [31] to
expel dust specks via four types of techniques: the robotic method, air-blowing method,
water-blowing method, and ultrasonic vibration method. Nevertheless, such type of active
mechanical methods requires a power source for enabling the self-cleaning mechanism.
Moreover, manual cleaning can also create cracks on the PV panel surface due to harsh
brushing which will further deteriorate PV performance. Moreover, very small particles
cannot be removed effectively by a manual cleaning process. On the other hand, the use
of a self-cleaning coating, as no PV panel movement is required for its working function,
is way simpler and more fitting to PV applications [74]. Another active method—the
electrostatic cleaning method [144]—expels the surface dust through electrostatic standing
and traveling waves, due to an existing electric curtain. The electric curtain consists of a
series of parallel electrodes embedded in a dielectric surface, across which are transmitted
oscillations in the electrode potentials. During this process, the standing wave oscillates
the dust particles up and downward while a traveling wave does the same process in a
horizontal direction.

Concerning passive coating methods, they employ either a superhydrophilic or super-
hydrophobic film on the outer PV surface. Superhydrophilic coatings reduce the amount
of dirt through photocatalytic reactions, while superhydrophobic coatings potentiate the
formation of water droplets and their roll-off, carrying away the dirt from the surfaces
with minimum water usage [31,74]. To allow water (or other liquids) droplets to effectively
roll down a surface, different superhydrophobic-oriented strategies are being investigated
mainly via surface micro-structuring, mimicking natural processes such as the skin of
certain plant leaves with self-cleaning capability [145], as further detailed in Section 4.3.

The aforementioned applications reveal that CL offers a wide range of promising
possibilities for the advancement of PV-related technologies, as illustrated in Figure 9 and
elaborated in the following sections.
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Figure 9. Illustration of the distinct applications of CL for micro-structuring in photovoltaics. Adapted with permission
from [62]. Copyright 2021 Elsevier. Adapted with permission from [52]. Copyright 2021 Elsevier. Adapted with permission
from [31]. Copyright 2021 John Wiley and Sons.

4.1. Light-Trapping in Photovoltaics

Light-trapping (LT) structures are a critical enabling factor in PV technology, as
they improve the absorption of incident photons, therefore impacting its conversion effi-
ciency [23,29,31,51,52,62,146,147].

On one hand, reflection losses are an unavoidable shortcoming in all types of PV
technologies. Proper index matching in the surface—using materials with an index between
that of the absorber material and the light incidence medium—can help mitigate this
problem. Photonic structures can further diminish these losses in a broad wavelength
range—by providing geometric index matching.

On the other hand, these structures also bring about LT mechanisms to help with light
management within the device. As previously mentioned, this is particularly important for
thin-film solar cells, where the short optical path is not enough to absorb all the incoming
solar radiation, and it can be useful also for other emerging solar technologies [148].
This shortcoming has also been severely hindering flexible thin-film PV technology from
achieving its market potential. As a matter of fact, many thin solar cells have so far only
reached modest efficiencies (~14%) compared to those of conventional cells based on rigid
silicon wafers (22–25%). Therefore, there is much improvement potential in thin-film PV
with the implementation of effective LT techniques, mainly as a means to make the cells
optically thicker but without increasing their physical thickness (to allow efficient charges
collection) [52].

Here, a detailed analysis is presented of different types of photonic structures inte-
grated via CL methods for LT in thin-film solar cells, particularly based in silicon and
perovskite PV materials, enabling the development of high-efficiency flexible devices.
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4.1.1. Computational Design and Optimization of Photonic Solutions

The resonant nature of wavelength-sized photonic structures substantially limits
the parameter space in which their optical effects can provide exceptional absorption
improvements across the relevant sunlight spectrum. Specifically, the wave-optical front
features (as those integrated via the CL methods of Figure 6) need to provide a gradually
varying effective refractive index, from the air towards the absorber layer to minimize
reflection. Simultaneously, their geometry must interact with the incoming light to produce
strong scattered fields preferentially directed into the higher index absorber layer. Therefore,
before experimental implementation, it is crucial to perform a rigorous screening based
on modeling, to understand the influence that the parameters of the LT structures have
on such effects, and then appropriately search for the best parameter set that allows the
highest photocurrent enhancement in the devices [142,149,150].

Theoretical studies reported by Mendes et al., (2016 and 2018) [142,149] have sought
for designs of wavelength-sized structures optimized towards maximum broadband light
absorption, with the double aim of enabling the reduction of the absorbing layer thickness
(potentiating flexibility) while improving the efficiency of thin solar cells (Figure 10).
Two geometries of front-located photonic structures were pointed out, compatible with
the CL fabrication methods of Figure 6, and computationally optimized to maximize
absorption without degrading the electrical performance of the devices (by avoiding
increased recombination since the absorber layer remains flat, i.e., it is not corrugated as
occurs with texturing).

Figure 10. Electromagnetic modeling results of two types of LT geometries (sketched in a,d) composed of hexagonal arrays
of TiO2 half-spheroids (a–c) or semi-spheroidal voids in a TiO2 or AZO layer (d–f), both integrated into thin-film (300 nm)
Si solar cells. The results show the light absorption, Abs, spectra (b,e) and photogeneration rate, G, profiles (c,f) of the
optimized photonic front structures, compared with flat reference cell structures without LT or with a standard AZO
antireflection coating (ARC). The G profiles reveal much higher carrier generation in the cells with the photonic elements
due to the enhanced broadband absorption. Adapted with permission from [142]. Copyright 2021 Elsevier.
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These LT structures are composed of honeycomb arrays of semi-spheroidal features
either made of domes (TiO2 half-spheroids separated by a flat aluminum-doped zinc
oxide—AZO—layer—Figure 10a) or voids (semi-spheroidal holes in a layer of either
TiO2 or AZO—Figure 10d). The electromagnetic field distribution simulations in the
thin-film solar cell structures were carried out using a 3D Finite Difference Time Domain
(FDTD) method.

The modeling results show that the structures patterned on the front of the cells
drastically reduce reflection losses at short wavelengths—Figure 10b,e (at energies above
the absorber bandgap)—via geometrical refractive index matching with the cell media.
They also boost the absorption of longer wavelengths by increasing their path length via
light bending and coupling with wave-guided modes confined in the absorber layer.

These combined effects (antireflection and light scattering) lead to a substantial broad-
band absorption enhancement in the absorber material, which allows reducing its thickness
without lowering the output current.

When evaluating the different LT geometries, it was found that the optimized absorp-
tion spectra attained with the two types of structures do not differ significantly. Neverthe-
less, the highest photocurrent gains were generally provided by the void geometry due
to higher NIR absorption enhancement, as it allows a higher degree of angular spreading
of the scattered light. Simultaneously, the domes tend to act as micro-lenses that instead
focus the scattered light in localized hot-spots located beneath them, as observed in the
optical generation profiles of Figure 10c,f.

Pronounced photocurrent enhancements, up to 37%, 27%, and 48%, are demonstrated
with honeycomb arrays of semi-spheroidal dome or void-like elements front-patterned on
the cells with ultrathin (100 and 300 nm thick) amorphous, and thin (1.5 µm) crystalline
silicon absorbers, respectively [142].

The geometrical optics limits for photocurrent enhancement via LT are known as
the Lambertian or Green broadband absorption limits. Isabella et al. [147] purposed an
advanced LT scheme applied to thin-film silicon-based solar cells, capable of actually
overcoming such limits. They showed that optimized 3D optical modeling of thin-film hy-
drogenated nanocrystalline silicon (nc-Si:H) solar cells endowed with decoupled front and
back textures, result in pronounced photocurrent densities (>36 mA/cm2), thus developing
a suitable base for the fabrication of high-efficiency single and multi-junction thin-film solar
cells. The simulated enhancements result from a gain in light absorption, especially in the
NIR part of the spectrum close to the bandgap of nc-Si:H. Within this wavelength region,
the material is weakly absorbing, whereas with the LT design of Isabella et al., significant
absorption peaks are observed that can only be explained by the simultaneous excitation
of guided resonances by front and rear textures. Using the same advanced LT employed
for nc-Si:H, one would obtain a very high implied photocurrent density of 41.1 mA/cm2

for a device with a 2-µm thick absorber.
A recent breakthrough contribution by Li et al. [151] showed that the Green light

absorption limit can also be approached without the need for complex LT geometries. With
simple (yet smartly designed) grating structures, composed of checkerboard and/or penta
arrangements, the photocurrent of thin-film silicon cells can be realistically doubled, thus
revealing performance improvements at the level of the most sophisticated LT grating
structures but here attained with much simpler (hence industrial-friendly) geometries.

4.1.2. Thin-Film Solar Cells Improved with Front-Located Photonic Structures

Guided by the modeling studies, in the past few years, LT mechanisms have been
successfully implemented in both rigid and flexible solar cell devices with promising
experimental results. In this section, we summarize some of these results and the progress
that has been achieved in practice. The LT mechanisms, in addition to allowing remarkable
enhancement of the optical density of ultrathin PV films, can be fabricated with low-cost
materials and integrated by industrial-scale procedures via inexpensive and large-area
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soft-lithography processes. Accordingly, colloidal lithography has been applied to pattern
thin-film solar cells on a photonic length scale with low manufacturing costs.

The simplest CL-related LT implementation consists of using the close-packed array
of colloidal spheres (Figure 2a), self-assembled on the front contact of the solar cells, not
as a mask but as the photonic front structure itself. This allows forming the photonic
structures with a single step performed as a post-process on the cells, as it avoids the
additional colloidal masking steps. Such an approach was tested by Grandidier et al. [26],
employing a monolayer of silica nanospheres deposited by Langmuir-Blodgett on the front
TCO of hydrogenated amorphous silicon (a-Si:H) solar cells. In this design the dielectric
colloids act as resonant Mie scatterers, coupling light into the absorber via their near-
field proximity. At the same time, it acts in the far-field as a graded-index antireflection
coating to further improve the photocurrent. Overall, even though the simple approach of
Grandidier et al. allowed significant enhancements in the photocurrent (average of 6.3%)
and efficiency (1.8%, reaching the absolute value of 11.1%), the attained gains are relatively
low in comparison with those shown in Figure 10, predicted with optimized LT structures.
One of the main reasons for this has to do with the low refractive index (n~1.5) of the silica
spheres, while higher n values are desired for stronger antireflection and light scattering
action, as indicated by the theoretical models [149].

As such, photonic structures composed of high-index dielectric materials, (e.g., TiO2)
as suggested in the simulation works reported in Section 4.1.1, should be capable of yielding
much more pronounced enhancements. Given that, Sanchez-Sobrado et al. [33] (Figure 11)
developed a CL technique aimed at engineering the TiO2 semi-spheroidal void-like array
geometry of Figure 6b. The TiO2-based wave-optical structures were first integrated by
CL on the front surface of a-Si:H thin-film absorbers, to optimize the parameters of the
fabrication method while looking at the absorption enhancement caused in the films.

Figure 11. Schematic drawings and SEM pictures of the samples obtained after the different steps of
the TiO2 nanostructure construction via CL on glass substrates: (a) a hexagonal array of colloidal PS
spheres is patterned on the cell front, (b) O2 dry etching, (c) TiO2 is deposited, filling the inter-particle
spaces, (d) the spheres are removed leaving an array of semi-spheroidal void-like features. The
final TiO2 structure (e) uniformly covers the entire sample area. Adapted with permission from [33].
Copyright 2021 The Royal Society of Chemistry.

The method developed by the authors employs the four main steps illustrated in
Figure 11: (a) deposition of periodic close-packed arrays of PS colloids (original diameter
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of 1.0 µm, 1.5 µm or 2.0 µm) which act as the mask, (b) shaping the particles and increasing
their spacing via dry etching, (c) infiltration of TiO2 in the inter-particles spacing and (d)
removal of the PS particles to leave only the nanostructured TiO2 layer [33].

It was demonstrated that when directly deposited on a-Si:H absorber films, such
LT microstructures provided pronounced broadband absorption enhancement (27.3% on
spectral average) in the a-Si:H medium relative to the unpatterned sample.

In subsequent work [48], the authors advanced to integrating this type of photonic
structure in actual solar cell devices by CL. These were implemented as a top coating
(see Figure 12), with two different materials tested for the photonic coatings in this work:
TiO2, due to its high refraction index, and indium zinc oxide (IZO), for better optical and
electrical coupling with the front contact of the cells composed of a flat IZO layer.

Figure 12. (a) SEM images of the cross-section of an a-Si:H solar cell coated with a TiO2-based LT structure (patterned by
CL) over its front flat IZO contact; (b) Measured J-V curves of solar cells incorporating four different photonic coatings made
of either TiO2 or IZO and formed with either 1.3 or 1.6 µm diameter PS spheres, and compared with the curve of the planar
reference cell with no LT structure over the IZO contact; (c) measured and theoretically modeled enhancement, relative
to the reference, of the generated current density (dark grey and empty bars, respectively), and the measured conversion
efficiency (light grey bars) of the devices in (b). Adapted with permission from [48]. Copyright 2021 The Royal Society
of Chemistry.

It was observed that all the different photonic structures applied on the a:Si:H cells
produced significant broadband absorption enhancement, leading to systematic increases
in the current (17.6–21.5%, Figure 12c), relative to that of the planar reference cells without
the LT features. The TiO2 structures achieved higher optical performance than the IZO
ones, as expected, mostly due to the higher refractive index and lower optical absorption
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of TiO2. Nevertheless, the extra electrical benefits (reduced sheet resistance) on the front
electrode caused by the IZO structures allowed for the highest efficiency enhancement
(Figure 12c) [48].

Given the promising results attained with the photonic-structured IZO front contacts,
in a subsequent work Sanchez-Sobrado et al., (2020) [29] further improved the device
architecture and CL process parameters to further optimize the geometry of the IZO
structures and, importantly, their location concerning the Si absorber. This was achieved
by optimization of the thickness (investigating from 30 to 250 nm) of the flat IZO layer
beneath the LT structures, to allow an electrically effective front contact ideally coupled
with the geometry of the CL-patterned IZO structures (Figure 13).

Figure 13. SEM cross-sections of a-Si:H solar cells with two different thicknesses of the flat IZO layer
(30 (a) and 190 nm (b), respectively) located between the a-Si: H absorber and the front LT structures;
(c) Polar plot representing the angular response of the solar cells with 30 nm, S30 (blue lines), and with
190 nm of IZO thickness, S190 (red lines), in terms of the gains attained in the short-circuit current
density, (JSC, solid lines) and power-conversion efficiency (PCE, dashed lines) of the cells; (d) J-V
curves and (e) external quantum efficiency obtained for S190 (190 nm of IZO thickness). Adapted
with permission from [29]. Copyright 2021 Elsevier.

Here, the CL fabrication method consisted of first dispersing a colloidal suspension of
1.6 µm PS spheres in a water-ethanol mixture (1:3) at a solution concentration of 2.5% wt.
Using the Langmuir–Blodgett technique [152], a close-packed monolayer was then de-
posited onto the flat IZO-coated surface of the a-Si:H cells.

The final IZO structure is revealed after removing the PS particle mask by a combina-
tion of Ar/CF4 reactive ion etching and a toluene bath.

As previously mentioned, the main parameter optimized in this work was the thick-
ness of the flat IZO layer deposited on the cell before the CL process of integrating the top
microstructured IZO. Such thickness defines the separation between the a-Si:H absorber
and the photonic features, and the best results were attained with 30 nm and 190 nm
thicknesses, shown in Figure 13a. These results reveal that the LT structures lead to a
remarkable broadband enhancement of the total light absorbed by the devices, therefore
leading to photocurrent gains (relative to reference planar cells) up to 26.7% with the 30 nm
flat IZO space—Figure 13c. However, the best efficiency enhancement (23.1%) was attained
with the optimized thickness of 190 nm for this layer (Figure 13d,e), as it provides the most
favorable combination of optical and electrical gains.

26



Nanomaterials 2021, 11, 1665

Another important finding of this work was the remarkable LT gains attained at
oblique light incidence. The angular response of the devices was evaluated by measuring
the JV curve for a range of light incidence angles from 0◦ to 90◦. The highest gain reaches
53.2% enhancement in photocurrent at 70◦ incidence angle for the cell with the optimized
190 nm thick flat IZO, and 52.2 in efficiency (at 40◦ incidence) with the ultrathin (30 nm)
flat IZO (Figure 13e) [29].

4.1.3. Photonic-Enhanced Perovskite Solar Cells and CL Compatibility

Perovskite-based PV materials, as thin-film absorbers for perovskite solar cells (PSCs)
[153], have received unprecedented attention in both academia and industry due to the
exceptionally rapid efficiency advancement from ~3.8% to >25.2% over the last decade
[30,154]. As usual, for most PV technologies in the early stages of development, the
progress was mainly accomplished by exploring the composition of perovskite-based
materials and optimizing the fabrication process of the perovskite layer, as well as the
quality of the cells’ interfaces to ensure efficient charge collection and to suppress unwanted
recombination routes [155]. As such, PSCs have reached a stable point in the development
phase, and optical strategies are now paramount to advance beyond its current record
efficiency, particularly for the thinner perovskite layers which are attractive to enable device
flexibility [156].

The rapid progress in this PV technology has enabled improved PSC deposition
methods allowing conformal coating of the cell layers onto microstructured substrates,
resulting in improved efficiencies. This is a promising path that has only recently started
being unraveled for nano/micro-structuring in the PSCs field. Photonic microstructures
can improve the cells’ absorption beyond the standard values achieved with planar devices,
facilitating thickness reduction without compromising the output current and without
degrading the electrical performance. On the other hand, the operational stability of
the devices can also be improved by blocking the harmful higher-energy photons of UV
radiation. This is particularly advantageous to assist in the stability of this less-matured PV
technology which quickly degrades with UV exposure [52].

Recently, several LT schemes have been shown to improve the performance of PSCs,
such as disordered micro-pyramids [155,156], nanojets, corrugated substrates, self-cleaning
nanostructures, and micro-cones [157], as well as other approaches such as plasmonic
nanoparticles, surface plasmon resonances, down and/or upconversion, etc. [158–160]. It
is also observed that simple grating structures in the front [161] and back electrodes [162]
enable enhancement in the light absorption and PSCs stability.

CL can play an incredible role in thin-film PV process technology due to its compatibil-
ity with large-scale (even roll-to-roll) manufacturing. The developed low-cost CL processes
commented in the previous sections, for the integration of LT structures in silicon-based
solar cells [29,31], can be adapted for photonic-structuring in PSCs. Previous theoretical
contributions presented novel LT designs [27,28], operating in the wave-optics regime that
demonstrated record photocurrent gains in PSCs via the incorporation of wavelength-sized
features in the front electron transport layer (ETL) of the cells with a substrate configuration,
similarly to the integration discussed in detail in Section 4.1.2. Interestingly, it was shown
that the proposed front-patterned TiO2 LT coatings also lead to UV stability improve-
ments [27], with even better results being achieved by incorporating another front-located
luminescent down-shifting layer that can convert the harmful UV photons to non-harmful
visible photons [28]. These structures can be straightforwardly fabricated using the same
procedures of CL (Figure 6) as those developed for silicon-based solar cells [29,31], as
further detailed next.

The initial simulation work by Haque et al., (2019) [27] considered an inverted
(substrate-type) PSC architecture, allowing the integration of the LT structures as a post-
process on the front contact of the cells, in a similar way as in Figure 12 for thin-film
silicon cells. The wave-optical structures optimized by the authors (Figure 14) for the
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inverted PSCs are also based on high-index dielectric (TiO2) micro-scale features, with
semi-spheroidal geometries.

Figure 14. (a) Photocurrent enhancements attained with the optimized photonic structures presented in Haque’s work.
(b) Light absorption spectra of PSCs with (photonic-enhanced) and without (planar) the optimized LT structures integrated
into the ETL of the cell—a low absorption in the UV region indicates the desired blocking effect caused by the photonic
structure. Adapted with permission from [27]. Copyright 2021 Elsevier. (c) Sketch of the luminescent down-shifting material
encapsulating the photonic-structured PSC. (d) Jph values obtained considering the full UV-Visible-NIR wavelength range
(300–1000 nm), for two different refractive indexes (n) values of the encapsulating media. (e) UV photocurrent (Jph-UV)
values for wavelengths ranging from 300 to 400 nm (the more transparent bars refer to the devices with 250 nm perovskite
thickness, while the others refer to those with 500 nm). Adapted with permission from [28]. Copyright 2021 American
Chemical Society.

The optically lossless TiO2 material allows the structures to be patterned in the final
processing steps, integrated into the top n contact of the cell. This, in turn, avoids structur-
ing the cell layers, thence avoiding increased roughness and consequent electrical losses
due to higher recombination. The electromagnetic field distribution simulations in the PSC
structures were also carried out using the same FDTD method of Figure 10, and the main
results are summarized in Figure 14a. In particular, the optimized array of TiO2 voids,
which was shown to be optically favorable when compared with the domes, enables a
photocurrent enhancement of 21% and 27% in PSCs with conventional (500 nm thick) and
ultrathin (250 nm) perovskite layers, respectively.

The photocurrent enhancements attained with the optimized LT designs are mainly
due to absorption improvements for wavelengths above 600 nm, which the authors attribute
to strong antireflection (of visible light) and light scattering effects (of near-infrared), as
shown in Figure 14b.

Furthermore, the TiO2 material of the structures advantageously acts as a UV blocking
layer, as also shown in Figure 14b, protecting the perovskite from known degradation
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mechanisms caused by UV penetration [163–165]. Here the UV light is absorbed in the front
TiO2 features and does not reach the perovskite, while the light at the longer visible plus
NIR wavelengths is coupled and trapped within the cells, generating an overall enhanced
photocurrent. UV blocking mechanisms as this one can enhance the operational stability of
PSCs upon solar exposure, but inevitably they prevent the conversion of the UV energy by
the cell, so they are not the ultimate solution when aiming for maximizing efficiency.

Alexandre et al. [28] presented an interesting approach to exploit such, otherwise
lost, UV energy via the combined effects of LT and luminescent down-shifting (LDS).
Simply put, this latter effect shifts higher energy light into lower-energy light. Considering
the extensively studied degradation problems of PSCs with UV radiation [166,167], this
method can bypass these unwanted mechanisms while also recurring to the energy coming
from the UV photons.

The use of optimized LDS materials in the front encapsulation of the previous photonic-
enhanced PSCs designed by Haque et al. (Figure 14c) led to an increase in photocurrent
of at best 2% (~0.6 mA/cm2), which is almost half of the theoretical maximum current
(1.4 mA/cm2) that could be gained from all the UV range. The optimum spectral down-
shift was found to be from a central 350 nm UV wavelength to around 500 nm visible
wavelength, matching well with the electrical performance peak of PSCs, which could
imply that an increased device’s efficiency surpassed the projected gains. The LT cells
also revealed a decrease in the harmful TiO2 photogeneration near the perovskite/TiO2
interface due to the LT structures’ UV shading effect. By assessing the UV penetration
in the perovskite material (given by the UV generated photocurrent by the PSC) for the
different simulated cells, reductions up to 86% (Figure 14d) were obtained when comparing
photocurrent values for the original (pristine) and optimized down-shifted spectrum.
Therefore, these analyses show that the use of LDS provides a more effective way to
eliminate the unwanted effects of UV radiation in the perovskite, demonstrated by the
hefty decrease in UV absorption coupled with the diminished TiO2 photoactivity from
lower photogeneration, while also enabling additional power generation from the UV
portion of the sunlight [28].

Although promising and compatible with CL structuring, the aforementioned LT
implementations in Figure 14 require the photonic elements to be patterned on top of the
planar cell layers during the final processing stages, which brings the risk of degrading the
highly sensitive PSC materials located underneath [52]. Specifically, the fast degradation of
PSCs with humidity exposure may render this class of devices incompatible with immersion
or coating with aqueous solutions, as required in the first steps of the CL process (see
Section 2.2).

Given this, Haque et al., (2020) [30] investigated a more industrially viable LT strategy
consisting of the development of photonic substrates used for subsequent PSC deposition.
The authors have shown that it is possible to achieve pronounced broadband absorption
enhancement provided by the LT-patterned substrates, relative to planar cells, which was
also observed for a broad range of incidence angles (0–70 degrees), as seen in Figure 15a.
Apart from substantial light absorption enhancement, this approach has a significant
advantage for its practical compatibility with PSC technology over the previous ones, as
the PSC layers can be wet coated by traditional methods onto a substrate already patterned
with the designed LT structure.
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Figure 15. (a) The polar plot shows the photocurrent density gain as a function of the incidence angle (θ), attained with the
optimized photonic-structured PSCs in a conformal architecture, for both the substrate and superstrate cell configurations
illustrated in the middle and right sketches. The Lambertian limits of LT in PSCs, in the geometrical optics regime, are also
indicated for normal incidence angle (θ = 0◦) in the left plot. Adapted with permission from [30]. Copyright 2021 Elsevier.
(b) SEM image of a single-junction PSC conformally coated onto a textured glass substrate. Adapted with permission
from [168]. Copyright 2021 Elsevier. (c) SEM image of a tandem perovskite/silicon cell with ~25.1% efficiency, in which
the PSC is conformally coated onto the textured silicon wafer-based bottom cell [169]. (d) SEM image of a triple-junction
perovskite/perovskite/silicon cell in which the top and middle PSCs are also conformally deposited onto textured silicon.
Adapted with permission from [170]. Copyright 2021 American Chemical Society.

This makes the full photonic integration independent of the fabrication of the PSCs.
Moreover, this is a potentially more cost-effective approach since it requires no extra
materials (coatings) for the LT structuring.

However, the LT designs of Figure 15a are only achievable with highly conformal PSC
deposition methods, capable of coating the cell layers onto the micro-patterned substrate
surfaces without defect formation. In that respect, the work of Wang et al. [168] is an
important contribution, as the authors developed a recrystallization treatment that enabled
the conformal coating of high-quality perovskite layers onto textured glass with features
in the order of the micrometer, resulting in 18.6% PSC efficiency with a ~300 nm thin
perovskite absorber, as seen in Figure 15b.

Conformal deposition methods have also shown remarkable potential in monolithic
tandem PV cells, in which perovskite-based top cells are coated onto fully textured crystalline
silicon bottom cells. That is the case of the perovskite/silicon double-junctions developed by
Aydin et al. [169] with 25.1% efficiency (Figure 15c) and the perovskite/perovskite/silicon
triple-junctions (Figure 15d) of Werner et al. [170] reaching ~2.7 V.
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Within this section, we went through some of the latest trends on LT strategies for
PSCs, revealing promising modeling results with optimized designs for efficiency and
stability improvement. We also discuss the first experimental steps that have been re-
cently undertaken to circumvent the challenges associated with the practical realization of
photonic-structured PSCs, which is a new avenue for CL implementation with enormous
potential in the PV field.

4.2. Micro-Meshed Transparent Electrodes

Another highly promising solution offered by nano/micro-structuring is the devel-
opment of high-performing transparent electrodes, with strong interest not only for the
illuminated contacts of solar cells but also for many other optoelectronic applications.
Nano/microstructured metallic films (termed micro-mesh electrodes, MMEs) offer an
exciting alternative to flat TCO (transparent conductive oxide) layers, and CL was shown
to be one of the most promising approaches to produce industrial-compatible MMEs with
excellent properties [62].

State-of-the-art indium tin oxide (ITO) based TCOs are ubiquitously spread in opto-
electronic technologies as they are in the illuminated contacts of solar cells, in displays,
touch screens, and light-emitting diodes, with low sheet resistances between 8 and 12 Ω/�
(for commercial ITO) [171] and optical transmittance above 80% in the visible range [62,172].
However, as with most TCO materials, their free electrons cause strong parasitic absorption
losses in the NIR range, limiting their performance for solar cell applications. This is further
compounded by the rising cost of In, a rare material, while alternative TCOs made with
Earth-abundant materials (e.g., based in ZnO [173]) offer reduced figures-of-merit in terms
of transmittance-over-resistance ratio. Furthermore, ITO is usually deposited by costly
DC-magnetron sputtering involving high temperatures (up to 300 ◦C) [174], making it
unsuitable for deposition on thermal-sensitive materials. Moreover, ITO is brittle, making
it also less attractive for flexible electronics as well as resistive touch screens [175].

A solution to mitigate the issues of state-of-the-art TCOs is to use a metallic micro-
grid (MMEs) sandwiched between ultrathin layers of TCO, which allows a pronounced
increase in transparency (especially in the red-NIR region) while maintaining high sheet
conductance; thus, offering an exciting alternative to flat TCOs. CL provides a promis-
ing approach to produce industrial-compatible MMEs, as demonstrated with the copper
(Cu) nanomeshes developed by Gao et al., (2014) [175] exhibiting an excellent diffuse
transmission of 80% and sheet resistance of 17 Ω/� (Figure 16a,b).

More recently, Torrisi et al., (2019) [62] have shown the use of CL to create silver (Ag)
micro-grids that were sandwiched between TCO layers. First, a PS colloidal microsphere
monolayer (deposited using the Langmuir–Blodgett technique) is submitted to plasma
etching to serve as a deposition mask. The subsequent evaporation of Ag throughout this
mask, followed by lift-off of the colloids, creates a metallic grid as shown in Figure 16c,d.
Compared to conventional transparent electrodes (i.e., ITO), excellent electrical and optical
characteristics have been accomplished with such TCO/Ag micro-grid/TCO multilayers,
such as sheet resistances below 10 Ω/� and pronouncedly higher near-infrared transmit-
tance, using different layer thicknesses and mesh dimensions (Figure 16e).

The structural parameters of the produced mesh (openings, line width, and thickness)
play a vital role in the electrical and optical performance of the transparent electrodes.
Larger hole structures, attained with large sizes of the PS colloids, result in excellent
transmittance values at the cost of increased sheet resistance. Alternatively, meshes with
smaller holes are less transparent but have a lower resistance, permitting higher cur-
rents (Figure 16f). To reduce the sheet resistance values, one can also increase the metal
grid thickness, by evaporating more Ag material, without having a large effect on trans-
parency [62]. Finally, the best performing correlation between optical and electrical prop-
erties (Figure 16g) is attained with 5 µm spheres and 17 nm Ag thickness, either (120 or
240s RIE).
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Figure 16. (a) Schematic of the Cu MME fabrication process by CL. (b) Plot of the measured diffuse
transmission, specular transmission, reflection, and absorption at λ = 550 nm versus sheet resistance
for a variety of Cu MMEs on quartz. Adapted with permission from [172]. Copyright 2021 American
Chemical Society. (c,d) Schematic of the CL fabrication of Ag MMEs, showing the initially deposited
PS sphere mask (c) and the final structure of the IZO/Ag grid/IZO electrode (d), in which the top
and bottom IZO layers are ultrathin (30 nm). (e) Transmittance of samples with 17 nm thick Ag grids
(blue and red lines), produced with distinct sphere size and etching time, compared to a continuous
Ag film (grey line)—high transparency can be noted in the NIR region. (f) Sheet resistance of the
electrodes fabricated with different diameters of PS spheres (1.6 or 5 µm), etching time, and Ag
thickness. (g) Haacke’s figure-of-merit (expression in inset) for the main MMEs attained in this work,
in comparison with a state-of-the-art TCO film made of ITO and with continuous (planar) Ag layers.
Adapted with permission from [62]. Copyright 2021 Elsevier.

It is also believed that the use of metallic grids for electrodes when compared to
continuous layers, can bring several advantages for flexible transparent materials. In
particular, honeycomb grids as produced via CL allow the highest flexural robustness
with thinner MME structures [175], due to the fact that the honeycomb lattice enables the
highest packing density in 2D arrays. Overall, the use of metallic micro-grids opens new
and promising paths for transparent electronics, offering additional degrees of freedom for
further electro-optical improvements. Specifically, their much higher transmission if the red-
NIR region can be crucial for applications such as smart windows, low-energy photovoltaic
devices, and as intermediate contacts in multi-terminal multi-junction (tandem) solar cell
architectures [176,177].

4.3. Self-Cleaning with Photonic Structuring

Unavoidable environmental degradation is a major cause of efficiency losses in solar
panels over time. Phenomena such as the formation of hot-spots (areas of large heat
dissipation) caused by partial shading of solar cells can be responsible for large efficiency
losses [74,143]. Among different solutions mentioned at the beginning of Section 4, the
use of a self-cleaning coating appears to be the simplest and most fitting approach for
large-scale PV installations [74], as no mechanical structure is required for its cleaning
function.

Through superhydrophobic coatings, the concept of self-cleaning glass materials
showed a maturing research trend between 2009 and 2017, with 1125 research articles
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being published (ScienceDirect keywords: “self-cleaning glass, superhydrophobic glass”).
These coatings can be fabricated using top-down approaches such as template-based,
photolithographic, and surface plasma treatment [178], or top-down methods such as
chemical modification [179], colloidal assembly [180], layer-by-layer deposition [181], and
sol-gel methods [182] can also be applied [74].

An important application for PV technology was presented by Centeno et al., (2020) [31],
showing a simple, low-temperature, low-cost, and scalable CL method (Figure 17a) to
engineer parylene-C (poly(chloro-p-xylylene)) coatings with encapsulating properties that
endow effective light-trapping (LT) and water-repelling functionality when applied in
thin-film solar cells (Figure 17b–e). Parylene-C was used as the preferred coating material,
as it is a polymer with excellent barrier properties for encapsulation [183,184] and low
water-adhesion surface energy.

Figure 17. (a) Depiction of the patterning of the photonic-structured parylene-C coating on the trans-
parent front contact of thin-film silicon solar cells, via chemical vapor deposition (CVD), followed
by CL with a patterning approach similar to that of Figure 6b. (b) Artistic image of the photonic
coating on the solar cell, illustrating its superhydrophobic surface where water droplets easily roll-off.
The microstructured parylene-C provides LT while also acting as a water-repellent protective layer,
which allows an effective self-cleaning functionality. (c) SEM image of the parylene-C surface mi-
crostructured via the CL process (O2 + SF6 RIE). (d) 1-Sun JV curves of the solar cells before (uncoated
reference, left curves) and after (right curves) coating with the photonic-structured parylene-C shown
in images (c,d), for illumination angles varying from 0◦ (normal to cell’s surface) to 90◦ (parallel to
the surface). (e) Polar plot presenting the angular dependence of the gain in efficiency (top) and
photocurrent (bottom) of the LT-enhanced solar cells relative to the planar references. Adapted with
permission from [31]. Copyright 2021 John Wiley and Sons.

It also benefits from optical transparency, adequate refractive index, outstanding
flexibility, and mechanical strength. Moreover, parylene is deposited via chemical vapor
deposition, which allows for the deposition of more uniform coatings at room temperature,
thus making it usable with non-flat temperature-sensitive materials [183,185,186].

In this work, the hydrophobicity of parylene was controlled by simultaneously ad-
justing the surface corrugations (i.e., roughness, patterned features) and surface chemical
composition with the CL patterning process following Figure 17a. In this way, a parylene-C
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film was micro-patterned with a hexagonal array of cones (see SEM in Figure 17c) after
being coated on the front TCO of nc-Si:H solar cells [31].

These microstructured parylene coatings also enable outstanding antireflection and
light scattering properties that were shown to enhance the solar cells’ photocurrent by
up to 23.6% with normal incident light. Furthermore, the cells’ angular response was
also improved, similarly to the previous work of Sanchez-Sobrado et al., (2020) [29]
shown in Figure 13. Figure 17d displays the JV curves with an illumination angle rang-
ing from 0◦ to 90◦. The polar plot of Figure 17e shows the influence of the illumination
angle on the efficiency and JSC enhancement relative to the flat reference cell without the
front microstructures.

These enhancement values increase with the angle until ~50◦, with peak enhancements
up to 52% and 61% in JSC and efficiency, respectively, while both VOC and FF (fill-factor)
were only marginally reduced with increasing angle. Such gains for oblique incident light
translate to an estimated average daily enhancement of ~35% in the generated energy, as
compared with the daily energy delivered by the uncoated reference cells.

4.4. Overview of Achievements

The following tables list the best results concerning the CL-patterned PV devices (rela-
tive to the unpatterned references) commented along this section (see Figure 9 schematic).
Table 1 summarizes the optimized computational designs and Table 2 the
experimental outcomes.

Table 1. Overview of simulation results on photonic microstructures for thin-film PV.

Authors Year [Ref.] Simulated Structure Best Results

Mendes et al.
2016 [149] Front-located TiO2 domes on planar Si

solar cells
Photocurrent gain of 50% for thin c-Si cells with 1.5

µm thick absorber

2018 [142] Front-located TiO2/TCO wavelength-sized
dome/void arrays

Photocurrent gains of 37%, 27%, and 48% in 100
nm a-Si, 300 nm a-Si, and 1.5 µm c-Si, respectively

Isabella et al. 2018 [148] Thin-film nc-Si:H solar cells with
decoupled front and back textures

Photocurrent densities reaching 41.1 mA/cm2
with 2-µm thick nc-Si:H absorber.

Haque et al.

2019 [27] TiO2 LT structures integrated on the front
contact of flat Perovskite solar cells (PSC)

Photocurrent gains up to 27% with planar
ultrathin (250 nm) perovskite layers, together with

UV blocking effect granting improved stability.

2020 [30] Microstructured PSCs on transparent and
opaque photonic substrates

Photocurrent gains of 22.8% and 24.4%,
respectively with transparent and opaque

substrates, with 300 nm perovskite.

Alexandre et al. 2019 [28] Combined luminescent down-shifting and
front-located photonic structures on PSCs

Photocurrent gains similar to Haque et al.,
together with up to 86% reduction of UV

penetration in the perovskite layer.

Table 2. Overview of experimental results on CL-fabricated microstructures for thin-film PV.

Authors Year [Ref.] Experimental Structure Best Results

Grandidier et al. 2013 [26]
Close-packed monolayer of silica

microspheres on the front of a-Si:H
solar cells

Spheres acting as resonant Mie scatterers
provide photocurrent and efficiency gains up to

8.9% and 11.1%, respectively.

Sanchez-Sobrado et al.

2017 [33] Front-located TiO2 microstructures on
a-Si:H thin-film absorbers

Absorption enhancement of 27.3% on spectral
average in 300 nm a-Si:H absorbers

2019 [48] TiO2 or IZO structures integrated into
front contact of a-Si:H solar cells

Photocurrent gains up to 21.5% with TiO2
(better optically) and efficiency gain up to 14.4%

with IZO (better electrically) LT structures.

2020 [29] Front-located IZO structures on a-Si:H
solar cells with optimized parameters

Photocurrent and efficiency gains up to 26.7%
and 23.1%, respectively, while gains >50% are

attained at an oblique incidence.
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Table 2. Cont.

Authors Year [Ref.] Experimental Structure Best Results

Centeno et al. 2020 [31]
Micro-patterned parylene-C film with
micro-cone array coated on the front

TCO of nc-Si:H solar cells.

Water repellant (self-cleaning) surface, granting
photocurrent and efficiency gains up to 23.6%,

and up to ~60% at oblique incidence.

Gao et al. 2014 [172] Cu micro-mesh electrode as a
transparent conductive material

Diffuse transmission of 80% in the visible range;
sheet resistance of 17 Ω/� on quartz; high

flexural robustness.

Torrisi et al. 2019 [62] Ag micro-grids sandwiched between
ultrathin TCO layers

Sheet resistances below 10 Ω/� and
near-infrared transmittance over 50%.

5. Other Applications of Colloidal Lithography: Biological Cell Studies

Apart from the engineering of photonic solutions for optoelectronic-related technolo-
gies, such as photovoltaics, several nano/micro-structuring colloidal lithography (CL)
approaches have been used to develop breakthrough advances in most various scientific
areas. Among those, the biology community has been gaining increasing interest in CL, as
overviewed next to show the bigger picture of promising applications.

Micro and nanofabrication techniques have revolutionized the pharmaceutical and
medical fields. Complex geometries can be reproduced with technologies such as pho-
tolithography and particularly colloidal lithography [187]. The interaction of cells with
material surfaces has been widely studied, having relevance for the function of medical
devices, as well as to gain a better understanding of cellular action in vivo and in vitro [188].
In this field, nano-topography has shown that nanoscale features can strongly influence cell
morphology, adhesion, proliferation, and gene regulation, but the mechanisms mediating
this cellular response remain unclear [189]. Nano-topographies produced by CL may be
of great importance when considering how cells respond to their environment, allowing
for the elucidation of nano-feature effects on cell behavior. This appears to significantly
alter the morphology of endothelial cells, epithelial cells, epitenon cells, macrophages,
osteoblasts, and fibroblasts [190]. The cell reactions can be controlled by the surface charac-
teristics morphology, chemistry, and viscoelastic properties. Investigations on the influence
of nano-topographies in the cell response require surfaces patterned over large areas with
high reproducibility, high throughput, and fabricated in biocompatible materials [189,191].

For instance, the ability of fibrinogen molecules to specifically bind to receptors in
platelet membranes has been correlated with both nanoscale chemistry (hydrophobic and
hydrophilic) and surface topography (nanopits and planar surface) [192]. Thus, CL was
used to create a continuous thin-film of TiO2 with a distribution of nanopits with 40 nm
diameter and 10 nm depth.

Similarly, collagen adsorption in terms of both adsorbed amount and the supramolecu-
lar organization was investigated concerning the influence of substrate surface topography
(smooth surface versus nano-protrusions) and surface chemistry (CH3 versus OH groups).
CL and functionalization with alkanethiol were used to create model substrates with
these controlled topographical and chemical surface properties [193] (Figure 18a). The
surface chemistry was found to control collagen protein adsorption, while chemistry and
topography control collagen protein conformation.
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Figure 18. (a) Schematic illustration of prepared substrates with controlled nanotopography using
CL and surface chemistry by alkanethiol self-assembly: i) smooth substrates were obtained by
depositing titanium and gold layers onto silicon wafers; rough substrates were obtained by adhesion
of negatively charged polystyrene colloidal particles to a smooth positively charged surface, followed
by coating with a thin layer of gold. Adapted with permission from [193]. Copyright 2021 American
Chemical Society. (b) Schematic structure of fabrication of ordered tantalum (Ta) nanotopographies
using a combination of CL and glancing angle deposition techniques; and corresponding SEM images.
Adapted with permission from [194]. Copyright 2021 American Chemical Society.

The application of nanotechnology in the field of regenerative medicine has opened
a new realm of advancement in this field. The human fibroblasts have a pivotal role
during the initial phases of implant integration and resultant healing processes. Concern-
ing the tissue–implant interface, in vitro investigations indicate that micro-topography
can be used to control cell behavior, including that of fibroblasts, via initial adhesive
interactions [191,195]. In this respect, CL was used to fabricate irregular nanotopographies
with features of either 20 or 50 nm diameter pillars. These nano-pillar topographies modi-
fied fibroblast adhesion, morphology, and behavior relative to those deposited on planar
substrates. The fibroblast adhesion is observed to be greater on substrates patterned with
20 and 50 nm diameter colloidal topographies, which result in increased fibroblast adhesion
at 20 min and 60 min. Although the colloidal topographies alter the fibroblast adhesion,
morphology, and behavior when compared to control conditions (planar substrates), for
180 min the adhesion is similar to planar surfaces [191].

Andersson et al. [188] investigated how pancreatic epithelial cell lines (AR4-2J) re-
spond to surface structures (titanium pillars) of systematically increasing size. For this
study, a surface with the same surface chemistry and similar surface roughness (but with
increasing size of column diameters from 60 to 170 nm) was produced via CL. The changes
in the epithelial cells were studied by evaluating cell area and cell shape. It was observed
that the larger the feature, the more spread the cells became [188].

The behavior of primary human adipose-derived stem cells was studied on highly
ordered bowl arrays (Figure 18b). PS colloids (722 nm diameter) were self-assembled
into a hexagonally close-packed crystal array at the water-air interface, transferred onto
a biocompatible Ta surface, and used as a mask to generate an ordered Ta pattern. The
results showed that ordered Ta nanotopographies inhibited cell spreading, focal adhe-
sion formation, and filopodia extension when the surface roughness and feature height
increased [194]. It was also demonstrated that by changing the feature size, the ordered
topographies could alter stem cell adhesion and differentiation.
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These remarkable investigations have been expanding our knowledge in cell-surface
interactions, which is of great interest in biomaterials, tissue engineering, and cell ther-
apy applications; being CL a preferential industry-compatible technique for the needed
surface structuring.

6. Conclusions

As nano/microstructures fabrication grows in importance in a wide range of areas
from electronics through optics, microanalysis, combinatorial synthesis, displays, cell
biology, etc., the research on ever-more cost-effective patterning methods will undoubtedly
continue to increase.

In the past decade, colloidal lithography has grown to become one of the most attrac-
tive soft-patterning techniques, and a solid alternative to conventional hard-patterning
processes. Its main characteristic is that it embodies a simple and inexpensive way of
producing the lithographic mask, using monodisperse colloidal particles self-assembled
on the target surface. This method offers advantages in applications in which photolithog-
raphy falters, for instance, manufacturing below the (sub-wavelength) scale of 100 nm,
patterning on non-planar surfaces, fabrication of three-dimensional structures, patterning
functional materials other than photoresists, among other types of surface modifications.
Another key advantage is that colloidal lithography allows the formation of nano/micro-
scale structures of virtually any material, via scalable process steps that are compatible
with industrial mass-production requirements. As such, it is highly attractive for crafting
photonic schemes, such as those discussed here for photovoltaic applications, since it
enables the precise engineering of long-range ordered wavelength-sized features, with the
materials and geometries appropriate for efficient light-trapping.

This article overviewed some of the most promising nano/micro-structuring solutions
in the growing field of photovoltaics, where colloidal lithography was shown to be a
preferential patterning technique for the practical realization of the concepts in industri-
ally attractive ways. In particular, photonic-enhanced photovoltaics has been shown to
circumvent many of the conventional shortcomings of current solar cell technologies, such
as the reflection losses and impaired light absorption especially in thin-film devices; as
well as enabling other interesting functionalities such as improved transparent contacts
and self-cleaning due to the high aspect ratio of the photonic microstructures.
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119. Lee, S.Y.; Gradoń, L.; Janeczko, S.; Iskandar, F.; Okuyama, K. Formation of Highly Ordered Nanostructures by Drying Micrometer
Colloidal Droplets. ACS Nano 2010, 4, 4717–4724. [CrossRef] [PubMed]

120. Lourtioz, J.-M.; Benisty, H.; Berge, V.; Gerard, J.-M.; Maystre, D.; Tchelnokov, A. Photonic Crystals: Towards Nanoscale Photonic
Devices; Springer: Berlin/Heidelberg, Germany, 2003; ISBN 9783540244318.

121. Armstrong, E.; O’Dwyer, C. Artificial opal photonic crystals and inverse opal structures—Fundamentals and applications from
optics to energy storage. J. Mater. Chem. C 2015, 3, 6109–6143. [CrossRef]

122. Kim, H.; Ge, J.; Kim, J.; Choi, S.-E.; Lee, H.; Lee, H.; Park, W.; Yin, Y.; Kwon, S. Structural colour printing using a magnetically
tunable and lithographically fixable photonic crystal. Nat. Photon. 2009, 3, 534–540. [CrossRef]

123. Kim, S.-H.; Park, H.S.; Choi, J.H.; Shim, J.W.; Yang, S.-M. Integration of Colloidal Photonic Crystals toward Miniaturized
Spectrometers. Adv. Mater. 2009, 22, 946–950. [CrossRef]

124. Xu, H.; Wu, P.; Zhu, C.; Elbaz, A.; Gu, Z.Z. Photonic crystal for gas sensing. J. Mater. Chem. C 2013, 1, 6087–6098. [CrossRef]
125. Noda, S. Photonic crystals. In Comprehensive Microsystems; Elsevier: Amsterdam, The Netherlands, 2007; pp. 101–112. ISBN

9780444521903. [CrossRef]
126. Fudouzi, H.; Xia, Y. Colloidal Crystals with Tunable Colors and Their Use as Photonic Papers. Langmuir 2003, 19, 9653–9660.

[CrossRef]
127. Liu, Y.; Wang, H.; Ho, J.; Ng, R.C.; Ng, R.J.H.; Hall-Chen, V.H.; Koay, E.H.H.; Dong, Z.; Liu, H.; Qiu, C.-W.; et al. Structural color

three-dimensional printing by shrinking photonic crystals. Nat. Commun. 2019, 10, 1–8. [CrossRef]
128. Arsenault, A.C.; Puzzo, D.P.; Manners, I.; Ozin, G.A. Photonic-crystal full-colour displays. Nat. Photon. 2007, 1, 468–472.

[CrossRef]
129. Ding, T.; Song, K.; Clays, K.; Tung, C.-H. Controlled Directionality of Ellipsoids in Monolayer and Multilayer Colloidal Crystals.

Langmuir 2010, 26, 11544–11549. [CrossRef] [PubMed]
130. Hosein, I.D.; Lee, S.; Liddell, C.M. Dimer-Based Three-Dimensional Photonic Crystals. Adv. Funct. Mater. 2010, 20, 3085–3091.

[CrossRef]
131. Hynninen, A.-P.; Thijssen, J.; Vermolen, E.C.M.; Dijkstra, M.; Van Blaaderen, A. Self-assembly route for photonic crystals with a

bandgap in the visible region. Nat. Mater. 2007, 6, 202–205. [CrossRef] [PubMed]
132. Rinne, S.A.; García-Santamaría, F.; Braun, P.V. Embedded cavities and waveguides in three-dimensional silicon photonic crystals.

Nat. Photon. 2007, 2, 52–56. [CrossRef]
133. Blaszczyk-Lezak, I.; Aparicio, F.J.; Borras, A.; Barranco, A.; Alvarez-Herrero, A.; Fernández-Rodríguez, M.; Gonzalez-Elipe, A.

Optically Active Luminescent Perylene Thin Films Deposited by Plasma Polymerization. J. Phys. Chem. C 2009, 113, 431–438.
[CrossRef]

134. Qi, M.; Lidorikis, E.; Rakich, P.T.; Johnson, S.G.; Joannopoulos, J.D.; Ippen, E.P.; Smith, H.I. A three-dimensional optical photonic
crystal with designed point defects. Nat. Cell Biol. 2004, 429, 538–542. [CrossRef]

135. Shao, J.; Liu, G.; Zhou, L. Biomimetic Nanocoatings for Structural Coloration of Textiles; Elsevier: Amsterdam, The Netherlands, 2016;
pp. 269–299.

136. Jiang, C.; Markutsya, S.; Pikus, Y.; Tsukruk, V.V. Freely suspended nanocomposite membranes as highly sensitive sensors. Nat.
Mater. 2004, 3, 721–728. [CrossRef]

137. Feng, D.; Lv, Y.; Wu, Z.; Dou, Y.; Han, L.; Sun, Z.; Xia, Y.; Zheng, G.; Zhao, D. Free-Standing Mesoporous Carbon Thin Films with
Highly Ordered Pore Architectures for Nanodevices. J. Am. Chem. Soc. 2011, 133, 15148–15156. [CrossRef] [PubMed]

138. Jin, J.; Wakayama, Y.; Peng, X.; Ichinose, I. Surfactant-assisted fabrication of free-standing inorganic sheets covering an array of
micrometre-sized holes. Nat. Mater. 2007, 6, 686–691. [CrossRef] [PubMed]

139. Zhang, J.-T.; Chao, X.; Asher, S.A. Asymmetric Free-Standing 2-D Photonic Crystal Films and Their Janus Particles. J. Am. Chem.
Soc. 2013, 135, 11397–11401. [CrossRef] [PubMed]

140. Stein, A.; Li, F.; Denny, N.R. Morphological Control in Colloidal Crystal Templating of Inverse Opals, Hierarchical Structures, and
Shaped Particles. Chem. Mater. 2008, 20, 649–666. [CrossRef]

141. Kim, S.-H.; Lee, S.Y.; Yang, S.-M.; Yi, G.-R. Self-assembled colloidal structures for photonics. NPG Asia Mater. 2011, 3, 25–33.
[CrossRef]

142. Mendes, M.J.; Haque, S.; Sanchez-Sobrado, O.; Araújo, A.; Águas, H.; Fortunato, E.; Martins, R. Optimal-Enhanced Solar Cell
Ultra-thinning with Broadband Nanophotonic Light Capture. iScience 2018, 3, 238–254. [CrossRef]

143. Karmouch, R.; El Hor, H. Solar Cells Performance Reduction under the Effect of Dust in Jazan Region. J. Fundam. Renew. Energy
Appl. 2017, 7. [CrossRef]

144. He, G.; Zhou, C.; Li, Z. Review of Self-Cleaning Method for Solar Cell Array. Procedia Eng. 2011, 16, 640–645. [CrossRef]
145. Saravanan, V.; Darvekar, S.K. Solar Photovoltaic Panels Cleaning Methods A Review. Int. J. Pure Appl. Math. 2018, 118, 1–17.
146. Deceglie, M.G.; Ferry, V.E.; Alivisatos, A.P.; Atwater, H.A.; Alivisatos, P. Design of Nanostructured Solar Cells Using Coupled

Optical and Electrical Modeling. Nano Lett. 2012, 12, 2894–2900. [CrossRef]
147. Isabella, O.; Vismara, R.; Linssen, D.; Wang, K.; Fan, S.; Zeman, M. Advanced light trapping scheme in decoupled front and rear

textured thin-film silicon solar cells. Sol. Energy 2018, 162, 344–356. [CrossRef]

42



Nanomaterials 2021, 11, 1665

148. Righini, G.C.; Enrichi, F. Solar cells’ evolution and perspectives: A short review. In Solar Cells and Light Management; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 1–32. ISBN 978-0-08-102762-2.

149. Mendes, M.J.; Araújo, A.; Vicente, A.; Águas, H.; Ferreira, I.; Fortunato, E.; Martins, R. Design of optimized wave-optical
spheroidal nanostructures for photonic-enhanced solar cells. Nano Energy 2016, 26, 286–296. [CrossRef]

150. Mendes, M.J.; Tobías, I.; Martí, A.; Luque, A. Light concentration in the near-field of dielectric spheroidal particles with mesoscopic
sizes. Opt. Express 2011, 19, 16207–16222. [CrossRef]

151. Li, K.; Haque, S.; Martins, A.; Fortunato, E.; Martins, R.; Mendes, M.J.; Schuster, C. Simple, yet mighty, principles to maximise
photon absorption in thin media. Opt. 2020, 7. [CrossRef]

152. Ariga, K.; Yamauchi, Y.; Mori, T.; Hill, J.P. 25th Anniversary Article: What Can Be Done with the Langmuir-Blodgett Method?
Recent Developments and its Critical Role in Materials Science. Adv. Mater. 2013, 25, 6477–6512. [CrossRef] [PubMed]

153. Kirchartz, T. Photon Management in Perovskite Solar Cells. J. Phys. Chem. Lett. 2019, 10, 5892–5896. [CrossRef]
154. NREL. Best Research-Cell Efficiencies Chart; Rev. 04–06–2020; 2020. Available online: https://www.nrel.gov/pv/cell-efficiency.html

(accessed on 4 June 2021).
155. Dudem, B.; Heo, J.H.; Leem, J.W.; Yu, J.S.; Im, S.H. CH3NH3PbI3planar perovskite solar cells with antireflection and self-cleaning

function layers. J. Mater. Chem. A 2016, 4, 7573–7579. [CrossRef]
156. Thangavel, N.R.; Adhyaksa, G.W.P.; Dewi, H.A.; Tjahjana, L.; Bruno, A.; Birowosuto, M.D.; Wang, H.; Mathews, N.; Mhaisalkar, S.

Disordered Polymer Antireflective Coating for Improved Perovskite Photovoltaics. ACS Photon. 2020, 7, 1971–1977. [CrossRef]
157. Heifetz, A.; Kong, S.-C.; Sahakian, A.V.; Taflove, A.; Backman, V. Photonic Nanojets. J. Comput. Theor. Nanosci. 2009, 6, 1979–1992.

[CrossRef] [PubMed]
158. Chen, J.-D.; Jin, T.-Y.; Li, Y.-Q.; Tang, J.-X. Recent progress of light manipulation strategies in organic and perovskite solar cells.

Nanoscale 2019, 11, 18517–18536. [CrossRef]
159. Erwin, W.R.; Zarick, H.F.; Talbert, E.M.; Bardhan, R. Light trapping in mesoporous solar cells with plasmonic nanostructures.

Energy Environ. Sci. 2016, 9, 1577–1601. [CrossRef]
160. Zhang, H.; Toudert, J. Optical management for efficiency enhancement in hybrid organic-inorganic lead halide perovskite solar

cells. Sci. Technol. Adv. Mater. 2018, 19, 411–424. [CrossRef]
161. Wang, Y.; Wang, P.; Zhou, X.; Li, C.; Li, H.; Hu, X.; Li, F.; Liu, X.; Li, M.; Song, Y. Diffraction-Grated Perovskite Induced Highly

Efficient Solar Cells through Nanophotonic Light Trapping. Adv. Energy Mater. 2018, 8. [CrossRef]
162. Deng, K.; Liu, Z.; Wang, M.; Li, L. Nanoimprinted Grating-Embedded Perovskite Solar Cells with Improved Light Management.

Adv. Funct. Mater. 2019, 29. [CrossRef]
163. Ito, S.; Tanaka, S.; Manabe, K.; Nishino, H. Effects of Surface Blocking Layer of Sb2S3 on Nanocrystalline TiO2 for CH3NH3PbI3

Perovskite Solar Cells. J. Phys. Chem. C 2014, 118, 16995–17000. [CrossRef]
164. Leijtens, T.; Eperon, G.E.; Pathak, S.; Abate, A.; Lee, M.M.; Snaith, H.J. Overcoming ultraviolet light instability of sensitized TiO2

with meso-superstructured organometal tri-halide perovskite solar cells. Nat. Commun. 2013, 4, 2885. [CrossRef]
165. Quitsch, W.-A.; Dequilettes, D.W.; Pfingsten, O.; Schmitz, A.; Ognjanovic, S.; Jariwala, S.; Koch, S.; Winterer, M.; Ginger, D.S.;

Bacher, G. The Role of Excitation Energy in Photobrightening and Photodegradation of Halide Perovskite Thin Films. J. Phys.
Chem. Lett. 2018, 9, 2062–2069. [CrossRef] [PubMed]

166. Lee, S.-W.; Kim, S.; Bae, S.; Cho, K.; Chung, T.; Mundt, L.E.; Lee, S.; Park, S.; Park, H.; Schubert, M.C.; et al. UV Degradation and
Recovery of Perovskite Solar Cells. Sci. Rep. 2016, 6, 38150. [CrossRef] [PubMed]

167. Farooq, A.; Hossain, I.M.; Moghadamzadeh, S.; Schwenzer, J.A.; Abzieher, T.; Richards, B.S.; Klampaftis, E.; Paetzold, U.W.
Spectral Dependence of Degradation under Ultraviolet Light in Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2018, 10,
21985–21990. [CrossRef]

168. Wang, F.; Zhang, Y.; Yang, M.; Fan, L.; Yang, L.; Sui, Y.; Yang, J.; Zhang, X. Toward ultra-thin and omnidirectional perovskite solar
cells: Concurrent improvement in conversion efficiency by employing light-trapping and recrystallizing treatment. Nano Energy
2019, 60, 198–204. [CrossRef]

169. Aydin, E.; Allen, T.G.; De Bastiani, M.; Xu, L.; Ávila, J.; Salvador, M.; Van Kerschaver, E.; De Wolf, S. Interplay between
temperature and bandgap energies on the outdoor performance of perovskite/silicon tandem solar cells. Nat. Energy 2020, 5,
851–859. [CrossRef]

170. Werner, J.; Sahli, F.; Fu, F.; Leon, J.J.D.; Walter, A.; Kamino, B.A.; Niesen, B.; Nicolay, S.; Jeangros, Q.; Ballif, C. Per-
ovskite/Perovskite/Silicon Monolithic Triple-Junction Solar Cells with a Fully Textured Design. ACS Energy Lett. 2018, 3,
2052–2058. [CrossRef]

171. SigmaAldrich. Indium Tin Oxide Coated Glass Slide, Square. Available online: https://www.sigmaaldrich.com/catalog/
product/aldrich/703192?lang=pt&region=PT (accessed on 23 June 2021).

172. Gao, T.; Wang, B.; Ding, B.; Lee, J.-K.; Leu, P.W. Correction to Uniform and Ordered Copper Nanomeshes by Microsphere
Lithography for Transparent Electrodes. Nano Lett. 2014, 14, 3694. [CrossRef]

173. Lyubchyk, A.; Vicente, A.; Alves, P.U.; Catela, B.; Soule, B.; Mateus, T.; Mendes, M.J.; Águas, H.; Fortunato, E.; Martins, R.
Influence of post-deposition annealing on electrical and optical properties of ZnO-based TCOs deposited at room temperature.
Phys. Status Solidi Appl. Mater. Sci. 2016, 213, 2317–2328. [CrossRef]

174. Tuna, O.; Selamet, Y.; Aygun, G.; Ozyuzer, L. High quality ITO thin films grown by dc and RF sputtering without oxygen. J. Phys.
D Appl. Phys. 2010, 43. [CrossRef]

43



Nanomaterials 2021, 11, 1665

175. Gao, T.; Wang, B.; Ding, B.; Lee, J.-K.; Leu, P.W. Uniform and Ordered Copper Nanomeshes by Microsphere Lithography for
Transparent Electrodes. Nano Lett. 2014, 14, 2105–2110. [CrossRef]

176. Kim, W.-K.; Lee, S.; Lee, D.H.; Park, I.H.; Bae, J.S.; Lee, T.W.; Kim, J.-Y.; Park, J.H.; Cho, Y.C.; Cho, C.R.; et al. Cu mesh for flexible
transparent conductive electrodes. Sci. Rep. 2015. [CrossRef]

177. Chapa, M.; Alexandre, M.F.; Mendes, M.J.; Águas, H.; Fortunato, E.; Martins, R. All-Thin-Film Perovskite/C-Si Four-Terminal
Tandems: Interlayer and Intermediate Contacts Optimization. ACS Appl. Energy Mater. 2019. [CrossRef]

178. Li, X.-M.; Reinhoudt, D.; Crego-Calama, M. What do we need for a superhydrophobic surface? A review on the recent progress
in the preparation of superhydrophobic surfaces. Chem. Soc. Rev. 2007, 36, 1350–1368. [CrossRef] [PubMed]

179. Liu, Q.; Chen, D.; Kang, Z. One-Step Electrodeposition Process to Fabricate Corrosion-Resistant Superhydrophobic Surface on
Magnesium Alloy. ACS Appl. Mater. Interfaces 2015, 7, 1859–1867. [CrossRef] [PubMed]

180. Zhang, G.; Wang, D.; Gu, Z.-Z.; Möhwald, H. Fabrication of Superhydrophobic Surfaces from Binary Colloidal Assembly.
Langmuir 2005, 21, 9143–9148. [CrossRef]

181. Jindasuwan, S.; Nimittrakoolchai, O.; Sujaridworakun, P.; Jinawath, S.; Supothina, S. Surface characteristics of water-repellent
polyelectrolyte multilayer films containing various silica contents. Thin Solid Films 2009, 517, 5001–5005. [CrossRef]

182. Hikita, M.; Tanaka, K.; Nakamura, T.; Kajiyama, T.; Takahara, A. Super-Liquid-Repellent Surfaces Prepared by Colloidal Silica
Nanoparticles Covered with Fluoroalkyl Groups. Langmuir 2005, 21, 7299–7302. [CrossRef] [PubMed]

183. Meng, E.; Li, P.-Y.; Tai, Y.-C. Plasma removal of Parylene C. J. Micromech. Microeng. 2008, 18. [CrossRef]
184. Kim, H.; Lee, J.; Kim, B.; Byun, H.R.; Kim, S.H.; Oh, H.M.; Baik, S.; Jeong, M.S. Enhanced Stability of MAPbI3 Perovskite Solar

Cells using Poly(p-chloro-xylylene) Encapsulation. Sci. Rep. 2019, 9, 1–6. [CrossRef] [PubMed]
185. Ortigoza-Diaz, J.; Scholten, K.; Meng, E. Characterization and Modification of Adhesion in Dry and Wet Environments in

Thin-Film Parylene Systems. J. Microelectromech. Syst. 2018, 27, 874–885. [CrossRef]
186. Gołda, M.; Brzychczy-Włoch, M.; Faryna, M.; Engvall, K.; Kotarba, A. Oxygen plasma functionalization of parylene C coating for

implants surface: Nanotopography and active sites for drug anchoring. Mater. Sci. Eng. C 2013, 33, 4221–4227. [CrossRef]
187. Ciurana, J. Designing, prototyping and manufacturing medical devices: An overview. Int. J. Comput. Integr. Manuf. 2014, 27,

901–918. [CrossRef]
188. Andersson, A.-S.; Brink, J.; Lidberg, U.; Sutherland, D.S. Influence of systematically varied nanoscale topography on the

morphology of epithelial cells. IEEE Trans. Nanobiosci. 2003, 2, 49–57. [CrossRef]
189. Wood, M. Colloidal lithography and current fabrication techniques producing in-plane nanotopography for biological applications.

J. R. Soc. Interface 2006, 4, 1–17. [CrossRef] [PubMed]
190. Dalby, M.J.; O Riehle, M.; Sutherland, D.S.; Agheli, H.; Curtis, A.S.G. Morphological and microarray analysis of human fibroblasts

cultured on nanocolumns produced by colloidal lithography. Eur. Cells Mater. 2005, 9, 1–8. [CrossRef]
191. Wood, M.A.; Wilkinson, C.D.W.; Curtis, A.S.G. The Effects of Colloidal Nanotopography on Initial Fibroblast Adhesion and

Morphology. IEEE Trans. Nanobiosci. 2006, 5, 20–31. [CrossRef] [PubMed]
192. Sutherland, D.S.; Broberg, M.; Nygren, H.; Kasemo, B. Influence of Nanoscale Surface Topography and Chemistry on the

Functional Behaviour of an Adsorbed Model Macromolecule. Macromol. Biosci. 2001. [CrossRef]
193. Denis, F.A.; Hanarp, P.; Sutherland, D.S.; Gold, J.; Mustin, C.; Rouxhet, A.P.G.; Dufrêne, Y.F. Protein Adsorption on Model

Surfaces with Controlled Nanotopography and Chemistry. Langmuir 2002, 18, 819–828. [CrossRef]
194. Wang, P.-Y.; Bennetsen, D.T.; Foss, M.; Ameringer, T.; Thissen, H.; Kingshott, P. Modulation of Human Mesenchymal Stem Cell

Behavior on Ordered Tantalum Nanotopographies Fabricated Using Colloidal Lithography and Glancing Angle Deposition. ACS
Appl. Mater. Interfaces 2015, 7, 4979–4989. [CrossRef] [PubMed]

195. Dalby, M.J.; Riehle, M.O.; Sutherland, D.S.; Agheli, H.; Curtis, A.S. Fibroblast response to a controlled nanoenvironment produced
by colloidal lithography. J. Biomed. Mater. Res. 2004, 69, 314–322. [CrossRef] [PubMed]

44



nanomaterials

Article

An Effective Method to Accurately Extract the Parameters of
Single Diode Model of Solar Cells

Zhaoxu Song , Kun Fang, Xiaofang Sun, Ying Liang, Wei Lin, Chuanzhong Xu, Gongyi Huang and Fei Yu *

Citation: Song, Z.; Fang, K.; Sun, X.;

Liang, Y.; Lin, W.; Xu, C.; Huang, G.;

Yu, F. An Effective Method to

Accurately Extract the Parameters of

Single Diode Model of Solar Cells.

Nanomaterials 2021, 11, 2615. https://

doi.org/10.3390/nano11102615

Academic Editor: Federico Cesano,

Simas Rackauskas and Mohammed

Jasim Uddin

Received: 7 September 2021

Accepted: 2 October 2021

Published: 4 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

College of Information Science and Engineering, Huaqiao University, Xiamen 361021, China;
hquszx@163.com (Z.S.); fksaya@126.com (K.F.); xfsun@hqu.edu.cn (X.S.); liangyinghqu@163.com (Y.L.);
linwei_0311@126.com (W.L.); xucz@hqu.edu.cn (C.X.); hgy@hqu.edu.cn (G.H.)
* Correspondence: yufei_jnu@126.com

Abstract: A non-iterative method is presented to accurately extract the five parameters of single diode
model of solar cells in this paper. This method overcomes the problems of complexity and accuracy by
simplifying the calculation process. Key parts of the equation are to be adjusted dynamically so that
the desired five parameters can be obtained from the I-V curve. Then, the I-V and P-V characteristic
curves of solar cells are used to compare the effectiveness of this method with other methods.
Furthermore, the root mean square error analysis shows that this method is more applicable than
other methods. Finally, the I-V and P-V characteristics simulated by using the extracted parameters
in this method are compared and discussed with the experimental data of solar cells under different
conditions. In fact, this extraction process can be regarded as an effective and accurate method to
estimate solar cells’ single diode model parameters.

Keywords: solar cells; parameter extraction; single diode model; non-iterative

1. Introduction

With the intensification of the greenhouse effect, the demands for clean and sustainable
energy resources are sharply increasing worldwide and this has become a public concern [1].
Solar energy is undoubtedly one of the most promising, pollution-free energy sources.
Because of solar cells’ advantages of energy saving and no pollution, the single diode
model of solar cells has become one of the hottest research projects. The main purpose of
these studies is to ascertain an analytical solution [2] and parameter extraction [3] to predict
the I-V and P-V characteristics of solar cells. At present, analytical solution algorithms
have been developed for many years, and the technology tends to be mature and saturated.
However, parameter extraction routines still have to face a challenge for a trade-off between
accuracy and efficiency. In fact, the accuracy of the single diode model predictions for solar
cells’ characteristics are fully dependent on the model parameter values being extracted.
Although complex extraction [4] procedures can obtain high precision parameter values, it
may lead to inefficiency of computational process. Therefore, the single diode model of
solar cells urgently needs an accurate and effective method to extract the model parameters.

Up until now, several authors have proposed various methods to determine dif-
ferent parameters in the single diode model. These methods can be divided into two
categories [5,6]. One category is non-iterative analysis procedures [7–22], which are re-
viewed in [23]. They determine the analytical solution by simplifying and replacing the
key parts of the equation, and then calculating the parameter values by depending on the
information in the datasheet provided by the manufacturer [24–26], which refers to short
circuit current, open circuit voltage, maximum power point, or the slope of the intersection
of the I-V characteristic curve and the coordinate axes. Although these approaches are
relatively simple and the calculation process is fast, the simplification and replacement
often lead to a lack of accuracy and to results without physical significance [27]. Addi-
tionally, since the parameters are only obtained from the data in the datasheet, the results
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obtained are also very sensitive to the measurement error. These measurement errors are
caused by the different accuracy of the test equipment. Different significant figures will
also have a certain impact on the accuracy of the results. The other category is numerical or
intelligent algorithm programs [28–32]. These are essentially processes of optimization or
fitting, which can minimize the error between the obtained I-V or P-V characteristic curves
and the experimental data, and then obtain high-precision parameter values. However,
the inefficiency of the calculation process has always been the biggest problem for this
kind of extraction strategy. Briefly, all these methods are almost difficult to have a good
trade-off between accuracy and efficiency. Therefore, an efficient and accurate parameter
extraction program is still needed to embed the circuit simulator of the model and diagnose
the process optimization problem.

In this paper, an effective non-iterative method is proposed to accurately extract five
parameters in solar cells’ single diode model. The analytical solution of the terminal current-
voltage equation of the equivalent circuit model is firstly derived. Subsequently, five basic
parameter equations are listed according to data obtained from I-V curve. Then, the
important parts of the basic circuit equations are simplified and replaced to obtain the five
expressions of the parameters. Finally, the five extracted parameters are substituted into the
analytical solution to simulate the I-V and P-V characteristics of solar cells. Simultaneously,
five parameter extraction methods described in other works of the literature are compared
with the method proposed in this paper. The obtained parameter values and the RMSE
are recorded. Furthermore, a comprehensive experimental evaluation is conducted to
demonstrate the accuracy and verify the effectiveness of the proposed approach based on
different solar cells’ photovoltaic technologies, irradiances, and temperatures. The results
show that this accurate and efficient strategy can play a good role in single diode model
parameter extraction. In fact, the method proposed in this paper is easier to be used to be
implement lumped parameter model into simulators in technology. In addition, it also
helps to provide an optimization suggestion on solar cells’ preparations.

2. Method of Parameter Extraction

The equivalent circuit model of the single diode of solar cells is shown in Figure 1,
including a photocurrent source, a single diode, a series resistance, and a shunt resistance.
The five parameters of the model are the photocurrent Iph, the diode reverse saturation
current Is, the diode ideal factor n, the parallel resistance Rsh, and the series resistance Rs.
According to Kirchhoff’s current law and Schockley’s ideal diode current equation, the
terminal current-voltage equation of the circuit model is deduced as follows:

I = Iph −
(

V + IRs
Rsh

)
− Is

(
exp

(
V + IRs

nVT

)
− 1
)

(1)

Figure 1. Single diode equivalent circuit model of solar cells.

In Equation (1), VT is the thermal voltage, which can be calculated by VT = kT/q,
where k is the Boltzmann constant, T is the cell temperature, and q is the charge of the
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electron. According to Equation (1), the main purpose of this research is to adjust these
five parameters Iph, Rs, Rsh, Is, n to predict the I-V characteristics, so that they are consistent
with the electrostatic performances of solar cells. These adjustments are usually based on
the data on the I-V curves measured by experiments or on the datasheet provided by the
manufacturer.

The typical I-V curve of solar cells’ single diode model is shown in Figure 2. There are
three important points, i.e., the short-circuit point, the open-circuit point, and the maximum
power point. In fact, the voltage (V) and current (I) values of the three points are the basic
template data and always known from solar cells’ data sheet, so they are hence used to
create relevant equations as follows.

Figure 2. I-V curve of single diode model in solar cells.

At the short-circuit point: (V = 0, I = Isc), Equation (1) can be represented as

Iph = Isc + Is
(

exp
(

IscRs
nVT

)
− 1
)
+

IscRs
Rsh

(2)

At the open-circuit point: (V = Voc, I = 0), Equation (1) can be written by

Iph =
Voc
Rsh

+ Is
(

exp
(

Voc
nVT

)
− 1
)

(3)

At the maximum power point: (V = Vm, I = Im), these values are substituted into
Equation (1), yielding:

Iph =
Vm + ImRs

Rsh
+ Im + Is

(
exp

(
Vm + ImRs

nVT

)
− 1
)

(4)

Under the same irradiance, the left side of Equations (3) and (4) is the same, which
means that their right side is equal, yielding:

Is exp
(

Voc
nVT

)
+

Voc − Vm
Rsh

− Im − RsIm
Rsh

− Is exp
(

Vm + RsIm
nVT

)
= 0 (5)

Generally, these three equations, i.e., Equations (2), (3), and (5), are not enough for
extracting the five parameters of the model. Thus, two supplementary equations have to
be added to establish an equation set consisting of five equations. In Figure 1, the shunt
and series resistances Rsh and Rs are estimated as the experimental resistances Rsho and Rso,
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which are usually calculated from the slope of the I-V curve at short circuit (SC) and open
circuit (OC). Therefore, two supplementary equations are written as

Rsho = − dV
dI

∣∣∣∣
SC

(6)

Rso = − dV
dI

∣∣∣∣
OC

(7)

Here, Rsho and Rso can be easily approximated by

Rsho ≈ − 0.001
f (0.001)− Isc

(Ω) (8)

Rso ≈ − 0.001
0 − f (Voc − 0.001)

(Ω) (9)

It is noted that f is the function of the I-V curve in Figure 2. Then, by deriving
Equation (1) at the short-circuit point to obtain the expression of dV

dI

∣∣∣
SC

and substituting it
into Equation (6), Equation (10) can be obtained as

Rsho − Rs
Rsh

+
Is

nVT
(Rsho − Rs) exp

(
IscRs
nVT

)
− 1 = 0 (10)

Similarly, by deriving Equation (1) at the open-circuit point to obtain the expression of
dV
dI

∣∣∣
OC

and substituting it into Equation (7), Equation (11) can be expressed as

(Rso − Rs)
(

1
Rsh

+
Is

nVT
exp

(
Voc
nVT

))
− 1 = 0 (11)

Above five equations, i.e., Equations (2), (3), (5), (10), and (11), are used to deter-
mine the analytical expressions of these five parameters. In order to get more accurate
and efficient parameter values, two reasonable approximations need to be considered in
these equations. The first one is Isexp(Voc/nVT) >> Isexp(IscRs/nVT) due to Voc >> IscRs,
compared with the former, the term Isexp(IscRs/nVT) can be ignored. In addition, when
the value of the term Isexp(IscRs/nVT) is too small and has little impact on the whole
equation, it can also be replaced by 0. The second one is Rsh >> Rs. Thus, 1 + Rs/Rsh ≈ 1
and Rsho ≈ Rsh are also valid.

According to these two approximations, the expressions of five parameters can be
extracted. However, the analytical equations for determining parameters generally cannot
use too many approximate conditions. This may lead to low accuracy of parameters, which
makes the calculation results unreliable and unsatisfactory. Therefore, it is necessary to
reduce the use of approximation as much as possible and retain important conditions in
the calculation. The detailed explanation is presented as follows.

Under the condition of constant irradiance, by taking Equation (2) into Equation (3) and
eliminating Iph, and then using the first approximation Isexp(Voc/nVT) >> Isexp(IscRs/nVT),
Equation (12) can be obtained as

Is exp
(

Voc
nVT

)
= Isc

(
1 +

Rs
Rsh

)
− Voc

Rsh
(12)

In Equation (10), (Is/nVT)exp(IscRs/nVT) is much smaller than the rest and after
simplification, yielding:

Rsho
Rsh

= 1 +
Rs

Rsh
(13)
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According to Equation (13), Equation (12) can be rewritten as

Is exp
(

Voc
nVT

)
=

IscRsho
Rsh

− Voc
Rsh

(14)

Now, Equations (11), (13), and (14) need to be substituted into Equation (5). First,
the Isexp(Voc/nVT) of Equation (5) needs to be replaced by the right part of Equation (14).
Then, Equation (13) is used to replace Rs/Rsh in Equation (5). After replacing these parts
above, an intermediate equation can be obtained as

(Isc − Im)Rsho − Vm
Rsh

= Is exp
(

Vm + RsIm
nVT

)
(15)

Both sides of the Equation (15) are represented by logarithmic computation, yielding:

ln[(Isc − Im)Rsho − Vm]− ln Rsh = ln Is +
Vm + RsIm

nVT
(16)

Second, Equation (14) is expressed as Is on the left, the remaining part is on the right,
and the right part is used to replace Is in Equation (16). Another intermediate equation can
be obtained as

ln[(Isc − Im)Rsho − Vm] = ln(IscRsho − Voc)− Voc
nVT

+
Vm + RsIm

nVT
(17)

Finally, Equation (11) needs to be rewritten as Rs on the left and the remainder on the
right, and then replace Rs of Equation (17) with the remainder on the right, yielding:

ln[(Isc − Im)Rsho − Vm]− ln(IscRsho − Voc) =
ImRso + Vm − Voc

nVT
− Im

Isc Rsho
Rsh − Voc

Rsh + nVT
Rsh

(18)

In the above part, we only use the first approximation instead of using the two
approximations synchronously as the conventional method. This is mainly because Rs/Rsh
is much bigger than Isexp(IscRs/nVT) and the latter is more complex. This behavior
effectively reduces the use of approximation conditions, which is very helpful to improve
the accuracy of the parameters. However, in Equation (18), considering Rsho ≈ Rsh has
very little effect on the whole equation, Equation (18) can be replaced by Equation (19) as
follows.

ln[(Isc − Im)Rsho − Vm]− ln(IscRsho − Voc) =
ImRso + Vm − Voc

nVT
− Im

Isc − Voc
Rsho + nVT

Rsho
(19)

It is worth noting that we need to solve a quadratic Equation (19) with one unknown
parameter n. In order to avoid negative numbers and complex numbers, we choose the
negative root as the solution of the parameter n, i.e.,

n =
−
√

4ABCRsho + (ACRsho + ImRsho − B)2 − (ACRsho + ImRsho − B)

2A · VT
(20)

Here A, B, and C are symbolled as A = ln[(Isc − Im)Rsho − Vm]− ln(IscRsho − Voc),
B = ImRso + Vm − Voc, C = Isc − Voc

Rsho .
According to the order of calculation and considering the second approximation, i.e.,

1 + Rs/Rsh ≈ 1 and Rsho ≈ Rsh in Equation (12), Is can be extracted as

Is =
(

Isc − Voc
Rsho

)
exp

(
− Voc

nVT

)
(21)
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Similarly, using the approximation Rsho ≈ Rsh in Equation (11), Rs can be extracted as

Rs = Rso − 1
1

Rsho +
Is

nVT exp
(

Voc
nVT

) (22)

According to Equation (11) and the above three parameters, i.e., n, Is, and Rs, Rsh can
be extracted as

Rsh =
1

1
Rso−Rs − Is

nVT exp
(

Voc
nVT

) (23)

Finally, by substituting Equations (20)–(23) into Equation (2) and the above four
parameters, Iph can be extracted as

Iph = Isc
(

1 +
Rs

Rsh

)
+ Is

(
exp

(
IscRs
nVT

)
− 1
)

(24)

Therefore, the five parameters of the single diode modeling for solar cells can be
extracted from Equations (20)–(24) in sequence.

3. Verifications and Discussions

In this part, I-V, P-V, relative error, absolute error curves, and root-mean-square error
(RMSE) are used to verify and compare the accuracy and effectiveness of the proposed
parameter extraction strategy. In the verification process, the absolute error represents
the absolute difference between the measured value and the real value, and the relative
error is calculated by the ratio of the absolute error to the real value, and the result is
expressed in the form of percentage. On the one hand, when we extract and compare
parameters through a set of initial values, these characteristic curves can clearly show the
experimental errors of different methods. In addition, RMSE can also evaluate the quality
of all parameter extraction strategies. On the other hand, the performance of the proposed
parameter extraction strategy in different cases should also be considered. These points are
mainly reflected in PV technologies, irradiance, and temperature. Thus, in these cases, it is
important and necessary to evaluate the fitting results of I-V and P-V curves between the
experimental data and the results obtained by using the extracted parameters. Of course,
the absolute error curves and RMSE are also obtained to better verify the performance of
the method. The detailed verification results and discussion are as follows.

According to the set of initial values, the simulation results are shown in Figures 3 and 4.
The comparison results of the parameters are shown in Table 1. First, we fix a set of initial
values in Table 1 as reference (Setting). Second, after processing the reference data, we get
the five key points mentioned in the second part. Finally, we use these key points to extract
parameters so as to compare the proposed method with other methods in the previous
literature and draw the corresponding I-V, P-V and absolute error percentage curves. We
can observe from Figures 3 and 4 that only our I-V and P-V curves agree to the experimental
data (scatter points), which is significantly different from other methods. In particular,
the part with large gap has been enlarged in Figures 3 and 4 for better observation. All
methods are simulated under 1000 W/m2 and 25 ◦C, and the obtained parameter results
are shown in Table 1.
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Figure 3. I-V curves simulated by using setting initial value and the extracted parameters listed in
Table 1 at G = 1000 W/m2 and T = 25 ◦C.

Figure 4. P-V curves simulated by using setting initial value and the extracted parameters listed in
Table 1 at G = 1000 W/m2 and T = 25 ◦C.
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Table 1. Parameter-extraction results and RMSE for I- and P-V Curves in Figures 3 and 4 at G = 1000 W/m2 and T = 25 ◦C.

Methods (Year) n Is (A) Rs (Ω) Rsh (Ω) Iph (A) RMSE

Setting 40 1.0 × 10−10 0.3 300 9 -
Khan (2013) 42.5033 4.4532 × 10−10 0.2937 294.1 8.9999 0.0301

Cubas2 (2014) 28.0077 2.0138 × 10−15 0.3807 100.2 9.0251 0.1039
Bai (2014) 21.5822 4.4004 × 10−20 0.3807 71.5 9.0385 0.1132

Louzazni (2015) 39.9748 9.9279 × 10−11 0.4166 294.1 9.0037 0.3617
Rivas (2020) 1.7956 1.4471 × 10−242 0.4114 294.1 9.0035 0.3625

Proposed 39.9672 9.7823 × 10−11 0.2999 294.1 9.0001 0.0013

It is obvious that the absolute error percentage curve shown in Figure 5 and the RMSE
in Table 1 clearly reflecting that the error of the parameter extraction strategy proposed
in this paper is the smallest, and the performance of this method is the best. It is worth
noting that in Figure 5, it can be observed that the relative error of the proposed method
remains almost below 0.1% within the effective range. Compared with other methods, the
difference is obvious and the error is smaller, which fully meets the accuracy requirements
of the simulations. In addition, the RMSE value of the proposed method in Table 1 is
reduced by at least one order of magnitude, compared with other methods, which further
reflects the advantages of this method.

Figure 5. Relative error of I-V curves simulated by using setting initial value and the extracted
parameters listed in Table 1.

In order to verify the practicability and effectiveness of this method, the parameter
extraction results and calculated RMSE of three different photovoltaic modules (Mono-
crystalline, Multi-crystalline, and Thin film) in the literature [33] are recorded in Table 2.
Irradiance and temperature are still 1000 W/m2 and 25 ◦C, respectively. The corresponding
I-V and P-V curves are shown in Figures 6 and 7. We can still observe that the curve
obtained by our proposed method is very consistent with the experimental data (scatter
points) recorded in the literature. Figure 8 shows the absolute error curves of different
photovoltaic technologies, and verifies the high precision and good practicability of our
proposed method in photovoltaic technology. It should be noted that there are obvious
peaks around V = VOC in Figure 8. This is because in the process of curve fitting, the first
approximation exists in the form of exponent. Due to the large range of abscissa and rapid
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change of exponent, the error will be accumulated and amplified, and there will be an
obvious wave crest phenomenon. Of course, relative errors are still smaller than 0.2%.

Table 2. Parameter-extraction results and RMSE for I- and P-V Curves in Figures 6 and 7.

G (W/m2) T (◦C) PV Modules n Is (A) Rs (Ω) Rsh (Ω) Iph (A) RMSE

1000 25 Multi-crystalline
(S75) 45.0214 9.8695 × 10−9 0.1995 90.1 4.7103 0.0018

1000 25 Mono-crystalline
(SM55) 42.3693 1.8463 × 10−9 0.4136 140.8 3.4601 0.0017

1000 25 Thin-film (ST40) 55.8424 1.0658 × 10−6 1.0651 232.6 2.6922 0.0021

Figure 6. I-V curves measured from experimental data [33] for different PV modules and calculated
by using the extracted parameters listed in Table 2.

Figure 7. P-V curves measured from experimental data [33] for different PV modules and calculated
by using the extracted parameters listed in Table 2.

53



Nanomaterials 2021, 11, 2615

Figure 8. Absolute error curves between experimental data [33] and using the extracted parameters
listed in Table 2.

Similarly, in order to better verify the method, we carried out simulation experiments
under different irradiances and temperatures. The comparison objects of the experiment
are from the literature [33]. The extracted parameters and the calculated RMSE are recorded
in Tables 3 and 4. In particular, the values of RMSE are kept below 0.2%, which fully reflects
the accuracy of the method. In addition, I-V and P-V curves with different irradiances
and temperatures are shown in Figures 9–14. It can be seen that the simulation results are
consistent with the experimental data, which highlight the practicability of this method
under different irradiances and temperatures. Finally, the absolute error curves of irradi-
ance and temperature are shown in Figures 11 and 14. In short, the above four experiments
successfully verify the accuracy and practicability of the proposed parameter extraction
strategy.

Table 3. Parameter-extraction results and RMSE for I- and P-V Curves in Figures 9 and 10.

T (◦C) G (W/m2) n Is (A) Rs (Ω) Rsh (Ω) Iph (A) RMSE

25 200 46.6459 2.8645 × 10−8 0.2978 1111.1 1.6435 0.0002
25 400 46.6232 2.8407 × 10−8 0.2652 555.6 3.2873 0.0003
25 600 46.6298 2.8482 × 10−8 0.2458 370.3 4.9309 0.0006
25 800 46.7473 2.9888 × 10−8 0.2315 285.7 6.5743 0.0013
25 1000 46.6454 2.8656 × 10−8 0.2212 222.2 8.2182 0.0016

Table 4. Parameter-extraction results and RMSE for I- and P-V Curves in Figures 12 and 13.

G
(W/m2) T (◦C) n Is (A) Rs (Ω) Rsh (Ω) Iph (A) RMSE

1000 25 46.6413 2.8607 × 10−8 0.2212 222.2 8.2182 0.0015
1000 50 43.3215 7.3686 × 10−7 0.2397 222.2 8.2977 0.0018
1000 75 40.4268 1.2025 × 10−5 0.2583 222.2 8.3771 0.0017
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Figure 9. I-V curves measured from experimental data [33] at different irradiance levels and T = 25 ◦C,
and calculated by using the extracted parameters listed in Table 3.

Figure 10. P-V curves measured from experimental data [33] at different irradiance levels and
T = 25 ◦C, and calculated by using the extracted parameters listed in Table 3.
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Figure 11. Absolute error curves between experimental data [33] and calculation results by using the
extracted parameters listed in Table 3.

Figure 12. I-V curves measured from experimental data [33] at G = 1000 W/m2 and different
temperatures, and calculated by using the extracted parameters listed in Table 4.
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Figure 13. P-V curves measured from experimental data [33] at G = 1000 W/m2 and different
temperatures, and calculated by using the extracted parameters listed in Table 4.

Figure 14. Absolute error curves between experimental data [33] and calculation results by using the
extracted parameters listed in Table 4.
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4. Conclusions

This paper presents an effective and accurate method to extract the model parameters
of solar cells’ single diode model. First, the equivalent circuit and I-V curve of single
diode model are given to obtain the required circuit equation and key points, including
open circuit voltage, short circuit current, and maximum power point. Then, we get the
other two constant conditions, Rsho and Rso, according to the slope of I-V curve at open-
circuit point and short-circuit point. In order to overcome the problems of accuracy and
complexity, we use the measures of approximations, retain important parts to obtain the
simplified five equations, and then derive the five parameter expressions in order. Second,
through setting initial values, the I-V and P-V characteristic curves are simulated, and the
proposed method is compared with other different methods. According to the simulation
results, our proposed method has the best applicability, which not only maintains good
accuracy but also simplifies the parameter extraction process. Finally, the fitting and
comparison are carried out by I-V, P-V, and absolute error curves under different PV
technologies, irradiances, and temperatures. The obtained curves are in good agreement
with the experimental data, which also proves the practicability of this method for different
preparation conditions and environmental changes. In the future, it may be helpful to
prepare solar cells in the face of changeable process conditions.
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Abstract: The continuous quest to enhance the output performance of triboelectric nanogenerators
(TENGs) based on the surface charge density of the tribolayer has motivated researchers to harvest
mechanical energy efficiently. Most of the previous work focused on the enhancement of negative
triboelectric charges. The enhancement of charge density over positive tribolayer has been less
investigated. In this work, we developed a layer-by-layer assembled multilayer graphene-based
TENG to enhance the charge density by creatively introducing a charge trapping layer (CTL) Al2O3

in between the positive triboelectric layer and conducting electrode to construct an attractive flexible
TENG. Based on the experimental results, the optimized three layers of graphene TENG (3L-Gr-
TENG) with CTL showed a 30-fold enhancement in output power compared to its counterpart,
3L-Gr-TENG without CTL. This remarkably enhanced performance can be ascribed to the synergistic
effect between the optimized graphene layers with high dielectric CTL. Moreover, the device exhibited
outstanding stability after continuous operation of >2000 cycles. Additionally, the device was capable
of powering 20 green LEDs and sufficient to power an electronic timer with rectifying circuits. This
research provides a new insight to improve the charge density of Gr-TENGs as energy harvesters for
next-generation flexible electronics.

Keywords: graphene; triboelectric nanogenerator; charge trapping layer; flexible; stability; energy
harvesting

1. Introduction

With the advent of the fourth industrial revolution, the demand for flexible, portable
and wearable electronic devices has increased dramatically. However, powering them in a
stable manner remains a challenge due to the ongoing energy crisis worldwide [1]. In this
aspect, the triboelectric nanogenerator (TENG) is a promising energy harvesting technology
owing to its special ability of converting the low-frequency mechanical energy to electrical
energy [2]. Basically, the working principle of TENGs depends on the coupling effect of
sequential triboelectrification and electrostatic induction, and the fundamental theory lies
in Maxwell’s displacement current and change in surface polarization [3,4]. Based on this
principle TENGs are able to harvest energy from green and renewable sources such as body
motions, ocean weaves and wind flows [5–9]. However, despite the rapid advancement in
output performance, the triboelectric surface charge decay and poor stability of tribolayer
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are some of the critical issues of TENGs and could limit certain practical applications.
In these aspects, significant research effort has been devoted to enhancing the surface
charge density of tribomaterials such as plasma treatment, surface functionalization of
triboelectric materials using corona discharge and micro/nanopatterning of tribosurface
area [10–12]. Moreover, some researchers are adapting nanostructured surface modification
methods, such as templating, appending, etching and crumpling, to achieve a high output
performance of TENGs [13,14]. Although the above approaches can be used to fabricate the
high-performance TENGs, the complicated fabrication processes and high cost of device
design may limit the wide range of practical applications. Hence, there is a pressing need
to fill the gap towards potential applications and integrate robust technologies to enhance
the output performance of TENGs for future flexible electronic applications.

The triboelectrification process involves charge generation, charge storing and charge
decay of triboelectric materials [15]. Therefore, selecting the proper triboelectric materials
is the key to improve the output performance of flexible TENGs. In this regard, two-
dimensional graphene, a monolayer honeycomb lattice structure of sp2-bonded carbon
atoms, can be a promising material for TENGs owing to its unique properties such as high
electrical conductivity, excellent mechanical flexibility, optical transparency and environ-
mental stability [16,17]. The unavoidable wrinkles and ripples of CVD-grown graphene
make it more suitable for high output performance due to the enhancement in surface
charge during the triboelectrification process. Many studies have reported high output per-
formance of TENG by utilizing graphene as conducting electrode [18,19]. Kim et al. and Liu
et al. have demonstrated a flexible TENG, using graphene as a triboelectric material, but un-
fortunately, the TENG exhibited a low output performance [20,21]. Furthermore, modifying
the surface of graphene by plasma treatment, surface modification, micro/nanopatterning
is a viable way to enhance the output performance of Gr-TENGs [10–12,22]. However, these
methods create defects in the graphene surface, which may deteriorate the graphene and
affect device performance. To solve the above problem, many researchers have adopted
the interfacial modification of TENG for enhanced output performance [23,24]. Extensive
research has been conducted to study the effect of the charge trapping layer on TENG
performance. Wu et al. demonstrated a significant enhancement in the surface charge
density of TENGs by using reduced graphene oxide (rGO) as a charge trapping layer (CTL)
under the friction layer [25]. Furthermore, Cui et al. have shown the improvement in the
output performance of TENGs by extending charge decay time and enhancing induced
charges with the addition of dielectric layer and charge transport layer in between the
triboelectric material and contact electrode [26]. However, most of the previous work
has focused on negative triboelectric charge enhancement. Recently, another group has
reported high output performance by enhancing the positive charge trap [27]. Based on
these previous studies, it has been proved that the enhancement of output performance
of TENG presents a positive correlation with the increase in surface charge density and
charge trapping sites without degrading the properties of triboelectric material. However,
the role played by the charge trapping with multilayer structure has not been investigated.
Thus, it is necessary to analyze the multilayer structure with CTL, which influences the
output performance of a TENG.

In this work, we report a new approach to achieve high output performance of
layer-by-layer assembled multilayer graphene-based TENG by introducing Al2O3 CTL in
between the positive triboelectric layer and the bottom conducting electrode. The Gr-TENG
with Al2O3 introduces a mechanism of surface charge enhancement in conduction domains.
Relying on the synergistic effect of optimized graphene layers and high dielectric Al2O3
CTL, there is a large triboelectric charge yield. The optimized flexible 3L-Gr-TENG with
Al2O3 exhibits an enhanced output voltage and current of ~55 V and 0.78 µA, respectively.
These values were nearly 5-fold higher than those of the counterpart pristine 3L-Gr-TENG
(without Al2O3 CTL). The output power of the 3L-Gr-TENG is increased from 0.77 to
25 µW (~30 times higher) with the Al2O3 CTL under ambient conditions. Importantly,
by taking advantage of multilayer graphene as a positive triboelectric layer, the bottom
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graphene layers can act as a charge transport bridge between Al2O3 and the top graphene
layer due to its high electrical conductivity, thus accumulating more positive charge on
the graphene surface and facilitating the electron flow from graphene to the opposite
triboelectric layer. Moreover, the device shows high stability and durability after continuous
operation of >2000 cycles. Furthermore, the generated power can light up more than 20
commercial green LEDs and charge various capacitors to power an electronic timer through
the rectifying circuits. Most importantly, this work demonstrates a novel and cost-effective
method to improve the performance of flexible Gr-TENGs, which can be a power candidate
for next-generation flexible energy harvesting systems.

2. Experimental Section
Fabrication of a Gr-TENG with Al2O3 as the CTL

Figure 1 shows the schematic diagram for the fabrication process of a flexible Gr-TENG
with Al2O3 as the CTL over a PET substrate. In this study, the conductor-to-dielectric
contact mode was used. To design the vertical contact–separation mode TENG device, the
positive friction layer of the TENG was fabricated as follows: (i) First, a 3 × 3 cm2, 80 µm
thick commercial aluminum (Al) foil was taken as the conducting electrode, which was
attached over the polyethylene terephthalate (PET) substrate (~188 µm) with double-sided
tape. Then, the Al-foil/PET substrate was cleaned by ethanol and dried in a stream of N2
gas. (ii) Thereafter, a thin layer of Al2O3 (~10 nm), as the CTL, was thermally deposited
over the Al-foil/PET substrate by the thermal evaporation method [28]. (iii) Finally, the
CVD-grown graphene [29], as a positive friction layer, was transferred over the Al2O3/Al-
foil/PET substrate using the PMMA transfer method, as shown in Figure S1. In this work,
we used monolayer (1L) and multilayer (3L and 5L) graphene as the positive friction layer.
Multilayer graphene (3L and 5L) was fabricated by transferring monolayer graphene layer
by layer over the Al2O3/Al-foil/PET substrate. The positive charge trapping nature and
higher relative permittivity of Al2O3 helped to enhance the surface charge over graphene for
high output performance [30]. In addition, the improvement in the surface roughness of the
graphene layer due to Al2O3 provided extra support for the enhancement in the electrical
output of the Gr-TENG. Subsequently, a commercially available polytetrafluoroethylene
(PTFE) film (3 × 3 cm2) served as the negative friction layer due to its high electronegativity,
which could accept more electrons when rubbed against a positive friction layer [31].
A conducting copper electrode was deposited on the back side of the PTFE film using
thermal evaporation. It is noted that the PTFE and graphene surface were placed face-
to-face, leaving a small gap between the two contact surfaces. Two thin copper wires
were connected to the conducting electrodes (copper and Al foil) to form a complete
TENG device. The flexibility of graphene and PTFE is clearly shown in the Figure 1. Such
fabrication steps clearly demonstrate an easy and cost-effective fabrication process of the
proposed Gr-TENG, which can be suitable for wearable electronic devices.

63



Nanomaterials 2021, 11, 2276

Figure 1. Schematic illustration showing the fabrication process of a flexible Gr-TENG with Al2O3 as the CTL.

3. Results and Discussion
3.1. Material Characterization of Graphene Layers/Al2O3

Raman spectroscopy is a powerful and nondestructive tool to analyze the quality of
graphene. Figure 2a,b shows the Raman spectra of 1L, 3L and 5L graphene before and
after their transfer over the Al2O3/Al-foil/PET substrate. Figure 2a shows the graphene
layers (1L, 3L and 5L) over the Al-foil/PET substrate, where the G peak (at ~1582 cm−1)
and the 2D peak (at ~2700 cm−1) are the characteristics of the sp2-hybridized C–C bonds
in graphene. Basically, these two bands are used to determine the number of layers in
graphene. In addition, a negligible D peak (at ~1359 cm−1) corresponds to atomic-scale
defects or lattice disorder in graphene [32]. Here, the negligible intensity of the D peak
indicates the low density of defects and a highly crystalline phase of graphene. However,
with an increase in the number of graphene layers (3L and 5L), the G band becomes more
intense, and the 2D peaks become broader and slightly upshifted with respect to monolayer
graphene [33], as shown in Figure 2a. The slight upshift may be due to the unintentional
strain originating from the growth of the copper substrate and the unavoidable formation
of wrinkles during the graphene transfer process [34]. Moreover, the I2D/IG of ~2.18 of
CVD-grown graphene indicates high-quality monolayer graphene and gradually decreases
with an increase in the number of layers, as shown in Figure S2a. The intensity of the
D peak slightly increases after transferring the graphene layers (1L, 3L and 5L) over the
Al2O3/Al-foil/PET substrate, as shown in Figure 2b and Figure S2b. This result indicates
an increase in substrate roughness due to the deposition of thin-layer Al2O3 over the
Al-foil/PET substrate, which is beneficial for enhancing the output performance because
the effective contact increases during the triboelectrification process.
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Figure 2. The Raman spectra of (a) graphene/Al-foil/PET and (b) graphene/Al2O3/Al-foil/PET.
XRD patterns of (c) graphene/Al-foil/PET and (d) graphene/Al2O3/Al-foil/PET.

To further confirm the quality of graphene (1L, 3L and 5L) on the Al-foil/PET and
Al2O3/Al-foil/PET substrates, we performed XRD, which is shown in Figure 2c,d. Both
figures show that the diffraction peak at a 2θ of 26.4◦ corresponds to the (002) lattice
orientation of hexagonal graphitic carbon, which indicates the successful fabrication of
high-quality graphene [35]. Additionally, the other peaks at 44.7, 65.1 and 78.3◦ correspond
to the (200), (220) and (311) lattice orientations, respectively, which are attributed to Al
(JCPDS card No. 04-0787) as the graphene is transferred over the Al-foil substrate. It is
clearly visible that the positions of different graphene layers over the Al-foil/PET and
Al2O3/Al-foil/PET substrates retain the same peak position, indicating that the crystalline
structure of graphene is restored after transfer over the Al2O3/Al-foil/PET substrates,
which is helpful for the enhancement of the electrical output of the TENG.

Further, to investigate the surface morphology of graphene after the insertions of
Al2O3 CTL, FESEM analysis was conducted, as illustrated in Figure 3a,b. Regarding the
FESEM analysis, a sample size of 1 cm2 was used. As clearly seen from Figure 3b, the
graphene over Al2O3/Al-foil/PET substrate exhibits a rougher wrinkled surface morphol-
ogy in comparison with the graphene over Al-foil/PET substrate (Figure 3a) due to the
underneath nanostructure roughness of Al2O3, which supports the output enhancement of
TENGs due to the enhancement of effective contact area during triboelectrification process.
Additionally, we performed energy-dispersive X-ray spectroscopy (EDS) to quantify the
atomic composition of the graphene sample. The graphene samples contain carbon (C),
oxygen (O) and aluminum (Al), as depicted in Figure S3. Furthermore, the EDS elemental
mapping (Figure 3c and Table 1) confirms the uniform distribution of C, O and Al. Accord-
ing to the elemental analysis, the occurrence of aluminum (44.51%) and the low atomic
percentage of oxygen (1.10%) are due to the transfer of graphene over conducting electrode
(Al foil) and the unavoidable oxidation of graphene. However, the atomic percentage of
oxygen gradually increases to 6.08 % (Table 1) when the graphene is transferred on the
Al2O3/Al-foil/PET substrate. This increase in oxygen will help to enhance the output
performance because oxygen has excellent electron-donating ability due to its high Lewis
basicity, which makes the graphene layer more tribopositive [36].
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Figure 3. FESEM image of the graphene surface on (a) Al-foil/PET and (b) Al2O3/Al-foil/PET. (c)
EDS elemental mapping of the graphene/Al2O3/Al-foil/PET presenting C K series, O K series and
Al K series.

Table 1. EDS elemental analysis of graphene over Al-foil/PET and Al2O3/Al-foil/PET.

Elements
Samples

Graphene/Al-foil Graphene/Al2O3/Al-foil

C K
Weight % 34.90 39.39
Atomic % 54.39 57.88

O K
Weight % 0.94 5.51
Atomic % 1.10 6.08

Al K
Weight % 64.16 55.10
Atomic % 44.51 36.04

Typically, the surface roughness of triboelectric materials plays a crucial role in the
enhancement of TENG output performance. Thus, to examine the surface roughness of
the triboelectric layer, we performed AFM analysis. Figure 4a,b shows the 3D AFM image
of the three-layer graphene on the Al-foil/PET and Al2O3/Al-foil/PET substrates. The
surface roughness values of graphene (1L, 3L and 5L) on the Al-foil/PET substrate were
7.78, 9.57 and 11.2 nm, respectively (Figure S4a,b). However, the surface roughness of
graphene (1L, 3L and 5L) was further enhanced to 11.8, 16.0 and 14.2 nm after the fusion of
Al2O3 CTL underneath the graphene layers (Figure S4c,d). This result indicates that the
random layer-by-layer transfer of graphene and the nanostructure surface roughness of
Al2O3 enhance the surface roughness of graphene layers [37]. However, after three layers
of graphene transfer, the subsequent layers are not much more affected by the surface
roughness of Al2O3 due to the increase in thickness of the multiple layers of graphene.
Therefore, the surface roughness of 5L-Gr is less than that of 3L-Gr over the Al2O3/Al-
foil/PET substrate. Regarding TENGs, the increase in the surface roughness of graphene is
beneficial for enhancing the electrical output because the surface roughness increases the
effective contact area of the graphene friction layer. Regarding TENGs, the increase in the
surface roughness of graphene is beneficial for enhancing the electrical output because the
surface roughness increases the effective contact area of the graphene friction layer.
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Figure 4. 3D AFM images of (a) 3L-Gr/Al-foil/PET substrate and (b) 3L-Gr/Al2O3/Al-foil/PET
substrate. (c) Work function measurements of 1L-, 3L- and 5L-Gr on the Al2O3/Al-foil substrate by
KPFM. Inset showing the surface potential of graphene layers (1L, 3L and 5L) over Al2O3. Schematic
illustration of (d) energy band diagrams for 1L-Gr, 3L-Gr and 5L-Gr over Al2O3. (e) Electronic energy
levels of graphene samples and AFM tip without and with electrical contact for three cases: (i) tip
and the 1L-Gr over Al2O3/Al-foil/PET, (ii) tip and the 3L-Gr over Al2O3/Al-foil/PET and (iii) tip
and the 5L-Gr over Al2O3/Al-foil/PET. Evac is the vacuum energy level. Efs and Eft are Fermi energy
levels of the graphene sample and tip, respectively. VCPD is the contact potential difference, and
ΦnGr and φt are work functions of the graphene layer (n = 1, 3 and 5) and tip, respectively.

In addition, we have investigated the work function of graphene layers using KPFM
to comprehensively understand the physical mechanism of triboelectric graphene layers
on the output performance of TENGs. Figure 4c shows the work function (WF) and surface
potential of the graphene layer (1L, 3L and 5L) on the Al2O3/Al-foil/PET substrate. The
corresponding work functions were measured to be Φ1LGr = 4.56 eV, Φ3LGr = 4.58 eV and
Φ5LG = 4.60 eV, respectively. The measured WF of graphene follows an increasing trend
with an increase in the number of layers, which agrees well with the previously reported
literature [20,38]. A similar trend occurs when graphene is transferred on the Al-foil/PET
substrate as shown in Figure S5. However, the surface potential of graphene gradually
decreases with an increase in the number of graphene layers (see the detail in Figure S6).
The key factors for the gradual increase in the WF of graphene can be explained as follows:
(i) the shift in the Fermi level of graphene with respect to the number of layers (Figure 4d)
affects the charge transfer at the substrate interface, and the charge distribution within the
graphene layers affects the WF of graphene; (ii) the increase in graphene thickness with
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respect to the number of layers may affect the WF of graphene; and (iii) the underlying
substrate is also an important factor that affects the WF of graphene [39]. Moreover,
the change in WF affects the surface potential of graphene layers [40], as illustrated in
Figure 4e. When the 1L-Gr/Al2O3 sample and tip are brought close to each other for
electron tunneling, the equilibrium forces align the fermi level of the 1L-Gr sample with
the tip. Upon electrical contact, the 1L-Gr/Al2O3 sample and tip are charged, and VCPD is
formed between the tip and 1L-Gr/Al2O3 sample (Figure 4e(i)). With the increase in the
number of layers (3L and 5L), the characteristic energy level of graphene surface further
drops, resulting in a smaller contact potential difference, as shown in Figure 4e(ii–iii).
Therefore, the proper optimization of the graphene layer is very important for enhancing
the output performance of TENGs because the larger potential difference between the
triboelectric layer leads to a better output performance.

3.2. Working Mechanism of Gr-TENG with Al2O3 as CTL

Prior to performing the electrical measurement and examining the relationship be-
tween the output performance of the flexible pristine Gr-TENG and Gr-TENG with Al2O3,
the basic operating mechanism of the flexible Gr-TENG with Al2O3 is clearly elaborated
and illustrated in Figure 5. In general, the working mechanism of a TENG is based on the
coupling effect, triboelectrification and electrostatic induction effect between triboelectric
layers. In the initial position when the triboelectric graphene layers (as the tribopositive
bottom layer) and PTFE (as the tribonegative top layer) are separated by a certain distance,
there is no charge generation on the surface of graphene and PTFE. Therefore, no electric
potential between the electrodes is observed, and no signal is observed (Figure 5a). Once
the external impact is applied to the electrode, both triboelectric layers (graphene and
PTFE) are brought into contact with each other. According to the triboelectric series, PTFE
is much more triboelectrically negative than the graphene layer. Hence, due to the triboelec-
trification phenomenon, electrons (negative charges) are injected into the PTFE film from
the graphene layer while leaving positive charges on its surface, as shown in Figure 5b.
Since the high-k dielectric and positive charge trapping nature of Al2O3 [28] as the CTL
exists under the graphene layer, the positive charge density over the graphene surface will
be enhanced. This increases the flow of free electrons from the graphene surface to the
PTFE film, causing the accumulation of more positive and negative surface charges on the
graphene and PTFE surfaces, respectively. When the external force is withdrawn, both
triboelectric layers separate, resulting in a potential difference between the electrodes. The
difference in electric potential leads to current flow from the positively charged graphene
to negatively charged PTFE via an external load (Figure 5c). This current flow is due to
the electrostatic induction effect. Afterward, when both triboelectric layers (graphene
and PTFE) are completely separated, a new equilibrium state occurs, in which no current
conduction takes place, as shown in Figure 5d. After complete separation, if the device is
pressed again, a reverse current will flow back through the external load, as depicted in
Figure 5e. The repetition of this working mechanism leads to the generation of a periodic
alternating current (AC). One typical signal of Gr-TENG with Al2O3 upon pressing and
releasing is shown in Figure 5f. It is important to note that the charge generation and
accumulation over the triboelectric layer are strongly related to the optimized graphene
layers with the Al2O3 CTL. Moreover, the tribopositive charge is not only generated on the
top surface of multilayer graphene but also generated on the surface of Al2O3, which con-
tinuously supplies the positive charge to the top graphene layers, which will increase the
potential difference when the device is released. The high dielectric constant of Al2O3 CTL
enhanced the total capacitance of Gr-TENG, which will support the output enhancement.
By considering the contact–separation mode, when the two triboelectric layers contact each
other, the open-circuit voltage (VOC) at zero transferred charge can be expressed according
to the following equation [41]:

VOC =
σ0 × X(t)

ε0
(1)
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where ε0, σ0 and x(t) represent the vacuum permittivity, surface charge density and distance
between graphene and PTFE triboelectric layers, respectively. According to Equation (1),
the VOC is strongly related to the σ0. However, the surface σ0 depends on the device
capacitance because the TENG acts as both energy storage and energy generation device.
Therefore, the device capacitance can be calculated as follows [42]:

Cmax =
ε0εr A

d
(2)

where εr is defined as relative permittivity, A is the surface area and d is the thickness of
the triboelectric layer. According to Equation (2), a thin film with high relative permittivity
can exhibit high output performance. Therefore, for the enhanced output performance, the
optimized number of graphene layers needs to be investigated.

Figure 5. Schematic diagram showing the working mechanism of Gr-TENG with Al2O3. (a) Initial
stage of two different triboelectric layers when no external impact is applied. (b) Triboelectric charges
are generated on the surfaces of graphene and PTFE when they are in contact with each other. (c)
Separation of graphene and the PTFE triboelectric layer begins. The current flows from the bottom
electrode (graphene) to the top electrode (PTFE) to maintain electrical equilibrium. (d) Complete
separation of the graphene and PTFE triboelectric layer and reaching electrical equilibrium causes no
electron flow. (e) Pressing the graphene and PTFE triboelectric layer into contact again causes the
current to flow from the top electrode to the bottom electrode. (f) One typical signal of Gr-TENG
with Al2O3 upon pressing and releasing.
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3.3. Electrical Characterization of Gr-TENG with Al2O3 CTL

The electrical output current and voltage of the Gr-TENG (1L, 3L, and 5L) with
and without Al2O3 CTL were systematically investigated, as shown in Figure 6. These
measurements were performed at a frequency of 1 Hz. A comparison of the electrical
output of Gr-TENG (1L, 3L, and 5L) without the Al2O3 CTL is depicted in Figure 6a,b.
Initially, the 3L-GR-TENG over the Al-foil/PET substrate exhibits the maximum ISC of
~155.9 nA and VOC of ~12 V compared to those of 1L-Gr-based (ISC ~43.1 nA and VOC
~7.5 V), 2L-Gr-based (ISC ~66.1 nA and VOC ~9 V (Figure S7)), 4L-Gr-based (ISC ~113.9 nA
and VOC ~11 V (Figure S7)) and 5L-Gr-based (ISC ~108 nA and VOC ~9.5 V) TENGs. The
experimental results indicate that with the increase in the number of graphene layers,
the conductivity gradually increases due to the decrease in sheet resistance, as shown in
Figure S8, which enhances the output ISC and VOC of the 3L-Gr-TENG. However, there
is a decrease in electrical output for the 4L- and 5L-Gr-based TENGs compared with the
3L-Gr-based TENG. It should be noted that the increase in output ISC and VOC not only
depends on the conductivity but also has a relationship with the work function of the
triboelectric layer (i.e., the graphene in this work). The work function of graphene increases
with an increase in the number of graphene layers, as discussed in Figure 4d. A higher
work function means a large amount of energy is needed to extract electrons from the
surface. Therefore, there should be a balance between the conductivity and work function
to identify the number of graphene layers (here, 3L-Gr) that effectively enhances the output
performance of the Gr-TENG. Although the performance of the 3L-Gr-based TENG is
better than that of the 1L-, 2L-, 4L- and 5L-Gr-based TENGs, the electrical output of the
Gr-TENG is not sufficient for many practical applications.

Furthermore, we anticipate that applying a CTL (Al2O3) under the graphene will be
an effective method to further enhance the output performance of Gr-TENGs because the
electrical output of TENG strongly depends on the surface charge density [42]. Therefore,
following the above experimental demonstration of Gr-TENG with respect to the number
of graphene layers as a proof of concept, Gr-TENG with Al2O3 as the CTL structure was
systematically investigated. Apparently, the output ISC and VOC of the Gr-TENG with
Al2O3 as the CTL are remarkably enhanced compared with those of the pristine Gr-TENG,
as shown in Figure 6c,d. The 1L-, 2L-, 3L-, 4L- and 5L-Gr-TENGs with Al2O3 possess output
ISC and VOC of 0.33 µA and 32 V, 0.43 µA and 37 V (Figure S9), 0.78 µA and 55 V, 0.63 µA
and 45 V (Figure S9) and 0.55 µA and 40.3 V, respectively. The enhancement in the output
ISC and VOC is mainly attributed to the following: (i) The increase in surface charge density
over the graphene surface is due to the high charge storage capacity of Al2O3 [43]. (ii) The
small intrinsic carrier density of Al2O3 compared with graphene is also one of the dominant
factors [44]. Thus, more induced electrostatic charges resulting from triboelectrification
may provide an enhanced electrical output of Gr-TENGs. (iii) The relative increase in the
surface roughness of graphene due to Al2O3 increases the contact area between PTFE and
the graphene layer during the triboelectrification process, providing additional support
for the enhancement in output performance compared with the flexible Gr-TENG without
CTL. Furthermore, Figure 6e,f clearly and intuitively reveals the strong dependency of
output ISC and VOC of Gr-TENG on the Al2O3 CTL. Although the outputs increase with
the CTL and lower work function of triboelectric material, the 3L-Gr-TENG with Al2O3
exhibits a maximum electrical output compared to the 1L-, 2L-, 4L- and 5L-Gr-TENGs with
Al2O3. This result indicates that not only the work function but also the higher surface
roughness of 3L-Gr-TENG with Al2O3 (Figure 4b) plays a crucial role in the enhancement
of output performance of TENG. Moreover, the high conductivity of multilayer graphene
further enhances the output performance of TENG compared to the 1L-Gr-based TENG.
Therefore, there should be a balance between the work function, conductivity and surface
roughness to identify the number of graphene layers that effectively enhances the output
performance of the Gr-TENG with Al2O3 CTL. Based on the above results and discussion,
the 3L-Gr-TENG with Al2O3 as CTL exhibits the optimal output performance; therefore,
we considered this sample for subsequent experiments in this study.
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Figure 6. Electrical output of the Gr-TENG: (a) Short-circuit current (ISC) and (b) open-circuit
voltage (VOC) of 1L-, 3L- and 5L-Gr-TENGs without Al2O3 CTL. (c) ISC and (d) VOC of 1L-, 3L-
and 5L-Gr-TENGs with Al2O3 CTL. Average mean (e) current and (f) voltage generated by pristine
Gr-TENGs (1L, 3L and 5L) and Gr-TENGs (1L, 3L and 5L) with Al2O3 CTL. Error bars indicate
standard deviations for 4 sets of data points.

To experimentally investigate the effect of the charge trapping layer in Gr-TENGs,
we fabricated a metal–insulator–metal (MIM) device structure in which 3L graphene over
Al2O3 was sandwiched between the metal electrodes. CV analysis was performed to
detect the charge trapping phenomenon. Figure 7a shows the CV curve of the Al/3L-
Gr/Al2O3/Al device at two different frequencies. The capacitance values at 100 kHz
and 1 MHz are ~1.25 nF and ~340 pF, respectively. The decrease in capacitance value
with increasing frequency is due to the reduced space charge polarization effect [45].
Furthermore, the significant increase in the hysteresis window with increasing sweep
voltage, as shown in Figure S10, indicates the increased trapping of charge carriers in
the Al2O3 CTL. This charge trapping capability of graphene over Al2O3 promotes the
triboelectric charge storage and accumulation for the enhanced TENG output performance.
Moreover, the surface charge densities (σ) of Gr-TENG (1L-, 3L- and 5L-Gr) with Al2O3
are comparatively higher than that of Gr-TENG without CTL, as shown in Figure 7b. This
indicates that surface charge density is influenced by not only the number of layers but
also the existence of Al2O3 CTL. However, with the increase in the number of layers (from
1L-Gr to 3L-Gr) with Al2O3 CTL, the surface charge density increases, but the further
increase in the number of layers (5L-Gr) does not contribute to the increase in surface
charge density of Gr-TENG, which supports the electrical analysis as demonstrated in
Figure 6e,f. For practical applications, Figure 7c shows the effect of the output voltage and
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current of the optimized flexible 3L-Gr-TENG with Al2O3 as a function of external load
resistance ranging from 10 MΩ to 1 GΩ. The TENG output voltage gradually increases
with increasing load resistance, while the output current value follows the opposite trend
due to ohmic loss. Figure 7d shows the effective electrical output power of the graphene
TENG with Al2O3 as charge trapping layer as a function of external load resistance. This
output power was calculated by using Equation (3):

P = V × I (3)

where V and I correspond to the output peak voltage and current value at various load
resistances. The maximum value of the output power reaches 25 µW at a loading resistance
of 300 MΩ, which is 30 times larger than that of the pristine 3L-Gr-TENG, as shown in
Figure S11a,b. In addition, the 3L-Gr-TENG with Al2O3 device shows a maximum power
density of 6.25 µW/cm2 at a load resistance of ~300 MΩ, which is higher than that of a
previously reported graphene-based TENG [20,43,46]. This indicates the high potential of
the proposed device to support portable electronic devices.

To further explore the stability and durability of the flexible 3L-Gr-TENG with Al2O3
as the CTL, we continuously applied >2000 cycles (Figure 7e). Notably, there are no
significant changes in the output voltage in the initial and final stages after ~2000 cycles,
as shown in the Figure 7e inset, confirming the high stability and durability of the TENG
device. This demonstrates the outstanding mechanical stability of graphene material the
and continuous supply of positive charge from Al2O3 CTL to the graphene, which leads to
a largely enhanced surface charge density and thus the ability to harvest mechanical energy
for a long period of time. Furthermore, Figure 7f shows a schematic illustration of the charge
trapping mechanism of the 3L-Gr-TENG with Al2O3. In the case of pristine 3L-Gr-TENG
(Figure 7f(i)), under external impact, when both the triboelectric layers, PTFE (top layer)
and 3L graphene (bottom layer), come into contact, triboelectric charges (positive charge
over graphene and negative charge over PTFE) are generated on their surfaces according
to the triboelectric series, as discussed above. The surface charges can be shifted by the
electric field and combined with the induced opposite charges. This charge combination
can result in a sharp deterioration in electrical output [47], as observed in Figure 6a,b.
In contrast, the insertion of the Al2O3 CTL in between the triboelectric material (3L-Gr)
and conducting electrode (Al-foil) contributes to an enhancement in the surface charge
density. The remarkable key mechanism for this enhancement can be explained as follows:
(i) The high positive charge storage capacity of high-k Al2O3 [42] underneath the graphene
layers promotes charge retention at the surface, resulting in an enhancement in surface
charge density that enhances the output performance of TENG. (ii) The multilayered
graphene (3L-Gr) plays the dual role of the triboelectric layer and the charge transport
layer between the Al2O3 CTL and top graphene layer due to its high electrical conductivity,
which helps to improve the surface charge density (Figure 7b) since it facilitates the charge
accumulation process [26]. (iii) Last but not least, the nanomorphology structure of Al2O3
CTL underneath the graphene plays an important role in the enhancement of surface
charge density due to its enlarged effective contact area compared to the flat surface of
pristine 3L-Gr-TENG, which in turn enhances the output performance of the Gr-TENG
device. Consequently, all the above demonstrations indicate that the proposed optimized
flexible 3L-Gr-TENG with Al2O3 as the CTL possesses promising practical applications for
portable electronic devices.
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Figure 7. Performances of the 3L-Gr-TENG with the CTL: (a) CV characteristics of Al/Al2O3/3L-
Gr/Al at frequencies of 100 kHz and 1 MHz. (b) Surface charge density of graphene (1L, 3L and
5L)-based TENG with and without Al2O3 as CTL. (c) Dependence of the output voltage and current
outputs as a function of different resistors as external loads. (d) Relationship between electrical output
power and external loading resistance. (e) Mechanical stability and durability test of the TENG with
the continuous application of ~2000 cycles. The inset shows the output voltage at the initial stage and
the final stage after ~2000 cycles. (f) Schematic illustrations showing the charge-trapping mechanism
of 3L-Gr-TENG without and with Al2O3 charge trapping layer.

3.4. Applications of the Gr-TENG with Al2O3 as CTL

To further demonstrate the application of a Gr-TENG with Al2O3 as the CTL as a
power source for portable electronics, we successfully lit 20 commercial green light-emitting
diodes (LEDs), as shown in Figure 8a (Video S1 in the Supplementary Materials). However,
the electrical output of the TENGs is an alternating current (AC) signal that is not suitable to
operate portable electronic devices. Therefore, to supply a continuous current to electronic
devices, we used a full-wave bridge rectifier circuit to convert the AC signal into a direct
current (DC) signal, which was further utilized to charge a commercial capacitor. Finally,
the stored energy in the capacitor can be used to operate the electronic device, such as a
portable timer. Figure 8b shows the schematic diagram of the bridge rectifier circuit to
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charge the capacitor in which the capacitor is serially connected to the circuit for energy
storage. Figure 8c shows the charging of 0.1, 1 and 2.2 µF capacitors. The capacitor with
low capacitance, i.e., the 0.1 µF capacitor, was charged to 19 V in 60 s with the continuous
contact–separation process. However, capacitors with high capacitance, namely the 1 and
2.2 µF capacitors, were charged only to 13.6 and 6.3 V in 60 s, respectively. Furthermore,
an electronic timer was directly powered by the stored charge, as shown in Figure 8d
(Figure S12 and Video S2 in the Supplementary Materials). Although the harvested power
may seem low, charging the capacitor allows for the timer to be turned on and requires no
battery. Thus, one could envision that by increasing the working area of the Gr-TENG with
Al2O3, it can be used to drive the electronic timer for a long time.

Figure 8. Applications of the Gr-TENG with Al2O3 as the CTL as a power supply: (a) Photograph showing 20 green
light-emitting diodes (LEDs) being powered. (b) Circuit diagram of the bridge-rectifier for charging a capacitor and turning
on a timer. (c) Charging curves of capacitors with various capacitances (0.1, 1 and 2.2 µF). (d) Photograph of powering
a timer.

According to the aforementioned experimental results, we hereby conclude that the
optimized structure, proper selection of material and surface modification of the tribolayer
without degrading its inherent property such as the addition of a CTL to Gr-TENGs
promotes the ability to maintain a high surface charge density, resulting in enhanced
output power. A brief comparison of the electrical output performance of Gr-based TENGs
with and without Al2O3 CTL is summarized in Table S1. It can be seen that the Gr-TENG
with Al2O3 as CTL shows higher output performance than the Gr-TENG without CTL.
These results indicate that the CTL in between the friction layer and conducting electrode is
an effective path to improve the triboelectric property of Gr-TENGs. Thus, it is an effective
strategy to fabricate the high-performance flexible Gr-TENG with Al2O3 CTL as an energy
harvester.
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4. Conclusions

In summary, we demonstrated a novel and simple fabrication methodology for en-
hanced triboelectric performance by introducing Al2O3 as a CTL between a positive tribo-
electric material (graphene) and a bottom contact electrode (Al foil). The strong tendency
to repel electrons and the positive charge trapping nature of Al2O3 help to enhance the
charge density on the graphene layer. By varying the number of graphene layers (1L, 3L,
and 5L) and evaluating the electrical performance, we found the optimal layered structure
(3L-Gr) of a flexible Gr-TENG. Maximum VOC and ISC values of ~55 V and 0.78 µA were
achieved by the 3L-Gr-TENG with an Al2O3 CTL. Additionally, this TENG exhibited a
maximum power of ~25 µW at a load resistance of ~300 MΩ, which was 30 times higher
than that of the pristine 3L-Gr-TENG. Finally, the generated output power was capable
of driving 20 commercially available green LEDs connected in series and able to turn on
an electronic timer by using a rectifier circuit. Therefore, based on the above results, we
believe that our proposed structure holds high promise for enhancing the surface charge
density of Gr-TENGs by fusion of CTL, which possesses promising applications for future
flexible and portable energy harvesting systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11092276/s1, Materials and method, Figure S1: Schematic illustration of graphene
transfers over Al2O3/Al-foil/PET substrate by PMMA technique, Figure S2: Raman analysis the
I2D/IG of graphene layers (1L, 3L and 5L) over Al-foil/PET substrate and ID/IG of graphene layers
(1L, 3L and 5L) over Al2O3/ Al-foil/PET substrate, Figure S3: EDS spectra of graphene over Al-
foil/PET and Al2O3/Al-foil/PET substrate, Figure S4: 3D AFM images of the transferred graphene
layers (1L and 5L) on the Al-foil/PET and Al2O3/Al-foil/PET substrate, Figure S5: Work function
measurements of graphene (1L, 3L and 5L) on the Al-foil substrate, Figure S6: KPFM surface
potential measurement of graphene layers (1L, 3L and 5L) over Al-foil/PET and Al2O3/Al-foil/PET
substrate, Figure S7. Electrical output of the Gr-TENG:(a) Short-circuit current (ISC) and (b) open-
circuit voltage (VOC) of 2L- and 4L-Gr-TENGs without Al2O3 CTL, Figure S8: Sheet resistance
of graphene layers (1L, 3L and 5L), Figure S9. Electrical output of the Gr-TENG:(a) Short-circuit
current (ISC) and (b) open-circuit voltage (VOC) of 2L- and 4L-Gr-TENGs with Al2O3 CTL. Figure S10:
CV hysteresis characteristics of 3L-Gr-TENG with Al2O3 as CTL with different sweeping voltages,
Figure S11: Electrical performance of flexible 3L-Gr-TENG without Al2O3 CTL at various external
load resistances, Figure S12: Electrical capacitive load characteristics of Gr-TENG with Al2O3 as CTL
showing the charging and discharging curve for 1 µF capacitor with respect to time; inset shows the
powering of a portable electronic timer by the charged capacitor, Table S1. Comparison of electrical
output performance of Gr-TENGs with and without Al2O3 CTL samples used in this study, Video S1:
Green LEDs were directly lit up by the Gr-TENG with Al2O3 CTL, Video S2: An electronic timer was
powered using a capacitor charged by the Gr-TENG with CTL.

Author Contributions: Conceptualization, M.S., and C.-S.L.; methodology, M.S. and S.-N.L.; vali-
dation, M.S. and J.-M.W.; formal analysis, M.S.; investigation, M.S. and S.-N.L.; data curation, M.S.,
M.-C.W. and C.-S.L.; writing—original draft preparation, M.S.; writing—review and editing, M.S.,
J.-M.W. and C.-S.L.; visualization, M.S. and M.-C.W.; supervision, M.-C.W. and C.-S.L.; project ad-
ministration, C.-S.L.; funding acquisition, C.-S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan, under grant
MOST (109-2221-E-182-013-MY3, 110-2622-8-182-001-TS1, 110-2119-M-492-002-MBK). This work was
supported by Chang Gung Memorial Hospital (CMRPD2K0171 and CORPD2J0072).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or Supplementary Material.

Acknowledgments: The authors would like to thank Ministry of Science and Technology and Chang
Gung Memorial Hospital for the financial support.

Conflicts of Interest: The authors declare no conflict of interest.

75



Nanomaterials 2021, 11, 2276

References
1. Zhu, G.; Su, Y.; Bai, P.; Chen, J.; Jing, Q.; Yang, W.; Wang, Z.L. Harvesting Water Wave Energy by Asymmetric Screening of

Electrostatic Charges on a Nanostructured Hydrophobic Thin-Film Surface. ACS Nano 2014, 8, 6031–6037. [CrossRef]
2. Wu, J.M.; Chang, C.K.; Chang, Y.T. High-output current density of the triboelectric nanogenerator made from recycling rice husks.

Nano Energy 2016, 19, 39–47. [CrossRef]
3. Fan, F.-R.; Tian, Z.-Q.; Wang, Z.L. Flexible triboelectric generator. Nano Energy 2012, 1, 328–334. [CrossRef]
4. Zhang, C.; Zhou, L.; Cheng, P.; Yin, X.; Liu, D.; Li, X.; Guo, H.; Wang, Z.L.; Wang, J. Surface charge density of triboelectric

nanogenerators: Theoretical boundary and optimization methodology. Appl. Mater. Today 2019, 18, 100496. [CrossRef]
5. Yang, J.; Chen, J.; Yang, Y.; Zhang, H.; Yang, W.; Bai, P.; Su, Y.; Wang, Z.L. Broadband Vibrational Energy Harvesting Based on a

Triboelectric Nanogenerator. Adv. Energy Mater. 2013, 4. [CrossRef]
6. Wu, C.; Kim, T.W.; Li, F.; Guo, T. Wearable Electricity Generators Fabricated Utilizing Transparent Electronic Textiles Based on

Polyester/Ag Nanowires/Graphene Core–Shell Nanocomposites. ACS Nano 2016, 10, 6449–6457. [CrossRef] [PubMed]
7. Wang, S.; Wang, X.; Wang, Z.L.; Yang, Y. Efficient Scavenging of Solar and Wind Energies in a Smart City. ACS Nano 2016, 10,

5696–5700. [CrossRef] [PubMed]
8. Mule, A.R.; Dudem, B.; Yu, J.S. High-performance and cost-effective triboelectric nanogenerators by sandpaper-assisted micropat-

terned polytetrafluoroethylene. Energy 2018, 165, 677–684. [CrossRef]
9. Gupta, A.; Kumar, A.; Khatod, D.K. Optimized scheduling of hydropower with increase in solar and wind installations. Energy

2019, 183, 716–732. [CrossRef]
10. Shao, J.; Tang, W.; Jiang, T.; Chen, X.; Xu, L.; Chen, B.; Zhou, T.; Deng, C.R.; Wang, Z.L. A multi-dielectric-layered triboelectric

nanogenerator as energized by corona discharge. Nanoscale 2017, 9, 9668–9675. [CrossRef]
11. Juárez-Moreno, J.; Ávila-Ortega, A.; Oliva, A.; Avilés, F.; Cauich-Rodríguez, J. Effect of wettability and surface roughness on the

adhesion properties of collagen on PDMS films treated by capacitively coupled oxygen plasma. Appl. Surf. Sci. 2015, 349, 763–773.
[CrossRef]

12. Fan, F.-R.; Lin, L.; Zhu, G.; Wu, W.; Zhang, R.; Wang, Z.L. Transparent Triboelectric Nanogenerators and Self-Powered Pressure
Sensors Based on Micropatterned Plastic Films. Nano Lett. 2012, 12, 3109–3114. [CrossRef]

13. Zou, Y.; Xu, J.; Chen, K.; Chen, J. Advances in Nanostructures for High-Performance Triboelectric Nanogenerators. Adv. Mater.
Technol. 2021, 6, 2000916. [CrossRef]

14. Yu, A.; Zhu, Y.; Wang, W.; Zhai, J. Progress in Triboelectric Materials: Toward High Performance and Widespread Applications.
Adv. Funct. Mater. 2019, 29. [CrossRef]

15. Lv, S.; Zhang, X.; Huang, T.; Yu, H.; Zhang, Q.; Zhu, M. Trap Distribution and Conductivity Synergic Optimization of High-
Performance Triboelectric Nanogenerators for Self-Powered Devices. ACS Appl. Mater. Interfaces 2021, 13, 2566–2575. [CrossRef]

16. Singh, V.; Joung, D.; Zhai, L.; Das, S.; Khondaker, S.I.; Seal, S. Graphene based materials: Past, present and future. Prog. Mater. Sci.
2011, 56, 1178–1271. [CrossRef]

17. Jin, Y.; Ka, D.; Jang, S.; Heo, D.; Seo, J.; Jung, H.; Jeong, K.; Lee, S. Fabrication of Graphene Based Durable Intelligent Personal
Protective Clothing for Conventional and Non-Conventional Chemical Threats. Nanomaterials 2021, 11, 940. [CrossRef] [PubMed]

18. Pace, G.; Ansaldo, A.; Serri, M.; Lauciello, S.; Bonaccorso, F. Electrode selection rules for enhancing the performance of triboelectric
nanogenerators and the role of few-layers graphene. Nano Energy 2020, 76, 104989. [CrossRef]

19. Zhao, P.; Bhattacharya, G.; Fishlock, S.J.; Guy, J.G.; Kumar, A.; Tsonos, C.; Yu, Z.; Raj, S.; McLaughlin, J.A.; Luo, J.; et al. Replacing
the metal electrodes in triboelectric nanogenerators: High-performance laser-induced graphene electrodes. Nano Energy 2020, 75,
104958. [CrossRef]

20. Kim, S.; Gupta, M.K.; Lee, K.Y.; Sohn, A.; Kim, T.Y.; Shin, K.S.; Kim, D.; Kim, S.K.; Lee, K.H.; Shin, H.J.; et al. Transparent flexible
graphene triboelectric nanogenerators. Adv. Mater. 2014, 26, 3918–3925. [CrossRef] [PubMed]

21. Chandrashekar, B.N.; Deng, B.; Smitha, A.S.; Chen, Y.; Tan, C.; Zhang, H.; Peng, H.; Liu, Z. Roll-to-Roll Green Transfer of CVD
Graphene onto Plastic for a Transparent and Flexible Triboelectric Nanogenerator. Adv. Mater. 2015, 27, 5210–5216. [CrossRef]

22. Chen, H.; Xu, Y.; Zhang, J.; Wu, W.; Song, G. Enhanced stretchable graphene-based triboelectric nanogenerator via control of
surface nanostructure. Nano Energy 2019, 58, 304–311. [CrossRef]

23. Feng, Y.; Zheng, Y.; Zhang, G.; Wang, D.; Zhou, F.; Liu, W. A new protocol toward high output TENG with polyimide as charge
storage layer. Nano Energy 2017, 38, 467–476. [CrossRef]

24. Park, H.-W.; Huynh, N.D.; Kim, W.; Lee, C.; Nam, Y.; Lee, S.; Chung, K.-B.; Choi, D. Electron blocking layer-based interfacial
design for highly-enhanced triboelectric nanogenerators. Nano Energy 2018, 50, 9–15. [CrossRef]

25. Wu, C.; Kim, T.W.; Choi, H.Y. Reduced graphene-oxide acting as electron-trapping sites in the friction layer for giant triboelectric
enhancement. Nano Energy 2017, 32, 542–550. [CrossRef]

26. Cui, N.; Gu, L.; Lei, Y.; Liu, J.; Qin, Y.; Ma, X.-H.; Hao, Y.; Wang, Z.L. Dynamic Behavior of the Triboelectric Charges and Structural
Optimization of the Friction Layer for a Triboelectric Nanogenerator. ACS Nano 2016, 10, 6131–6138. [CrossRef] [PubMed]

27. Gao, L.; Hu, D.; Qi, M.; Gong, J.; Zhou, H.; Chen, X.; Chen, J.; Cai, J.; Wu, L.; Hu, N.; et al. A double-helix-structured triboelectric
nanogenerator enhanced with positive charge traps for self-powered temperature sensing and smart-home control systems.
Nanoscale 2018, 10, 19781–19790. [CrossRef] [PubMed]

28. Winters, M.; Sveinbjörnsson, E.Ö.; Melios, C.; Kazakova, O.; Strupiński, W.; Rorsman, N. Characterization and physical modeling
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Abstract: The growth of industrialization and the population has increased the usage of fossil
fuels, resulting in the emission of large amounts of CO2. This serious environmental issue can be
abated by using sustainable and environmentally friendly materials with promising novel and
superior performance as an alternative to petroleum-based plastics. Emerging nanomaterials derived
from abundant natural resources have received considerable attention as candidates to replace
petroleum-based synthetic polymers. As renewable materials from biomass, cellulose nanocrystals
(CNCs) nanomaterials exhibit unique physicochemical properties, low cost, biocompatibility and
biodegradability. Among a plethora of applications, CNCs have become proven nanomaterials
for energy applications encompassing energy storage devices and supercapacitors. This review
highlights the recent research contribution on novel CNC-conductive materials and CNCs-based
nanocomposites, focusing on their synthesis, surface functionalization and potential applications as
supercapacitors (SCs). The synthesis of CNCs encompasses various pretreatment steps including
acid hydrolysis, mechanical exfoliation and enzymatic and combination processes from renewable
carbon sources. For the widespread applications of CNCs, their derivatives such as carboxylated
CNCs, aldehyde-CNCs, hydride-CNCs and sulfonated CNC-based materials are more pertinent. The
potential applications of CNCs-conductive hybrid composites as SCs, critical technical issues and the
future feasibility of this endeavor are highlighted. Discussion is also extended to the transformation
of renewable and low-attractive CNCs to conductive nanocomposites using green approaches. This
review also addresses the key scientific achievements and industrial uses of nanoscale materials and
composites for energy conversion and storage applications.

Keywords: cellulose nanocrystal; surface functionalization; conductive electrodes; energy storage;
supercapacitors

1. Introduction

Environmental safety and renewable sources are two prerequisites for energy con-
version and storage fields. However, the extensive usage of petroleum-based synthetic
polymers for energy conversion applications results in severe environmental issues [1,2].
For the last two decades, the widespread utilization of synthetic polymers has instigated crit-
ical issues through an accumulation of plastic wastes, the depletion of fossil fuels and global
climate change. Owing to diversified industrialization, the global CO2 emissions from
petroleum-based fossil fuels increase daily, and this trend will continue in the future [3].
To mitigate these environmental issues, sustainable and renewable biopolymers can be an
alternative source for the development of efficient viable products [4]. Natural biomass and
biowaste including lignocellulose are abundant and renewable sources for the production of
value-added products without any harmful effect on the ecosystem [5]. The most abundant
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cellulose has many attractive features such as nontoxicity, renewability, biodegradability,
low cost and colloidal stability [6]. The cellulosic natural biomass contains various other
components including waxes, lignin, pectin and inorganic nitrogenous salts [7]. A pre-
treatment process is necessary to fractionate nanocellulose from cellulose resources such
as plants, woods, algae, tunicate and bacteria with a polysaccharide structure [8–10]. It
comes up as a promising, eco-friendly and sustainable candidate with a unique structure
and remarkable properties for further structural modifications. Nanocellulose has been
successfully investigated for its various applications in energy, packaging, paper making,
sensors, cosmetics, coating and environmental remediation areas [11,12]. Nanocellulose [13]
is termed to depict two emerging dominant materials: cellulose nanocrystals (CNCs) or
nanocrystalline cellulose (NCCs) [14] and cellulose nanofiber (CNF) [15]. Nanocellulose can
be prepared from cellulose, a linear chain of β-D-glucopyranose units, via β-1, 4 glycosidic
bonds with intensive intra/intermolecular hydrogen bonding. The preparation of CNCs
is obtained by traditional acid hydrolysis [16], mechanical disintegration [17], chemical
oxidation and hydrolysis by ammonium persulfate [14].

A cellulose nanocrystal resembles a needle-shaped structure; it is 100–500 nm in
length and 1–50 nm in diameter [14]. CNCs are the most ideal material, with attractive
features including good mechanical strength, colloidal stability, biodegradability and
very low cytotoxicity [18,19]. CNCs have gained considerable attention because of their
attractive cost and diversified industrial applications and bioapplications [20–23]. In
this context, CNCs have been advocated for supercapacitor applications and lithium-ion
batteries [24–26]. One of the three energy storage technologies [26], along with mechanical
energy storage and biological energy storage, electrochemical energy storage systems
comprise lithium batteries, lithium-sulfur batteries and supercapacitors [27,28]. SCs have
gained extensive consideration due to their charge-discharge ability, high cycle stability,
high energy conversion and environmentally friendly technologies [29–31]. SCs have a high
specific capacity and high energy density in contrast with traditional capacitors. Compared
with secondary batteries, they are generating less pollution and fewer chemicals. They also
have an extended life cycle, a broad operating temperature and a fast charge-discharging
capability [32,33]. Currently, SCs are widely used for energy vehicles, wearable electronic
products, etc. [34,35].

SC devices consist of electrodes, electrolytes, current collectors and a diaphragm. As
the backbone of the supercapacitor, an electrode is an important tool for the effective con-
version and storage of electrochemical energy [36,37]. Supercapacitors are energy-stored
energy devices, which are based on three major principles: EDLC (electrical double layer
capacitance), pseudocapacitance and asymmetric supercapacitance. EDLC is attained by
the separation of charges between the Helmholtz double-layer and the diffusion layer at the
electrolyte interface [29]. Graphene oxide, activated carbon, reduced graphene oxide and
heteroatom doped carbon have a high power density and recyclability. Unlike EDLC, pseu-
docapacitors are formed through the reduction–oxidation reactions resulting from chemical
transformations [30]. The major principle involved in pseudocapacitors is the transfer of
electron charge between the electrode and electrolyte through reduction–oxidation reac-
tions, electrosorption and intercalation. Pseudocapacitor materials are generally made
up of metal oxides such as RuO2, NiO, MnO2, Co3O4, conducting polymers and metal
sulfides. Pseudocapacitors exhibit a high specific capacitance, a high energy density and
a high power density; however, a limited lifetime and reduced cell voltage are their two
major disadvantages [31]. Asymmetric supercapacitors (ASCs) or hybrid supercapacitors
are fabricated by combining two different electrode materials with special properties for
increasing the cell voltage and power density of supercapacitor materials. Supercapacitors
exhibit fast charge-discharge, an extended cycle lifetime, a high efficiency for the charge
and discharge cycle, eco-friendliness, etc. [37]. Therefore, the selection of novel electrode
materials is one of the main tasks for the fabrication of high-performance SCs. To date,
carbon-based materials, transition metals, graphene-based materials and conductive mate-
rials are commonly used electrode materials for SCs [38–40]. These nanomaterials were
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successfully applied as supercapacitor electrodes for many energy applications including
for automobiles and electronic gadgets such as watches, laptops, etc. [41,42]. However, the
existing SC electrode system often fails to construct efficient electrochemical energy charge-
discharge behavior [43,44]. Thus, research endeavors have focused on the development of
green carbon-based nanomaterials with highly efficient capacitor electrodes. This strategy
is considered a good pathway to reduce the agro-industrial waste and generate revenue for
supply chains—a significant shift toward the circular economy [45]. Porous green-based
carbon materials with a high surface area and bounteous heteroatoms can serve as electrode
materials with boosted electrochemical activities [46,47]. In particular, CNCs can be the
ideal material for SCs due to their high crystalline nature, surface functionalization ability
and abundant nature [48,49]. However, critical findings on the collective evaluation of
CNC-based electrode materials in the field of SCs remain a subject of future endeavors.

This comprehensive review highlights the research findings of novel CNCs designed
for energy storage applications. It elaborates on the significance of renewable and innocuous
CNCs as low-cost natural resources and essential features in supercapacitor applications.
Different synthesized methods of CNCs will be discussed including the pretreatment of
cellulose sources, processing parameters and surface functionalization. The pretreatment
process plays a vital role in eliminating the lignin and other unwanted impurities from the
cellulose and in increasing the crystallinity of the CNCs. For the enhanced dispersion of
CNC in hydrophilic and hydrophobic matrixes, selective surface modification techniques
including chemical modification and enzymatic modification are discussed. CNC electrodes
in SCs consist of a conductive polymer/CNC, porous carbon derived from CNCs, hybrid
CNC electrodes as well as corresponding doped materials (Figure 1). This in-depth review
highlights the key challenges and prospects of CNC-based SC electrodes.

Figure 1. Schematic illustration of the hybrid cellulose nanocrystal and its properties.
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2. Cellulose Nanocrystals (CNCs): Structure and Properties

CNCs have gained enormous attraction due to their novel nanostructure and highly
crystalline nature [14,21]. These emerging materials enable the development of highly
efficient nanocomposites with unique properties. Besides renewable and abundant plants
and woods, [50,51], CNCs are often derived from cotton, bacterial tunicate, microcrys-
talline cellulose (MCC) and biowaste materials [14,21,52,53]. CNCs are prepared from
cellulose under controlled hydrolysis conditions, resulting in a stable CNC suspension.
Cellulose has two distinct components: amorphous and crystalline [14,21]. When it is sub-
jected to conventional acid hydrolysis [54] or chemical oxidation and hydrolysis [14], the
amorphous part is removed from parental cellulose, resulting in a shorter CNC with high
crystallinity. Among the various acids and oxidants, the amorphous domain of cellulose
can be easily removed by concentrated sulfuric acid [54]. Compared to cellulose, CNCs
are shorter β(1–4) connected chains of anhydrous-glucopyranose units (AGU)—a short-
rod-like shape or whisker shape (diameter: 2–20 nm and length: 100–500 nm) with higher
crystallinity [14,55,56]. Like cellulose, all the hydroxyls are placed in every equatorial
position in the chair conformation, which allows for the stable nature of CNCs. The equato-
rial hydroxyl groups are also stabilized by intramolecular hydrogen bonding, providing
enhanced mechanical strength. The CNC properties can be altered by surface modification
with suitable materials [14,57] and gold nanoparticles for specific applications [58]. Some
other important properties of CNCs are (i) their high mechanical strength, (ii) the creation
of 3D nanostructured nanomaterials through their intermolecular interactions and (iii) their
tunable surface modification [14,56,59]. The schematic preparation of CNCs is portrayed in
Figure 2.

Figure 2. Different schemes for making cellulose nanocrystals (CNCs).
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The development of surface-modified CNCs offers a plethora of potential applications
encompassing energy, packaging, special papers, paints, building materials, aerospace,
biomedical materials, pharma industries, cosmetics, the electronic and automotive indus-
tries, etc. [60–62].

3. Pretreatment Process

As an attractive source of the production of nanocrystalline cellulose, natural biomass
contains various components such as cellulose, lignin, hemicelluloses, etc. [63]. Various
types of pretreatment processes, shown in Table 1, must be carried out for the removal
of noncellulosic components [64]. The traditional pretreatment process includes alkaline
treatment and acid chloride treatment to remove both hemicellulose and lignin from
renewable biomass. These methods are often referred to as “delignification”, as they
effectively eliminate lignin and other components from the biomass, resulting in pure
cellulose. The acid hydrolysis of cellulose from different sources, e.g., cotton and wood,
has been frequently used to prepare CNCs [65]. Besides two strong acids, sulfuric and
hydrochloric acids, phosphoric acid and hydrobromic acids are mostly used to prepare
rod-like CNCs from cellulose feedstocks. Strong acids are polluted, corrosive and adversely
affect the heat resistant nature of CNCs [14,56].

Table 1. Comparison of various pretreatment processes of CNCs.

Methods Size (nm) Advantages Disadvantages

Acid hydrolysis Diameter: 3–15
Length: 100–300

3 Uniform
3 High crystalline • High pollution

Enzymolysis Diameter: 3–50
Length: 100–1800

3 Fewer reagents
3 Less pollution

• Hard preparation
• Not uniform

Physical (mechanical, ultrasonic) Diameter: 3–50
Length: 100–2000

3 Large quantity
3 Simple synthesis

• Very large size
• Large energy consumption

Physical + green chemistry Diameter: <20
Length: 100–500

3 Maximum yield
3 Less pollution • The preparation process is complex

Greener methods have emerged to minimize the usage of sulfuric acid for the syn-
thesis of CNCs en masse. Of note is the preparation of CNCs from palm oil through the
TCF (total chlorine-free) method; however, the resulting CNCs are subjected to notable
degradation during this treatment [66]. Two ionic liquids, 1-propyl-3-methylimidazolium
chloride and 1-ethyl-3-methylimidazolium chloride, are used to prepare CNCs (average
diameter of 20 nm) from Avicel [67], the commercial Sigma-Aldrich microcrystalline cellu-
lose (MCC). Avicel is prepared by the acid hydrolysis of specialty wood pulp and purified
and partially depolymerized alpha-cellulose. The yield of CNC from biomass can be im-
proved through various strategies such as solution plasma processing technology [68],
ultrasound-assisted enzymatic hydrolysis [69], microwave-assisted acid hydrolysis [70]
and sonication-assisted TEMPO (C9H18NO, 2,2,6,6-tetramethylpiperidine 1-oxyl, 2,2,6,6-
tetramethyl-1-piperidinyloxy) oxidation [71]. One-pot TEMPO-periodate oxidation reac-
tions form highly-carboxylated CNCs [72]; however, TEMPO is very expensive, which is a
deterrent factor for the mass preparation of CNCs. In this context, the use of ammonium
persulfate (APS) [14,56], a patented technology [73], offers a low-cost chemical for the
synthesis of carboxylated CNCs.

CNCs can also be prepared from bamboo pulp fibers using a weak acid, e.g., maleic
acid, together with a ball mill pretreatment process. The ball milling mechanical force
decomposes the bamboo fiber and promotes acid hydrolysis effectively. The yield of ball-
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milled pretreated CNC is 10.55–24.50% higher than that of the normal acid hydrolysis
without ball milling mechanical forces [74]. Ultrasonication can be used to minimize the
amount of sulfuric acid in the preparation of CNCs from MCC [75]. Ultrasonicated CNCs
exhibit higher thermal stability compared to their counterparts obtained by concentrated
acid hydrolysis. Perhaps ultrasonicated pretreatment is one of the facile techniques for
making CNCs from biomass feedstocks [75]. Microwave pretreatment assisting with
alkali treatment is another green approach for the synthesis of CNCs from seaweed. This
technique eliminates the wax from seaweed fibers and reduces the alkali effect with a short
heating time [76]. Of interest is the design of a deep eutectic solvent method to prepare high
crystalline CNCs without any chemical functionalization. The deep eutectic solvent method
may be an environmentally friendly, renewable, biodegradable and non-toxic technique to
prepare CNCs in the future [77]. The environmentally friendly pretreated steps are critical
in the large-scale production of CNCs for industrial applications.

4. Surface Modification of CNCs

With high crystallinity, CNCs are not reactive, and the hydrophilic behavior of CNCs,
particularly sulfonated and carboxylated CNCs, impedes their dispersion in hydrophobic
matrices. Therefore, the incorporation of pertinent groups on CNCs is required to increase
their physiochemical properties and endow innovative applications. The surface function-
alization of CNCs fulfills the recent challenging needs in developing applications such as
wastewater treatment, polymer composites, barrier films, textiles, energy and biomedical
applications [78,79]. In brief, the CNC surface can be modified with covalent methods
(acetylation, amidation, benzoylation, silanization, esterification, isocyanation and polymer
grafting) and non-covalent methods (the introduction of polymers, surfactants and compat-
ibilizing agents). Among the various routes available for the surface functionalization of
CNCs [80], the reaction must be performed under strictly controlled conditions to preserve
the distinct crystalline behavior of CNCs. Functionalized CNCs from innovative techniques
(Figures 3 and 4) will foster advanced and novel applications of CNCs.

Figure 3. Surface functionalization of CNCs by different routes.
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Figure 4. Common surface functionalization techniques of CNCs.

5. Oxidation of Cellulose Nanocrystals (CNCs)

A commercial oxidizing reagent (TEMPO) selectively converts some hydroxyl func-
tional groups to carboxyl functional groups on the cellulose moiety at the C-6 position. The
oxidized CNCs with carboxyl groups from the HCl hydrolysis pretreated cellulose fibers
show a better dispersion in the aqueous medium [14,81]. The TEMPO-oxidized CNCs ex-
hibit the same morphology and excellent dispersion in water after the incorporation of the
carboxyl group [82,83]. Other oxidizing reagents such as ammonium persulfate [14,56] and
chlorite-periodate are successfully used for CNC surface modification through the oxida-
tion process, as mentioned earlier. APS can defibrillate and remove the amorphous domain
of cellulose effectively, resulting in uniform high-crystalline carboxylated CNCs [14,84].

6. Acetylation of CNCs

Acetylated CNCs can be obtained by reacting CNCs with acetic anhydride under
the dimethylformamide (DMF) solvent medium [85]. After heating at 105 ◦C for 24 h
and thorough washing with water/methanol/acetone to remove unreacted CNCs, the
resulting CNCs are easily dispersed on the nonpolar polymeric matrix by the reduction of
hydrogen bonds. The combined acid hydrolysis and acetylation reduce the crystallinity
and adversely affect the morphology of the acetylated CNCs. CNCs extracted from cotton
fibers can also be acetylated by vinyl acetate, and this one-step pathway is carried out in
dimethylformamide (DMF) at 95 ◦C [86].
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7. Sulfonation of CNC

The acid hydrolysis of cellulose by sulfuric acid produces CNCs with some sulfate
moieties [87], which increase their dispersion in aqueous media. Even with the optimized
procedure, the resulting sulfate functional groups on the CNCs are still limited, and this is
a subject of future endeavors for the preparation of CNCs with sufficient sulfate groups [9].

8. Silylation of CNCs

Hydrophobic alkyl groups such as chlorosilanes and alkoxysilanes can be introduced
to CNCs by silylation with silane coupling agents. Normally, silane coupling agents
are used in composites for adhesive applications. They contain several functional groups,
which easily couple with different nanomaterials through covalent linkage or van der Waals
interaction [88]. Silanized CNCs become more hydrophobic, with improved dispersion in
organic solvents compared to pristine CNCs. The coupling of the silane functional groups
on CNCs starts with hydrolysis, which introduces alkoxyl groups in acidic, basic and/or
neutral pH conditions to form the silanol (Si–O–Si). The formation of silanol is evidence
of the elimination of hydroxyl or water from the CNCs [89]. Silane coupling agents can
be used to develop silylated CNCs. During the silanization, hydrolysis and condensation
reactions occur on the CNC surface. The combined esterification and depolymerization
process leads to the creation of Si-O-C bonds [90].

9. Carbamation

CNCs subjected to isocyanates such as 2,4-diisocyanatotoluene, 3,5-dimethylphenyl
isocyanate, n-octadecyl isocyanates (OI), hexamethylene diisocyanate and methylene
diphenyl diisocyanates form carbamated CNCs with enhanced hydrophobicity [91,92].
For example, isocyanate modified CNCs can be prepared using isophorone diisocyanate
under dimethylsulfoxide (DMSO) at 60 ◦C [93]. Modified CNCs can be dispersed in a
polyurethane matrix after the incorporation of IDPI (isophorone diisocyanate). Carbamated
CNCs are prepared by the treatment of pristine CNCs with 2,4-toluene diisocyanate in
the presence of triethylamine. The p-NCO and o-NCO functional groups replace the OH
groups of CNCs, which have a higher reactivity than pristine CNCs [94].

10. CNCs: Key to Developing Sustainable Electrochemical Energy Material

Upcoming sustainable development focuses on utilizing renewable materials for the
development of value-added, environmentally friendly products. CNCs derived from
renewable biomass have been advocated for diverse applications in the paper industries,
energy storage, remediation, optoelectronic fields, etc. Of interest are the potential uses of
CNCs in SCs, Li-ion batteries, solar cells and electrochemical energy storage devices [95,96].
However, CNCs still require enormous surface conductivity to become ideal materials
for important energy applications. In this context, the CNC surface can be modified with
conductive polymers, MWCNT (multiwalled carbon nanotube), graphene nanosheets and
some inorganic nanomaterials, as shown in Figure 5. This endeavor aims to develop
highly efficient energy storage systems containing CNCs. In this context, low-cost and
flexible CNCs have shown great promise as effective electrode materials [97]. Two major
approaches have been applied to develop CNC-based SCs such as coating the conductive
material on the surface of CNCs and mixing conductive materials with CNCs via in
situ polymerization and blending. The in situ polymerization strategy is followed to
develop a conductive polymer on the CNC matrix from the repetitive building block of
monomers to build CNC-conductive polymer composites. The blending approach is used
to combine different active nanomaterials with CNCs to make effective hybrid composites
via synergistic effects [98]. In addition, co-precipitation and doping methods have been
applied to prepare CNC-conductive electrodes. The facile preparation of conductive
cellulose nanocrystal electrodes is depicted in Figure 6.
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Figure 5. Schematic representation of CNC building blocks and active materials for supercapacitor
devices.

Figure 6. Various methodologies to develop novel conductive cellulose nanocrystals (CNCs).
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11. Conductive Polymer CNCs

Two traditional and popular conjugated polymers, e.g., polypyrrole (PPy) and polyani-
line (PANI), are conducting macromolecules with their backbone comprising alternating
single and multiple bonds [99]. With their unique properties, conjugated polymers are
widely studied as electrochemical capacitors, solar cells, OLED, fuel cells and sensors.
However, the solubility of conjugated polymers is very limited [100], and this setback can
be overcome by the preparation of nanocomposites between conducting polymers and
CNCs. In principle, the conjugated polymers such as PPy, PANI, polyacetylene, polythio-
phene, poly(p-phenylene vinylene) and their derivatives are used to make CNC-conductive
polymer electrodes. As an example, the fabrication of a poly(3,4-ethylenedioxythiophene)
(PEDOT)/CNC conductive electrode can be realized by a simple electrochemical polymer-
ization technique [101]. The formation of PEDOT on CNC depends on the effect of the
electrochemical polymerization potential, including the applied potential, deposition time
and concentration of the precursors. The PEDOT/CNC electrode exhibits a specific capacity
capacitance (Cs) of 117.02 Fg−1 at 100 mVs−1, with an Es (energy density) and Ps (power
density) of 11.44 Whkg−1 and 99.85 Wkg−1, respectively, at a 0.2 Ag−1 current density. The
combination of PEDOT and CNCs shows a lower charge transfer resistance (Rct = 0.53 Ω),
with a retention capacitance of 86% after 1000 cycles. The presence of SO3

− groups being
counter ions to the positively charged PEDOT on the CNC surface serves as a supportive
framework in the formation of PEDOT/CNC. The functional groups on modified CNCs
also prevent the severe structural changes of the electrode during electrochemical storage
applications [101].

A novel, simple and scalable conductive PPy/CNC electrode for supercapacitor appli-
cations is attained via the in situ chemical polymerization method [102]. CNCs treated with
TEMPO possess carboxylic acids on their CNC surface (Figure 7). The pyrrole monomer
is then deposited and polymerized on the surface of carboxylated CNCs to construct a
PPy/CNC electrode with 248 Fg−1 (Cs) at 10 mVs−1, compared to the 90 Fg−1 of a pris-
tine PPy electrode. Hence, carboxylated CNCs play a vital role in the charge-discharge
mechanism during electrochemical energy storage applications. The extraordinary specific
capacitance behavior of PPy/CNCs can be attributed to the favorable polymerization of
PPy on carboxylated CNCs, the strong interaction between CNCs and PPy, the porous
nature of PPy/CNC and the low density of CNCs [102]. Another attempt is the fabrication
of a porous CNC/PPy electrode using the electrochemical co-deposition method [103].
Again, CNCs prepared from cotton by acid hydrolysis are subjected to TEMPO to form
carboxylated CNCs. The CNC/PPy electrode is developed by the electrodeposition of
pyrrole and carboxylated CNCs. The Cl− ions from the PPy are incorporated to balance
the positively charged CNC skeleton. The CNC/PPy and PPy electrodes exhibit 336 Fg−1

and 258 Fg−1, respectively, and the former’s high Cs is attributed to the high porous mor-
phology in the composite. In addition, the PPy favors ion transfer between the CNCs and
electrolyte interface. The CNC/PPy electrodes are also compared with the PPy/carbon
nanotube electrode prepared by similar electrodeposition. The CNC/PPy nanocompos-
ites reveal comparable specific capacitance and good stability compared to the CNT/PPy
electrode [103].

Similarly, the CNC/PANI and CNC/PEDOT composites have been proven as electro-
chemical supercapacitors [104]. CNCs are prepared from a cotton source and are oxidized
by TEMPO. The CNC/PANI and CNC/PEDOT electrodes are then prepared by an elec-
trodeposition process consisting of CNCs, HCl, aniline and 3,4-ethylenedioxythiophene.
The electrodepositing polymer films exhibit a porous morphology, which facilitates the
movement of ions between the electrode and electrolyte interface. The Cs of the CNC/PANI,
PANI, CNC/PEDOT and PEDOT is 488 Fg−1, 358 Fg−1, 69 Fg−1 and 58 Fg−1, respectively.
The CNC/PANI electrodes show higher Cs than the CNC/PEDOT due to the strong depo-
sition of PANI on CNCs. At a high charge density, the PEDOT is not deposited on the CNC
surface but forms a gel-like film. The CNC/PEDOT displays reduced volumetric results
during the charge-discharge reaction. In the case of CNC/PANI, PANI is strongly deposited
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on the CNC surface, and it forms a porous morphology at a higher deposition charge to
support ion and electrolyte interface movement during the supercapacitor process [104].

Figure 7. (a,b) In situ polymerization synthesis of CNC/PPy, (c) Effect of PPy on the capacitance of
CNC/PPy, (d) Charge and discharge test of CNC/PPy at 1 Ag−1, 2 Ag−1 and 5 Ag−1 (charge current).
Adapted with permission from [102]. Copyright 2014 Elsevier.

A different approach is the fabrication of layered CNC/PPy/PVP electrodes as supe-
rior electrochemical supercapacitors [105]. The hydrophilic CNC surface is modified by the
adsorption of polyvinylpyrrolidone (PVP), enabling the growth of the PPy polymer on the
CNC surface. The conductive CNC/PPy/PVP composites display a smooth, uniform PPY
coating and a higher capacitance than the CNC/PPy electrode. The CNC/PPy/PVP com-
posite exhibits a Cs of 338.6 Fg−1 at 2 A g−1, with a retention rate of 87.3% after 2000 cycles.
The higher capacitance and superior cyclic stability are attributed to the smooth and uni-
form deposition of PPy on the CNC surfaces, facilitating the charge transfer and diffusion
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between the electrode/electrolyte interface. The hydrogen bonding and the hydrophobic
interaction of PPy and PVP provide a stable PPy coating layer on the CNC surface. A
pseudo-3-layer structure of the CNC/PPy/PVP also plays a role to enhance the super
capacitance [105].

12. Cellulose Nanocrystal-Conductive Hybrid Electrode

High conductive inorganic nanomaterials/CNC hybrids became very attractive for
various potential applications owing to their unique size dependence and optical/catalytic
properties [106]. Graphene oxide, transition metals, noble nanoparticles and metal oxides
with high electrical conductivity are ideal materials for energy storage applications. The
cellulose nanocrystals produce a strong interaction between the CNC surface and the
inorganic nanomaterials via aggregation behavior. The dispersion of various nanoparticles
on the CNC surface can develop new versatile nanomaterials for energy storage and envi-
ronmental applications [107]. Carbon-based materials (graphene oxide, carbon nanotube
(CNT), graphene, etc.) with outstanding conductive features are also chemically stable
even under harsh environments. The deposition of carbon-based materials on the CNC
surface results in lower conductivity due to the weak interaction and layer fall-off. The
blending method is a suitable technique to trap the carbon-based nanomaterial inside the
CNCs, which generates good electrical conductivity. Metal oxides exhibit higher electrical
conductivity than graphitic particles; therefore, outstanding supercapacitor materials can
be fabricated by combining them with CNCs. The metal oxide/CNC hybrid composites are
prepared by coating, doping and co-precipitation methods [108]. Of note is the preparation
of an Al-CNC transparent hydrogel electrolyte for supercapacitor applications [109]. CNCs
are derived from brewery residues and are subjected to TEMPO (Figure 8). To obtain
the transparent Al-CNC hydrogel, carboxylated CNCs are combined with high valence
Al3+ via physical linking interaction. The Al-CNC hydrogel exhibits high electric con-
ductivity, mechanical properties and optical properties. For comparison, Al3+ ion liquid
electrolytes (LE) are prepared without CNCs. The Al-CNC electrolyte exhibits good ionic
conductivity, high optical transmittance, excellent compression strength and tolerating
properties to different angles (0◦ and 90◦). The animal bone is carbonized at 900 ◦C to
prepare porous carbon (PC) with a large surface area. An Al-CNC hydrogel-based system
shows good electrochemical super capacitance and mechanical durability compared to the
Al-LE system. The PC/Al-CNC electrode exhibits a specific capacitance of 804 Fg−1 at
1 Ag−1 compared to the 737 Fg−1 of the PC/Al-LE electrode. This result evinces that the 3D
network of the transparent Al-CNC hydrogel electrolyte is attributed to enhanced specific
capacitance [109].

A high-performance and flexible PANI@CNT−CNC/PVA− PAA electrode (Figure 9)
can be prepared by electrospinning and thermal treatment followed by a polymeriza-
tion coating process for supercapacitor applications [110]. Poly(vinyl alcohol, PVA) and
poly(acrylic acid, PAA) are utilized to prepare an electrospun nanofibrous membrane, and
CNCs stabilized CNTs are used to enhance the mechanical and electrochemical functions.
CNCs are obtained using sulfuric acid hydrolysis and ultrasonic treatment. During this step,
negatively charged ions are formed to stabilize the CNTs on the CNC surface. To obtain
the CNT−CNC/PVA−PAA membrane, a lab-scale electrospinning method is applied. The
thermal treatment process triggers the esterification crosslinking reaction between the OH
groups of CNCs and the –COOH groups of PAA. To enhance the electrochemical behavior
of the CNT−CNC/PVA−PAA membrane, aniline is deposited and polymerized on the
membrane to generate PANI@CNT−CNC/PVA−PAA. The specific capacitance of the
PANI@ CNT−CNC/PVA−PAA is 164.6 Fg−1, which can be attributed to the synergetic ef-
fect between the CNC-CNT hybrid and PANI. The high porosity, the large surface area and
the existence of PANI can enhance the capacitance of the prepared membrane. Particularly,
a large surface area constructs enormous active sites for the faradaic reaction and increases
the interaction between the electrode/electrolyte interface. The PVA–PAA polymeric matrix
also promotes the electrolyte interface area to enlarge the redox reactions on the PANI.
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The developed electrode is considered a symmetrical supercapacitor by sandwiching the
PVA–PAA–KCl electrolyte between the PANI@CNT−CNC/PVA−PAA electrodes. The
symmetrical supercapacitor exhibited superior capacitance values of 155 Fg−1, with a re-
tention rate of 92% after 2000 cycles. The calculated specific energy (Es) and specific power
(Ps) values are 13.8 Wh kg−1 and 200.3 W kg−1 for the PANI@CNT−CNC/PVA−PAA
electrode [110].

Figure 8. (a) The preparation of PC//Al−CNC//PC as a flexible supercapacitor, (b) The preparation
of TEMPO mediated Al−CNC hydrogel, (c–f) The electrochemical properties, such as the GCD
curve, specific capacitance, stability analysis and Ragone plot, of the PC//Al−CNC//PC electrode.
Adapted with permission from [109]. Copyright 2022 Elsevier.
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Figure 9. (a) The preparation PANI@ CNT−CNC/PVA−PAA; the electrochemical performance
of the core-shell-structured PANI@CNT−CNC/PVA−PAA nanofibrous electrodes. (b) CV curves,
(c) GCD curves, (d) EIS analysis and (e) cycling life of PANI@CNT−CNC/PVA−PAA. (f) The sym-
metrical flexible supercapacitor. (g) CV curves, (h) GCD curves, (i) Nyquist plots and (j) cycling life
of the symmetrical PANI@ CNT−CNC/PVA−PAA flexible supercapacitor. Adapted with permission
from [110]. Copyright 2019 American Chemical Society (ACS).

A lightweight CNC–MWCNT–PPy electrode has been proven to be an efficient super-
capacitor. CNCs are modified with NaIO4 and adipic acid dihydrazide to make aldehyde-
modified CNCs (CNC–CHO) and hydrazide-modified CNCs (CNC–NHNH2), respectively.
Sol-gel cross-linking enables the preparation of CNC aerogels from the CNC–CHO and
CNC–NHNH2 with enhanced mechanical properties due to the chemical bonding between
the amine and aldehyde groups. To facilitate the dispersion of MWCNTs on the CNC sur-
face, the MWCNTs are suspended in a mixture consisting of sodium dodecyl sulfate (SDS)
and taurocholic acid sodium salt [111]. The incorporation of these surfactants with MWC-
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NTs enhances the reinforcing ability and high conductivity. The SDS and TCH (taurocholic
acid sodium salt) surfactants help the dispersion of MWCNTs on the surface-functionalized
CNC aerogels. The PPy conductive polymer is then deposited on the MWCNT/CNC
aerogels by in situ polymerization of pyrrole using APS as an initiator. The lightweight
CNC–MWCNT–PPy electrodes exhibited high super capacitance and a flexible nature along
with a compressible nature. The dispersion and deposition of MWCNTs and PPy on the
CNC surface result in 2.1 Fcm−2.

An effective one-step hydrothermal preparation of CNC-MnO2 nanocomposites as
solid-state electrochemical supercapacitors using commercial microcrystalline cellulose and
KmnO4 has been reported [112]. A solid-state supercapacitor is assembled with sandwich
typed CNC–MnO2 electrodes and the PVA/KOH electrolyte (Figure 10). The fabricated
electrode exhibits a specific capacitance of 306.3 Fg−1, with good cyclic stability. The
enhanced capacitance of the CNC–MnO2 reflects the large surface area of the MnO2 and
CNCs with abundant hydrophilic hydroxyl groups. The CNC–MnO2 composite enhances
the electrolyte uptake and transport through the pores and voids of the CNCs and MnO2,
providing an excess ion diffusion pathway for the charge-discharge process. The energy
density of CNC–MnO2 (42.59 Wh kg−1) is higher than that of pristine MnO2. The CNC–
MnO2 is combined with the textile fabrics and conductive PPy to fabricate flexible electrodes
for smart supercapacitor applications [112].

The synthesis of ternary PEDOT/CNC/MnO2 can be performed by one-step elec-
tropolymerization [113]. MnO2 is considered a good electrode material, but its conductivity
is very modest, whereas PEDOT has mechanical flexibility and good electrical conductiv-
ity. However, the PEDOT/MnO2 composite still exhibits poor charge-discharge stability
due to the effect of the continuous influx and outflow of electrolyte ions. To overcome
this setback, CNCs are incorporated with PEDOT/MnO2 to improve super capacitance
properties. A ternary PEDOT/CNC/MnO2 hybrid electrode exhibits a specific capacitance of
144.69 Fg−1 at 25 mVs−1 compared to PEDOT/CNC (63.57 Fg−1). The specific power (Ps)
and specific energy (Es) of PEDOT/CNC/MnO2 are 494.9 Wkg−1 and 10.3 Wg−1h, respec-
tively. The PEDOT/MnO2 builds up the redox-active surface area, resulting in enhanced
electrochemical capacitance [113].

13. Carbonized CNC Electrodes

High surface area porous carbon has often been synthesized from renewable and
non-renewable resources such as waste-derived biomass, petroleum and coal through
chemical activation and templating methods [114,115]. The fabrication of porous carbon
from non-renewable resources is non-sustainable and very expensive. Highly efficient 3D
porous carbon can be prepared from CNC using carbonization. During the carbonization
process, non-conductive CNC is converted into conductive porous carbon materials. It is
important to develop high-performance electrochemical supercapacitor materials without
the influence of conductive polymers [116,117]. CNC-based carbon materials are prepared
from CNCs with silica precursors by pyrolysis and etching. The fabricated carbon with a
high surface area of 1400 m2/g possesses a Cs of 170 Fg−1 at 230 mAg−1 under the acidic
electrolyte. The silica moiety triggers the generation of mesoporous carbon with a high
surface area. The CNC-silica composite exhibits excellent super capacitance and good
electrochemical retention stability [118].

A high surface area freestanding carbon film from CNCs and CNFs is created by the
atomic layer deposition method [119]. Alumina is deposited on the CNC/CNF film at a low
temperature and is carbonized at 900 ◦C for 2 h under the inner atmosphere. The Al2O3
layer helps to prevent CNC/CNF aggregation and preserve the fine structures of porous
carbon during the carbonization process. The CNC/CNF film shows outstanding electrical
conductivity and a surface area of 1200 m2g−1 compared to the traditionally prepared
activated carbons. The specific capacitance of the carbonized CNF and CNC/CNF is
50 Fg−1 and 152 Fg−1, respectively. The interaction between the CNCs and CNFs augments
the ion-transport efficiency, resulting in the higher performance of super capacitance

93



Nanomaterials 2022, 12, 1828

activity in the CNC/CNF film. However, the specific capacitance is only 152 Fg−1, as the
carbonized CNC/CNF film is interconnected with strong chemical interaction without any
active materials with heteroatoms or functional groups [119].

Figure 10. (a,b) Schematic synthetic route of the solid-state supercapacitor using the CNC−MnO2

electrode. (c–e) CV curves, GCD curves and the areal capacitance of CNC−MnO2. Adapted with
permission from [112]. Copyright American Chemical Society (ACS).

The incorporation of heteroatoms (nitrogen) can be an effective approach to generating
more active sites on the carbonized CNCs, which leads to the altering of the microstructure
and properties of the CNCs [120]. An N-MFCNC nanocomposite can be prepared from
melamine-formaldehyde functionalized CNC by one-step pyrolysis. The N-MFCNC elec-
trode displayed a specific capacitance of 328 Fg−1 at 10 mVs−1 under acidic electrolyte,
with cyclic stability of 95.4%. The existence of numerous nitrogen-active sites enhances the
super capacitance activity of carbonized N-MFCNC [120].
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A brief discussion is extended to the preparation of an N-doped highly porous carbon
material [121] with a rod-like arrangement by the self-templated strategy from the in situ
growth of ZIF-8 and CNCs followed by pyrolysis (Figure 11). The CNC structure is covered
by micro and mesoporous ZIF-8-derived hollow carbon moiety without disturbing the
chiral nematic phases of the CNCs. In addition, ZIF-8 helps to form a hierarchical porous
structure and helically rod-like nanoparticles, enhancing the active sites and shortening
the mass diffusion distance. Interestingly, CNCs are also involved in augmenting the
surface area and pore size of the electrode materials. The CNC-ZIF-8-derived porous
carbon exhibits 172 Fg−1 at 0.1 Ag−1, with long cyclic stability and a retention of 95%
after 5000 cycles. The energy density (Es) and power density (Ps) of N-doped carbon are
23.75 Whkg−1 and 50 W/kg−1, respectively. Such superior features of the N-doped carbon
can be attributed to the conductive carbon rod-like helical structure and its porous nature,
which facilitate fast electron migration in the electrode. The presence of nitrogen atoms
increases the active sites and wettable nature of the electrode. In addition, the existence
of macro, meso and micropores offers the spaces for storing electrolytes and rapid ion
transportation and enhances the EDLC capacitance [121].

Figure 11. (a) Facile synthetic route of hierarchically porous N-doping carbon (HPNC), (b) Elec-
trochemical characteristics of an HPNC composite in an aqueous KOH electrolyte. Adapted with
permission from [121]. Copyright 2018 American Chemical Society (ACS).

Of note is also the synthesis of N-doped porous carbon from a CNC suspension and
water-soluble urea by carbonization for supercapacitor applications (Figure 12). Typically,
the CNC surface is functionalized by acid hydrolysis to generate surface negative charges
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with sulfate groups. The synthesized N-doped carbon displays a surface area of 366.5 m2/g,
a porous microstructure and improved electrochemical properties, with a capacitance reten-
tion of 91.2% after 1000 cycles. The N-doped carbon composite shows an electrochemical
super capacitance of 570.6 Fg−1 at 1 Ag under the basic electrolyte. The result of the higher
super capacitance and double layer capacitance characteristics of the N-doped carbon is
due to the presence of nitrogen heteroatom in the composite. A symmetrical supercapacitor
is fabricated with N-doped carbon materials for investigating practical super capacitance
performance. The N-doped carbon electrode exhibits a specific capacity of 119 Fg−1, with
an outstanding stability retention of 99.8% after 5000 cycles [122].

Figure 12. (a) N−doped cellulose nanocrystals (N−CNCs) are prepared from cotton and urea.
(b,c) Electrochemical GCD curve and specific capacitance of N−CNCs under different current densi-
ties. Adapted with permission from [122]. Copyright 2020 Elsevier.

CNCs with high crystallinity due to the specific chemical composition and inter-
molecular interactions are considered advanced functional materials for various energy
applications including supercapacitors and Li-ion batteries. The conversion of CNCs to
porous carbon materials further enhances the supercapacitance properties. Renewable and
low-cost CNCs are holding an incredible significance and are ideal candidates with an
enormous potential for the development of supercapacitor electrodes. A comparison of
the capacitance, power density and energy density of various CNC-based electrodes is
depicted in Table 2.
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Table 2. Comparison of CNC-based supercapacitor electrodes.

Composite Fabrication Electrolyte Capacitance
(F/g)

Power Density
(Wh/kg)

Energy Density
(Wkg−1) Ref

PEDOT/NCC Electrochemical deposition 1.0 M KCl 117.02 11.44 99.85 [101]

PPY/CNC TEMPO/polymerization 0.5 M KCl 248 - - [102]

PPY/CNC Electrochemical deposition 0.1 M KCl 256 - - [103]

PANI/CNC Electrochemical deposition 1.0 M HCl 488 - - [104]

PEDOT/CNC Electrochemical deposition 1.0 M HCl 69 - - [104]

PPY/PVP/CNC Polymerization 0.5 M KCl 338.6 - - [105]

Biowaste-derived carbon Carbonization Al-CNC hydrogel 804 425 18.2 [109]

PANI@ CNT−
CNC/PVA−PAA

Electrospinning/
Polymerization 1 M H2SO4 164.6 13.8 200.3 [110]

CNC-MWCNT-PPY Polymerization 0.5 M Na2SO4 2.1 F cm−2 - - [111]

CNC-MnO2 Thermal synthesis PVA/KOH 306.3 42.59 - [112]

PEDOT/CNC /MnO2 Electro polymerization 1 M KCl 144.69 10.3 494.9 [113]

Porous carbon from CNC Silica etching 1 M H2SO4 170 - - [118]

CNC/CNF ALD 2 M KOH 152 - - [119]

N-CNC Pyrolysis 1 M H2SO4 352 48.8 39.85 [120]

N-CNC Pyrolysis 6 M KOH 172 23.75 70 [121]

N-CNC pyrolysis 6 M KOH 570.6 23.75 50 [122]

14. Conclusions and Outlook

In recent years, the continuous research interest regarding the fabrication of biodegrad-
able and renewable materials owes to the necessity of a sustainable and productive envi-
ronment as an alternative to fossil fuels. Renewable and innocuous cellulose nanocrystals
have been widely utilized for advanced functional and environmentally friendly materials
in supercapacitors, batteries and fuel cells due to the merits of their chemical composi-
tion, their strong intermolecular interaction and their high crystallinity. The focus of our
review is on explaining the importance of CNCs as a sustainable natural resource and
their applications as electrochemical supercapacitors. This review discusses the extraction,
surface functionalization and morphological characteristics of CNCs to ensure the ability
of CNCs to function in the energy storage field. The pretreatment step is always important
and needed for the removal of unwanted chemical components such as lignin, pectin and
other impurities. The surface functionalization process improves the dispersion ability of
CNCs within both hydrophilic and hydrophobic polymer matrices. Promising CNCs are
modified with various conductive polymers, conductive carbons and inorganic hybrids
for developing new biodegradable green nanomaterials for the most significant energy
systems. In addition, the key features for fabricating advanced electrode materials by
converting non-conductive CNCs to conductive CNCs have been discussed. The optimiza-
tion of the heteroatom doping strategy with sustainable and low-cost CNCs will achieve
the market commercialization of conductive electronic and storage devices. Undoubtedly,
some challenges are existing, and significant research challenges are required to solve the
following issues for a better understanding of CNC characteristics and sustainable energy
applications.

i. The need to fabricate hierarchical CNCs with an existing millimeter thickness and
multi-scale porous microstructure. Hierarchical CNCs would become a great potential
candidate for electrochemical systems.

ii. The control and optimization of the surface functionalization on the CNC will be
crucial to making novel CNCs for both hydrophobic and hydrophilic matrices.
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iii. Biosynthetic alternatives allow for the development of advanced high-performance
CNC materials. The incorporation of biological molecules on the CNC surface by
bacterial cellulose can make a better impact on their superior properties.

iv. There is still a large research gap in improving the performance of super capacitance,
energy and power densities.

v. The construction of metal-free porous and heteroatom-doped CNC using a low cost
and sustainable approach from abundant biomass is still needed.

This review fosters research endeavors to develop advanced manufacturing processes
and characteristics of CNCs that reflect the ultimate value of their potential as supercapac-
itors. It also promotes the sustainable utilization of renewable biomass and biopolymer
resources. Besides CNCs, carboxylated nanocrystalline chitin can be prepared by the hy-
drolysis and oxidation of chitin by ammonium persulfate [123]. Chitin is another abundant
fibrous macromolecule that forms the major constituent in the exoskeleton of arthropods
and fungal cell walls. Like CNCs, supercapacitors can be prepared from carboxylated
nanocrystalline chitin, a subject of future endeavors. Like CNCs [124,125], the cytotoxic-
ity of chitin nanocrystals [123] is very minimal, and this feature is a prerequisite for the
production and application of nanomaterials en masse.

Conducting PPY has been used with CNCs and other polymers toward the develop-
ment of supercapacitors. However, this conducting polymer can be decorated with zinc
vanadium oxide and used as a supercapacitor electrode material [126]. Other competitive
techniques include using graphitic carbon nitride-doped copper–manganese alloy as an
electrode material for energy storage [127]. Of interest is the fabrication of a lightweight,
flexible self-charging power pack by the prudent integration of two paper-based high-
performance triboelectric nanogenerators [128]. A novel two-dimensional donor-acceptor
conjugated copolymer has been used as single-junction polymer solar cells with over 10%
efficiency [129]. A review of the reliability of supercapacitors in energy storage applications
is available elsewhere [130,131], and the discussion topics include the failure mechanisms,
lifetime modeling and reliability-oriented design of SCs.
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Abstract: Layered ternary Ti2SnC carbides have attracted significant attention because of their
advantage as a M2AX phase to bridge the gap between properties of metals and ceramics. In this
study, Ti2SnC materials were synthesized by two different methods—an unconventional low-energy
ion facility (LEIF) based on Ar+ ion beam sputtering of the Ti, Sn, and C targets and sintering of
a compressed mixture consisting of Ti, Sn, and C elemental powders up to 1250 ◦C. The Ti2SnC
nanocrystalline thin films obtained by LEIF were irradiated by Ar+ ions with an energy of 30 keV to the
fluence of 1.1015 cm−2 in order to examine their irradiation-induced resistivity. Quantitative structural
analysis obtained by Cs-corrected high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) confirmed transition from ternary Ti2SnC to binary Ti0.98C carbide due
to irradiation-induced β-Sn surface segregation. The nanoindentation of Ti2SnC thin nanocrystalline
films and Ti2SnC polycrystalline powders shows that irradiation did not affect significantly their
mechanical properties when concerning their hardness (H) and Young’s modulus (E). We highlighted
the importance of the HAADF-STEM techniques to track atomic pathways clarifying the behavior of
Sn atoms at the proximity of irradiation-induced nanoscale defects in Ti2SnC thin films.

Keywords: Ti2SnC; M2AX; powders; thin films; STEM; nanoindentation

1. Introduction

The MAX phases are a family of about 90+ carbides (or nitrides) synthesized up to
now with a basic stoichiometry nomenclature Mn+1AXn, where M is an early transition d
metal (i.e., Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, and Ta), A represents an element (mainly) from the
IIIA or IVA groups of the periodic table (i.e., Al, Si, P, S, Ga, Ge, As, Cd, In, Sn, Tl, and Pb),
and X is carbon or nitrogen. The index n can be 1, 2, or 3, so as the stoichiometry can vary,
phases AMXMA (211), AMXMXMA (312), or AMXMXMXMA (413) can be formed [1]. The
MAX phases have a hexagonal crystal structure (a space group D4

6h, P63/mmc) with two
units per cell. The cell consists of the M6X octahedra that alternate with a single layer of
the A elements [2].

The idea of the ternary transition metal carbides referred to as the H phases, where H
denotes hexagonal close-packed structures, was developed by Nowotny and Jeitschko al-
most 60 years ago [3]. Later, the ternary transition metal carbides were classified as the Mn+1
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AXn phases [1–4] due to their unique hybrid structure with mixed covalent/ionic/metallic
properties. This unusual conjunction influences their thermodynamic stability and me-
chanical properties and predicts that MAX phases could be highly regarded candidates
for applications in extreme conditions. Some of the MAX compounds have already driven
interest in nuclear engineering as materials with high potential for future fission and
fusion reactors [5]. For instance, high radiation resistance was shown for the first time
on titanium aluminum and titanium silicon carbides irradiated with high fluence heavy
ions (Xe+, 6.25 × 1015 ions cm−2) [6]. The received experimental data suggested that after
irradiation, the structure of the MAX compounds keeps well-ordered. This observation was
acknowledged in new experiments [7] with other members of the MAX group. Titanium tin
carbide (e.g., Ti2SnC M2AX), discovered already in 1963 [3], demonstrates unusual material
characteristics, such as high tolerance to mechanical damage, high modulus elasticity, and
good integral stability at high temperature [8–11]. Surprisingly, there is a lack of relevant
data on the ion beam and/or neutron radiation tolerance of Ti2SnC. Perhaps this is due to
the rather high cross sections for neutron-induced γ–(gamma) activation of the Sn isotopes
(~0.6 b for natural Sn) with relatively long lifetimes (e.g., ~129 d for 122Sn + n), which means
that the Ti2SnC may be unattractive for nuclear engineering technology. However, as a
promising coating material, Ti2SnC may still be interesting, and it is worth studying its
irradiation resistance. The Ti2SnC is especially synthesized using a finely dispersed powder
of the Ti, Sn, and C phases, mixed in stoichiometric ratios, grounded, pressed, and sintered
at high temperatures [12,13]. Other techniques, such as spark plasma sintering [14], have
been invented and used for Ti2SnC fabrication [15]. The applied methods, however, docu-
mented that together with the Ti2SnC composite, some precipitates (such as TiC, Ti6Sn6, or
Sn) are also detected. It turns out that to fully transform the correct stoichiometric ratio of
the Ti-Sn-C to the acceptable ternary M2AX phase is still a challenge.

In this research, the Ti2SnC thin nanocrystalline films (TNCFs) were synthesized using
an unconventional low-energy ion facility (LEIF) based on ion beam sputtering combined
with further a low- temperature thermal processing up to 150 ◦C. The Ti2SnC powdered
polycrystalline samples (PPS) were fabricated by simplified sintering of a compressed
mixture consisting of (Ti, Sn, C) elemental powders. The goal of this study is to compare
the morphological and nanomechanical features of Ti2SnC M2AX materials prepared by
using different synthetic methods. In addition, the irradiation tolerance of the Ti2SnC
TNCFs was examined. The irradiation was carried out by a heavy Ar+ ion with an energy
of 30 keV to the fluence of 1.1015 cm−2. We provide an experiment in the understanding
of Sn atoms surface segregation and highlight the importance of aberration-corrected
STEM techniques including high-angle annular dark-field detector (HAADF) to track
atomic pathway clarifying the behavior of Sn atoms at the proximity of irradiation-induced
nanoscale defects in Ti2SnC TNCFs.

2. Materials and Methods
2.1. Synthesis of Ti2SnC M2AX PPSs

The Ti2SnC M2AX PPSs were fabricated using a simplified method of sintering raw
elemental powders. The experimental setup is presented in Figure 1a.
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Figure 1. Schematic drawing of the Ti2SnC synthesis (a) Ti2SnC PPS by sintering of raw elemental
powders with optical micrographs of Ti2SnC PPS at low and high magnification. (b) Ion beam sputter
deposition setup by LEIF for the synthesis of Ti2SnC TNCFs. (c) Optical micrographs Ti2SnC TNCFs by
LEIF. (d) High magnification from the blue point marks the area where an optical micrograph of a single
area for unirradiated Ti2SnC_AGTNCFs was acquired. (e) High magnification from the red point mark
the area where an optical micrograph of a single area for irradiated Ti2SnC_Ar+ TNCFs was acquired.
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Stoichiometric amounts of Ti (99.7%, Aldrich, powder), Sn (≥93%, Aldrich, powder),
and graphite (diamond powder) as raw materials were mixed with isopropyl alcohol at
a 1/0.8/0.9 molar ratio and ground in an agate mortar. After thorough grinding, 0.1 mL
of a ‘pressing solution’ (ethanol solution of polyethylene glycol 400, 1% w/w) was added
to the fine ground suspension and mixed thoroughly again. After evaporation of the
alcohol component, the solid mixture of reagents was tightly compressed (at a specified
pressure of 750 MPa) to form a pellet with a diameter of 1.3 cm. The pellet was then placed
into a corundum tube of a laboratory furnace and heated at a temperature up to 1250 ◦C
under a vacuum. The optimal annealing regime to receive the Ti2SnC M2AX PPS was
determined to be following (1. step 0–1050 C–20 C/min, 2. step 1050–1150C–10C/min,
3. step 1150–1250C–5C/min, 4. step 1250C-delay 2 h). The as-obtained pellet was milled
and heated again under the same regime. The optical micrographs of Ti2SnC PPS are
presented in Figure 1a.

2.2. Synthesis of Ti2SnC TNCFs

A set of Ti2SnC TNCFs was prepared by ion beam sputtering (IBS), as well as controlled
thermal processing. The ions were generated in the high-current ion source (duoplasmatron)
placed in the LEIF (lab-made Low Energy Ion Facility assembled by NPI) of the CANAM
(Center of Accelerators and Nuclear Analytical Methods) research infrastructure in the
NPI Rez [16]. The LEIF facility lets us utilize different gaseous ions with energy in the
range of 100 eV to 35 keV, and an ion current up to 500 µA. The beam spot size of the
Gaussian-shaped ion beam was about 20 mm. In this report, the Ar+ ions-beam has been
used (apart from singly charged Ar+, double-charged Ar2+ ions were also present, though
only a fraction of a few %). The current and energy of the Ar+ ion have been varied
to measure the optimal values for the manufacture of the titanium tin carbide. For the
fabrication of the Ti2SnC TNCFs, highly purified targets of Ti (99.995%), Sn (99.999%), and
C (99.999%), all of the MaTeck (MaTeck Material Technologie & Kristalle GmbH, Juelich,
Germany) materials have been used. The specimens were placed on a metallic (Cu) stocker
(a frame with an equilateral triangle shape), each on a different side of the frame, that was
mounted in the sputtering chamber of the LEIF system. The schema of the LEIF sputtering
is presented in Figure 1b and described in detail elsewhere [17].

The targets with a size of about 5 cm in diameter covered the dimensions of the frame,
so the sputtering from the target holder itself was stopped. The holder was connected to a
metallic (Cu) axis (controlled from the outside of the chamber) and cooled down forcefully
(by distilled water of an external cooling system) when specimens were overheated. The
holder was revolving in 3 shifts with a speed of 1 rotation per 100 s. The revolution was
performed automatically using a stepper motor (Accu-Glass Products. Inc., Valencia, CA,
USA) operated by a PC. In each shift of 60◦, a corresponding composite (Ti, Sn, or C) was
sputtered for a definite period tphase to deposit a necessary amount ∆ (~1015 cm−2) of the
specimens’ material on the substrate. The sputtering times were defined by the deposition
rates DRphase of the particular composites and by the stoichiometric ratio of the Ti2SnC
phase (2:1:1): tTi = 2∆/DRTi, tSn = ∆/DRSn, tC = ∆/DRC. An approximately 1 nm thick
layer with 2Ti+lSn+lC atomic mixture was deposited during each rotation. The deposition
was conducted on Si wafers or Mo TEM grids with ion energy of 25 keV and an ion current
of 400 micro A. The deposition rates were held permanent and they were defined for
Ti—0.85 × 1015 cm−2, Sn—9.80 × 1015 cm−2 and C—0.76 × 1015 cm−2 per min using RBS.
A set of the samples was annealed at 150 ◦C for 24 h in a vacuum to induce interphase
chemical interaction and complete formation of the stoichiometrically correct Ti2SnC M2AX
phase. Samples were labeled Ti2SnC_AGTNCF, where AG was denoted “as-growth” thin
film. The Ti2SnC_AGTNCF was further irradiated by 35 keV Ar+ ions in order to examine
their irradiation-induced resistivity. Optical micrographs Ti2SnC TNCFs obtained by LEIF
are presented in Figure 1c–e.
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2.3. Ion Beam Irradiation

In order to get pieces of knowledge about the radiation tolerance of the Ti2SnC_AGNGTFs,
a heavy Ar+ ion with an energy of 30 keV to the fluence of 1.1015 cm−2 was applied. It is
assumed that Ar+ ions with an energy of 30 keV generate an irradiated (damaged) area
of 30 nm deep from the film surface. Using the SRIM-2013 code, the dpa value for this
fluency was evaluated at 9.49 dpa (in the calculation, the density of Ti2SnC—6.36 g cm−3,
displacement energy—25 keV, and ‘energy to recoil’—81 eVÅ−1 were considered). The
Ti2SnC_AGTNCFs were tested by several nuclear analytical methods. The thickness was
examined with a sub-nanometer precision profilometer KLA-Tencor Alpha-Step IQ Surface
Profiler/, as well as by Rutherford backscattering spectrometry (RBS; lab-made, assembled
in NPI).

2.4. Methods of Characterization

The powder diffraction patterns of the Ti2SnC PPS were obtained with a PANalytical
X’PertPRO MPD diffractometer (Malvern, United Kingdom) equipped with the Cu Kα

tube (λ = 0.15406 nm). The diffractometer was operated at 40 kV and 30 mA with a 0.5◦

divergent slit coupled with a 0.1 mm receiving slit. Room temperature diffractograms were
recorded in the transmission regime in the range from 5◦ to 85◦ at a 2θ step size of 0.01◦.
The phase composition of the measured powdered sample was calculated by the Rietveld
analysis in an automatic mode of HighScore software 5.0 (Malvern, United Kingdom).

Scanning electron microscopy (SEM) was used for the characterization and imaging of
the fine surface structure of the prepared Ti2SnC_TNCFs and Ti2SnC PPS. For measurement,
a JSM 6510LV system (low vacuum JEOL microscope, Jeol Ltd., Tokyo, Japan) with an
acceleration voltage of 0.5–30 kV was used. For analysis, the secondary electron imaging
mode (SE) was applied.

A detailed microstructural analysis of electron diffraction, and also elemental mapping,
were carried out on a high-resolution transmission electron microscope (HRTEM) JEOL
JEM 3010 Jeol Ltd., Tokyo, Japan). The microscope was operated at 300 kV (using a LaB6
cathode; the point resolution was 1.7 Å), and it was equipped with an energy-dispersive
X-ray (EDX) detector (Oxford Instruments, High Wycombe, UK) for elemental analysis,
and a Gatan CCD camera (1024 × 1024 pixels) for image recording. The obtained images
were analyzed using the Digital Micrograph software 3.5 package Gatan, California, USA),
the EDX analysis was processed with the INCA software package (High Wycombe, UK).
Electron diffraction patterns were evaluated using the ICDD PDF-2 database, Newtown
Square, PA, USA [18] and ProcessDiffraction V_8.7.1. Q software 7 package (Budapest,
Hungary) [19]. For the TEM analysis, a small bit of the pellet sample was crushed, dispersed
in ethanol, and the obtained suspension was sonicated for 2 min. A drop of the very dilute
suspension was then placed on a holey-carbon coated Cu-grid and allowed to dry by
evaporation at ambient temperature.

The atomic resolution Z-contrast images of Ti2SnC_AGTNCFs and Ti2SnC_Ar+TNCFs
were collected using the JEOL ARM200CF (Jeol Ltd., Tokyo, Japan) aberration-corrected
STEM with a cold-field emission gun operated at an acceleration voltage of 80 kV. The
high-angle annular dark-field (HAADF) images were acquired using an annular dark-field
detector with a collection angle ranging from 90 to 175 mrad. The probe convergence
semi-angle was set to 29 mrad, which yields a probe size of 1 Å at 80 kV and a probe current
of 62 pA [20].

The surface topography of the Ti2SnC_TNCFs fabricated by LEIF was studied by
atomic force microscopy (AFM) using the NTEGRA scanning probe microscope (NT-MDT
Spectrum Instruments, Moscow, Russia). The AFM experiments were performed under
ambient conditions using tapping mode for the acquisition of the sample surface images
(AFM topography).

The nanomechanical properties of the Ti2SnC_AGTNCFs, Ti2SnC_Ar+TNCFs, and
Ti2SnC PPS were inspected by nanoindentation with a Hysitron Tribolab TI-700 Nanoinden-
ter (Bruker Nano GmbH, Berlin, Germany) equipped with a Berkovich tip. Indentations
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were made at 4 distant locations (6 indentations at each), and each measurement consisted
of 10 cycles with penetration depths between 20–150 nm (with a contact depth of 10–130 nm)
to analyze changes induced by irradiation in the material’s properties. The Hysitron TI-700
used with Berkovich tip is capable of quantitative measurements for depths larger than
10 nm, for which the tip calibration done on fused silica standard was performed. In
the calibration procedure, the tip radius is not explicitly assessed, but the contact area is
evaluated before the measurements. Measurements in larger depths can be considered
accurate with the accuracy of the polynomial contact area calibration function (R2 = 0.999).

3. Results and Discussion
3.1. Elemental Detection by Nuclear Analytical Methods

In Figure 2, both RBS and non-Rutherford spectra of Ti2SnC_AGTNCFs are presented
together with the results obtained by simulations with SIMNRA code (performed on the
Tandetron 4230 MC). It was registered that Ti2SnC_ADTNCFs were contaminated by oxygen
up to a level of about 35%. However, the ratio of the Ti, Sn, and C elements keeps up the
stoichiometric ratio (Ti/Sn/C~2/1/1).

Figure 2. (a) RBS spectra of the Ti2SnC_AGTNCFs. (b) non-Rutherford scattering spectra of
Ti2SnC_AGTNCFs by simulation of the energy spectra using the SIMNRA code.
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We can suggest that Ti2SnC_AGTNCFs were (partially) oxidized either during the
deposition process (with the residual oxygen in the sputtering chamber), or through the
annealing in a relatively low-level vacuum of 10−4 Pa [21]. Therefore, the synthetic chal-
lenge is to avoid oxidation contamination which occurs commonly when LEIF deposition
is used [22].

The thickness of the Ti2SnC_AGTNCFs on the polished Si wafers with a size of about
1 cm2 was detected to be in the diapason 460–920 × 1015 cm−2.

3.2. Morphology of Ti2SnC_AD, Ti2SnC_Ar+TNCFs, and Ti2SnC PPS Imaged by AFM and SEM

Figure 3 shows the AFM results obtained from analysis of the Ti2SnC_AGTNCFs and
Ti2SnC_Ar+TNCFs taken from the sample surface area of (1 × 1) µm2.

Figure 3. AFM characterization of the Ti2SnC_AGTNCF and Ti2SnC_Ar+TNCF. (a) AFM topography
of Ti2SnC_AGTNCF and image magnified part from the yellow dash square (right and left images,
respectively) with its corresponding surface profile. (b) AFM topography of the surface profile of
Ti2SnC_Ar+TNCF and the image magnified part from the yellow dashed square (right and left images,
respectively) with its corresponding surface profile.

Surface profile plots were prepared along the horizontal blue lines in the AFM images
(see the plots from the right panel in Figure 3a,b). It is seen that the Ti2SnC_AGTNCFs
surface (Figure 3a) consists of the nanoparticles (NPs), which are mostly separated each
from other. Different color of the NPs reflects their different height, suggesting the formation
of non-uniform agglomerates during the film deposition. The latter effect results in the
relatively high surface roughness, which was found to be SRrms = 3.275 nm (SRrms denotes
the root mean square roughness of the surface). The details of the NPs agglomerations
are seen in the magnified image of the (250 × 250) nm2-sized surface area (see the AFM
image from the left panel), selected by the dotted-line square in the original AFM image.
Analysis of the magnified image and the surface profile reveals the size distribution of the
NPs, with a lateral size of 20–30 nm. Annealing at 150 ◦C (Ta = 150 ◦C) and irradiation with
the Ar+ ion beam modified the morphology of the Ti2SnC_Ar+TNCFs. Surface roughness
was found to be significantly higher (SRrms = 7.057 nm) than that of Ti2SnC_AGTCNF.
According to the magnified image (the left AFM image in Figure 3b) and the surface profile,
bigger agglomerates with a lateral size of 50–90 nm appear on the Ti2SnC_Ar+TNCFs
surface. The spatial density of the agglomerations is also higher, and the size distribution
shifting to the larger NP size was observed. It was rather hard to obtain AFM vital data
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for Ti2SnC PPS. The polishing technique and mechanical surface treatment during sample
preparation were the main obstacles for representative AFM imaging. Despite that, Figure
S1 shows the SEM surface morphology of the Ti2SnC PPS. It is found that misaligned
grains and pores are formed on the Ti2SnC PPS surface during hydrothermal synthesis.
A smooth surface and fully dense microstructure without defects can be seen in SEM
micrographs of Ti2SnC_AGTNCFs (Figure S1a). When irradiation with an Ar+ ion beam
was applied, the small round-shaped features on the surface of the Ti2SnC_Ar+TNCFs
appeared (Figure S1b), suggesting that Ar+ ion-beam irradiation-induced blistering and/or
surface defects. In order for the structure of Ti2SnC_AGTNCFs and Ti2SnC Ar+TNCFs to
be solved, atomic-resolution bright-filed (BF) and HAADF imaging in Cs-corrected STEM
was further performed and models for atomic ordering of Ti2SnC_ AGTNCFs and Ti2SnC
Ar+TNCFs structures were proposed.

3.3. Structural Analysis of the Ti2SnC_AGTNCF with Atomic-Resolution STEM

Figure 4 shows the aberration-corrected BF and HAADF STEM micrographs of
Ti2SnC_AGTNCF acquired from different magnification. Two regions can be distinguished
in the HAADF-STEM images in Figure 4a,b; matrix with lower intensity (labeled 1) and
well-crystallized spherical NPs (labeled 2), which present higher intensity (see a yellow
boxed region in Figure 4b). This contrast can be associated with the atomic weight depen-
dence of constituted elements. It should be noted that the contrast of Sn appears brighter
than the Ti since the atomic number of Sn (Z = 50) is larger than that of Ti (Z = 22) in the
HAADF electron scattering regime. The corresponding SAED (Figure 4c) confirms a mix-
ture of two phases: tetragonal SnO (JCPDS 06–0395 space group P4/nmm) and hexagonal
Ti2InC (JCPDS PDF 01-089-5590, space group P63/mmc). A zoomed STEM image of the
matrix is displayed in Figure 4f with an incident electron beam along the [001] direction.
The measured lattice fringe spacings d(100) = 0.27 nm correspond to hexagonal Ti2SnC.
HAADF STEM analysis (Figure 4g–i) further provides additional evidence of the formation
of SnO (SnO-Sn2+). In Figure 4i, (101) atomic planes with interplanar spacing d = 0.29 nm
for tetragonal SnO with growth in the c parameter direction on the surface of Ti2SnC can
be seen. Therefore, a protective Ar2 atmosphere could avoid the oxidation of Sn to the
thermodynamically more stable SnO2 (SnO2-Sn+4) [23,24]. A similar mechanism of SnO
formation/SnO2 avoiding was reported upon using a protective N2 atmosphere for the
synthesis of uniform nanocrystalline SnO layers [25,26].

Simultaneously performed EDS-STEM quantitative analysis (Figure S2a) confirmed
the same elements (Ti, Sn, C, O) as detected by RBS and non-Rutherford scattering (see
Figure 2). It can be seen from the elemental distribution maps (Figure S2b) that the mapping
image of Sn is interconnected with the O mapping image. Such a correspondence reveals
that Sn appears in oxygen-enriched regions, for example, spherical shaped NPs on the
surface, and indicates that Sn can exist as an Sn-oxide rather than metal Sn [27].
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Figure 4. Aberration-corrected STEM images of unirradiated Ti2SnC_AGTNCF. (a) Low magnification
BF-STEM image and (b) HAADF-STEM image where yellow boxed area outlines matrix with lower
intensity (labeled 1) and brighter grains (labeled 2). (c) Corresponding SAED pattern showing
atomic planes of SnO and Ti2SnC. (d) High magnification BF-STEM image and (e) HAADF_STEM
image showing zoomed matrix. (f) High magnification from the white marked area in (e) where
lattice fringe spacing d(100) = 0.27 nm corresponds to hexagonal Ti2SnC was indexed. (g) high
magnification BF-STEM image and (h) HAADF_STEM image showing zoomed grain with higher
intensity. (i) High magnification from the white marked area in (h) where lattice fringe spacing
d(101) = 0.29 nm corresponds to tetragonal SnO was indexed.

3.4. Structural Analysis of the Ti2SnC_Ar+TNCF with Atomic-Resolution STEM

A structural anomaly in Ti2SnC_Ar+NCTF was found to be driven during Ar+ ion
beam irradiation. Low magnification BF (Figure 5a) and HAADF-STEM (Figure 5d) micro-
graphs revealed well-crystallized nanograins. Figure 5b,e report magnified BF and HAADF
STEM images, where interconnected disc-like NPs (labeled 1) and spherical NPs (labeled 2)
were observed (Figure 4b,e).
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Figure 5. Aberration-corrected STEM images of irradiated Ti2SnC_Ar+TNCF. BF and HAADF-
STEM images of Ti2SnC_Ar+TNCF (a) low magnification BF-STEM image and (b) BF-STEM high
magnification of single Sn particle. (c) SAED from yellow boxed region in (a) showing atomic planes
of metallic Sn and Ti0.98C. (d) HAADF-STEM image at low magnification and (e) HAADF-STEM
image at high magnification of Sn particle appeared with bright contrast because of the contribution
of scattered electrons to the Sn image.

Besides the distinct morphology, the SAED pattern (Figure 5b) taken from the yellow
boxed area in Figure 5a did not match those of Ti2SnC. It was found that the lattice spacing
and the angle of hexagonal Ti2SnC lattice structure undergo a fundamental transformation.
For identified [001] zone axis, the main (111), (220), and (200) lattice planes for cubic Ti0.98C
phase (i.e., space group Fm-3m, JCPDS PDF No. 04-004-2862) were detected. Furthermore,
brighter reflections on the ED patterns were found to be extremely close to the (101) and
(110) planes, matching well with an β-Sn with tetragonal symmetry (i.e., space group
I4/mmm, JCPDS PDF No. 00-018-1380). We noticed that some diffraction spots (white
boxed in SAED pattern) do become dimmers. High contrast variation in the HAADF STEM
image (Figure 5e) suggests that the surface of disc-like NPs (labeled 1) is covered with
smaller spherical NPs with bright contrast (labeled 2). Concerning the difference in atomic
numbers of constituent elements and approached distinct Z-contrast, we could infer that
Ar+ ion beam irradiation promoted the growth of fine spherical β-Sn NPs running along
disc-like Ti0.98C NPs [28–30]. The proposed dual heterostructure that evolved under the Ar+

ion-beam irradiation process was further confirmed by aberration-corrected HAADF-STEM
imaging and simulation of experimental SAED patterns. We discuss first the structure of
disc-like NPs in Figure 6a. The FFT in the [110] orientation (inset in Figure 6a) reports the
major lattice planes (111), (220), and (200) for the cubic Ti0.98C phase. Figure 6b shows an
aberration-corrected HAADF-STEM image viewed along with the [001] zone axis. The
structure is maintained to the surface on the (001) planes as obtained from the yellow
marked area in Figure 6a. At this surface, there are only bright atomic columns, suggesting
an atomic arrangement expected for the lattice with the space group Fm-3m, where the Ti2+

ions occupy the tetrahedral sites. The structure model of Ti0.98C is superimposed on the
HAADF- STEM image. For irradiated Ti2SnC_Ar+TNCF the atomic stacking transforms
from ABABA/TiCSnCTi to ABBA//TiCCTi (Figure 6c) [21]. We could expect that the
atomic arrangements change to ABBA because all Sn atoms are segregated from the Ti2SnC
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lattice and transition from M2AX to M0.98X structure has occurred. The simulated ED
pattern of cubic Ti0.98C agrees with the experimental FFT. Simulated [001] HRTEM image at
a focus value f =−440 Å and a thickness t = 19 Å in Figure 6d is in line with the experimental
contrast. The Ti columns can be seen in the simulated [110] HRTEM image that the Ti
position appears as bright dots. The interlayer spacing of 0.24 nm is between the (111) cubic
planes in the Ti0.98C structure. The unit cell for the cubic Ti0.98C arrangement is overlaid on
the simulated STEM image.

Figure 6. Crystalline structures of Ti2SnC_Ar+TNCF. (a) Aberration-corrected BF-STEM image with
gray dashed lines outlines the disk-like grain as it degrades to Ti0.98C. Inset: FFT phase diagrams
of the corresponding STEM image. (b) HAADF-STEM image of the yellow boxed area in disk-like
grain in (a) with clearly resolved atomic columns. The lattice spacing is measured as 2.0 Å. The
structure model of Ti0.98C is superimposed on the STEM image. (c) Atomic stacking transformation
from ABABA in Ti2SnC to ABBA in Ti0.98C. (d) Simulated SAED patterns of Ti2SnC_Ar+TNCF
structure. Transformation to the Ti0.98C configuration with an interlayer spacing of 0.24 nm between
the (111) planes due to the escape of Sn has occurred. The unit cell for Ti0.98C composition with the
cubic arrangement is overlaid on the simulated SAED image. Blue and red atoms refer to Ti and C,
respectively. (e) aberration-corrected HAADF-STEM image with a white dashed line to outline the
spherical NP as it segregates to β-Sn. Inset: FFT phase diagrams of the corresponding STEM image.
(f) The corresponding HAADF-STEM image with clearly resolved atomic columns of tetragonal β-Sn.
The lattice spacing is measured as 0.26 nm. (g) Simulated SAED patterns of the tetragonal β-Sn
structure. Single Sn grain with an interlayer spacing of 0.26 nm between the (110) planes is observed.
The unit cell for β-Sn composition with the tetragonal arrangement is overlaid on simulated SAED
image: magenta atom refers to Sn.
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The white contrast in the HAADF-STEM images in Figure 6e suggested that spherical
NP with corresponding FFT (inset in Figure 6e) resemble tetragonal β-Sn. We can index
the set of lattice planes (001), (101), and (200) and identify the [001] axis (the c axis) as the
orientation of segregated Sn. The original STEM image was filtered by applying a Fourier
mask to remove the noise and obtain clearer lattice periodicity (Figure 6f). As a result,
lattice fringes with a d(110) spacing of 0.26 nm, consistent with the tetragonal crystalline
structure of Sn (JCPDS PDF No. 00-018-1380) was obtained. The weaker lattice fringes in
the background appeared due to the adjacent cubic structure of the bottom disk-like Ti0.98C.
Here, we were able to identify the cubic Ti0.98C (selected in yellow regions). Alongside
the ordered structure, certain line defects–dislocation lines (marked with magenta-colored
arrows) and collision cascades (selected in red regions) into the Ti0.98C lattice were observed.
These data appear to suggest that Sn segregation into small atomic clusters prefers to grow
near the dislocation lines. It could be proposed that Sn clusters and irradiation-induced
defect cores (dislocations and cascades) nucleated and grew together [31,32]. Simulated
ED patterns of Sn along with the [110] zone axis (Figure 6g) show that d(110) = 0.26 nm
crystal plane in tetragonal Sn is present. The atomic structure model of Sn along (010) in
Ti2SnC_Ar+NCTF is overlaid with a simulated ED pattern.

Figure S3a shows the EDS-STEM spectrum, atomic % of elements (Table inset in
Figure S3a), and EDS elemental mapping (Figure S3b) of Ti2SnC_Ar+TNCF. We found the
presence of Ti, Sn, and C elements. The Ti/Sn atomic ratio in Ti2SnC_Ar+NCTF decreases
from the initial 1.17 in Ti2SnC_AGNCTF to the final 0.85 in Ti2SnC_Ar+TNCF. It can be
seen from the mapping images of Ti and C (Figure S3) that both elements become woven
together and distributed all over the film, whereas the Sn mapping image suggests that
Sn is not interconnected with Ti. Such an observation can indicate that Sn separated
rather than being interwoven with Ti2SnC structures, which was proved true from the
HAADF-STEM and SAED observation. It is worthy to mention that the EDS spectra and the
quantitative EDS mapping did not indicate the presence of oxygen. The absence of oxygen
in Ti2SnC_Ar+NCTF may be explained by the irradiation-induced ionization effect, which
is reported to be pronounced not only in weakly bound Van der Waals elements but could
be also occurred in systems with stronger bonds [33–35]. This ionization process can change
both the equilibrium state and geometry of the overall system, including the Ti2SnC matrix
and surface SnO “etched out” the Ti2SnC. Subsequently, the charge distribution in SnO, as
well as its binding energy, may be altered. Therefore, we can assume that the 30 keV Ar+

with a fluence of 1015 cm−2 could provide enough energy to overcome the binding energy
of 485.57 eV of the Sn 3d5/2 core level of SnO, and further contribute to the fragmentation of
the SnO [36]. These structural fragments could be Sn atoms and oxygen [37]. In the presence
of Ar2, chemical rearrangement of elements into Ar+-O2 mixture and argon-oxygen ions as

Ar(O2)
+
n

, Ar2(O2)
+
n

maybe generated [38]. Moreover, the presence of Ar peak in the

EDS spectrum is very hard to evidence (Figure S3) since its only characteristic diffraction
peak at 3.0 keV [39] is overlapped with Sn shoulder or probably because the Ar peak
intensity is close to the noise level of the EDS spectrum. Additionally, the EDS technique

could not be applicable for the detection of Arn(O2)
+
m

traces.

3.5. Mechanism of Irradiation-Induced Structural Transformation in Ti2SnC TNCFs

Although all of Sn containing ternary Ti2SnC M2AX phase is very studied, the role
of Sn element is still under debate. It is well known that Sn belongs to the Carbon family,
group 14 (IVA) of the periodic table. Unlike other elements in the group, the Sn exists in
two different allotropes, metallic β-Sn (malleable) and nonmetallic α-Sn (brittle). Despite
that β-Sn is the more common stable form, back transition process, from α-Sn to β-Sn at
low temperatures of −50 ◦C is also well documented. This transition is called tin pest and
hints at the different properties of Sn-based compounds. Apart from the recently reported
ability of Sn to segregate in the early stages of crystallization and to act as heterogeneous
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nucleation sites for the secondary precipitated phase [40], other competing mechanisms
claimed out that the Sn atoms could be activated to excessive secondary segregation into
facets along with the site of the yet crystallized matrix [41].

The segregation of β-Sn and formation of dual β-Sn/Ti0.98C heterogeneous structure
in irradiated Ti2SnC_Ar+TNCF was unraveled using atomic level direct experimental STEM
observation (see Section 3.4). Close inspection of structures is present in the aberration-
corrected HAADF images in Figure 7. The original ADF images are filtered using the
annular mask tool in Digital Micrograph to remove high-frequency noise, and presented
at the same magnification. Figure 7a reveals that Ti2SnC_AGTNCF was dislocation-free,
but lattice parameters obtained by Single Crystal software (Oxford, England) based on
SEAD patterns were estimated to be larger than proposed for hexagonal Ti2SnC (JCPDS
PDF 01-089-5590, space group P63/mmc). This observation suggests that residual strain in
Ti2SnC_AGTNCF has remained during the preparation.

Figure 7. Aberration-corrected HAADF image of (a) Ti2SnC_AGTNCF along the [110] direction and
(b) Ti2SnC_Ar+TNCF. The regions of distorted structure are indicated by yellow, blue and red arrows.
The atomic arrangements of β-Sn with spacing d(110) of 0.26 nm interacted with Ti0.98C with spacing
d(111) of 0.24 nm are well recognized. Corresponding filtered images to (a) and (b) by annular mask
tool in Digital Micrograph are presented at the same magnification.

The Ti2SnC_Ar+TNCF (Figure 7b) was found to have a highly distorted structure. The
regions of distorted structure are indicated with yellow, blue, and red arrows. Suffering
from Ar+ ion beam irradiation, the Sn atomic displacement phenomenon, as the first
consequence of irradiation, can result in the formation of point defects in Ti2SnC lattice [42].
Additionally, irradiation-induced dislocations can provide channels for very fast Sn mass
transport. Coming back to the thickness of the Ti2SnC_AGTNCF estimated to be in the
diapason 460–920 × 1015 cm−2 (Section 3.1), an onset of the metamorphic layer due to
melting of Sn (231.9 ◦C) could take place during the Ar+ ion-beam irradiation. For Ti2SnC,
the migration energy barrier of Sn determined by ab initio calculation was found to be low
enough (0.66 eV) to allow the self-diffusion of Sn atoms. These irradiation-induced defects
can generate atomic transport in Ti2SnC lattice and as a sequence, an extreme case, when
all Sn atoms are extracted from Ti2SnC could have occurred [43,44]. The STEM analysis
reveals that in the region of the distorted structure indicated with a blue arrow, an isolated
particle having a spacing of 0.26 nm that could be attributed to the β-Sn, is in contact with
the particle, having space of 0.24 nm, that corresponded to Ti0.98C. Even though staring
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Ti2SnC_AGTNCF has M2AX stochiometric, Ar+ ion-beam irradiation lowered stability of
the Ti2SnC and promoted its decomposition into Sn and Ti0.98C. Our observations are in line
with the attempts to correlate lattice parameters’ c/a ratio with the stability of the 211 MAX
phases as a function of Sn concentration. In addition, Ti2SnC combines a small M-atom with
a large A-atom and the distortions due to the steric effect in both building blocks of MAX,
octahedral and trigonal prisms, should be considered [45]. Therefore, radiation-induced
dislocations and point defects in Ti2SnC can trigger diffusion and segregation of Sn atoms in
irradiation-induced metastable Ti2SnC structure [46]. The rate at which the Sn concentration
increases depends probably on the Ti2SnC NCs orientation, i.e., the precipitation of β-Sn has
a specific crystallographic orientation relationship with the Ti2SnC matrix. In our case, β-Sn
nucleated on Ti0.98C along the (110) planes as a result of the lattice stress, which induced
a 〈110〉-oriented β-Sn pattern on the Ti0.98C surface (see Figure 7b) [47–49]. Concerning
the above-discussed results, a model for describing the irradiation-induced behavior of
Ti2SnC could be proposed to follow the steps: introducing of metastable Ti2SnC phase→
spontaneously growth of Sn core at the initial stage of irradiation→ interaction between
Sn core and irradiation-induced defects→ remove of metal β-Sn and restoring of Ti2SnC
to equilibrium Ti0.98C concentration [21,50–52].

3.6. Structural Analysis of the Ti2SnC_PPS with HRTEM/SAED

Microstructure and phase composition of Ti2SnC PPS were investigated by HRTEM/SAED
and XRD. HRTEM micrograph in Figure 8a demonstrates another method of preparation
graded material with various particle shapes. High magnification from the red boxed
region in Figure 8a confirmed plates with an average size of 200 nm each, decorated with
small nanograins located on the top edge of each plate (see Figure 8b). The corresponding
SAED pattern (inset of Figure 8b) depicts the well-crystallized hexagonal Ti2SnC with
resolved (100) and (101) lattice plane (JCPDS PDF 01-089-5590, space group P63/mmc)
along the [110] zone axis. An amorphous layer with a thickness of 10 nm (marked with red
arrows in Figure 8b) was also well recognized. As expected, the HRTEM image (Figure 8b1)
of single nanograin confirmed lattice fringes with spacing 0.23 nm observed for Ti2SnC.
An HRTEM micrograph in Figure 8c corresponding to the blue framed area in Figure 8a
revealed particles with different morphology as compared to the plate-shaped particles.
Single NC with a length of about 50 nm and anisotropic 1D growth achieved through the
preferred [111] orientation can be observed. The corresponding SAED pattern (inset in
Figure 8c) confirmed the well-crystallized cubic TiC0.55 with resolved (111) and (200) lattice
plane and highly ordered lattice fringes with d(111) spacing of 0.24 nm (Figure 8c1) observed
for TiC0.55 with JCPDS PDF No. 04-018-5143.

Our HRTEM/SAED observations are in line with the XRD analysis of the Ti2SnC_PPS.
As one can see in Figure S4, the XRD pattern exhibits 70.4% of a single Ti2SnC phase
following JCPDS PDF 04-005-0037. The diffraction peaks are sharp and confirmed a sample
with high crystallinity. The dominance of the highest peaks, i.e., (103) for the in-plane
pattern of hexagonal Ti2SnC phase, is well recognized. The calculated value for NPs size
by Scherrer’s formula was 120 nm [53]. In addition, there is a presence of 11.2% TiC0.55
JCPDS PDF 04-018-5143 phase and 9% of Sn JCPDS PDF04-004-7745. Our XRD results are
consistent with those of Li et al. [13] as well as with M.W. Barsoum, [54] which confirmed
that the content of Ti2SnC increases with increasing the temperature. Therefore, when the
reaction temperature increases up to 1250 ◦C, the Ti2SnC becomes the prevailing phase.
Additionally, our results confirmed that when Sn presents in the composition range lower
than 10%, no stable intermetallic impurities such as Ti3Sn, Ti6Sn5, Ti2Sn, and Ti5Sn3 will be
formed, and Ti2SnC can retain a single phase up to 70% homogeneity [55,56].
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Figure 8. HRTEM study of Ti2SnC PPS. (a) Representative low magnification micrograph of Ti2SnC.
(b) High magnification of red boxed region in (a) and SAED pattern with the (110) and (211) planes
observed for cubic Sn. (c) High magnification of blue boxed region in (a) and SAED pattern with
the (002) and (100) planes observed for hexagonal Ti2SnC. (b1) The magnified HRTEM image of the
selected grain in red boxed area in (b) with lattice spacing matching these indexed in SAED pattern
and (c1) high magnification image of the selected grain in blue boxed area of Ti2SnC in (c) with lattice
spacing matching these indexed in SAED pattern.

3.7. Nanomechanical Properties Ti2SnC_AG, Ti2SnC_Ar+TNCFs and Ti2SnC_PPS

In this section, we consider the mechanical properties of Ti2SnC_AGTNCF, Ti2SnC_Ar+TNCF,
and Ti2SnC_PPS. Table 1 shows values of Young’s modulus (E) and hardness (H) calculated
from contact depths of 10–40 nm using linear extrapolation to zero depth (from 10–80 nm
for Ti2SnC_PPS samples, respectively). The reduced modulus (Er) and hardness (H) were
evaluated for each loading step by the Oliver and Pharr method [57]. Young’s modulus
(E) was calculated from the reduced modulus based on the assumption of the sample
Poisson’s ratio of 0.24 [58]. Figures 9 and 10 show results of elastic moduli and hardness
in individual points represented by dots in the figures while red lines in Figures 9 and 10
represent a linear fit from the 10–40 nm or 10–80 nm region on respective samples. The
non-constant trend indicates an influence of the harder substrate for larger penetration
depths meaning the true surface properties in the sub-10 nm region can be even lower.
Extrapolated values to zero depth are theoretical surface characteristics not influenced by
the substrate effects on Ti2SnC_AG/Ar+TNCF samples or structural effects in the case of the
bulk samples Ti2SnC_PPS pristine (non-irradiated) (Figure 11) and Ti2SnC_PPS irradiated
(Figure 12). Nevertheless, any comparison of pristine and irradiated samples made from
the results holds. The values of the substrate Si/(001) wafer as reference material are also
included [17].
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Table 1. Young’s modulus (E) and hardness (H) (values of linear fit at zero depth) of Ti2SnC_AGTNCF
(film), Ti2SnC_Ar+TNCF (film), Ti2SnC_PPS pristine (bulk), Ti2SnC_PPS irradiated (bulk), and Si
substrate.

Sample E(GPa) H(GPa)

Ti2SnC_AGTNCF (film) 87.7 2.48
Ti2SnC_Ar+TNCF (film) 97.6 2.44

Ti2SnC_PPS pristine (bulk) 104.9 2.56
Ti2SnC_PPS irradiated (bulk) 100.8 2.08

Si substrate, ref. [17] 166.6 15.3

Figure 9. Results for Ti2SnC_AGTNCF (a) Young’s modulus vs. contact depth, (b) hardness vs.
contact depth.
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Figure 10. Results for Ti2SnC_Ar+TNCF (a) Young’s modulus vs. contact depth, (b) hardness vs.
contact depth.
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Figure 11. Results for Ti2SnC_PPS pristine (a) Young’s modulus vs. contact depth, (b) hardness vs.
contact depth.
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Figure 12. Results for Ti2SnC_PPS irradiated (a) Young’s modulus vs. contact depth, (b) hardness vs.
contact depth.

The data for the irradiated Ti2SnC_Ar+TNCF shows commensurable hardness with
Ti2SnC_AGTNCF, which means that even irradiated with an Ar+ ion beam, this material
may have a high resistance to plastic straining. It seems logical to predict the role of Sn in
affecting the mechanical properties of the irradiated film. It was recently reported [58] that
a negligible amount of 0.1 at.% of Sn in binary Al/Cu alloys could enhance the hardening of
the resultant Al/Cu/Sn material even in low temperatures (100–200 ◦C). Our EDS analysis
finds out ~20 at.% β-Sn in Ti2SnC_Ar+TNCF. Therefore, our results are in line with the
statement that the concentration of Sn is the most liable concerning the hardness properties
of the materials. On the other hand, more significant elastic modulus increases than those
for the Ti2SnC_AGTNCF were observed. Based on the HAADF- STEM results, we could as-
sume that the microsegregation of Sn atoms on the Ti0.98C surface could involve local shear
strain [59,60]. Local modulation of the Ti2SnC_Ar+TNCF structure with point defects/voids
(marked with red arrows in Figure S5a–d) is well established [61]. Probably due to a low de-
gree of surface defects and low concentration of microsegregation conducted by Sn, the elas-
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tic modulus of the Ti2SnC_Ar+TNCF is not seriously affected. The nanoindentation results
for Ti2SnC_AGTNCF and Ti2SnC_Ar+TNCFs are graphically presented in Figures 9 and 10.
The hardness value and Young’s modulus for Ti2SnC_PPB are higher when compared
to those obtained forTi2SnC_AGTNCF and Ti2SnC_Ar+TNCFs (Table 1). Additionally,
Young’s modulus for Ti2SnC_PPB irradiated is higher than those of Ti2SnC_AGTNCF
and Ti2SnC_Ar+TNCFs. The Young’s modulus and hardness for Ti2SnC_PPB (pristine)
and Ti2SnC_PPB irradiated are graphically presented in Figures 11 and 12, respectively.
Although it is hard to generalize, the reason for such a difference between mechanical
properties of bulk and thin films may be a dependency on material properties. For instance:
(i) the Ti2SnC_AGTNCF and Ti2SnC_Ar+TNCF are thin enough, which can lead to their
higher defect density when correlated with bulk Ti2SnC PPS, (ii) preferred orientation of
grains in a sputter-deposited c-axis oriented Ti2SnC films. We can assume that irradiation
could maximize the coupling between grains that can reflect the degree of texture and me-
chanical properties as well [62,63], (iii) differences in grain size between Ti2SnC_AGTNCF
(~13–14 nm) and Ti2SnC_Ar+TNCF (~15–16 nm), and Ti2SnC_PPB (grains size ≥100 nm)
(see the size distribution for Ti2SnC_AG and Ti2SnC_Ar+TNCF in Figure S6 obtained by
ImageJ software (Madison, WI, USA)) [64], and Section 3.6. Surprisingly, the particle size
distribution of the irradiated Ti2SnC_Ar+NCTF was found to follow the same order as
before irradiation (see Figure S6), probably due to variation of the phase composition
in Ti2SnC_Ar+TNCF. This result suggested that non-only thin nanocrystalline films with
an average size below 20 nm could be considered as effective materials with enhanced
radiation damage tolerance, but powdered polycrystalline Ti2SnC could be considered as a
promising resistant material when irradiated with Ar+ ion beam, the fluence of which does
not go over 1015 cm−2 [65,66].

4. Conclusions

• In conclusion, the microstructure and mechanical properties of Ti2SnC TNCFs, syn-
thesized by an unconventional low-energy ion facility (LEIF) based on Ar+ ion beam
sputtering of the Ti, Sn, and C targets have been investigated. Combining high-
resolution HAADF-STEM analysis with simulations of SAED patterns, observed that
Ti2SnC_AGTNCFs coexist with SnO due to oxidation of Sn during the preparation
process. A significant microstructural instability was observed after irradiation of
the Ti2SnC_AGTNCFs with Ar+ ion beam having an energy of 30 keV and fluence of
1.1015 cm−2. The results from simulated SEAD patterns are compatible with experi-
mental HAADF-STEM analysis and have suggested the existence of a heterostructure
composed of binary Ti0.98C carbide and metallic β-Sn, which could be attributed to
the irradiation-induced instability of the ultrathin Ti2SnC film. In addition, Ar+ ion-
beam irradiation-induced dislocation and point defects can provide channels for very
fast Sn mass transport. The analysis by nanoindentation showed that the irradiated
Ti2SnC TNCFs and irradiated Ti2SnC_PPS exhibited promising Young’s modulus and
hardness even for the locally disordered structure in Ti2SnC TNCFs. This fact opens
the possibility of exploiting the β-Sn/Ti0.98C structure as a composite where a harsh
radiation environment could have occurred.

• HRTEM/SAED observations and XRD analyses of the Ti2SnC_PPS documented 70.4%
of a single Ti2SnC phase. The calculated value for NPs size by Scherrer’s formula
was estimated to be 120 nm. The presence of 9% of Sn avoided the formation of
stable intermetallic impurities (Ti3Sn, Ti6Sn5, Ti2Sn, and Ti5Sn3) in Ti2SnC_PPS. The
Ti2SnC_PPS irradiated yield the lowest hardness (H) when compared with Ti2SnC_PPS
and unirradiated and irradiated Ti2SnC TNCFs. Probably, the low degree of nano
crystallinity and tendency to agglomeration upon irradiation can contribute to the
surface hardness of polycrystalline bulk materials.

• The approach here presented may be extendable to other M2AX nanostructured mate-
rials, and can keep attention for material science applications ranging from protective
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nanocoating films, ion-beam irradiation resistant parts for nuclear applications and
nanoceramics, to their utilization as a precursor for MX phases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12030307/s1, Figure S1: Morphology of Ti2SnC M2AX samples (a) Ti2SnC_AGTNCF,
(b) Ti2SnC_Ar+TNCF and (c) Ti2SnC_PPS obtained by SEM with SE detector; Figure S2: (a) EDS-STEM
analysis and (b) EDS-STEM mapping Ti2SnC_AGTNCF. HAADF-STEM image of Ti2SnC_AGTNCF
at low magnification and Table with at. % of elements are present as an inset in Figure S2a;
Figure S3: (a) EDS-STEM analysis and (b) EDS-STEM mapping Ti2SnC_Ar+TNCF. HAADF-STEM
image of Ti2SnC_Ar+TNCF at low magnification and Table with at. % of elements are present
as an inset in Figure S3a; Figure S4: XRD pattern of Ti2SnC PPS: Titanium Tin Carbide Ti2SnC–
70.4% Reference code: 04-005-0037, Tin Sn–9.1% Reference code: 04-004-7745, Titanium Carbide
TiC0.55–11.2% Reference code: 04-018-5143, Titanium Tin Carbide Ti2SnC–9.3% Reference code: 04-
005-0049; Figure S5: (a−d) HRTEM images of irradiation-induced defect cores in Ti2SnC_Ar+TNCF.
The yellow marked regions indicated defect cores in a different region of interest, where the inter-
action of dislocation lines, voids, and atoms segregated on the surface (marked with red arrows)
are well visible; Figure S6. STEM images and corresponding particle size distribution estimated by
ImageJ software [64]. (a) Ti2SnC_AGTNCF and (b) Ti2SnC_Ar+TNCF.
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Abstract: The interface between ceramic particles and a polymer matrix in a hybrid electrolyte is stud-
ied with high spatial resolution by means of Electrochemical Strain Microscopy (ESM), an Atomic
Force Microscope (AFM)-based technique. The electrolyte consists of polyethylene oxide with lithium
bis(trifluoromethanesulfonyl)imide (PEO6−LiTFSI) and Li6.5La3Zr1.5Ta0.5O12 (LLZO:Ta). The individ-
ual components are differentiated by their respective contact resonance, ESM amplitude and friction
signals. The ESM signal shows increased amplitudes and higher contact resonance frequencies on the
ceramic particles, while lower amplitudes and lower contact resonance frequencies are present on the
bulk polymer phase. The amplitude distribution of the hybrid electrolyte shows a broader distribution
in comparison to pure PEO6−LiTFSI. In the direct vicinity of the particles, an interfacial area with
enhanced amplitude signals is found. These results are an important contribution to elucidate the
influence of the ceramic–polymer interaction on the conductivity of hybrid electrolytes.

Keywords: Atomic Force Microscopy; Electrochemical Strain Microscopy; hybrid electrolyte; Energy
Storage; lithium transport; lithium distribution; all-solid-state electrolytes

1. Introduction

Over the last few years, the interest in all-solid-state batteries (ASSBs) has increased
due to their enhanced safety and theoretical capacity compared to conventional organic,
liquid electrolyte batteries [1–3]. Polymers, ceramics and polymer/ceramic hybrid materials
are under development for application in ASSBs. Polymer electrolytes allow for improved
electrolyte–electrode interfaces compared to ceramic-based electrolytes due to their higher
mechanical flexibility [4–6]. However, polymer electrolytes display comparably low ionic
conductivities [5,7]. In contrast to polymer electrolytes, ceramic electrolytes demonstrate
superior conductivities [8–10].

Ceramic electrolytes are brittle and inherently exhibit a high rigidity. Furthermore,
their interface towards electrodes is hindered due to their rough surface structure. The
current research focuses on overcoming these limitations by employing hybrid electrolytes
based on a polymer matrix and added ceramic particles. Hybrid electrolytes exhibit
important advantages of multiple solid-state electrolyte types, such as superior electrode–
electrolyte contact and flexibility [11–14].

Keller et al. gave an excellent overview of recent developments and problems regard-
ing different hybrid electrolyte types [15]. With the addition of ceramic particles into the
polymer electrolyte, the goal is to increase the global conductivity of the polymer electrolyte
while retaining the flexibility.
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The literature points to different conductivity tendencies in polymer electrolytes with
added ceramic electrolyte particles. There are reports showing an increase in the ionic
conductivity with added ceramic particles [16–18]. However, there are also studies showing
the complete opposite—a decrease in the ionic conductivity when the polymer electrolyte is
filled with ceramic particles [19,20]. Hence, hybrid electrolytes require careful optimization
of the lithium salt concentration in order to achieve high ionic conductivities [21].

The lithium ion conductivities of the individual ceramic and polymer components in
hybrid electrolytes are only two of the factors that determine the overall conductivity of
a hybrid electrolyte. A pronounced influence on the conductivity of the hybrids results
from the modification of the material in the vicinity of ceramic particles and from the
transition resistance between polymer and ceramic components in the hybrid. The presence
of ceramic particles prevents local poly(ethylene oxide) (PEO) chain organization and leads
to a high degree of disorder in the polymer neighboring the ceramic particles [22–24].

Moreover, in the interface region between the polymer and ceramic particles, Lewis
acid–base interactions with the electrolyte ionic species form and promote lithium salt
dissociation [24]. Dixit et al. found, by simulations, that, inside composite materials, an
interfacial area forms between bulk polymer phases and single ceramic particles [25,26].

Furthermore, they modeled the interfacial conductivity by Effective Mean Field Theory
and stated that the interfacial conductivity depends on the composition of the hybrid
electrolyte, as, for 25 wt.% Li7La3Zr2O12 (LLZO) in PEO the interfacial conductivity was
lower than in a hybrid film with 75 wt.% LLZO in PEO. The transition of the lithium
ions across the interface between the polymer and the ceramic determines the possible
pathways for the lithium transport within the hybrid electrolyte. The activation energies for
the ion transfer across the polymer/ceramic (PEO/LLZO) interface were up to 96 kJ mol−1

(0.9 eV) [27], and interface resistances within the hybrid material were high.
Information from typically applied methods, such as electrochemical impedance spec-

troscopy (EIS) and cyclic voltammetry can be collected as an average from the entire sample,
i.e., globally [21,28]. On the other hand, information with a high spatial resolution, i.e., on a
local scale, are required to identify the transport path for the lithium ions and to improve the
materials and cell designs. In particular, the interactions between different types of materials,
such as polymers and ceramics in hybrid electrolytes have to be understood in detail.

Zheng et al. employed isotopically labeled 6Li NMR in a LLZO-PEO hybrid electrolyte
to observe the lithium diffusion inside cycled symmetrical battery cells [29]. After cycling,
they found that, at a high ceramic content, the lithium attempted to primarily move through
the ceramic phase. 6Li NMR was also applied by Li et al., showing comparable results in
Li10GeP2S12-PEO [30]. For a lower ceramic content (10 wt.%), the main conduction pathway
was through the polymer phase, while, with increasing ceramic content (>50 wt.%), the
conduction pathway was mostly inside the ceramic phase.

Recently, based on NMR experiments, Ranque et al. suggested that the ion transport
between the polymer and ceramic phase is possible also for low (10%) Li6.55Ga0.15La3Zr2O12
content while being, however, comparably slow [31].

In this study, Electrochemical Strain Microscopy (ESM) was employed to investigate
the local ionic conductivity in a hybrid electrolyte. Typically, ESM is used on electrode
materials [32,33]. Generally, in Electrochemical Strain Microscopy (ESM) an alternating
voltage with the same frequency as the Contact Resonance Frequency (CRF) between the
conductive tip and sample is applied in contact mode. The electrical field at the tip forces
mobile lithium ions inside the material towards or away from the tip [34,35]. The signal
origin of ESM in electrolytes was discussed recently.

Schön et al. showed on Li1.3Al0.3Ti1.7(PO4)3 (LATP) that the dominant contribution
to the resulting ESM signal is caused by electrostatic forces [36]. A link between the
chemical composition and local tip-sample interaction was found. The aim of this work is
to investigate the interfacial area between ceramic particles and a surrounding polymer
matrix, as the ion transport through this interfacial area is still under debate. Therefore,
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applying ESM on a hybrid all-solid-state electrolyte offers insights into the local ionic
mobility and transport between different electrolyte materials.

2. Experimental Section

The preparation method of Li6.5La3Zr1.5Ta0.5O12 (LLZO:Ta) is described in detail
in [21]. It is important to note that OH groups are present on the ceramic particles.
The synthesis of the hybrid electrolyte was performed in inert gas atmosphere inside a
glovebox (MBraun, Stratham, NH, USA) to ensure the exclusion of water and oxygen
(H2O < 0.1 ppm, O2 < 0.1 ppm). The hybrid electrolyte film was synthesized using the
solution-casting method with anhydrous acetonitrile inside the glovebox. The ratio of
ethylene oxide monomer groups to lithium ions (Li:EO = 1:x) was used to define the LiTFSI
(Sigma-Aldrich, St. Louis, MO, USA, 99.95 %) concentration.

In this case, a film with a ratio of Li:EO = 1:6 was synthesized. We dispersed
50 wt.% LLZO:Ta powder with respect to PEO (MW = 1,000,000 g mol−1, Alfa Aesar,
Ward Hill, MA, USA) in acetonitrile and added to the polyethylene oxide with lithium
bis(trifluoromethanesulfonyl)imide (PEO6−LiTFSI) solution. For the PEO6−LiTFSI with
50 wt.% LLZO:Ta, as investigated here, no increase of the ionic conductivity in comparison
to the pure polymer was observed by EIS [21]. For the Atomic Force Microscope (AFM) and
ESM measurements, a Bruker Dimension Icon (Bruker, Santa Barbara, CA, USA) operating
inside a glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm, Argon filled) was used.

In the ESM mode, we tracked the contact resonance frequency and amplitude with
a phase-locked loop (HF2LI, Zurich Instruments, Zurich, Switzerland). For the measure-
ments, a cantilever with a free resonance peak around 75 kHz and a conductive platinum
iridium (Pt/Ir) coating (PPP-EFM, nominal spring constant 2.8 N m−1, Nano World AG,
Neuchatel, Switzerland) was utilized. A baseline correction was performed with the respec-
tive contact resonance frequencies. For the amplitude distribution, all peaks were fitted as
Gaussian according to Equation (1):

y = y0 +
Ae

−4ln(2)(x−xc)2

w2

w
√

π
4ln(2)

(1)

where y0 is the baseline, A is the area under the peak, w is the width of the peak and xc is
the center of the peak. The Focused Ion Beam (FIB) polishing process was conducted with
a NanoLab 460FI (FEI, Waltham, MA, USA). The sample transfer between the FIB and AFM
was realized in an inert gas shuttle. The Scanning Electron Microscopy (SEM) image was
recorded on the same material but from a different batch. The sample was broken in liquid
nitrogen and measured with a FEI Quanta FEG 650 with an accelerating voltage of 10 kV
utilizing a Back Scattered Electron (BSE) detector.

3. Results and Discussion

ESM measurements require a specifically prepared surface of the PEO6−LiTFSI film
containing 50 wt.% LLZO:Ta to avoid cross-talk between topographical features and the
ESM amplitude signal. Therefore, the solution-cast hybrid electrolyte film was carefully pol-
ished using a focused ion beam (FIB). For ESM experiments, it is of the utmost importance
to clearly distinguish between isolated ceramic particles and the surrounding polymer
matrix to identify the interfacial region between both materials. Individual particles within
the polymer matrix were identified based on their respective frictional response.

For the interpretation of ESM signals, another important prerequisite is to always
record the amplitude signal at the respective Contact Resonance Frequency (CRF) of
the cantilever. However, variations in the mechanical properties strongly influence the
resulting frequencies and ESM signals. Figure 1 shows a typical SEM-BSE image of a hybrid
electrolyte film, while the AFM topography and friction images display the resulting
smooth hybrid electrolyte film of the polished surface.
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Figure 1. (a) SEM-BSE image of a PEO6−LiTFSI with 50 wt.% LLZO:Ta film, (b) 10 µm × 10 µm
topography, (c) 10 µm × 10 µm friction image of a PEO6−LiTFSI with 50 wt.% LLZO:Ta film polished
with a focused ion beam and (d) a higher magnification of a friction image showing a single ceramic
particle within the polymer matrix.

The SEM-BSE image depicted in Figure 1a exhibits multiple bright spots on an area
of 20 µm × 14 µm, representing the high Z LLZO:Ta-particles. The dark area in the SEM
image in Figure 1a reveals the PEO6−LiTFSI, as this material represents the matrix in which
LLZO:Ta particles are embedded. Inside the polymer matrix, the LLZO:Ta particles tend to
form agglomerates. In addition to the SEM image, a typical 10 µm × 10 µm AFM topography
image is shown in Figure 1b. Vertical lines are observed from the ion milling process.

These effects are typical artifacts, known as curtaining, from the focused ion beam
polishing process as this was executed from the top of the image to the bottom. The image
Figure 1c illustrates a 10 µm × 10 µm friction image that was recorded simultaneously with
Figure 1b. Within a homogeneous matrix exhibiting a friction value of 60–80 nN, several
spots showing lower friction values are observed. A higher magnification of an isolated
square-shaped particle exhibiting low friction values is shown in Figure 1d.

The friction images demonstrate the materials’ differences, similar to the SEM image
of a different area. Lower friction values are associated with the ceramic particles, while
higher friction values are assigned to the bulk polymer phase. Due to the softness of the
PEO6−LiTFSI polymer and the stiffness of the ceramic, they show different tip–surface
interactions. The friction image reveals some agglomerates of ceramic particles, i.e., lower
friction values inside the bulk polymer phase as also detected by SEM with a particle size
between 0.4 and 1 µm and a mean particle size of <1 µm [21].

Figure 2 shows CRF curves on individual spots on the polymer matrix PEO6−LiTFSI
(red) and on LLZO:Ta ceramic particles (green). The CRF between the AFM tip and the
LLZO:Ta particle is observed between 297 and 304 kHz. In comparison, the frequency of
the identical tip in contact with the polymer matrix is found in the region of 266 to 279 kHz.
Additionally, we observed that the polymer peaks are broader and exhibit lower amplitude
values compared with the peaks obtained on the ceramic particle. The difference between
the polymer peaks and ceramic peaks verifies the highly individual properties of both
materials within the hybrid electrolyte film. As the polymer is a softer material than the
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ceramic particle, the damping of the cantilever causes the range to shift towards lower
frequencies and become broader in comparison to the ceramic peaks [37].

This verifies that polymer matrix and ceramic particles can be differentiated by AFM-
based techniques employing a sophisticated sample preparation method. This is especially
relevant as the topography image does not show the materials’ differences.
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Figure 2. Contact resonance frequency curves on PEO6−LiTFSI (red) and LLZO:Ta (green).

3.1. Electrochemical Strain Signal Distribution on the Individual Polymer and Ceramic Electrolyte

The amplitude distribution is studied on the single materials to differentiate the ESM
amplitude signal on the pure PEO6−LiTFSI and a LLZO:Ta pellet. The lower amplitude of
the polymer peak might be attributed to the lower lithium ion conductivity of the polymer
compared to the ceramic electrolyte. A closer inspection of the amplitude signal on a
10 µm × 10 µm area of pure PEO6−LiTFSI reveals that it follows a bimodal distribution as
depicted in the graph in Figure 3a. Two peaks exhibiting amplitude values of 5.9 pm V−1

and of 10.4 pm V−1 are found.
The first peak shows a Full-Width-Half-Maximum (FWHM) value of 1.9 pm V−1, while

the second broader peak has a FWHM of 7.0 pm V−1. Higher amplitude values indicate a
higher lithium mobility in this particular area. This observation illustrates heterogeneous
lithium mobility in a polymer matrix in agreement with earlier observations and is dis-
cussed in literature [38,39]. The variation in lithium ion conductivity is typically caused
by non-conducting crystalline regions and ion-conducting amorphous regions within the
polymer. Therefore, the first peak is assigned to the crystalline phase, thus, resulting in a
narrow FWHM. In comparison, the amorphous conducting phase is critically influenced by
the inhomogeneity of the microstructure and, hence, shows a broader distribution in the
second peak.
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Figure 3. (a) Graph with the amplitude distribution of a 10 µm × 10 µm area on a pure PEO6−LiTFSI
electrolyte film and (b) graph with the amplitude distribution of a 500 nm × 500 nm area on a
LLZO:Ta pellet.
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The amplitude distribution on a 500 nm× 500 nm area on a LLZO:Ta pellet is displayed
in Figure 3b. The graph shows two distinguishable peaks, one at an amplitude value of
25.7 pm V−1 and the other at 31.1 pm V−1. The first peak is broader with a FWHM of
8.3 pm V−1, as the second peak is narrower with a FWHM of 4.0 pm V−1.

In comparison to the amplitude peaks on PEO6−LiTFSI, the LLZO:Ta peaks are found
at higher amplitude values. This correlates with the different ionic conductivities of the
PEO6−LiTFSI and LLZO:Ta electrolytes. The PEO6−LiTFSI shows lower amplitude values
with a lower ionic conductivity, whereas the LLZO:Ta shows higher amplitude values with
a higher ionic conductivity.

The two distinct peaks in the distribution of the LLZO:Ta ceramic particles might
originate from microstructural or morphological effects influencing the local ionic conduc-
tivity within the material. To further understand the ESM amplitude signal response of the
hybrid electrolyte film, a similar approach was conducted on the polished sample within
an area exhibiting particles as well as the polymer matrix.

3.2. Electrochemical Strain Signal Distribution Inside the Hybrid Electrolyte

Figure 4 shows the topography, ESM amplitude and ESM frequency images, as well
as the amplitude distribution of a 10 µm × 10 µm area on the polished PEO6−LiTFSI with
50 wt.% LLZO:Ta film. The topography image in Figure 4a illustrates the surface of the
polished area, exhibiting a height difference on the order of 300 nm. A few cracks on the
surface, together with vertical lines from the top to the bottom that can be attributed to the
curtaining effect, are observed.

The simultaneous recording of the ESM amplitude, the CRF and the friction force
signals is very important to gain more information about materials differences than from
topographical measurements alone. Therefore, in Figure 4b, the ESM amplitude signal
image is shown. At the top part of the image, multiple green and blue spots with higher
amplitude values are seen. Additionally, in the bottom part of the image, more green areas
are observed.

Orange regions of lower amplitude values are visible in the middle of the image,
as well as a few orange regions on the right side. Furthermore, there are areas with
lower amplitude values in between and around the green and blue spots. The amplitude
distribution of the PEO6−LiTFSI electrolyte in Figure 3a shows amplitude values up to
20 pm V−1, verifying that the orange areas within the hybrid electrolyte film in Figure 4b
reflect the polymer part of the electrolyte.

As the ceramic particles show significantly higher amplitude values, as indicated by
the amplitude distribution in Figure 3b, the green and blue spots with amplitude values up
to 45 pm V−1 are attributed to the ceramic particles. As in Figure 1a, the ceramic particles
form agglomerates.

Figure 4c shows the variations of the contact resonance frequency. This is simultane-
ously recorded with the topography and amplitude image. From the top right and middle
to the lower left area decreased CRFs are observed. This is in agreement with the amplitude
image in Figure 4b and the friction image in Figure 4d displaying higher friction in the same
regions although there is no exact correlation between the individual channels. A possible
reason for the weak correlation might be an overlapping thin polymer film that influences
the various signals differently.

The graph in Figure 4e illustrates the corresponding amplitude distribution of Figure 4b.
Two peaks are found in the amplitude distribution: The narrower peak at 12.8 pm V−1 exhibits
a FWHM of 2.8 pm V−1, while the broader second peak with a maximum at 27.0 pm V−1

possesses a FWHM of 21.5 pm V−1.
Hence, the first peak is rather similar to the second peak in Figure 3a, i.e., reflecting

the higher conductive amorphous polymer phase. This important observation confirms
the strategy of incorporating particles into a polymer matrix to prevent crystallization
and increase the amorphous fraction of the polymer phase. The second peak 3′ of the
hybrid sample (Figure 4e) is rather broad and exhibits significantly larger amplitude values,
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comparable to peaks 3 and 4 in the distribution on the LLZO:Ta pellet in Figure 3b. As this
peak is absent in the pure PEO6−LiTFSI phase and has a similar position to the peaks on
the LLZO:Ta pellet, it is expected to originate from the added ceramic particles.

The obtained ESM amplitudes in the hybrid electrolyte reflect the identical ESM am-
plitudes as obtained for the individual materials. However, an additional higher amplitude
was found corresponding to the interfacial area. This increased lithium ion mobility has
not been previously observed by EIS [21] as the interfacial areas are not connected. Thus,
the interfacial area around te particles is of particular interest, and we focus on this in the
next chapter.

Figure 4. (a) Topography, (b) amplitude, (c) contact resonance frequency, (d) friction images and
(e) amplitude distribution graph of Figure 4b, of a 10 µm × 10 µm area of a PEO6−LiTFSI film with
50 wt.% LLZO:Ta film polished with a focused ion beam. Peak 3′ reflects the overlapping peaks 3 and 4.

3.3. Interfacial Analysis between Ceramic Particles and Bulk Polymer

The interfacial area between a single LLZO:Ta particle and the surrounding PEO6−LiTFSI
is analyzed in greater detail. Figure 5 shows the amplitude signal, Contact Resonance
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Frequency and friction force images of a 200 nm × 200 nm area of the hybrid electrolyte.
With the focus on the interfacial area, Figure 5a displays lower amplitude values on the
lower left, while the right hand side exhibits higher amplitude values. The upper left
exhibits higher values as well.

The CRF map in Figure 5b illustrates a similar pattern with mostly low CRFs on the left
and high CRFs on the right, thus, allowing a clear differentiation between the polymer and
ceramic phase. Though subsurface effects on the top left area might influence the amplitude
image. The friction force image supports the assignment of the polymer and ceramic phase,
with high friction forces on the left and low friction forces on the right-hand side of the
map. Therefore, we concluded that the left side of the image shows a bulk polymer phase,
while the right side shows a single ceramic particle. In this case, the boundary between
both materials is clearly identifiable.

a) b) c)

FrictionContact Resonance FrequencyESM Amplitude

Figure 5. (a) Amplitude, (b) contact resonance frequency and (c) friction force images of a
200 nm × 200 nm area between the bulk PEO6−LiTFSI and a single LLZO:Ta particle. The line
sections indicated in the middle of the images are shown in Figure 6.

It is important to note that the amplitude image shows an area with significantly
increased amplitude values at the transition between the bulk polymer phase and the
ceramic particle. To assign this region to the polymer or ceramic material, line sections of
the amplitude, CRF and friction force at identical positions, are visualized in Figure 6.
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Figure 6. Corresponding line sections as highlighted in Figure 5 of the ESM amplitude, contact
resonance frequency and friction force on a PEO6−LiTFSI with 50 wt.% LLZO:Ta film. The line
sections are averaged over five lines.

As in the images shown in Figure 5, the left side of the graph shows the polymer phase,
while the right side shows the ceramic particle. The transition between both materials can
easily be recognized between 100 and 120 nm. Interestingly, the amplitude signal exhibits
a spike at 110 nm, i.e., exactly in the transition zone. The CRF increases drastically at the
same position. However, the friction force decreases at 120 nm and, thus, indicates where
the ceramic particle is located.
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Combining this information, high friction and a low CRF on the polymer phase and
lower friction but higher CRF on the ceramic particle, we verified that the interfacial
area with high ESM amplitudes was mostly present on the polymer phase. In agreement
with reports from the literature [25,26,31], these findings lead to the major conclusion that,
indeed, the transition zone plays an important role in lithium ion transport in PEO6−LiTFSI
with LLZO:Ta electrolytes. However, the increased ESM amplitude might also reflect the
accumulation of lithium ions within this transition zone with a dimension of approximately
20 nm in front of the ceramic particles.

The effect of the transition zone is also reflected in the amplitude distribution of the
region from Figure 5a as shown in Figure 7.
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Figure 7. (a) Amplitude distribution of 200 nm × 200 nm of a PEO6−LiTFSI with 50 wt.% LLZO:Ta
film and (b) of a smaller region as indicated by the red square shown in Figure 5a.

The distribution in Figure 7a displays four distinguishable peaks. While the first peak
2 appears at around 11.6 pm V−1 and reflects the amorphous polymer phase as discussed
above, the second peak 3 at 22.0 pm V−1 and the third peak 4 at 30.7 pm V−1 correspond to
the ceramic particle, comparable to Figure 3b.

In comparison to the single peak observed in Figure 4e, the high spatial resolution
reveals even small variations in the ESM amplitude signal within the hybrid electrolyte.
The rather small fourth peak 5 at 42.9 pm V−1 is only obtained at sufficiently high spatial
resolution and is attributed to the interfacial area exhibiting very high ESM amplitudes.
This is verified by focusing on the interfacial area and highlighted in Figure 7b, where the
amplitude distribution according to the highlighted area in Figure 5a is illustrated.

A significantly enlarged peak 5 is found. The obtained amplitude distributions indicate
that, in Figure 4e, a fourth peak might be hidden in the amplitude values distributed around
40 to 50 pm V−1. However, on larger scale images, the resolution is not sufficient to visualize
the transition zone of 20 nm. The increased amplitude signal validates the higher lithium
mobility inside the interfacial area, while a transport process between an amorphous
polymer and ceramic is possible.

These results underline the importance of the interaction between ceramic particles
and the polymer matrix to increase the overall conductivity. The outstanding influence
of interfacial transition zones, reminiscent of the space charge areas between the polymer
phase and embedded ceramic particles, as discussed in the literature [29–31], are confirmed.

4. Conclusions

A PEO6−LiTFSI with 50 wt.% LLZO:Ta all-solid-state hybrid electrolyte film was
examined by means of Electrochemical Strain Microscopy. We demonstrated that the
individual materials exhibited significantly different signals in the friction force, Contact
Resonance Frequency and amplitude signals. The polymer electrolyte exhibited a higher
friction force with lower CRFs as expected. In agreement with the literature, higher ionic
conductivity inside the ceramic led to significantly higher ESM amplitude values compared
to the bulk polymer phase.

The amplitude distribution of a pure PEO6−LiTFSI polymer electrolyte exhibited two
peaks that can be attributed to crystalline (peak 1) and amorphous (peak 2) regions. The dis-
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tribution on a LLZO:Ta pellet showed two peaks at higher amplitude values. Within the
hybrid electrolyte film, those peaks were similar except for peak 1, as the introduction of
particles suppresses the crystallization. High-resolution imaging revealed a region around
the ceramic particles with increased amplitude values even higher than those of bulk
LLZO:Ta, thereby, indicating the accumulation of lithium ions.

This interfacial area has a dimension of 20 nm inside the polymer phase adjacent to
the ceramic particle as verified by friction force and CRF and schematically depicted in
Figure 8. In the distribution of the amplitude values, another peak was observed that is
attributed to this interfacial area.

Figure 8. Schematic illustration of the bulk polymer phase with several ceramic particles and a
segment of a single particle with the ESM amplitude line section of Figure 6. The interfacial area
shown is not to scale.

The results presented in this manuscript are of significant importance to obtain a
further understanding of the ionic transport mechanisms inside hybrid electrolytes. Based
on these results, we propose two strategies for the further improvement of hybrid solid-
state electrolytes.

First, coating the particles to decrease the interfacial resistance might open a path
to take advantage of the intrinsically higher ionic conductivity of the ceramic. Second,
to capitalize on the high lithium content of the interfacial area and increase the overall ionic
conductivity of the hybrid electrolyte, a system with a continuous percolation path along
the ceramic particles should be created. Both aspects are subject to further investigations.
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Abbreviations
The following abbreviations are used in this manuscript:

ESM Electrochemical Strain Microscopy
AFM Atomic Force Microscopy
ASSB All-Solid-State Battery
FIB Focused Ion Beam
SEM Scanning Electron Microscopy
CRF Contact Resonance Frequency
NMR Nuclear Magnetic Resonance
BSE Back Scattered Electron
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Abstract: A three-dimensional vertical-aligned graphene-polydopamine electrode (PDA@3DVAG)
composite with vertical channels and conductive network is prepared by a method of unidirectional
freezing and subsequent self-polymerization. When the prepared PDA@3DVAG is constructed as the
positive electrode of zinc-ion hybrid supercapacitors (ZHSCs), excellent electrochemical performances
are obtained. Compared with the conventional electrolyte, PDA@3DVAG composite electrode in
highly concentrated salt electrolyte exhibits better multiplicity performance (48.92% at a current
density of 3 A g−1), wider voltage window (−0.8~0.8 V), better cycle performance with specific
capacitance from 96.7 to 59.8 F g−1, and higher energy density (46.14 Wh kg−1).

Keywords: zinc-ion supercapacitor; three-dimensional vertically aligned graphene; polydopamine;
highly concentrated salt electrolyte

1. Introduction

The construction and manufacture of electrochemical energy storage systems with high
power and energy density, fast charge and discharge rates, and excellent cycle performance
are of great importance to the rational use of energy [1–3]. Traditional energy storage
devices mainly include batteries and supercapacitors, which are widely used in high energy
density and high power ranges, respectively [4]. As energy storage components, batteries
have the advantages of high energy density and facilitate long-term storage of electrical
energy [5]; however, the disadvantages of low power density, low charge and discharge
efficiency, poor cycle performance limit their applications [6–8]. Supercapacitors have the
advantages of high capacity, high specific power density, fas t charge and discharge rates
and excellent cycle performance, but the low energy density limits their application [9,10].
The electrochemical hybrid supercapacitors combine the advantages of capacitive cathode
and battery type anode material and have high energy and power density together with
excellent cycle performance [11].

A few organic materials are being studied as electrode materials for supercapacitors, such
as polyaniline (PANI) [12,13], polypyrrole (PPy) [14,15], poly(3,4-ethylenedioxythiophene)
(PEDOT) [16], and quinone-based organics [3,17]. In recent years, the quinone-based
organic of polydopamine (PDA), which contains a large amount of catechol and nitrogenous
amino groups, has been widely studied as electrocatalysts and electrode materials for energy
conversion and storage. Wang et al. [18] constructed a fibrous aqueous zinc-ion battery with
PDA, which has a large specific capacity (372.3 mAh g−1 at 50 mA g−1) and long-term cycle
performance (80% capacity retention after 1700 cycles at 1 A g−1). While for the organic
cathode, two factors hinder its development and application. Firstly, organic molecules are
easily soluble in the electrolyte, resulting in low cycle performance. Secondly, most organics
have poor electrical conductivity, which limits their multiplicative performance [19]. To
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solve the solubilization of quinone-based organic materials, many methods have been
developed, such as separation modification, polymerization, mesoporous matrix constraint,
and so on [20,21]. As for the problem of poor conductivity, studies have found that the
ion/electron conductivity is closely related to the pore curvature of the electrode and the
composite electrode, based on a highly conductive three-dimensional graphene structure,
which can effectively improve the multiplicative performance [22]. In particular, three-
dimensional vertically oriented graphene (3DVAG) has a special structure with vertically
open channels and low pore curvature, which contributes to fast ion/electron transfer and,
therefore, excellent performance.

In this work, unidirectional freezing and thermal reduction are used to prepare
3DVAG with a 3D long-range ordered structure. Three-dimensional vertically aligned
graphene-polydopamine (PDA@3DVAG) composite electrodes were prepared by loading
PDA particles on the as-prepared 3DVAG substrates via oxidative self-polymerization. By
constructing PDA@3DVAG as the positive electrode of zinc-ion hybrid supercapacitors
(ZHSCs), excellent electrochemical performances are obtained in highly concentrated salt
electrolytes for both three and two electrode systems.

2. Experimental

Figure 1 illustrates the preparation process of PDA@3DVAG electrode material. In
brief, 3DVAG aerogel was prepared by directional freezing and subsequent thermal reduc-
tion. Firstly, LGO suspension (2 mL, 5 mg mL−1) was mixed with ascorbic acid (VC, 20 mg),
which was subsequently heated in an oil bath for the first hydrothermal reduction to obtain
partially reduced graphene oxide (PrGO) hydrogels. Then, PrGO was further heated in a
water bath, and impurities were removed by deionized water. Finally, after freeze-drying
and reduction, 3DVAG was obtained. Subsequently, PDA@3DVAG was prepared by the
liquid-phase graphene reduction and oxidative self-polymerization process. Finally, it was
assembled into a buckled supercapacitor for electrode testing.
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2.1. Preparation of 3DVAG

Preparation of PDA@3DVAG 3D vertically oriented graphene was prepared by
hydrothermal-assisted unidirectional freezing and subsequent thermal reduction. Firstly,
2 mL solution of graphene oxides suspension (5 mg mL−1) and 20 mg of ascorbic acid were
mixed and heated in an oil bath for the first hydrothermal reduction to obtain partially
reduced graphene oxide (PrGO) hydrogel. Then, the PrGO was placed on the surface of a
copper ingot impregnated with liquid nitrogen for 5 min of unidirectional freezing. After
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thawing at room temperature, PrGO was reduced in a water bath for 6 h. The obtained gel
was washed with deionized water to remove soluble impurities. After being chemically
reduced by 20 µL 80 wt.% of hydrazine hydrate and subsequently washing, 3DVAG was
finally formed.

2.2. Preparation of PDA@3DVAG

PDA@3DVAG composite electrode material was prepared by liquid-phase graphene
reduction and one-step oxidative self-polymerization. Firstly, 0.15 g dopamine hydrochlo-
ride was dissolved in 75 mL water, then the pH of the dopamine hydrochloride solution
was adjusted to 8.5 by adding trimethyl methylamine. Subsequently, 3DVAG hydrogel
was impregnated into the solution to self-polymerize for 24 h. Finally, PDA@3DVAG was
obtained after washing and freeze-drying.

2.3. Materials and Electrochemical Characterization

The morphologies of the samples were characterized using field emission scanning
electron microscopy (SEM, Dutch FEI) and energy dispersive spectrometer (EDS, Dutch FEI)
mapping scanning. The structure of PDA@3DVAG was characterized by Fourier transform
infrared (FTIR, Perkin Elmer Spectrum 100) spectroscopy spectra and X-ray diffraction
(XRD, Bruker D8-Advanced diffractometer). UV–vis spectroscopy was performed on
electrolyte solutions with a Perkin Elmer LAMBDA 750.

The cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) of the as-
prepared PDA@3DVAG composite electrode materials were measured via a three-electrode
system in this work. In 2M ZnSO4 aqueous electrolyte, the electrochemical performances
were tested with PDA@3DVAG composite electrode as working electrode, platinum sheet
as counter electrode and Ag/AgCl electrode as reference electrode under the voltage
window of 0~0.7 V. PDA@3DVAG composites were assembled into buckle supercapacitor
for two-electrode testing. Porous activated carbon (AC) was used as the anode electrode,
and CV tests were performed under the voltage window of −0.8~0 V.

The CV was performed by applying a linear voltage between the upper and lower
limits of the two voltages for the working electrodes to perform a cyclic scan. The GCD
examined the electrochemical response to controlled current, which is the response voltage
versus time curve obtained by controlling a constant current.

The mass specific capacitance (Cm, F g−1) was calculated as follows:

Cm =
I × ∆t

∆U × m
(1)

where I was the constant discharge current (A), ∆t was the discharge time (s), ∆U was the
discharge voltage window (V), and m was the mass of active substance (g).

The mass energy density (Em, Wh kg−1) was calculated as follows:

Em =
1
2
× Cm × (∆U)2

3.6
(2)

The mass power density (Pm, W kg−1) was calculated as follows:

Pm = 3600 × Em

∆t
(3)

3. Results and Discussion
3.1. Morphology and Structure of PDA@3DVAG

Figure 2 shows the SEM images and EDS analysis of PDA@3DVAG. The ordered
porous structure can be observed in Figure 2a, where the channels show vertical orientation
with a pore size of about 20–30 µm. Figure 2b,c shows the partial enlargement, where
self-polymerized PDA particles are uniformly loaded on graphene substrates. As shown in
Figure 2d, the EDS spectrum of PDA@3DVAG shows the main elements are C, N, and O.
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The mass fraction of C element occupies 91.43%, while N and O elements occupy 3.2% and
5.37%, respectively. Figure 2c,d indicate the loading amount of PDA is small and a thin
layer is coated on the surface of graphene, which ensures a good contact between PDA
particles and graphene surfaces.
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Figure 2. SEM images (a,b) and EDS analysis (c,d) of PDA@3DVAG.

Figure 3a illustrates the FTIR spectra of 3DVAG and PDA@3DVAG. Compared with
3DVAG, more functional group spectral peaks can be observed in the spectrum of
PDA@3DVAG. The absorption peaks located at 3394, 3227, and 1721 cm−1 are found
existing in the spectrum of PDA@3DVAG, which are induced by the stretching vibrations
of the C−OH, N−H, and C=O group, respectively. The broad absorption peaks located at
1000~1800 cm−1 are induced by the vibrations of the indole group. The peaks located at
1609 and 1517 cm−1 are induced by the stretching vibrations of C=C on the benzene ring
and C=N in the carbon−nitrogen five−membered ring, respectively [18,23]. The above
results indicate that PDA is obtained by situ polymerization on the surface of graphene to
form a PDA@3DVAG composite. As shown in Figure 3b, the XRD pattern of PDA@3DVAG
reveals the characteristic peak of graphene structure (2θ = 26.1◦), indicating a composite of
graphene, which is consistent with FTIR.
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3.2. Electrochemical Performance

Figure 4a shows the CV curve of the composite electrode at the scan rates as 2~100 mV s−1,
from which a pair of redox peaks can be clearly observed. The forward CV scan shows a
broad oxidation peak with a peak potential of ~0.46 V vs. Ag/AgCl. In this experiment,
Ag/AgCl is used as the reference electrode, and its potential is 0.2 V. The coordination
potential of the quinone group with Zn ion is 0.46 V vs. Ag/AgCl by conversion. It is
consistent with the potential of the oxidation peak in the CV curve, which is the current
response of coordination reaction between the quinone group in PDA and Zn ion. A
reduction peak appearing at ~0.26 V vs. Ag/AgCl has a potential difference of 0.2 V from
the oxidation peak, which is consistent with the literature (the reduction potential is ~3.1 V
vs. Li) [19]. The reduction peak reflects the reduction in the benzoquinone to a catechol
group, resulting in the loss of electrochemical activity and the occurrence of Zn2+ ligand
detachment. The above analysis shows PDA has a reversible Faradaic reaction process of
Zn2+ embedding and de−embedding. Figure 4b shows the GCD curves of the composite
electrode at current densities of 0.5~2 A g−1. As the current density increases, the mass
specific capacitance decreases. The highest specific capacitance is 142.4 F g−1 at the current
density of 0.5 A g−1.
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As shown in Figure 5a,b, the CV of the AC anode is performed under the voltage
window of −0.8~0 V. The CV curve is rectangular−like, indicating that the anode stores
zinc ions with electrostatic double−layer behavior. The PDA@3DVAG exhibits the appar-
ent redox peaks in the CV curve and is a battery type as a cathode. The two electrode
materials are assembled to construct an organic zinc−ion hybrid supercapacitor for further
investigation of performances.

Figure 5c shows the CV curves of the ZHSCs at the scan rate of 20 mV s−1 for a voltage
window of −0.8~0.7 V. Two pairs of redox peaks can be clearly observed in Figure 5c,
one oxidation peak appears at 0.26 V, and another reduction peak appears at −0.2 V. The
potential difference is 0.46 V, which is consistent with that (1.44 − 0.98 = 0.46 V) of the
redox peak (Figure 5d) in the Zn//PDA@3DVAG zinc−ion battery (ZIBs). In the two sets
of CV curves, the relative positions of the two pairs of redox peaks are close and their
shapes and sizes are similar, indicating that the energy storage effect of the AC anode as
the anode electrode is similar to that of metal zinc, while the mechanism is different. A
reversible dissolution/deposition process occurs for metal zinc anode, while an electrostatic
adsorption behavior for AC anode. Because of the low oxidation potential of AC anode and
low redox potential of PDA, the assembled ZHSCs exhibit a low potential of −0.8~0.7 V,
while the zinc cell voltage window can reach 0.5~1.7 V. However, the CV area of ZHSCs is
larger than that of Zn−ion batteries, and the redox peaks at both locations are remarkable,
indicating that the PDA is more electrochemically active in ZHSCs and has a greater ability
to bind zinc ions.
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The PDA@3DVAG electrode is impregnated in a 2M ZnSO4 electrolyte to observe its
solubility. There is a color change from colorless and transparent to slightly brown after 24 h,
as shown in Figure 6a. UV–vis spectroscopy of the electrolyte solution (Figure 6b) reveals
an absorption peak at 281 nm obtained after 24 h of impregnation, which is consistent with
the absorption peak of dopamine, indicating the presence of the soluble dopamine group
in the conventional 2M ZnSO4 solution [18]. In order to inhibit the dissolution of active
substances, an ultra-high concentration zinc salt electrolyte (18 m ZnCl2 + 6 m NH4Cl, WIS)
is used. As shown in Figure 6a, there is no obvious color change, and the UV–vis spectra
can also reveal no absorption peak of the dopamine group at 281 nm, indicating that the
highly concentrated salt electrolyte can significantly inhibit the dissolution of PDA.
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The electrochemical performances of PDA@3DVAG are compared in the two aqueous
electrolytes of 2M ZnSO4 and highly concentrated salt. Figure 7a,c shows the CV curves of
ZHSCs constructed with the two electrolytes at different scan rates from 2 to 100 mV s−1.

146



Nanomaterials 2022, 12, 386

As shown in Figure 7a, the PDA@3DVAG//2M ZnSO4//AC ZHSCs shows two pairs
of redox peaks under the −0.8~0.6 V voltage window, with oxidation peak potentials of
~−0.1 V and ~0.3 V, and reduction peak potentials of ~0.1 V and ~−0.3 V, corresponding
to the coordination reaction of Zn2+ and H+ with quinone group in the PDA, respectively.
The highly concentrated salt electrolyte exhibits a wider voltage window (−0.8~0.8 V), as
shown in Figure 7c. Due to the introduction of NH4

+ in the electrolyte, the redox peaks
in the CV curves of PDA@3DVAG//18 m ZnCl2 + 6 m NH4Cl//AC ZHSCs are −0.3 V
and 0.35 V, and the reduction peak potentials are 0.15 V and −0.65 V, corresponding to
the coordination reaction of Zn2+ and NH4

+ with quinone group, respectively. According
to the potential difference between AC anode and metal zinc, the redox peaks at 0.35 V
and 0.15 V are coordination reactions occurring in Zn2+, which is consistent with the
three−electrode system.
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Figure 7b,d shows the GCD curves of the two ZHSCs at different current densities.
As shown in Figure 7b, the symmetrical GCD curves can be observed in the conventional
electrolyte ZHSCs, which indicates the good electrochemical performance of ZHSCs in
conventional electrolytes. As the current density increases from 0.5 to 3 A g−1, the specific
capacitance decreases from 128 F g−1 to 71.1 F g−1, with the capacitance retention of 55.54%.
In the GCD curves of the highly concentrated salt electrolyte ZHSCs (Figure 7d), two
pairs of charge and discharge plateaus can be clearly observed, corresponding to the redox
peaks in CV. As the current density increases from 0.5 to 3 A g−1, the specific capacitance
decreases from 133.9 F g−1 to 65.5 F g−1, with the capacitance retention of 48.92%. The
specific capacitances of the two electrode materials at different current densities are also
shown in Figure 7e. It can also be seen that the PDA@3DVAG with vertical orientation
exhibits better multiplier performance compared to the system of PDA//WIS//AC ZHSCs
with the capacitance retention of 40.67%. This result can also be found in the electro-
chemical impedance spectrum (EIS), as shown in Figure 7f. The slope is higher in the
AC−based electrode, which indicates double−layer capacitance and not diffusion, while
the PDA/WIS/AC follows a diffusion pattern. Therefore, there is a fundamental differ-
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ence between these systems. In the Nyquist plot, the semicircular arc appearing in the
high−frequency range is the charge transfer resistance, which is mainly affected by the
contact interface resistance between the electrolyte and the electrode. The sloping line in
the low-frequency range reflects the ion transfer resistance of the pores inside the electrode.
Both PDA@3DVAG//2M ZnSO4//AC ZHSCs and PDA@3DVAG//18 m ZnCl2 + 6 m
NH4Cl//AC ZHSCs have higher slopes in the low−frequency range due to the presence
of carbon material in the positive electrode, but there is still ion diffusion resistance due
to the presence of PDA pseudocapacitive material. The main energy storage contribution
of PDA//WIS//AC is pseudocapacitance, so it exhibits large ion diffusion resistance. As
shown in the enlarged figure of the high−frequency range, PDA@3DVAG exhibits a smaller
ionic conductivity in WIS electrolytes compared to that in 2M ZnSO4, mainly due to the
low ionic conductivity of the highly concentrated electrolyte. However, it has a positive
effect on pseudocapacitance, which has a priority of high energy density compared with
traditional Electrochemical Double−Layer Capacitors (EDLCs). The EIS characterizations
of the two electrolytes exhibit different ion transport resistances, with the conventional
electrolyte having a smaller equivalent resistance than the highly concentrated salt elec-
trolyte. In the low−frequency range, conventional electrolytes have a higher slope than
highly concentrated electrolytes, indicating a lower resistance to ion transport, while PDA
electrodes exhibit the poorest ion diffusion. From the three−dimensional vertical channels
and the conductive network, PDA@3DVAG ensures good ion diffusion, achieves excellent
multiplicity performance under highly concentrated electrolytes, and improves the voltage
window and achieves better electrochemical performance [24,25].

Figure 8 shows the cycle performances of conventional and highly concentrated salt
electrolytes for ZHSCs at the current density of 1 A g−1. After 3000 cycles, the specific
capacitance of the conventional electrolyte decreases from 95.8 to 42.3 F g−1, with poor
capacitance retention of only 44.2%, which may be caused by the dissolution of PDA during
the long-term charge and discharge process as discussed before. The highly concentrated
salt electrolyte shows a decrease in specific capacitance from 96.7 to 59.8 F g−1 after the long-
term cycles, with a relatively high capacitance retention rate of 61.8%, which is improved
by 17.6% compared with that of the conventional electrolyte.
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Figure 9 shows the Ragone plot of ZHSCs constructed with highly concentrated salt
electrolytes. It can be found that the PDA@3DVAG composite electrode shows both high
energy and power densities. The energy density reaches 46.14 Wh kg−1 at the power density
of 393.75 W kg−1 and 19.29 Wh kg−1 at 2183 W kg−1, respectively. The energy density
exceeds that of conventional electrochemical capacitors and some large−size batteries.
As shown in Table 1, compared with the ZHSCs reported in the literature, the ZHSCs
constructed with PDA@3DVAG composite electrodes exhibit an excellent energy density
and good power density.
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Table 1. Performance of ZHSCs constructed by PDA@3DVAG composites compared with other
systems.

Electrode Material Electrolyte Voltage
(V)

Energy Density
(Wh kg−1)

Power Density
(W kg−1) Reference

PDA@3DVAG//AC WIS 0.8 46.14 393.75 This work
NTC 1M H2SO4 0.8 4.5 40 [26]

V2O5//AC 2M ZnSO4 2 34.6 1300 [27]
MnO2–CNTs//MXene 2M ZnSO4 1.9 29.7 2480 [28]

V2O5–ECF//ECF 6M LiCl 2 22.3 1500 [29]
LiNi0.5Mn1.5O4//AC 1M LiPF6 1.75 19 103 [30]

TiO2@EEG//EEG 1M LiPF6 1.5 10 2000 [31]
rGO/COF//rGO 1M H2SO4 1 10.3 50 [32]

4. Conclusions

The selection of material and the design of structure for electrode are of great im-
portance for the performances of ZHSCs, which requires large surface area, good electric
conductivity, certain channels with a proper diameter of pores, and so on for ion and
mass transfer, abundant active chemical sites, etc. In this work, a method of unidirectional
freezing and subsequent self-polymerization is used to obtain a PDA@3DVAG composite,
which has a three-dimensional vertically aligned structure with long ordered channels and
uniform pores. When the composite is assembled as electrode materials for an aqueous
organic zinc-ion hybrid supercapacitor, the electrochemical performances are fairly well
with a wide voltage window, good cycle performance, and high energy density, especially
in highly concentrated salt electrolyte systems. The structure of three-dimensional vertically
aligned graphene and the composite of PDA polymer may provide some references for the
development of high-performance aqueous organic zinc-ion energy storage devices.
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Abstract: A new gel polymer electrolyte (GPE) based supercapacitor with an ionic conductivity up to
0.32–0.94 mS cm−2 has been synthesized from a mixture of an ionic liquid (IL) with nanocellulose
(NC). The new NC-ionogel was prepared by combining the IL 1-ethyl-3-methylimidazolium dimethyl
phosphate (EMIMP) with carboxymethylated cellulose nanofibers (CNFc) at different ratios (CNFc
ratio from 1 to 4). The addition of CNFc improved the ionogel properties to become easily printable
onto the electrode surface. The new GPE based supercapacitor cell showed good electrochemical
performance with specific capacitance of 160 F g−1 and an equivalent series resistance (ESR) of
10.2 Ω cm−2 at a current density of 1 mA cm−2. The accessibility to the full capacitance of the device
is demonstrated after the addition of CNFc in EMIMP compared to the pristine EMIMP (99 F g−1

and 14.7 Ω cm−2).

Keywords: nanocellulose; ionic liquid; ionogel; gel polymer electrolyte; renewable energy storage;
supercapacitors

1. Introduction

From all the different types of energy storage systems (ESS), the interest in superca-
pacitors (SCs) has grown thanks to their energy storage mechanism by electrical double
layer, which increases cycle life and allows the use of safer ionic conductors and electrode
materials than in traditional batteries [1]. Their promising properties such as high-power
density, fast charge–discharge rate and long-cycle stability, have turned SCs into a poten-
tially useful tool for application in flexible and wearable electronics [2–4]. In this sense,
the use of these quasi-solid electrolytes could play an important role in the production
of printed supercapacitors providing flexibility, transparency, stability, and safety to the
devices [5].

Different types of electrolytes can be used for ESS, including liquid, solid state elec-
trolytes (SSEs) [6] and gel polymer electrolytes (GPEs). GPEs consist basically of a liq-
uid electrolyte, that can be an ionic liquid (IL), or an ionic salt trapped inside a three-
dimensional (3D) polymer network [7,8]. ILs, generally a room temperature molten salt,
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are usually used in GPEs to improve the properties of the ESSs, because of their great elec-
trochemical stability over a wide electrochemical window with minimum decomposition,
high ionic conductivity, non-volatility, non-flammability, and good thermal and chemical
stabilities [9,10]. Moreover, ionogel electrolytes (IL based gels) present interesting advan-
tages against liquid leakage and corrosion problems, increasing electrochemical stability,
and facilitating packaging and manufacturing processes, due to both their liquid-like ionic
conductivity and solid-like structural and mechanical features with great flexibility [10].

Recently, in response to an increased demand concerning the sustainable and cost-
effective development of electrochemical energy storage devices, great efforts are being
devoted to replacing the existing fossil energy resources by new ESSs based on green sus-
tainable materials. As a class of green materials, nanocellulose (NC) has received extensive
attention due to its natural abundance, recyclability, facile and diverse modification, large
specific area, and dimensional stability [11,12]. NC can be classified into the following cate-
gories depending on the source, preparation methods and fiber morphology: (1) cellulose
nanofibers (CNF), which refers to the nanoscale cellulose fibrils obtained by fibrillating
cellulose under the action of high pressure or mechanical forces, (2) cellulose nanocrystals
(CNC) obtained by acid hydrolysis conditions to form nano-sized, rod shaped particles
with high crystallinity, and (3) bacterial nanocellulose (BC) with a high aspect ratio obtained
by a microbial fermentation process [12,13]. Compared with other biomass-derived green
materials, such as lignin, chitin, etc., NC shows great advantages in the field of ESSs [14–20]:
versatile surface modification via functionalization of its hydroxyl groups that allow the
integration of other active materials; great thermal stability and extraordinary mechanical
properties that can improve the safety properties of the ESSs, through formation of the
previous mentioned gel polymer electrolytes (GPEs) [20].

Despite the NC advantages described above, the processing of cellulose-based ma-
terials for practical application in energy storage fields, like GPEs, is limited due to their
highly ordered structure and crystallinity. However, nanocellulose can be solubilized
in some ionic liquids by the disruption of the hydrogen bonding network and the for-
mation of new strong hydrogen bonds with the IL anions [21]. Hence, ILs anions play
a predominant role during this process, different than cations with weaker interactions
(van der Waals and/or electrostatic interactions) [21,22]. In this way, the use of NC or
other sources of cellulose as polymeric matrix for ionogel preparation has been studied.to
develop green and biofriendly electrolyte alternatives to fluorinated polymers. Thiemann
et al., synthesized an ionic liquid GPE by gelation of microcellulose thin films with 1-ethyl-
3-methylimidazolium methylphosphonate [23]. These cellulose ionogels showed high
specific capacitances (5–15 µF·cm−2), high transparency and flexibility. In another example,
a cellulose-based dual network ionogel electrolyte was synthesized by Rana et al. by
dissolving phosphorylated microcrystalline cellulose in 1,3-dimethylimidazolium methyl
phosphate [DMIM][MeO(H)PO3] followed by post-polymerization. The as-synthesized
ionogel electrolyte exhibited a high ionic conductivity (2.6–22.4 mS·cm−1) over a wide
temperature range (up to 120 ◦C) [22].

In this work, we have worked with 1-ethyl-3-methylimidazolium dimethyl phosphate
(EMIMP) as the ionic liquid because of the well-known ability of phosphates, among other
anions, to dissolve carbohydrates [21,22]. While ionogels from natural cellulose or microcel-
lulose have already been obtained easily [21–24], we selected carboxymethylated cellulose
nanofibers (CNFc) for our studies due to its superior properties: better mechanical perfor-
mance, and processability; together with the presence of carboxylic groups on the surface,
which can boost the strong inter- and intra- molecular interactions inside the resulting
ionogel [25]. We present the combination of the EMIMP with CNFc as hosting renewable
polymer to provide an easy-to-prepare transparent ionogel electrolyte with exceptional
thermal and electrochemical capabilities. For that purpose, four different ratios of CNFc
to IL were studied and tested in a coin-cell supercapacitor device as electrolyte (CNFc
ratio from 1 to 4) to observe the change in electrochemical performance. Physicochemical
characterizations (composition, morphology, rheology, and thermal stability) and electro-
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chemical characterizations (capacity, ionic conductivity and cyclability) were performed to
investigate its properties and understand the functionality of the novel nanocellulose-based
ionogel electrolytes.

2. Materials and Methods
2.1. Materials

Carboxymethylated cellulose nanofibers were produced by RISE Research Institutes
of Sweden from a commercial sulfite softwood pulp (Domsjö Dissolving plus; Domsjö
Fabriker AB, Domsjö, Sweden). Ethanol (Rectapur®) was purchased from VWR (VWR AB
International, Spånga, Sweden). Monochloroacetic acid (99%, ACS reagent, ClCH2COOH),
acetic acid (ACS reagent), iso-propanol (ACS reagent), sodium hydroxide (ACS reagent),
sodium hydrogen carbonate (ACS reagent) and methanol (ACS reagent) were purchased
from Sigma Aldrich (Stockholm, Sweden). 1-ethyl-3-methylimidazolium dimethyl phos-
phate (>98% grade) (EMIMP) was purchased at Iolitec (Heilbronn, Germany) and used as
received. Active Carbon YP50F (Kuraray, Kurashiki, Japan), conductive carbon TIMCAL C
65 (Cabot), 1-Methyl-2-pyrrolidone (NMP, Scharlau, Sant Feliu del Llobregat, Spain) and
5130 PVDF Solef (Solvay, Barcelona, Spain) were used in the formulation of the active layers
of the supercapacitors. The fabricated electrodes were assembled in CR2032 coin cells from
MTI by using cellulose separator Kodoshi (Nippon Kodoshi Corporation, Kochi, Japan) and
1-ethyl-3-methylimidazolium dimethyl phosphate (EMIMP, >98%, Iolitec) or EMIMP:CNFc
mixtures (96:4 to 99:1 in ratio) as electrolyte. 5 samples electrolytes are reported including
EMIMP pure electrolyte and 4 mixtures adding 1%, 2%, 3% and 4% of CNF in EMIMP ionic
liquid. It has not been possible to produced jelly electrolyte with higher rate of CNF due
to the loss of the mechanical properties not allowing to print and process the component.
The preparation of the electrode is identic for each symmetric coin cell and described in
Section 2.3. Each electrode is prepared by coating of the jelly electrolyte directly on the
top of the dried carbon electrode and then the CR2032 coin cell is assembled with staking
2 symmetric electrode separated by Kodoshi nanocellulose separator (thickness 50 µm)
without further addition of electrolyte or solvent.

2.2. Carboxymethylated Cellulose Nanofibers (CNFc) Fabrication

CNFc fabrication was done according to the general methodology described in the
literature [26]. Most commonly, CNFc is prepared with a total charge of ~600 µeq/g,
corresponding to a carboxmethyl degree of substitution (DS) of 0.1 [27]. In this work, a
higher charge DS 0.3 CNFc was produced as has been recently described [28]. Generally,
resulted pulp is solvent exchanged to ethanol followed by carboxymethylation reaction,
which begins by impregnating the pulp with a solution of monochloric acetic acid in
isopropanol, followed by transfer of the pulp to a heated methanolic solution of NaOH
in isopropanol and reaction under reflux for 1 h. Compared to the reaction conditions
for DS 0.1, to achieve DS 0.3, the dosage of monochloroacetic acid is increased 4.4-fold
and NaOH 2.7-fold. After reaction, the carboxymethylated pulp is washed with NaHCO3
to neutralize, and finally washed with water to remove excess reagents, until the wash
has a conductivity below 10 µS/cm. To generate CNFc, the carboxymethylated pulp
is microfluidized (Microfluidizer M-110EH, Microfluidics Corp., Newton, MA, USA) at
1700 bar (1 pass) to give a suspension of DS 0.3 CNFc at 1 wt%. The CNFc was then
subjected to lyophilization and morturation before use in Leitat (Barcelona, Spain).

2.3. CNFc Based Ionogel Preparation

In Figure 1 it is shown a scheme about the NC-ionogel preparation process. For
this, freeze-dried CNFc from an aqueous dispersion (at 3 wt%) was mechanically mixed
with different ratios of EMIMP (p/p, EMIMP/CNFc: 99:1, 98:2, 97:3 and 96:4, referred
as EMIMP/CNFc 99:1, EMIMP/CNFc 98:2, EMIMP/CNFc 97:3 and EMIMP/CNFc 96:4)
with heating (100 ◦C) for 16 h to obtain a yellowish viscous gel (final appearance pictures
are depicted in Figure S1 from Supplementary Materials). The as prepared ionogel could
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be used without any additional step in ambient air, showing long-term stability since
no destabilization phenomena, like phase-separation, have been observed after approx.
2 years.
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Figure 1. Schematic preparation of CNFc-based ionogels.

2.4. Supercapacitor Preparation

The active ink used in the supercapacitor application was fabricated by mixing NMP,
active carbon YP50F, conductive carbon TiMCALC65 and binder PVDF at dry weight ratio
of 80:10:10 by using a Dipermat (VMA-GETZMANN GmbH, Reischsof, Germany) with
a 3D printed head reproducing the shape of an industrial planetary mixer but adapted
for lower volume of ink. The prepared ink was printed onto a 20 µm aluminum foil by
bare coating (gap of 100 µm) and dried for 2 h at 120 ◦C in vacuum obtaining a dry coating
of 50 µm thickness and active material loading of 1.8 mg cm−2. For the CNFc-ionogel
printing, heating to 80–100 ◦C allowed direct printing using a Doctor Blade technique (gap
of 150 µm bar) onto a carbon electrode surface as shown in Figure 2.
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Figure 2. Direct printing process by Doctor Blade technique of the CNFc-ionogel onto the electrodes.

2.5. Characterization

X-ray diffraction (XRD) patterns were recorded for each sample on a diffractome-
ter (Malvern PANalytical X’pert Pro MPD, X-ray Diffraction Facility, Institut Català de
Nanociència i Nanotecnologia) at room temperature from 10 to 50 2θ. Fourier transform
infrared spectroscopy were recorded with a Shimadzu Iraffinity-1S spectrometer in ATR
mode. The specimens were measured directly with a scan range from 400 to 4000 cm−1.
The thermogravimetric analysis (TGA) of the samples (5–10 mg) were carried out by using
a TGA/DSC (Mettler-Toledo, University of Alicante, Alicante, Spain), equipped with au-
tosampler and gas-controlled unit, from room temperature to 900 ◦C with heating rate of
20 ◦C/min under N2 conditions. Scanning Electron Microscopy (SEM) were performed
in a Zeiss Merlin FE-SEM (Carl Zeiss Microscopy, Autonomous University of Barcelona,
Bellaterra, Spain) with samples mounted directly on SEM stubs with adhesive carbon tape
and metalized with Au thin film (E5000 Sputter Coater. Polaroid Equipment Limited. Wat-
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ford). Images were recorded at different steps of magnification. The rheologic properties of
EMIMP and all fabricated electrolytes were analyzed by using the rheometer Bohlin CVO
100–901 in the share rate range from 0.0517 to 888 s−1.

The electrochemical testing was performed with a multichannel potentiostat VMP3
(Bio-Logic) run with the EC-Lab software. Cyclic voltammetry was performed between
0 < V < 2.0, and with a scan rate between 10 < mV s−1 < 50, to investigate side reactions,
evaluate the potential window of stability and the device behavior. Galvanostatic measure-
ments at a constant areal capacity of mA·cm−2 and between 0 < V < 2.0 V) were used to
calculate the specific capacity (mAh·g−1 of AC, energy (unit), power (unit), and equivalent
series resistance (ESR) is calculated from the ohmic drop between of the developed su-
percapacitors. Electrochemical impedance spectrum measurements were carried out with
frequency range of 50 mHz to 1 MHz. All these analyses were carried out by VMP3 from
Biologic. Finally, a long cycling at 1 mA·s−1 for 10,000 cycles were carried out by Neware
cycler. The electrochemical CR2032 coin-cell type used for the tests is built from the stack
of two symmetric electrodes separated by cellulose membrane separators and with 40 µL
of EMIMP or 150 µm (wet) bar-coated EMIMP:CNFc gel as electrolyte ensuring it excess.

The cell capacitance (Ccell) of a symmetrical capacitor can be calculated according to
Equation (1) [29]:

Ccell =
Ce

2
; Ce = 2Ccell (1)

where Ce = C+ = C− are the specific capacitance of the two electrodes in mAh·g−1 of
activated carbon, and the cell capacitance of a supercapacitor can be calculated from the
charge-discharge experiment Equation (2):

Ccell =
I

mdV/dt
(2)

This can be then used, when combined with Ccell equation to obtain the electrode
capacity, and subsequently obtain information on the capacity of an investigated material
Equation (3):

Ce =
4I

mdV/dt
(3)

where I (A) is the discharge current, m (g) the total mass of active materials of two electrodes
and dV/dt the slope of the discharge curve between 80% and 40% of the cut-off voltage (V).
From the total specific cell capacitance of two-electrode system (Ccell), the maximum energy
(Emax.) and maximum power (Pmax.) of a supercapacitor cell can be calculated according to
Equations (4) and (5):

Emax. =
1
2

CcellV2 (4)

Pmax. =
V2

4ESR
(5)

where, V (V) is the cell voltage minus the ohmic drop, and ESR (Ω) is the total equivalent
series resistance of the supercapacitor. From the EIS, the ionic conductivity of the different
gels has been calculated using the following formula Equation (6):

σ =
l

R1 A
(6)

where σ is the ionic conductivity (S m−1), l (m) is the thickness of the membrane, A (m2) is
the contact area between the electrode and the electrolyte and R1 (Ω) is the ionic resistance
at high frequency corresponding to the first interception of the circle in the Nyquist plots.

3. Results and Discussion

An extensive characterization of the prepared CNFc-ionogels have been realized to
study their composition, homogeneity, thermal and rheological properties. XRD patterns
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for each IL/CNFc ratio, pristine CNFc (lyophilized) and EMIMP are shown in Figure 3a.
Broad signals are obtained in all cases, obtaining major intensities at 12◦ and 25◦ for all the
EMIMP/CNFc mixtures, which are related to the ionic liquid EMIMP (triangle signals),
with a minor signal present as a broad band at 15◦ corresponding to (002) nanocellulose
crystalline plane (star signals). The major component of ionic liquid ensures a good ionic
conductivity and a good gel flexibility due to their mainly amorphous nature. Fourier
transform infrared spectroscopy (FTIR) of each CNFc-ionogel were also recorded and are
depicted in Figure 3b, where the IR profiles of pure CNFc and EMIMP are also added.
As in case of previous XRD studies, the EMIMP has the major intensity, showing its
typical bands of -CH from the imidazolium ring (3060 and 1570 cm−1), the -CH2 st and
-CH3 st (2920–2970 cm−1), -CH3 bend (1450 cm−1) and -CH2 bend (780 cm−1) from the
ethyl chains, the -C-N st at 1240 cm−1 and finally, the -P-O-C (930–1050 cm−1) and -P=O
(1090–1200 cm−1) vibrations of the diethylphosphate group. CNFc (highlighted in blue)
shows an -OH band at 3400 cm−1, which increases with the higher ratio of CNFc in the
mixtures, a -C=O peak related with the carboxylated groups at 1600 cm−1, which appears
slightly shifted to 1650 cm−1 for all ionogel mixtures, and a -C-O-C streaching at 1000 cm−1

from CNFc glucose units, which can not be appreciated in the mixtures due to overlaping
with EMIMP P=O and P-O-C signals.
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Figure 3. (a) XRD; (b) FTIR; (c) TGA and (d) Rheological data from CNFc-EMIMP GPE, including
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Thermal properties (TGA) were studied for each CNFc-ionogel and are depicted in
Figure 3c. The TGA profiles shown in all cases a two-step weight loss at temperatures below
100 ◦C and above 250 ◦C, which can be reasonably attributed to evaporation of adsorbed
water (less than a 15% wt) and the degradation of CNFc and the EMIMP, respectively. This
data shows the high thermal stability of the new gel electrolyte. DSC experiments have been
also studied to determine the degradation temperatures for each ionogel in comparison to
pure EMIMP (Figure S2 and Table S1, Supplementary Materials), obtaining similar results
between them (290 ◦C for EMIMP, to 293 ◦C for EMIMP/CNFc 96:4). The addition of
smalls amounts of nanocellulose has a minor affection on the decomposition temperatures,
improving them slightly. ILs are mostly Newtonian fluids and more viscous than most
common molecular solvents [30]. Their ionogels show similar viscoelastic properties under
stress, providing a higher-quality electrode/electrolyte contact, in comparison with other
rigid solid-state electrolytes [10,31]. In the case of this work, viscosity measurements
(Figure S3, Supplementary Materials) reveal that almost all the prepared NC-ionogels have
similar viscosity characteristics, except for the mixture EMIMP/CNFc 96:4, that reveals a
thixotropic behavior, typical of NC. Regarding the apparent viscosity dependence of the
applied shear stress (Figure 3d), all NC-ionogels, and CNFc (1% wt, gel), show a reduction
in the viscosity, which is more pronounced in the ionogels with a higher CNFc content
(EMIMP/CNFc 96:4 and EMIMP/CNFc 97:3), with no changes in case of pure EMIMP. This
characteristic, named shear-thinning [32], is common of pseudoplastic fluids and consents
on a more effective particles flow through the liquid phase, reducing the viscosity of the
solution. It is intrinsic of the nanocellulose and its derivatives [33,34], and it is responsible
for the good printability of the presented ionogels, while the desired mechanical properties
were maintained.

High resolution scanning electronic microscopy (FE-SEM) was done for the ionogel
EMIMP/CNFc 96:4 to study its morphology, showing a smooth and homogeneous surface.
Moreover, an EDS mapping of nitrogen, phosphorous and sodium elements that are present
in the ionic liquid (N and P) and the nanocellulose (Na) was also performed to confirm the
homogeneity of the GPE. (See Figure 4).
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In the same way, to use these NC-based ionogels as electrolytes for supercapacitors,
their electrochemical performance and properties were first evaluated. Symmetric cells
were assembled in CR2032 coin cell to test the electrochemical performance of the EMIMP
electrolyte, alone and with the different CNFc ratios, using a cellulosic Kodoshi separator.
The cyclic voltammogram at 10 mV·s−1 (See Figure 5a) of the supercapacitor with EMIMP
electrolyte shows a near rectangle shape, approximated to the ideal situation of double
layer capacitor (or supercapacitor). There is no visible redox peak from Faradaic current
over the potential region. However, a peak onset appears as 2 V is approached. At high
scan rates (See Figure 5b), the shape of the CV curve was distorted due to an increase of the
internal resistance and the peak onset near 2 V was shifted to higher voltage, due to the
increase in cell resistance at higher scan rate.
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EMIMP/CNFc ionogel (99:1, 98:2, 97:3 and 96:4). Pristine EMIMP is also added for comparison.

When CNFc is added to the EMIMP ionic liquid, the capacity of the device increases
with the addition of CNFc, the peak onset near 2 V in the oxidation zone becomes more
evident and a new one between 0 and 0.5 V in the reduction zone appears (Figure 5a). At
high scan rates (Figure 5b), the shape of the CV curve was distorted due to an increase of the
internal resistance but to lesser extent than with EMIMP alone and the peaks onset near 2 V
and between 0 and 0.5 V disappear. However, no clear differences in capacity and resistance
between the electrolytes with different ratios of EMIMP/CNFc can be appreciated from the
cyclic voltammetry studies.

In order to clarify if the peak onset observed in the cyclic voltammetry was caused
by the electrolyte degradation or because of its own behavior (as has been seen before
in different IL electrolytes) [35], a floating test was carried out [36]. The supercapacitors
with the different studied electrolytes were charged at 2V in a stepwise ramp and the
voltage was maintained for a period of 24 h, as shown Figure S4 from Supplementary
Materials. The leakage current obtained at each time was recorded and could be used
to directly assess the importance of the electrochemical degradation of the electrolytes in
the fully charged state. The results showed that the leakage current of the EMIMP alone
was 6 times higher than the one obtained by adding CNFc (i.e., 120 µA vs 20 µA). The
data obtained for the different EMIMP/CNFc electrolytes were low enough to determine
that the peak onset showed in the cyclic voltammogram was not caused by electrolyte
degradation [37]. Moreover, these results demonstrated that the addition of CNFc increase
the EMIMP voltage resistance. The capacity and resistance of the supercapacitors with
EMIMP and with the gel electrolytes (by the introduction of different rates of CNFc in
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the EMIMP) were evaluated by galvanostatic charge-discharge tests. All these parameters
were calculated using the equations described in Section 2 and the results are showed in
Table S1 in Supplementary Materials and Figure 6. In the case of capacities calculated from
cyclic voltammetry, as shown Table S4 from Supplementary Materials, the capacitance
tendency in all cases is decreasing at higher scan rate. Higher specific capacity is measured
after addition of CNFc, which is online with galvanostatic charge-discharge results. The
supercapacitors with CNFc in the electrolyte exhibit a smaller ESR in all intensity ranges
than the supercapacitors with only EMIMP (4.0–10.2 Ω for different rates of EMIMP:CNFc
and 14.7 Ω for EMIMP alone). These results also indicate that EMIMP/CNFc gel electrolytes
(in all the studied ranges) have higher ionic conductivity than EMIMP alone, and this has
been confirmed by the electrochemical impedance spectroscopy showed in Figure 7. In
addition, according to Equations (2) and (3), the capacity for the electrolyte EMIMP and
EMIMP/CNFc with different ratios were calculated to be 99 and 132–160 F g−1 of YP50F
active material at current density of 1 mA cm−2. The introduction of CNF in the electrolyte
significantly increases the capacity of the electrode, and this increase on capacity and
decrease on ESR is also significant between the four gel electrolytes with different CNFc
ratios. Maximum of capacity is reached for EMIMP/CNFc 97:3 ionogel but presenting
similar capacity than the EMIMP/CNFc 96:4 ratio. However, the ESR of EMIMP/CNFc 96:4
is clearly lower than the other gel electrolytes that present similar values. In addition, we
previously demonstrated that this increase on capacity does not come from the electrolyte
(or CNFc) degradation by the floating test, rather this increment on capacity suggests that
part of the CNFc present in the electrolyte is displaced to the electrode surface (due to his
high polarity), creating an extra porous structure where more ions are allocated during the
charge process, and therefore, increasing the capacity of the device. It has not been tested
above 96:4 due to the poor mechanical of gel above this range.
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Figure 6. (a) Electrode capacity and (b) internal resistance (ESR) of the supercapacitors with EMIMP
and EMIMP/CNFc mixtures (99:1, 98:2, 97:3 and 96:4) as electrolyte at different charge-discharge
current rates.

The capacity variation with the cycles is shown in Figure S5. The supercapacitors with
EMIMP show a good capacity retention of 80% after 10,000 cycles at 1 mA cm−2 between
0 < V <2. The supercapacitors with CNFc had a quick capacity decay in the first 2000 cycles
(~0.020 mAh g−1 cycle−1 of capacity decay) and then present a moderate degradation
(~0.001 mAh g−1 cycle−1 of capacity decay) reaching the 10,000 cycles with a capacity
retention below 50%. It is possible that during the cycles, the CNFc cannot be retained in
the matrix of the electrolyte and that creates a larger SEI in the first cycle, starting to cover
part of the carbon porous and therefore limiting the capacity of the electrodes.
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(b) Equivalent circuit of the system.

To rule out a possible dissolution of CNFc to carboxymethyl cellulose (CMC) units, an
ionogel with a 96:4 ratio EMIMP/CMC was prepared and assessed. Hence, in the case of
use CMC instead CNFc, the electrochemical performance of these supercapacitors, shown
in Table S3, provides specific capacitance values of 123 F g−1, being like EMIMP/CNFc
99:1 ionogel values. Moreover, it has been observed the formation of a solid precipitates by
mixing CMC to EMIMP, presumably due to a lack of interaction between the CMC and IL
because of the diminution of available -OH groups. As it has been mentioned, the presence
of these hydroxyl groups plays an important role in the dissolution of cellulose in ILs, due
to they are the responsible of the formation of new hydrogen bonds between the NC and
the ILs anions [38,39].

Finally, electrochemical impedance spectroscopy (EIS) for the supercapacitors with
EMIMP/CNFc gel electrolytes and EMIMP are shown in Figure 7a. The equivalent circuit
was made with EC-Lab (Figure 7b). The Nyquist plots show a semi-circle at high frequencies
region and a line perpendicular to the X-axis at low frequencies that correspond the ionic
diffusion and the double layer formation at the surface of the conductive solid phase. R1 is
mostly corresponding to the ionic conductivity in the dielectric, both gel and membrane
separator. R2 is referring to the charge transfer both ionic and electronic in the bulk of
the electrode. Q1 and Q2 are constant phase element simulating the real behaviour of a
pure capacitor. The first thing to be considered is a charge transfer resistance (Rct, that
includes the ionic resistance), which could be intensively investigated in the semi-circle
loop appearing in the middle frequency region. A decrease in resistances is shown in
supercapacitors with CNFc compared to supercapacitors with only EMIMP. This decrease
in resistances has been observed above all in the value of the charge transfer resistance (Rct).
These results are in line with the ones obtained in the CV and galvanostatic tests. The real
and imaginary capacitance versus the frequency is given in supporting in Figure S7 and
using the definition from P.L. Taberna and et al. [40]. The real part of the capacitance shows
the variation of the available stored energy with the frequency. The imaginary part of the
capacitance represents the losses that occur during charge storage. In these graphs, can
observe that the maximum capacitance is reached faster at higher frequencies in the case
of the blended electrolyte containing CNFc versus EMIMP electrolyte. No real difference
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is observed within the different percentage of CNF used in this studied. No degradation
of the electrolyte is demonstrated by the floating test, also the same active material and
electrode systems have been used for all electrolyte testing, then we assume no intrinsic
supplementary capacity is reached by adding CNFc to EMIMP but a faster access to this
maximal capacity is demonstrated.

All the values of ionic conductivity (σ, mS cm−1) and resistances (R1 and R2, Ω)
are included in Table 1. The increase in conductivity with the addition of CNFc was
not expected because of the important increment on the electrolyte viscosity (almost 0
to 60 Pa ·s), Figure 3d and Figure S3 from Supplementary Materials). However, as can
be seen in Table 1, adding nanocellulose has helped to increase the ionic conductivity of
the GPEs, causing a decrease in the internal resistance of the system (0.32–0.94 mS cm−1

for EMIMP/CNFc ionogels against 0.26 mS cm−1 for EMIMP). Plenty of polar functional
groups in the system helped to increase the dielectric constant of the gel electrolytes, which
is proportional to the capacity assuming all electrode surface area and distances between
the two electrodes are the same for each cell assembled. This also increases the interaction
between ions and polymer chains and helps to dissociate these ion pairs into separate
ions. As a result, more free ions are generated and consequently, the ionic conductivity is
enhanced. Moreover, the abundant polar functional groups supplied by cellulose offer an
ionic conduction channel by aiding facile ion hopping onto nearby polar groups However
no tendency could be measured with the increased ratio of CNFc.

Table 1. Ionic conductivity and resistances of the different EMIMP/CNFc gel electrolytes and pristine
EMIMP ionic liquid.

Electrolyte σ (mS cm−1) R1 (Ω) R2 (Ω)

EMIMP 0.26 ± 0.03 11.14 36.02

EMIMP/CNFc 99:1 0.57 ± 0.03 5.07 12.76

EMIMP/CNFc 98:2 0.32 ± 0.03 8.92 15.77

EMIMP/CNFc 97:3 0.94 ± 0.03 3.08 17.03

EMIMP/CNFc 96:4 0.44 ± 0.03 6.5 13

4. Conclusions

Novel GPEs have been prepared by the addition of different CNFc ratios (from 1 to 4)
to EMIMP, showing excellent thermal and mechanical properties. Contrary to the usual
liquid electrolytes, these new NC based GPEs not only improve safety issues, but also
show a good printability, very interesting for printed electronics applications. Moreover,
enhanced electrochemical properties have also been measured. In case of specific capac-
itance, EMIMP/CNFc ionogels have shown a significant increase (160 F g−1) compared
to the pristine IL (99 F g−1), and its internal resistances have considerable decreased from
14.7 Ω cm−2 to 10.2 Ω cm−2 at a current density of 1 mA cm−2. Although the viscosity
(Figure 3d) of the electrolyte increases after CNF addition, which should promote lower
ionic conductivity, all electrochemical measurements show both higher ionic conductivity
and capacity with CNF addition. These data confirm that the addition of polar groups
coming from nanocellulose play a beneficial role. However, one of the points to be im-
proved in future experiments is to maintain the capacitance over the cycles (50 % decrease
in capacitance in the first 2000 cycles). A drastic loss of the capacity is observed for all
samples containing CNF after long cycling (Supplementary Materials Figure S5), although
the leakage current test showed no electrolyte degradation (Figure S4). With these results
we assume the addition of CNF is beneficial at device level, reducing the initial internal
resistance and increasing the quality of the interface between the electrolyte and the elec-
trode. But this effect disappears within the cycling, where samples with and without CNFc
show similar capacity after 2.000 cycles A possible passivation of the electrode that it is
reducing both capacity and ionic conductivity is not discarded and needs to be further
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studied. Moreover, investigations about the use of CNFc vs CMC have been also performed,
showing that the use of the nanofibrils of cellulose form (CNFc) provides better solubility
in EMIMP and higher electrochemical performances. With all this results we can conclude
that these new GPEs have shown great potential for applications in energy storage devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12020273/s1. Figure S1: Final aspect of the as-prepared ionogels pictures; Figure S2:
Differencial scanning calorimetry thermogram (DSC) of the EMIMP/CNFc mixtures (99:1, 98:2, 97:3
and 96:4). Pristine CNFc and EMIMP were added for comparison purposes; Figure S3: Rheological
results at room temperature vs. time of the EMIMP/CNFc mixtures (99:1, 98:2, 97:3 and 96:4).
Pristine CNFc and EMIMP are added for comparison purposes; Figure S4: Current (µA) vs. time for
supercapacitors with EMIMP and EMIMP/CNFc (99:1, 98:2, 97:3 and 96:4) as electrolytes for a period
of 24h; Figure S5. The capacity variation with the cycles and for supercapacitors with EMIMP and
EM-IMP/CNFc (99:1, 98:2, 97:3 and 96:4) as electrolytes; Figure S6: Galvanostatic charge-discharge
curve of EMIMP and ionogels with different ratio of CNFc at i = 1 mA cm−2; Figure S7. (a) Real
part of the capacitance vs Frequency and (b) Imaginary part of the capacitance versus Frequencies of
EMIMP and ionogels with different ratio of CNFc. Table S1: Temperature decomposition for each
EMIMP/CNFc mixtures (99:1, 98:2, 97:3 and 96:4) mixtures, obtained from differential scanning
calorimetry thermograms (DSC). Pristine CNFc and EMIMP temperatures are also added; Table S2:
Summary of the key performance parameters on different current density such as specific capacitance,
ESR, Emax and Pmax; Table S3: Summary of the key performance parameters on different current
density such as specific capacitance and ESR of EMIMP/CMC vs EMIMP/CNFc 99:1; Table S4:
Summary of specific capacitance of EMIMP and ionogels with different ratio of CNFc at 10 mV s−1

and 50 mV s−1. scan rate for CV.
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Abstract: Recently, the use of metal oxides as inexpensive and efficient catalysts has been considered
by researchers. In this work, we introduce a new nanocatalyst including a mixed metal oxide,
consisting of manganese oxide, cerium oxide, and reduced graphene oxide (Mn3O4-CeO2-rGO) by
the hydrothermal method. The synthesized nanocatalyst was evaluated for the methanol oxidation
reaction. The synergetic effect of metal oxides on the surface of rGO was investigated. Mn3O4-CeO2-
rGO showed an oxidation current density of 17.7 mA/cm2 in overpotential of 0.51 V and 91% stability
after 500 consecutive rounds of cyclic voltammetry. According to these results, the synthesized
nanocatalyst can be an attractive and efficient option in the methanol oxidation reaction process.

Keywords: Mn3O4-CeO2-rGO; nanocatalyst; methanol oxidation; cyclic voltammetry

1. Introduction

The increasing energy need and the scarcity of fossil fuels have pushed countries
towards the use of clean and natural fuel sources and alternative energy resources [1,2].
The excessive consumption of fossil fuels has caused global warming and an increase in
greenhouse gases, thus posing very serious environmental risks to human health and the
planet [3–5].

The use of clean, available, natural, and cost-effective fuels is one of the best sugges-
tions to overcome these environmental crises [6]. In recent years, the use of renewable
energy sources such as sunlight and wind energy may have become more widely avail-
able and accessible than other renewable sources [7]; furthermore, various sciences have
introduced attractive and portable devices, which open new avenues in the field of energy
storage and conversion. The use of various types of electrochemical batteries, supercapaci-
tors, and fuel cells are among these devices [8,9].

Fuel cells convert directly chemical energy to electrical energy and have high effi-
ciency [10], while supercapacitors and electrochemical batteries are used to store energy [11].
One of the most important challenges for researchers is the introduction of inexpensive
materials for use in electrodes of supercapacitors and electrochemical batteries as well as
fuel cells.

The introduction of high-efficiency and cost-effective materials in the field of energy
storage has almost been achieved, and various studies have confirmed this claim [12–14].
However, in the field of catalysts, especially catalysts in alcohol fuel cells, the introduction
of high-efficiency and low-cost catalysts has not been fully possible so far. The materials
based on platinum, palladium, ruthenium, and other rare and precious metals are the best
catalysts in methanol oxidation [15], and finding a catalyst that can compete with these
materials requires more effort and research. It should be noted that many cost-effective
catalysts have been introduced in the field of methanol oxidation, although small amounts
of precious metals have been often used in the catalyst structure. Moreover, composing and
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hybridizing the Pt, Pd, Ru, etc., with materials such as carbon, metal oxides, metal sulfides,
and conductive polymers have been reported in many works [16–20].

For the introduction of cheap platinum-free catalysts, metal oxides have recently
received much attention [21]. Although these materials suffer from poor electrical con-
ductivity and never have the electrocatalytic activity that can compete with commercial
catalysts for the oxidation of methanol, they could have relatively good catalytic activity
in the oxidation of methanol by some modifications [22–24]. Among the transition metal
oxides, manganese oxides such as MnO2, Mn2O3, and Mn3O4 have received significant at-
tention in different applications due to their cost-effective, eco-friendly, and electrochemical
properties [25]. For example, the development of metal oxides including Mn3O4 nanopar-
ticles [25], hollow-like Mn3O4 nanostructures on graphene matrix [26], Fe-doped Mn3O4
nanoboxes [27], and Ce-doped Mn3O4 [28] for methanol oxidation, oxygen reduction, and
oxygen evolution reactions has been considered by researchers.

Cerium oxide has also recently received much attention for catalyst and sensing
applications. The placement of CeO2 in the structure of catalysts has always improved their
electrochemical properties. Applications of this material in the form of multi-component
composites that have studied the synergetic effect of CeO2 with other materials in the
catalyst include the use of NiCoO2@ CeO2 nanoboxes in ultrasensitive electrochemical
immunosensing based on oxygen evolution reaction [29] or the application of CeO2@ CoP as
a supercapacitor electrode [30]. Other studies have been reported including the use of CeO2-
ZnO in low-temperature solid oxide fuel cells [31] and extensive use of CeO2-based material
in electrochemical water splitting [32]. In addition, CeO2 has been reported as a filler in
proton-exchange membranes, for which one can refer to the research of Vinothkannan
et al. [33]. CeO2 is one of the metal oxides used in the catalyst materials for the methanol
oxidation process, for example, the application of Pt/CeO2 [34], Pd-CeO2 [35], and Au@
CeO2 [36] in the MOR process. In these cases, CeO2 has been used as a catalyst along
with precious and rare metals. However, the use of this material along with inexpensive
materials has also been studied as a catalyst for methanol oxidation, including the use of
CeO2-decorated rGO [37] and CeO2/NiO hollow spheres [38]. According to the literature,
CeO2 has always been considered in most electrochemical fields, including various types
of electrochemical sensors or energy production and storage devices.

Moreover, we investigated NiCo2O4 nanorods/reduced graphene oxide (rGO) [39],
MoS2/Ni3S2/rGO [40], NiO-Co3O4-rGO [41], and MgCo2O4/rGO [42] as catalysts for
methanol oxidation in previous works, and our results show that the synergetic effect
between metal oxides/sulfides and reduced graphene oxide improves the catalytic activity
of the catalyst. These catalysts were synthesized by the hydrothermal method. In this
method, time and temperature are two very important factors that by controlling these
parameters, a synthesis with very good efficiency and desired morphology can be achieved.
In many studies, by changing these two parameters, nanomaterials with different sizes,
morphology, and porosity have been obtained [43,44].

In this work, we study a hybrid consisting of a mixed metal oxide (Mn3O4 and CeO2)
and reduced graphene oxide (rGO) as a catalyst for use in the methanol oxidation process.
We investigate the synergetic effect of rGO with Mn3O4-CeO2 on the electrochemical
properties of catalyst in the methanol oxidation process. RGO was added to increase the
active surface area and the conductivity of the catalyst. Electrochemical tests indicate the
synergetic effect of composite components on the oxidation of methanol. It seems that this
catalyst, due to its good capability in the methanol oxidation process, can be evaluated as a
stable and relatively efficient catalyst in the anode structure of methanol fuel cells.

2. Materials and Methods
2.1. Materials and Instruments

Cerium nitrate (Ce(NO3)3 · 6H2O), potassium permanganate (KMnO4), and urea were
used as precursors for the synthesis of catalysts and used with high purity. Precursors were
purchased from Merck company (Merck, Darmstadt, Germany). X-ray diffraction analysis
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was performed by a Thermo Scientific device (Thermo Fisher Scientific, ARL Equinox
3000, Waltham, MA, USA), and scanning electron microscopy (SEM) was performed by
FEI Quanta 200 FEG-Netherlands. Electrochemical tests were conducted by potentiostat–
galvanostat AUTOLAB PGSTAT 302 N (“Metrohm Autolab bv”, Utrecht, The Netherlands).

2.2. Synthesis of Mn3O4-CeO2 and Mn3O4-CeO2-rGO Nanocatalysts

For the synthesis of Mn3O4-CeO2, 1.2 g of cerium nitrate, 2.5 g of potassium perman-
ganate, and 4 g of urea were completely dissolved in 30 mL of deionized water for 30 min.
After that, the solution entered into the autoclave and was placed in the furnace for 14 h at
a temperature of 120 ◦C. The resulting materials were washed several times with deionized
water and dried at a temperature of 40 ◦C and then calcinated at 350 ◦C.

The hybrid of Mn3O4-CeO2 with reduced graphene oxide was prepared with the same
synthesis used for Mn3O4-CeO2, except that 50 mg GO, synthesized by the Hummers
method [45], was added to the solution.

Graphene oxide (GO) was synthesized by the Hummers method. In this regard, 1 g
graphite powder was dispersed in 25 mL H2SO4, and then 1 g sodium nitrate was dissolved
in the solution and stirred for 1 h. After that, the beaker was placed in an ice-water bath,
and 3.6 g of potassium permanganate was added to the solution and stirred for 2 h. The
temperature was increased to 35 ◦C and stirred for another 2 h, and 23 mL of deionized
water was added to the above mixture and stirred for 30 min at 90 ◦C. Finally, the reaction
was stopped by adding 70 mL of deionized water and 8 mL of H2O2 solution (30%). The
product was washed with HCl (3%) and deionized water three times and dried in an oven
at 50 ◦C.

2.3. Electrochemical Studies

Electrochemical studies were performed with a three-electrode system including
Ag/AgCl, platinum wire, and working electrodes. The catalyst-modified glass carbon
electrode (GCE) was used as a working electrode. To modify the GCE, a slurry containing
5 mg of each of the catalysts was prepared in 1 mL of a deionized water/isopropyl alcohol
solution. A certain amount of slurry was placed on the GCE surface. The electrode was
dried at 20 ◦C for 20 min and prepared for electrochemical tests.

3. Results and Discussion
3.1. Characterization

The crystal structure of Mn3O4-CeO2-rGO nanocatalyst was examined by XRD anal-
ysis. As shown in Figure 1, the characteristic peaks of CeO2 were seen at the diffraction
angles of about 28.9◦, 47.9◦, 56.8◦, and 69.7◦, which belonged to (111), (220), (311), and (400),
crystal planes, respectively, which is in full compliance with JCPDS card no 34-0394 [46]. In
addition, at diffraction angles of 17.9◦, 38.1◦, 36.1◦, 44.4◦, 50.1◦, 59.8◦, and 64.6◦, character-
istic peaks of Mn3O4 could be seen, which were related to the (101), (103), (211), (004), (105),
(224), and (400) crystal planes, respectively. This diffraction pattern is in full compliance
with JCPDS card no 24-0734 [47]. From XRD results, the synthesis of Mn3O4-CeO2-rGO
was confirmed.

The surface morphology of the catalysts was examined by SEM images. Figure 2a–c
refer to the Mn3O4-CeO2 and show the porous morphology and shortcuts that are useful
for methanol to reach the depth of the catalyst. In the SEM images of Mn3O4-CeO2 (a–c),
which were prepared at the scale of 100 nm, uniform dispersion and interconnectedness
of Mn3O4 and CeO2 can be seen. In these images, holes are seen that are shortcuts for
electrolyte and methanol to penetrate the core of the catalyst. The presence of porosity
and the same shortcuts facilitate the process of methanol oxidation. The SEM images
of Mn3O4-CeO2-rGO (Figure 2d–f) show the uniform dispersion of Mn3O4-CeO2 on the
surface of rGO nanosheets. Mn3O4-CeO2 covered almost the entire surface of rGO, and
rGO plates were visible in some places, as shown in Figure 2d–f. In these pictures, these
nanosheets are shown with an arrow or a red line around the rGO sheets.
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3.2. Electro-Catalytic Investigations

The capability of Mn3O4-CeO2 and Mn3O4-CeO2-rGO catalysts was evaluated in the
methanol oxidation process by performing cyclic voltammetry (CV) in 1 M KOH in the
presence and absence of methanol. For this purpose, CV analysis of Mn3O4-CeO2 and
Mn3O4-CeO2-rGO was performed in 1 M KOH solution in the potential range of 0 to 0.8 V
at a scan rate of 10 mV/s. As shown in Figure 3a, both catalysts had capacitive behavior,
and the current density for the Mn3O4-CeO2-rGO catalyst was significantly higher than that
of Mn3O4-CeO2 due to the presence of rGO in its structure. By adding methanol (0.2 M) to
the 1 M KOH solution and performing a CV test, we could see methanol oxidation peaks in
both catalysts (Figure 3b), which is evidence of the relatively good electrocatalytic activity
of both catalysts in the MOR process. The comparison of the behavior of two catalysts in
MOR indicated the effective role of rGO in the structure of Mn3O4-CeO2-rGO. In addition
to increasing the electrical conductivity of the catalyst, rGO increased the active surface
area of the catalyst [48], and, as a result, the current density increased, and the overvoltage
reduced in the methanol oxidation reaction (MOR) process. Methanol oxidation peaks for
Mn3O4-CeO2-rGO and Mn3O4-CeO2 were seen at 0.51 and 0.53 V, respectively.
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To obtain the optimal concentration of methanol in the MOR process, CV analysis of
Mn3O4-CeO2 and Mn3O4-CeO2-rGO was performed at different concentrations of methanol
(0.2, 0.4, 0.6, 0.8, and 1 M) and 1 M KOH. CV analysis of the GCE modified with Mn3O4-
CeO2 (Figure 4a) showed an upward trend of methanol oxidation peak to a concentration
of 0.6 M, and from this concentration onwards, we could see a decrease in oxidation
peak. For Mn3O4-CeO2-rGO, the oxidation peak trend was ascending to a concentration of
0.8 M (Figure 4b), and at a concentration of 1 M methanol, the current density decreased.
The reason for the decrease in current density from an optimal concentration onwards
is probably due to the saturation of the catalyst surface by the by-products of methanol
oxidation. The likely reason is that the catalysts containing rGO are saturated later; the
more effective surface of this catalyst is due to the presence of rGO in its structure. Figure 4c
shows a plot of methanol concentration in terms of maximum current density. The behavior
of nanocatalysts at different concentrations can be compared according to this plot.
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and Mn3O4-CeO2.

By selecting the optimal concentrations of methanol for Mn3O4-CeO2 and Mn3O4-
CeO2-rGO, which are 0.6 and 0.8 M, respectively, we then investigated the behavior of
these catalysts at different scan rates in the presence of a 1 M KOH solution as an electrolyte
(Figure 5a,b). It was observed that with increasing scan rate, the oxidation peak current
density for Mn3O4-CeO2 had an increasing trend until the scan rate of 70 mV/s, and from
this scan rate onwards, the current density decreased. For Mn3O4-CeO2-rGO, it was also
observed that the anodic peak current density increased up to a scan rate of 90 mV/s, and
after that, the current density decreased. It is likely that at higher scan rates, the electrolyte
and methanol do not have enough time to fully engage with the catalyst and penetrate to its
core, reducing current density [49]. The current density for Mn3O4-CeO2 at scan rates of 10,
70, and 110 mV/s were 5.9, 8.8, and 7.9 mA/cm2, respectively, and for Mn3O4-CeO2-rGO
at scan rates of 10, 90, and 110 mV/s were 11.6, 17.7, and 16.05 mA/cm2 (the selected scan
rates are the lowest, optimal, and the maximum scan rates, respectively). The graph of
catalyst behavior in different scan rates in terms of maximum current density is plotted in
Figure 5c.
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The proposed mechanism of methanol oxidation by the catalyst is as follows
(Equations (1)–(4)):

Mn3O4 −CeO2 − rGO + CH3OH→ Mn3O4 −CeO2 − rGO −CH3OHads (1)

Mn3O4 −CeO2 − rGO −CH3OHads + 4OH− →
Mn3O4 −CeO2 − rGO − (CO)ads + 4H2O + 4e−

(2)

Mn3O4 −CeO2 − rGO + OH− → Mn3O4 −CeO2 − rGO −OHads + e− (3)
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Mn3O4 −CeO2 − rGO−COads + Mn3O4 −CeO2 − rGO −OHads + OH− →
Mn3O4 −CeO2 − rGO + CO2 + H2O + e−

(4)

The mechanism of methanol oxidation in alkaline media at the surface of these catalysts
can be divided into three stages, including adsorption of methanol, adsorption of hydroxyl
ions, and breaking the C–H and O–H bonds of methanol to produce products such as
CH2OH, CHOH, COH, and CO [50]. In the adsorption process, likely the synergetic
effect of Mn3O4, CeO2, and rGO improves this process by creating more active sites.
Hydroxyl ions adsorbed on the surface of the catalyst also help to oxidize the adsorbed CO,
thereby regenerating the active sites of the catalyst. Since the active sites of catalysts are
important in the MOR process, with the addition of rGO, the overall performance of the
catalyst increases.

To evaluate the stability of Mn3O4-CeO2 and Mn3O4-CeO2-rGO catalysts, 500 CV
cycles were performed at optimal methanol concentrations and scan rates (0.6 M in scan
rate of 70 mV/s for Mn3O4-CeO2 and 0.8 M in scan rate of 90 mV/s for Mn3O4-CeO2-
rGO). As seen in Figure 6a, Mn3O4-CeO2 showed stability of about 87%, while the stability
achieved 91% for Mn3O4-CeO2-rGO (Figure 6b). Examination of the current density against
the number of cycles is shown in Figure 6c, indicating Mn3O4-CeO2 reached relatively
good stability from about 200 cycles onwards, and Mn3O4-CeO2-rGO achieved stability
in current density approximately in the 250th cycle. The greatest reduction in current
density in the initial cycles for both Mn3O4-CeO2 and Mn3O4-CeO2-rGO catalysts was
seen. It seems that in the initial cycles, methanol and electrolyte did not find enough time
to penetrate the catalyst nucleus, and over time, and in subsequent cycles, methanol and
catalyst came into full contact with each other, and after a slight decrease, stability in the
current density was observed [51]. Moreover, the CV shape of catalysts remained stable
after different cycles, and no change was seen in isopotential points, which is the reason for
the very good structural stability of the catalyst [52].
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The effect of temperature in the MOR process on Mn3O4-CeO2 and Mn3O4-CeO2-rGO
catalysts was evaluated by performing a linear sweep voltammetry LSV test at an optimal
concentration of methanol and scan rate. As seen in Figure 7a,c, the current density in both
catalysts increased with increasing temperature, indicating that the increasing temperature
facilitates the process of methanol adsorption on the surface of the catalyst. The rate of
increase of current density with growing temperature for Mn3O4-CeO2-rGO was slightly
higher than Mn3O4-CeO2; here too, it is likely that rGO played an effective role in increasing
the active surface area of the catalyst. The two parameters of maximum current density
and temperature were linearly related to each other, which can be seen for Mn3O4-CeO2
and Mn3O4-CeO2-rGO in Figure 7b,d, respectively.
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4. Conclusions

In the energy-dependent modern world, we see every day the introduction of new
and high-efficiency materials for use in the structure of energy storage and production
devices. In this regard, we synthesized a stable and inexpensive nanocatalyst based on
metal oxides (Mn3O4-CeO2-rGO) with a one-step and easy synthesis hydrothermal method
for use in the methanol oxidation process. The structure and morphology of nanocatalyst
were evaluated by XRD and SEM. In this study, the synergetic effect and effective role of
rGO in the catalyst structure were investigated. Mn3O4-CeO2-rGO with 91% cyclic stability
after 500 consecutive CV cycles and a maximum current density of 17.7 mA/cm2 at an
overvoltage of 0.51 V (at scan rate and optimum concentration) can be an attractive and
new option for use as a catalyst for methanol oxidation.
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Abstract: Amine-functionalized metal-organic frameworks (MOFs) are a promising strategy for
the high-efficiency capture and separation of CO2. In this work, by tuning the ratio of 1,3,5-
benzenetricarboxylic acid (H3BTC) to 5-aminoisophthalic acid (5-NH2-H2IPA), we designed and
synthesized a series of amine-functionalized highly stable Ti-based MOFs (named MIP-207-NH2-n,
in which n represents 15%, 25%, 50%, 60%, and 100%). The structural analysis shows that the original
framework of MIP-207 in the MIP-207-NH2-n (n = 15%, 25%, and 50%) MOFs remains intact when
the mole ratio of ligand H3BTC to 5-NH2-H2IPA is less than 1 to 1 in the resulting MOFs. By the intro-
duction of amino groups, MIP-207-NH2-25% demonstrates outstanding CO2 capture performance up
to 3.96 and 2.91 mmol g−1, 20.7% and 43.3% higher than those of unmodified MIP-207 at 0 and 25 ◦C,
respectively. Furthermore, the breakthrough experiment indicates that the dynamic CO2 adsorption
capacity and CO2/N2 separation factors of MIP-207-NH2-25% are increased by about 25% and 15%,
respectively. This work provides an additional strategy to construct amine-functionalized MOFs with
the maintenance of the original MOF structure and high performance of CO2 capture and separation.

Keywords: Ti-MOFs; amine functionalization; CO2 capture; separation; breakthrough experiment

1. Introduction

More than 85% of the worldwide energy demand is provided by the combustion of
fossil fuels [1,2], but at the cost of considerable CO2 (3 × 1013 kg CO2 per year) being
emitted into the atmosphere, thus leading to the daunting greenhouse effect [3–5]. The
carbon capture and storage/sequestration (CCS) technology therefore has been proposed
to mitigate emissions of atmospheric CO2. For CCS technology, the breakthrough of novel
adsorbents with a large CO2 working capacity as well as a high CO2 selectivity and easy
regeneration is the core [6–8].

Metal-organic frameworks (MOFs) have been widely used for various applications
owing to their ordered crystallinity, high specific surface area, and versatile tunability of
chemical environments [9–17]. In particular, they can serve as attractive platforms for
CO2 adsorption and separation to mitigate the greenhouse effect [18–25]. It is widely
acknowledged that amine-functionalized MOFs are one of the most effective ways to
capture CO2, because this method has the advantages of a large working CO2 capacity as
well as a high CO2 selectivity and a low energy penalty for regeneration [7,26]. Currently,
many MOF materials have been functionalized by the direct synthesis or post-synthesis
modification method to graft amine [27–30]. For example, Kim et al. [28] prepared a
robust tetraamine-functionalized Mg-MOF by the post-synthesis strategy. The tetraamine-
functionalized framework showed an excellent CO2 trapping efficiency under low CO2
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partial pressure in the flue stream. Han et al. [31] used a one-step hydrothermal method
to synthesize MIL-101(Cr)-NH2 nanoparticles. Compared with MIL-101(Cr), the CO2
adsorption capacity of MIL-101(Cr)-NH2 increased from 1.85 to 2.25 mmol g−1. Moreover,
the separation factor of CO2/N2 was enhanced from 7.5 to 11.6 at 1 atm and 35 ◦C. Recently,
Zhong et al. [32] introduced three kinds of organic amine molecules into the channels
of MIL-101(Cr) by the post-modification method. The results showed that the CO2/CO
selectivity of the Tris(2-aminoethyl) amine-modified MIL-101 was 103 times higher than
that of its pure MIL-101 counterpart.

In this work, the MIP-207, fabricated by Ti–O clusters and the H3BTC ligand [21,33],
was selected as the porous material, mainly due to its large specific surface area and high
chemical stability even in highly acidic media (pH ≤ 0). More importantly, there are
uncoordinated and isolated -COOH groups toward the channels of MIP-207 because of
the meta-connection mode of the H3BTC ligand, so the chemical environment of MIP-207
cavities can be easily modulated by the mixed linkers strategy [33]. There are quite a
few reports on amine-grafted highly stable MIP-207 for highly efficient CO2 capture [33].
Additionally, the accurate grafting of amine molecules without any framework destruction
of the host frameworks is less of a concern. Herein, we for the first time prepared a series
of amine-functionalized highly stable MIP-207 materials and further tailored the content
of -NH2 by the mixed linkers strategy for capturing CO2 from N2. It should be pointed
out that amine-functionalized MIP-207 materials cannot be obtained when the mole ratio
of H3BTC to 5-NH2-H2IPA exceeds 1 (See Figure 1). The physiochemical properties of
the as-prepared materials were systematically characterized and analyzed, and the CO2
adsorption and separation were also investigated. Based on the excellent CO2 capture
performance of MIP-207-NH2-25%, the breakthrough experiments further evaluated the
dynamic adsorption capacity and separation factors under different gas flow rates.
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C in gray, O in red, N in light blue, and H in white.

2. Experimental Section
2.1. Synthesis of MIP-207

All the reagents used were commercially purchased without further purification. MIP-
207 was synthesized in a similar method to the one reported [33]. 1,3,5-benzenetricarboxylic
acid (H3BTC), acetic acid, and acetic anhydride were purchased from Maclin, Shanghai,
China. Tetraisopropyl titanate was purchased from Sinopharm Chemical Reagent Co., Ltd.,
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Beijing, China. H3BTC (840 mg, 4 mmol), acetic acid (10 mL) and acetic anhydride (10 mL)
were added and mixed into a 50 mL round-bottom flask at ambient temperature. Then,
tetraisopropyl titanate (800 µL, 2.7 mmol) was added under stirring. The mixture was
refluxed at 120 ◦C for 12 h. After cooling to room temperature, the crude product was
separated and washed with boiling anhydrous acetone. Finally, the product was collected
by centrifugation and placed in an 80 ◦C oven for 12 h.

2.2. Synthesis of Amine-Functionalized MIP-207

The amine-functionalized MIP-207 was prepared with a pre-synthesis modification
method. Part of the H3BTC ligand was replaced with a certain amount of 5-NH2-H2IPA,
which accounted for 15%, 25%, 50%, 60%, and 100% of the total H3BTC, respectively.
A series of amine-functionalized MIP-207 materials were synthesized according to the
above synthetic steps of MIP-207, and the as-prepared materials were denoted as MIP-
207-NH2-n (n = 15%, 25%, 50%, 60%, and 100%), respectively. It must be pointed out that
the structure of MIP-207-NH2-100% is completely different from that of MIP-207; it is still
named MIP-207-NH2-100% simply for the purpose of comparison.

2.3. Sample Characterization

Powder X-ray diffraction (PXRD) patterns of the samples were recorded on a Rigaku
D/max 2400 X-ray diffractometer equipped with Cu Kα radiation operating at 45 kV and
200 mA. Scanning electron microscopy (SEM) tests were conducted on a Hitachi S4800
electron microscope to observe the morphologies of the samples. A N2 physisorption test
was carried out on a Quantachrome Autosorb-iQ (Quantachrome Instruments, Boynton
Beach, FL, USA) at −196 ◦C. The elemental analysis (EA) of the samples was performed on
an Elementar Analysensysteme GmbH Vario EL (Analytical Instrumentation Department
of the Heraeus technology group, Frankfurt, Germany) analyzer to accurately analyze
the percentage content of the C, H, and N elements of samples. The specific surface area
of the samples was analyzed according to the Brunauer-Emmett-Teller (BET) method
and pore size distribution was calculated using the non-local density functional theory
(NLDFT) model.

2.4. Gas Adsorption Measurements

All the gases (N2 and CO2) used were of ultrahigh purity (99.999%) in this study.
N2 and CO2 adsorption isotherms were measured by a Quantachrome Autosorb-iQ gas
adsorption analyzer up to 1 bar, and the temperatures of 0 and 25 ◦C were both maintained
with an ethylene glycol/H2O bath by a cooling and heating system. Before the measure-
ment, about 100 mg of the adsorbent was degassed at 150 ◦C for 8 h in vacuum condition.
The adsorption and desorption of CO2 cyclic stability was carried out on an SDT Q600
analyzer (TA Instruments, New Castle, DE, USA). Firstly, the sample fully absorbed CO2
at 35 ◦C for 1 h, and then it was injected with N2 gas at 150 ◦C for 2 h. The breakthrough
experiments were performed on a homemade setup to simulate the actual mixture gas
(20 vol% CO2, 20 vol% N2, and balanced gas He) separation to evaluate the dynamic
CO2/N2 adsorption performance; the setup diagram of the breakthrough experiment can
be found in our previous work [34].

3. Results and Discussion
3.1. Structural Analysis of Samples

As shown in Figure S1, compared with simulated MIP-207, the characteristic diffrac-
tion peak positions and relative intensities of MIP-207 after reflux treatment at 120 ◦C
for 12 h fit very well, illustrating that MIP-207 with a high purity was synthesized. Also,
Figure S1 exhibits that the structure of MIP-207 was maintained well after activation at
150 ◦C. To evaluate the influence of the content of -NH2 on the crystal structure of MIP-207,
the PXRD patterns of MIP-207-NH2 were obtained, and the results are shown in Figure 2.
The comparison of PXRD patterns among 207-NH2-n (n = 0, 15%, 25%, 50%) supported
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that they were of the same pure phase. However, the internal crystal structure of the
amine-modified MIP-207 composites started to change when the mole ratio of H3BTC to
5-NH2-H2IPA was more than 1. As shown in Figure 2, there were still two characteristic
diffraction peaks of 5◦ and 11.5◦ in the MIP-207-NH2-60%, but peak relative intensities
were significantly reduced, showing that most of the crystal structure of MIP-207 in the
composites was changed. When the ligand H3BTC was totally replaced by 5-NH2-H2IPA,
the characteristic diffraction peaks (Figure S2) of the sample were totally different from
those of the original MIP-207, indicating that another crystalline phase was formed due to
the transformation of the coordination mode.
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The SEM images of pristine MIP-207 are presented in Figure S3a,b, and the stacked
nanoparticles with a size range of 20–25 nm can be observed. As shown in Figure S3c–e,
as the amount of exchange ligand 5-NH2-H2IPA increases, the stacking of nanoparticles
becomes loose, and the particle size was also in the range of 20–25 nm in the MIP-207-NH2-
n (n = 15%, 25%, 50%) composites, which is consistent with XRD results obtained by the
Scherrer equation (Table 1). However, the original morphology of MIP-207 is basically not
observed in the MIP-207-NH2-60% (Figure S3f), and particle size sharply reduced to about
15 nm. Overall, based on the above PXRD and SEM analysis, the crystal structure and
texture of MIP-207 in the amine-modified MIP-207 composites can be maintained with the
amount of added 5-NH2-H2IPA being less than or equal to 50%.

As shown in Table 1, the N element was not found in the parent MIP-207. The
N element was detected and the N content of the amine-modified MIP-207 composites
increased with the increase of the added 5-NH2-H2IPA ligand, demonstrating that -NH2
was introduced into the framework of MIP-207 through a mixed linkers strategy. Notably,
Table 1 indicates that the N element content in the MIP-207-NH2-n (n = 15%, 25%, 50%)
composites was lower than the theoretical value, which is attributed to the electronic effect
of the functional group of the ligand. Generally, the electron-donating groups such as -NH2,
-OH, and -CH3 are difficult to connect with the second building units of MIP-207 [33]. The
theoretical N content of MIP-207-NH2-100% is 3.54%. This value is close to the actual value,
while the structure completely changed according to the PXRD results.
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Table 1. The content of C, H, and N elements of samples and particle size obtained by Scherrer equation.

Samples C (%) H (%) The Actual
N (%)

The Theoretical
N (%)

Particle
Size (nm)

MIP-207 35.37 2.91 0 0 21.9
MIP-207-NH2-15% 35.46 2.76 0.19 0.47 22.3
MIP-207-NH2-25% 35.03 2.72 0.26 0.83 23.6
MIP-207-NH2-50% 35.07 2.89 0.45 1.70 28.4
MIP-207-NH2-60% 35.11 3.04 0.93 2.06 15.5

MIP-207-NH2-100% 41.48 3.99 3.24 3.54 -
Note: The theoretical value of the N element is calculated assuming that 5-NH2-H2IPA completely reacts.

The results of the measurement of N2 adsorption and desorption isotherms are shown
in Figure 3 and Table 2, and the N2 adsorption–desorption curves of MIP-207 (Figure 3)
conform to the typical I-type isotherm characteristics in the low-pressure zone (0–0.6 atm)
relating to microporous characteristics [35]. With the increase of pressure, there was a
hysteresis loop in the adsorption–desorption curves, indicating the existence of mesopores,
which may be caused by the accumulation of materials. The specific surface area of MIP-207
was 563 m2 g−1, where the specific surface area was mainly micropores (534 m2 g−1), which
confirms that the mesopores are caused by stacked pores. Figure S4 shows that the average
pore size of MIP-207 was mainly distributed at 0.57 and 0.82 nm. Obviously, the BET area
and pore volume of the MIP-207-NH2-n (n = 15%, 25%, 50%) materials were higher than
that of the unmodified MIP-207 (Table 2), mainly because the mass and volume of the -NH2
group is smaller than the -COOH group, so the BET area of MIP-207-NH2-n (n = 15%, 25%,
50%) increased. Among them, the BET area of MIP-207-NH2-25% was the highest, reaching
735 m2 g−1. On the contrary, the BET area of MIP-207-NH2-60% reduced in comparison
with MIP-207. In addition, compared with the MIP-207-NH2-n (n = 15%, 25%, 50%)
(Table 2), the pore volume of MIP-207-NH2-60% (0.44 cm3 g−1) decreased. The probable
reason is that the original structure of MIP-207 cannot be maintained with the -NH2
increasing to over 60%. The specific surface area of MIP-207-NH2-100% sharply decreased
and the micropores almost disappeared (Figure S5 and Table S1), further demonstrating
the changes from the MIP-207 framework in MIP-207-NH2-100%.
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Table 2. The summary of specific surface area, pore volume, and particle size of samples.

Samples BET Area
(m2 g−1)

Micropore
Area (m2 g−1)

Total Pore
Volume (cm3 g−1)

Micropore
Volume (cm3 g−1)

MIP-207 563 534 0.36 0.21
MIP-207-NH2-15% 576 468 0.46 0.20
MIP-207-NH2-25% 735 659 0.51 0.27
MIP-207-NH2-50% 654 569 0.56 0.23
MIP-207-NH2-60% 435 321 0.44 0.14

3.2. Gas Adsorption Performance of Materials

The CO2 adsorption data of as-prepared materials over N2 are presented in Figure 4
and Table 3. As can be seen from Table 3, the CO2 adsorption capacity of MIP-207-NH2-25%
was up to 3.96 and 2.91 mmol g−1 at 0 and 25 ◦C, which means an improvement of 20.7%
and 43.3% compared with the pure MIP-207, respectively. Moreover, the CO2 capture
performance of MIP-207-NH2-25% outperforms most reported amine-modified MOF CO2
adsorbents (Table 3). Similarly, the CO2 adsorption capacity of MIP-207-NH2-50% was
higher than that of the unmodified MIP-207. The increase of CO2 adsorption capacity is
mainly due to the amine-grafted MIP-207 materials with a high specific area (Figure S6)
and many Lewis basic sites (LBS), which greatly enhance their affinity for CO2 [36,37].
Unfortunately, as the added exchange ligand 5-NH2-H2IPA went above 50%, the CO2
working capacity in the MIP-207-NH2-60% adsorbent sharply decreased. One reasonable
explanation is that excess 5-NH2-H2IPA slows down the rate of the crystal nucleation
formation of MIP-207 and disturbs the self-assembly process. When the ligand reactant
is completely 5-NH2-H2IPA, the resulting product cannot even form the original crystal
nucleus structure of MIP-207. It can be seen that the adsorption performance is a result of
both the adsorption sites and the spatial framework of materials.

Table 3. The summary of BET area and CO2 adsorption results in this work and reported amine-functionalized MOFs.

Materials Surface Area
(m2 g−1) CO2 Uptake at Testing Condition CO2/N2 (CO)

Selectivity Qst (kJ mol−1) Ref.

MIP-207 563 3.28/2.03 mmol g−1 @ 0/25 ◦C and
1 bar

59 - This work

MIP-207-NH2-15% 576 3.12/2.21 mmol g−1 @ 0/25 ◦C and
1 bar

- 30–35 This work

MIP-207-NH2-25% 735 3.96/2.91 mmol g−1 @ 0/25 ◦C and
1 bar

77 30–35 This work

MIP-207-NH2-50% 654 3.49/2.36 mmol g−1 @ 0/25 ◦C and
1 bar

- 30–35 This work

MIP-207-NH2-60% 435 2.02/1.04 mmol g−1 @ 0/25 ◦C and
1 bar

- 30–35 This work

ZIF-8 (40) 844 0.11 mmol g−1 @ 45 ◦C and 0.15 bar - 55 [19]

ED@Cu3(BTC)2-1 444 4.28/2.15 mmol g−1 @ 0/25 ◦C and
1 bar

21.5 39 [29]

ED@Cu3(BTC)2-2 163 1.03/0.54 mmol g−1 @ 0/and 1 bar 2.68 - [29]
MAF-23 - 2.5 mmol g−1 @ 25 ◦C and 1 bar 87 34.9 ± 0.9 [38]

ED@MIL-101 1584.6 3.93/1.93 mmol g−1 @ 0/25 ◦C and
1 bar

17.3 - [32]

TEDA@MIL-101 1806.9 3.81/1.65 mmol g−1 @ 0/25 ◦C and
1 bar

15.5 - [32]

MIL-101(Cr)-NH2 2800 ± 200 3.4 mmol g−1 @ 15 ◦C and 1 bar 26.5 54.6 [31]
PM24@MOF 2550 2.9 mmol g−1 @ 0/25 ◦C and 1 bar 84 84 [39]

R-PM24@MOF 2410 3.6 mmol g−1 @ 0/25 ◦C and 1 bar 143 50 [39]
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To figure out the CO2 adsorption separation performance, the selectivity of CO2/N2
was calculated by the IAST model (Supporting Information). As shown in Figure 5a,
compared with the separation factor of MIP-207 (59), the CO2/N2 separation factor of
MIP-207-NH2-15% was 69, which was 17% higher than that of MIP-207. Additionally,
MIP-207-NH2-25% exhibited the highest CO2/N2 separation factor (77), which was 33%
higher than MIP-207, mainly because the introduction of the -NH2 group into the MIP-207
channels could produce more adsorption sites, leading to an enhanced affinity toward CO2.
However, the structure of MIP-207-NH2-60% possessed more -NH2 and the separation
factor of MIP-207-NH2-60% was only 22, illustrating that the spatial framework of MIP-
207 in MIP-207-NH2-60% was destroyed, thus increasing the non-selective uptake. In
addition to focusing on the adsorption and separation performance, it is also necessary
to take energy consumption into account during the regeneration process in industrial
applications [32]. The isosteric heat of CO2 adsorption (Qst) of the materials was obtained
from the CO2 adsorption isotherms at 0 ◦C. As shown in Figure 5b, the MIP-207-NH2-n
(n = 15%, 25%, 50%) adsorbents had an isosteric adsorption heat of about 30–35 kJ mol−1,
which exhibits a medium-strength interaction with CO2. It can also be found that the Qst
of MIP-207-NH2-60% was significantly lower than that of the above four materials, which
indicates that the framework structure of MIP-207-NH2-60% has a negative effect on the
adsorption capacity of CO2. Considering that the MIP-207-NH2-25% exhibited superior
CO2 adsorption performance with a remarkable adsorption heat, a test of the cyclic stability
of CO2 was performed and the results are displayed in Figure 6. The CO2 adsorption
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capacity of MIP-207-NH2-25% after six cycles did not significantly decrease, indicating that
MIP-207-NH2-25% has an outstanding CO2 adsorption–desorption stability.
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Figure 6. CO2 adsorption and desorption cycle of MIP-207-NH2-25%.

The results of the dynamic CO2/N2 adsorption of both MIP-207-NH2-25% and MIP-
207 (as a comparison) are shown in Figure 7. There was an obvious difference in break-
through time between CO2 and N2 under different gas flow rates. After an initial period
where the N2 and CO2 were fully absorbed, the N2 preferentially penetrated the adsorption
bed, followed by the CO2. The outlet concentration of N2 exceeded the inlet concentration
because CO2 adsorption equilibrium was not reached. Finally, CO2 began to be eluted
and the concentration of N2 and CO2 gradually reached the feed concentration value
(c/c0 = 1), indicating that the adsorption bed was saturated. The interval of breakthrough
time between CO2 and N2 in MIP-207-NH2-25% was longer than that of MIP-207 at any
gas flow rate, especially at 10 sccm, which fully demonstrates that MIP-207-NH2-25%
has a better dynamic separation performance. The reason is that the electric field of the
MIP-207-NH2-25% framework has the stronger interaction with CO2 due to the presence
of LBSs and the hydrogen bond [37,39–41]. Moreover, from Figure 7, MIP-207-NH2-25%
has a larger slope than MIP-207 under different gas flow rates, indicating that the mass
transfer resistance of gas in MIP-207-NH2-25% is smaller, which is more conducive to gas
diffusion and spread. The possible reason for this is that MIP-207-NH2-25% has a larger
pore volume.
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The dynamic equilibrium adsorption capacity and separation factor of both MIP-207
and MIP-207-NH2-25% were calculated based on previous reports [34,42]. As shown in
Figure 8, it can be found that the CO2 equilibrium adsorption capacity of MIP-207-NH2-
25% was higher than that of MIP-207 under the four mixed gas flow rates (Figure 8a,b).
At 10 and 20 sccm, the CO2/N2 separation factors of MIP-207-NH2-25% were 2.36 and
2.03, which were higher than the 2.01 and 1.93 of MIP-207, respectively. The difference of
separation factors between MIP-207 and MIP-207-NH2-25% cannot be clearly observed at
the mixture gas flow rates of 50 and 100 sccm (Figure 8a,b). This is because the residence
time of gas in the adsorption bed decreases with the increase of flow rate.
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4. Conclusions

In summary, the amine-modified highly stable MIP-207 with different -NH2 con-
tent was successfully prepared by the mixed linkers method. The texture and structure
framework of the original MIP-207 were maintained in the MIP-207-NH2-n (n = 15%, 25%,
50%) composites. The CO2 adsorption and breakthrough experiments show that MIP-
207-NH2-25% demonstrates the superior CO2 capture and separation performance. The
highly efficient CO2 uptake is attributed to the introduction of -NH2 into the framework of
MIP-207, leading to the increase of specific surface area and more Lewis basic adsorption
sites, thereby enhancing the CO2 working capacity and CO2/N2 selectivity. This work
provides an additional avenue to prepare highly stable amine-functionalized MOFs for
high efficiency CO2 capture.
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Abstract: As a promising hydrogen storage material, sodium borohydride (NaBH4) exhibits superior
stability in alkaline solutions and delivers 10.8 wt.% theoretical hydrogen storage capacity. Never-
theless, its hydrolysis reaction at room temperature must be activated and accelerated by adding
an effective catalyst. In this study, we synthesize Co nanoparticles supported on bagasse-derived
porous carbon (Co@xPC) for catalytic hydrolytic dehydrogenation of NaBH4. According to the
experimental results, Co nanoparticles with uniform particle size and high dispersion are successfully
supported on porous carbon to achieve a Co@150PC catalyst. It exhibits particularly high activity
of hydrogen generation with the optimal hydrogen production rate of 11086.4 mLH2·min−1·gCo

−1

and low activation energy (Ea) of 31.25 kJ mol−1. The calculation results based on density functional
theory (DFT) indicate that the Co@xPC structure is conducive to the dissociation of [BH4]−, which
effectively enhances the hydrolysis efficiency of NaBH4. Moreover, Co@150PC presents an excellent
durability, retaining 72.0% of the initial catalyst activity after 15 cycling tests. Moreover, we also
explored the degradation mechanism of catalyst performance.

Keywords: sodium borohydride; hydrolysis; porous carbon; Co nanoparticles; durability

1. Introduction

Two of the seventeen Sustainable Development Goals (SDGs), namely 7 (affordable
and clean energy) and 13 (climate action), dictate the urgency of transitioning from highly
polluting and non-sustainable fossil fuels to renewable energy sources [1–3]. Hydrogen
is considered a very promising green new energy carrier because of its high-energy and
zero-emission applications [4–7]. However, the physical properties of hydrogen make
it have high energy consumption and high risk for application on-board. Therefore, we
need to find alternative ways to store and transport H2. Compared with high-pressure gas
storage and cryogenic liquid storage, solid state hydrogen storage materials [8] such as
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MgH2, NaAlH4, NaBH4, etc., have attracted more and more attention and research due to
high hydrogen capacity, safe operation and relative abundance.

Among many hydrogen storage materials, NaBH4 is considered to be a promising
one because of its theoretical hydrogen storage capacity of 10.8 wt.% and good stability
in alkaline solutions [9]. Nevertheless, the hydrogen production rate is very low and
unsatisfactory without a proper catalyst at room temperature [10]. Therefore, it is necessary
to activate and accelerate the NaBH4 hydrolysis reaction at room temperature through the
use of high-efficiency catalysts. Guella et al. [11] followed the reaction of NaBH4 in the
presence of catalysts and its perdeuterated analogue NaBD4 in H2O, D2O and H2O/D2O
mixtures. The results revealed that NaBH4 can react with water to generate hydrogen
(Equation (1)), of which four equivalents of H come from BH4

−, and four equivalents of D
from the decomposition of D2O. The reaction formula is summarized as follows:

BH−4 + 4D2O→ B(OD)−4 + 4HD (1)

In recent years, relatively inexpensive transition metals [12] (such as Co [13], Ni [14],
Cu [15] and Fe [16]) have been observed to exhibit excellent performances in catalytic
sodium borohydride hydrolysis, especially metal nanoparticles prepared with transition
metals as catalysts. In particular, Co-based catalysts are considered to be particularly
attractive in the hydrolysis of NaBH4 for hydrogen production due to their high activity
and relatively low cost [17–19]. Metal catalysts are usually prepared by chemical reduction
using NaBH4 and ammonia borane. However, metal nanoparticles are prone to agglomera-
tion during the reduction and catalytic process, resulting in reduced catalyst activity and
poor cycle stability [20]. In order to prevent agglomeration, the most used method is to
choose suitable support materials, including SiO2 [21], γ-Al2O3 [22], hydroxyapatite [23],
carbon materials [24,25], etc. In particular, the addition of appropriate promoters could
be used to enhance the dispersibility of Co nanoparticles and increase the surficial active
sites [18]. Therefore, using the reduction method, the surface of supporting materials could
be loaded with reduced Co nanoparticles, so that the agglomeration of the composite cata-
lyst is inhibited and its specific surface area increased. Compared with unsupported metal
catalysts, catalysts composed of support materials and metal particles have a larger specific
surface area [26], which increases the contact area between metal particles and NaBH4
aqueous solution. In addition, supporting materials increase the stability of metal particles,
greatly increasing the durability [27–29]. Among the supporting materials mentioned
above, carbon materials such as porous carbon (PC) are the most attractive support due to
their chemical inertness and large surface area [24]. At present, the reported porous carbon
materials [30] loaded with Co nanoparticles mainly include carbon nanotubes, graphene,
activated carbon, organic drugs [31] and polymer materials [13]. Among them, carbon
nanotubes, graphene, activated carbon and polymer materials are relatively expensive.
Meanwhile, most organic drugs are also not conducive to practical promotion because they
contain a certain level of toxicity. Therefore, PC prepared from biomass is an excellent
candidate as a support because it not only has a wide range of raw materials (especially
biomass such as bagasse) but is also simple to prepare.

In our previous work [31], we synthesized nitrogen-doped mesoporous graphitic
carbon-coated cobalt nanoparticles (Co@NMGC) with a core–shell structure by carbonizing
carbon derived from ethylenediaminetetraacetic acid (EDTA). However, the specific surface
area of Co@NMGC is only 124.55 m2·g−1, and the cobalt nanoparticles coated with graphite
carbon cannot effectively contact and react with NaBH4, resulting in an optimal hydrogen
production rate of Co@NMGC of only 3575 mL min−1 g−1. Based on these considerations,
using bagasse as raw material for PC, we designed and prepared a kind of PC to load Co
nanoparticles (Co@xPC) for NaBH4 hydrolysis. The structural characteristics and catalytic
performance of several PC-supported Co nanoparticle catalysts were studied in detail.
After optimization, a Co-based catalyst with high efficiency, excellent activity and high
durability was achieved. The Co@xPC structure was beneficial to improve the hydrolysis
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efficiency of NaBH4, confirmed by the theoretical calculation based on density functional
theory (DFT).

2. Materials and Methods
2.1. Materials

Bagasse was collected from fruit shops on East West Street of Guangxi, China, which
have abundant sugarcane. We purchased sodium borohydride (NaBH4, AR), ZnCl2 (AR),
cobalt(II) chloride hexahydrate (CoCl2·6H2O, AR) and Mg(NO3)2·6H2O (AR) from Alfa
Aesar Co., Ltd. (Tianjin, China). Hydrochloric acid (HCl) was from Xilong Chemical Co.,
Ltd. (Shantou, China). Ultrapure water, obtained from a Millipore System (Millipore Q,
Burlington, MA, USA), was used throughout the experiments.

2.2. Synthesis of Co@xPC Catalyst

Bagasse was freeze-dried with a freezer, then crushed with a pulverizer. The crushed
bagasse powder and activator were completely ground in a mortar according to the mass
ratio (1:2). The activator was a mixture of Mg(NO3)2·6H2O and ZnCl2 with a mass ratio
of 1:1. The well-ground mixture was moved to a crucible and kept at 800 ◦C for 2 h at a
heating rate of 3 ◦C min−1 under N2 flow. The resulting black sample was soaked in 3 M
HCl at 80 ◦C for 24 h to remove inorganic salts. Then, the black sample was washed with
ultrapure water to neutrality and dried at 100 ◦C for 24 h, and the resulting sample was
named PC. In the preparation process, appropriate CoCl2·6H2O was dissolved in 20 mL
ultrapure water, and different amounts of PC (50, 100, 150 and 200 mg) were added at the
same time. The above solution was treated under ultrasonic conditions for 1 h, and then
20 mL 3 wt.% NaBH4 solution was slowly added under constant stirring. The black solid
was separated with vacuum suction filtration and washed with ethanol and ultrapure water
several times, respectively. The sample was dried in a vacuum oven at 60 ◦C. According to
the different amounts of added PC, the corresponding catalysts were marked as Co@50PC,
Co@100PC, Co@150PC and Co@200PC, respectively. At the same time, pure Co particle
catalysts without PC were also prepared in the same conditions for comparison.

2.3. Catalyst Characterization

The morphology, surface structure and element distribution of the catalysts were
analyzed through scanning electron microscopy (SEM, JSM-6360LV, JEOL Ltd., Tokyo,
Japan) combined with energy dispersive spectroscopy (EDS) at 20kV. The surface interac-
tions and electronic states between the elements of the catalyst were obtained by using
X-ray photoelectron spectroscopy (XPS, Thermo Electron ESCALAB 250, Shanghai, China).
The nitrogen adsorption–desorption isotherms of the Co@xPC catalysts were tested at
77 K using a gas adsorption analyzer (Autosorb iQ2, Quantachrome sorptometer, Osaka,
Japan). The specific surface areas and pore size distribution of the Co@xPC catalysts were
obtained by the Brunauer–Emmett–Teller (BET) method and the Barrett–Joyner–Halenda
(BJH) method, respectively. The crystallographic structure and chemical composition of the
catalysts were obtained by X-ray diffraction (XRD, 1820, Philips, Amsterdam, the Nether-
lands), inductively coupled plasma atomic emission spectroscopy (ICP-AES, Optima 8000,
PerkinElmer, Chiba, Japan), laser confocal Raman spectroscopy (LabRAM HR Evolution,
Horiba JY, Edison, NJ, USA) and Fourier transform infrared spectroscopy (FT-IR, Nicolet
6700, Shanghai, China).

2.4. Measurement Method of Hydrogen Production

The catalytic activity of Co@xPC was evaluated by measuring the hydrogen produc-
tion rate of Co@xPC in alkaline NaBH4 hydrolysis. In the self-made reactor, the classic
water displacement method was used to measure the hydrogen production rate of NaBH4,
as in our previous work [31]. The volume at constant time intervals was determined by
using a balance to record the weight of the replaced water [31,32], and the volume of
hydrogen produced was measured in an equivalent way. Usually, a magnetic rotor and
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0.1 g Co@xPC catalyst were placed at the bottom of a wide-mouthed bottle. At 25 ◦C, 10 mL
mixed solution containing 1.5 wt.% NaBH4 and 5.0 wt.% NaOH was quickly injected into
the wide-mouthed bottle, and a constant temperature water bath was used to maintain the
test system at a constant temperature. The tests were carried out at 15, 25, 35, 45 and 55 ◦C,
and other experimental conditions remain unchanged to obtain Ea. In the stability tests, the
reaction was repeated 15 times, and the reacted catalyst was named Co@xPC-15th. Simi-
larly, the reaction of pure Co particle catalyst was repeated 5 times, and the reacted catalyst
was named Co-5th. In the stability test, after the hydrolysis was over, the supernatant was
poured from the wide-mouthed bottle and then 10 mL NaBH4 alkali solution was added
to start the next test. Since the catalyst was magnetic, a magnet was used to recover the
catalyst after the hydrolysis reaction was completed. During the experiment, the hydrogen
generation rate for all catalysts was based on the amount of Co.

2.5. DFT Calculations

In this work, all calculations are performed with DFT [33] using the projected aug-
mented wave method, which was implemented in the Vienna Ab-initio Simulation Pack-
age [34–36]. The generalized gradient approximation of Perdew–Burke–Ernzerhof was
used for the exchange–correlation interaction [37,38]. The wave functions are expressed in
the plane wave basis set with an energy cutoff of 450 eV. A vacuum region of 15 Å was set
to eliminate undesirable interactions between the periodic sheets of the graphene patches.
The Brillouin zone was sampled by a Monkhorst–Pack special k-point mesh of 5 × 5 × 1
for geometry optimizations and energy calculations. All atoms were allowed to relax until
the final energy and the forces on each atom converged to 10−4 eV and 0.02 eV/Å, respec-
tively. The quantitative charge changes of the Co4 and graphene patch were described
using a grid-based Bader charge transfer analysis method [39]. The adsorption energy was
calculated as follows:

Eads = Etotal − Egraphene − ECo4 (2)

where ECo4 is the calculated energy of the Co4 cluster, Egraphene is the energy of the graphene
surface and Etotal is the total energy of the absorption system that contains both the cluster
and the graphene patch.

During the hydrolysis process, the remaining one or more hydrogen atoms from the
previous step are accepted when far away from the central unit cell of the surface. As the
total number of atoms in the system must be conserved in order to generate a relative
energy diagram, thus the infinite distance approach (IDA) was considered in the calculation.
IDA energy is equal to the number of the adsorbed hydrogen atom(s), and it can be defined
as follows [40]:

EIDA = EH/slab − Eslab (3)

where EH/slab is the total energy of the hydrogen adsorbed slab and Eslab is the total energy
of the pure slab.

3. Results and Discussion
3.1. Characterization of the as-Prepared Catalysts

First, the PC was prepared by carbonizing the powder mixture of bagasse, zinc
chloride and magnesium sulfate at 800 ◦C for 2 h under N2 flow with a heating rate of
3 ◦C min−1. Then, the PC was dispersed in the aqueous solution by ultrasound. Under
stirring conditions, cobalt chloride hexahydrate was added to the suspension so that Co2+

was well dispersed around the PC. After that, the NaBH4 aqueous solution was slowly
dropped into the system to reduce Co2+ to Co on the PC surface (Figure 1). Finically, the
catalysts of Co@50PC, Co@100PC, Co@150PC and Co@200PC were obtained according to
the different amounts of PC (50, 100, 150 and 200 mg).
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Figure 1. Schematic diagram of the preparation and catalytic process of Co@xPC.

In Figure 2a, the PC shows a clear porous structure on its surface and on the scaffold.
Co nanoparticles are flaky and aggregate into branches (Figure 2b). After supporting Co
nanoparticles (Figure 2c–f), with the increase in the addition of PC, the dispersibility of
Co nanoparticles in Co@xPC was significantly enhanced and gradually changed from the
mixed state of flakes and particles to Co nanoparticles with uniform size. Compared with
the agglomerated Co in Figure 2b, the dispersion of Co in Co@xPC has been significantly
improved. Particularly in Co@150PC and Co@200PC, Co nanoparticles were evenly dis-
persed on the surface of PC (Figure S1) without obvious agglomeration (Figure 2e–f). The
average particle size of Co nanoparticles in Co@150PC and Co@200PC was determined
to be 50 and 45 nm, respectively, much smaller than that in Co, Co@50PC and Co@100PC
samples. Furthermore, compared with Co nanoparticles in Figure 2b, the presence of
PC support could effectively prevent the agglomeration of catalysts in the preparation
and catalytic reaction process, resulting in a smaller size and more even dispersion of Co
particles. Through careful examination, the Co nanoparticles of Co@150PC (51.82 wt.%)
were found to be more uniform than Co@200PC (44.65 wt.%) and the relative content of
Co was higher in Co@150PC, confirmed by ICP analysis. The XRD patterns of PC, Co,
Co@50PC, Co@100PC, Co@150PC, Co@200PC and Co@150PC-15th are shown in Figure 2g
and Figure S2. For the PC, two broad and weak peaks observed at approximately 24◦ and
42◦ are attributed to the diffraction of the (002) and (100) planes of graphite [41], respec-
tively. For the neat Co nanoparticles and Co@xPC samples, no observable peaks for the
metallic cobalt are found, ascribed to the amorphous state of metallic cobalt [42]. A similar
phenomenon was also observed in the XRD patterns of phosphorus-modified spirulina
microalgae strains supporting a Co-B catalyst [19]. As described before, Co@150PC exhibits
more uniform Co nanoparticles (Figure S3) and relatively high Co content among the as-
prepared catalysts. Therefore, only Co@150PC is characterized in the following parts. As
shown in Figure 2h, a typical type IV isotherm is observed for the PC, Co and Co@150PC
catalysts. The specific surface area (Table 1) of PC was determined to be 1527.5 m2·g−1 with
a pore-size distribution in a narrow 3–4 nm range (Figure 2i). The specific surface areas of
the Co and Co@150PC catalysts were 87.1 and 274.1 m2·g−1, respectively. Therefore, the
addition of PC effectively increases the specific surface area of Co@150PC.

From Figure 3a, the C 1s and Co 2p photoionization signals are observed in the XPS
survey spectrum, which confirmed the presence of boron, carbon and cobalt species in the
Co@150PC. The binding energy of the C 1s spectrum in Figure S4 can be divided into three
fitting peaks at 284.8 eV, 286.2 eV and 288.9 eV, which are, respectively, related to C-C, C-O
and C=O [43–45]. In Figure 3b, the Co 2p spectrum shows the six fitting peaks. The peaks
of 778.8 eV (Co 2p3/2) and 793.6 eV (Co 2p1/2) correspond to the reduced metallic Co in the
Co@150PC. Two peaks were observed at 780.8 eV (Co 2p3/2) and 796.4 eV (Co 2p1/2), which
corresponded to the spin-orbit peaks of Co 2p3/2 and Co 2p1/2 of CoO [31]. This indicated
the presence of CoO in the Co@150PC catalyst. Moreover, satellite peaks corresponding
to CoO were also observed at 786.2 eV and 802.8 eV. The quantitative analysis of the Co
2p XPS spectrum indicated that the Co0:Co2+ atomic ratio was 6.21:1.00, showing that
most of the cobalt in Co@150PC exists in a reduced state. In summary, Co nanoparticles in
Co@150PC mainly existed as metallic cobalt and also contained a small amount of CoO,
which possibly resulted from cobalt nanoparticles easily combining with atmospheric
oxygen in the preparation and storage of the catalyst [17].
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Figure 2. SEM images of PC (a), Co (b), Co@50PC (c), Co@100PC (d), Co@150PC (e) and Co@200PC (f). XRD patterns of the
as-prepared catalysts (g). N2 adsorption–desorption isotherms (h) and corresponding BJH pore-size distribution plots (i) of
PC, Co and Co@150PC. The insets in (e,f) are the size distribution of metal Co nanoparticles.

Table 1. The nitrogen adsorption–desorption measurement parameters of pure PC, Co and Co@150PC.

Catalyst Specific Surface Area
(m2·g−1) Pore Volume (cm3·g−1) Average Pore Diameter (nm)

PC 1527.499 0.530 3.837
Co 87.098 0.528 0.478

Co@150PC 274.101 0.348 1.429

Figure 3. XPS spectra of Co@150PC: (a) survey spectrum, (b) Co 2p spectrum.

3.2. Catalytic Activity Tests of Co@xPC for Hydrolysis of NaBH4

The NaBH4 hydrolysis performance catalyzed by Co and Co@xPC was tested under the
same conditions to explore the influence of the addition of PC on the catalytic performance of
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Co (Figure 4a–b). The hydrogen production rate was only 3693.94 mLH2·min−1·gCo
−1 when

no PC was added. This low value was probably obtained due to the severe agglomeration
of Co particles without support materials (Figure 2b). This caused a decrease in the
number of active sites on the Co surface, which in turn affected the catalytic performance.
Correspondingly, when increasing the amount of PC, the hydrogen production rate of
Co@xPC first increased rapidly because the presence of PC can effectively inhibit the
agglomeration of Co (Figure 2c–f). Then, the hydrogen production rate suddenly decreased
after reaching a maximum value with Co@150PC. This may be because the amount of PC
added was too high, and the Co content in Co@200PC was reduced too much, slowing
down its catalytic rate of NaBH4. Compared with previous work (Table 2), the addition of
PC with a large specific surface area obtained from bagasse is more effective than other
carbon materials in improving the performance of Co nanoparticles.

Figure 4. Hydrogen production rate of the as-prepared samples with (a,b) amount of PC added in
Co, (c,d) NaBH4 concentration.

Table 2. Comparison of the performance of different catalysts in catalyzing the NaBH4 hydrolysis reaction.

Catalyst Sample
Maximum Hydrogen

Production Rate
(mLH2·min−1·gM−1)

Ea (kJ mol−1) Durability References

Co-Fe3O4@C 1403 49.2 59.3% after 5 cycles [42]
CNSs@Pt0.1Co0.9 8943 38.0 85.12% after 5 cycles [46]

Co-B/C 8033.89 56.72 - [47]
Co–B/C 3887.1 56.37 25% after 6 cycles [48]

Co–Mo–B/CC 1280.8 51.0 75.1% after 3 cycles [49]
Ru–Co/C 9360 36.83 70% after 8 cycles [50]

Co–B/MWCNT 5100 40.40 - [51]
Co-B/N-C-700 2649 37.57 - [52]

Co/PGO 5955 55.2 73% after 5 cycles [53]
Co@NMGC 3575 35.2 82.5% after 20 cycles [31]

Modified CCS/Co 11,600 33.4 - [54]
CAs/Co 11,220 38.4 96.4% after 5 cycles [55]

Co/C 530 44.1 - [56]
Co@150PC 11,086.4 31.25 72% after 15 cycles This work
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The effect of different NaBH4 concentrations on the hydrogen production rate cat-
alyzed by Co@150PC catalyst with a Co loading of 51.82 wt.% (characterized by ICP) was
studied. In Figure 4c,d, it can be seen that when the concentration of NaBH4 was 0.5 wt.%,
the reaction rate was significantly slower due to the low concentration of NaBH4. However,
as the concentration of NaBH4 increased, the hydrogen production rate did not increase
significantly, which indicated that the concentration of NaBH4 had no obvious effect on
the hydrolysis catalyzed by Co@150PC. Therefore, a zero-order reaction is ascribed to the
hydrolysis of NaBH4 to produce hydrogen using a Co@150PC catalyst [57,58] and the
rate-determining step should have been the hydrolysis reaction [59].

The hydrogen production rate of NaBH4 catalyzed by different amounts of Co@150PC
(0.05, 0.10, 0.15 and 0.20 g) was also tested. Figure 5a shows the relationship between
the hydrogen production rate and the amount of catalyst added, indicating that the time
required to complete the reaction decreases rapidly as the amount of catalyst added
increases. Moreover, the rate of the NaBH4 hydrolysis reaction shows a good linear fit with
respect to the amount of catalyst added (Figure 5b).

Figure 5. Hydrogen production rate of the as-prepared samples with (a,b) catalyst amount, (c) hy-
drogen generation kinetics curves employing Co@150PC at different solution temperatures and
(d) Arrhenius plot.

To further explore the catalytic activity of the Co@150PC catalyst, Co@150PC catalyst
(100 mg) was used to hydrolyze NaBH4 at different temperatures from 15 ◦C to 55 ◦C.
Figure 5c shows that the rate of hydrogen generation increases significantly with the
increase in temperature. The activation energy (Ea) of the NaBH4 hydrolysis reaction
catalyzed by Co@150PC can be obtained from the Arrhenius equation:

ln k = ln A− (
Ea

RT
) (4)

According to the linear slope in Figure 5d, Ea for the NaBH4 hydrolysis reaction
catalyzed by the Co@150PC catalyst was calculated to be 31.25 kJ mol−1, lower than those
of most reported Co-based catalysts (Table 2).
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3.3. Catalytic Stability Tests of Co@150PC for Hydrolysis of NaBH4

In addition to having excellent catalytic activity, low cost and environmentally friendly
properties, the hydrolysis catalyst is also required to have good stability. Therefore, the
stability studies of Co@150PC catalyst were conducted. The histogram of the hydrogen
generation rate and the different cycle times was drawn to study the changes in the hydro-
gen generation rate during the stability test (Figure 6). Obviously, the hydrogen generation
rate decreased slowly as the number of tests increased. The hydrogen production rate
of the Co@150PC catalyst is 7982.54 mLH2·min−1·gCo

−1 at the 15th cycle with a 72.0%
hydrogen generation rate of the initial cycle retained. Compared with previous reported
values (Table 2), the cycle stability of Co@150PC is significantly improved and the decline
in performance is relatively small compared with the Co-based catalysts supported by
other carbon materials. To prove that the presence of PC could effectively improve the
cycling performance of the catalyst, we performed a repeatability study on the pure Co
catalyst under the same conditions (Figure 6). The hydrogen production rate catalyzed by
neat Co was 1684.30 mLH2·min−1·gCo

−1 after five hydrolysis cycles, which was only 45.6%
of the hydrogen generation rate of the first cycle.

Figure 6. Histogram of hydrogen generation rate and the different cycle times of Co@150PC and Co
in the cycle test.

SEM images showed that the structure of Co was agglomerated from flakes into a
large number of irregular blocks (Figure 7a). Moreover, compared with Co@150PC-15th
(Figure 7b), Co-5th has poor dispersion and uneven size. Therefore, PC effectively inhibits
the agglomeration of Co during the hydrolysis reaction process, which reduces the decrease
in the number of active sites on the catalyst surface, thus ensuring the high stability of the
catalytic performance of Co@150PC.

3.4. DFT Calculations of Co@150PC

By constructing a model of Co4 clusters on graphene (named Co4@graphene) to
perform DFT calculations, we can further understand the catalysis of the Co@xPC structure
in the NaBH4 hydrolysis process. Although the models of Co4 clusters and graphene in this
experiment are much smaller than the observed Co@xPC nanoparticles, the relative energy
of the NaBH4 hydrolysis process can be discussed. Therefore, the sequential dissociation of
BHx (x = 0→4) molecules on the Co(111) and Co4@graphene surface was calculated. First,
the structure optimization showed that Co4 clusters could be anchored on the graphene
surface to maintain a stable structure with an adsorption energy of −3.34 eV. As shown in
different charge density maps (Figure 8a), there is a charge accumulation between graphene
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and the Co4 cluster. The graphene gains 0.794 electrons from the Co4 cluster, indicating that
the redistribution of the electron potential of the Co4@graphene structure is weakening the
inert B-H bond and activating [BH4]−. From the density of states (DOS) plots, an increased
electron state of *BH4 DOS at the Fermi level on Co4@graphene compared with the Co(111)
surface can be observed (Figure 8b), indicating that the electrons in Co4@graphene can
efficiently back donate to the unoccupied orbital of [BH4]−, thus activating the [BH4]−

molecule. According to Figure 8c, the rate-determining step (RDS) is the BH dissociation
step common to both systems in the pathways. Obviously, H abstracting from * BH on the
Co(111) and Co4@graphene surface is endothermic, which requires 0.911 and 0.527 eV of
energies, respectively. Hence, the above results fully suggested that the Co4@graphene
structure is favorable to the dissociation of [BH4]− molecules.

Figure 7. SEM images of Co-5th (a), Co@150PC-15th (b). Corresponding EDS mapping of Co@150PC-15th (c–f).

3.5. Mechanism Analysis on Performance Decrease of Co@150PC during Cycles

To explore the reasons for the decrease in catalyst stability, the used catalysts were
characterized after 15 cycles. The dispersed Co particles in Figure 2e have obvious agglom-
eration after 15 tests. As shown in Figure 7b, the Co nanoparticles on the porous carbon
surface became significantly larger, sticking to each other and agglomerating together. By
comparing the EDS mappings of Co@150PC (Figure S3) and Co@150PC-15th (Figure 7f), it
was found that the B content in Co@150PC-15th increased significantly. ICP-AES analysis
further found that the content of B in Co@150PC increased from 0.41 wt.% to 10.9 wt.%
after 15 cycles. This indicates that as the number of cycles increased, the content of B
continued to increase. At the same time, a Co0:Co2+ atomic ratio is determined to be
1.90:1.00 according to XPS of Co 2p in Co@150PC-15th (Figure 9a). That is to say, most
of the cobalt in Co@150PC-15th exists in a reduced state. In the XRD pattern (Figure S5),
compared with Co@150PC, Co@150PC-15th also did not show the characteristic peak of
Co-B around 46◦. This is probably because of the presence of heat in the reaction during the
test and because the surface of Co nanoparticles is covered by a film consisting of strongly
adsorbed (poly)borates [46].
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Figure 8. (a) Different charge densities of Co4@graphene. The isovalue value is 0.005 e/Å3, where
the cyan and yellow regions indicate a charge depletion and accumulation, respectively. (b) Density
of states of the absorbed *BH4 on Co(111) and Co4@graphene. The dashed line indicates the Fermi
level. (c) Potential energy diagram of Co(111) and Co4@graphene.

To verify the above results, we conducted FT-IR and Raman tests. In the FT-IR spectra
(Figure 9b), we can see that at 525–630 cm−1, 1349 cm−1 and 875 cm−1, Co, Co@150PC and
Co@150PC-15th all have pulse vibrations, indicating that they all contain borate [60,61].
Among them, the weaker peak intensity of Co and Co@150PC indicates that these untested
catalysts have less borate content, and the peak intensity of Co@150PC-15th also proved
that the borate content is higher with the increase in cycles of the experiments. Similarly,
in the Raman spectra (Figure 9c), Co@150PC-15th had an obvious Raman characteristic
peak [60] of B(OH)4

− at 754 cm−1, while Co and Co@150PC were present in negligible
quantities.

On this basis we infer that Co nanoparticles in the prepared catalyst first existed in the
form of metallic cobalt. As the number of experiments increased, the borate content on the
surface of the Co nanoparticles gradually increased, forming a layer of a strongly adsorbed
(poly)borate shell (Figure 9d), similarly to previous observations [13,47,62]. The existence
of this shell reduces the contact area between Co nanoparticles and NaBH4. At the same
time, the mutual fusion between the strongly adsorbed (poly)borate shells on the surface
of adjacent Co nanoparticles makes the Co nanoparticles stick together, which reduces the
dispersion of Co nanoparticles and further affects the catalytic performance of Co@150PC.
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Based on the above research, it is found that Co@150PC catalyst can significantly
improve the hydrolysis performance of NaBH4. It is attributable to the supporting and
inhibiting agglomeration effect of PC with a large specific surface area on Co nanoparticles
during the synthesis of Co@150PC catalyst, which effectively reduces the particle size of
Co particles and distributes them more uniformly to provide more active sites. Similarly,
due to the role of PC with a large specific surface area on the loading of Co nanoparticles
and the inhibition of agglomeration, the catalyst Co@150PC can effectively retain the good
catalytic performance. The calculation results of DFT also proved that Co nanoparticles can
be anchored on the surface of PC to maintain a stable structure, and the Co@xPC structure
is conducive to the dissociation of [BH4]− molecules to realize the rapid water release of
hydrogen from NaBH4.

Figure 9. Co 2p XPS spectrum of Co@150PC-15th (a). FT-IR spectra (b), Raman spectra of the as-prepared catalysts
(c). Schematic diagram of the structure of Co@BαOβ(OH)γ, a core-shell structure with metallic cobalt as the core and
(poly)borate as the outer shell (d).

4. Conclusions

The Co@xPC catalyst was synthesized to catalyze NaBH4 hydrolysis for hydrogen
evolution. During the synthesis of the Co@xPC catalyst, the PC support can inhibit the
agglomeration of Co nanoparticles, which effectively reduced the particle size of the Co
nanoparticles and distributed them more uniformly to provide more active sites. Therefore,
a superior hydrogen production rate of 11086.4 mLH2·min−1·gCo

−1 and a low activation
energy of 31.52 kJ mol−1 can be obtained for Co@150PC. Furthermore, it still maintained
about 72.0% of the initial hydrogen production rate after 15 cycles. The DFT calculation
results also indicated that Co@xPC can activate [BH4]− molecules to promote the rapid
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dissociation of NaBH4 to release hydrogen. We also found the main reasons for the
decrease in the catalytic performance of Co@150PC was the accumulation of borate as a
by-product of the reaction during the test, which led to the formation of a strong adsorption
(poly)borate shell on the surface of the Co nanoparticles. At the same time, the mutual
fusion between the strongly adsorbed (poly)borate shells also weakened the dispersibility
of Co nanoparticles, which further decreased the catalytic performance of Co@150PC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123259/s1, Figure S1. TEM image of Co@150PC; Figure S2. XRD patterns of Co@50PC,
Co@100PC and Co@200PC; Figure S3. Corresponding EDS mapping Co@150PC (a–d); Figure S4.
C 1s XPS spectrum of Co@150PC; Figure S5. XRD patterns of Co@150PC and Co@150PC-15th.
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Abstract: Peritectic compound Li4(OH)3Br has been recently proposed as phase change material
(PCM) for thermal energy storage (TES) applications at approx. 300 ◦C Compared to competitor
PCM materials (e.g., sodium nitrate), the main assets of this compound are high volumetric latent
heat storage capacity (>140 kWh/m3) and very low volume changes (<3%) during peritectic reaction
and melting. The objective of the present work was to find proper supporting materials able to
shape stabilize Li4(OH)3Br during the formation of the melt and after its complete melting, avoiding
any leakage and thus obtaining a composite apparently always in the solid state during the charge
and discharge of the TES material. Micro-nanoparticles of MgO, Fe2O3, CuO, SiO2 and Al2O3 have
been considered as candidate supporting materials combined with the cold-compression route for
shape-stabilized composites preparation. The work carried out allowed for the identification of
the most promising composite based on MgO nanoparticles through a deep experimental analysis
and characterization, including chemical compatibility tests, anti-leakage performance evaluation,
structural and thermodynamic properties analysis and preliminary cycling stability study.

Keywords: peritectic compound Li4(OH)3Br; phase change materials; thermal energy storage; shape
stabilized composites; supporting materials; oxides

1. Introduction

High-temperature thermal energy storage (HT-TES) is part of the storage solution
that is expected to be deployed in future energy systems. HT-TES is currently used in
concentrating solar thermal power plants to warrant dispatchability. Moreover, using
HT-TES is also envisaged in conventional thermal power plants to provide them with
greater operational flexibility. It is also expected for HT-TES to provide a second life to
coal-fired plants, which are being closed for environmental reasons, and that participate
as well in the emergence of stand-alone energy storage plants in the grid, where it has a
cost advantage over other technologies. In the industrial sector, in addition to the already
known uses of recovery and valorization of waste heat and improvement of the overall
efficiency of cogeneration systems or steam boilers, the use of HT-TES associated with
increasing solarization and/or electrification of heat and cold production will be added.

The development of HT-TES technologies has been closely linked to the development
and deployment of concentrating solar thermal power plants [1,2]. The technology that
currently dominates the market is molten salt due to the ability of nitrate mixtures to
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operate at temperatures up to 450–560 ◦C at reasonable cost, despite the drawbacks of the
risk of salt solidification and inherent corrosion problems. At lower temperatures (up to
400 ◦C), thermal storage in concrete is also a commercially available option. Fixed packed-
bed systems, which use rocks or solid industrial by-products as granular filler material, are
in the process of being commercialized. Compared to molten salts and concrete, their main
advantages are much lower investment costs and the possibility to operate in a very wide
temperature range (up to 1000 ◦C).

All of the above technologies store/deliver energy by increasing/decreasing the
temperature of the storage material (sensible heat storage) and therefore suffer from a lack
of compactness (low storage capacity per unit volume). In this regard, latent heat storage
technologies based on high-temperature phase change materials (HT-PCMs) could meet
the desired compactness objectives while keeping costs affordable. Inorganic anhydrous
salts and their mixtures are the most commonly investigated HT-PCMs [3–6]. They store
thermal energy in an almost isothermal manner during melting, and they return it back
during the reverse process of solidification. Moreover, they are usually characterized
by high enthalpies of fusion, high density, excellent thermochemical stability and low
price. However, they often suffer from some shortcomings. The most important ones are
corrosivity and low thermal conductivity (<1 W/m/K). Corrosion involves using expensive
corrosion-resistant materials for the storage tank and heat exchanger, while low thermal
conductivity has to be compensated by oversizing the latter, thus increasing investment
cost.

To overcome such problems, different techniques for encapsulating high-temperature
salts are being investigated. They can be classified into two main categories, namely
core–shell microencapsulation [7–11], where the shell acts as a container to prevent liquid
leakage, and so-called shape-stabilized composite materials (ss-composites) [8,9,11–13],
where a porous supporting material encapsulates the salt and retain the liquid phase
by capillary forces and surface tension. Compared with core–shell microencapsulation,
ss-composites have clear advantages regarding production cost and performance. Indeed,
they are generally produced by simple melting infiltration in a porous support or by cold
compression of a mixture of the supporting material micro and/or nanoparticles and
salt powders. Moreover, they usually have the ability of self-management of the volume
changes of the salt during phase transitions, which is one of the major concerns of core–shell
microencapsulation, and they lead to higher apparent thermal conductivity enhancement.

The selection of the supporting material is critical for successful ss-composites [12].
The thermal stability in the planned working temperature range and the chemical compati-
bility with encapsulated salt are the most basic requirements, which directly determine the
usability of the supporting material. Good wettability with loaded salt and high specific
surface area is also of great importance because it determines maximum salt loading and,
therefore, the latent heat storage capacity of the final material. To a lesser extent, high
thermal conductivity is also advisable to reduce the size of heat exchangers or, alternatively,
to maximize the size of pellets/grains in fixed packed-bed storage systems. Obviously, eco-
nomic and safety aspects are also relevant, therefore, safe (non-corrosive, non-flammable,
non-explosive) and inexpensive supporting materials that are easy to obtain and process
are required as well.

Supporting material used in ss-composites studied so far can be classified into three
main groups:

• Carbon-based supporting materials, such as expanded graphite and graphite
foams [14–28]. They have proven to be compatible with nitrites and chlorides and
have high salt absorption capacity (>85 wt.%). Furthermore, they are excellent in heat
transfer enhancement because of their high thermal conductivity (up to 100 W/m/K
reported). However, they are characterized by poor wettability with salts, and they
also tend to oxidize at temperatures above approx. 600 ◦C. The ss-composites using
expanded graphite are usually prepared by the uniaxial or isostatic cold-compression
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route, whereas the vacuum-assisted melting infiltration method is used in the prepa-
ration of graphite foam-based composites.

• Clay mineral supporting materials such as expanded perlite, expanded vermiculite
and diatomite [9,29–36]. They demonstrate chemical compatibility with nitrites, chlo-
rides and sulfates as well as high salt absorption capacity (>85 wt.% for expanded
perlite and vermiculite; 55–70 wt.% for diatomite). Moreover, the wettability with
molten salts is good, and they can support temperatures above 1000 ◦C. However, they
have low values of thermal conductivity (<0.15 W/m/K), and the melting infiltration
route is needed for ss-composite preparation, which is more expensive than the cold
compression method. Another type of clay mineral used as an additive for PCM
composites is natural halloysite nanoclay. These materials are characterized by good
thermal stability, a high adsorption capacity and low cost. Halloysite nanoclay is used
generally as a nucleating agent to mitigate the supercooling phenomena of the hydrate
PCMs and is applied for cold storage [37,38]

• Other supporting materials including refractory oxides (MgO, Al2O3, SiO2, mul-
lite), SiC and Ca(OH)2 [11,13,39–57]. The compatibility and good wettability with
nitrates, carbonates, chlorides and sulfates have been proven for most of them. Maxi-
mum salt loading is lower than in previous cases, but still significant (up to 70 wt.%).
On the contrary, they show excellent thermal stability up to 1400–1600 ◦C (only
570 ◦C for calcium hydroxide). In addition, they have relatively high thermal con-
ductivity (3–65 W/m/K), and corresponding ss-composites are prepared by the cold-
compression route.

The present work deals with the peritectic compound Li4(OH)3Br recently proposed
as an HT-PCM for TES applications at approx. 300 ◦C [58–60]. Compared to sodium
nitrate, which is the reference HT-PCM for this temperature level [61], Li4(OH)3Br has two
main advantages that make it particularly attractive [60]. On the one hand, the volumetric
latent heat storage capacity of Li4(OH)3Br (141.3 kWh/m3) is 54% higher than that of
NaNO3, meaning that Li4(OH)3Br offers the opportunity for reducing significantly the
volume of the storage tank. On the other hand, whereas the volume expansion on melting
of NaNO3 is quite high (almost 11%), that of Li4(OH)3Br is only 3%. This work aims at
selecting suitable supporting materials for Li4(OH)3Br-based ss-composites obtained by
the cold-compression route, which is the most advantageous from an economic point of
view. Candidate supporting materials considered are micro and/or nanoparticles of MgO,
Fe2O3, CuO, SiO2 and Al2O3. An experimental screening, including chemical compatibility
with Li4(OH)3Br analysis, anti-leakage performance and maximum salt loading evaluation
as well as thermal cycling stability of corresponding ss-composites, was performed to select
the best candidate.

2. Materials and Methods
2.1. Materials

High purity anhydrous lithium hydroxide (CAS: 1310-65-2, purity 98%) and lithium
bromide (CAS: 7550-35-8, purity 99+%), both provided by Acros Organics (Geel, Belgium),
were used in the preparation of the peritectic compound Li4(OH)3Br. The synthesis was
performed following the method proposed by Mahroug et al. [60]. A powder mixture
of LiOH and LiBr (5 g approx.) was prepared under a protective argon atmosphere by
weighing the right weight fraction of each component (mole ratio 75LiOH:25LiBr) using a
Sartorius balance (±0.1 mg). The mixture was then homogenized by ball milling for 15 min
using a Spex mixer mill (875 rpm, Spexsampleprep, Metuchen, NJ, USA) using stainless-
steel vials and stainless-steel balls (3 balls of 3 mm BPR = 0.5) under mild conditions. The
mixture was then introduced inside corundum crucibles put inside stainless steel reactors
and sealed under argon. The synthesis was performed inside the furnace applying the
following temperature program: (i) a heating ramp at 10 ◦C/min from ambient temperature
up to 30 ◦C above the melting temperature of Li4(OH)3Br; (ii) an isothermal step of 1 h; (iii) a
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cooling step up to room temperature with a cooling rate of 1.8 ◦C/min. Key thermophysical
properties of Li4(OH)3Br are gathered in Table 1.

Table 1. Main storage-related properties of Li4(OH)3Br [60].

Peritectic Temperature (◦C) 289

Melting point (◦C) 340
Thermal conductivity at room temperature (W/m/K) 0.47

Specific heat in solid close to the peritectic temperature (J/g/K) 1.68
Density in solid close to the peritectic temperature (g/cc) 1.85

As supporting material for shape stabilization, several commercial oxides were tested
with different particle sizes (nano/microparticles). General information about the tested
materials is presented in Table 2.

Table 2. General information about the tested oxides.

Material MgO Fe2O3 CuO SiO2 Al2O3

Supplier
Alfa Aesar

Kandel,
Germany

Sigma
Aldrich St.
Louis, MO,

USA

Alfa Aesar
Kandel,

Germany

Sigma
Aldrich St.
Louis, MO,

USA

Sigma
Aldrich St.
Louis, MO,

USA

CAS number 1309-48-4 1309-37-1 1317-38-0 7631-86-9 1344-28-1

Purity (%) 99+% ≥99% 99.7% >95%

Particle size 100 nm <5 µm <74 µm 12 nm 13 nm

ρ (g/cm3) 3.58 5.12 6.315 2.2–2.6 3.95

The morphology of the supporting materials was studied by Scanning Electron Mi-
croscopy (SEM) using a Quanta 200 FEG (FEI, Hillsboro, OR, USA) scanning electron
microscope operated in high vacuum mode at 20 kV, with a back scattered electron detector
(BSED). Particles size and morphology of the oxide supporting materials (MgO, Fe2O3,
CuO, Al2O3 and SiO2) were studied by analyzing SEM images of the samples using Im-
ageJ 2.0 software [62]. As can be seen in Figure 1, Al2O3 and SiO2 nanopowders formed
spherical clusters with well-distributed cluster sizes (Figures 1d and 1e, respectively); the
particle size provided by the supplier was considered in the study. In the case of MgO
nanopowder, Figure 1a shows crystal agglomerates of MgO with crystal size less than 1 µm.
Fe2O3 (see Figure 1b) presented spherical powder with uniform distribution of the particle
size (<4 µm), whereas CuO showed a large distribution of particle size (<13 µm).

Li4(OH)3Br-based composites were prepared by the uniaxial cold compression route.
The storage material Li4(OH)3Br was initially grounded and sifted using a 200 µm sieve,
and then it was mixed with the oxide according to specific mass ratios to obtain a total mass
of 1 g of composite. The powder mixture was then physically mixed for 20 min using a ball
mill (Spex mixer mill 875 RPM) without balls. The purpose of the physical mixing was to
ensure the homogeneity of the oxide/salt mixture. Finally, a pellet of 13 mm diameter was
made by cold compression of the powder mixture under a pressure of 5 tons for 1 min. The
pellet was then placed in a corundum crucible inside a closed stainless steel reactor under
Ar atmosphere and sintered in a muffle furnace over the melting temperature of the salt
according to the following temperature program: a first heating step at 10 ◦C/min up to
350 ◦C, followed by an isothermal step at 350 ◦C for 1 h, and finally the sample was cooled
down to room temperature at around 2 K/min cooling rate.
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Figure 1. SEM images of the tested oxides: (a) MgO; (b) Fe2O3; (c) CuO; (d) Al2O3; (e) SiO2. 
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Figure 1. SEM images of the tested oxides: (a) MgO; (b) Fe2O3; (c) CuO; (d) Al2O3; (e) SiO2.

2.2. Screening Methodology

The experimental screening carried out to select the best supporting material focused
on fundamental aspects such as chemical compatibility of the supporting material with
Li4(OH)3Br, anti-leakage performance of the corresponding ss-composite and maximum
salt loading allowed as well thermal properties and thermal cycling stability of the final
composites. A three steps methodology was established to progressively discard either
useless or poorly performing supporting material:

1. Chemical compatibility test. It consists of preparing a mixture of 90 wt.% Li4(OH)3Br
and 10 wt.% oxide. The powder mixture is then subjected to a heating process
up to 400 ◦C (Tmsalt + 60 ◦C) for 24 h inside a closed stainless-steel reactor under
Ar atmosphere. After these extreme heating conditions, chemical compatibility is
investigated by means of differential scanning calorimetry (DSC) analysis and X-ray
diffraction analysis to detect eventual side-reactions or changes/degradations in the
storage properties of Li4(OH)3Br.

2. Anti-leakage performance analysis and maximum salt loading allowed. Pellets of
Li4(OH)3Br/oxide composite materials with different oxide loadings are prepared
following the cold-compression method described in Section 2.2. They are then
submitted to the following thermal treatment: a heating step at 10 ◦C/min up to
350 ◦C, followed by an isothermal step at 350 ◦C for 1 h and finally a cooling step
at around 2 K/min up to room temperature. The effectiveness of the composite in
retaining the liquid phase of Li4(OH)3Br is qualified by visual inspection of the pellets
during the test. Those composites allowing higher salt content while displaying good
anti-leakage performance are moved to the last step.

3. Stability of the composites under thermal cycling conditions. In this step, the phase
transition properties of composites that passed previous tests are determined before
and after 50 heating and cooling cycles. Thermal cycling tests are carried out in
a muffle furnace under argon atmosphere, between 250 ◦C and 350 ◦C, applying
heating/cooling rates of 10 K/min and 2 K/min, respectively. Determination of both
cycling and storage properties are carried out using differential scanning calorimetry
(TA DSC 2500 model (New Castle, DE, USA)). The composite showing better stability
and heat storage capacity is finally selected as supporting material.

2.3. Thermal and Structural Characterizations

Thermal properties including reaction temperature and enthalpy were measured using
differential scanning calorimetry (TA DSC 2500 model). The DSC measurements were
performed for samples in the form of cohesive solids to preserve the shape stabilization
effect. Samples of about 20 mg were analyzed at a heating rate of 1 ◦C/min and a cooling
rate of 10 K/min in the temperature range of 40–300 ◦C. Hermetically sealed aluminum DSC
crucibles were used for the measurement. The temperature and enthalpy were calibrated
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using sapphire and indium standards; argon was used as a purge gas (50 mL/min). The
accuracy was estimated to be ±1 K for the temperature and ±3 J/g for the enthalpy. The
phase transition temperature was considered as the onset temperature. The phase change
enthalpy was calculated by peak integration in the heating run. Structural analysis of the
materials was performed by X-ray diffraction analysis using a Bruker D8 Discover (Billerica,
MA, USA) equipped with a LYNXEYE detector with monochromatic Cu Kα1 radiation
of λ = 1.54056 Å. Patterns were recorded in a 2θ angular range 10–80◦ with a step size of
0.02◦ and a step time of 1 s. The measurements were performed at room temperature.

3. Results

The peritectic salt Li4(OH)3Br was deeply studied in a previous paper as TES mate-
rial [60]. The study showed that upon heating, Li4(OH)3Br undergoes different reversible
phase transitions. A first solid state transformation occurs at around 230 ◦C. A second
solid state transition occurs at 279 ◦C, and finally the peritectic reaction occurs at 289 ◦C.
All these transformations are reflected in the DSC curve of this stoichiometric compound,
as shown in Figure 2. This is the reference DSC in terms of transition temperature and
reaction enthalpy, which were taken into consideration when analyzing the compatibility
and performance of the different supporting materials. The values assigned to the peritectic
reaction in this work represent the sum of both the second solid state transition and the
peritectic transition.
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Figure 2. DSC curves of Li4(OH)3Br (a) upon heating and (b) upon cooling.

3.1. Chemical Compatibility of the Supporting Material with Molten Li4(OH)3Br

As already mentioned in Section 2.2 (step 1 of the screening), different mixtures of
Li4(OH)3Br/oxide were prepared using 10 wt.% of the support materials reported in Table 2
and heated at 400 ◦C for 24 h inside closed stainless-steel reactors under Ar atmosphere.
Then, all the samples were subjected to structural analysis using X-ray diffraction in order
to test the compatibility with the salt and detect possible side products formed due to the
reaction between the salt and the oxide. The DSC curves of different mixtures (Li4(OH)3Br
+ 10 wt.% oxide) after compatibility tests obtained both upon heating and cooling are
reported in Figure 3.
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The temperatures and enthalpies of the reaction corresponding to the different com-
posites are presented in Table 3. The enthalpy of the peritectic reaction relative to the mass
fraction of the salt in the composite ∆Hcalculated is calculated as follows:

∆HCalculated = ∆HLi4(OH)3Br ∗ XLi4(OH)3Br (1)

where XLi4(OH)3Br represents the mass fraction of the salt, and ∆HLi4(OH)3Br is the enthalpy
of the pure peritectic salt.

Table 3. Temperatures and enthalpies corresponding to the peritectic reaction of different
Li4(OH)3Br/oxide mixtures after compatibility tests.

Composition Tonset (◦C) ∆HExperimental
(J/g)

∆HCalculated
(J/g)

Enthalpy Loss
(%)

Pure Li4(OH)3Br 289 247 247

90Li4(OH)3Br-10Fe2O3 288 197

222

10

90Li4(OH)3Br-10CuO 287 215 3

90Li4(OH)3Br-10MgO 288 209 6

90Li4(OH)3Br-10Al2O3 282 137 34

Analyzing Figure 3a, the DSC curves of sample 90Li4(OH)3Br-10SiO2 showed a nar-
rowing of the peak at the peritectic transition temperature together with the broadening
of the first peak, in addition to the appearance of a new DSC peak at 246 ◦C. The three
thermal events were reversible upon cooling (see Figure 3b). This behavior is an indication
of a chemical reaction between the salt and the silica nanopowder. For this reason, the
silicon dioxide was discarded at this level. Alumina nanopowder was also discarded due
to the huge loss of the enthalpy of the peritectic reaction (−34%), as shown in Table 3.
In addition, the DSC heating curve showed the displacement of both the second solid
state reaction and the peritectic reaction to lower temperatures (−7 ◦C). The reason for
this phenomenon may be due to the very small particle size of Al2O3 powder. In fact, the
use of nanometric power (13 nm) with a very high specific surface area will create a large
number of cavities inside the composite pellet, which leads to the possible confinement of
a quantity of the peritectic salt inside these cavities, inducing the Gibbs–Thomson effect.
Additionally, the salt trapped inside the cavities and the vacancies can cause a total or
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partial suppression of the peritectic reaction, which may be the reason for the significant
decrease in the peritectic reaction enthalpy. In the cases of CuO, MgO and Fe2O3 oxides,
good thermal stability of the composites was noticed. The temperature of the peritectic
phase transition remained unchanged. Considering the systematic error (± 3 J/g), the
enthalpy of the peritectic reaction was stable in the case of the Li4(OH)3Br/CuO composite;
however, it showed a slight decrease (6% loss) in the cases of MgO and (10% loss) Fe2O3
composites. CuO, MgO and Fe2O3 metal oxides were selected for further investigation
(shape stability performance and thermal cycling stability).

Analyzing the XRD results of Li4(OH)3Br and the composite materials reported in
Figure 4, it can be clearly seen that the patterns corresponding to the samples 90Li4(OH)3Br-
10Fe2O3, 90Li4(OH)3Br-10MgO, 90Li4(OH)3Br-10CuO showed only the peaks related to
the peritectic salt plus the Fe2O3, MgO and CuO, respectively. No new peaks related to
the formation of new phases were detected despite the harsh conditions applied for the
compatibility tests, which indicates good chemical compatibility between the salt and the
tested oxides.
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3.2. Anti-Leakage Effectiveness and Maximum Salt Loading

Capillary forces are mainly responsible for retaining the liquid salt during the phase
change process. The parameters that determines the capillary effect are the size and
topology of the pores, as well as the adhesion forces between the liquid salt and the pore
wall, the latter of which is estimated by the effective contact angle between the liquid salt
and the supporting material (the higher the liquid adhesion, the lower the effective contact
angle) [63,64]. The work required to displace a liquid tube outside a cylindrical pore is
given by

dW ≡ ∆Pc × dV =
2γlv cos θ

r
dV = Spγlv cos θdV (2)

where ∆Pc is the capillary pressure, dV is the infinitesimal volume of the liquid tube
displaced along the axis of a cylindrical pore of radius r, γlv is the liquid–vapor surface
tension, Sp = 2/r represents the surface area per unit of pore volume and θ is the effective
contact angle. It can be concluded that the greater the wettability and the higher the surface
area (smaller pore size for same total porosity), the better the anti-leakage efficiency.

From this, several conclusions of practical interest follow for the interpretation of
the results of the leakage tests performed: (1) decreasing the size of the oxide particles
at constant oxide loading improves anti-leakage efficiency of the ss-composite; (2) the
same happens when increasing the oxide loading at constant particle size, although at
the expense of losing storage capacity; and (3) for equal oxide loading and particles size,
oxides with higher wettability with the salt lead to ss-composites with better anti-leakage
efficiency.
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The anti-leakage performance of composites Li4(OH)3Br/MgO, Li4(OH)3Br/CuO and
Li4(OH)3Br/Fe2O3 was analyzed, as described in Section 2.2 (step 2 of the screening). For
each composite, different pellets (13 mm in diameter, 5 mm in thickness) with oxide content
ranging from 20 wt.% to 60 wt.% were prepared in order to determine the maximum salt
loading allowed.

The following are shown in Table 4:

• Li4(OH)3Br/MgO composite shows a minor salt leakage at 30–40 wt.% content of
MgO. The sample with 50 wt.% MgO presents no sign of salt leakage, and the pellet
shape is perfectly preserved showing a smooth surface without cracks. The sample
with 60 wt.% MgO shows good structural stability without salt leakage; however, the
pellet has cracked after sintering, which could be due to the high amount of MgO
nanoparticles and the lesser amount of the salt, which ensure structural bonding after
solidification. The advantages expected of using nanostructure MgO powder with
100 nm particle size were to have shape stabilization at a small loading of MgO thanks
to the high specific surface area of MgO nanopowder, which generates a high surface
tension between the salt and MgO; however, despite the nanometric particle size
used, the form stability was ensured at a minimum content of 50 wt.% MgO, unlike
Li4(OH)3Br/Fe2O3, and this could be due to the fact that the wettability of MgO by
the molten salt is not as high as in the case of Fe2O3 micropowder.

• Li4(OH)3Br/Fe2O3 composite presents a significant salt leakage at 20 wt.% of Fe2O3.
The samples with 30/40/50 wt.% Fe2O3 present excellent structural stability without
any signs of salt leakage. Even though the nanostructure supporting materials prove
to afford good anti-leakage efficiency of ss-composite at lesser content compared to
materials with micrometric particle size, Fe2O3 with particle sizes <5 µm shows an
excellent structural stability at only 30 wt.% loading compared to 50 wt.% MgO with a
particle size of 100 nm. This can indicate the excellent wettability of Fe2O3 microparti-
cles by the molten salt. In order to afford the maximum enthalpy of phase transition,
the minimum content of 30 wt.% Fe2O3 was chosen for further investigations.

• Li4(OH)3Br/CuO composite shows a constant improvement of the structural stability
and no sign of leakage while increasing the content of the CuO from 30 to 60 wt.%.
Samples with 30–40 wt.% of CuO show a significant amount of salt leakage with
segregation of salt after sintering, which could be due to the difference in density of
the two components. At 50 wt.% CuO, a small leakage of the salt can be observed.
While increasing the CuO loading up to 60 wt.%, the shape stabilization is perfectly
ensured and no salt leakage was observed. The high CuO loading (60 wt.%) required
for the shape stability of the composite could be explained by (i) the large particle
size of this material (<74 µm) giving a smaller surface area and thus less surface
tension between the molten peritectic salt and CuO required for liquid salt retention
inside the structure of the composite; (ii) and/or the modest wettability of CuO by
the molten salt. The minimum loading required to guarantee the shape stabilization
of the composite is 60 wt.% CuO, although this is at the expense of salt loading. This
quite large amount of the supporting material will decrease considerably the storage
capacity of the composite. The result was not satisfactory from a thermal storage
application point of view, and for this reason, CuO was discarded at this level.
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Table 4. Li4(OH)3Br-based ss-composites with different oxide loading after sintering showing salt leakage assessment.

wt.% Oxide 20 30 40 50 60

Li4(OH)3Br/MgO

1 

 

           

          

   

1 

 

           

          

   

1 

 

           

          

   

1 

 

           

          

   

leakage assessment Serious Minor No No

Li4(OH)3Br/CuO

1 

 

           

          

   

1 

 

           

          

   

1 

 

           

          

   

1 

 

           

          

   

leakage assessment Serious Serious Minor No

Li4(OH)3Br/Fe2O3

1 

 

           

          

   

1 

 

           

          

   

1 

 

           

          

   

1 

 

           

          

   

leakage assessment Serious No No No

3.3. Thermal and Microstructural Characterization and Stability of Li4(OH)3Br-Based Shape
Stabilized Composites

The composites (70Li4(OH)3Br-30Fe2O3; 50Li4(OH)3Br-50MgO), which satisfied the
criterion of form stabilization, were characterized by DSC. The objective was to investigate
the influence of the shape stabilization on the thermal properties of the salt.

The morphology of the ss-composites was investigated by SEM. Figure 5a,b present
the microstructures of 50Li4(OH)3Br-50MgO and 70Li4(OH)3Br-30Fe2O3 composites re-
spectively. In both cases, it can be seen that Li4(OH)3Br salt is embedded in the oxide
particles. This morphology prevents the leakage of the molten salt outside the structure
of the composite by capillary force and surface tension. Analyzing the SEM images, two
regions can be distinguished, one region with a smooth surface presenting smooth lamellar
undulations which correspond to the peritectic salt, and another region with granular
morphology corresponding to the oxide particles. Both structures of the composites present
an open porosity.

The results of the DSC in terms of transition temperatures and reaction enthalpies are
reported in Table 5.

Both DSC curves of 70Li4(OH)3Br-30Fe2O3 presented in Figure 6 and of 90Li4(OH)3Br-
10Fe2O3 presented in Figure 3 show a shift in the peritectic transition to lower temperatures;
the shift increases with increasing Fe2O3 content (peritectic transition temperature is 288 ◦C
and 281 ◦C for 90Li4(OH)3Br-10Fe2O3 and 70Li4(OH)3Br-30Fe2O3, respectively). This can
be explained by the possible salt confinement in the interparticle voids of the composites
(thanks to the great wettability of Fe2O3 by the molten salt), which increases with the
augmentation of the salt loading. A drop in the enthalpy of the peritectic reaction is also
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noticed, showing a higher loss for the sample with higher Fe2O3 loading (10% and 17%
enthalpy loss for 90Li4(OH)3Br-10Fe2O3 and 70Li4(OH)3Br-30Fe2O3, respectively). This can
be explained by the fact that the salt trapped inside the interparticle voids of the composite
does not contribute to the total reaction enthalpy. Considering the high surface area of MgO
compared to Fe2O3 (particle size is 100 nm and <5 µm for MgO and Fe2O3, respectively),
the aforementioned phenomena is expected to be more pronounced; however, due to the
moderate wettability of MgO by the molten salt, the Gibbs–Thomson effect is less likely to
occur.
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Table 5. Temperatures and enthalpies corresponding to the peritectic reaction of different Li4(OH)3Br-based ss-composites
before and after thermal cycling.

Composition Tonset (◦C) ∆HExperimental (J/g) ∆HCalculated (J/g) Enthalpy Loss (%)

Pure Li4(OH)3Br 289 247 247

70Li4(OH)3Br-30Fe2O3-0Cycle 281 132 173 17

70Li4(OH)3Br-30Fe2O3-50Cycles 282 93 173 33

50Li4(OH)3Br-50MgO-0Cycle 285 114 124 4

50Li4(OH)3Br-50MgO-50Cycles 287 123 124 0.5
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composite. When considering the chemical stability, both composites confirmed the trend 
already observed after one cycle. 

The MgO-based composite was stable and inert, as confirmed by the results relevant 
to the reaction energy after 50 cycles (see Table 5) with enthalpy loss of only 0.5%. The 
heating DSC curves of 50Li4(OH)3Br-50MgO composites showed good reproducibility, as 
can be seen in Figure 8a. On the other hand, the Fe2O3-based composite showed a signifi-
cant decrease in the reaction energy of 33%, which excludes its possible further utilization. 
This result was probably due to a slow and progressive reaction of the salt with the oxide, 

Figure 6. DSC curves of Li4(OH)3Br-based shape stabilized composites (a) upon heating and (b) upon cooling.

Analyzing Table 5, the most promising material is the composite with MgO as support.
A slight enthalpy loss is observed, namely 4% compared to the 17% for the composite with
Fe2O3. This enthalpy loss observed could be a sign of inhomogeneity of the composite
structure, which means that the sample analyzed by DSC contained more supporting
material than the active material (salt).

The composites with the best performances (with 50 wt.% of MgO and 30 wt.% of
Fe2O3) were subjected to a lifecycle analysis test (up to 50 cycles) to determine the reactivity
and shape stabilization performance after prolonged charge–discharge cycles. The results
of these experiments are reported in Figure 7.
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Figure 7. Images of the composite of Li4(OH)3Br-based shape stabilized composite before and after thermal cycling tests:
(a) 50Li4(OH)3Br-50MgO; (b) 70Li4(OH)3Br-30Fe2O3.

No leaks of the salt outside the composite were observed after 50 charge/discharge
cycles for both samples. These results are very promising; the number of cycles applied
could indeed be considered representative regarding the stability of the shape-stabilized
composite. When considering the chemical stability, both composites confirmed the trend
already observed after one cycle.

The MgO-based composite was stable and inert, as confirmed by the results relevant
to the reaction energy after 50 cycles (see Table 5) with enthalpy loss of only 0.5%. The
heating DSC curves of 50Li4(OH)3Br-50MgO composites showed good reproducibility,
as can be seen in Figure 8a. On the other hand, the Fe2O3-based composite showed a
significant decrease in the reaction energy of 33%, which excludes its possible further
utilization. This result was probably due to a slow and progressive reaction of the salt
with the oxide, because of the strong interaction between the two materials, ending with
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the gradual degradation of the salt. This was manifested by a change in the heating DSC
curves, as presented in Figure 8b after 50 heating/cooling cycles.
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4. Conclusions and Perspectives

The work carried out in this study allowed us to perform the selection of the most
promising oxide-based supporting materials, with the best shape-stabilized performances,
for the peritectic compound Li4(OH)3Br for application in thermal energy storage (TES).
The combination of thermal treatment, structural analysis, thermodynamic characterization
and cycling tests allowed us to have a clear overview of (i) the compatibility of the different
materials tested and the possible by-products formed in terms of reacting behavior upon
heating; (ii) the influence of the ceramic materials added on the energy of the peritectic
reaction; (iii) the shape stabilization capability as a function of the concentration of inert
oxide; and (iv) the effect of the cycling tests (up to 50 cycles) on both the reaction energy
and the leakage occurrence. The results allowed us to select MgO as the most promising
oxide showing good behavior for the two parameters considered. All the other oxides
studied showed some type of reaction (more or less pronounced upon heating and upon
cycling), leading to their rejection as possible candidate supporting materials. Even though
the performance of MgO is good, the high amount used (50 wt.%) in the composite causes
a considerable loss of energy density (only half of the reaction energy is available). For this
reason, further work is now proceeding to apply different strategies to find new routes to
decrease the amount used for maintaining the same performance.
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Abstract: For every three people on the planet, there are approximately two Tonnes (Te) of plastic
waste. We show that carbon recovery from polystyrene (PS) plastic is enhanced by the coaddi-
tion of solvents to grow carbon nanotubes (CNTs) by liquid injection chemical vapour deposition.
Polystyrene was loaded up to 4 wt% in toluene and heated to 780 ◦C in the presence of a ferrocene
catalyst and a hydrogen/argon carrier gas at a 1:19 ratio. High resolution transmission electron
microscopy (HRTEM), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and
Raman spectroscopy were used to identify multiwalled carbon nanotubes (MWCNTs). The PS
addition in the range from 0 to 4 wt% showed improved quality and CNT homogeneity; Raman
“Graphitic/Defective” (G/D) values increased from 1.9 to 2.3; mean CNT diameters increased from
43.0 to 49.2 nm; and maximum CNT yield increased from 11.37% to 14.31%. Since both the CNT
diameters and the percentage yield increased following the addition of polystyrene, we conclude that
carbon from PS contributes to the carbon within the MWCNTs. The electrical contact resistance of
acid-washed Bucky papers produced from each loading ranged from 2.2 to 4.4 Ohm, with no direct
correlation to PS loading. Due to this narrow range, materials with different loadings were mixed to
create the six wires of an Ethernet cable and tested using iPerf3; the cable achieved up- and down-
link speeds of ~99.5 Mbps, i.e., comparable to Cu wire with the same dimensions (~99.5 Mbps). The
lifecycle assessment (LCA) of CNT wire production was compared to copper wire production for a
use case in a Boeing 747-400 over the lifespan of the aircraft. Due to their lightweight nature, the CNT
wires decreased the CO2 footprint by 21 kTonnes (kTe) over the aircraft’s lifespan.

Keywords: carbon nanotube; plastic; chemical recycling; life cycle assessment; ethernet; circular
economy; data transmission; carbon footprint
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1. Introduction

If carbon nanotubes (CNTs) are to be used for their lightweight and electrical con-
duction properties on a large/global scale [1], is there a scenario that justifies their use,
especially given the (typically) large embodied energy requirements for their manufacture?
Moreover, in the age of sudden climatic shifts linked to carbon emissions, then where
would the carbon come from that would be used to make these CNTs? Additionally, can
the related production method from that carbon source contribute to the goal of achieving
a positive climate output? To address these questions, we suggest that both plastics and
solvents be used as carbon sources for CNT manufacture, and that they can create a positive
environmental impact over the lifespan of their application in the aerospace sector. For
instance, one of the key attributes of CNTs is being lightweight with a density that is 1/6th
that of copper. This mass decrease will result in fuel savings for the automotive and aviation
sectors.

Plastic products synthesised from recycled plastics are often of inferior quality com-
pared to freshly manufactured plastics, and are not feasible for the same applications.
This results in fresh plastics having a wider range of uses, and therefore, holding greater
economic value. Moreover, the recycling process is often thwarted by the inclusion of
fillers, pigments, and flame retardants, for example. Additionally, mixed plastics and/or
composite plastic products are also challenging or impossible to recycle unless separated.
To overcome these problems, one can consider open-loop recycling by making new prod-
ucts other than plastic. The most prominent technique uses thermal pyrolysis to break
down the long chain polymer molecules into smaller, less complex molecules [2] via the
application of intense heat [3]. This is typically carried out in the absence of oxygen to
avoid the formation of undesirable carbon oxides, and is done in the presence of a catalyst
to increase efficiency, tailor the resulting product, and improve scalability. The product
mix is typically composed of oils, chars, and gases that require subsequent refinement and
separation, thereby requiring more energy. As such, the primary focus of the field has been
to improve synthesis techniques with decreased energy requirements and to create more
refined and homogenous products [4,5]. To that end, we have developed a novel approach
towards the pyrolytic growth of carbon nanotubes by including a dissolution step prior to
the high temperature cycle.

CNT growth from plastics is typically achieved using pyrolysis, whereby polymers
such as polypropylene (PP) [6], polyethylene (PE) [7], polyethylene terephthalate (PET) [8]
and high-density polyethylene (HDPE) [9] are heated in a solid–gas fluidized bed reac-
tor [10]. The resultant off-gas traverses via a carrier-gas to a catalyst site to complete the
conversion from vapor to the solid CNT product. The pyrolytic growth of CNTs can be
improved by the addition of a thermodynamically compatible solvent [11–13] such as
toluene [14,15] to dissolve plastics including polystyrene (PS). The dissolution process
confers five benefits over dry plastic pyrolysis. Polymer disentanglement initiates in the sol-
vent [16], thus increasing the reactive surface area. The polymer begins to decompose [17],
and thus lowers the required energy for subsequent C–H cleavage, thereby facilitating
the processing of mixed plastic products. All nonsoluble material crashes out of solution,
such as flame retardants and other noncompatible additives, effectively cleaning the plastic
prior to CNT growth. Also, once dissolved, mass transport at scale is readily achieved
using pumps and pipes; therefore, the liquid injection method is beneficial for large-scale
operations. Moreover, mixing plastics in a solvent increases the carbon density, which can
lead to increased production capacity of CNTs via chemical recycling of mixed plastics and
solvents.

In conducting a life-cycle analysis (LCA), one must consider the lifespan of the material
from inception to application, with particular focus on its manufacturing, transformation,
use, and disposal [18]. The complexity of the phenomena involved and the interactions
among these steps is a source of uncertainty regarding the real value of the impacts, which
is why we can only create “potential” life cycle assessments. Although considered for a long
time as an experimental tool, the international standards ISO 14040 and 14044 (revised in
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2006) have set the methodological and ethical bases for this type of assessment. In this age
of climate uncertainty, it is imperative to adopt protocols and solutions that minimise harm
compared with the problems of ‘business as usual’, which these protocols are intended to
solve [19].

The energy cost associated with the high entropy and exergy of plastics reconstitution
is often cited as the single biggest reason to avoid plastics feedstock, especially with
respect to CNT growth. Moreover, this reason is used to justify the continued use of virgin
hydrocarbons, despite the fact that CNT growth from these sources never accounts for the
energy or material cost associate with purification and delivery of the refined feedstocks.
Though this is true in terms of energy consumption, the longer-term challenge deals with
the supply of virgin materials based on oil extraction before reaching a peak oil scenario.
Before that point, it would be prudent to establish and develop the science and technology
to use premade plastics, in all the states in which they are found [20,21], especially given
that these materials will otherwise be strewn about the planet, ending up in our soil and
food supply [22].

Herein, we report that carbon from plastics can act as a feedstock for carbon nanotube
growth by the upcycling of plastic to high-value materials via a chemical process. This can
be considered a viable alternative to landfill and incineration. Environmental challenges
exist from both liquid and solid hydrocarbons, so we applied toluene and PS as model
materials.

2. Materials and Methods
2.1. The Synthesis of Carbon Nanotubes

The growth of multiwalled carbon nanotubes (MWCNTs) was carried out via cat-
alytic chemical vapour deposition (CCVD) in a two-zoned horizontal furnace (Nanotech
Innovations SSP-354, Oberlin, OH, USA) liquid injection reactor (LIR), with full details
described previously [23]. In summary, control CNTs were grown by injection of 1 mL
(865 mg) anhydrous toluene (98% (C6H5CH3) Sigma Aldrich (Gillingham, UK)) at 5 mL/h
under a gas flow of 1 L/min using blended carrier gas having 5 vol% hydrogen in argon
(BOC, Guildford, UK) into the two-zone horizontal furnace. The first zone, used for vapour
formation was set to 225 ◦C; the second zone used for growth was set to 780 ◦C. MWCNTs
were grown in a 100 cm long quartz tube with diameter of 38 mm (Multi-Lab, Newcastle
upon Tyne, UK). All reactions were carried out using a 20 gauge needle.

Polystyrene (C8H8)n, with a molecular weight of 6400 (Mn 64,000, Sample#P2444-S,
Polymer Source Inc., Dorval, QC, Canada), was added to toluene in concentrations of 1, 2,
and 4 wt% (w/w) using PS masses of 8.75, 17.5, and 35.00 mg, respectively. All reactions
were carried out with a fixed catalyst ratio of ferrocene (5 wt% w/w) (98% (C10H10Fe)
Sigma Aldrich (Gillingham, UK)) with respect to the total reactant from toluene and/or
toluene and polystyrene. Prior to each growth, the reactants were thoroughly mixed and
degassed for 15 min using bath sonication. All materials were used as received without
prior cracking or drying, and handled as described here [24]. Each concentration of PS
and control was grown three times to ensure that the observed trends were valid for each
series. No noticeable effect or carbothermal reduction from the aging of the quartz tube
was identified [25] (Figure S1).

2.2. The Characterization and Measurement of Material Properties

High resolution transmission electron microscopy (HRTEM) was used to characterise
the as-grown samples (Figure 1) using a FEI Talos 200X (FEI, Hillsboro, OR, USA) Trans-
mission Electron Microscope (TEM) in high-resolution TEM mode, operating at 200 kV.
The TEM samples were prepared by dipping holey carbon TEM grids into CNT powders.
Fast Fourier transforms (FFT) of selected images were obtained to determine the materials’
atomic structures.

Scanning electron microscopy (SEM) using a JEOL 7800F FEG (JEOL, Akishima, Tokyo,
Japan) was used to corroborate the presence of MWCNTs (Figure 2). A small fraction of
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each sample was suspended in 3 mL ethanol, and 100 µL of the suspension was dried on
the surface of a clean silicon wafer for imaging. The SEM was used at an operating voltage
to 5 kV or below, with a working distance of ca. 10 mm. Diameters were measured using
ImageJ [26].

A Renishaw inVia Raman microscope (Renishaw plc, Miskin, Pontyclun, UK) using a
laser at 633 nm wavelength and 5% beam power was used for data acquisition between
100 cm−1 and 3200 cm−1 Raman shift. The laser beam was focused by maximizing the
G-peak intensity to confirm best z-height alignment of the beam between sample and
detector. For each CNT sample, a Raman spectrum was acquired in three separate locations.
All G/D values for that series were then averaged and reported along with the maximum
G/D for that series and plotted in Figure 3. The Raman spectra also show background
intensity in the region from 1400 cm−1 to 1475 cm−1 that is due to fluorescence in amor-
phous carbon [27]. Line integration of the background intensity between that range was
plotted to compare amorphous carbon content (Figure 3C). For each reaction condition, the
individual CNT samples were probed in at least three separate locations in order to both
overcome variance within a single sample and to create a significant quantity of data for
comparative analyses between series.

Thermogravimetric analysis (TGA/DTA) (TA Instruments, Stamford Avenue, Cheshire,
UK) [28] of the CNT samples was used to determine the MWCNT product yield by using
ca. 10 mg of sample placed in a platinum pan and heating under active air flow up to
800 ◦C. The ramp rate was 5 ◦C/min and hold time was 30 min at 765 ◦C. The sampling
interval was set for 3 s. MWCNT wt% is determined as the complete weight loss after full
oxidation at 800 ◦C in air using TGA [29] (Equation (1)).

2.3. Preparation of CNTs for Testing Voltage Drop

Due to presence of residual iron catalyst witnessed in the HRTEM images, an acid
wash was used to remove excess iron to establish the CNT voltage drop. The oxidising acid
wash, using equimolar HNO3 + H2SO4 reflux (70 ◦C, 24 h), stripped away the amorphous
carbon in addition to helping clear out the graphitic “onion” layers from the residual
catalyst materials that would otherwise hinder iron from being digested [30,31]. Note that
the acid wash may have inadvertently damaged and etched some of the MWCNTs, thus
increasing the measured resistance. However, it was important to prioritise iron removal,
given its potential influence in electrical contact measurements.

2.4. Device Preparation and Measurement

Thin films were prepared using the “bucky-paper” [32] technique to the measure
electrical conductivity of acid washed samples. After the acid wash, the CNTs were
suspended in isopropanol and CNT films were made using vacuum filtration [33]. The
CNT films were dried at 80 ◦C for 3 h prior to testing and use.

Electrical resistance values were derived using Ohm’s law based on measured values
of voltage drop at constant current in a range of values between 0 to 100 mA. The samples
were measured along a 2 cm separation for all samples to ensure consistent path length.

The carbon nanotube cables were comprised of CNT powders firmly packed into
the sheath of heat shrink tubing. Copper wire was inserted into the CNT wire ends and
compressed to ensure maximum contact with the Cu lead prior to heat shrinking the outer
sheath. The Cu leads were then used to crimp into pins and inserted into retail purchased
RJ45 connectors (RS Components, Corby, UK) for testing as ethernet cable.

Quantification of the CNT ethernet cable was conducted using iPerf3 (iPerf3 is princi-
pally developed by ESnet/Lawrence Berkeley National Laboratory. It is released under a
three-clause BSD license). The cable was directly connecting two computers, both running
the same Windows 10 OS update, going from a Realtek 8125B 2.5 G LAN adapter (Realtek
Semiconductor Corp., Hsinchu, Taiwan) capable for two-way traffic (server) to an Intel
Killer E3100X LAN adapter (Intel, Santa Clara, CA, USA) as the client; both were capable of
transfer speeds up to 2500 Mbps, ensuring that the CNT cable could perform without being
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bottlenecked. A standard 10 s/10 run test was performed to both authenticate the data
transfer and measure the transfer speeds from the server (uplink) to the client (downlink).
The test was repeated for statistical accuracy and the results recorded for further discussion.

2.5. Life Cycle Assessment(LCA) Methodolgy, Assumptions, and Boundary Conditions

An LCA was conducted using Simapro 9.1 with Ecoinvent 3.6 as database using the
method “IPCC 2013 GWP 100a (incl. CO2 uptake) V1.00”. In the following LCA, the CO2
emissions (Global Warming Potential) are expressed as CO2 equivalent (CO2 eq.) for the
extraction, production, transport, use and end of life phases of CNT and copper wires. They
were compared in the use case of electrical wiring in a standard Boeing 747-400 aircraft.
This study includes analyses of both the environment impact of the manufacturing of CNT
wires compared to Cu wire, and of the effect these wires have over the lifespan of a 747 in
terms of CO2 generation from fuel consumption.

Assessing the potential environmental impacts of CNT manufacturing based on life
cycle assessment required the following assumptions: the mass of 141 miles [34] of copper
wire is 1519.6 kg (Supplementary information); copper ore extraction was conducted in
Spain; copper wire manufacturing is done in the UK within a 100 km radius of London.
The mass of 141 miles of CNT wire was 356.2 kg for the same cross-section as the copper
wire [35]. The raw materials for the CNTs were produced locally (within a 300 km radius
of Swansea) and the CNTs were manufactured in the UK (using energy from the average
UK electricity mix). The CNTs were produced on a laboratory scale as per the methods
described herein; this is because no large scale or industrial process uses the LIR model for
comparative purposes at this time, and a full study of a scaled reaction process is beyond
the scope of this work.

To study the effective change in CO2 emissions from an aircraft utilising CNTs wires
over Cu wires during its use phase required the following assumptions: an aircraft
equipped with CNT wire will be 1163.4 kg lighter. The lifespan of a Boeing 747-400
is approximately 100,000 h of flight time with an average speed of 900 km/h. Only the CO2
emissions generated during the use phase of the aircraft were considered in this analysis;
accounting for the CO2 emissions resulting from the manufacture of the aircraft is beyond
the scope of this work.

3. Results and Discussion
3.1. Material Characteristics Determind Using Microscopy

Using high resolution transmission electron microscopy, we observed the presence
of both carbon nanotubes and residual metal catalyst particles (Figure 1). The number of
walls ranged between 18 and 52, with CNT diameters ranging from 18 to 45 nm. There was
no apparent trend associated with PS loading (within the small number of TEM images
counted). Several MWCNTs displayed closed caps, and some had several catalyst particles
within a single CNT (Figure 1B).

The longest single CNT observed was 13.7 µm (Figure 1E), although longer CNTs
may exist. The 0.34 nm spot in the FFT is due to the d(002) lattice spacing associated with
multiple graphitic walls. This is significant because it further verifies the presence of nan-
otubes based on their crystallography. Additionally, the 0.17 nm spot is the d(004) spacing
from the second order diffraction of the d(002) lattice. However, it is more challenging to
differentiate iron oxide compounds such as Fe2O3, Fe3O4 and FeOOH from FFTs, as they
have very similar spots/d-spacings (Figures S2–S4).

Using scanning electron microscopy (SEM), we easily identified CNTs based on their
tangled nature and long morphology (Figure 2). The catalyst content could also be identified
due to higher charging density around the Fe and FeC structures. Some of the catalyst
could be seen within the CNT structures, further confirming nanotube formation due to
the presence of hollow cores. In some cases, the catalyst could be seen as high intensity
bright spots, both along the inside walls of the CNTs and at the ends.
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Figure 2. Representative scanning electron microscope images of carbon nanotubes made from
(A) control with zero PS, (B) PS 1 wt%, (C) PS 2 wt% and (D) PS 4 wt%. Along with histogram data
for each sample showing mean and standard deviation for each sample.

Most of the CNTs displayed a relatively tortuous path once deposited on the SEM stubs for
imaging. In the control samples, the average diameter was found to be 43.0 nm +/−15.2 nm
(Std. Dev). Interestingly, at low PS (1 wt%) concentration, the CNT diameters decreased
with a concurrent smaller distribution, resulting in MWCNTs with 39.4 nm +/−14.5 nm
average diameter. However, increased PS content led to increased diameters and greater
standard deviations. The diameter increase can be accounted for by the increased carbon
concentration in the feedstock.
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3.2. Material Characteristics Determined Using Spectroscopy

Raman spectroscopy is commonly used to measure and characterise the fingerprint
peaks associated with MWCNTs (Figure 3A). It can also be used to make comparative
analyses of amorphous carbon contents (Figure 3B) between samples. More importantly,
resonant Raman spectroscopy is used to quantify the quality of the MWCNTs by direct
comparison of G- and D-peak intensities (Figure 3C).
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G/D values. All spectra acquired using 633 nm laser.

The representative spectra for all four conditions exhibited G- and D-peaks associated
with the presence of MWCNTs (Figure 3A). In the case of MWCNTs, the G-peak (also
referred to as G mode, or Graphitic mode) appeared in the 1500–1600 cm−1 range due to
the tangential displacement of C–C bond stretching, effectively indicating the density of
the sp2 hybridized carbons atoms that existed in the CNT lattice, and along the circum-
ferential direction of the nanotube. However, the D-peak, or Disorder mode, observed at
1290–1330 cm−1, represented the conversion of carbon centres from sp2 to sp3 hybridisation
states, as can occur due to a break in the symmetry of the graphite plane [36]. Therefore,
comparing the peak heights of the G- and D-peak effectively quantified the graphitic versus
the defective carbon atoms within the CNT lattice. The D peaks intensities must be taken
with respect to the G peak intensities. When the D peaks are high, it indicates a large
portion of sp3 carbon atoms. sp3 carbon atoms can arise for several reasons relating to the
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broken symmetry of the graphitic structure. For this reason, the D-peak is used to identify
defects in the CNT structure; it is not that the CNTs are themselves defective, but that they
have imperfections within their body. A third fingerprint peak is also evident in Figure 3A;
this G′ (G prime) peak corresponds to disorder-induced carbon features arising from finite
particle size distribution or lattice distortions in the CNTs. Moreover, the presence of G’
peak further indicated the presence of multiple walls, which was to be expected for samples
of multiwalled carbon nanotubes.

The spectral background intensity in the range 1400–1475 cm−1 occurred due to the
fluorescence of amorphous carbon and line integration in that region was used to compare
amorphous carbon concentrations between samples [27,37]. A box plot [38] (Figure 3B) of
the line integration values indicates smaller and narrowing range with higher PS loading.
As small integration values indicate less amorphous carbon content, we concluded that
amorphous carbon decreases as a consequence of increased PS loading.

The G/D value indicated quality in bulk samples, since a large G-peak relative to the
D-peak indicates a strong resonance condition of sp2, graphitic carbon. [39] Comparisons
between reaction conditions could be made in terms of range variance and minimum
versus maximum values for each reaction condition. The mean G/D values for the control
group suggested that, on average, this process yielded high quality materials, but they
ranged from 1.5 to 2.3, suggesting they were more heterogeneous samples compared to the
PS 4 wt% condition that had an average range from 1.9 to 2.1. Moreover, the PS samples
generally displayed a tightening of data points which suggested greater homogeneity. The
G/D values improved with a tightened range too, indicating that higher quality materials
had been created by the use of PS, whereby the maximum G/D value was recorded using
the PS 4 wt% (Table 1). Moreover, the increase of PS concentration may not have been
detrimental, based on the steady measurement of the mean value at 2.0, even after the
increase.

Table 1. Mean and maximum G/D values obtained for various carbon nanotube samples grown with
incrementally higher concentrations of polystyrene feedstock.

PS Concentration (wt%)

0 1 2 4

Mean G/D value 1.9 2.0 2.0 2.0
Maximum G/D value 2.3 2.3 2.3 2.5

3.3. Material Properties Determined Using Mass Balance and Thermogravimetric Analysis

The solid product was weighed using mass balance and used to determine MWCT
percentage yield according to Equation (1). TGA data based on the oxidization, and
subsequent mass loss at temperatures between 400–600 ◦C, were characteristic of MWCNTs
(Figure 4). The residual mass in the TGA pan was the oxidised catalyst material, typically
orange in colour and represented by a residual mass percentage which was used to calculate
MWCNT percentage yield (Equation (2)). For example, using 4 wt% of PS, 130 mg was
recovered from the reactor. A TGA test showed 6.53% to be residual catalyst, equating to
a MWCNT mass of 121.55 mg, which, in turn, corresponded to a CNT percentage yield
of 14.2% (Equation (2)). All the values were tabulated and averaged to determine the
average CNT product yield (Table 2). Since we were dealing with catalytic processes
where some reactions showed outstanding results compared to the norm/average, we have
also reported the maximum percentage yields. Though not the norm, they represent the
best-case scenario. Based on TEM observations, we assumed that negligible quantities of
amorphous carbon were present; this assumption was reinforced by the line integration
study of the Raman spectra.
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Table 2. Mass data and percentage yield results for CNTs grown using polystyrene.

Sample Mass of Carbon
Reactant (mg)

Average CNT
Product (mg)

Maximum CNT
Product (mg)

Maximum CNT
Yield (%)

Control 815.87 89.80 92.80 11.37%
1 wt% PS 824.20 80.47 89.36 10.84%
2 wt% PS 832.57 100.36 107.83 12.95%
4 wt% PS 849.23 106.58 121.55 14.31%

Based on the aforementioned observations that increased PS loading, and therefore
higher carbon density samples, yield MWCNT with wider walls (Figure 2) with lower
amorphous carbon content (Figure 3B) and higher quality due to higher maximum G/D
values (Figure 3C), it was concluded that the carbon from the PS had become carbon in the
MWCNTs. This correlates with the both the Baker model [40] of carbon fibre growth and
the Puretzky model [41] of CNT growth, whereby as more carbon enters the reaction, more
walls are created.

CNT percentage yield =
(MassProduct)− (MassFe residue)

MassTheoretical yield
× 100 (1)

CNT percentage yield =
130.00 (mg)− 8.45 (mg)

849.23 (mg)
× 100 = 14.31% (2)

3.4. General Mechanism of Carbon Nanotube Growth

The CNT growth mechanism comprised a multistep process involving the formation
of catalysts, the decomposition of carbon sources, and the reconstitution of carbon to a
nanotube structure. This process began with the in situ decomposition of ferrocene, i.e.,
dissociation of the cyclopentadienyl rings sandwiched about the Fe core to render a mixture
of Fe2O3 and Fe3O4 catalytic nanoparticles. The oxide form was anticipated because the
reaction chamber was not first pumped down; therefore, it is likely that some amount of
oxygen was resident in the chamber despite the fact the system had been flushed with
concentrated argon in advance of each reaction.

The iron agglomerated and formed different sized structures ranging from nanoparti-
cles to microparticles. These iron particles acted as catalytic surfaces known to catalytically
cleave the C-H bonds in hydrocarbon reactants such as cyclopentadienyl, polystyrene
plastics, and toluene. The lifetime and activity of the catalyst was maintained by using a
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constant flow of hydrogen in the gas stream that simultaneously reduced the metal, making
it active for carbon cracking, and attracted errant carbon moieties that might otherwise
have saturated the catalyst, leading to coking and eventual catalyst poisoning. Complete
control over CNT products is highly challenging because of catalysts are highly structure-
sensitive [42] materials, and even slight variance from the optimum condition can lead to
drastic changes in the product, as determined by volcano plots. A key struggle with CNT
growth is the inverse relationship between sample yield and quality—it is consistently one
or the other.

A mechanistic understanding of carbon nanotube growth suggests that carbon in
the form of C2 [43–45] enters the catalyst lattice and saturates the molten metal crystal.
Following saturation within the catalyst, carbon precipitation occurs at a growth facet,
typically a high energy facet such as <111>, exiting the catalyst in graphitic tubular form.
The tubular morphology of the carbon is physically bounded by the outer edges and outer
diameter of the catalyst particles and the graphitic form is adopted because of the low
entropy state of graphite.

3.5. Contribution to CNT Growth from TOLUENE

Toluene decomposition compliments CNT growth from plastics in two distinct ways.
Firstly, liquid phase dissolutions allows for sonication and, though resulting cavitation,
assists the PS decomposition by decreasing the PS molecular weight [46]. Then, in the gas
phase (at the conditions used for CNT growth), toluene readily forms C2 units, leading
to CNT nucleation. CNT nucleation is notably a function of hydrocarbon thermal decom-
position to suitable fragments (C2 units). C2 formation from thermal decomposition of
toluene [47–49] can occur via several pathways. For example, toluene can decompose either
through benzyl radical (Equation (3)) or phenyl radical (Equation (4)) formation; however,
the former dominates at the temperatures applied in the present study. The benzyl radical
undergoes subsequent decomposition to form C5, C3, and C4 units, that can, in turn, de-
compose further; see Equations (5) and (6). Toluene decomposition leads to the formation
of C2, C3 and C4 units that decompose either in the gas phase due to temperature or via
radical attack, or on the catalyst particle surface, to render the C2 fragments associated
with nanotube growth. Moreover, the highly active C2 units or radicals mentioned herein
can also initiate and advance PS decomposition.

C6H5CH3 → C6H5CH2* + H* (3)

C6H5CH3 → C6H5* + CH3* (4)

C6H5CH2*→ C5H5 + C2H2 (5)

C6H5CH2*→ C3H3 + C4H4 (6)

3.6. Contribution to CNT Growth from Polystyrene

PS is a conjugated aromatic polymer structure that can be decomposed by scissioning
the conjugated chain into the styrene monomer units via H* attack [50]. H* originates from
several sources, both in the gas and liquid phase. For example, liquid phase decomposition
of toluene (Equation (3)) liberates H*, especially during the sonication used in the mixing
of the liquid or at elevated temperatures. The temperature in the CVD furnace vaporizes
toluene, resulting in further H* release which compliments H* originating from the thermal
splitting of hydrogen in the gas flow. Further H* can be formed at elevated temperatures by
catalytic cracking of hydrocarbon over an iron oxide catalyst [51]. Even without a catalyst,
thermal cracking of the polymer produces an aromatic product state consisting of high
concentrations of styrene (~50–79 wt%), together with the styrene dimer and trimer and
other aromatic compounds including toluene, xylene, and alkylated benzenes [52]. There is
a complimentary cascade of chemical reactions induced by various pathways to create H*
that assist in the decomposition of polystyrene to styrene monomers. Once decomposed
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to styrene monomer or a similar hydrocarbon, they are further decomposed to C2 units,
allowing CNT growth to occur.

3.7. Contribution to CNT Growth from Cyclopentadienyl Rings

Carbon from the cyclopentadienyl could also contribute to the carbon of the CNT [53].
Cyclopentadiene moieties, sandwiching iron in the case of ferrocene, tend to exhibit rela-
tively high thermal stability on account of the strong binding affinity between those groups
and the internal metal atoms [54]. Therefore, complete decomposition of the ferrocene
complex was only expected to occur in zone two, where the temperature for growth was set
at 780 ◦C. First, the cyclopentadienyls disassociated from the iron core and underwent fur-
ther decomposition in the presence of the newly formed catalysts nanoparticles. Reaction
products such as methane and ethane readily formed [55]; these compounds are widely
used as carbon sources for CNT growth. Therefore, carbon from the cyclopentadiene could
also potentially form part of the CNT product. In all reactions, the ferrocene concentration
was fixed at 5 wt% of the mass of solvent and plastic. For example, in the control, in the
absence of polystyrene plastic, 41.15 mg of ferrocene was used, thus contributing 26.34 mg
of carbon. Note however that the average mass of the control reactions was 89.9 mg (Table 2,
Figure S5). The carbon from the cyclopentadiene only consisted of ~30% of the average
CNT mass in the control reactions, indicating the carbon from the cyclopentadiene could
only form part of the CNT product; the remaining carbon must have originated from the
solvent, or, when PS was added, from the PS too.

3.8. Carbon Nanotube Devices Measurement and Application

In all cases, the voltage increased linearly with current, indicating ohmic resistance
of the CNT films. As a reference, the electrical resistance of a retail piece of copper tape
was measured by the same procedure. The electrical resistance of the CNT samples was
found to be in the range of 2.4 to 4.4 Ω. This is two orders of magnitude higher than that
of the copper reference sample. On average, the use of PS increased electrical resistance
(Figure 5). However, the best conductivity performance came from sample PS-2 (2 wt%
w/w), i.e., 2.4 Ω compared to R = 0.6 Ω with the control. Although these values are generally
higher than that of copper, the mass difference between carbon and copper make these
materials an attractive alternative to copper once the I2R losses are improved, especially
since their lightweight nature is critical. Moreover, it is likely that our attempt to remove
contributions from catalyst particles [56,57] (used as catalyst) by virtue of the acid wash
may inadvertently have resulted in the poor electrical properties. The oxidizing acid wash
may have created additional sidewall defects that ultimately hindered electron transport
and this may be why no apparent trend in electrical performance was noted regarding PS
loading in the feedstock.

By quantifying the uplink and downlink speed of a CNT ethernet cable (Figure 6A)
using iPerf3, we concluded that the MWCNT wires were capable of data transfer rates
of at least 99 Mbps. Based on our findings, the Cu wire gauge used, as well as the RJ45
connectors, were holding back the potential of the CNT wires, as determined by the fact Cu
wires, once connected to identical RJ45 connectors, also maxed out at 94.7 Mbps (Figure 6B).
Industrial grade RJ45 connectors certified for the CAT7 standards coupled with higher
quality, thicker gauge copper wiring as well as better assembly and crimping would likely
help negate the bottleneck. As it stands, the CNT ethernet cables can meet to the rated
uplink and downlink speeds of the CAT5 standard, with results saturating at 100 Mbps
(Video S1), as has been seen previously [58]. These speeds are adequate for UK adoption
and Broadband classification, as determined by the UK Government regulator [59].
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Figure 6. Photograph showing the CNT ethernet cable made using polystyrene-toluene feedstock (A),
and the ethernet speed results using three devices, one (Cat6) commercial device and two lab made
devices using CNTs or CU wire as active transmission component (B).

3.9. The Life Cycle Assessment of MWCNT Growth and Wire Production
Versus Cu Wire Formation

What is the impact of making CNT wires (lab scale) compared to making an equivalent
length of Cu wire from an industrial process? Moreover, what carbon saving could be
achieved on account of a lighter aircraft over its typical lifespan, and where is the breakeven
point for using CNT wires instead of Cu wire? For every 1 kg of CNT powder, 1.58 kg
of CO2 is created (Supplementary information), largely due to the electricity requirement
for heating [60,61]. The electricity sources available in the UK did not make a significant
impact on decreasing the CO2 generation (Supplementary information). Using the CNT
powder to make 141 miles of cabling, 356.2 kg of CNTs resulted in CO2 emissions of
545 metric Tonnes (Te), compared to making 1519.6 kg of copper wire, which generated
12 Te of CO2; this is nearly 45 times more CO2 just from the manufacturing of CNT cables
compared to Cu wires (Figure 7A). However, once economies of scale such as Wright’s
Law [62,63] have been considered, we anticipate CNT cable manufacturing on a larger
scale to decrease CO2 emissions [64].
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Figure 7. Life cycle analysis comparing (A) CO2 emissions and (B) normalized sum of all environ-
mental impacts between the production of 141 miles of CNTs wires versus Cu wire. Comparative
table (C) showing the CO2 emission (kTe) per copper versus CNT wires.

Other environmental factors aside from CO2 emissions exist, such as (but not limited
to) freshwater eutrophication, freshwater ecotoxicity, marine ecotoxicity and stratospheric
ozone depletion. When the normalised sum [65] of these impacts is compared between
CNT (at lab scale) and Cu wires, one can note an approximate eight-fold increase in the
negative impact from Cu wire manufacture (Figure 7B).

3.10. The Life Cycle Assessment of Use Case of MWCNTs in a Boeing 747-400 Aircraft

Using CNT wires would make a Boeing 747-400 series 6% lighter; this saving would
improve fuel efficiency, such that after just 2585 h of flight-time, overall CO2 emissions
would decrease comparatively (Figure 7C). This savings could be improved once the wire
manufacturing process were scaled by virtue of scaling laws in manufacturing proficiencies.
Note that almost 99% of the CO2 eq. emissions are CO2 emissions (of the 4520 kTe of CO2
eq. emitted by the plane, 4450 kTe are CO2 emissions). Due to the lightweight nature of
CNT wires compared to heavier Cu wires, over the life span of the aircraft (100,000 h), the
use of CNT wires decreases the carbon footprint by 21 kTe per plane. Moreover, given
the fact that 694 craft were delivered between 1989 and 2009 [66] a total of 14,574 kTe CO2
reduction could be projected for the 747-400 fleet. This projection demonstrates how the
use of lightweight carbon wire technologies could create positive impact towards solving
global CO2 grand challenges.

4. Conclusions

Multiwalled carbon nanotubes (MWCNTs) were grown using liquid injection chemical
vapour deposition (CVD) at 780 ◦C using ferrocene catalyst particles to obtain carbon
from ferrocene, toluene and polystyrene (PS) at various PS concentrations, i.e., from 1
to 4 wt% (w/w). Samples were characterized using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). MWCNT diameters were found to increase
with greater PS concentrations due to carbon from PS incorporating into the MWCNTs.
Quality was measured using Raman spectroscopy. The maximum Raman G/D values both
increased and the range of mean values narrowed due to the presence of higher quality
products, with greater homogeneity at greater PS concentration. This synthesis method
improved MWCNT quantity without incurring a measurable loss in quality. Due to the
electrical nature of MWCNTs, a MWCNT ethernet cable was produced, which found to
have ~99.5 Mbps uplink and downlink speeds, i.e., comparable to those of Cu wires of
similar diameter. A life cycle assessment (LCA) of the MWCNT wires made using PS
suggested that the electricity powering the CVD furnace represented the largest impact.
Moreover, the LCA determined that over the lifespan of a single Boeing 747-400, the use of
MWCNTs wires would decrease CO2 production by 21 kTe due to the lightweight nature
of MWCNTs which is projected to reduce 14,574 kTe CO2 footprint across the entire fleet
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of 747-400 aircraft. This projection demonstrates how a plastic circular economy making
lightweight energy transmission carbon cables can impact global grand challenges.

5. Patents

Two patents have been filed from this work. A.H. and A.O.W. filed: PROCESS FOR
REUSE OF PLASTIC THROUGH THE CONVERSION TO CARBON NANOMATERI-
ALS United States Patent Application 20190375639; T.Y. and A.O.W. filed: CABLES AND
METHODS THEREOF United States Patent Application 20210158995.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano12010009/s1, Figure S1: MWCNT yield versus order of the reaction, Figure S2: FFT of
HRTEM images (MWCNT)., Figure S3: FFT of HRTEM images (local area), Figure S4: FFT of whole
HRTEM image, Figure S5: Screenshot of mass balance calculations for reactants showing relevant
carbon content, Video S1: Video showing the iPerf3 testing of ethernet speeds of CNT ethernet cable.
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Abstract: Simple and economical ferric ion detection is necessary in many industries. An europium-
based metal organic framework has selective sensing properties for solutions containing ferric ions
and shows promise as a key component in a new sensor. We study an idealised sensor that consists of
metal organic framework (MOF) crystals placed on a polymer surface. A two-dimensional diffusion
model is used to predict the movement of ferric ions through the solution and polymer, and the
ferric ion association to a MOF crystal at the boundary between the different media. A simplified
one-dimensional model identifies the choice of appropriate values for the dimensionless parameters
required to optimise the time for a MOF crystal to reach steady state. The model predicts that a large
non-dimensional diffusion coefficient and an effective association with a small effective flux will
reduce the time to steady-state. The effective dissociation is the most significant parameter to aid the
estimation of the ferric ion concentration. This paper provides some theoretical insight for material
scientists to optimise the design of a new ferric ion sensor.

Keywords: diffusion; ferric ion sensor; MOF; finite difference; composite materials

1. Introduction

There are many situations in which it is important to monitor the concentration of
ferric ions (trivalent iron cation or iron(III)) in a solution. For example, in environmental
contexts, a high concentration of ferric ions promotes bacterial and algal growth, which
can lead to the death of aquatic animals and plants [1,2]. In the mining industry, the
concentration of ferric ions can affect copper and gold yield during mineral leaching, with
both high and low concentrations producing adverse effects [3,4]. Other areas in which a
knowledge of the ferric ion concentration is important include health and drinking water
quality assurance [5,6].

This research is part of a larger project on lean mineral processing wherein a new
sensor is being developed to detect ferric ions in a time-, cost-, and energy-efficient manner.
Current ferric ion sensing methods are complex, use expensive equipment, suffer from
interference from other ions, and are not adaptable to real time monitoring [7]. In addition,
ferric ion concentrations are often determined indirectly [7]. As a consequence, a new ferric
ion sensor that is stable, cost-effective, energy-efficient, and easy to use is desirable and
would impact many sectors. In this paper, we present an idealised model of a ferric ion
sensor. We propose a diffusion model of ferric ions through two different media with a sink
located at the boundary separating the media.

Xu et al. [8] recently established the effectiveness of a europium-based metal organic
framework (EuMOF) for ferric ion sensing. The crystalline EuMOF was suspended in an
aqueous solution and tested against various concentrations of metal ions for changes in
luminescence. Most MOF ferric ion sensors are intensity-based “turn-off” sensors where the
intensity of light emitted by the sensor diminishes in the presence of ferric ions. However,
the EuMOF [8] is bimodal, so changes in the emission ratio of two frequency peaks are
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linearly proportional to the ferric ion concentration, while the intensity of the emission is
not as important. Metal ions such as Fe2+, Ag2+, Ca2+, and Zn2+ have little effect on the
emission ratio, and consequently, the ferric ion selectivity of the EuMOF has promising
sensing capabilities.

In [9] we investigated the van der Waals interaction energies and forces between a
hydrated ferric ion and an EuMOF crystal pore. The Coulombic forces were not considered
since ferric ions exist in highly acidic solutions, and the electrostatic forces are negligible [9].
The findings suggest that the hydrated ferric ion is attracted to the pore but does not enter
due to steric interactions. This is advantageous from a practical point of view because the
hydrated ferric ion can be “washed“ away and the sensor can be reused.

In this paper, we investigate how ferric ions diffuse through a solution and a polymer
layer and interact with a MOF crystal located on the boundary between the solution and
the polymer. One-dimensional diffusion through multiple layers has been studied before.
Hickson et al. used a numerical approach to solving diffusion through multiple layers
while considering various matching conditions at the boundary [10]. Carr and Turner [11]
developed a semi-analytical method to address the complexities that arise for a large
number of layers. An analytical solution exists for the one-dimensional problem with two
layers (or m layers) for slabs, cylinders, and spheres [12].

A proposed new ferric ion sensor consists of a thin film of polymer coating a cut-away
section of optic fibre and embedded with EuMOF crystals. In this scenario, the sensor will
have MOF crystals distributed throughout the polymer composite and over its surface. In
our model, we place an EuMOF crystal at the boundary between a solution and a polymer,
and we investigate the changing concentration of ferric ions bound to the crystal. The paper
provides important insight into ferric ion behaviour for a proposed sensor that is still under
development and for which there is no readily available experimental data. Squires et al. [13]
explore how the physical attributes of a sensor affect the flux onto the sensor, the rate at which
substance of interest binds to the sensor, and the approximate times scales for the system to
reach equilibrium. They present simple rules to equip the reader with a basic understanding of
the environment and enable the design of a sensor better suited to the environment. Yariv [14]
developed an advection–diffusion–reaction model of analytes binding to a sensor located on
a solid surface adjacent to a shear flow of solution, using an equation first proposed in [13]
to describe the concentration on the sensor. Here, we use a similar model to represent the
association and disassociation of ferric ions to the EuMOF crystals.

In Section 2, we describe the geometry and the physical environment of the ferric ion
sensor. We present a mathematical model that describes both the diffusion of ferric ions
through an analyte solution and a polymer region, as well as the association of ferric ions
to a MOF crystal located at the boundary between the two regions. Section 3 discusses
outcomes of the model and the role and importance of each of the parameters.

2. Mathematical Modelling and Assumptions

One possible design for a ferric ion sensor is to suspend EuMOF crystals in a polymer
composite to create a thin film on a cut away section of an optic fibre, as described by [15].
The ferric ions bind to the MOF pores on the crystal surface. A light pulse is sent through the
MOF–polymer-coated optic fibre and a detector measures changes in luminosity. Changes
in luminosity are indicative of the concentration of ferric ions in the solution. Figure 1
depicts a cross section of the optic fibre and MOF–polymer coating.

Analyte solution
containing ferric ions

Optic Fibre

MOF–polymer
composite

Figure 1. Two-dimensional cross-section of optic fibre with MOF–polymer thin film. Red dots
represent MOF crystals in yellow polymer composite. Green represents solution being analysed.
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Here, we are particularly interested in the diffusion of the ferric ions through the
mixed media and their association with the MOF crystals in order to gain some insight
into which physical parameters might be most important. As such, we study an idealised
version of the device depicted in Figure 2. We model only the process of diffusion in the
analyte solution, the association of ferric ions to a MOF crystal located at the interface
between the polymer composite and the solution, and diffusion in the polymer composite.
We position one MOF crystal at the interface between the solution and the polymer matrix.
We do not consider the association of ferric ions with MOF crystals inside the polymer
composite.

The MOF–polymer composite is exposed to a solution containing ferric ions, where the
movement of ferric ions is governed by Brownian motion. We assume that the diffusivity of
the ferric ions is constant through the solution, denoted by D1. Since, in practice, the polymer
is kept hydrated and the ferric ions do not enter the MOF pores, we assume that the diffusivity
in the polymer is also constant, D2 < D1, and the Vrentas–Duda theory is not applicable. As a
consequence, the movement of ferric ions in both the solution and the polymer is assumed to
be governed by the conventional diffusion equation with distinct diffusivities,

∂

∂T
C(T, X) = D1∇2C(T, X), X2 ≥ 0,

∂

∂T
C(T, X) = D2∇2C(T, X), X2 < 0,

where C(T, X) is the concentration of ferric ions, and the origin is located at the centre of
the MOF strip so that the X1-axis coincides with the solution–polymer boundary. Here, ∇2

is the usual Laplacian in two dimensions. The ferric ion concentration profile in the analyte
solution is given by C(T, X) for X2 ≥ 0, and the concentration in the polymer is given by
C(T, X) for X2 < 0. The time since the sensor’s exposure to the solution is given by T.

Ferric ion diffusion through solution
CT = D1∇2C

Ferric ion diffusion through polymer
CT = D2∇2C

Solution-polymer
boundary X2 = 0

X1 = −L X1 = L

MOF

−` `

X2

X1

Continuity

Distance h into
polymer X2 = −h

Figure 2. Two-dimensional system: X1-axis is solution–polymer boundary, X2 > 0 is distance into
solution, and X2 < 0 is into polymer composite.

To ensure that continuity is maintained for boundaries shared by two media, we
include two additional conditions. The ferric ion concentration at the boundary is assumed
to be the same when approaching from above or below the boundary, and the flux out of
the solution is equivalent to the flux into the polymer [10],

C+ = C−, D1
∂C+

∂X2
= D2

∂C−
∂X2

, X2 = 0.
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Far from the sensor in the direction of the analyte solution, we assume a far field
boundary condition, where the ferric ion concentration remains constant and equal to that
of the bulk solution C0. For numerical purposes, we set the location of this condition to be
at X2 = L, so that

C(T, X1, L) = C0, X2 = L,

where L is assumed to be a large distance away from the solution–polymer boundary. We
also assume no flux at a horizontal distance L away from the MOF centre (symmetry) and
at the bottom boundary of the polymer composite,

∂C
∂X1

= 0, X1 = ±L,
∂C
∂X2

= 0, X2 = −h.

The flux condition at the solution–MOF interface is given by

D1
∂C+

∂X2
= a[konC (B0 − B)− koffB], |X1| ≤ `, X2 = 0,

where B(T, X1) is the occupancy of the MOF pores by the ferric ions, kon is the association
rate compared to the ferric ion concentration, koff is the dissociation rate, B0 is the number
of MOF pores available for ferric ion occupation, and a is a constant. Due to steric effects,
the ferric ion only associates at the MOF pore’s entrance and does not diffuse into the MOF
pore. The first term captures the association of ferric ions to the MOF crystal, and this
term vanishes when the MOF crystal is completely occupied. The second term captures the
dissociation of ferric ions from the MOF pore.

We assume that ferric ions only associate and dissociate from the MOF pores in the
X2-direction and impose a no-flux boundary condition to the sides of the MOF crystal,

∂C
∂X1

= 0, |X1| = `, X2 = 0.

The occupancy of the MOF pores is governed by the pseudo-ordinary differential
equation (ODE),

∂B
∂T

= konC (B0 − B)− koffB, |X1| ≤ `, X2 = 0.

In addition, since B0 is the number of MOF pores available, B(T, X1) ∈ [0, B0] and the
total ferric ion occupancy in the MOF crystal is,

Btot(T) =
∫ `

−`
B(T, X1)dX1 ≤ 2 ` B0.

The assumed initial conditions are

C(0, X) = C0, X2 ≥ 0, C(0, X) = 0, X2 < 0,

B(0, X1) = 0, |X1| ≤ `, X2 = 0.

2.1. Dimensionless Two-Dimensional Model

We non-dimensionalise distance with the half length of the MOF strip, `, the ferric
ion concentration with the bulk concentration, C0, and the MOF binding site occupancy
with the maximum occupancy, B0. There are two options for the time scale: a diffusive
time-scale, where τ = `2/D1, or an association time-scale, where τ = 1/C0kon. At this
stage, we non-dimensionalise time with τ without specifying which time-scale so that the
system of equations can be written

246



Nanomaterials 2022, 12, 887

∂c
∂t

= s1∇2c, x2 ≥ 0,
∂c
∂t

= s1D∇2c, x2 < 0, (1)

∂b
∂t

= s2[c (1− b)− s3 b], |x1| ≤ 1, x2 = 0, (2)

where D = D2/D1, s1 = D1τ/`2, s2 = C0konτ and s3 = koff/C0kon are non-dimensional
parameters. If the problem is scaled with the diffusive time-scale, then s1 = 1. If the
problem is scaled with the association time-scale, then s2 = 1.

The continuity conditions at the solution–polymer boundary become

c+ = c−,
∂c+
∂x2

= D
∂c−
∂x2

, x2 = 0. (3)

Far away from the solution–polymer boundary, the boundary condition becomes

c(t, x1, L/`) = 1, x2 = L/`, (4)

while the no-flux boundary conditions at the sides and at the polymer–optic fibre boundary
become

∂c
∂x1

= 0, x1 = ±L/`,
∂c

∂x2
= 0, x2 = −h/`. (5)

At the solution–MOF boundary,

s1
∂c+
∂x2

= s4 s2[c (1− b)− s3 b], |x1| ≤ 1, x2 = 0, (6)

where s4 = a B0/`C0 is a non-dimensional constant, and the no-flux boundary conditions
at the sides of the MOF crystal become

∂c
∂x1

= 0, |x1| = 1. (7)

The initial conditions and the total MOF pore occupancy are

c(0, x) = 1, x2 ≥ 0, c(0, x) = 0, x2 < 0, (8)

b(0, x1) = 0, |x1| ≤ 1, x2 = 0 (9)

btot(t) =
∫ 1

−1
b(t, x1)dx1 ≤ 2. (10)

2.2. One-Dimensional Model

To obtain a preliminary indicator of the behaviour of the system and the importance
of the various parameters, we further simplify this model. Figure 3 shows a simpler one-
dimensional system, where the MOF crystal is represented by a red square, and diffusion
in the polymer composite region is completely ignored.

MOF crystal

Column of solutionPolymer surface

X = 0 X = L

Figure 3. One-dimensional representation of ferric ions diffusing through a column of solution with
MOF crystal at the left boundary.

The concentration of ferric ions is assumed to be only a function of two variables,
C(T, X), and the MOF pore occupancy is assumed to depend only on time, B(T),
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∂C
∂T

= D1
∂2C
∂X2 , X ≥ 0,

∂B
∂T

= kon C(B0 − B)− koffB, X = 0.

The corresponding flux condition at the boundary X = 0 is given by

D1
∂C
∂X

= a[kon C(B0 − B)− koffB],

and the far field condition is C(T, L) = C0, with initial conditions C(0, X) = C0 and
B(0) = 0.

2.3. Dimensionless One-Dimensional Model

We non-dimensionalise concentration, occupancy, length, and time in the same way as
before, where ` is a characteristic length representative of the MOF crystal size so that the
system of equations becomes

∂c
∂t

= s1
∂2c
∂x2 , x ≥ 0,

∂b
∂t

= s2[c (1− b)− s3 b], x = 0, (11)

where the si are as previously defined. The non-dimensional flux condition at the boundary
x = 0 is

s1
∂c
∂x

= s4 s2[c (1− b)− s3 b], (12)

while the non-dimensional far field condition at x = L/` becomes

c(t, L/`) = 1, (13)

and the initial conditions are given by

c(0, x) = 1, b(0) = 0. (14)

3. Results and Discussions

In this section, we discuss the results for the diffusion of ferric ions through the two
regions and the ferric ion occupancy in the MOF pores. We vary the dimensionless constants,
si and D, to analyse how the parameters affect ferric ion diffusion and MOF occupancy.

The models are solved numerically, as no analytical solution exists for this system, us-
ing purpose written code in MATLAB. First, we examine the dimensionless one-dimensional
model where the equation for b(t) is solved using a Runga–Kutta method, and the dif-
fusion equation for c(t, x) is solved with an implicit Crank–Nicolson scheme. Second,
we examine the dimensionless two-dimensional model where the equation for b(t, x1) is
solved using a Runga–Kutta method, and the diffusion equation for c(t, x) is solved with a
forward-time-centred-space finite difference scheme.

Further details about the numerical schemes for the dimensionless one-dimensional
and two-dimensional models are presented in Appendices A and B. In addition, the authors
have tested some extremely simple cases; for example, if the MOF crystal is not present.
However, these results are trivial and are not included here.

3.1. Dimensionless One-Dimensional Model

Figure 4a depicts the time evolution of the ferric ion concentration in solution, and
Figure 4b shows the MOF occupancy. Ferric ions in the solution initially associate rapidly
to the MOF crystal, reducing the concentration in the solution near the MOF crystal. Over
time, the ferric ion concentration returns to the steady-state far-field condition, as shown in
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Figure 4a. We note that the MOF crystal’s occupancy initially increases rapidly and then
slowly increases until steady state is reached, as shown in Figure 4b.

In the following subsections, we describe the impact of varying parameters. In all
cases for the one-dimensional scheme, ∆x = 0.1 and ∆t = 0.005, and we set L/` = 10.
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0.2

0.4

0.6

0.8

1

(a) (b)

Figure 4. (a) Non-dimensional concentration of ferric ions in solution, c(t, 0). Arrow indicates increasing
time, t = 0.5, 1, 1.5, 2, 5. (b) Non-dimensional MOF occupancy, b(t). Here, s1 = s2 = s3 = s4 = 1.

3.1.1. Varying the Non-Dimensional Diffusion Coefficient, s1

Figure 5 shows the effect of varying the non-dimensional diffusion coefficient
(s1 = D1τ/`2) on the ferric ion concentration in the solution at the MOF crystal and the
MOF occupancy. A smaller non-dimensional diffusion coefficient causes the concentration
of ferric ions in solution to be more significantly reduced near the MOF boundary, and, fol-
lowing this initial reduction, it takes longer for the concentration in the solution to recover
towards the steady-state concentration. A larger non-dimensional diffusion coefficient
results in less reduction near the boundary because ferric ions can more readily diffuse
from the column of solution. MOF occupancy reaches close to steady-state sooner with a
high non-dimensional diffusion coefficient.
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Figure 5. Results for different values of non-dimensional diffusion, s1 = 0.1, 1, 5, 10, and s2 = s3 =

s4 = 1. Arrows indicate the direction of increasing s1. (a) Non-dimensional concentration of ferric
ions at MOF–polymer boundary, c(t, 0). (b) Non-dimensional MOF occupancy, b(t).

3.1.2. Varying the Effective Association Parameter, s2

Increasing the effective association parameter (s2 = C0konτ) means that ferric ions
associate to the MOF crystal faster than they diffuse through the solution. This results
in the MOF occupancy reaching the steady state sooner, as shown in Figure 6b. When s2
is large, the concentration near the solution–polymer boundary is reduced very quickly,
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followed by a slow increase as ferric ions diffuse from the rest of the region, as shown in
Figure 6a.

Upon exposure of the MOF to the solution, the concentration at the boundary varies
significantly for different values of s2. However, at large times, the ferric ion concentration
and the MOF occupancy is largely independent of s2.
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Figure 6. Results for different values of effective association, s2 = 0.1, 1, 10, and s1 = s3 = s4 = 1.
Arrows indicate the direction of increasing s2. (a) Non-dimensional concentration of ferric ions at
MOF–polymer boundary, c(t, 0). (b) Non-dimensional MOF occupancy, b(t).

3.1.3. Varying the Effective Dissociation Parameter, s3

The effective dissociation parameter (s3 = koff/C0kon) captures the ferric ions that
dissociate from the MOF crystal. We have investigated various values of s3, including
s3 = 0, which represents the situation when ferric ions can only associate—see Figure 7.

Increasing the effective dissociation parameter means that the ferric ions dissociate
more readily and the non-dimensional steady-state MOF pore occupancy can be calculated
from Equation (11),

beq = b(t→ ∞) =
1

1 + s3
. (15)

A similar expression for the number of effective bound receptors at equilibrium is
given in Squires et al. [13], with a different combination of parameters. (The present
authors believe that the equilibrium constant KD in Squires et al. [13] should be defined as
KD = koff/kon rather than KD = kon/koff as stated. This also aligns with working in their
Box 1).
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Figure 7. Results for different values of effective dissociation, s3 = 0, 0.1, 1, 10, and s1 = s2 = s4 = 1.
Arrows indicate the direction of increasing s3. (a) Non-dimensional concentration of ferric ions at
MOF–polymer boundary, c(t, 0). (b) Non-dimensional MOF occupancy, b(t).
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In the steady state, the occupancy of the pores is lower for larger values of the effective
dissociation parameter, and the steady state is reached more quickly. In the case when the
ferric ions cannot dissociate, that is s3 = 0, the steady state MOF occupancy is equal to its
maximum value (b(t→ ∞) = 1), and the concentration of ferric ions at the MOF–solution
boundary approaches the bulk concentration at large times.

3.1.4. Varying the Effective Flux Parameter, s4

An important consequence of the flux condition is the time taken for the MOF crystal
to approach steady state. Increasing the effective flux parameter (s4 = aB0/`C0) increases
the time taken to reach the steady state (see Figure 8b). The increase affects ferric ion
concentration at the MOF crystal boundary, as ferric ions quickly associate to the MOF
crystal and the ferric ions do not diffuse fast enough for the MOF crystal to reach steady
state in a timely manner, as shown in Figure 8a.

The delay to reaching steady state is attributed to ferric ions associating to the MOF
crystal faster and quickly depleting the ferric ions in the solution. A comparable mechanism
is observed when increasing the effective association parameter, s2. The effective association
parameter is a MOF characteristic, and an increase results in a shorter time for the MOF
crystal to reach steady state (see Figure 6b). The ferric ion concentration at the MOF
boundary is largely unchanged after t = 4, as shown in Figure 6a. However, the effective
flux parameter is a ferric ion characteristic, and an increase in this parameter results in a
longer time for the MOF crystal to reach steady state, as shown in Figure 8b. The ferric ion
concentration at the MOF boundary is very sensitive to the increase in the effective flux
parameter, as seen by the long depletion time for a larger parameter value in Figure 8a.
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Figure 8. Results for different values of effective flux, s4 = 0.1, 1, 10, and s1 = s2 = s3 = 1.
Arrows indicate the direction of increasing s4. (a) Non-dimensional concentration of ferric ions at
MOF–polymer boundary, c(t, 0). (b) Non-dimensional MOF occupancy, b(t).

3.2. Dimensionless Two-Dimensional Model

In this section, we return to the dimensionless two-dimensional model and to the
primary aim of the paper, which is to investigate ferric ion diffusion through a solution into
a polymer composite with a MOF sink located at the boundary between the two media.

Figure 9 shows the ferric ion concentration for the domain −5 ≤ x1 ≤ 5, −5 ≤ x2 ≤ 5,
where x2 < 0 is the concentration in the polymer and x2 ≥ 0 is the concentration in
the solution. The MOF crystal is located at |x1| ≤ 1 and x2 = 0. Figure 9a,b show the
ferric ion profiles at time t = 0.5 and 5, respectively. In all cases for the numerical two-
dimensional scheme, ∆x1 = ∆x2 = 0.1 and ∆t = 0.0005, and D = 0.5 (unless otherwise
stated) and L/` = h/` = 10. Figure 10a shows the ferric ion concentration along the line
x1 = 0, which shows the changes through the mixed media over time. In comparison to
the one-dimensional model (Figure 4a), the two-dimensional model requires additional
time to reach steady state. This is due to the size of the MOF crystal and the time taken
to reach steady state in the two-media system. The MOF occupancy at the centre of the
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MOF (b(t, 0)) and the total MOF occupancy over the whole MOF crystal (Equation (10))
is shown in Figure 10b. By comparing Figure 10b with Figure 4b, we see that the MOF
occupancy as predicted by the two-dimensional model is very similar to that predicted by
the one-dimensional model. However, the two-dimensional model includes the effect of
the polymer on ferric ion diffusion and greater MOF occupancy potential.

(a) (b)

Figure 9. Non-dimensional concentration of ferric ions across two media c(t, x1, x2): (a) at time
t = 0.5; (b) at time t = 5.
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Figure 10. (a) Non-dimensional concentration of ferric ions through MOF-mid point across two
media, c(t, 0, x2). Arrow indicates the direction of increasing time, t = 0.5, 1, 1.5, 2, 5. (b) Non-
dimensional MOF occupancy, b(t, 0) and btot(t). Here, s1 = s2 = s3 = s4 = 1, and D = 0.5.

3.2.1. Varying the Non-Dimensional Parameters

Variation of the dimensionless constants has the same effect on the two-dimensional
MOF occupancy b(t, 0) profile when compared to the one-dimensional MOF occupancy b(t).
The two-dimensional ferric ion concentration at the centre of the MOF crystal behaves in a
similar way to that of the one-dimensional ferric ion profile shown in Figure 4a. However,
more time is needed for the ferric ion concentration to reach steady state due to a larger
MOF crystal surface area.

Figure 11 shows the effect of varying the non-dimensional diffusion coefficient
(s1 = 0.1, 1, 5). For all values of s1, the concentration in the solution near the MOF sur-
face initially decreases before increasing towards the steady state value. For larger values of s1,
the decrease is more significant, which is in contrast to the one-dimensional results, as shown
in Figure 5.

The changes in the other non-dimensional parameters (s2, s3, s4) produce similar results
to those discussed for the one-dimensional model. Figures showing the details can be
found in Appendix C.
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Figure 11. Results for different values of non-dimensional diffusion, s1 = 0.1, 1, 5, s2 = s3 = s4 = 1, and
D = 0.5. Arrows indicate the direction of increasing s1. (a) Non-dimensional concentration of ferric ions
through MOF mid-point across two media, c(t, 0, 0). (b) Non-dimensional MOF occupancy, b(t, 0).

3.2.2. Varying the Relative Diffusion Coefficient, D

If ferric ion diffusivity in the solution and the polymer is the same, then the relative
diffusion coefficient is unity, D = D2/D1 = 1. In practice, the diffusion coefficient of ferric
ions in the solution will exceed that in the polymer and the larger the difference the smaller
the relative diffusion coefficient. Figure 12 shows the effects of varying the relative diffusion
coefficient.

Decreasing the relative diffusion coefficient means that ferric ions take longer to diffuse
in the polymer and away from the solution–polymer boundary. This affords the ferric ions
more opportunity to associate to the MOF crystal. Figure 12c shows that the occupancy in
the crystal is highest in the case of the smallest relative diffusion coefficient.
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Figure 12. Results for different values of relative diffusion coefficient, D = 0.1, 0.5, 1, and s1 = s2 =

s3 = s4 = 1. Arrows indicate the direction of increasing D. (a,b) Non-dimensional concentration of
ferric ions through MOF mid-point across two media, c(t, 0, x2) at time t = 0.5 and 5, respectively.
(c) Non-dimensional MOF occupancy, b(t, 0).
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4. Conclusions

In this paper, we have modelled a proposed new ferric ion sensor. We first examined a
two-dimensional model to describe the diffusion of the ions through a solution and into a
polymer layer, as well as their attachment to an EuMOF crystal located at the boundary
of the two media. We then examined a simplified model that includes diffusion through
the solution only, together with attachment at the MOF crystal. The solutions to the
corresponding non-dimensional models are then analysed to investigate the importance of
the various non-dimensional parameters.

The one-dimensional model indicates that at steady state, the occupancy of the MOF
crystal is given by Equation (15), and this occupancy depends only on the initial concentra-
tion of ferric ions in the solution and the effective dissociation constant, s3 = koff/C0kon.
As a consequence, if the steady-state occupancy, Beq = B(t→ ∞), can be measured with
the new sensor, and the association rate kon, dissociation rate koff, and maximum occu-
pancy B0 are known, then the concentration of ferric ions in solution can be calculated (in
dimensional terms) using

C0 =
koffBeq

kon(B0 − Beq)
. (16)

In practice, it is most likely to be useful to minimise the time taken to reach steady
state so that sensing of multiple samples can be carried out quickly and efficiently. To
achieve this, it would be helpful to have a large non-dimensional diffusion coefficient s1
and effective association constant s2 with a small effective flux constant s4.

While the two-dimensional model is more representative of the proposed sensor and
provides more information about the behaviour of the ferric ions in the solution and the
polymer, many of the broad behaviours and impacts of changing the system parameters are
captured by the one-dimensional model. The relative diffusion coefficient D suggests that the
polymer composite should hinder ferric ion diffusion in that region. A final sensor design is
likely to include MOF crystals embedded within the polymer matrix rather than on the surface
only, so the polymer composite should be designed so that the relative diffusion coefficient is
close to unity in order for ferric ions to associate to MOF crystals inside the polymer composite.
This situation is not examined here but will be the subject of future work. In this case, a
two-dimensional model is likely to provide more insight.
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Appendix A. Algorithm for Dimensionless One-Dimensional Model

The functions describing the ferric ion concentration c(t, x) and MOF occupancy b(t)
are discritised, and the following definitions are used,

c(tn, xi) = cn
i , c(t, 0) = cn

0 , c(t, L/`) = cn
I , b(tn) = bn.

We first update the value of the MOF occupancy bn+1 so that we can use the updated
value to calculate the ferric ion concentration cn+1

0 at x = 0. A Runge–Kutta 4 scheme is used

f (y) = s2 cn
0 (1− y)− s2 s3y,

k1 = ∆t f (bn), k2 = ∆t f
(

bn +
k1

2

)
,

k3 = ∆t f
(

bn +
k2

2

)
, k4 = ∆t f (bn + k3).

At time step n + 1, the MOF occupancy is

bn+1 = bn +
1
6
(k1 + 2k2 + 2k3 + k4),

where b(0) = b0 = 0.
Next, we update the ferric ion concentration throughout the solution using the Crank–

Nicolson central forwards time, centred space. The following difference formulas for the
first and second derivatives were used

c(t, x) =
1
2
(cn

i + cn+1
i ),

∂

∂x
c(t, x) =

1
2

[
cn

i+1 − cn
i−1

2∆x
+

cn+1
i+1 − cn+1

i−1
2∆x

]
,

∂

∂t
c(t, x) =

cn+1
i − cn

i
∆t

∂2

∂x2 c(t, x) =
1
2

[
cn

i+1 − 2cn
i + cn

i−1
∆x2 +

cn+1
i+1 − 2cn+1

i + cn+1
i−1

∆x2

]
.

Substituting these formulas into the ferric ion diffusion equation gives

cn+1
i − cn

i
∆t

=
s1

2

[
cn

i+1 − 2cn
i + cn

i−1
∆x2 +

cn+1
i+1 − 2cn+1

i + cn+1
i−1

∆x2

]
.

We collect terms with time step n + 1 on the left and n on the right hand side of the
equation so that the general scheme is

−α cn+1
i+1 + (2 + 2α)cn+1

i − α cn+1
i−1 = α cn

i+1 + (2− 2α)cn
i + α cn

i−1,

where α = s1∆t/∆x2. The boundary conditions concerning the ferric ion concentration need
to be incorporated, and so, the flux at the MOF–polymer boundary (Equation (12)) becomes

s1

[
cn

1 − cn
−1 + cn+1

1 − cn+1
−1

]
= 2s4s2∆x(cn

0 + cn+1
0 )(1− bn+1)− 4∆xs4s2s3 bn+1.

Now, adjust the general scheme at and near the boundaries:
for i = 0, the MOF–polymer boundary,

−2α cn+1
1 + [2 + 2α + 2αs4s2∆x(1− bn+1)/s1]cn+1

0

= 2α cn
1 + [2− 2α− 2αs4s2∆x(1− bn+1)/s1]cn

0 + 4∆xs2s3s4 bn+1/s1,
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for i = I, far-field boundary (Equation (13)),

cn
I = 1, ∀n,

for i = I − 1,
(2 + 2α)cn+1

I−1 − α cn+1
I−2 = (2− 2α)cn

I−1 + α cn
I−2 + 2α.

The finite difference scheme can be written as a linear system,

Lcn+1 = Rcn + A,

where

L =




2 + 2α + 2αs4s2∆x(1− bn+1)/s1 −α 0 0 · · · 0 0 0 0
−α 2 + 2α −α 0 · · · 0 0 0 0
. . . . . . . . . · · · 0 0 0 0
0 0 0 0 · · · −α 2 + 2α −α 0
0 0 0 0 · · · 0 −α 2 + 2α 0
0 0 0 0 · · · 0 0 0 1




,

R =




2− 2α− 2αs4s2∆x(1− bn+1)/s1 α 0 0 · · · 0 0 0 0
α 2− 2α α 0 · · · 0 0 0 0
. . . . . . . . . · · · 0 0 0 0
0 0 0 0 · · · α 2− 2α α 0
0 0 0 0 · · · 0 α 2− 2α 0
0 0 0 0 · · · 0 0 0 0




,

A = [4∆xs2s3s4 bn+1/s1, 0, · · · , 0, 2α, 1]T,

and

cn = [cn
0 , cn

1 , cn
2 , · · · , cn

I−2, cn
I−1, cn

I ]
T,

where L and R are real (I + 1)× (I + 1) matrices, and A and cn are (I + 1)-vectors.
The system describing the concentration of ferric ions through the solution can be

evaluated as

cn+1 = L−1(Rcn + A),

where c(0, x) = c0
i = 1. Table A1 provides the numerical values for the graphs shown

in the main text. Tests were performed for various timesteps and mesh sizes to ensure
numerical accuracy.

Table A1. Numerical values for one-dimensional simulation.

∆t ∆x L/`

0.005 0.1 10

Appendix B. Algorithm for Dimensionless Two-Dimensional Model

The functions describing the ferric ion concentration c(t, x) and MOF occupancy
b(t, x1) are discritised, and the following definitions are used:
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c(t, x1, x2) = c(tn, xi, xj) = cn
i j, c(t,−L/`, x2) = cn

0 j, c(t, L/`, x2) = cn
I j,

c(t,−1, x2) = cn
il j, c(t, 1, x2) = cn

ir j, c(t, x1, 0) = cn
i jm,

c(t, x1,−h/`) = cn
i 0, c(t, x1, L/`) = cn

i J , b(t, x1) = b(tn, xi) = bn
i .

In the same way as the one-dimensional model was solved, the MOF occupancy is first
updated for the next time step bn+1

i and later used to update the ferric ion concentration
cn+1

i j at |x1| ≤ 1 and x2 = 0. A Runge–Kutta 4 scheme is used to discritise b(t, x1) at
|x1| ≤ 1,

f (y) = s2 cn
i jm(1− y)− s2 s3y, for i = il, ..., rl,

k1 = ∆t f (bn
i ), k2 = ∆t f

(
bn

i +
k1

2

)
,

k3 = ∆t f
(

bn
i +

k2

2

)
, k4 = ∆t f (bn

i + k3).

At the next time step n + 1 for i = il, ..., ir, the MOF occupancy is

bn+1
i = bn

i +
1
6
(k1 + 2k2 + 2k3 + k4),

where b0
i = 0.

We update the ferric ion concentration and use a forwards time, two-dimensional
centred space scheme. The following difference formulas for the first and second derivatives
were used:

∂

∂t
c(t, x) =

cn+1
i j − cn

i j

∆t
,

∂

∂x1
c(t, x) =

cn
i+1 j − cn

i−1 j

2∆x1
,

∂

∂x2
c(t, x) =

cn
i j+1 − cn

i j−1

2∆x2
,

∇2c(t, x) =
cn

i+1 j − 2cn
i j + cn

i−1 j

∆x2
1

+
cn

i j+1 − 2cn
i j + cn

i j−1

∆x2
2

.

Substituting the formulas into the ferric ion diffusion equation in the solution for
x2 ≥ 0 gives

cn+1
i j − cn

i j

∆t
= s1

[
cn

i+1 j − 2cn
i j + cn

i−1 j

∆x2
1

+
cn

i j+1 − 2cn
i j + cn

i j−1

∆x2
2

]
.

We collect terms with time step n + 1 on the left and n on the right hand side of the
equation so that the general scheme ∀i and j = jm + 1 : J − 1 is

cn+1
i j = (1− 2sx − 2sy)cn

i j + sx(cn
i+1 j + cn

i−1 j) + sy(cn
i j+1 + cn

i j−1).

Similarly, diffusion in the polymer ∀i and j = 1 : jm− 1 is

cn+1
i j = (1− 2sxD− 2syD)cn

i j + sxD(cn
i+1 j + cn

i−1 j) + syD(cn
i j+1 + cn

i j−1),

where sx = s1∆t/∆x2
1 and sy = s1∆t/∆x2

2. We need to account for the boundary conditions
of the system and update the numerical scheme accordingly:
for ∀i, n, and j = J, far-field boundary condition (Equation (4)) at x2 = L/`,

cn
i J = 1,
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for i = 0 and j = jm + 1 : J − 1, no-flux boundary condition (Equation (5)) for solution
medium at x1 = −L/`,

cn+1
0 j = (1− 2sx − 2sy)cn

0 j + sx(cn
1 j + cn

1 j) + sy(cn
0 j+1 + cn

0 j−1),

for i = 0 and j = 1 : jm− 1, no-flux boundary condition (Equation (5)) for polymer medium
at x1 = −L/`,

cn+1
0 j = (1− 2sxD− 2syD)cn

0 j + sxD(cn
1 j + cn

1 j) + syD(cn
0 j+1 + cn

0 j−1),

for i = I and j = jm + 1 : J − 1, no-flux boundary condition (Equation (5)) for solution
medium at x1 = L/`,

cn+1
I j = (1− 2sx − 2sy)cn

I j + sx(cn
I−1 j + cn

I−1 j) + sy(cn
I j+1 + cn

I j−1),

for i = I and j = 1 : jm− 1, no-flux boundary condition (Equation (5)) for polymer medium
at x1 = L/`,

cn+1
I j = (1− 2sxD− 2syD)cn

I j + sxD(cn
I−1 j + cn

I−1 j) + syD(cn
I j+1 + cn

I j−1),

for i = 1, ..., I − 1 and j = 0, no-flux boundary condition (Equation (5)) for polymer–optic
fibre at x2 = −h/`,

cn+1
i 0 = (1− 2sxD− 2syD)cn

i 0 + sxD(cn
i+1 0 + cn

i−1 0) + syD(cn
i 1 + cn

i 1),

for i = 0 and j = 0, no-flux boundary condition (Equation (5)) at x1 = −L/` and x2 =
−h/`,

cn+1
0 0 = (1− 2sxD− 2syD)cn

0 0 + sxD(cn
1 0 + cn

1 0) + syD(cn
0 1 + cn

0 1),

for i = I and j = 0, no-flux boundary condition (Equation (5)) at x1 = L/` and x2 = −h/`,

cn+1
I 0 = (1− 2sxD− 2syD)cn

I 0 + sxD(cn
I−1 0 + cn

I−1 0) + syD(cn
I 1 + cn

I 1),

for i = 1, ..., I− 1 and j = jm, solution–polymer boundary continuity condition (Equation (3))
at x2 = 0,

∂c
∂t

= s1
∂2c
∂x2

1
+ s1

∂

∂x2

[
Di

∂c
∂x2

]
= s1

∂2c
∂x2

1
+

s1

∆x2

[
∂c+
∂x2
− D

∂c−
∂x2

]
,

cn+1
i jm − cn

i jm

∆t
= s1

[
cn

i+1jm − 2cn
i jm + cn

i−1 jm

∆x2
1

]
+

s1

∆x2

[
cn

i jm+1 − cn
i jm

∆x2

]
− s1D

∆x2

[
cn

i jm − cn
i jm−1

∆x2

]
,

cn+1
i jm = (1− 2sx − sy(1 + D))cn

i jm + sx(cn
i+1 jm + cn

i−1 jm) + sycn
i jm+1 + syDcn

i jm−1,

for i = 0 and j = jm, solution–polymer boundary continuity condition (Equation (3)) and
no-flux boundary condition (Equation (5)) at x1 = −L/` and x2 = 0,

cn+1
0 jm = (1− 2sx − sy(1 + D))cn

0 jm + sx(cn
1 jm + cn

1 jm) + sycn
0 jm+1 + syDcn

0 jm−1,

for i = I and j = jm, solution–polymer continuity condition (Equation (3)) and no-flux
boundary condition (Equation (5)) at x1 = L/` and x2 = 0,

cn+1
I jm = (1− 2sx − sy(1 + D))cn

I jm + sx(cn
I−1 jm + cn

I−1 jm) + sycn
I jm+1 + syDcn

I jm−1,

for i = il − 1 and j = jm, solution–polymer continuity condition (Equation (3)) and no-flux
boundary condition (Equation (7)) at x1 = −1− and x2 = 0,

cn+1
il−1 jm = (1− 2sx− sy(1+D))cn

il−1 jm + sx(cn
il−2 jm + cn

il−2 jm)+ sycn
il−1 jm+1 + syDcn

il−1 jm−1,

258



Nanomaterials 2022, 12, 887

for i = ir + 1 and j = jm, solution–polymer continuity condition solution–polymer conti-
nuity condition (Equation (3)) and no-flux boundary condition (Equation (7)) at x1 = 1+
and x2 = 0,

cn+1
ir+1 jm = (1− 2sx− sy(1+D))cn

ir+1 jm + sx(cn
ir+2 jm + cn

ir+2 jm)+ sycn
ir+1 jm+1 + syDcn

ir+1 jm−1,

At the solution–MOF–polymer boundary, we use the continuity condition (Equation (3)),
to find

cn
i jm−1 =

−cn
i jm+1 + (1 + D)cn

i jm

D
.

For i = il, ..., ir and j = jm, MOF–solution flux condition (Equation (6)) at |x1| ≤ 1 and
x2 = 0 gives

s1

[
cn+1

i jm+1 − cn+1
i jm−1

2∆x2

]
= s4s2(cn+1

i jm (1− bn+1
i )− s3bn+1

i ),

cn+1
i jm =

s1(1 + D)cn+1
i jm+1 + 2∆x2Ds4s2s3bn+1

i

s1(1 + D) + 2∆x2Ds4s2(1− bn+1
i )

.

Table A2 provides the numerical values for the graphs shown in the main text. Tests
were performed for various timesteps and mesh sizes to ensure numerical accuracy.

Table A2. Numerical values for two-dimensional simulation.

∆t ∆x1 ∆x2 L/` h/` D

0.0005 0.1 0.1 10 10 0.5

Unless otherwise stated, D takes the value found in Table A2.

Appendix C. Results of Varying Parameters in the Two-Dimensional Model

This section contains the figures that show the effects of variation of the remaining
non-dimensional parameters for the two-dimensional model.
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Figure A1. Results for different values of effective association, s2 = 0.1, 1, 10, s1 = s3 = s4 = 1, and
D = 0.5. Arrows indicate the direction of increasing s2. (a) Non-dimensional concentration of ferric
ions through MOF-mid point across two media, c(t, 0, x2). (b) Non-dimensional MOF occupancy,
b(t, 0).
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Figure A2. Results for different values of effective dissociation, s3 = 0, 0.1, 1, 10, s1 = s2 = s4 = 1,
and D = 0.5. Arrows indicate the direction of increasing s3. (a) Non-dimensional concentration
of ferric ions through MOF-mid point across two media, c(t, 0, x2). (b) Non-dimensional MOF
occupancy, b(t, 0).
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Figure A3. Results for different values of effective capacity, s4 = 0.1, 1, 10, s1 = s2 = s3 = 1, and
D = 0.5. Arrows indicate the direction of increasing s4. (a) Non-dimensional concentration of ferric
ions through MOF-mid point across two media, c(t, 0, x2). (b) Non-dimensional MOF occupancy,
b(t, 0).
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Abstract: The synthesis and characterization of multicolor light-emitting nanomaterials based on rare
earths (RE3+) are of great importance due to their possible use in optoelectronic devices, such as LEDs
or displays. In the present work, oxyfluoride glass-ceramics containing BaF2 nanocrystals co-doped
with Tb3+, Eu3+ ions were fabricated from amorphous xerogels at 350 ◦C. The analysis of the thermal
behavior of fabricated xerogels was performed using TG/DSC measurements (thermogravimetry
(TG), differential scanning calorimetry (DSC)). The crystallization of BaF2 phase at the nanoscale was
confirmed by X-ray diffraction (XRD) measurements and transmission electron microscopy (TEM),
and the changes in silicate sol–gel host were determined by attenuated total reflectance infrared
(ATR-IR) spectroscopy. The luminescent characterization of prepared sol–gel materials was carried
out by excitation and emission spectra along with decay analysis from the 5D4 level of Tb3+. As
a result, the visible light according to the electronic transitions of Tb3+ (5D4 → 7FJ (J = 6–3)) and
Eu3+ (5D0 → 7FJ (J = 0–4)) was recorded. It was also observed that co-doping with Eu3+ caused the
shortening in decay times of the 5D4 state from 1.11 ms to 0.88 ms (for xerogels) and from 6.56 ms
to 4.06 ms (for glass-ceramics). Thus, based on lifetime values, the Tb3+/Eu3+ energy transfer (ET)
efficiencies were estimated to be almost 21% for xerogels and 38% for nano-glass-ceramics. Therefore,
such materials could be successfully predisposed for laser technologies, spectral converters, and
three-dimensional displays.

Keywords: BaF2 nanophase; oxyfluoride nano-glass-ceramics; Tb3+/Eu3+ energy transfer; sol–gel chemistry

1. Introduction

Barium fluoride, BaF2, belongs to the group of attractive nanoparticles, produced
using different preparation methods and applied in numerous multifunctional applica-
tions. Nd3+:BaF2 nanocrystals synthesized by the reverse microemulsion technique present
interesting luminescence properties [1]. Indeed, the quenching of fluorescence intensity
(λem = 1052 nm) in nanosized Nd3+:BaF2 domains was not observed even under very
high dopant levels (~45 mol.% of Nd3+). Further experiments revealed the crystalliza-
tion of cubic and orthorhombic BaF2 nanoparticles, and it was proven that such fluo-
ride crystals could be quite easily transformed from the orthorhombic phase to the more
thermodynamically stable cubic phase under certain preparation conditions. This effect
was confirmed by X-ray diffraction (XRD) and high-resolution transmission electron mi-
croscopy (HR-TEM) used for self-assembled monodisperse BaF2 nanocrystals accomplished
by the liquid–solid-solution (LSS) approach [2]. BaF2 nanocrystals were also fabricated
from precursor Na2O-K2O-BaF2-Al2O3-SiO2 glasses via their controlled heat treatment.
Their self-organized nanocrystallization processes [3] and size distribution [4] have been
presented and discussed in detail. Luminescence properties of nanosized Eu3+-doped
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BaF2 synthesized via an ionic liquid-assisted solvothermal method in different solvents
(e.g., DMSO, water, or water with PVP solution) confirmed that these fluoride nanoparticles
can be effectively used for bioimaging applications [5].

From the accumulated experience and literature data, it is known that RE3+ ions can
be introduced into the fluoride nanocrystals dispersed within the transparent glassy host.
Indeed, several precursor glasses doped with RE3+ ions were heat treated to fabricate
RE3+:BaF2 nanocrystals and obtain transparent glass-ceramics with enhanced luminescence
properties. Nano-glass-ceramics with RE3+:BaF2 have been examined for visible [6] and
near-infrared [7,8] luminescence as well as white up-conversion applications [9]. Special
attention has been devoted to the structure and luminescent properties of BaF2 nanocrys-
tals in glass-ceramics singly doped with Er3+ [10,11] and co-doped with Er3+/Yb3+ [12,13].
Among RE3+, trivalent europium ions are commonly used as a spectroscopic probe, in-
dicating structural changes around the optically active ions and their surrounding envi-
ronment [14]. Additionally, europium ions in a divalent oxidation state can also exist,
thus, the silicate glasses containing EuF3 synthesized by melt-quenching in reducing at-
mosphere tend to form Eu2+-doped glass-ceramics after the heat-treatment process. The
prepared glass-ceramic system with Eu2+:BaF2 nanocrystals could be potentially utilized
as a blue phosphor for UV–LED applications [15]. Divalent europium ions in fluorosili-
cate glass-ceramics can be well stabilized via lattice site substitution [16]. In the field of
preparation of the RE3+-doped glass-ceramics containing BaF2 nanocrystals, particular at-
tention should also be focused on the sol–gel method. The first synthesis of 95SiO2−5BaF2
(mol.%) nano-glass-ceramics via the sol–gel technique was reported and described in work
by D. Chen et al. [17]. The authors proved that the size of precipitated BaF2 nanocrystals
(2–15 nm) and the luminescence of Er3+ ions are strictly dependent on heat-treatment
conditions of initially obtained xerogels. C.E. Secu et al. [18,19] presented the fabrication,
structure, and luminescence of 95SiO2–5BaF2 (mol.%) nano-glass-ceramics singly doped
with Pr3+, Ho3+, Dy3+, Sm3+, and Eu3+ ions. Except for Eu3+-doped samples, the emission
bands of other active dopants were revealed after controlled heat treatment of precursor
xerogels, which was explained by incorporating RE3+ into BaF2 crystals (3–7 nm) and
removing residual OH groups from the silicate sol–gel host. The recently published work
by M. Hu et al. [20] was concentrated on properties of 95SiO2–5BaF2 (mol.%) glass-ceramics
singly and doubly doped by Tb3+, Eu3+, and Dy3+ ions, containing fluoride nanocrystals
with an average size of ~5 nm. The authors verified the thermal stability of generated
luminescence in a range from 30 ◦C to 290 ◦C, proving that synthesized sol–gel nano-glass-
ceramics could be utilized as color and white light emitters. The properties of RE3+-doped
sol–gel glass-ceramics containing BaF2 nanocrystals were compared with other oxyfluo-
ride systems in an extensive review published recently by Secu et al. [21]. This class of
RE3+-doped materials is widely considered as a promising candidate for selected applica-
tions, e.g., three-dimensional displays, flat color screens, spectral converters, light-emitting
diodes (LEDs), etc. [21].

Our previously published work [22] was concerned with sol–gel SiO2-BaF2 nano-
glass-ceramic systems doped with europium ions in a trivalent oxidation state. Their
structural and optical properties have been studied using various experimental techniques,
such as differential scanning calorimetry (DSC), X-ray diffraction (XRD), transmission
electron microscopy (TEM) coupled with the energy-dispersive X-ray spectroscopy (EDS),
infrared (ATR-IR), and luminescence spectroscopy. The properties of Tb3+, Eu3+ co-doped
glass-ceramic systems containing BaF2 nanocrystals made from the sol–gel method at a
low temperature are communicated here. To the best of our knowledge, these aspects for
SiO2-BaF2:Tb3+, Eu3+ nano-glass-ceramics have not yet been examined.

2. Materials and Methods

The xerogels singly doped with Tb3+ and co-activated with Tb3+, Eu3+ ions were pre-
pared via the previously described sol–gel synthesis [22]. The reagents from Sigma-Aldrich
(St. Louis, MO, USA) were applied for the fabrication the samples. In the first step of
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preparation, precursor (TEOS), ethanol, deionized water, and acetic acid (AcOH) were
mixed (in a molar ratio 1:4:10:0.5) in round-bottom flasks for 30 min. TEOS, Si(OC2H5)4,
was used as a precursor for creating the SiO2 silicate host, water was necessary to perform
the hydrolysis reaction of TEOS, and AcOH played a role as a catalyst. Due to the signifi-
cantly limited solubility of TEOS in water, ethyl alcohol was introduced into the reaction
systems, enabling the hydrolysis reaction by increasing the TEOS–water contact surface.
The hydrolysis could be expressed by the following reaction:

Si(OC2H5)4 + nH2O � Si(OH)n(OC2H5)(4-n) + nC2H5OH,

in which n ≤ 4. Simultaneously with the hydrolysis reaction, the condensation begins,
which allows for the creation of a silicate network through the formation of siloxane bridges,
Si–O–Si. The homocondensation could be given by the following chemical reaction:

(OC2H5)n(OH)(3-n)Si-OH + HO-Si(OC2H5)n(OH)(3-n) �
(OC2H5)n(OH)(3-n)Si-O-Si(OC2H5)n(OH)(3-n) + H2O,

and the heterocondensation could be expressed by:

(OC2H5)n(OH)(3-n)Si-OH + C2H5O-Si(OC2H5)n(OH)(3-n) �
(OC2H5)n(OH)(3-n)Si-O-Si(OC2H5)n(OH)(3-n) + C2H5OH,

in which n ≤ 3. The mechanisms of hydrolysis and condensation reactions of alkoxides
were discussed in detail in the paper [23].

After pre-hydrolysis and pre-condensation, the solutions of Ba(AcO)2 and RE(AcO)3
(RE = Tb or Tb/Eu) in trifluoroacetic acid (CF3COOH, TFA) and deionized water were added
dropwise, and the obtained mixtures were stirred for the next 60 min. Since the electrolytic
dissociation of TFA acid (Ka = 5.9 × 10−1) is greater than for AcOH (Ka = 1.8× 10−5), TFA is a
much stronger acid than AcOH, and the following reaction occurs:

Ba(AcO)2 + 2TFA→ Ba(TFA)2 + 2AcOH.

For Tb3+-doped samples, the molar ratio of TFA:Ba(AcO)2:Tb(AcO)3 was equal to
5:0.95:0.05, and for Tb3+, Eu3+ co-doped materials, the molar ratio of
TFA:Ba(AcO)2:Tb(AcO)3:Eu(AcO)3 was equal to 5:0.9:0.05:0.05. The mass of TEOS, ethanol,
deionized water, and acetic acid reached 90 wt.% of each sample, and the mass of the
remaining part containing TFA, Ba(AcO)2, and RE(AcO)3 (RE = Tb or Tb/Eu) equaled
10 wt.%. The liquid sols were dried at 35 ◦C for several weeks and then heat treated
at 350 ◦C per 10 h in a muffle furnace (Czylok, Jastrzębie-Zdrój, Poland). The thermal
treatment of xerogels at 350 ◦C aims to transform them into SiO2-BaF2 nano-glass-ceramics.
Indeed, TFA was introduced as a fluorination reagent, allowing for successful crystalliza-
tion of BaF2 fraction inside the silicate sol–gel host. The fabricated xerogels were denoted as
XGTb and XGTb/Eu (for singly and doubly doped xerogels), as well as nGCTb and nGCTb/Eu
(for singly and co-doped nano-glass-ceramics).

The thermogravimetry and differential scanning calorimetry (TG/DSC) were carried
out using a Labsys Evo system with a heating rate of 10 ◦C/min in argon atmosphere
(SETARAM Instrumentation, Caluire, France). To verify the formation of fluoride nanocrys-
tals within the silicate sol–gel host at 350 ◦C, the X-ray diffraction was performed using
an X’Pert Pro diffractometer equipped by PANalytical with CuKα radiation (Almelo,
the Netherlands). Additionally, the fluoride nanocrystals were observed by a JEOL JEM
3010 transmission electron microscope operated at 300 kV (JEOL, Tokyo, Japan). The struc-
tural characterization was supplemented by infrared spectroscopy (IR). The experiment
was performed with the use of the Nicolet iS50 ATR spectrometer (Thermo Fisher Scientific
Instruments, Waltham, MA, USA), and the spectra were collected in attenuated total re-
flectance (ATR) configuration within the 4000–400 cm−1 as well as 500–200 cm−1 ranges
(64 scans, 4 cm−1 resolution).
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The luminescence measurements were performed on a Photon Technology Interna-
tional (PTI) Quanta-Master 40 (QM40) UV/VIS Steady State Spectrofluorometer (Photon
Technology International, Birmingham, NJ, USA) supplied with a tunable pulsed optical
parametric oscillator (OPO) pumped by the third harmonic of a Nd:YAG laser (Opotek
Opolette 355 LD, OPOTEK, Carlsbad, CA, USA). The laser system was coupled with a
75 W xenon lamp, a double 200 mm monochromator, and a multimode UV/VIS PMT
(R928) (PTI Model 914) detector. The excitation and emission spectra were recorded with
a resolution of 0.5 nm. The luminescence decay curves were recorded by a PTI ASOC-10
(USB-2500) oscilloscope. All structural and optical measurements were carried out at
room temperature.

3. Results and Discussion
3.1. Thermal Behavior of Synthesized Xerogels

Figure 1 presents the TG/DSC curves recorded for fabricated xerogels in an inert
gas atmosphere in a temperature range from 45 ◦C to 475 ◦C (the heating rate during
measurement was 10 ◦C/min). According to TG curves, there are two distinguishable
degradation steps for both fabricated samples: first, identified at 45–(~205) ◦C, and second,
observed in the temperature range (~205) ◦C–(~320) ◦C. A slight weight loss, about 2.75%
(XGTb) and 3.56% (XGTb/Eu), is associated with the elimination of residual solvents (ethyl
alcohol, acetic acid) and water from the porous sol–gel host. At higher temperatures, strong
exothermic peaks with maxima at 305 ◦C (XGTb) and 306 ◦C (XGTb/Eu) were identified,
which appear along with ~17.55% weight loss. Generally, trifluoroacetates tend to de-
compose at temperatures near ~300 ◦C, which is well documented and described in the
current literature [24–26]. Thus, recorded exothermic DSC peaks are clearly correlated with
thermal decomposition of Ba(TFA)2 and crystallization of BaF2, which could be given by
the chemical reaction:

Ba(TFA)2
T→ BaF2 + CF3CFO + CO2 + CO.
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The thermolysis led to cleavage of C–F bonds from −CF3 groups, and the resultant
fluorine ions (F−) tend to react with Ba–O bonds, forming BaF2 phase [27]. The heat
exchanged during degradation of Ba(TFA)2 in studied sol–gel materials is close to−118 J/g.
J. Farjas et al. [28] pointed out that the denoted heat exchange during the degradation of
trifluoroacetates depends on atmosphere (air or ambient gas) and the presence of vapored
water. Our obtained value is comparable with DSC results obtained for pure Ba(TFA)2 salt
in argon atmosphere [28]. The data obtained from TG/DSC analysis for the studied sol–gel
samples are shown in Tables 1 and 2.

Table 1. The parameters from TG analysis for studied sol–gel materials.

Sample Number of Degradation Steps Temperature Range (◦C) Weight Loss (%)

XGTb
1st 45–208 2.75
2nd 208–322 17.56

XGTb/Eu
1st 45–204 3.56
2nd 204–321 17.54

Table 2. The parameters from DCS curves recorded for fabricated silicate sol–gel samples.

Sample Peak Maximum (◦C) Exchanged Heat (J/g)

XGTb 305 −118.3
XGTb/Eu 306 −117.9

3.2. Structural Characterization by XRD, TEM, and ATR-IR

Figure 2 presents the X-ray diffraction (XRD) patterns of the xerogels and nano-glass-
ceramics fabricated at 350 ◦C. The diffractograms collected for Tb3+ singly doped samples
are depicted in Figure 2a, meanwhile, the data for Tb3+, Eu3+ co-doped materials are shown
in Figure 2b. The XRD patterns of the precursor xerogels revealed any sharp diffraction
lines, but only a broad hump with a maximum at ~25◦, indicating their amorphous nature
without long-range order [29]. Conversely, the intense diffraction lines were observed only
after thermal treatment of xerogels at 350 ◦C for 10 h. The XRD patterns of prepared glass-
ceramics are in accordance with the standard diffraction lines of cubic BaF2 crystallized
in the Fm3m space group (ICDD card no. 00-004-0452), confirming the precipitation of
fluoride crystals inside the silicate sol–gel matrix. The crystalline size of BaF2 in fabricated
glass-ceramics was evaluated by calculations with the Scherrer formula given below [30]:

D =
Kλ

B cos θ
(1)

in which K is a shape factor (in our calculations, K = 1 was taken), λ is a wavelength
of X-rays (0.154056 nm, Kα line of Cu), B is a broadening of the diffraction peak at half
the maximum intensity, and θ is Bragg’s angle. The average crystal sizes of BaF2 were
calculated to be 5 nm ± 0.1 nm for both nGCTb and nGCTb/Eu samples. The average size of
BaF2 nanocrystallites was also calculated from a Williamson–Hall plot as follows [31]:

D =
Kλ

β cos θ
(2)

where β is half of the width of the diffraction line, whereas (∆a/a) refers to the lattice
deformation.
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Figure 2. XRD patterns of prepared sol–gel samples: Tb3+ singly doped materials (a) and Tb3+, Eu3+

co-doped specimens (b). The standard data for the BaF2 cubic phase (ICDD card no. 00-004-0452) are
also shown for comparison. TEM images revealed the presence of fluoride crystals in glass-ceramics
singly doped with Tb3+ (c) and co-doped with Tb3+, Eu3+ (d).

The Scherrer method makes the half-width of the diffraction line dependent only on
the size of the crystallites. On the other hand, in the Williamson–Hall analysis, the internal
stresses reflected by the lattice deformation are additionally taken into account in the
broadening of the diffraction line. The mean crystal sizes, calculated with the Williamson–
Hall method, were estimated to be 4.3 nm ± 0.1 nm for nGCTb, and 4.8 nm ± 0.1 nm
for nGCTb/Eu. Moreover, the lattice deformation was negligible and less than 0.1%. The
obtained results of the average crystallite size, from both methods, reveal good agreement.
They proves the lack of internal stresses in the formed BaF2 particles. The crystal lattice
parameters for BaF2 phase were determined to be 6.188 (8) Å (Tb3+-doped sample) and
6.169 (7) Å (Tb3+, Eu3+ co-doped sample), which are slightly smaller than the lattice
parameter for undoped barium fluoride (a0 = 6.2001 Å). Indeed, both Tb3+ (1.04 Å) and
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Eu3+ (1.07 Å) ions [32] with smaller ionic radii could substitute Ba2+ (1.35 Å) [33] cations in
BaF2 crystal lattice, resulting in a decrease in the unit cell volume. The indicated changes in
the lattice parameter are also noticeable as a slight shift of the recorded diffraction lines
towards higher values of the 2θ angle (an enlargement within a 22–28◦ angle, in which
the (111) diffraction line was detected; shown in Figure 1). Additionally, it was observed
that the shift of diffraction lines is more clearly visible for the nGCTb/Eu sample, which
evidences that the total incorporation of RE3+ ions inside BaF2 nanocrystals is higher than
for nGCTb. Similar results from XRD measurements were described in the literature for
other oxyfluoride optical systems, e.g., SiO2-LaF3:Er3+ sol–gel nano-glass-ceramics [34]
and germano-gallate glass-ceramics containing BaF2:Er3+ nanocrystals [11]. Figure 2c,d
display the TEM images of prepared nano-glass-ceramic samples singly doped with Tb3+

and co-doped with Tb3+, Eu3+ ions, respectively. The size of BaF2 nanocrystals was average,
estimated from the Scherrer equation and the Williamson–Hall method.

The ATR-IR spectrum within the 4000–400 cm−1 range for a representative XGTb/Eu
sample is shown in Figure 3a, and the assignment of individual IR peaks was carried out
based on the literature [35,36]. The recorded infrared signals confirmed the formation
of a polycondensed silicate network created by Q2 (949 cm−1), Q3 (1045 cm−1), and Q4

(1134 cm−1) units of SiO2 tetrahedrons as well as Si–O–Si siloxane bridges (1192 cm−1,
801 cm−1). On the other hand, the signals recorded at ~3665 cm−1 and ~3400 cm−1,
according to vicinal/geminal and hydrogen-bonded Si–OH groups, respectively, clearly
pointed to the presence of unreacted silanol groups. Indeed, xerogels are highly porous
materials [37], hence, the IR bands originating from Si–OH groups are expected. Indeed,
the next recorded infrared band, 1659 cm−1, revealed the vibrations of Si–OH groups, but
also oscillations within C=O carbonyl groups (from residual AcOH and unreacted TFA),
as well as molecular water. A signal at ~3200 cm−1 was interpreted as vibrations from
hydrogen-bonded OH groups in organic compounds and water, and may confirm that
pores inside the silicate network are filled with liquids. It should be noted that peaks
located near ~1134 cm−1 and ~1192 cm−1 could be assigned, despite Q4 units and Si–O–Si
bridges, to oscillations of C–F bonds in Ba(TFA)2 and unreacted TFA. Indeed, a comparison
of ATR-IR spectra in this region for XGTb/Eu xerogel and an analogous sample prepared
without the addition of Ba(AcO)2 and TFA revealed that the signals are more intense for
XGTb/Eu (inset of Figure 3a). This could point to the presence of additional oscillators that
contribute to overall signals recorded at ~1134 cm−1 and ~1192 cm−1. The signal recorded
at ~420 cm−1 was assigned to the O–Si–O bending vibration.

The ATR-IR spectrum within the 4000–400 cm−1 region registered for a representative
nGCTb/Eu sample obtained at 350 ◦C is shown in Figure 3b. Compared with the ATR-IR
spectrum for XGTb/Eu, the intensities of signals at >3000 cm−1 and 1659 cm−1 weakened
significantly, which allows us to make conclusions about evaporation of volatile chemical
components from the sol–gel host and progressive reactions between unreacted Si–OH
groups. Additionally, it was also observed that for the nGCTb/Eu nano-glass-ceramic
sample, the intensity of the IR signal near ~949 cm−1 is weaker than for the XGTb/Eu
xerogel sample. An indicated effect may also suggest a continuation of polycondensation
because Q2 units probably transformed into Q3 and Q4 ones, which favor the creation of
a more cross-linked sol–gel host. It was also observed that intensities of IR signals near
~1134 cm−1 and ~1192 cm−1 weakened compared with those recorded for the xerogel.
This effect could be explained by thermal decomposition of Ba(TFA)2 compound into BaF2
crystals within the prepared silicate sol–gel host in the proposed heat-treatment conditions.
Indeed, the Ba–F vibrations might be observed at lower frequencies (inset of Figure 3b),
which agrees with the IR spectrum recorded for pure BaF2 [38]. The peak with a maximum
at ~440 cm−1 was recorded for both nGCTb/Eu nano-glass-ceramics and an analogous
sample prepared without the addition of Ba(AcO)2 and TFA, confirming that such a band
is not related to the fluoride fraction but to the oscillations within the silicate host (O–
Si–O vibration). It should be noticed that this band shifts toward a higher frequency for
nano-glass-ceramics in comparison with the xerogel. The reason for such spectral behavior
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could be explained by differences in the inter-tetrahedra angle of SiO4 units in xerogels and
glass-ceramics, as was stated in the literature [39].
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3.3. Luminescence of Amorphous Silicate Xerogels

Figure 4a shows the excitation spectra of the prepared XGTb/Eu samples. The spectra
were registered within the 340–520 nm spectral range on collecting the luminescence at
541 nm and 612 nm wavelengths. The excitation spectrum, while monitoring the green
emission line at 541 nm, revealed the characteristic bands for Tb3+ ions according to the
following transitions within the near-UV and VIS scope: 7F6 → 5L9 (352 nm), 7F6 → 5L10
(370 nm), 7F6→ 5D3 (379 nm), and 7F6→ 5D4 (488 nm). Meanwhile, the spectrum recorded
by collecting the red luminescence at 612 nm showed the excitation lines of Eu3+ related
to the electronic transitions from the 7F0 ground level into the following excited states:
5GJ (376 nm), 5L7 (384 nm), 5L6 (394 nm), 5D3 (418 nm), and 5D2 (464 nm). However,
it was observed that the spectrum recorded for XGTb/Eu contains some additional weak
bands, which did not appear for the sample singly doped with Eu3+ (for better visibility, an
enlargement of the 340–390 nm scope is presented in the inset of Figure 2a, and the bands
are marked by asterisks). It should be noted that the recorded additional bands correspond
to the contribution of excitation lines originating from Tb3+ ions (7F6 → 5L9 (352 nm),
7F6 → 5L10 (379 nm), and 7F6 → 5D4 (488 nm)). Moreover, a slight shift of the 7F0 → 5L7
band (from 384 nm to 382 nm) was also denoted, which could be related to its overlapping
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with the 7F6 → 5D3 excitation line originating from Tb3+ co-dopant. Hence, the obtained
results could suggest the occurrence of Tb3+→ Eu3+ ET. A similar interpretation of excitation
spectra was described for lead borate glasses co-doped with Tb3+ and Eu3+ ions [40].
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Figure 4. The excitation spectra recorded for Tb3+ (λem = 541 nm) and Eu3+ (λem = 612 nm) ions
in fabricated amorphous xerogels. For the latter, the additional lines originated from Tb3+ ions
were marked by asterisks (a). The registered luminescence spectra collected for XGTb (green line,
λexc = 352 nm) and XGTb/Eu samples (blue line, λexc = 352 nm; red line, λexc = 394 nm). Inset shows
the decay curves recorded for the 5D4 state of Tb3+ ions (b).

The fluorescence spectra of prepared sol–gel specimens are displayed in Figure 4b. The
emission spectrum recorded for the XGTb/Eu sample under excitation at 394 nm (presented
as a red line) consisted of several emission lines at 574 nm (5D0→ 7F0), 590 nm (5D0 → 7F1),
612 nm (5D0 → 7F2), 648 nm (5D0 → 7F3), and 696 nm (5D0 → 7F4) within the reddish-
orange light area. It was observed that the 5D0 → 7F2 red emission band is the most
prominent luminescence line, and the spectrum is similar to other Eu3+-doped typical
glassy-like optical materials described in the literature [41,42]. Based on the collected
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spectrum, the R/O ratio (red-to-orange) was calculated using the areas of the 5D0→ 7F2 (R)
and the 5D0 → 7F1 (O) bands. The R/O ratio value estimated for precursor silicate xerogel
is relatively high and equals 3.92. It indicates that Eu3+ ions are far from an inversion center,
which is characteristic for amorphous materials. In the luminescence spectrum of the XGTb
sample (marked as a green line), the bands centered at 486 nm, 541 nm, 580 nm, and 618 nm
were attributed to the 5D4 → 7FJ (J = 6–3) electronic transitions, respectively.

To verify the occurrence of ET between Tb3+ and Eu3+ ions in the studied silicate
xerogels, the emission spectrum for the XGTb/Eu sample was recorded upon excitation
at a 352 nm wavelength (shown as a blue line). The spectrum consisted of the following
emission bands in the VIS spectral range: blue (486 nm), an intense green (541 nm),
yellowish-orange (584 nm), and red (616 nm). The same bands within the blue–green
light area were detected for the XGTb xerogel, and the mentioned emission lines were
ascribed to the 5D4 → 7F6 and the 5D4 → 7F5 electronic transitions, respectively. Although
the positions of these emission bands are the same, their intensity is slightly lower for
the co-doped XGTb/Eu sample than for the singly doped XGTb one. Simultaneously, an
increase in luminescence intensity within the yellowish-orange as well as red ranges was
observed, and—compared with emissions recorded for the XGTb xerogel—the maxima of
these bands were slightly shifted (from 580 nm to 584 nm, and from 618 nm to 616 nm).
Thus, based on this observation, we could conclude that the indicated shift is a result of
the superimposition of the yellow (5D4 → 7F4, 580 nm) and red band (5D4 → 7F3, 618 nm)
of Tb3+ ions with orange (5D0 → 7F1, 590 nm) and red (5D0 → 7F2, 612 nm) luminescence
originating from Eu3+.

Hence, our experimental results indicate the occurrence of Tb3+/Eu3+ ET upon ex-
citation at a 352 nm wavelength when Tb3+ ions are excited from the 7F6 ground state.
Then, the electrons at the 5L9 level decay rapidly through the 5G5, 5L10, and 5D3 states
by the multiphonon relaxation process until the 5D4 level is populated. Since there is the
energetical resemblance of the 5D4 (Tb3+) and the 5D1/5D0 (Eu3+) levels, the Tb3+/Eu3+

energy migration is feasible, and the excitation energy is transferred from Tb3+ to the
adjacent Eu3+ ion. The acceptor ions relax from the 5D0 state to the 7FJ levels, promoting
the light emission within the reddish-orange spectral region [43]. The ET is schematized in
the level diagram presented in Figure 5.
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The decay curves were registered for the green light at 541 nm, upon excitation at
352 nm from the near-UV range (inset in Figure 4b). For xerogels, a mono-exponential
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fit was used to evaluate the lifetimes of Tb3+, and the fitted curves are marked with a
black line, while the collected experimental data are shown as green and blue lines for
XGTb and XGTb/Eu, respectively. A slight shortening in the decay time of the 5D4 (Tb3+)
state from 1.11 ms (XGTb) to 0.88 ms (XGTb/Eu) was identified. An indicated decline in
a lifetime for co-doped xerogel could be explained by introducing an additional decay
pathway via Eu3+ ions. Indeed, the ET from Tb3+ to Eu3+ enhances the decay rate of the
excited Tb3+ ions, resulting in the shortening of the 5D4 (Tb3+) lifetime. Hence, the analysis
of luminescence decay curves also enables calculation of the efficiency of Tb3+/Eu3+ ET,
based on the following equation [44]:

ηET =

(
1− τ

τ0

)
·100%. (3)

where τ0 and τ are the lifetimes of the 5D4 (Tb3+) state for sample singly doped with Tb3+,
and the sample co-doped with Tb3+, Eu3+ ions, respectively. In the case of the studied
xerogels, the efficiency of Tb3+/Eu3+ ET was estimated to be about 21%, and the comparable
values were denoted for, e.g., fluoroborate glass (ηET = 20%) [45].

3.4. Luminescence of SiO2-BaF2 Nano-Glass-Ceramics

The excitation spectra recorded for the nGCTb/Eu sample are shown in Figure 6a. The
spectra emerged by monitoring the green luminescence characteristic for Tb3+ (541 nm),
and the red emission originating from Eu3+ ions (612 nm). The luminescence of Tb3+

ions (541 nm) could be efficiently excited by the following wavelengths from the near-UV
scope: 352 nm (7F6 → 5L9), 369 nm (7F6 → 5L10), and 377 nm (7F6 → 5D3), as well as from
the VIS range: 485 nm (7F6 → 5D4). In the case of the excitation spectrum recorded at a
612 nm emission wavelength, an intense line appeared at 394 nm (7F0 → 5L6, Eu3+), but a
few weaker bands at 376 nm (7F0 → 5GJ), 384 nm (7F0 → 5L7), 418 nm (7F0 → 5D3), and
465 nm (7F0 → 5D2) were also detected. Similarly, as for xerogels, the recorded additional
excitation lines at 352 nm, 369 nm, and 485 nm—marked in Figure 6a by asterisks—are
typical for the 7F6→ 5L9,10, 5D4 transitions of Tb3+ ions, which could suggest the occurrence
of Tb3+/Eu3+ ET in the studied nano-glass-ceramic samples. Similar results were found for
other Tb3+, Eu3+ co-doped fluoride-based optical systems, e.g., pure CaF2 nanocrystals [46],
and glass-ceramics containing SrF2 [47], as well as NaYF4 nanocrystals [48].

Figure 6b depicts the emission spectra collected for nGCTb/Eu and nGCTb samples,
recorded upon excitation at 352 nm (a blue line for nGCTb/Eu, and a green line for nGCTb)
and 394 nm (a red line) wavelengths. An excitation of the nGCTb sample using 352 nm
results in registration of the visible emissions ascribed to the 5D4→ 7F6 (487 nm), 5D4→ 7F5
(541 nm), 5D4 → 7F4 (580 nm, 587 nm), and 5D4 → 7F3 (619 nm) transitions characteristic
for Tb3+ ions. Subsequently, when the nGCTb/Eu co-doped sample was excited by a
394 nm wavelength, the luminescence bands originating from Eu3+ ions centered at 589 nm
(5D0 → 7F1), 611 nm/614 nm (5D0 → 7F2), 648 nm (5D0 → 7F3), and 688 nm/696 nm
(5D0 → 7F4) were observed. One can see that, in contrast to xerogel, the 5D0→ 7F1 magnetic
dipole transition dominates the spectrum, which indicates that Eu3+ ions are placed at sites
close to an inversion symmetry [49]. According to the calculated R/O ratio value (3.92 for
XGTb/Eu and 0.51 for nGCTb/Eu) and the literature [18], the observed change in emission
profile clearly suggests that Eu3+ ions tend to embed into the BaF2 fluoride nanocrystal
lattice by substituting Ba2+ cations. The decrease in the R/O ratio value was denoted for
other Eu3+-doped oxyfluoride glass-ceramic systems described in the literature [50–52].

273



Nanomaterials 2022, 12, 259

Nanomaterials 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

inversion symmetry [49]. According to the calculated R/O ratio value (3.92 for XGTb/Eu and 
0.51 for nGCTb/Eu) and the literature [18], the observed change in emission profile clearly 
suggests that Eu3+ ions tend to embed into the BaF2 fluoride nanocrystal lattice by substi-
tuting Ba2+ cations. The decrease in the R/O ratio value was denoted for other Eu3+-doped 
oxyfluoride glass-ceramic systems described in the literature [50–52].  

 
Figure 6. The excitation spectra recorded for Tb3+ (λem = 541 nm) and Eu3+ (λem = 612 nm) ions in 
prepared SiO2-BaF2 nano-glass-ceramics. For the latter, the additional lines originated from Tb3+ ions 
were marked by asterisks (a). The registered emission spectra for nGCTb (green line, λexc = 352 nm) 
as well as nGCTb/Eu glass-ceramics (blue line, λexc = 352 nm; red line, λexc = 394 nm). Inset shows the 
decay curves recorded for the 5D4 (Tb3+) state in nano-glass-ceramics (b). 

The emission spectrum of the nGCTb/Eu sample, collected upon 352 nm excitation, re-
vealed an intense orange (589 nm) and red (611 nm/615 nm, and 647 nm) luminescence 
corresponding to the transitions of Eu3+ from the 5D0 level. Along with those bands, two 
emission lines with relatively low intensity were found within the blue–green scope and 

Figure 6. The excitation spectra recorded for Tb3+ (λem = 541 nm) and Eu3+ (λem = 612 nm) ions in
prepared SiO2-BaF2 nano-glass-ceramics. For the latter, the additional lines originated from Tb3+ ions
were marked by asterisks (a). The registered emission spectra for nGCTb (green line, λexc = 352 nm)
as well as nGCTb/Eu glass-ceramics (blue line, λexc = 352 nm; red line, λexc = 394 nm). Inset shows the
decay curves recorded for the 5D4 (Tb3+) state in nano-glass-ceramics (b).

The emission spectrum of the nGCTb/Eu sample, collected upon 352 nm excitation,
revealed an intense orange (589 nm) and red (611 nm/615 nm, and 647 nm) luminescence
corresponding to the transitions of Eu3+ from the 5D0 level. Along with those bands, two
emission lines with relatively low intensity were found within the blue–green scope and
were assigned to the emissions originating from the 5D4 state of Tb3+ ions. Therefore, com-
pared with XGTb/Eu, the luminescence in the reddish-orange spectral range is particularly
enhanced for nGCTb/Eu. Based on this observation, we could conclude that the distance
between interacting Tb3+ and Eu3+ ions in the prepared nano-glass-ceramics might be
significantly shorter than in xerogels. Such shortening in the inter-ionic distance, strictly
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related to the segregation of rare earths inside BaF2 nanocrystals precipitated at 350 ◦C, could
be responsible for a more efficient transfer of excitation energy from Tb3+ to Eu3+ ions.

For the SiO2-BaF2 nano-glass-ceramics, the luminescence decay from the 5D4 level
follows a double-exponential function with two different decay lifetimes. It results from the
distribution of RE3+ ions between either the sol–gel host (described by faster τ1 component)
and BaF2 nanocrystals (described by longer τ2 lifetime). The results are presented in the
inset of Figure 6b, and the fitted decay curves are labeled with a black line, whereas the
experimental data are tagged as green and blue lines for nGCTb and nGCTb/Eu, respec-
tively. For the sample singly doped with Tb3+ ions, the lifetime components are equal to
τ1 = 2.51 ms and τ2 = 6.97 ms, while for the sample co-doped with Tb3+, Eu3+ the decay
times are equal to τ1 = 1.05 ms and τ2 = 4.53 ms. Based on lifetime components, the average
decay times, τavg, were calculated from the following formula [53]:

τavg =
A1τ

2
1 + A2τ

2
2

A1τ1 + A2τ2
. (4)

Thus, the average luminescence lifetime of the 5D4 (Tb3+) state for nGCTb/Eu was
determined to be τavg = 4.06 ms, and for nGCTb it equaled τavg = 6.56 ms. The analysis of
luminescence decay curves showed a noticeable prolongation in lifetimes for SiO2-BaF2
nano-glass-ceramics compared with xerogels. It suggests that the amount of OH groups
characterized by high vibrational energy (>3000 cm−1) should be significantly reduced
in glass-ceramics. Moreover, the dopant ions tend to enter into the BaF2 nanocrystals
characterized by low phonon energy (~319 cm−1 [54]), making the radiative relaxation
from the 5D4 level more prominent compared with xerogels.

Additionally, based on luminescence lifetimes, the calculated ET efficiency for pre-
pared SiO2-BaF2 nano-glass-ceramic exceeds 38%. In such a case, the distance between
interacting RE3+ ions entering into BaF2 nanocrystals decreased, resulting in a reinforced
transfer of energy absorbed by Tb3+ to Eu3+. Indeed, it is related to creating an energy
transfer net among the donor and acceptor ions, causing the ET to become more frequent.
Comparable values of ET efficiency were described for glass-ceramics containing YF3:1Tb3+,
0.5Eu3+ (mol.%) nanophase (ηET ≈ 39%) [55].

Summarizing, due to the unique properties of BaF2, e.g., a broad region of trans-
parency from 0.14 µm up to 14 µm, wide bandgap (11 eV), and low maximum phonon
energy (~319 cm−1), the oxyfluoride glass-ceramics containing BaF2 nanophase are exten-
sively applied to generate an efficient up- [11] and down-conversion luminescence [9], or
white light emission [20]. Therefore, such materials could be successfully used for laser
technologies, spectral converters, and three-dimensional displays [10]. Since Eu3+ ions emit
within the red or reddish-orange light area, and Tb3+ ions are well known as green emitters,
the fabricated SiO2-BaF2:Tb3+, Eu3+ nano-glass-ceramics are able to generate multicolor
luminescence. Thus, sol–gel materials might be considered for use as optical elements in
RGB lighting optoelectronic devices operating upon near-UV excitation.

4. Conclusions

This work presented the fabrication of Tb3+, Eu3+ co-doped oxyfluoride glass-ceramics
at 350 ◦C from xerogels prepared via the sol–gel technique. The analysis of the thermal
behavior of xerogels was performed using TG/DSC measurements, and the structural
properties were determined based on ATR-IR spectroscopy. The crystallization of BaF2 at
the nanoscale was confirmed by XRD and TEM measurements. The characterization of
sol–gel samples involved an excitation of the prepared sol–gel materials upon near-UV irra-
diation at 352 nm which showed the Tb3+/Eu3+ energy transfer, resulting in strengthening
the luminescence within the reddish-orange light scope due to additional emission from
Eu3+ ions. Nevertheless, for xerogels, the blue–green luminescence (5D4 → 7F5,6 of Tb3+)
dominated, meanwhile, the reddish-orange emission (5D0→ 7F0–4 of Eu3+ overlapped with
5D4 → 7F4,3 bands of Tb3+) was particularly enhanced for SiO2-BaF2 nano-glass-ceramics.
The luminescence decay kinetics showed that in the co-doped sol–gel materials, the energy
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transfer from Tb3+ to Eu3+ ions occurred with an efficiency that varied from 21% for xero-
gels to 38% for nano-glass-ceramics. An indicated increase in energy transfer efficiency for
prepared nano-glass-ceramics could be explained by shortening the distance between inter-
acting Tb3+ and Eu3+ ions embedded into the BaF2 nanocrystal lattice. The obtained results
suggest that the fabricated SiO2-BaF2:Tb3+, Eu3+ nano-glass-ceramics could be predisposed
to application in selected technologies, e.g., three-dimensional displays and color screens.
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Abstract: Currently, electrical discharges occurring at altitudes of tens to hundreds of kilometers
from the Earth’s surface attract considerable attention from researchers from all over the world. A
significant number of (nano)particles coming from outer space burn up at these altitudes. As a
result, vapors of various substances, including metals, are formed at different altitudes. This paper
deals with the influence of vapors and particles released from metal electrodes on the color and
shape of pulse-periodic discharge in air, nitrogen, argon, and hydrogen. It presents the results of
experimental studies. The discharge was implemented under an inhomogeneous electric field and
was accompanied by the generation of runaway electrons and the formation of mini-jets. It was
established that regardless of the voltage pulse polarity, the electrode material significantly affects the
color of spherical- and cylindrical-shaped mini jets formed when bright spots appear on electrodes.
Similar jets are observed when the discharge is transformed into a spark. It was shown that the
color of the plasma of mini-jets is similar to that of atmospheric discharges (red sprites, blue jets, and
ghosts) at altitudes of dozens of kilometers and differs from the color of plasma of pulsed diffuse
discharges in air and nitrogen at the same pressure. It was revealed that to observe the red, blue and
green mini-jets, it is necessary to use aluminum, iron, and copper electrodes, respectively.

Keywords: mini-jets; diffuse discharge; spark discharge; red sprites; blue jets; ghosts

1. Introduction

At present, nanopowders are widely used in various fields. Micro- and nanoparticles
are used in cases of exposure to solids and liquids [1–3], as well as in biology [4], agricul-
ture [5], and other fields [6]. These highly demanded areas have already become traditional;
therefore, scientific teams from different countries continue to conduct intensive research
aimed at studying the properties of such powders (see, for example, [7–10]). It is known
that metal vapors and various particles affect the optical properties of gas-discharge plasma.
In [11,12], it was demonstrated that the plasma of a repetitively pulsed spark discharge
containing metal vapors can be used as a source of spontaneous radiation in the UV region
of the spectrum. On the other hand, it is of interest to establish the degree of influence
of micro- and nanoparticles, as well as metal vapors, on the properties of discharges in
the upper layers of the atmosphere of our planet. It is known that in the upper layers of
the atmosphere, at an altitude of tens of kilometers, a large number of micrometeorites
burn down and evaporate [13]. As a result, vapors of different materials, including metals,
appear at different altitudes. It is of interest to determine whether vapors of meteorites
burning in the Earth’s atmosphere affect the properties of high-altitude discharges.

High-altitude discharges in the Earth’s atmosphere are studied by many scientific
groups (see [14–19]). In recent years, the improvement of instruments for detecting various
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types of radiation, as well as means for capturing images from the International Space
Station (ISS), have contributed to obtaining new results [19,20]. Recently, a large number
of color photographs of high-altitude transient luminous events (TLEs; red sprites, elves,
ghosts, blue jets, and their analogues (starters, giant jets) are referred to as TLEs) have
appeared [14–21]. Figure 1 demonstrates a collage of images of TLEs, composed from
photographs obtained using various sources [21].
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One issue requiring more research is the determination of the color source for each
of these phenomena. It is believed that the color of red sprites that initiate at altitudes of
about 70 km and are visible at altitudes of 40 to 90 km is determined by the radiation of the
first positive 1P system of a nitrogen N2 molecule [15,17,18]. This fact is also confirmed by
spectral studies of sprite emission [22]. The color of blue jets, which originate from the tops
of clouds at about 18 km and reach an altitude of 50 km or more, according to [15,17,19,23],
is associated with the radiation of the second positive 2P system of a nitrogen molecule
N2 and the first negative 1N system of a nitrogen N2

+ ion. There is no information in
the available sources about the nature of the green color of phenomena such as ghosts.
However, the color of TLEs of the same type, described in different sources, may differ
significantly. Thus, the elve in Figure 1 has a red color [21], while on the video taken from
the ISS, it is blue-pink [20].

In laboratory experiments, with decreasing air pressure, the color of the plasma of
pulsed discharges usually changes from blue to pink, while the color of the sprites observed
in natural conditions is bright red, and that of jets is blue [14–21,23]. However, both sprites
and jets (or their parts) can be observed at the same altitude (see [16]). Consequently, lines
and bands of radiation of a different nature can determine the color of observed TLEs. On
the other hand, it was shown in [24,25] that in diffuse and spark discharges in air, mini-jets
are observed near electrodes made of aluminum, stainless steel, and copper, the colors of
which are red, blue, and green, respectively.
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The aim of this work is to study the optical properties of plasma of diffuse and spark
discharges in an inhomogeneous electric field at different pressures of air, argon, nitrogen,
and hydrogen with the injection of electrode material into the discharge region due to
the explosion of microprotrusions on the electrode surface and/or transition to a spark.
The color of mini-jets observed in such discharges is compared with that of high-altitude
atmospheric discharges (blue jets, red sprites, and ghosts).

2. Experimental Setup and Methods

The study of the discharge modes and optical characteristics of the formed plasma was
carried out using electrodes of various shapes, made of different materials. A cone-shaped
cathode and a plane anode (“point-plane” gap geometry) were used in most experiments.
This gap geometry provides the formation of diffuse discharges in various gases at a
relatively low amplitude of voltage pulse due to the strongly non-uniform electric field
strength distributions and the generation of runaway electrons [26,27]. It is known that
high-altitude discharges are also accompanied by the generation of runaway electrons and
other high-energy particles [23].

A sketch of an experimental setup, consisting of a voltage-pulsed generator (NPG-
15/2000N or NPG-18/3500N, generators differ in the ranges of adjustment of the amplitude
and repetition rate of voltage pulses), a 3 m long coaxial cable with a wave impedance of
75 Ω, and a discharge chamber, is presented in Figure 2.
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Figure 2. Sketch of the experimental setup. 1—plane anode, 2—cone-shaped cathode, 3—capacitive
voltage divider, 4—collector, which was used to measure the runaway electron beam current,
5—discharge chamber with quartz side windows for capturing the discharge plasma glow,
6—insulator.

The NPG generators form voltage pulses Ug with amplitudes ranging from 12 to 18 kV
(the voltage across the discharge gap doubled due to its reflection from a “cold” gap) with
a full width at half maximum (FWHM) and a rise time of ≈6 and ≈3 ns, respectively. The
studies were carried out at a pulse repetition rate f from 60 to 1000 Hz. Some experiments
were performed in single-pulse mode. In addition, a RADAN-220 generator with a voltage
pulse amplitude in an incident wave Ug of 120 kV and a duration at a matched load of 2 ns
was used.

Aluminum, copper, stainless steel, and tungsten were used as electrode materials. The
high-voltage, cone-shaped electrode (2 in Figure 2) was made of D14 aluminum, copper, or
stainless steel. It had an apex angle of 40 degrees. However, the radius of its tip rounding
varied from 70 to 380 µm in the experiments. In several experiments, the cone-shaped
electrode was replaced by a bundle of 0.2-mm-diameter tungsten wires with sharp ends.
The plane electrode (1 in Figure 2) was made of aluminum, stainless steel, or copper. A gas
(air, nitrogen, argon, and hydrogen) pressure varied from 0.1 to 760 Torr. The gap width
varied from 1 to 12 mm.

To increase the concentration of the sputtered and evaporated electrode material, as
well as the intensity of the discharge plasma radiation, the experiments were carried out
under the ignition of the discharge in a repetitively pulsed mode at a voltage of tens of
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kilovolts. In some experiments, the gas pressure corresponded to that of air at altitudes
where blue jets and red sprites are observed.

The use of an electrode with a small radius of curvature as a high-voltage cathode
made it possible to determine the conditions under which the generation of runaway
electrons takes place. When registering the runaway electron beam current, a plane anode
made of a thin aluminum foil or a grid with a light transmission of 67% was used. The
results of studies of the properties of a beam of runaway electrons generated in a repetitively
pulsed discharge ignition mode on a similar experimental setup are described in detail
in [26].

The discharge glow images were photographed with a Sony A100 digital camera
(Kuala Lumpur, Malaysia). The colors of red sprites, blue jets, and other TLEs in the images
given in [17–19,23] and [20,21] were compared with the color of the repetitively pulsed
discharge plasma.

Emission spectra from the different discharge zones were recorded with an EPP-2000C
spectrometer (StellarNet Inc. (Tampa, Fl, USA), λ = 192–854.5 nm). Waveforms of the
voltage from a capacitive voltage divider and electron beam current from a collector were
recorded with a Tektronix MDO 3104 oscilloscope (1 GHz, sampling rate 5 GS/s).

3. Results
3.1. Pulse Breakdown Conditions for Laboratory and Atmospheric Discharges

It is well known that the gap width, the shape and material of the electrodes, the
amplitude and rise time of the voltage pulse, the gas pressure and gas type, as well as
the method of the gas pre-ionization, determine the breakdown characteristics. When
studying laboratory discharges, experimental conditions are relatively easy to control,
including measuring the current of runaway electrons [25,26]. In addition, the amplitude
and duration of a voltage pulse, the current density, and the energy stored in a high-voltage
generator can be varied over a wide range.

The situation with discharges in the upper layers of the Earth’s atmosphere is much
more complicated. In the case of TLEs, it is necessary to determine not only the altitude
of their formation and air composition in this region, but also the electrical properties
of the atmosphere (electric field strength, discharge current density, and pulse duration).
However, high-altitude atmospheric discharges are transient and electrical parameters
are very difficult to measure. The initiation of TLEs depends on the air temperature, as
well as the height of the clouds, their density, and the distribution of charges in them. In
addition, the formation of these discharges is associated with the appearance of lightning
in the lower layers of the Earth’s atmosphere. High-energy particles from space, from
the Sun, and generated in strong electric fields, are important for charge accumulation
and discharge initiation. VUV/UV radiation from the Sun plays an important role in the
ionization of the Earth’s atmosphere. All these factors can affect the type of discharge and
its color. In this paper, the main focus is on the study of the influence of metal vapors and
particles appearing in the gap on the coloration of various discharge regions. Data on the
appearance of micro- and nanoparticles in the gap, as well as metal vapors, that affect the
color of the discharge plasma, are given below.

3.2. Formation of Micro- and Nanoparticles during Spark and Diffuse Discharges

It should be noted that the formation of particles and electrode material evaporation
have previously been studied in detail for vacuum discharges (see, for example, [28–30]).
The presence of particles in those experiments was observed under various discharge
modes. Double diffuse jets (streamers) from the ends of particle tracks were detected for
the first time. Below are photographs showing the appearance of particles in the discharge.
The cone-shaped, high-voltage electrode used in most of the experiments is placed at the
bottom of the images. In the case of electrodes that are poorly distinguishable against the
background of the glow of the discharge plasma, their outlines are shown by white lines.
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First, the appearance of particles in a spark discharge is demonstrated. The pho-
tographs in Figure 3 show the spark discharge glow, the cone-shaped electrode with a
small radius of the tip rounding, luminous tracks of particles, and diffuse jets at the ends of
the tracks.
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Figure 3. Integral images of the discharge in air at a pressure of 760 Torr with stainless steel electrodes.
Single-pulse mode. NPG-18/3500N voltage pulse generator. The voltage pulse amplitude is 18 kV.
The height of photograph (a) is 2 mm. The plane electrode is at the top and the cone-shaped electrode
is at the bottom (outlines of the cone-shaped electrode in (a,b) are marked with white lines). The gap
length is d = 1 mm. Zoomed images of the bottom 1 (b) and left 2 (c) tracks, which end with diffuse
jets 3 and 4, are also shown.

The photograph was captured in the single-pulse mode of the spark discharge in the
1 mm long gap filled with atmospheric-pressure air. A short gap was used to increase the
current density during the spark stage of the discharge. The spark phase of discharge com-
bustion provides the greatest contribution to the intensity of radiation from the discharge
gap. Figure 3a demonstrates a bright spot (the glow from the spark channel), which touches
the tip of the cone-shaped electrode with its bottom part and adjoins the flat electrode with
its top part. However, even with intense radiation from the spark channel, the tracks of
two microparticles are visible. They were emitted from the point of contact between the
spark and the cone-shaped electrode. Under these conditions, the brightness of the tracks
increases with distance from the electrode. The particle trajectories are different: one of
them (2) abruptly changes the direction of its motion.

Figure 3b,c shows zoomed images of the particles’ tracks, which, as already noted, can
change direction and end in jets. The smooth change in the direction of movement of the
microparticles can be explained by the influence of an electric field in this direction. The
nature of the glow of the particles in Figure 3 corresponds to the glow of a micrometeorite
that burns down in the Earth’s atmosphere [13]. The brightness of the micrometeorite (the
particle) glow increases towards the track’s end. This cannot be explained by an increase in
the particle velocity, since the particle stops. This occurs after the voltage pulse action. We
believe that the increase in the radiation intensity of the particle is due to its heating during
deceleration on gas particles.

Let us note an important feature in the formation of tracks, shown in Figure 3. At
the ends of the tracks, jets (streamers) are visible. Usually, they are oriented in opposite
directions. The appearance of these diffuse jets at the ends of the tracks is due to the
formation of streamers from the plasma surrounding the particle surface. As is known,
streamers are formed when the threshold plasma concentration for the electric field at a
given point is reached. The formation of streamers is confirmed by the formation of two
rectilinearly propagating jets from the same region (3), as well as an abrupt change in the
direction of propagation of the upper jet (4) (see Figure 3c). Streamers appear to carry away
a significant part of the charge, which leads to a deceleration of the microparticle. In this

283



Nanomaterials 2022, 12, 652

case, the discharge was formed at the relatively high air pressure (760 Torr) and the small
interelectrode distance, which made it possible to observe tracks of individual particles.
The observation of microparticle tracks is facilitated in the case of the ignition of a spark
discharge with the high current density on the electrodes.

With decreasing gas pressure and increasing interelectrode distance, the current den-
sity decreased; sparks do not have time to form at short voltage pulse durations. Accord-
ingly, particles forming tracks (as in Figure 3) were practically not formed, and, therefore,
were not registered. The investigations showed that at a pressure of 30 Torr or less, it
is easier to register particle tracks if an electrode with a small radius of curvature made
of a heavy metal, such as tungsten, is used. It was found that each of the gases has its
optimal pressure for observing the tracks. An image of several tracks from the high-voltage
anode made of pointed tungsten wires 0.2 mm in diameter, tied into a bundle, is shown
in Figure 4.
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Figure 4. (a) Image of a discharge in hydrogen at ta pressure of 30 Torr with a tungsten wire
anode (bottom) and a plane cathode made of aluminum (top), obtained during one voltage pulse
(Ug~120 kV, FWHM at matched load is 2 ns, rise time is 0.5 ns) from the RADAN-220 generator).
C—cathode, A—anode. d = 5 mm. (b) Photograph of a part of the surface of a caprolon plate
located at the sidewall of the discharge chamber opposite the discharge gap. Air pressure is 100 Torr,
d = 2 mm. 1—nanoparticles with a transverse size of ~500 nm or less. 2—clusters of nanoparticles.
NPG-15/2000N voltage pulse generator. Ug = 13 kV, f = 60 Hz. The cone-shaped electrode is made of
copper, and the plane electrode is made of stainless steel.

The image shows several tracks (see 1 and 2 in Figure 4a) formed by moving micropar-
ticles, starting from bright spots on the tungsten anode. Bright spots are also visible on the
plane aluminum cathode, but there are no tracks under these conditions. This experiment
shows that particles can appear even in the absence of a spark channel. The formation
of bright spots on the electrode is sufficient for their initiation. Moreover, the electrode
made of heavy metal turned out to be the most suitable for obtaining tracks with a large
gap length. At pressures of different gases from ones to tens of Torr and with the tungsten
electrode with a small radius of curvature, the intensity of the track glow decreased with
distance from the electrode. In addition, in contrast to the conditions in Figure 3, they had
a direct trajectory. The length of the tracks depended on the pressure and decreased with
increasing pressure. At low pressures (less than 1 Torr), bright spots on were not formed
the electrodes and no tracks were observed. The appearance of the tracks was affected by
both the pressure and the type of gas. During a discharge in argon with the RADAN-220
generator, bright spots were formed on the tungsten electrode in a narrow pressure range
compared to hydrogen; accordingly, this narrowed the range of conditions under which
particle tracks were observed. The results shown in Figures 3 and 4 show that pulsed
discharges produce particles that, under certain conditions, can be observed from the tracks
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they leave behind. The particles appear due to the rapid heating of the electrodes at local
points by the flowing discharge current.

Figure 4b shows a photograph in which the particles formed in the discharge can be
seen. They were scraped off the side surface of the discharge chamber and placed on a
microscope slide. Metal particles and their compounds with oxygen and nitrogen with
a size of ~500 nm and less are non-uniformly distributed over the surface of the slide.
In some regions, clusters of particles are visible (see region 2 in Figure 4b). The size of
the particles depended on the discharge mode, the type of gas and its pressure, and the
electrode material.

In addition to the formation of particles, spark discharges, and the appearance of
bright spots on the electrodes, the evaporation and sputtering of the electrode material
occurs. Moreover, when operating in a repetitively pulsed mode, the concentration of metal
atoms increases [25]. Below are the results showing the effect of vapors of the electrode
material on the discharge color, including at low pressures.

3.3. Effect of Electrode Material on the Color of Pulsed Diffuse Discharges

As is known, the color of a discharge plasma depends on the type of discharge and
its operation mode, as well as on the composition of a gas mixture and pressure. In
turn, the discharge formation process is determined by the amplitude and duration of
a voltage pulse, the current density, the shape of the electrodes, and the interelectrode
distance. In the pulse-periodic mode, the intensity of the discharge plasma glow increased.
Under these conditions, this made it easier to photograph the discharges at low power
consumption. Figure 5 shows photographs of air plasma glow during the discharge
between two aluminum electrodes at different air pressures.
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located at the top and the cone-shaped electrode is located at the bottom. C—cathode, A—anode. d 
= 2 mm. Cathode (a,b) and anode (a–d) surfaces are marked with white lines. NPG-15/2000N voltage 
pulse generator. 

The discharge has a diffuse form at pressures of fractions of Torr and covers the entire 
volume of the discharge chamber, and its plasma glow has low-intensity radiation (Figure 
5a,b). Its color is far from the bright red of the sprites and elves shown in Figure 1. 
However, it is closer to the color of the elves on the video from the ISS [15]. Due to the low 
density of the discharge current under these conditions, bright spots were not observed 

Figure 5. Photographs of the discharge in air at pressures of 1.5 (a), 3 (b), 10 (c), and 30 Torr (d)
between two aluminum electrodes, obtained at Ug = 12 kV and f = 77 Hz. The plane electrode is
located at the top and the cone-shaped electrode is located at the bottom. C—cathode, A—anode.
d = 2 mm. Cathode (a,b) and anode (a–d) surfaces are marked with white lines. NPG-15/2000N
voltage pulse generator.

The discharge has a diffuse form at pressures of fractions of Torr and covers the
entire volume of the discharge chamber, and its plasma glow has low-intensity radiation
(Figure 5a,b). Its color is far from the bright red of the sprites and elves shown in Figure 1.
However, it is closer to the color of the elves on the video from the ISS [15]. Due to the low
density of the discharge current under these conditions, bright spots were not observed
on the electrodes. Accordingly, the density of the metal vapors from the electrodes at air
pressures of 1.5 and 3 Torr was low.
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The color of the discharge in the gap became reddish when the gas pressure increased
to 10 and 30 Torr, but it also did not correspond to the typical color of sprites (see Figure 1).
So, as shown in Figure 5b,c, red spherical jets appeared near the bright spots on the
electrodes. The color of these jets matches the color of the sprites. The differences in the
color of the discharge plasma in the gap filled with air and near the bright spot on the
cone-shaped aluminum electrode is also clearly seen in Figure 6a.
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the plane electrode made of aluminum (a,d) or stainless steel (b,c) is at the top, and the cone-shaped
electrode made of aluminum is at the bottom. C—cathode, A—anode. d = 3 (a–c) and 2 mm (d).
NPG-18/3500N voltage pulse generator.

For the discharge in air with the cone-shaped aluminum electrode (Figure 6a), as
in Figure 5c,d, the discharge color at the bright spot on the electrode changed and a red
spherical jet appeared. When the gap width was decreased and the chamber was filled
with argon, a bright spot also appeared on the plane electrode (Figure 6d). The color
of the spherical jet near it was red, as was that near the cone-shaped electrode. Filling
the discharge chamber with argon eliminates the influence of N2 (1P) radiation on the
discharge color.

Experiments were also carried out with electrodes made of different metals. Pho-
tographs of the discharge plasma glow in the gap formed by a plane stainless steel anode
and a cone-shaped aluminum anode are shown in Figure 6b,c. The use of aluminum
electrodes changed the color of the discharge in argon, air, and nitrogen near the electrodes
to red. On the surface of the cone-shaped electrode, bright spots surrounded by red halo
can be seen. The number of bright spots depends on the discharge current density and
gas pressure, as well as on the shape and polarity of the electrodes. As the interelectrode
distance increases, the number of bright spots on the plane electrode usually decreases. The
voltage pulse repetition rate also affects the number of bright spots. However, the color of
the discharge plasma inside them mainly depends on the electrode material. Figure 6b,c
demonstrates photographs of the discharge in the gap with a plane stainless steel electrode.
The glow color of the plasma cloud (spherical jets) on the plane electrode in these figures
is blue.

The use of copper electrodes resulted in an intense green color around the bright spots
on the high-voltage electrode (Figure 7).
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Figure 7. Photograph of the discharge in air at the pressure of 100 Torr (a) and the spectrum of the
green discharge region near the cone-shaped copper cathode (b). The plane stainless steel electrode
is located at the top. f = 60 Hz. C—cathode, A—anode. d = 2 mm. NPG-18/3500N voltage pulse
generator. Ug = 13 kV.

The lines of the copper atom dominate in the visible region of the emission spectrum
(Figure 7b). An important role in the excitation of the above spectral transitions in copper
atoms is played by the transfer of energy from the metastable level A3Σu

+ of molecular
nitrogen [25]. A green glow was also observed during high-altitude discharges in the
Earth’s atmosphere (ghosts in [16]), but the probability of their observation is negligible.
In [16], these green-colored areas are located above the red sprites. They have a spherical
shape and occur at an altitude of about 80 km.

It should also be noted that for the conditions in Figures 5–7, as in [26], runaway
electrons were registered behind a foil or mesh anode at pressures from ones to tens of Torr.
These electrons pre-ionize air and other gases and contribute to the formation of diffuse
discharges [21,27]. When TLEs appear in the Earth’s atmosphere, high-energy particles,
including electrons, are also detected [23].

4. Discussion

Usually, the region emitting a certain color near bright spots on a copper, aluminum,
or steel electrode (see Figures 5–7) has a spherical shape. However, sometimes, it can
also have the shape of a cylindrical jet. Figure 8 shows blue jets obtained in laboratory
discharges. These jets correspond to ones in the video from the ISS [20].

Although the sizes of blue jets in the Earth’s atmosphere and in laboratory experiments
differ by several orders of magnitude, their color and shape are similar. Atmospheric blue
jets are usually in the form of a cylinder or a cone, from which thinner jets can propagate.
The blue jets near the stainless electrode obtained at the discharge in the air (Figure 8b–c)
had a similar shape.

The shape of red sprites is more complex. They are formed in two directions. Initially,
one or several jets start from a plasma formation at an altitude of about 75 km [18,31]
from the Earth’s surface to the ground. Next, the jet(s) or diffuse cloud propagate in
the opposite direction. A similar picture was observed in our experiments (Figure 3).
Double diffuse jets, starting from one region, propagated in opposite directions. To initiate
a streamer (ionization wave) in an electric field, it is necessary to create plasma with a
sufficiently high concentration of charged particles. This can be facilitated by, for example,
the development of an electron avalanche or a preliminary discharge. An experiment on the
registration of particle tracks showed that jets (streamers) could also be initiated at the ends
of tracks. We assume that micrometeorites, entering the dense layers of the atmosphere,
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also create plasma trails with high concentrations of charged particles and initiate some
TLEs. Primarily, they are ghosts, and, under certain conditions, they are red sprites.

A micrometeorite containing copper, sputtering and burning, can create a vapor cloud,
as well as initiating an ionization wave (streamer), which, at high altitudes has a spherical
shape. Discharges in copper vapor are green, while in nitrogen and oxygen there are no
intense lines (bands) in this region of the spectrum. The experiments in [32] showed that
the presence of copper vapor during an apokampic discharge increases the length of the
plasma jet (streamer) and decreases the voltage at which it appears.
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Figure 8. Photos of jets near the cone-shaped stainless steel cathode (a–c) at an air pressure of 760 Torr
captured in one pulse. d = 2 (a) and 3 (b,c) mm. NPG-18/3500N voltage pulse generator.

The red color of the positive column, similar to that of a sprite, was recorded in [33]
during a continuous-glow discharge in air at a pressure of 1.2 Torr. However, at the cathode,
the discharge plasma color had a blue tint. The sprites spread in both directions from
the place of their initiation at an altitude of about 75 km; most of them were red along
their entire length. Therefore, micrometeorites, and not only ionospheric/mesospheric
inhomogeneities, can also contribute to the initiation of red sprites and influence their
color [34].

5. Conclusions

This study showed that the vapors of the electrode material can significantly affect
the color of the plasma glow of pulsed and pulse-periodic discharges. The largest change
in color is observed near bright spots on the electrodes, primarily near electrodes with
a small radius of curvature, as well as in the area where the spark channels are adjacent
to the electrodes. Based on these results, it is possible to put forward a hypothesis about
the influence of cosmic dust [13] on the color of parts of transient luminous events and
their initiation.
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