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Over the last few decades, nanotechnology has gained huge interest due to its extensive

application in various fields including catalysis, electronics, optics, energy, and environment. The

design and controlled synthesis of advanced nanomaterials with unique properties make them highly

attractive in these fields.

Nanomaterials can be classified into one-, two-, and three-dimensional materials. The main

characteristic of nanostructured materials is their surface reactivity due to their active surface

functional groups. The control of the size, shape, and nature of nanoparticles is strongly influenced by
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sol-gel).

The Special Issue of Nanomaterials, entitled, “Tuning the physicochemical properties of

nanostructured materials through advanced preparation methods,” contains the contribution of

research groups from different fields and discuss the recent developments in nanomaterials with

regard to the preparation method used.
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Over the last few decades, nanotechnology has received a huge level of interest due to
its extensive applications in various fields, including catalysis, electronics, optics, energy,
and the environment. The main characteristic of nanostructured materials is their surface
reactivity due to their active surface functional groups. The control of the size, shape, and
nature of nanoparticles is strongly influenced by the synthetic route applied during the
preparation step (i.e., hydrothermal, solvothermal, combustion, sol-gel). The design and
controlled synthesis of advanced nanomaterials with unique properties make them highly
attractive in these fields.

Today, nanotechnology, providing the capability to precisely manufacture small struc-
tures, is being promoted as a national policy in many countries. The progress of nanotech-
nology allows information and functions to be integrated in smaller spaces. There are
two main categories for the synthesis and preparation of nanomaterials. The first deals
with top-down methods, where the desired nanostructure is produced by decreasing the
size of a larger substrate, while the second follows bottom-up approaches that assemble
nanostructures from atoms and molecules. Nanomaterials can be classified into one-, two-,
and three-dimensional materials [1]. The review by Ebina et al. [1] summarizes the research
on different techniques developed to form one-, two-, and three-dimensional connected
structures (CSs) of metal nanoclusters (NCs) through self-assembly. Metal nanoclusters
(NCs) consisting from a few to about 100 metal atoms have gained significant interest
due to their unique properties. Generally, these properties, in terms of surface reactivity,
are different than the corresponding bulk metal. This is important, since the NCs are
of an easy-to-handle size. Connected structures of 1D, 2D, and 3D can be synthesized
through newly designed synthetic routes, which determine their geometrical structures
and physical/chemical properties. The 1D, 2D, and 3D CSs are discussed in detail in the
first sections of this review article and the authors give a brief outlook on their future.

An important class of materials for optical applications is semiconductor quantum dots
(QDs) [2]. They have strong quantum confinement effects, as the size of QDs is close to the
Bohr radius of the exciton. Among other QDs, PbS QDs is a representative zero-dimensional
material. Compared to 1D and 2D nanomaterials, PbS QDs possess strong absorption and
an adjustable bandgap in the near IR region. In the contribution of L. Yun and W. Zhao [2],
fiber-based PbS QDs were used as saturable absorbers and tested for dual-wavelength
ultrafast pulse generation. Specifically, PbS QDs, fabricated via a modified hot-injection
method, have the advantages of fast relaxation time, wide bandwidth, large modulation
depth, and thermal damage. With the introduction of PbS QDs into an erbium-doped
fiber laser, the laser can simultaneously generate dual-wavelength conventional solitons
with central wavelengths of 1532 and 1559 nm, with 3 dB bandwidths of 2.8 and 2.5 nm,
respectively, and it can be adopted as a broadband SA for application in pulsed lasers.

The applications of nanoparticles are almost unlimited; for example, ceramic nanopar-
ticles can be used as a reinforcement of lightweight alloys. In a recently published work [3],
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yttria is widely used in the ceramic technology. Specifically, solution combustion synthesis
(SCS) was applied for the preparation of nanoyttria. This technique is based on the high-
energy reaction between metal nitrates (yttrium nitrate, in this case) and a reducing agent
such as glycine, leading to well-formed nanoparticles. The properties of yttria nanopowder
were studied by several physicochemical techniques, including differential thermal anal-
ysis coupled with FT-IR spectrometry, for the online SCS monitoring, Scanning Electron
Microscopy, measurements of their specific surface area with BET method, and particle
size distribution. Interestingly, the obtained powders showed nanoscale structures after
calcination at 1100 ◦C. The obtained nanopowder showed very high sintering activity as
the shrinkage onset was detected at a temperature of about 1150 ◦C.

A new method was applied for the preparation of yttrium-doped barium cerate
(BCY15) [4]. This material was used as an anode ceramic matrix for synthesis of the
Ni-based cermet anode in a proton-conducting solid oxide fuel cell (pSOFC). Although
SOFCs are very promising for clean energy production and have many advantages, they
are difficult to find commercial applications for, due to the fact that their operation temper-
ature is significantly high—between 800–1000 ◦C with a commercial goal of 600–700 ◦C.
SOFCs require a reduction step for the supported metal, usually Ni. A modification on
the preparation route with the application of hydrazine wet-chemical synthesis can be a
low-cost alternative. This method promotes ‘in situ’ introduction of metallic Ni particles in
the BCY15 matrix. Two different Ni/BCY15 cermets were synthesized using either water
or ethylene glycol (EG). The samples were characterized using a variety of physicochem-
ical techniques and resulted in a more active and stable Ni cermet with well-dispersed
nanoscale metal Ni particles, due to stronger interactions between the Ni and BCY15 matrix.
These factors contributed to better performance, higher stability and lower degradation
rate during operation of a pSOFC.

The physicochemical properties of nanomaterials are greatly influenced by their di-
mensions. Thus, the dispersion media are very important. In the absence of a dispersion
medium, the nanoparticles tend to agglomerate and lose their interesting properties. The
aggregation of nanoparticles depends on both their characteristics and those of the different
media. The dispersion medium can be a solid support, in the case of solid catalyst, a liquid
medium, or even cell culture media; thus, the effect of the various biological dispersion
media on the state of aggregation of the nanoparticles has been extensively investigated in
the literature and reviewed in [5]. Generally, nanomaterials interact with the surrounding
environment and an interface is formed, whose properties depend on the physicochemical
interactions and on colloidal forces. Parameters such as size, shape, surface chemistry,
surface charge of the nanomaterials, and properties of the dispersion medium affect the
behavior in a test medium. The relationship between the nanomaterials’ properties and
their practical use is defined as Functionality. It is important to understand this relationship
for the safe use of these nanomaterials, since it can play an important role on the safe
design of manufactured nanomaterials (MNMs), thus, reducing the possible health and
environmental risks early in the innovation process, where the functionality of a nano-
material and its toxicity/safety will be taken into account in an integrated way. In this
mini review, the authors attempt to identify the key parameters of the nanomaterials and
establish a relationship between those and the main functionalities of the nanomaterials.
Finally, the review aims to contribute to the decision tree strategy for the optimum design
of safe nanomaterials.

In the field of catalysis, the preparation of the supported catalyst is, in many cases,
crucial for the performance of the catalyst. The main physicochemical characteristics
of the supported catalyst can be defined by the preparation route and the composition
of the active phase [6]. For example, monoclinic zirconia-supported platinum (Pt/m-
ZrO2) catalysts are active for the ethanol steam-reforming reaction. The reaction proceeds
via ethanol dissociation to ethoxy species. The next step is oxidative dehydrogenation
to acetate followed by acetate decomposition. This last step strongly depends on the
catalysts’ composition. The desired step is the decarboxylation pathway, which tends
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to produce higher overall hydrogen selectivity, and can be promoted with the addition
of alkali metal ions in the catalyst. Indeed, it was found that high loadings of K+ or
Rb+ ions can promote hydrogen production, while for catalysts which are undoped or
doped with low alkali loadings, decarbonylation is the preferable route. Thus, the overall
hydrogen selectivity is significantly different between the two cases. Detailed studies
with in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and the
temperature-programmed reaction of ethanol steam reforming show that alkali doping
promotes forward acetate decomposition while exposed metallic sites tend to facilitate
decarbonylation [6].

Ceria (CeO2) is among the most extensively reducible supports that have been studied.
Nanoceria exhibits interesting properties, among them high capacity to store and release
oxygen, different surface ratio of Ce(III)/Ce(IV), bulk oxygen vacancies, and redox proper-
ties. These unique properties find significant applications in the field of catalysis. Especially
when ceria is used as support for deposition of atomically dispersed Au, the corresponding
catalyst exhibits superb performance in Water Gas Shift reaction (WGS). In this contribution
from Prof. Tabakova’s group [7], layered double hydroxides NiAl (NiAl LDH) prepared
via co-precipitation method were used as support for Au clusters, resulting in a catalyst
with significant activity. By direct deposition of ceria on NiAl LDH and precipitation with
NaOH, the authors were able to obtain the CeO2 phase and to preserve the NiAl layered
structure by avoiding the calcination treatment. Using the deposition–precipitation method,
Au was deposited in the modified support. The WGS performance of Au/NiAl catalysts
was significantly affected by the addition of CeO2, as the CO conversion increased from
83.4% to 98.8% for the modified catalyst.

Hybrid biochar-ceria nanomaterials were synthesized using biochar (BC) from spent
malt rootlets used as the template [8]. These hybrid materials were tested for the activation
of persulfates (SPS) and subsequent degradation of sulfamethoxazole (SMX). Using wet
impregnation, a simple preparation method, cerium nitrate was deposited on BC, and
by regulating the calcination temperature, a tuning in the content of BC was achieved
for the hybrid materials. The CeO2-BC hybrid materials were characterized, and it was
found that calcination temperature affects the biochar content and the physicochemical
properties of the hybrid materials. The most active materials were obtained with calcination
temperatures of 300–350 ◦C, exhibiting high specific surface area, intense interactions
between CeO2 and BC, and could degrade 500 μg/L SMX at about 60% within 2 h. Their
activity was higher than the starting BC, which is a good candidate for the activation of
SPS. Concerning the degradation process, it can be concluded that it takes place through
different pathways, including the oxidation of SMX by sulfate and hydroxyl radicals and
singlet oxygen. It should be noted that commercial CeO2 or CeO2-BC calcined at higher
temperature was rather inactive. This method is simple and low cost and can be used to
obtain hybrid materials with interesting properties.

The application of nanomaterials is not limited only to inorganic compounds; it can be
expanded also to polymers. Aromatic polyimides present a variety of excellent physico-
chemical properties, and they have found significant applications. Polyimides can be easily
tuned and different units, such as azobenzene units, can be introduced to their structure.
These azo derivatives are optically active and, under the action of linearly polarized light,
undergo multiple reversible trans to cis photo-isomerization processes. Moreover, the
cyclic photo-isomerization can lead to a large-scale mass transport of the polymer chains,
which appear as a surface relief grating (SRG). In the contribution of Iuliana Stoica and
Ion Sava group [9], Atomic Force Microscopy (AFM) was used for the evolution of local
mechanism and chemical properties under Pulsed UV Laser-Nanoinduced Patterns on
Azo-Naphthalene-Based Polyimide Films. Specifically, AFM was applied to determine
morphological, statistical, local mechanical, and chemical properties combined with the
molecular modeling. Interestingly, the properties were different in various regions due
to reorganization of the matter by azo-naphthalene dipoles orientation and trans-cis iso-
merization of the azo-segments. It was found that polymers with 50% azo groups in cis
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had either a maximum or a minimum peak of the calculated parameters. Confocal Ra-
man measurements confirm that the cis isomer evolution is mainly responsible for the
observed differences.

Medium density fiberboard (MDF) is a natural timber panel, produced from lingo
cellulosic fibers and binders under pressure and temperature [10]. MDF can find many
applications in furniture industries and interior constructions. MDF has poor physical
properties and it cannot be used in moist and hot environments. An option to improve the
MDF properties is the addition of multiwall carbon nanotubes (MWCNTs). The embedment
of MWCNTs urea formaldehyde resin at concentrations from 0–5% was investigated in [10].
The MWCNTs can deeply penetrate into the wood, effectively altering its surface chemistry
and resulting in a high degree of improvement in physical and mechanical strength. It was
found that this addition enhanced thermal conductivity by 24.2%, reduced curing time
by 20%, and controlled formaldehyde emission by 59.4%. Moreover, properties such as
internal bonding, modulus elasticity, modulus of rupture, thickness swelling, and water
absorption were significantly improved.
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published version of the manuscript.
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Abstract: Metal nanoclusters (NCs), which consist of several, to about one hundred, metal atoms,
have attracted much attention as functional nanomaterials for use in nanotechnology. Because of their
fine particle size, metal NCs exhibit physical/chemical properties and functions different from those
of the corresponding bulk metal. In recent years, many techniques to precisely synthesize metal NCs
have been developed. However, to apply these metal NCs in devices and as next-generation materials,
it is necessary to assemble metal NCs to a size that is easy to handle. Recently, multiple techniques
have been developed to form one-, two-, and three-dimensional connected structures (CSs) of metal
NCs through self-assembly. Further progress of these techniques will promote the development
of nanomaterials that take advantage of the characteristics of metal NCs. This review summarizes
previous research on the CSs of metal NCs. We hope that this review will allow readers to obtain a
general understanding of the formation and functions of CSs and that the obtained knowledge will
help to establish clear design guidelines for fabricating new CSs with desired functions in the future.

Keywords: metal cluster; one-dimensional connected structure; two-dimensional connected
structure; three-dimensional connected structure; metal–organic framework; photoluminescence;
electrical conductivity

1. Introduction

1.1. Metal Nanoclusters for Nanotechnology

Nanotechnology is technology to precisely manufacture small structures. In many countries,
nanotechnology is being promoted as a national policy. Progress of nanotechnology allows information
and functions to be integrated in smaller spaces, making it possible to manufacture devices with more
functions at the same scale. In addition, since nanotechnology makes it possible to integrate the same
function in a smaller volume than is the case for current devices, it is expected that devices will be
downsized, which will increase their portability. This eliminates the need for the user to be dependent
on the device location, which could solve the problems such as crowding and traffic jams and allow
users to manage their time more effectively. In addition, the progress of nanotechnology has many
advantages, such as saving resources and energy and decreasing waste and environmental damage [1].

Techniques to fabricate small materials can be roughly divided into two categories. One category
is top-down methods, in which a desired structure is produced by decreasing the size of a larger

Nanomaterials 2020, 10, 1105; doi:10.3390/nano10061105 www.mdpi.com/journal/nanomaterials5
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substrate (Figure 1). Nanotechnology has been supported by the development of top-down methods.
For example, increased functionality and miniaturization of electronic devices have been realized by
the progress of top-down techniques. However, when a fine structure is manufactured by using tools
(light, electron beam, scanning probe microscope, etc.), it is difficult to manufacture nanostructures
with finer accuracy than that of the tools. Therefore, in recent years, bottom-up methods that assemble
nanostructures from atoms and molecules have attracted attention (Figure 1) [1].

Figure 1. Fine processing techniques, including top-down (cyan) and bottom-up (red) methods.
IC = integrated circuit.

Metal nanoclusters (NCs), which consist of several, up to about one hundred, metal atoms [1–10],
are nanomaterials that can be synthesized by bottom-up methods. Metal NCs are not only small
(<2 nm in size), but they also show physical/chemical properties and functions which are different from
those of the corresponding bulk metals [11–35]. Furthermore, the physical/chemical properties and
functions of metal NCs change considerably depending on the number of constituent atoms [36–65].
Therefore, if the number of constituent atoms of metal NCs is controlled, it is possible to produce various
physical/chemical properties and functions by using only one type of metal element. If several types of
elements can be used, it becomes possible to obtain more functionalities [66–82]. For these reasons,
metal NCs have been attracting considerable attention as a central material in nanotechnology. In recent
years, it has become possible to synthesize such metal NCs precisely at the atomic and molecular
level by using thiolate (SR) [2,66], alkyne [59,83], phosphine [9,84–92], carbon monoxide [93–100],
and dendrimers [7] as protective organic molecules. Investigation of the obtained precise metal NCs
has revealed their geometrical structure (aggregation pattern of metal atoms) and the influences
of miniaturization [1–65] and alloying [66–82] on the electronic structures and physical/chemical
properties of metal NCs. In parallel, research on the applications of the optical properties and catalytic
activity of metal NCs is being actively conducted [81,101–108].

1.2. Controlled Assembly of Metal Nanoclusters

As mentioned above, metal NCs show promise as constituent units of functional nanomaterials.
Gold (Au) NCs have already been put to practical use in the fields of sensors, catalysts, and paints. On the
other hand, at present, electronic devices are manufactured by top-down methods. Therefore, to replace
the components of current devices with metal NCs, it is necessary to grow metal NCs to a size that
allows their combination with structures manufactured by top-down methods. Moreover, in other
applications, the small size of metal NCs often makes them difficult to handle. To realize nanodevices
and next-generation materials with the advantageous characteristics of metal NCs, it is essential to
establish techniques to assemble metal NCs to a size that makes them easy to handle.

To form a one-dimensional (1D) arrangement of metal NCs, templates [109,110] and host–guest
interactions [111] are extremely effective. Two-dimensional (2D) and three-dimensional (3D) arrays of
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metal NCs can be fabricated by Langmuir–Blodgett [112] and alternate adsorption methods. There are
many reports in which metal NCs are arranged in one, two, and three dimensions by using these methods.
However, in the structures produced by these methods, the metal NCs are not regularly arranged in
a strict sense. Since the conductivity (σ) of metal NCs changes exponentially with the length of the
insulating organic ligands [113], the existence of a distribution in the distances between NCs (i.e., the length
of the insulating part) is undesirable when applying the assembled metal NCs in electronic devices.
Furthermore, although the Langmuir–Blodgett and alternate adsorption methods are suitable for arranging
metal NCs in a wide size area, they are not suitable for arranging those in a tiny area.

Metal NCs are regularly arranged in single crystals. Therefore, it is possible to produce precise
structures in which metal NCs are regularly connected in one, two, and three dimensions by crystallizing
them while including an ingenious means to connect metal NCs. In fact, many crystals in which
metal NCs are regularly linked by such a method have been reported in recent years. These structures
contain strong bonds, such as Au−Au, Au−silver (Ag), Ag−oxygen (O), Ag−sulfur (S), Ag−chloride
(Cl), Ag−nitrogen (N), cesium (Cs)−S, or hydrogen (H) bonds [114], and weak interactions, such as
π−π, anion−π, cation···π, aryl CH···Cl, and van der Waals interactions [115] (Figure 2). Similar to
supramolecules, molecular assemblies [116], and metal–organic frameworks (MOFs) [117] that are
self-assembled from metal ions and organic molecules, connected structures (CSs) of metal NCs can be
formed by self-assembly during crystallization, using these bonds and interactions. Such structures,
which could also be called “suprametal NC crystals”, exhibit physical/chemical properties different
from those of an individual metal NC. Thus, the formation of CSs not only increases the size of the
structure, but also enables the application of NCs in new fields.

Figure 2. Representative methods for connecting metal NCs: (A) formation of metal−metal bond;
(B) formation of Ag−O, Ag−S, and Ag−Cl bonds; (C) control of counterions; (D) introduction of linker
molecules; and (E) use of inter-ligand interactions. In this review, 1D, 2D, and 3D CSs formed by
inter-ligand interactions (E) are not introduced.

1.3. Contents of This Review

In recent years, it has become possible to control not only the geometrical structure of metal NCs,
but also 1D, 2D, and 3D CSs of metal NCs. Further development of these techniques will lead to novel
nanomaterials possessing the characteristics of metal NCs. Such development may enable a future in
which metal NCs are applied in devices. However, since these studies have been initiated in recent
years, there have been few review articles focusing on 1D, 2D, and 3D CSs of metal NCs [118,119].
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In this review, we summarize the existing research, with the purposes of understanding the current
situation regarding these structures and giving perspective regarding clear design for producing new
1D, 2D, and 3D CSs with desired functions.

This review is structured as follows. Section 2 outlines the fabrication of 1D CSs consisting of
metal NCs, their geometrical structures, and physical/chemical properties. Then, Sections 3 and 4
present research on 2D and 3D CSs, respectively. After summarizing this review article in Section 5,
a brief future outlook is described in Section 6.

It should be noted that 1D, 2D, and 3D CSs of metal NCs can be formed by methods other than
crystallization [120,121]; for example, hydrophilic Au NCs have been arranged in 1D and 3D form by the
Xie’s group, although these NCs have not been crystallized. However, in this review, only the CSs of metal
NCs in crystals are summarized, because our focus is on the regularly CSs in a strict sense. In addition,
we described the synthesis methods only for the several examples. Thus, we recommend the readers who
want to know the detail of synthesis methods for each example to refer to each original paper.

2. One-Dimensional Structures

The formation of 1D CSs composed of precise metal NCs is important from the viewpoint of the
fabrication of controlled nanodevices by bottom-up methods. In this section, we introduce some typical
examples of the construction of 1D CSs by the formation of metal−metal bonds (Figure 2A), formation
of Ag−O bonds (Figure 2B), control of counterions (Figure 2C), and introduction of linker molecules
(Figure 2D). The connection methods, NCs, linkers, year reported, and reference numbers of 1D CSs are
summarized in Table 1. Chemical structures of some of the ligands used in these studies are shown in
Scheme 1. The chemical structures of organic molecules used as linkers are illustrated in Scheme 2.

Scheme 1. Molecules used in the synthesis of metal NCs: (1) S-Bu, (2) PET, (3) S-Et, (4) S-Pen, (5)
S-iPr, (6) SCH2Ph(CH3)3, (7) SCH2PhtBu, (8) SCH2PhCl, (9) A-Adm, (10) S-tBu, (11) V10O28

6−, (12)
dppf, (13) S-c-C6H11, (14) DPPM, (15) BDT, (16) PPh3, (17) DT-o-C, (18) S-Ph, (19) N-L, (20) C5NS2H10,
and (21) S-Adm.
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Scheme 2. Linker molecules used to connect metal NCs: (1) pyrazine, (2) pyridine, (3) p-methylpyridine,
(4) bpy-NH2, (5) bpy, (6) p-iah, (7) o-iah, (8) bpe, (9) dipyridin-4-yl-diazene, (10) TPPA, (11) TPyP, (12)
m-iah, (13) bpz-NH2, (14) 1,4-bis(4-pyridyl)benzene, (15) CPPP, (16) tppe, and (17) mdppz.

2.1. Direct Connection via Metal−Metal Bonds

In 2014, Maran et al. [122] fabricated a 1D CS composed of an SR-protected Au
25-atom NC ([Au25(SR)18]0). Since Au25(SR)18 NCs exhibit high stability among Aun(SR)m

NCs, their geometrical/electronic structures and physical/chemical properties have been studied
extensively [18,27,123–139]. However, because most of the studies were conducted on Au25(SR)18 in
solution and there had been few studies on Au25(SR)18 in the solid phase, Maran’s group studied the
behavior of Au25(SR)18 in the solid state.

In their study, butanethiolate (S-Bu, Scheme 1(1)) was used as the SR ligand. First, [Au25(S-Bu)18]−
anion was synthesized by reducing the Au(I)- S-Bu complex by using sodium borohydride (NaBH4).
Then, [Au25(S-Bu)18]− anion was oxidized into neutral [Au25(S-Bu)18]0 in open column packed with
silica gel, and single crystals were grown by slow evaporation. Figure 3A(a) shows the geometrical
structure of [Au25(S-Bu)18]0 obtained by single-crystal X-ray diffraction (SC-XRD). Each [Au25(S-Bu)18]0

has almost the same framework structure as that of [Au25(SR)18]0 protected by other SR ligands; e.g.,
phenylethanethiolate (PET, Scheme 1(2)) and ethanethiolate (S-Et, Scheme 1(3)) (Figure 3A(b)) [27,53].
However, Au−Au bonds formed between adjacent NCs in the [Au25(S-Bu)18]0 crystal, unlike the case
for other [Au25(SR)18]0 crystals (Figure 3A(a),B(a)). This indicates that [Au25(S-Bu)18]0 is a suitable
structural unit to form 1D CSs. The Au−Au distance between adjacent NCs of 3.15 Å was within the
range of aurophilic interactions (2.9−3.5 Å) and shorter than the non-bonding Au−Au distance (3.80 Å)
estimated from the van der Waals radius of Au. This result indicates that a 1D CS was formed in the
crystal structure of [Au25(S-Bu)18]0 via Au−Au bonds. To form such a 1D CS, it was considered that
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the repulsion between the ligands was suppressed and an attractive force between the ligands was
induced because the adjacent NCs twisted and approached each other (twist-and-lock mechanism).
It was suggested that 1D CSs did not form when S-Et and PET were used (Figure 3A(b),B(b)) because
S-Et has a short alkyl group that leads to a weak attractive force between ligands and PET with a
bulky functional group has large steric repulsion between ligands. In 2017, these researchers also
succeeded in forming a 1D CS of [Au25(S-Pen)18]0 (S-Pen = pentanethiolate, Scheme 1(4)) [140]. In the
same paper, they reported that the distance between NCs was shorter in this 1D CS than in the 1D CS
of [Au25(S-Bu)18]0 (Figure 3C). In addition, in 2019, they formed 1D CSs of [Au24Hg(S-Bu)18]0 (Hg =
mercury) and [Au24Cd(S-Bu)18]0 (Cd = cadmium), in which one Au of [Au25(S-Bu)18]0 was replaced
with Hg or Cd [141].

Figure 3. (A,B) Crystal structures of (a) [Au25(S-Bu)18]0 and (b) [Au25(S-Et)18]0. In (B), R groups are
omitted for clarity. (C) Crystal structure of [Au25(S-Pen)18]0. In (A−C), Au = yellow, S = red, C = light
blue, and H = white. (D) Comparison of the continuous wave-electron paramagnetic resonance (EPR)
spectra of solid (blue traces) and frozen toluene solution (red traces) for (a) [Au25(S-Bu)18]0 and (b)
[Au25(S-Et)18]0 at −253 ◦C. The inset shows the same spectra with normalized peak intensity. The black
curve corresponds to the EPR cavity signal, which is subtracted in the inset for clarity. All spectra
were obtained by using the following parameters: microwave frequency = 9.733 GHz; microwave
power = 150 μW; amplitude modulation = 1 G. Reproduced with permission from References [122,140].
Copyright 2014 American Chemical Society and 2017 American Chemical Society.
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The same group also revealed that the 1D CSs had electronic structures and physical
properties different from those of individual NCs. Since [Au25(S-Bu)18]0 has unpaired electrons,
it exhibits paramagnetism in solution. Conversely, the 1D CS of [Au25(S-Bu)18]0 was non-magnetic
(Figure 3D) [122]. This change was mainly ascribed to the formation of the 1D CS, which led to the close
proximity of NCs, allowing the unpaired electrons of adjacent NCs to form electron pairs. Because of
the formation of such electron pairs, the conduction band of the 1D CS was full and its valence band
was empty, so the obtained 1D CS was predicted to have the properties of a semiconductor [122].

In 2020, we [142] conducted a detailed study on the factors responsible for the formation of 1D CSs
via Au−Au bonds by using [Au4Pt2(SR)8]0 (Pt = platinum) as the NC. A similar NC, [Au4Pd2(PET)8]0

(Pd = palladium), was reported by Wu and colleagues in 2017 (Figure 4) [143]. Although it was not
mentioned in their paper, [Au4Pd2(PET)8]0 formed a 1D CS in its crystal (Figure 4). Because this
type of metal NC has a smaller metal core than that of [Au25(SR)18]0 described above (Figure 4),
the distribution of the ligands in this type of NC should change depending on the ligand structure.
Moreover, Au and Pt form a stronger bond than that between Au and Pd [144]. Therefore, it was
expected that changing Pd to Pt would increase the stability of the NC [145], thereby expanding the
variety of ligand functional group structures that can be used in 1D CSs. For these reasons, we chose
[Au4Pt2(SR)8]0 as the building block of their 1D CS. The SR ligands shown in Scheme 1(2),(5)–(8) were
used. Because the functional group structures of these SR ligands differ greatly, it was expected that
there would be different ligand–ligand interactions between the resulting NCs.

Figure 4. Crystal unit cell of [Au4Pd2(PET)8]0. S = yellow, Au = red and orange, Pd = olive, C = gray.
Reproduced with permission from Reference [143]. Copyright 2017 Wiley-VCH.

In the experiment, [Au4Pt2(SR)8]0 NCs with different SRs were precisely synthesized by reducing
the metal−SR complex with NaBH4. Each [Au4Pt2(SR)8]0 NC was separated from by-products, using
open column chromatography, and then single crystals were grown by vapor diffusion. The SC-XRD
of the series of [Au4Pt2(SR)8]0 crystals revealed the following three points for [Au4Pt2(SR)8]0: (1)
[Au4Pt2(SR)8]0 is a metal NC that can become a structural unit of 1D CSs via Au−Au bond formation
(Figure 5A); (2) although all [Au4Pt2(SR)8]0 NCs have similar structures, the intra-cluster ligand
interactions vary depending on the ligand structure. As a result, the distribution of the ligands in
[Au4Pt2(SR)8]0 changes depending on the ligand structure; (3) the differences in the ligand distributions
influence the inter-cluster ligand interactions, which in turn affect the formation of 1D CSs and change
their structure (Figure 5B). These results demonstrate that we need to design intra-cluster ligand
interactions, to produce 1D CSs with desired configurations. This study also explored the effects of 1D
CS formation on the electronic structure of NCs. The results revealed that the formation of the 1D CS
caused the band gap of the NCs to decrease (Figure 5C,D) [142].
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Figure 5. (A) Crystal unit cells of (a) [Au4Pt2(SCH2PhCl)8]0 and (b) [Au4Pt2(PET)8]0. Au = yellow,
Pt = magenta, S = green, Cl = light green, C = gray. R and S indicate two enantiomers in each NC.
(B) Relationships between intra-cluster ligand interactions, which are related to the distribution of the
ligands within each cluster, inter-cluster ligand interactions, and 1D assembly. Projected density of
states of (C) an individual [Au4Pt2(PET)8]0 NC and (D) the 1D CS of [Au4Pt2(PET)8]0. Reproduced with
permission from Reference [142]. Copyright 2020 Royal Society of Chemistry.

Zhang et al. also very recently reported the formation of 1D CS consisting of the (AuAg)34(A-Adm)20

alloy NCs (A-Adm = 1-ethynyladamantane; Scheme 1(9)) [146]. For (AuAg)34(A-Adm)20 alloy NCs,
either monomeric NC or 1D CSs were formed depending on the solvent. Monomeric NC could be
converted to 1D CSs by dissolving in an appropriate solvent. In the 1D CS, NCs were connected each
other via Ag−Au−Ag bond (Figure 6A,B). They studied the electronic structure of the obtained 1D CS
by density functional theory (DFT) calculations, which predicted that the single crystals of 1D CS have
a band gap of about 1.3 eV (Figure 6C). Field-effect transistors (FETs) fabricated with single crystals
of 1D CS (Figure 6D) showed highly anisotropic p-type semiconductor properties with ~1800-fold
conductivity in the direction of the polymer as compared to cross directions (Figure 6E), hole mobility
of ≈0.02 cm2/Vs, and an ON/OFF ratio up to ~4000. They noted that the conductivity (1.49 × 10–5 S/m)
of these crystals in the c-crystallographic axis is one-to-three orders of magnitude higher than the
values reported for 1D CS consisting of Au21 clusters, where 1D CS was formed by modulating the
weak interactions in the ligand layers (see Section 2.3). It was interpreted that the conductivity and
charge carrier mobility was increased by several orders of magnitude in their 1D CS via direct linking
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of the metal NCs by the –Ag–Au–Ag– chains in the crystal. They described in this paper that this
result holds promise for further design of functional cluster-based materials with highly anisotropic
semiconducting properties.

Figure 6. (A) Structures of the cluster polymer (approximately orthogonal to the c-axis). (B) Au–Au
distances in the distorted Au6 hexagon and Ag–Ag distance in the “Ag–Au–Ag” unit of between
alloy NCs. Au/Ag = golden and green, C = gray. All hydrogen atoms are omitted for clarity.
(C) DFT-computed electronic density of states (DOS) of the cluster polymer crystal. Cluster model was
used to build the periodic crystal, and the integration over the Brilloin zone was done in a 4 × 4 × 4
Monkhorst–Pack k-point mesh. The band gap is centered around zero. (D,E) Electrical transport
properties of the cluster polymer crystals; (D) structure of the polymer crystal FET; (E) I–V plot of the
polymer crystal along a-axis and c-axis, respectively, with the range of corresponding conductivity values
shown in the inset. Reproduced with permission from Reference [146]. Copyright 2020 Springer-Nature.

2.2. Connection via Ag−O Bonds

When Ag NCs contain acetic acid ions (CH3COO−), trifluoroacetic acid ions (CF3COO−),
or nitrate ions (NO3

−) in the ligand layer, it is possible to connect Ag NCs by forming Ag−O
bonds. Su et al. [147] first reported the formation of such a 1D CS in 2014. In this study, the 1D CS
was obtained by crystallization of the product which was obtained by the reaction between AgS-tBu,
(NH4)3[CrMo6O24H6] (Cr = chromium, Mo =molybdenum), Ni(CH3COO)2 (Ni = nickel), AgCF3COO,
and AgBF4. The each Ag NC had a chemical composition of Ag20(CO3)(S-tBu)10(CH3COO)8(DMF)2

(CO3
2− = carbonate anion; S-tBu = tert-butylthiolate, Scheme 1(10), DMF = N,N-dimethylformamide).

The Ag20(CO3) core of the NC was formed by the aggregation of Ag around CO3
2− (Figure 7A) as an

anion template. In the crystal, the Ag NCs were connected in one dimension via two Ag−O−Ag bonds
(Figure 7B). The obtained 1D CS was stable in both solid and solution states, had a bandgap of 3.22 eV,
and exhibited reversible thermochromic emission.
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Figure 7. (A) Structure of Ag20(CO3)(S-tBu)10(CH3COO)8(DMF)2. (B) Ball-and-stick view of the 1D
chain of Ag20(CO3)(S-tBu)10(CH3COO)8(DMF)2. Ag = green, S = yellow, N = blue, O = red, C = gray.
Reproduced with permission from Reference [147]. Copyright 2014 Royal Society of Chemistry.

Formation of 1D CSs based on a similar principle was also reported by Mak and co-workers in
2017 [148]. In their report, Ag18(CO3)(S-tBu)10(NO3)6(DMF)4 was linked by the formation of Ag−O bonds
(Figure 8). The Ag18(CO3) core contained CO3

2− as an anion template at the center, like Ag20(CO3).
As described in Section 3.1, this group also succeeded in forming a 2D CS of Ag20(CO3) by changing the
SR structure.

Figure 8. (A) Structure of Ag18(CO3)(S-tBu)10(NO3)6(DMF)4. (B) Ball-and-stick view of the 1D
chain of Ag18(CO3)(S-tBu)10(NO3)6(DMF)4. Ag = blue, S = yellow, O = red, C = gray, N = green.
Reproduced with permission from Reference [148]. Copyright 2017 Wiley-VCH.

Recently, Sun et al. [149] succeeded in the connection of Ag44(V10O28)(S-Et)20(PhSO3)18(H2O)2

(V10O28
6−, Scheme 1(11), PhSO3

− = benzenesulfonic acid ion). In this 1D CS, the Ag44(V10O28) core
was formed by using the polyoxometalate (POM) V10O28

6− as an anion template (Figure 9A). This was
the first report of the formation of a structure in which V10O28

6− was covered with an Ag NC with SR
as a ligand. This 1D CS assembled because two Ag−O bonds were formed between two PhSO3

− in the
ligand layer and one Ag44(V10O28)(S-Et)20 NC (Figure 9B).

Figure 9. (A) Structure of Ag44(V10O28)(S-Et)20(PhSO3)18(H2O)2 (B) 1D chain structure of
Ag44(V10O28)(S-Et)20(PhSO3)18(H2O)2 with all bridging PhSO3

− ligands highlighted in cyan and V10O28
6−

anions shown as green polyhedra. Ag = purple, V = dark blue, S = yellow, C = gray, O = red. All H atoms
are omitted. Reproduced with permission from Reference [149]. Copyright 2019 Royal Society of Chemistry.

In the 1D CS of [Au7Ag9(dppf)3(CF3COO)7BF4]n (dppf = 1,1′-bis(diphenylphosphino)ferrocene,
Scheme 1(12), BF4 = tetrafluoroboric acid) reported by Wang et al. [150] in 2019, each NC was also
connected via an Ag−O bond (Figure 10A), although this was not direct connection of metal NCs.
In the above three NCs (i.e., Ag20(CO3)(S-tBu)10(CH3COO)8(DMF)2, Ag18(CO3)(S-tBu)10(NO3)6(DMF)4,
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and Ag44(V10O28)(S-Et)20(PhSO3)18(H2O)2), the anion template was contained in the center, whereas
Au7Ag8(dppf)3(CF3COO)7 had an icosahedral metal core composed of Au7Ag8. Such an icosahedral
core structure is often seen in metal NCs [27,53]. The 1D CS of [Au7Ag9(dppf)3(CF3COO)7BF4]n was
synthesized in one pot. Probably, excess Ag binds to CF3COO− in the ligand layer during synthesis,
resulting in the formation of a 1D CS composed of Au7Ag8(dppf)3(CF3COO)7 NCs. The researchers
also revealed that this 1D CS possessed a band gap of 2.18 eV (Figure 10B).

Figure 10. (A) View of the whole structure of [Au7Ag9(dppf)3(CF3COO)7BF4]n (anions and H atoms are
omitted for clarity). Ag = green, Au = orange, O = red, P = purple, C = gray, Fe = blue. (B) Absorption
spectrum of [Au7Ag9(dppf)3(CF3COO)7BF4]n in CH2Cl2 solution. Inset: absorption spectrum on the
energy scale (eV) and photographs showing actual colors of [Au7Ag9(dppf)3(CF3COO)7BF4]n in CH2Cl2
and the crystalline state. Reproduced with permission from Reference [150]. Copyright 2019 Royal
Society of Chemistry.

2.3. Control of Counterions

For certain metal NCs, the total number of valence electrons satisfies the number for the
closed-shell electronic structure when it is a cation, so they are generated as a cation [151].
For example, [Au21(S-c-C6H11)12(DPPM)]+ (S-c-C6H11 = cyclohexanethiolate, Scheme 1(13), and DPPM
= bis(diphenylphosphinomethane), Scheme 1(14)) is synthesized as a cation. In 2018, Jin et al. [152]
revealed that [Au21(S-c-C6H11)12(DPPM)]+ formed a 1D CS in a crystal by assembling as a pair with the
counter anion and that the structure of the 1D CS changed depending on the counterion (Figure 11A,B).

In this study, [Au21(S-c-C6H11)12(DPPM)2]+[AgCl2]− and [Au21(S-c-C6H11)12(DPPM)2]+[Cl]−
were precisely synthesized and single crystals were grown. As shown in Figure 11B, a 1D CS
was formed by the alternating connection of [Au21(S-c-C6H11)12(DPPM)2]+ and [AgCl2]− in the
[Au21(S-c-C6H11)12(DPPM)2]+[AgCl2]− crystal. This 1D CS was considered to assemble via π-π,
anion-π, and aryl C-H···Cl interactions. The connection pattern of [Au21(S-c-C6H11)12(DPPM)2]+ in the
1D CS changed slightly when the counterion was Cl− rather than [AgCl2]−. It was considered that
the connection pattern of [Au21(S-c-C6H11)12(DPPM)2]+ changed because the arrangement of phenyl
groups in the NC was affected by the counterion (Figure 11A).

The obtained 1D CSs of [Au21(S-c-C6H11)12(DPPM)2]+ had different electron transport properties
depending on the counter anion. The 1D CS of [Au21(S-c-C6H11)12(DPPM)2]+[AgCl2]− had a σ of
only ~1.44 × 10−8 S/m, whereas that of [Au21(S-c-C6H11)12(DPPM)2]+[Cl]− was σ ~2.38 × 10−6 S/m
(Figure 11C). Changing the counter anion from [AgCl2]− to [Cl]− shortened the distance between NCs
from 16.80 to 16.39 Å and formed an intra-cluster π-stacking structure that allowed electricity to flow
easily (Figure 11B). These two reasons explained why σ of [Au21(S-c-C6H11)12(DPPM)2]+[Cl]− was two
orders of magnitude higher than that of [Au21(S-c-C6H11)12(DPPM)2]+[AgCl2]− (Figure 11D).

There are not only metal NCs synthesized as cations but also metal NCs synthesized as anions.
Because the total number of valence electrons of [Ag29(BDT)12(PPh3)4]3− (BDT = 1,3-benzenedithiolate,
Scheme 1(15); PPh3 = triphenylphosphine, Scheme 1(16)) satisfies the number for a closed-shell
electronic structure as the anion, it is generated as the anion [153]. In 2019, Zhu et al. [154] reported
that mixing this NC with Cs acetate in DMF induced Cs+ attachment to the NC and PPh3 desorption
from the NC, resulting in the formation of [Cs3Ag29(BDT)12(DMF)x]0 (x = 5 or 6) and that the
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obtained [Cs3Ag29(BDT)12(DMF)x]0 formed a 1D CS in its crystal. Figure 12A shows the resulting
1D CS. In the crystal, [Cs3Ag29(BDT)12(DMF)x]0 was connected by a series of bonds consisting of
−Cs+−DMF−Cs+−S−Ag−Ag−S−. This 1D CS was considered to be formed because of the electrostatic
attraction between [Ag29(BDT)12(DMF)x]3− and Cs+, Cs−S bond formation, and Cs···π interactions
(Figure 12B).

Figure 11. (A) Site-specific tailoring of the surface motifs and associated counterions of Au NCs.
The two RS-Au-SR (R is cyclohexyl) surface motifs in Au23 (precursor NC) were replaced by two DPPM
motifs in Au21. Each P atom was connected to two phenyl rings. Dashed lines indicate the motifs.
(B) Packing of [Au21(S-c-C6H11)12(DPPM)2]+[AgCl2]− and [Au21(S-c-C6H11)12(DPPM)2]+[Cl]− in their
1D assemblies. The orientation of Au NCs is modulated by the counterion. Au =magenta, Ag = gray,
Cl = light green, S = yellow, P = orange, C = green. All H atoms are omitted for clarity. Yellow areas
are the surface hooks connecting neighboring NCs. (C) Room-temperature conductivity of single
crystals of [Au21(S-c-C6H11)12(DPPM)2]+[AgCl2]− (green) and [Au21(S-c-C6H11)12(DPPM)2]+[Cl]−
(red). (D) Schematic diagram of electron hopping in Au21 NC assemblies. Different configurations of
the interacting π–π pairs result in tunneling barriers of different heights (white solid squares), thus
changing the electron conductivity (e− represents an electron, σ is the conductivity, d is the interparticle
distance, and β is the tunneling decay constant). Reproduced with permission from Reference [152].
Copyright 2018 Springer-Nature.
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Figure 12. (A) 1D linear assembly of [Cs3Ag29(BDT)12(DMF)x]0 in the crystal lattice. Ag = light
blue/gray, Cs = dark purple, S = yellow and red, O = green. For clarity, all H, C, and N atoms, some
Cs+, and DMF molecules are omitted. Each O atom represents a DMF molecule. (B) (a) Overall
surface structure of [Cs3Ag29(BDT)12(DMF)x]0 and (b) interactions between Ag29(BDT)12, Cs1, Cs2,
and DMF. (C) Comparison of optical absorption and emission spectra of Ag29(BDT)12(PPh3)4 (black)
and Cs3Ag29(BDT)12(DMF)x (red) NCs dissolved in DMF. (D) Comparison of optical absorption and
emission spectra of Ag29(BDT)12(PPh3)4 (black) and Cs3Ag29(BDT)12(DMF)x (red) NCs in crystalline
films. Reproduced with permission from Reference [154]. Copyright 2019 American Chemical Society.

Both [Ag29(BDT)12(PPh3)4]3− and [Cs3Ag29(BDT)12(DMF)x]0 solutions showed similar absorption
and photoluminescence (PL) spectra (Figure 12C). This indicates that Cs+ attachment and PPh3

desorption did not markedly change the electronic structure of the Ag29(BDT)12 NCs. In contrast,
the absorption and PL spectra of [Ag29(BDT)12(PPh3)4]3- and [Cs3Ag29(BDT)12(DMF)x]0 in the
crystalline state were quite different (Figure 12D). The 1D CS of [Cs3Ag29(BDT)12(DMF)x]0 was
considered to show different optical behavior from that of the individual [Ag29(BDT)12(PPh3)4]3−
because of the electronic interactions between adjacent NCs in the 1D CS of [Cs3Ag29(BDT)12(DMF)x]0.

2.4. Introduction of Linker Molecules

In the examples described in Section 2.3, 1D CSs were formed by the counterion acting as a
linker. When an organic molecule is used as the linker, the distance between NCs in a 1D CS can be
freely controlled because the design of the structure of organic molecules is well understood. In fact,
the geometry of an MOF is controlled by the design of the linker organic molecule [155]. In recent
years, several 1D CSs of metal NCs with organic molecules as linkers have also been reported.
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Table 1. Connection modes, NCs, linkers, publication years, and references for 1D CS.

Connection Mode NC Linker Year Ref.

Formation of
metal−metal bond

(Figure 2A)

[Au25(S-Bu)18]0 - 2014 [122]
[Au25(S-Pen)18]0 - 2017 [140]

[Au24Hg(S-Bu)18]0 -
2019 [141]

[Au24Cd(S-Bu)18]0 -
[Au4Pd2(PET)8]0 - 2017 [143]

[Au4Pt2(SCH2PhCl)8]0 -
2020 [142]

[Au4Pt2(PET)8]0 -
(AuAg)34(A-Adm)20 - 2020 [146]

Formation of Ag−O,
Ag−S, Ag−Cl bond, etc.

(Figure 2B)

Ag20(CO3)(S-tBu)10(CH3COO)8(DMF)2 - 2014 [147]
Ag18(CO3)(S-tBu)10(NO3)6(DMF)4 - 2017 [148]

Ag44(V10O28)(S-Et)20(PhSO3)18(H2O)2 - 2019 [149]
Au7Ag8(dppf)3(CF3COO)7 - 2019 [150]

Control of counter ion
(Figure 2C)

[Au21(S-c-C6H11)12(DPPM)2]+ [AgCl2]−
2018 [152]

[Au21(S-c-C6H11)12(DPPM)2]+ [Cl]−
[Ag29(BDT)12(PPh3)4]3− [Cs]+ 2019 [154]

Introduction of linker
molecule

(Figure 2D)

Ag14(DT-o-C)6 pyrazine a 2018 [156]
Ag18(PhPO3)(S-tBu)10(CF3COO)2(PhPO3H)4 bpy-NH2

a 2019 [157]
Ag15Cl(S-tBu)8(CF3COO)5.67(NO3)0.33(DMF)2 bpy a 2019 [158]

Ag10(CF3COO)4(S-tBu)6(CH3CN)2 p-iah a
2019 [159]

Ag10(CF3COO)4(S-tBu)6(CH3CN) o-iah a

Cd6Ag4(S-Ph)16(DMF)3(CH3OH) bpe a 2020 [160]

a See Scheme 2.

For example, in 2018, Zang et al. [156] reported a 1D CS in which Ag14(DT-o-C)6 NCs (DT-o-C =
1,2-dithiolate-o-carborane, Scheme 1(17)) were linked by pyrazine (Scheme 2(1)). In this study, first,
[Ag14(DT-o-C)6(pyridine/p-methylpyridine)8] (Scheme 2(2),(3)) were identified as Ag NCs with high
thermal stability that maintained their framework structure even at 150 ◦C or higher in air (Figure 13A).
Then, they attempted to synthesize Ag NCs in which the pyridine or p-methylpyridine ligands of these
Ag NCs were replaced by pyrazine. As a result, they obtained a 1D CS in which Ag14(DT-o-C)6 NCs
were linked by pyrazine (Figure 13B). In the obtained structure, pyrazine was coordinated to each
Ag14(DT-o-C)6 NC at a diagonal position, which caused the 1D CS to rotate in the clockwise direction
with respect to the (001) axis. In this study, the researchers also succeeded in forming 2D and 3D CSs
composed of Ag14(DT-o-C)6 NCs by changing the structure of the bipyridine ligand, as described later
in Sections 3.2 and 4.3, respectively.

Figure 13. (A) Structure of Ag14(DT-o-C)6(pyridine/p-methylpyridine)8. (B) 1D helix of Ag14(DT-o-C)6

NC. Ag = green and pink, S = yellow, C = gray, N = blue, carborane = turquoise. Reproduced with
permission from Reference [156]. Copyright 2018 American Chemical Society.

Because N readily coordinates to Ag, bipyridine is often used to connect NCs containing Ag.
In 2019, Zang and colleagues formed a 1D CS composed of Ag18(PhPO3)(S-tBu)10(CF3COO)2(PhPO3H)4

(PhPO3
2− = phenylphosphinic diion; PhPO3H− = phenylphosphinic acid ion) NC nodes with

bipyridine(3-amino-4,4′-bipyridine (bpy-NH2, Scheme 2(4)) linkers [157]. In this experiment, NC
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synthesis, ligation, and crystallization were performed simultaneously in one pot (Figure 14A). The node
Ag18(PhPO3)(S-tBu)10 NCs contained PhPO3

2− as an anion template in their center. In the crystal,
adjacent Ag18(PhPO3)(S-tBu)10 NCs were linked by two bpy-NH2 to form a 1D CS (Figure 14B).

Figure 14. (A) Schematic representation of the one-pot synthesis of [Ag18(PhPO3)(S-
tBu)10(CF3COO)2(PhPO3H)4(bpy-NH2)2]·(PhPO3H2). (B) 1D structure of [Ag18(PhPO3)(S-tBu)10

(CF3COO)2(PhPO3H)4(bpy-NH2)2]·(PhPO3H2). Ag = green, S = yellow, C = gray, N = blue,
O = red, F = light green, P = purple. H atoms are omitted for clarity. (C) Luminescent images of
the as-synthesized, ground, and fumed [Ag18(PhPO3)(S-tBu)10(CF3COO)2(PhPO3H)4(bpy-NH2)2]
under ultraviolet light irradiation. (D) Temperature-dependent luminescence spectra of
[Ag18(PhPO3)(S-tBu)10(CF3COO)2(PhPO3H)4(bpy-NH2)2] from 30 to −190 ◦C in the solid state.
The inset photographs show the emission of [Ag18(PhPO3)(S-tBu)10(CF3COO)2(PhPO3H)4(bpy-NH2)2]
in the solid state under ultraviolet light irradiation at room temperature and liquid nitrogen temperature.
Reproduced with permission from Reference [157]. Copyright 2019 Wiley-VCH.

The obtained 1D CS was stable up to 110 ◦C in a nitrogen (N2) atmosphere. When mechanical
stimulation was applied to the 1D CS, its PL wavelength changed. When the 1D CS sample subjected
to mechanical stimulation was recrystallized, its PL wavelength returned to the original value
(Figure 14C). Thus, the PL of the 1D CS composed of Ag18(PhPO3)(S-tBu)10 NCs exhibited reversible
mechanochromism. Because this 1D CS emitted light at two wavelengths and its PL intensity ratio
changed with temperature (thermochromism; Figure 14D), the authors suggested that this 1D CS could
be applied as a thermometer.
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In 2019, Bakr et al. [158] also reported the connection of Ag NCs by bipyridine. In this study,
a 1D CS was synthesized in one pot (Figure 15A). Ag15Cl(S-tBu)8(CF3COO)5.67(NO3)0.33(DMF)2

was used as the node, and 4,4’-bipyridine (bpy, Scheme 2(5)) was used as the linker.
In Ag15Cl(S-tBu)8(CF3COO)5.67(NO3)0.33(DMF)2, Cl−acted as an anion template. The core of
the Ag15Cl NC had a geometry in which one Ag was lost from the Ag16Cl core of the
Ag16Cl(S-tBu)8(CF3COO)7(DMF)4(H2O) NC, which did not form a 1D CS, namely individual
Ag16Cl(S-tBu)8(CF3COO)7(DMF)4(H2O) NCs (Figure 15B). The 1D CS with a ladder structure was
formed by combining these Ag15Cl NCs with three adjacent Ag15Cl NCs via four bpy molecules
(Figure 15C). It was found that the 1D CS displayed slightly higher thermal stability than that of the
Ag16Cl NCs (Figure 15D).

 
Figure 15. (A) Synthesis of Ag NCs and NC-based frameworks. (B) Top views of the core structures
of (a) Ag16Cl(S-tBu)8(CF3COO)7(DMF)4(H2O) and (b) Ag15Cl(S-tBu)8(CF3COO)5.67(NO3)0.33(DMF)2.
(C) Crystal structure of the corresponding 1D CS. Free (co-crystallized) DMF molecules are not shown.
The green semitransparent spheres in the Ag clusters are shown as a visual guide. H atoms were
omitted for clarity. (D) Thermogravimetric analysis curves of NCs, 1D CS, and 2D CS (see Section 3.2).
Reproduced with permission from Reference [158]. Copyright 2019 American Chemical Society.

In the above three studies, the bipyridines had a rigid framework structure. In 2019, Cao et al.
formed 1D CSs of Ag NCs by using pyridine derivatives (p-iah = 4-pyridine carboxylic hydrazide,
Scheme 2(6); o-iah = 2-carboxylic hydrazide, Scheme 2(7)) that contained N in both the rigid
pyridine framework and flexible substituents [159]. In this study, the 1D CSs were obtained by
reacting Ag12(S-tBu)6(CF3COO)6(CH3CN)6 (CH3CN= acetonitrile) with the above-mentioned pyridine
derivatives. The SC-XRD analysis of the products revealed that Ag10(CF3COO)4(S-tBu)6(CH3CN)2

and Ag10(CF3COO)4(S-tBu)6(CH3CN) were the nodes in the 1D CSs with p-iah and o-iah, respectively
(Figure 16A(a),B(a)). These 1D CSs containing p-iah and o-iah had cross-helical and parallel chain
structures, respectively (Figure 16A(b),B(b)). The latter structure also contained hydrogen bonds
(N−H···O) between the parallel linker molecules. It is interesting that different 1D CSs formed
depending on the position of N in the linker molecule (Scheme 2(6),(7)).
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Figure 16. (a) Structural units and (b) spatial stacking diagrams of (A) Ag10(CF3COO)4(S-
tBu)6(CH3CN)2(p-iah)2 and (B) Ag10(CF3COO)4(S-tBu)6(CH3CN)(o-iah)2. (C) (a) PL spectra of
Ag10(CF3COO)4(S-tBu)6(CH3CN)2(o-iah)4 in CCl4 with various volume fractions of CH2Cl2. (b) Linear
plot of fluorescence intensity against the volume fraction of CH2Cl2 in CCl4. Reproduced with
permission from Reference [159]. Copyright 2019 American Chemical Society.

Both 1D CSs showed PL and that with o-iah as the linker exhibited weak green PL in highly polar
solvents and strong yellow PL in solvents with low polarity. Based on these characteristics, the authors
suggested that the 1D CS with o-iah could be used to measure the concentration of dichloromethane
(CH2Cl2, Figure 16C) or trichloromethane (CHCl3) in tetrachloromethane (CCl4).

Bipyridines can also be used as linkers to form 1D CSs of Ag chalcogenide NCs. Very recently, Xu
and co-workers reported the formation of a zigzag-type of 1D CS with Cd6Ag4(S-Ph)16(DMF)(H2O)
(S-Ph = benzenethiolate, Scheme 1(18) and Figure 17A) as a node and trans-1,2-bis(4-pyridyl)ethylene
(bpe, Scheme 2(8)) as a linker (Figure 17B) [160]. This 1D CS was obtained by the reaction of
Cd6Ag4(S-Ph)16(DMF)3(CH3OH) (CH3OH = methanol) with bpe. In the obtained 1D CS, N of bpe
coordinated to Cd not Ag (Figure 17A). Such a coordination pattern has also been observed in 2D and
3D CSs composed of Cd6Ag4(S-Ph)16 and bpe previously reported by Zhang et al. [161,162].
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Figure 17. (A) Structures of Cd6Ag4(S-Ph)16(DMF)(H2O) and (B) 1D CS of
Cd6Ag4(S-Ph)16(DMF)(H2O)(bpe). (C) Solid-state ultraviolet-visible diffuse reflectance spectra of
the discrete Cd6Ag4(SPh)16(DMF)3(CH3OH) (open circles) and 1D CS of Cd6Ag4(S-Ph)16(DMF)(H2O)(bpe)
(filled squares). (D) Comparison of the photocatalytic-degradation efficiencies of the discrete
Cd6Ag4(S-Ph)16(DMF)3(CH3OH) (triangles), 1D CS of Cd6Ag4(S-Ph)16(DMF)(H2O)(bpe) (squares),
and without a catalyst (circles). Reproduced with permission from Reference [160]. Copyright 2020 American
Chemical Society.

They compared the electronic structures of the resulting 1D CS and individual
Cd6Ag4(S-Ph)16(DMF)3(CH3OH) NCs. The results revealed that the band gap of the NCs was narrowed
by the formation of the 1D CS (Figure 17C). In the 1D CS, the optical absorption onset was redshifted
to the visible region. They used the 1D CS as a visible light (>420 nm)-responsive photocatalyst to
decompose the organic dye Rhodamine B in water. The 1D CS exhibited higher photocatalytic activity
toward Rhodamine B degradation than that of the Cd6Ag4(S-Ph)16 NCs (Figure 17D) and high stability
during the photocatalytic reaction.

3. Two-Dimensional Structures

To date, Ag NCs have been used as the building blocks in almost all 2D CSs. Like Au NCs, Ag
NCs have unique electronic and optical properties [68,163–166] and are expected to be applied in
various fields. However, Ag NCs are less stable than Au NCs against external stimuli, such as light
and solvents. Therefore, studies have been actively conducted to improve the stability of Ag NCs by
assembly of CSs and thereby improve their physical properties. In Sections 3.1 and 3.2 we focus on the
connection of NCs by Ag−O bond formation (Figure 2B) and introducing linker molecules (Figure 2D),
respectively. Table 2 summarizes the connection methods, NCs, linkers, reported years, and reference
numbers of the relevant literature. Several of the ligands used in these studies are shown in Scheme 1.
The organic molecules used as linkers are depicted in Scheme 2.

3.1. Connection via Ag−O Bonds

In 2017, Mak et al. [148] reported the formation of 2D CSs with Ag20(CO3)(S-
iPr)10(CF3COO)9(CF3COOH)(CH3OH)2 (S-iPr = isopropylthiolate, Scheme 1(5)) or Ag20(CO3)(S-c-
C6H11)10(CF3COO)10(CF3COOH)2(H2O)2 as building blocks in their paper on the formation of 1D
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CSs. These NCs contained CO3
2− as an anion template at the center of their cores (Figure 18A,B).

The structures of the SR in these two types of Ag20(CO3)(SR)10 NCs were different (S-iPr vs. S-c-C6H11),
which influenced the formation angle and bond distance between adjacent NCs in the 2D CSs.
The O− of CF3COO− and Ag of an adjacent NC were directly linked via an Ag−O bond with a
length of 14 Å. In addition, isolated Ag was trapped between CF3COO− of adjacent NCs, so the
adjacent NCs were connected via an O−Ag−O bond with a length of 17 Å. The 2D CS consisting
of Ag20(CO3)(S-iPr)10(CF3COO)9(CF3COOH)(CH3OH)2 showed dual emission at room temperature.
Because both zero-dimensional [Ag20(S-tBu)10(CF3COO)2]Cl·(CF3COO)7·5CH3OH NCs and the 1D CS
of Ag20(CO3)(S-tBu)10(CH3COO)8(DMF)2 emit only single emission peaks, it was speculated that the
formation of the 2D CS was related to the observed dual emission.

Figure 18. (A) The molecular building block in Ag20(CO3)(S-iPr)10(CF3COO)9(CF3COOH)(CH3OH)2

with its four linking sites, and condensation of blocks into a 4,4-net. (B) Similar condensation of
molecular building blocks of Ag20(CO3)(S-c-C6H11)10(CF3COO)10(CF3COOH)2(H2O)2. Note the
difference between the ‘arms’ with lengths of 14 Å (orange) and 17 Å (cyan). Ag = blue and cyan,
S = yellow, O = red, C = gray, F = green. Reproduced with permission from Reference [148].
Copyright 2017 Wiley-VCH.

In 2019, Sun and co-workers also reported the formation of a 2D CS, using Ag NCs [149]. In this
study, a 2D CS consisting of Ag46(V10O28)(S-Et)23(PhSO3)15(CO3) was formed (Figure 19), using
a different solvent from the case of Ag44(V10O28)(S-Et)20(PhSO3)18(H2O)2, which formed a 1D CS
(Figure 9). These Ag NCs have the same total number of ligands (S-Et and PhSO3

−) of 38 but different
ratios of the ligand types. They considered that the ligand ratio affected the number of Ag atoms in the
core and also the connection mode between adjacent NCs.
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Figure 19. (A) Structure and (B) 2D extended layer structure of Ag46(V10O28)(S-Et)23(PhSO3)15(CO3)
with all bridging PhSO3

− ligands highlighted in cyan and V10O28
6− shown as green polyhedra.

Ag = purple, V = dark blue, S = yellow, C = gray, O = red. All H atoms are omitted. Reproduced with
permission from Reference [149]. Copyright 2019 Royal Society of Chemistry.

Xu et al. [166], also in 2019, reported 2D CSs of Ag11Cl(N-L)8(CF3COO)2·2CHCl3 (Figure 20),
Ag11Cl(N-L)8(NO3)2·2CHCl3, and Ag11Cl(N-L)8(CF3SO3)2·2CHCl3 (N-L = 2-acetamido-5-methyl-1,3,4-
thiadiazole, Scheme 1(19)), in which adjacent NCs are linked by Ag−O bonds. SR, alkyne, or phosphine
ligands are generally used in metal NCs. In this study, their aim was to synthesize Ag NCs by using
an N-donor ligand, which is not appropriate based on the hard/soft acid/base theory [167], and form
corresponding CSs. The three kinds of 2D CSs obtained had similar frameworks regardless of the
coordination ions (CF3COO−, NO3

−, or CF3SO3
−), which means that the framework structure shown

in Figure 20B is very rigid. It was found that Ag11Cl(N-L)8(CF3COO)2·2CHCl3 showed dual-emission
behavior and that its PL peaks had different optimal excitation wavelengths.

Figure 20. (A) Structure of Ag11Cl(N-L)8(CF3COO)2·2CHCl3 and (B) simplified 2D network featuring
a four-connected topology. Ag = purple, S = yellow, O = red, C = gray, Cl = dark green, N = blue,
F = neon green. Reproduced with permission from Reference [166]. Copyright 2019 Royal Society
of Chemistry.

3.2. Introduction of Linker Molecules

As described below, in Section 4.3, in 2017, Zang et al. [168] reported the formation of a 3D
CS in which Ag12(S-tBu)8(CF3COO)4 NCs were linked by bpy. This was a pioneering study on the
formation of an MOF, using Ag NCs as nodes, and has greatly influenced subsequent studies. In 2018,
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they synthesized a 2D CS consisting of Ag12 NCs and bpy [169]. The core structure of the node
was changed (isomerized) by dissolving an Ag12(S-tBu)6(CF3COO)6 NC MOF crystal in a mixed
solvent consisting of N,N-dimethylethanamide (DMAC) and toluene, which changed the geometrical
structure of the entire CS from 3D to 2D (Figure 21A,B). This result indicates that the solvent selection
is important in the design of the structure of metal NCs and their CSs. In the 2D CS consisting of newly
formed Ag12(S-tBu)6(CF3COO)6 NCs, each Ag12(S-tBu)6(CF3COO)6 NC was linked to six adjacent
Ag12(S-tBu)6(CF3COO)6 NCs via linkers to produce a highly symmetric 2D CS (Figure 21C). The layers
were separated by 7.23 Å, with weak interactions between them. It was also revealed that the reversible
structural transformation between 3D and 2D CSs could be induced by appropriate solvent selection
(Figure 21A,B).

 

Figure 21. Comparison of the Ag12 core structures in (A) Ag12(S-tBu)6(CF3COO)6(bpy)3 (Ag12bpy-2)
and (B) Ag12(S-tBu)8(CF3COO)4(bpy)4 (Ag12bpy). (C) (a) Perspective view of an Ag12S6 node
with six pendant bpy linkers (ORTEP drawing at the 50% probability level). (b) Stacking of the
2D network structure of Ag12(S-tBu)6(CF3COO)6(bpy)3 viewed along the crystallographic c-axis.
Ag = green, S = yellow, C = gray, N = blue; CF3COO−, tBu, and H atoms are omitted for
clarity. (D) 3D-excitation emission matrix of Ag12(S-tBu)6(CF3COO)6(bpy)3 measured at −190 ◦C.
(E) Thermochromic images of the (a) exterior {001} surfaces and (b) exposed interior {010}/{100} planes
of Ag12(S-tBu)6(CF3COO)6(bpy)3/NH2·(bpy:bpy-NH2 = 20:1) solvated single crystals under ultraviolet
light irradiation. Reproduced with permission from Reference [169]. Copyright 2018 Wiley-VCH.

Structural deformation of the CSs also induced changes in their electronic structure and PL
properties. For example, the 3D CS only showed PL at a single wavelength, regardless of temperature
and excitation wavelength, whereas the 2D CS exhibited PL of two colors (blue and red), depending
on the excitation wavelength (Figure 21D). To enhance the blue emission of the 2D CS, the researchers
introduced bpy-NH2, which itself emits blue light, as a linker, to fabricate a 2D CS containing two
types of linkers, bpy and bpy-NH2. The intensity ratio of the red and blue PL signals depended on the
mixing ratio of linker molecules. At the optimum linker mixing ratio, the PL intensity ratio of the red
and blue peaks depended on temperature. Therefore, this 2D CS containing two types of linkers could
be used as a temperature sensor (Figure 21E).

In 2018, the same group also reported the formation of a 2D CS consisting of Ag14(DT-o-C)6

NCs [156]. The 2D CS with Ag14(DT-o-C)6, as a structural unit (Figure 22A), was fabricated by
changing the linker structure from that used to form the 1D CS (Section 2.4 and Figure 13) to
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dipyridin-4-yl-diazene (Scheme 2(9)). The obtained 2D CS possessed a rhombic network structure
with Ag14(DT-o-C)6(CH3CN)4 as nodes (Figure 22B).

Table 2. Connection modes, NCs, linkers, publication years, and references for 2D CS.

Connection Mode NC Linker Year Ref.

Formation of Ag−O,
Ag−S, Ag−Cl bond, etc.

(Figure 2B)

Ag20(CO3)(S-iPr)10(CF3COO)9(CF3COOH)(CH3OH)2 -
2017 [148]

Ag20(CO3)(S-Cy)10(CF3COO)10(CF3COOH)2(H2O)2 -
Ag46(V10O28)(S-Et)23(PhSO3)15(CO3) - 2019 [149]

Ag11Cl(N-L)8(CF3COO)2·2CHCl3 -
2019 [166]Ag11Cl(N-L)8(NO3)2·2CHCl3 -

Ag11Cl(N-L)8(CF3SO3)2·2CHCl3 -

Introduction of linker
molecule

(Figure 2D)

Ag12(S-tBu)6(CF3COO)6 bpy a 2018 [169]
Ag14(DT-o-C)6 dipyridin-4-yl-diazene a 2018 [156]

Ag12(S-tBu)6(CF3COO)6 TPPA a 2018 [170]
Ag12(S-tBu)6(CF3COO)3 TPyP a 2019 [171]

Ag14Cl(S-tBu)8(CF3COO)5(DMF) bpy a 2019 [158]
Ag10(CF3COO)4(S-tBu)6(CH3CN)4 m-iah a 2019 [159]
Ag12(S-tBu)6(CF3COO)6(CH3CN)6 bpz-NH2

a 2019 [172]

a See Scheme 2.

Figure 22. (A) Structural unit and (B) 2D CS of Ag14(DT-o-C)6(CH3CN)4(dipyridin-4-yl-diazene)2.
Reproduced with permission from Reference [156]. Copyright 2018 American Chemical Society.

In 2018, Zang et al. [170] reported the formation of a 2D CS consisting of Ag12(S-tBu)6(CF3COO)6 and
tris(4-pyridylphenyl)-amine (TPPA; Scheme 2(10) and Figure 23A). This structure is interesting because
the distance between the 2D layers can be changed. In this 2D CS, DMAC used as a solvent existed
between layers immediately after the synthesis and the 2D layers overlapped, as shown in Figure 23B(a),(d).
When the DMAC was partially removed from this structure, the overlap of the 2D layers changed,
as illustrated in Figure 23B(b),(e). Furthermore, when this structure was immersed again in the mother
liquor, the structure changed to that depicted in Figure 23B(c),(f). It was also found that the size of the
crystal and its emission characteristics changed in accordance with the overlap manner in the 2D CS.

Recently, this group also formed a 2D CS with Ag12(StBu)6(CF3COO)3 NCs as nodes by using
5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP, Scheme 2(11)) as a linker (Figure 24A) [171]. TPyP has a
photosensitizing effect. Therefore, the ability of the 2D CS to degrade the toxic substance 2-chloroethyl
ethyl sulfide (CEES), also called mustard gas, was studied (Figure 24B). The obtained 2D CS showed
higher photocatalytic activity than that of a reported MOF. This high photocatalytic activity was
ascribed to the synergistic effect of Ag NCs and TPyP, promoting the production of singlet oxygen,
which induced the degradation of CEES (Figure 24B). The 2D CS maintained its crystallinity after the
photocatalytic reaction and was able to be used repeatedly. The authors pointed out that photocatalytic
activity could be further increased by selecting appropriate Ag NCs and organic molecular linkers.

Two other types of 2D CSs were also reported in 2019. In their paper on 1D CS formation (Figure 15
and Section 2.4), Bakr et al. [158] also reported that a 2D CS with Ag14Cl(S-tBu)8(CF3COO)5(DMF) as nodes
was formed by changing the concentration of bpy during synthesis (Figure 25A). This Ag14Cl core contained
Cl− at its center as an anion template. Compared with the Ag15Cl(S-tBu)8(CF3COO)5.67(NO3)0.33(DMF)2
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node of the 1D CS, the node of the 2D CS (Ag14Cl(S-tBu)8(CF3COO)5(DMF)) had one less Ag atom.
However, the frameworks of these NCs were similar to each other (Figure 25B). The 2D CS showed higher
thermal stability than those of individual Ag NCs and the 1D CS (Figure 15D). Unlike individual Ag NCs
and the 1D CS, the 2D CS emitted green light with a strong intensity, even at room temperature (Figure 25C).
Based on the results of a DFT calculation, it was interpreted that the enhancement of PL intensity was
caused by a linker-to-cluster charge transfer excitation. In addition, Gao et al. [159] recently formed a 2D CS
(Figure 26) with Ag10(CF3COO)4(S-tBu)6(CH3CN)4 nodes, using 3-pyridine carboxylic hydrazide (m-iah,
Scheme 2(12)) as a linker, which is the meta equivalent of p-iah and o-iah used to form 1D CSs (Figure 16).

Thus, 2D CS formation by using a linker leads to the assembly of a structure with high stability
and quantum yield (QY). However, 2D CS formation decreases the solubility of NCs, which limits their
processability and device applicability. Therefore, Zang et al. [172] recently established a method to
polymerize 2D CS to overcome this problem and provide materials suitable for practical use (Figure 27A).
In this study, Ag12(S-tBu)6(CF3COO)6 NCs reported in their previous work (Figure 21) [168] were used
as nodes. Moreover, 1,4-bis (pyrid-4-yl)benzenamine (bpz-NH2, Scheme 2(13)) was used as the linker.
The amino group of the bpz-NH2 linker played an important role in polymerization. First, 2D CS
crystals consisting of Ag12(S-tBu)6(CF3COO)6 and bpz-NH2 were fabricated (Figure 27B). The crystal
size was limited to about 200–300 nm by quenching the reaction within 1 min. A 2D CS film was
obtained by reacting the crystals with methacrylic anhydride (MA). MA bound to the amino group of
bpz-NH2 (Figure 27C) and was then polymerized with acrylate monomers butyl methacrylate (BMA)
and triethylene glycol dimethacrylate (TEGDMA), as shown in Figure 27D.

 

Figure 23. (A) Perspective view of an Ag12S6 subunit with six pendant TPPA linkers in each layer.
(B) Stacking of the 2D network structure of Ag12(S-tBu)6(CF3COO)6 by TPPA. AA stacking viewed
along the (a) c-axis and (d) b-axis, AB stacking viewed along the (b) c-axis and (e) a-axis, and ABC
stacking viewed along the (c) c-axis and (f) a-axis. Reproduced with permission from Reference [170].
Copyright 2018 Royal Society of Chemistry.

Figure 24. (A) Synthesis of Ag12(S-tBu)6(CF3COO)3(TPyP). (B) Schematic illustration of the capture
and photodetoxification of CEES by Ag12(S-tBu)6(CF3COO)3(TPyP). Reproduced with permission from
Reference [171]. Copyright 2019 American Chemical Society.
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Figure 25. (A) Structure of Ag14Cl(S-tBu)8(CF3COO)5(DMF)(bpy)2. Free (co-crystallized)
DMF molecules are not shown. (B) Top views of the core structures of (a)
Ag15Cl(S-tBu)8(CF3COO)5.67(NO3)0.33(DMF)2 and (b) Ag14Cl(S-tBu)8(CF3COO)5(DMF). The green
semitransparent spheres in the Ag NCs are shown as a visual guide. H atoms have been omitted for
clarity. (C) Steady-state PL and excitation spectra of 2D CS crystals measured at room temperature
(~25 ◦C). Emission spectra were measured under 365 nm excitation. Reproduced with permission
from Reference [158]. Copyright 2019 American Chemical Society.

Figure 26. (A) Structural unit and (B) spatial stacking diagram of Ag10(CF3COO)4(S-
tBu)6(CH3CN)4(m-iah)4. Reproduced with permission from Reference [159]. Copyright 2019 American
Chemical Society.
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Figure 27. (A) Schematic illustration of the fabrication process of an Ag NC-based membrane.
(B) Structure views of Ag12(S-tBu)6(CF3COO)6(bpz-NH2)3. (C) Fabrication process of the membrane.
(D) Chemical reactions in the post-modification and cross-linking steps. Reproduced with permission
from Reference [172]. Copyright 2019 Royal Society of Chemistry.

The resulting membrane exhibited PL with a QY of 14.8%, which was higher than that of the
unpolymerized 2D CS crystals (Figure 28A(a)). The increased PL intensity was ascribed to the
polymerization strengthening the structure of the 2D CS, which suppressed molecular vibrations
and thus nonradiative decay. The membrane was stable in water regardless of pH (Figure 28A(b)).
The researchers also attempted to use the membrane to sense the harmful substance nitrobenzene in
solution. The results revealed that the membrane was able to detect nitrobenzene with a sensitivity
of 3.19 ppb (Figure 28B). This membrane also displayed high reusability (Figure 28C). These results
indicate that polymerizing 2D CSs is an effective approach to obtain Ag NCs suitable for applications.
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Figure 28. (A) (a) Photographs of the Ag12 clusters, nano-NH2-Ag12bpz, and an Ag12bpz membrane
under 365 nm ultraviolet light irradiation. (b) PXRD patterns of NH2-Ag12bpz and the Ag12bpz
membrane upon treatment with water, base, and acid for different periods. (B) Fluorescence spectra
showing the response of the Ag12bpz membrane to the incremental addition of a nitrobenzene solution.
(C) Cycling test of the Ag12bpz membrane upon exposure to nitrobenzene vapor. Reproduced with
permission from Reference [172]. Copyright 2019 Royal Society of Chemistry.

4. Three-Dimensional Structures

Ag NCs are often used as nodes in 3D CSs. Because 3D CSs generally possess stronger frameworks
than those of 2D CSs, the formation of 3D CSs is effective to enhance the stability of Ag NCs and thereby
improve their physical properties. In 3D CS formation, the principles of NC assembly are similar to
those in 1D and 2D CS formation, although the ligands used are often different. In Sections 4.1–4.3,
we focus on the assembly of 3D CSs via the formation of Ag−O, Ag−S, or Ag−Cl bonds (Figure 2B),
control of counterions (Figure 2C), and the introduction of linker molecules (Figure 2D), respectively.
The metal NCs, connection modes, linker molecules, year reported, and reference numbers for these
studies are summarized in Table 3. Several of the ligands used in 3D CSs are shown in Scheme 1.
The organic molecules used as linkers are illustrated in Scheme 2.

4.1. Connection via Ag−O, Ag−S, or Ag−Cl Bonds

In 2017, Mak et al. [148] formed a 3D CS consisting of Ag14(S-iPr)6(CF3COO)11(H2O)3(CH3OH)
NCs (Figure 29A). The NCs were connected via O−Ag−O bonds formed between CF3COO− and
Ag ions (Figure 29B,C). Each Ag NC was connected to six other NCs, thereby forming a distorted
octahedral-like coordination structure. It was speculated that this 3D CS formed by the assembly of
NCs after NC generation.
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Figure 29. (A) Perspective view of Ag14(S-iPr)6(CF3COO)11(H2O)3(CH3OH)Ag3. (B) Ball-and-stick
and (C) space-filling diagrams showing the spatial arrangement of a central cluster surrounded by
six adjacent clusters. Ag = blue, cyan, and green, S = yellow, O = red, C = gray. Reproduced with
permission from Reference [148]. Copyright 2017 Wiley-VCH.

In 2019, Sun and colleagues also produced a 3D CS, and theirs consisted of
Ag44(Mo6O19)(S-Et)24(SCl4)3 NCs (Figure 30A) containing a POM as an anion template (Figure 30B);
these NCs were reported in their paper on 1D CS (Figure 9) and 2D CS (Figure 19) formation [149].
In this 3D CS, Mo6O19

2− was used as an anion template, which was different from the case of the
1D and 2D CSs, in which the POM V10O28

6− was located in the center of the cluster. This was the
first report in which Mo6O19

2− was used as an anion template of Ag NCs. Mo6O19
2− has octahedral

symmetry, and thereby the outer Ag44(S-Et)24 layer also displayed high symmetry (Figure 30C).
The Ag44 shell had six quadrangles and 24 pentagonal faces. Ag at the vertices of these six quadrangles
was connected with one S atom and four Cl atoms, leading to the formation of a 3D CS consisting of
Ag44(Mo6O19)(S-Et)24(SCl4)3 (Figure 30D). The S and Cl atoms used in the connections were generated
by the decomposition of S-Et and CH2Cl2 during the CS synthesis.

The 3D CS in which Ag NCs are linked by dithiocarb, reported in 2019 by Gao et al. [173],
should also be included in this category. The researchers first synthesized an Ag11S(C5NS2H10)9

precursor (C5NS2H10 = diethyldithiocarbamate, Scheme 1(20)) [174]. The obtained precursor was
reacted under high pressure, in an autoclave, to form a 3D CS with Ag17(C5NS2H10)14 as a repeating
unit. This structure consists of Ag9 NCs bound to twelve C5NS2H10 (Figure 31A) and Ag5 NCs
containing six C5NS2H10 (Figure 31B). The 3D CS (Figure 31C) was formed by the sharing of S between
the two types of NCs. In these structures, the Ag9 NCs were the nodes for three-point bridges and the
Ag5 NCs were the nodes for four-point bridges.

Table 3. Connection modes, NCs, linkers, publication years, and references for 3D CS.

Connection Mode NC or Metal Ion Linker Year Ref.

Formation of Ag−O,
Ag−S, Ag−Cl bond, etc.

(Figure 2B)

Ag14(S-iPr)6(CF3COO)11(H2O)3(CH3OH) - 2017 [148]
Ag44(Mo6O19)(S-Et)24(SCl4)3 - 2019 [149]

Ag17(C5NS2H10)14 - 2019 [173]

Control of counter ion
(Figure 2C)

[Au1Ag22(S-Adm)12Cl]2+ SbF6
−

2020 [175]
[Au1Ag22(S-Adm)12]3+ SbF6

−

Introduction of linker
molecule

(Figure 2D)

Ag12(S-tBu)8(CF3COO)4 bpy a 2017 [168]
Ag14(DT-o-C)6 1,4-bis(4- pyridyl)benzene a 2018 [156]

Ag10(S-tBu)6(CF3COO)2(PhPO3H)2 bpy a 2018 [176]
Ag12(S-tBu)6(CF3COO)6 CPPP a 2019 [177]
Ag12(S-tBu)6(CF3COO)6
Ag8(S-tBu)4(CF3COO)4

tppe a 2019 [178]

Ag+ [C(Au-mdppz)6](BF4)2
a 2014 [179]

a See Scheme 2.
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Figure 30. (A) Structure of (a) Ag44(Mo6O19)(S-Et)24(SCl4)3 and (b) the Mo6O19
2− anion template.

Tetragons (yellow) and pentagons (green) in an Ag44 cage are shown. (B) Connections (cyan polyhedra)
between Ag44 subunits (highlighted in different colors) in the 3D framework. (C) Framework
and (D) simplified primitive cubic topology with the Ag44 subunit as a node (represented as red
balls) of the Ag44(Mo6O19)(S-Et)24(SCl4)3 3D CS. Reproduced with permission from Reference [149].
Copyright 2019 Royal Society of Chemistry.

Figure 31. (A) Structures of the Ag9 cluster, (B) Ag5 subunits, and (C) 3D framework of
Ag17(C5NS2H10)14. Reproduced with permission from Reference [173]. Copyright 2019 Royal Society
of Chemistry.

4.2. Control of Counterions

Very recently, Zhu’s group synthesized two types of 3D CSs in which [Au1Ag22(S-Adm)12]3+

NCs (S-Adm = 1-adamantanethiolate, Scheme 1(21)) were connected in three dimensions via
hexafluoroantimonate ions (SbF6

−) [175]. The [Au1Ag22(S-Adm)12]3+ node had a geometric structure
in which an icosahedral Au1Ag12 alloy core (Figure 32A(a)) was surrounded by an oligomer with a
chemical composition of Ag10(S-Adm)12 (Figure 32A(b),(c)). The [Au1Ag22(S-Adm)12]3+ NCs formed
as a pair of optical isomers, depending on the winding method of the oligomer (Figure 32A(b),(c)).
In the first 3D CS, [Au1Ag22(S-Adm)12](SbF6)2Cl was a structural unit, and two SbF6

− were connected
to [Au1Ag22(S-Adm)12]3+ via an Ag−F−Ag bond, to form the 3D CS (Figure 32A(d),(e)). This 3D
CS possessed a diamondlike structure (Figure 32A(f)) consisting of interpenetrating clockwise and
counterclockwise optical isomers (Figure 32A(g)), which led to a small pore diameter of 6.2 Å
(Figure 32A(h)). In the second 3D CS, [Au1Ag22(S-Adm)12](SbF6)3 was a structural unit, and the
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3D CS was formed by connecting [Au1Ag22(S-Adm)12]3+ to three SbF6
− via Ag−F−Ag bonds

(Figure 32B(a)–(c)). This structure only contained clockwise or counterclockwise optical isomers
(Figure 32B(d)). As a result, this 3D CS had a larger pore diameter (15 Å, Figure 32B(e)) than that of the
first 3D CS (6.2 Å, Figure 32A).

Figure 32. (A) Structure of the Au1Ag22 superatom complex and interpenetrating 3D channel framework
assembled from alloy NC monomers (for clarity, C and H atoms are omitted). (a) Icosahedral Au1Ag12

core, (b) cage-like Ag10(SR)12 complex shell, (c) a pair of Au1Ag22 isomers, (d) the connection of SbF6
−

and alloy NCs, (e) two alloy NCs connected by SbF6
−, (f) tetrahedral structure of NC monomers

(the inset shows methane), (g) topology of the diamond-like structure, and (h) interconnected channels
of Au1Ag22 along the z-axis. The left- and right-handed enantiomers in (c), (g), and (h) are highlighted
in pink and yellow, respectively. Atoms are denoted in conventional colors: Au = gold, Ag in core and
the Agμ2 motif = pale blue, Ag in the Agμ3 motif = green, S = red, F = light turquoise, Sb = purple.
(B) Crystal and channel structure of left-handed chiral 3D channel framework (C and H atoms are
omitted for clarity). (a) The connection of Ag and SbF6

−, (b) the connection of Ag and SbF6
−, (c) two

alloy NCs linked by SbF6
−, (d) illustration of the hexagonal network structure, and (e) schematic of the

large hexagonal channel structure. Note that the packing pattern of the right-handed chiral 3D channel
framework was the same as that of the left-handed chiral 3D channel framework. Reproduced with
permission from Reference [175]. Copyright 2020 Wiley-VCH.
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Study of the physical and chemical properties of the 3D CSs revealed that both exhibited red PL
in the presence of polar solvents such as CH3OH, ethanol, and water, which disappeared when the
solvent was evaporated (Figure 33A). This behavior indicates that the obtained 3D CSs can function as
sensors for polar solvents. The 3D CS composed of only the right- or left-handed enantiomer exhibited
circularly polarized luminescence (CPL) (Figure 33B).

Figure 33. (A) Luminescence switching response to protic solvents. Fluorescence of films coated
with (a) the interpenetrating 3D CS (SCIF-1) and (b) the left-handed 3D CS (SCIF-2) before and after
solvent evaporation. Inset images show solvatochromic photographs of the corresponding films
excited with 365 nm ultraviolet light before (left) and after desolvation (middle), and fluorescence
recovery after treatment with n-hexane containing 5% ethanol (right). (B) CPL spectra of SCIF-1, SCIF-2
(left-handed), and SCIF-2 (right-handed) single crystals and the superstructures of these three crystal
samples. (a) CPL spectra of SCIF-1, SCIF-2 (left-handed), and SCIF-2 (right-handed). Insets show
photographs of the corresponding crystals. (b) Crystal structure of the SCIF-1 framework. (c) Crystal
structure of the SCIF-2 (left-handed framework). (d) Crystal structure of the SCIF-2 (right-handed)
framework. Reproduced with permission from Reference [175]. Copyright 2020 Wiley-VCH.

4.3. Introduction of Linker Molecules

The formation of 3D CSs by using linker molecules is a technique often used to fabricate molecular
assemblies and MOFs. When a 3D CS composed of metal NCs is formed by such a method, in addition
to increasing the stability of the NCs, it is also expected to adsorb gas molecules within its pores and
behave as a catalyst with high selectivity because of the narrow pores. Furthermore, because the metal
NCs, which are used as nodes, have more diversity in terms of coordination direction than that of metal
ions, metal NC-based MOFs may have different connection modes from those of normal MOFs formed
by using metal ions as nodes, and thereby they construct novel framework structures. Thus, metal
NC-based MOFs possess not only the characteristics of individual metal NCs and MOFs, but also the
possibility to produce new functions through synergistic effects.

Zang’s group have been energetically researching 3D CSs with linkers, as well as the cases of 1D and
2D CSs. First, in 2017, Zang et al. [168] formed an Ag12 NC-based MOF (Ag12(S-tBu)8(CF3COO)4(bpy)4)
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in which Ag12(S-tBu)8(CF3COO)4 was bridged by bpy (Figure 34A). The obtained Ag12 NC-based
MOF possessed a bilayer structure (Figure 34B). The formation of such a 3D CS markedly improved the
stability of the Ag12 NCs. For example, a crystal of the individual Ag12(S-tBu)6(CF3COO)6(CH3CN)6

NCs discolored in just 30 min when left in the atmosphere. In contrast, the Ag12 NC-based MOF
showed almost no change in crystallinity, even when left in the air for one year (Figure 34C). The 3D
CS also showed high stability during long-term gas adsorption and irradiation with visible light for
several hours.

Figure 34. (A) Schematic representation of the ligand-exchange strategy used to obtain
Ag12(S-tBu)8(CF3COO)4(bpy)4 crystals (Method 1, giving low yield) and one-pot synthesis
(Method 2, for gram-quantity production) under identical conditions. Interconnected channels
of Ag12(S-tBu)8(CF3COO)4(bpy)4 viewed along the a and b axes, where the yellow surface represents
the pore surface. Ag = green, C = gray, O = red, S = yellow, F = turquoise. H atoms are omitted
for clarity. Inset are photographs showing the changes of Ag12(S-tBu)6(CF3COO)6(CH3CN)6 and
Ag12(S-tBu)8(CF3COO)4(bpy)4 crystals under ambient conditions. (B) Schematic representation
of the topology of Ag12(S-tBu)8(CF3COO)4(bpy)4 along the c-axis. The square windows in one
double layer are blocked by Ag–S cluster nodes of adjacent layers. (C) PXRD patterns of
Ag12(S-tBu)8(CF3COO)4(bpy)4 (in ascending order): simulated, experimental, gram-scale synthesis,
after gas adsorption experiments (O2, N2, ethanol), after sensing experiments (O2/N2, O2/vacuum,
ethanol/air), after 10 h of visible-light irradiation under a Xe lamp equipped with a 420 nm cutoff
filter, and the sample vial after one year under ambient conditions. Reproduced with permission from
Reference [168]. Copyright 2017 Springer-Nature.
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The formation of the 3D CS greatly changed the PL properties of the NCs. The individual Ag12

NCs exhibited red PL with low QY. Conversely, the Ag12 NC-based MOF exhibited green PL under
vacuum, which was quenched by O2 in the atmosphere (Figure 35A). The PL emission wavelength of
the 3D CS under vacuum was independent of temperature and excitation wavelength, and its QY was
60 times higher than that of individual Ag12 NCs. The authors ascribed this high QY to the efficient
suppression of nonradiative decay in the 3D CS. Moreover, the fact that the PL of the 3D CS is quenched
by O2 means that it is highly sensitive to O2. The 3D CS showed a fast response to O2 in experiments
in which the atmosphere was repeatedly switched between air and N2. No such O2 response was
observed for the individual Ag12 NCs. Based on these results, they suggested that the Ag12 NC-based
MOF can be applied as an O2 sensor. In addition, the Ag12 NC-based MOF was able to adsorb volatile
organic compounds (VOCs) in its pores. The VOC-containing Ag12 NC-based MOF exhibited different
PL colors, depending on the kind of VOC (Figure 35B). This indicates that the Ag12 NC-based MOF
displays solvatochromism and therefore can be used for VOC detection.

Figure 35. (A) Photographs of Ag12(S-tBu)8(CF3COO)4(bpy)4 excited by 365 nm light in a glass
tube, beginning under vacuum and then filling with air (from left to right). (B) Photographs of the
luminescence responses of Ag12(S-tBu)8(CF3COO)4(bpy)4 to different VOCs under 365 nm ultraviolet
light irradiation. Reproduced with permission from Reference [168]. Copyright 2017 Springer-Nature.

In a paper on Ag14(DT-o-C)6 NCs published in 2018 (Figures 13 and 22), the same group reported
that a 3D CS containing Ag14(DT-o-C)6 NCs formed when bpy was used as a linker (Figure 36A) [156].
The Ag14 NC nodes in the 3D CS had a face-centered cubic structure like that of other Ag14 NCs.
This 3D CS was formed by connecting the eight vertices of each Ag14 NC with bpy linker molecules.
However, this 3D CS was not stable after solvent evaporation, similar to the case of the corresponding 1D
CS (Figure 13) and 2D CS (Figure 22) [156]. Therefore, they synthesized a 3D CS with an interpenetrating
framework by using 1,4-bis(4-pyridyl)benzene (Scheme 2(14)) as a linker, in order to decrease the
pore size and form a 3D CS with a strong framework (Figure 36B). The obtained 3D CS showed high
thermal stability, remaining intact up to 220 ◦C (Figure 36C), and possessed pores with a diameter of
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about 1.12 nm (Figure 36D). This 3D CS showed optical absorption over a wide wavelength range and
thermochromism (Figure 36E).

Figure 36. Three-dimensional CSs composed of (A) Ag14(DT-o-C)6 NCs and bpy (SCAM-3) and (B)
Ag14(DT-o-C)6 NCs and 1,4-bis(4-pyridyl)benzene (SCAM-4). (C) Variable-temperature PXRD of
SCAM-4 from 25 to 350 ◦C. (D) Different view of SCAM-4. (E) Evacuated SCAM-4 (excited at 380 nm)
from −190 to 25 ◦C in air. Inset are corresponding photographs of SCAM-4 under 365 nm ultraviolet
light irradiation. Reproduced with permission from Reference [156]. Copyright 2018 American
Chemical Society.

Zang et al. [176] have also produced several other functional Ag NC-based MOFs. For example,
in 2018, they reported the synthesis of a flexible Ag NC-based MOF. This structure consisted of
2D layers of Ag10(S-tBu)6(CF3COO)2(PhPO3H)2 NCs linked via bpy, which were stacked through
hydrogen bond (O-H···O) and C-H···O interactions, to form the 3D CS (Figure 37A,B). The 2D CS
layers were thus linked by weak interactions, which facilitated the sliding of the layers, allowing
the 3D CS to undergo structural deformation in response to guest organic molecules (Figure 37C).
This Ag10 NC-based MOF exhibited green PL in air. Upon inclusion of guest organic molecules,
it exhibited PL with an emission color depending on the guest organic molecule (Figure 37D).
As such, this Ag10 NC-based MOF has potential as a sensor for distinguishing VOCs by its
PL color. In 2019, they also formed a 3D CS consisting of Ag12(S-tBu)6(CF3COO)6 NC nodes
and 2,5-bis(4-cyanophenyl)-1,4-bis(4-(pyridine-4-yl)-phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (CPPP,
Scheme 2(15)) as a linker (Figure 38A) [177]. This was the first report in which a nitrile group (-CN)
was used to link Ag NCs. The obtained 3D CS exhibited PL with a higher QY (61%) than that of CPPP
in solution and solid states because the aggregation-induced quenching of CPPP was suppressed in
the 3D CS (Figure 38B).
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Figure 37. (A) Perspective view of the coordination environment of the Ag10(S-tBu)6 core in
Ag10(S-tBu)6(CF3COO)2(PhPO3H)2(bpy)2 at −173 ◦C. (B) Two-layer stack of the host framework
of Ag10(S-tBu)6(CF3COO)2(PhPO3H)2(bpy)2 with complementary hydrogen bonding (O−H···O; the
H···O distance is 1.750 Å) between interlayer −PO2OH moieties. (C) Illustration of reversible
pore open/closed structural transformation induced by CH2Cl2, CHCl3, and CCl4 (represented
as space-filling models) and switchable solvatochromism. (D) (a) Luminescence images of
Ag10(S-tBu)6(CF3COO)2(PhPO3H)2(bpy)2/solvent (guest free, CH2Cl2, CHCl3, CCl4, 1,4-dioxane,
cyclohexane, DMAC, and acetone) combinations under 365 nm ultraviolet light irradiation. (b)
Emission maxima of various Ag10(S-tBu)6(CF3COO)2(PhPO3H)2(bpy)2/solvent combinations at
room temperature. Reproduced with permission from Reference [176]. Copyright 2018 American
Chemical Society.

In the above 3D CSs, the nodes consisted of only one kind of Ag NCs. Tang et al. [178] synthesized
an Ag NC-based MOF that had two types of Ag NCs as nodes. This Ag NC-based MOF was composed
of 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)-ethene (tppe, Scheme 2(16)), Ag12(S-tBu)6(CF3COO)6,
and Ag8(S-tBu)4(CF3COO)4 (Figure 39). In the 3D CS, one Ag12(S-tBu)6(CF3COO)6 NC and three
Ag8(S-tBu)4(CF3COO)4 NCs were bound to the four N atoms of tppe. The estimated pore volume of
this Ag NC-based MOF was 40.9%. DMAC, which was used as a solvent in the synthesis, was present
in the pores of the 3D CS immediately after synthesis (Figure 40A). When the obtained 3D CS was
exposed to the atmosphere, DMAC was removed, while maintaining the framework of the 3D CS.
The Ag NC-based MOF thus obtained exhibited PL in the visible region because tppe is a light-emitting
molecule. The PL wavelength of the 3D CS depended on the presence or absence of DMAC in its pores
(Figure 40B). When DMAC was present in the pores of the framework, intramolecular rotation of tppe
was suppressed, which changed the excited-state dynamics of the 3D CS. The change in the emission
behavior of the Ag NC-based MOF induced by DMAC was ascribed to this change of its excited-state
characteristics (Figure 40C).

Wang and colleagues reported the formation of a 3D CS, using metal NCs as linkers, before the use of
metal NCs as nodes was developed [179]. In 2014, they succeeded in forming an NbO-type MOF by using
Ag ions as nodes and [C(Au-mdppz)6](BF4)2] (mdppz = 2-(3-methylpyrazinyl)diphenylphosphine,
Scheme 2(17)) NCs as linkers (Figure 41). [C(Au-mdppz)6](BF4)2 has a framework with C in the center
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(Figure 41A) and is luminescent. The 3D CS was formed by the outer N atom of mdppz (Scheme 2(17))
binding to an Ag ion (Figure 41B,C). The obtained 3D CS consisted of two interpenetrating frameworks
(Figure 41D,E) with a 1D channel in the c-axis direction (Figure 41C). Because a luminescent NC was
used as the linker, the obtained MOF also showed green PL. The 3D CS displayed a PL QY of 25.6%,
which was much higher than that of the luminescent NCs (1.5%). This increase of QY was caused
by the strengthening of the framework of the linker NCs upon MOF formation and the excited-state
perturbation induced by the coordination of Ag ions.

Figure 38. (A) Structures of (a) Ag chalcogenolate cluster nodes, (b) cage in
Ag12(S-tBu)6(CF3COO)6(CPPP)2 (Ag12CPPP), and (c) distribution of the cages in Ag12CPPP. All H
atoms and guest solvent molecules are omitted for clarity. (B) Solid-state absorption (dashed lines)
and emission (solid lines) spectra of Ag12CPPP and CPPP at room temperature. Inset are photographs
of the crystals of CPPP and Ag12CPPP under 365 nm ultraviolet light irradiation. Reproduced with
permission from Reference [177]. Copyright 2019 Wiley-VCH.

Figure 39. Structure of the Ag8 cluster, Ag12 cluster, and tppe ligand, and single net of the
[Ag12(S-tBu)6(CF3COO)6]0.5[Ag8(S-tBu)4(CF3COO)4](tppe)2(DMAC)10 framework viewed along the
c-axis. DMAC molecules are omitted for clarity. Reproduced with permission from Reference [178].
Copyright 2019 Wiley-VCH.
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Figure 40. (A) Distribution of DMAC molecules in the [Ag12(S-tBu)6(CF3COO)6]0.5[Ag8(S-
tBu)4(CF3COO)4](tppe)2(DMAC)10 framework. (B) (a) Gradual fluorescence changes
of the same [Ag12(S-tBu)6(CF3COO)6]0.5[Ag8(S-tBu)4(CF3COO)4](tppe)2(DMAC)10 crystal
under atmospheric exposure and (b) normalized fluorescence spectra of [Ag12(S-
tBu)6(CF3COO)6]0.5[Ag8(S-tBu)4(CF3COO)4](tppe)2(DMAC)10. (C) (a) Proposed fluorescence
decay paths in [Ag12(S-tBu)6(CF3COO)6]0.5[Ag8(S-tBu)4(CF3COO)4](tppe)2(DMAC)10 (path a)
and [Ag12(S-tBu)6(CF3COO)6]0.5[Ag8(S-tBu)4(CF3COO)4](tppe)2 (1) (path b) and (b) fluorescence
decay profiles of [Ag12(S-tBu)6(CF3COO)6]0.5[Ag8(S-tBu)4(CF3COO)4](tppe)2 in DMAC, THF,
toluene, and DMF (denoted as 1⊃ ⋂DMAC, 1⊃ ⋂THF, 1⊃ ⋂Toluene, and 1⊃ ⋂DMF, respectively).
Reproduced with permission from Reference [178]. Copyright 2019 Wiley-VCH.
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Figure 41. (A) Structure of [C(Au-mdppz)6](BF4)2. (B) Four extensions: Ag3, Ag3a, Ag3b, and Ag3c.
Note that Ag2 and Ag2a are not involved in the structural extension. (C) Perspective view of the 3D CS
along the c direction. Au = orange, Ag = green, P = purple, N = blue, C = gray. (D) Two interpenetrating
nets shown in different colors; anions and solvent molecules are omitted for clarity. (E) Schematic
representation of NbO topology in the 3D CS. Reproduced with permission from Reference [179].
Copyright 2014 Wiley-VCH.

5. Summary

In this review, representative studies on the formation of 1D, 2D, and 3D CSs in which metal NCs
were self-organized and regularly linked were summarized. From this summary, the following points
became clear.

(1) Methods. The methods to connect metal NCs that have been reported to date can be roughly
divided into the following five categories: (i) direct connection by formation of metal−metal
bonds (Figure 2A); (ii) connection by Ag−O, Ag−S, or Ag−Cl bond formation (Figure 2B); (iii)
connection by counterions (Figure 2C); (iv) connection by linker molecules (Figure 2D); and (v)
connection by inter-ligand interactions (Figure 2E; not introduced in this review).

(2) Diversity. Among CSs produced by the above methods, there are many examples of the
formation of 1D, 2D, and 3D CSs through the use of methods (ii) and (iv). An important point
when constructing CSs by these methods is the design of the ligand of the NCs and linker,
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respectively. It is presumed that the control of these species is relatively easy, which has led to the
wider utilization of methods (ii) and (iv) than of the other methods. In particular, for method (iv),
existing knowledge obtained in the study of normal MOFs can be considered.

(3) Metal element. To directly connect metal NCs, it is effective to use Au as a main element because
it forms strong aurophilic interactions (intermetal interactions). In the connections involving
metal−O or metal−Cl bonds, it is effective to use Ag as a main element because it readily bonds
with O or Cl. Moreover, in the connections using bpy as a linker, Ag is attractive as the main
element because of the high affinity of N and Ag.

(4) Stability. The formation of a CS generally improves the thermal stability of the component metal
NCs regardless of the connection mode.

(5) Electronic structure. The formation of a CS often causes the band gap of the NC to narrow.
This means that CS formation allows the use of a broader wavelength range of light, opening up
the possibility of visible-light-driven photocatalysis by using CSs.

(6) PL properties. For 2D and 3D CS using linkers, CS formation often leads to an increase in PL
emission intensity. When metal NCs are the PL source, there are many cases in which dual
emission peaks appear upon connection with a linker. In addition, the PL color of a CS often
changes depending on the kind of VOC trapped in its pores.

(7) Electrical conduction. The electron conductivity of CSs changes dramatically depending on
the distance between each metal NC and the mode of connection; 1D CS formed by the direct
connection via metal−metal bond shows the higher conductivity than 1D CS connected through
counter ion.

(8) Possible applications. The reported CSs have potential applications in fields such as electronic
devices, luminescent devices, gas and temperature sensing, and photocatalysis.

This review allowed us to obtain a common understanding of the CSs reported to date and their
functions. We hope that the knowledge thus clarified will lead to clear design guidelines for developing
new CSs with desired functions in the future.

6. Outlook

It is expected that the following studies will be conducted in the future, leading to new CSs.

(1) Use of other metal elements. At present, mostly Au and Ag are used as the metal element in CSs.
This is largely related to the high stability of Au and Ag NCs. For Ag NCs, the good connectivity
between Ag and linker molecules is also related to this fact. On the other hand, several syntheses
of individual copper (Cu) NCs have been reported recently [10,180–183]. In addition, other
metal ions are often used in normal MOFs with metal ions as nodes [153]. CS formation of NCs
based on Cu or other metals may also lead to materials with high thermal stability. In the future,
it is expected that many elements will be used in CSs, thereby realizing various functions and
decreased cost of such materials.

(2) Use of the alloying effect. At present, there are few examples in which alloy NCs are connected to
form CSs [142,143,146]. Mixing different elements leads to NCs with physical/chemical properties
and functions that are different from those of monometal NCs. In fact, for individual metal NCs,
many cases have been reported in which new physical properties/functions appeared because of
mixing/synergistic effects [66,184–194]. The previous studies have established basic techniques
for the formation of CSs consisting of Ag NCs. In the future, it is expected that more functional
materials will be created by extending such CS formation techniques to Ag-based alloy NCs.

(3) Connection of reported metal NCs. Ag NC-based MOFs are interesting because they can be
synthesized by a one-pot process. However, in CSs formed by such a method, metal NCs that
are stable only in the CS are often found as nodes. For individual metal NCs, many NCs have
already been synthesized with atomic precision [1–65]. In addition, much information has been
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obtained on methods to generate novel functions in such NCs, including alloying [66–68]. In the
future, it is expected that a method to more effectively utilize the reported metal NCs in CSs will
be found. To achieve this, it may be necessary to establish new connection methods different
from those described in this review (Figure 2).

(4) Elucidation of electronic conductivity. We believe that 1D CSs may be applied as nanodevices.
However, at present, few experiments on the conductivity of 1D CSs have been reported [146,152].
In the future, it is expected that the conductivity of 1D CSs will be measured as a basic physical
property. It is anticipated that the accumulation of such information will eventually lead to the
production of nanodevices based on 1D CSs of metal NCs.

(5) Exploration of other possible applications of connected structures. Various applications, such
as gas storage, gas separation, gas conversion, and reaction-selective catalysis, have been studied
for normal MOFs with metal ions as nodes [117]. It has also been reported that, in the case of
self-assembled complexes, a reaction different from that in the case of using an ordinary flask
proceeds in the cage structure (i.e., the cage behaves as a nanoflask) [116]. In the future, it is
expected that these possibilities will be investigated for metal NC-based MOFs and that their
functions will be much higher than those of conventional MOFs and self-assembled complexes.

As mentioned in Section 1, the advance of bottom-up technology is essential for the further
development of nanotechnology in the future. In previous research, multiple techniques to generate
metal atoms on the molar scale in a solution and to self-organize them to form nanomaterials with
the same number of constituent atoms and the same number of molecules have been studied; that is,
precise synthesis techniques of metal NCs have been developed. However, to apply these metal NCs
as devices and next-generation materials, developing techniques to assemble metal NCs to a size that
is easy to handle is necessary (Figure 1). We hope that technologies that allow the self-organization of
regularly arranged CSs composed of metal NCs will be further developed in the future. Ultimately, such
nanotechnology is expected to enable resource conservation, energy conservation, decreased waste
and environmental load, and the better use of time by human society.
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Abstract: PbS quantum dots (QDs), a representative zero-dimensional material, have attracted great
interest due to their unique optical, electronic, and chemical characteristics. Compared to one-
and two-dimensional materials, PbS QDs possess strong absorption and an adjustable bandgap,
which are particularly fascinating in near-infrared applications. Here, fiber-based PbS QDs as a
saturable absorber (SA) are studied for dual-wavelength ultrafast pulses generation for the first
time to our knowledge. By introducing PbS QDs SA into an erbium-doped fiber laser, the laser can
simultaneously generate dual-wavelength conventional solitons with central wavelengths of 1532
and 1559 nm and 3 dB bandwidths of 2.8 and 2.5 nm, respectively. The results show that PbS QDs as
broadband SAs have potential application prospects for the generation of ultrafast lasers.

Keywords: fiber laser; mode locking; PbS quantum dots

1. Introduction

Low-dimensional materials have attracted extensive interest in applied physics due
to their excellent optical, electronic, and chemical characteristics [1–3]. Two-dimensional
(2D) graphene [4,5], black phosphorus [6], MXenes [7], antimonene [8], transition metal
dichalcogenides [9], topological insulators [10], and one-dimensional (1D) carbon nano-
tubes [11,12] have been employed as saturable absorbers (SAs) to obtain ultrafast pulses
in passively mode-locked fiber lasers. Among these SAs, the main problem is that it is
difficult to achieve short carrier lifetime, high thermal damage, large modulation depth,
and wide bandwidth in an individual material at the same time. Therefore, one of the ways
to solve the problem is to find a new saturable absorption material that can effectively
adjust the above parameters.

Semiconductor quantum dots (QDs) are particularly charming materials showing
strong quantum confinement effects, as the size of QDs is close to the Bohr radius of
the exciton [13]. Strong confinement not only produces interesting new effects but also
strengthens the nonlinear optical characteristics [14]. Among numerous semiconductor
QDs, PbS QDs possess smaller carrier effective masses and larger optical dielectric constant,
leading to a large exciton Bohr radius (~18 nm), which makes relatively large QDs have
strong quantum confinement effects [14]. Therefore, combined with the small energy
bandgap (~0.41 eV) of PbS, the wavelength range of the excitonic absorption peak is from
the visible to 3 μm via changing the size of PbS QDs [15]. This means that PbS QDs can
promote the saturable absorption in a large spectral range by changing the size of QDs [16].
As a result, PbS QDs as SAs have been used for Q-switching or mode locking in various
near-infrared lasers [13,16,17]. The most obvious advantages of PbS QDs-based SA are
adjustable absorption peak, large third-order nonlinear susceptibility, fast response time,
large modulation depth, and high damage threshold [18,19].
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On the other hand, multi-wavelength passively mode-locked fiber lasers have been
investigated extensively in the advancement of fascinating applications as optical fiber
sensing, biomedical research, and wavelength division multiplexing (WDM) optical com-
munication [20,21]. Several types of the saturable absorption materials that can realize
multi-wavelength passive mode locking have been studied in depth [22–26]. Based on
SESAM, Wu et al. realized the dual-wavelength (1553 and 1562 nm) dissipative solitons
in Er-doped fiber laser operating at normal dispersion regime [22]. By virtue of carbon
nanotube SA, dual-wavelength vector solitons centered at 1533 and 1557 nm were achieved
by Zhao et al. [23]. Tunable dual- and triple-wavelength dissipative solitons were obtained
from a Yb-doped fiber laser using graphene-oxide mode locker [24]. In a previous paper,
we also reported the generation of a dual-wavelength polarization-locked vector solitons
fiber laser using black phosphorus SA [25]. However, as far as we know, there is no report
of multi-wavelength solitons operating in fiber-based PbS QDs mode-locked fiber lasers.

In this context, PbS QDs are fabricated via a modified hot-injection method. A dual-
wavelength passively mode-locked Er-doped fiber laser is realized by using fiber-based
PbS QDs as intracavity mode-locked devices. The stable dual-wavelength conventional
solitons with central wavelengths of 1532 and 1559 nm, and 3 dB spectral bandwidths of
2.8 and 2.5 nm are obtained. By finely tuning the pump intensity and polarization state, the
dual-wavelength mode locking can be switched into single-wavelength operation state.

2. Materials and Methods

The PbS QDs coated with oleic acid were prepared by a modified hot-injection meth-od
by precisely controlling the mass of the precursor, reaction temperature, environment, and
reaction time [18,27]. The preparation details are given in Figure 1a. Firstly, the Pb precursor
was formed by putting lead oxide (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
(450 mg), octadecene (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) (30 mL),
and oleic acid (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) (10 mL) into a
three-necked flask and heating it at 120 ◦C for 1 h in vacuum. Secondly, the S precursor
was prepared by mixing sulfur powder (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) (32 mg) with oleic amine (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
(10 mL) and heated to 120 ◦C until it was completely dissolved. Thirdly, the prepared S
precursor was rapidly injected into a three-necked flask containing a Pb source under the
protection of argon gas; then, it was cooled to room temperature with an ice water bath
quickly. Finally, the sample was separated with ethanol and centrifuged at 12,000 r/min
for 3 min. The obtained PbS QDs were dried in vacuum, dissolved in cyclohexane solution
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and stored at a concentration of
10 mg/ mL. The transmission electron microscope (TEM) (Hitachi, Tokyo, Japan) image of
PbS QDs is given in Figure 1b, which shows that PbS QDs are spherical and have good
dispersivity, and the average particle size is ~5.7 nm.

The fiber-based PbS QDs mode-locked device was prepared by dropping PbS QDs
solution on the end face of an optical fiber connector and evaporated slowly at room
temperature and pressure. Compared with the SA prepared by other methods such
as mechanical exfoliation or CVD growth, the PbS QDs SA prepared by this scheme
avoids the complicated and time-consuming growth and post transfer processes, and it
not only overcomes the mechanical damage but also improves the damage threshold of
the laser. Based on the dual-path detection system [9,18], the nonlinear optical absorption
characteristics of the PbS QDs have been studied. As illustrated in Figure 2, PbS QDs show
strong saturable absorption behavior at 1550 nm. The experimental results show that the
unsaturable loss, saturation intensity, and modulation depth of the PbS QDs SA are ~21%,
~0.22 MW/cm2, and ~44% respectively. To the best of our knowledge, our SA exhibits
high modulation depth compared with that reported to date. The corresponding digital
photograph of the PbS QDs mode-locker is shown in the inset of Figure 2.
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Figure 1. (a) The principle diagram of PbS quantum dots (PbS QDs) preparation. (b) The transmission electron microscope
(TEM) image of PbS QDs.

Figure 2. Nonlinear saturable absorption curve of PbS QDs saturable absorber (SA). Inset: PbS QDs mode locker.

3. Results and Discussion

The PbS QDs mode-locked Er-doped fiber laser operating in net anomalous dispersion
regime is depicted in Figure 3. The ring cavity is composed of a 5.3 m erbium-doped fiber
(EDF, D = −16 ps/nm/km) and 23.2 m single-mode fiber (SMF, D = 17 ps/nm/km). The
net cavity dispersion is about −0.39 ps2. The EDF served as a gain medium is pumped
by a laser diode (LD, 980 nm) (Connet, Shanghai, China) through a WDM (980/1550 nm)
(Connet, Shanghai, China). A polarization-insensitive isolator (PI-ISO) provides unidirec-
tional operation. A polarization controller (PC) (Connet, Shanghai, China) is used to adjust
the polarization and balance the gain distribution of the EDF by controlling the cavity loss.
The pulses are extracted from the cavity with a 10% output coupler (OC). The PbS QDs SA
device is assembled by sandwiching a fiber connector between two FC/PC fiber ferrules.
The performance of the laser is recorded by an optical spectrum analyzer (Yokogawa
AQ6370D) (Yokogawa, Tokyo, Japan), a second harmonic generation intensity autocorrela-
tor (APE PulseCheck SM1600) (APE, Munich, Germany), an oscilloscope (RIGOL DS4050)
(Tektronix, Johnston, OH, USA), and a radio-frequency analyzer (RS-FSV30) (Tektronix,
Johnston, OH, USA).
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Figure 3. Laser setup. Laser diode (LD), wavelength division multiplexing (WDM), erbium-doped fiber (EDF), polarization-
insensitive isolator (PI-ISO), single-mode fiber (SMF), polarization controller (PC), output coupler (OC), and Lead sulfide
quantum dots saturable absorber (PbS QDs SA).

Based on the above experimental setup, the stable dual-wavelength mode-locked
laser pulses are generated when the pump strength is scaled to 200 mW and the PC is
finely tuned, as illustrated in Figure 4. The spectrum in Figure 4a appears to be obvious
Kelly sidebands, which is a typical feature of the conventional solitons in the anomalous
dispersion region [28]. The central wavelengths are 1532 and 1559 nm, and the correspond-
ing 3 dB bandwidths are measured to be 2.8 and 2.5 nm, respectively. The spectrum of
dual-wavelength solitons exhibits almost the same peak intensity, and the center wave-
length spacing Δλ is 27 nm. Figure 4b illustrates the oscilloscope trace, in which two pulse
trains are formed simultaneously. There are two conventional solitons propagating in the
laser cavity, and the pulse energy of each soliton varies slightly with the height. Under
proper triggering, one pulse sequence stops, and the other moves on the oscilloscope screen.
The results show that the two pulse sequences have different group velocities [24]. The
corresponding radio-frequency spectrum is demonstrated in Figure 4c. Different from the
single-wavelength soliton mode-locked, there are two fundamental frequencies that appear
in the dual-wavelength mode-locked spectrum, corresponding to two mode-locked states.
The fundamental frequencies are ~7.200695 MHz and ~7.201131 MHz, which are consistent
with the mode-locked wavelengths of 1559 and 1532 nm, respectively. The formation of
dual-wavelength conventional solitons may be due to the interaction of EDF gain spectrum
and cavity-filtering effect [29]. Both of the signal-to-noise ratios are as high as 60 dB, which
indicates good temporal stability of the PbS QDs-SA based dual-wavelength mode-locking
operation. The frequency interval Δf is 436 Hz. Furthermore, the relationship between Δf
and Δλ is theoretically expressed as [30]:

Δ f =
c2DΔλ

n2(L + LDΔλc/n)

where L is the fiber length, n is the refractive index of fiber, D is the dispersion parameter,
and c is the speed of light. Here, L = 28.5 m, n = 1.46, DSMF+EDF = 10.86 ps/nm/km, and
c = 3 × 108 m/s. Therefore, the calculated Δf = 434 Hz, which is basically consistent with
the experimental results.
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Figure 4. Dual-wavelength conventional solitons. (a) Optical spectrum at 1532 and 1559 nm, (b) pulse train, and
(c) corresponding fundamental radio-frequency spectrum.

By decreasing the pump strength to 80 mW and carefully tuning the PC, dual-
wavelength mode locking can be switched into single-wavelength mode locking. The
characteristics of the proposed single-wavelength operation are presented in Figure 5. As
shown in Figure 5a, the dual-wavelength conventional solitons at 1532 nm disappears, and
the single-wavelength soliton remains at 1559 nm. The spectrum exhibits symmetric sid
bands, and the 3 dB bandwidth is 2.4 nm. The autocorrelation trace is shown in Figure 5b.
The pulse envelope is fitted with a Sech2 function. The pulse duration is ~1.11 ps, so that
the time-bandwidth product equals to 0.33. Therefore, the single-wavelength conventional
soliton is nearly chirp-free. Figure 5c shows the fundamental frequency of ~7.200698 MHz,
which is corresponding to a pulse interval of ~138 ns. The signal-to-noise ratio of the
soliton is ~60 dB, indicating a stable single-wavelength mode locking. The average output
power of the single pulse is 1.9 mW, corresponding to a pulse energy and peak power of
~0.26 nJ and 234 W, respectively.
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Figure 5. Single-wavelength conventional soliton. (a) Optical spectrum at 1559 nm, (b) autocorrelation trace, and
(c) corresponding fundamental radio-frequency spectrum. Inset: pulse train.

When the pump strength increases from 80 to 120 mW, the stable single wavelength
mode locking centered at 1532 nm with a 3 dB bandwidth of 3.5 nm is realized, as demon-
strated in Figure 6. By Sech2 fitting, the pulse duration of the conventional soliton is about
0.78 ps, the corresponding time bandwidth product is calculated to be 0.36, with slight
chirp. The fundamental frequency is ~7.201135 MHz, which corresponds to the round-trip
time of the cavity length of the fiber laser. The radio-frequency spectrum gives a signal-to-
noise ratio of ~65 dB, indicating low-amplitude fluctuations and stable single-wavelength
mode-locking state. When the pump power is 500 mW (maximum pump power available
of LD in the experiment), the mode-locking operation of the fiber laser is still stable, which
shows that the fiber-based PbS QDs SA fiber has good thermal damage. The average output
power of the laser cavity is 12 mW, and the corresponding single pulse energy is 1.7 nJ.
Therefore, the thermal damage threshold of PbS QDs SA is greater than 30 mJ/cm2.
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Figure 6. Single-wavelength conventional soliton. (a) Optical spectrum at 1532 nm, (b) autocorrelation trace, and
(c) corresponding fundamental radio-frequency spectrum.

4. Conclusions

A passively mode-locked dual-wavelength Er-doped fiber laser is demonstrated with
a fiber-based PbS QDs SA. Compared with other nanomaterials, PbS QDs prepared by a
modified hot-injection method have the advantages of fast relaxation time, wide band-
width, large modulation depth, and thermal damage. Based on this PbS QDs SA, the pulse
laser can operate in a dual-wavelength conventional solitons region centered at 1532 and
1559 nm with 3 dB bandwidths of 2.8 and 2.5 nm, respectively. The experimental results
reveal that our PbS QDs can be adopted as a broadband SA for application in pulse lasers.
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Abstract: In the work the research on properties of an yttria nanopowder obtained by solution
combustion synthesis (SCS) in terms of its application in ceramic technology is presented. In order to
characterize the SCS reaction the decomposition of yttrium nitrate, glycine and their solution was
investigated using differential thermal analysis coupled with FT-IR spectrometry of the gases emitted
during the measurements. The product obtained in the SCS process was characterized in terms of its
microstructure, particle size distribution and BET specific surface. Although the obtained powders
showed nanoscaled structures, only after calcination at a temperature of 1100 ◦C nanosized particles
were revealed. The calcined powder occurred in an agglomerated state (cumulants mean Zave = 1.3 μm).
After milling particle size was successfully decreased to Zave = 0.28 μm. The deagglomerated powder
was isostatically densified and tested for sintering ability. The obtained nanopowder showed very
high sintering activity as the shrinkage onset was detected already at a temperature of about 1150 ◦C.

Keywords: DIL; DTA; DTG; FT-IR; SCS; yttria nanopowder

1. Introduction

A wide variety of applications of yttria is a driving force for the development of methods to
fabricate pure powders. Doped or surface modified yttria nanoparticles find application in medicine
and electronics [1–4].

Ceramic nanoparticles recently gained interest as an reinforcement of light weight alloys. Lately it
was proven that the addition of 2.5 wt% ceramic nanoparticles caused an increase of the microhardness
of Ti6Al4 V by 50%, manufactured by selective laser melting (SLM) [5]. Due to its high hardness and
low reactivity with molten metals yttria can be an interesting material for metal matrix composites.
Additionally, yttria has a relatively high thermal conductivity (8–12 W/m·K), which in case of the SLM
technique can prove to be beneficial for the forming and densification of produced parts due to better
heat transfer in the area of the laser’s operation.

Yttria is also widely used in ceramic technology. Dense yttria ceramics find application as refractive
ceramics (e.g., coatings and crucibles for molten reactive metals), optic devices (i.e., infrared missile
domes) [6,7]. For ceramic technology nanopowder is desired due to the possibility of reducing the
sintering temperature [8].

Solution combustion synthesis (SCS), which is based on the high energy reaction between metal
nitrates and a reducing agent, is a promising method for the fabrication of nanopowders. Unlike sol-gel
or precipitation technique [9,10] it is less time-consuming and requires fewer technological steps, as the
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synthesis byproducts undergo thermal decomposition. The principles of the SCS reaction are also used
in technical scale and in continuous technology [11,12]. Recently, the mixture of an oxidizer-reducing
agent solution has been used for the production of a powder in aerosol flame synthesis and spray
pyrolysis [13–15]. The self-propagating high-temperature reaction is used in order to provide finer
structuration of the powders produced in these methods.

A particularly interesting application of the SCS principle is a technique used to fabricate thin
films for electronic devices such as solar cells, where the surface is coated with the solution containing
the oxidizer–“fuel” mixture which is subsequently heated to produce a uniform oxide film [16].

The SCS method is based on the high-temperature self-propagating red-ox reaction between a
metal nitrate and a reducing agent (“fuel”), which leads to the fabrication of metal oxide or its precursor,
according to the overall SCS formula [12], non-toxic gas products. In the role of fuel, the following
substances can be used: carbohydrazide, urea, amino acids (e.g., glycine, L-alanine) organic acids and
saccharides [17–20].

Based on previous research, glycine is the most promising fuel for SCS reaction fuel for the fabrication
of yttria [21]. The general formula of the reaction of yttrium nitrate and glycine is as follows (1):

6 Y (NO3) 3 + 10 NH2CH2COOH→ 3 Y2O3 +20 CO2 + 25 H2O +14 N2 (1)

During the reaction vast amounts of gases are emitted which causes nanostructuration of the
produced grains. Usually, the powders obtained by using this method show a high specific area and
very complex particle morphology. Such microstructure is not beneficial for the fabrication of dense
ceramics. Densification of nanopowders is a challenge in itself, as the smaller the particle, the more the
particle-particle contact and the torque occurring between particles hinders the packing. Additionally,
agglomerated particles need even higher pressures during compaction in order to destroy the inner
structure of the particles. In the presented work we prove that with carefully designed technological
steps the yttria powder obtained by using the SCS method has sintering ability and can be used for a
ceramic application.

2. Materials and Methods

For the solution combustion synthesis of yttria yttrium nitrate hexahydrate (Sigma-Aldrich,
St. Louis, MO, USA, purity 99.8%) and glycine (Sigma-Aldrich, purity ≥ 99%) was used. Glycine was
used as the reducing agent and yttrium nitrate was both the precursor salt for yttria synthesis and the
oxidizer in the redox reaction.

The solution combustion synthesis (SCS) was carried out in a quartz beaker. After the dissolution
of the reagents in deionized water, the water was evaporated, and a gel was formed. The gel was then
heated to the reaction initiation temperature. Once that temperature was reached, the high-temperature,
self-propagating redox reaction took place [22]. The substrates were added in stoichiometric amounts,
in each batch the aim was to obtain 5 g of yttria.

Thermogravimetric analysis was carried out in alumina crucibles using the thermal analyzer TG
449 F1 Jupiter (Netzsch Gerätebau GmbH, Selb, Germany). The gaseous products emitted were analyzed
by FT-IR spectroscopy using a coupled FT-IR spectrometer (Tensor 27, Bruker, Billerica, MA, USA).
The signals were identified based on the NIST database [23] and literature on glycine decomposition [24].
The curves of intensity of the characteristic absorbance wavenumber of a specific substance were
subtracted and plotted as a function of temperature to investigate the reaction mechanism.

The powders’ microstructure was characterized utilizing scanning electron microscopy (Nova
NanoSEM 200, FEI Company, Hillsboro, OR, USA).

Obtained powders were deagglomerated in an attritor mill (Netzsch MiniCer, 1000 rpm) using
zirconia balls of diameter of 0.4 mm. The milled powders mixed with binder and plasticizer
were cryogranulated.
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The particle size distribution of the powders was measured in aqueous suspensions by technique of
dynamic light scattering (DLS), using zeta potential analyzer Zetasizer Nano ZS (Malvern Instruments
Ltd., Worcestershire, UK). The analysis results are presented in terms of Z average (Zave) and
polydispersity (Pd). These are supported by a median particle diameter (dV50). Z average (also called
the cumulants mean or harmonic intensity averaged particle diameter) is a mean value from the
intensity distribution, which is the primary result obtained from the measurement thus the most stable
result. Polydispersity derives from the polydispersity index (calculated from the cumulants analysis)
and is the width of the estimated Gaussian distribution.

The specific surface area was measured by use of the BET technique (Gemini VII, Micromeritics
Instrument Corp., Norcross, GA, USA). Based on the results of the BET, the equivalent spherical-particle
diameter (dBET) was calculated.

The measurement of linear changes of pressed granulates were conducted using a Netzsch
high-temperature dilatometer (model Dil 402E) equipped with a graphite furnace. The measurement
was carried out in a temperature range of RT to 1700 ◦C with a heating rate of 10 ◦C/min and the
isothermal stage at the maximum temperature for a duration of 10 min.

Prior to measurement, calibration was carried out with a graphite standard of known properties
and expansion. The measurement was carried out under the same conditions (temperature heating
program, atmosphere, gas flow rate) to determine the signals related to the expansion of the dilatometer
elements and to correct the results obtained during the proper measurement.

3. Results

Figure 1 shows the results of thermal analysis for yttrium nitrate hexahydrate. In Figure 1 in
the top graph the curves corresponding to mass loss, mass loss derivative and thermal effects of
thermal decomposition of yttrium nitrate hexahydrate are presented. The graphs below represent the
absorbance intensity trends of selected wavenumbers as a function of temperature.

ο

ο

μ

Figure 1. Thermal analysis results of the decomposition of yttrium nitrate hexahydrate in argon flow;
absorbance intensities of traces for wavenumbers: 1626 and 3734 cm−1 corresponding with absorbance
peaks of NO2 and H2O, respectively.

In the gaseous products resulting from yttrium nitrate decomposition water and nitrogen dioxide
are detected. The first endothermic effect detected on the DTA curve (Figure 1) corresponds with
the melting of the salt. Minor weight loss is then observed (3.44%) related to the evaporation of
adsorbed water and the small signal on the DTG curve with a minimum at a temperature of 87 ◦C. At a
temperature of about 108 ◦C dehydration begins and is followed in two stages (Figure 1):
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• 108–193 ◦C with a maximum of mass loss rate at a temperature of 166.1 ◦C and endothermic peak
at 170.8 ◦C, Δm108–193 ◦C = 9.48%,

• 193–327 ◦C with a maximum of mass loss rate at a temperature of 267.5 ◦C and endothermic peak
at 273.9 ◦C, Δm193–327 ◦C = 18.74%.

In the temperature range of 108–327 ◦C the total mass loss is 28.12% which is close to the theoretical
value of the complete dehydration of the salt (28.20%), which is confirmed by FT-IR data since
exclusively the signal of water is visible (Figure 1).

Further mass loss occurs in two steps and corresponds to the degradation of the nitrate. The first
distinctive mass loss (Δm = 25.16%) occurs in the temperature range of 327–444 ◦C with a maximum
mass loss rate at T = 397.7 ◦C and an endothermic peak at T = 398 ◦C (Figure 1). During the last
decomposition stage, a mass loss of 13.32% occurs with a maximum mass loss rate at a temperature of
521.7 ◦C and an endothermic peak of 521.8 ◦C. Above the temperature of 641 ◦C the mass of the sample
is stable. In both stages the signal indicating the presence of NO2 is visible. Yttrium nitrate primarily
decomposes to yttria and nitrogen pentaoxide, which is unstable and converts to nitrogen dioxide and
oxygen. The two observed steps are a consequence of partial decomposition and the forming of cyclic
oxynitrates [25].

In the temperature range of 327–641 ◦C the total mass loss equals 38.48%, which is in good consistency
with the theoretical value of the decomposition reaction stoichiometry (42.30%) (2).

2 Y(NO3) 3
T→ Y2O3 + 3 N2O5 (2)

Total mass loss observed during the decomposition of yttrium nitrate hexahydrate is 69.68% and
corresponds well to the theoretical value of mass loss (70.52%).

In Figure 2 the results of the thermal analysis for glycine are presented.

 

ο

ο

μ

Figure 2. Thermal analysis results of the decomposition of glycine in synthetic air; absorbance intensities
of traces for wavenumbers: 2243, 3324, 962, 2367 and 3740 cm−1 corresponding with absorbance peaks
of HCNO, HCN, NH3, CO2 and H2O, respectively.
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The decomposition of glycine begins at a temperature of 228.6 ◦C. Up to a temperature of 303.8 ◦C
the mass loss amounts to 46.26% with two overlapping maximum mass loss rates at T = 235.0 and
269.7 ◦C and with a sharp endothermic peak at 252.3 ◦C. In the exhaust gases HCNO, HCN, NH3, CO2

and H2O were detected.
The next decomposition stage occurs at a temperature range of 269.7–473.6 ◦C with a minimum

on DTG at T = 391.9 ◦C and no distinctive effect on the DTA curve. The mass loss equals 18.46% and is
connected with the emission of CO2 and HNCO.

The last stage of decomposition is the residual burnout (exothermic peak at T = 695.2 ◦C) and it
ends at 835.8 ◦C (Δm = 35.34%).

According to literature [24] the decomposition begins with the emission of NH3. Simultaneously,
glycine can undergo condensation and cyclization reactions through dehydration reactions
(Equations (3) and (4)). Subsequently, HCN, HNCO and CO is emitted due to selective cracking of
cyclic amides. In air HNC and CO oxidize to HNCO and CO2, respectively (5) [24].

 
(3)

 

(4)

(5)

In Figure 3 the results of the thermal analysis for the solution containing stoichiometric amounts of
yttrium nitrate hexahydrate and glycine are presented. The measurement was conducted in synthetic
air flow, to best imitate the conditions of the synthesis, which takes place in an open quartz beaker.

The slope on the TG curve produced during the thermogravimetric measurement of the solution
containing yttrium nitrate and glycine begins below 100 ◦C. The first endothermic effect (with the
peak at T = 124.3 ◦C) continues up to a temperature of 182.0 ◦C and is connected with a mass loss of
71.79%. The mass loss is attributed mainly to the evaporation of water. However, on the FT-IR spectra
signals resulting from the presence of HCN, NH3 and NO2 are also visible (Figure 3). This is surprising,
as these compounds result from the degradation of glycine and yttrium nitrate, which according to the
results presented in Figures 1 and 2 should be stable in this temperature range.

At a temperature of 238.2 ◦C the red-ox reaction between yttrium nitrate and glycine begins. It is
distinguished by the exothermic peak on the DTA curve (Tpeak = 244.1 ◦C) and an abrupt weight loss
(Δm = 15.93%, Figure 3). At a temperature of 263.0 ◦C the process ends and with further temperature
increase minor mass loss is observed (Δm = 3.96%). On FT-IR spectra not only CO2 and H2O, but also
HCN, HCNO, NH3 and NO2 are detected. The yttria powders prepared by solution combustion
synthesis using glycine and yttrium nitrate hexahydrate were investigated in terms of microstructure
(Figure 4), particle size distribution and specific surface area (Table 1).
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Figure 3. Results of the thermal analysis performed in synthetic air on the water solution containing
yttrium nitrate and glycine; absorbance intensities of traces for wavenumbers: 2362, 2243, 3324,
958, 1637 and 3735 cm−1 corresponding to absorbance peaks of CO2, HCNO, HCN, NH3, NO2 and
H2O, respectively.

   

Figure 4. Micrographs of yttria nanopowder obtained by solution combustion synthesis (SCS) by
the reaction of yttria nitrate with glycine: (a) not calcined, (b) calcined at a temperature of 800 ◦C,
(c) calcined at a temperature of 1100 ◦C.

The synthesized powders are characterized by a highly porous microstructure (Figure 4a).
The cumulants mean measured by technique of dynamic light scattering (DLS) is 2354 nm with a broad
particle distribution (Pd = 1498 nm).

To burn out the substrates’ residues the powders were calcined. After calcination at a temperature
of 800 ◦C the powders sponge-like microstructure remained intact (Figure 4b). The DLS analysis
provides information about average particle size expressed in the cumulants mean of 2649 nm while
dV50 = 0.9 μm (Table 1). These strong discrepancies result from high polydispersity of particle size
(expressed in a high value of polydispersity width—Pd), also visible in the SEM image (Figure 4b)
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where a micrometric sized particle is accompanied by some smaller grains at the image boundary.
The BET surface is 19.7 m2/g demonstrating a relatively high level of surface development.

Table 1. Particle size measured by method of dynamic light scattering (DLS) and calculated from BET
specific surface area of yttria powders obtained by using the SCS method (Zave—cumulants mean,
Pd—polydispersity width, dV50—median diameter of the particle size distribution, SBET—specific
surface area, dBET—BET equivalent spherical particle diameter).

Calcination
Temperature, ◦C

Zave,
nm

Pd Width
nm

dV50,
nm

SBET,
m2/g

dBET,
nm

not milled
not calcined 2354 1498 1500 - -

800 2694 2319 859 19.7 61
1100 1338 813 1190 11.5 104

15 min of milling in
an attritor mill

800 570 329 747 - -
1100 275 137 352 - -

Powders calcined at a temperature of 1100 ◦C reveal a finely grained microstructure. The microstructure
transformation occurs without mass loss (Figure 3). The fine (about 100 nm in diameter) grains occur in
agglomerates, with Zave = 1338 nm and dV50 = 1190 nm. Together with agglomerate size, BET surface
is decreased as well and equals 11.5 m2/g (Table 1). During calcination at a temperature of 1100 ◦C the
disordered matter in nanostructures of high surface energy undergoes diffusion and reorganization into
grains. The “sponge-like” structure undergoes conversion—its thin walls disappear and in its place
uniform globular grains are produced. The specific surface decreases in the process of matter diffusion
and grain formation, but the globular grains are connected by van der Waals forces or sintering necks.
Such structure is more probable to disintegrate than the initial “sponge-like” aggregates which is
portrayed in the DLS analysis. This kind of structure is still not beneficial for ceramic technology,
as agglomerates are very difficult to densify during conventional pressing techniques and may cause
fluctuations in density in the bulk of the pressed sample.

To deagglomerate the obtained powder high-energy milling was implemented. In Figure 5 the
trend of cumulants mean vs milling time and in Figure 6 size distributions of the milled powders
are presented.

Figure 5. Particle diameter (expressed in cumulants mean—Z-ave) of yttria powder obtained by the
SCS method.

°
°

Figure 6. Particle size distribution of the milled powders.
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In order to estimate the optimal time of milling the size distribution of yttria powder calcined
at a temperature of 800 ◦C was measured after 1, 3, 5, 7, 10, 13 and 15 min (Figure 5). After 10 min,
the particle size was about 500–600 nm and remained unchanged until maximum milling time which
was 15 min. Basing on these observations and previous experience considering deagglomeration
of yttria in water using an attritor mill [26], the milling time was set for 15 min and yttria powders
were milled in these conditions. The results of particle size measurements of the milled powders are
presented in Table 1 and in Figure 5. The size distribution of yttria powder calcined at the temperature of
800 ◦C revealed some agglomeration, as agglomerates or aggregates of 5 μm are visible. Agglomerates
of powder calcined at a temperature of 1100 ◦C were disintegrated more effectively during milling
(Zave = 275 nm and dV50 = 352 nm) which is consistent with the microstructural observations of
the powder before milling. The agglomerates visible in Figure 4c underwent partial disintegration,
the particle size distribution showed in Figure 6 indicates that the milled powder is trimodal with
peaks at 0.275, 0.850 and 5 μm, which suggests that most of the agglomerates were disintegrated into
particles with diameters of about 275 nm with some 3–4 particle agglomerates (d = 850 nm) and some
bigger agglomerates left intact. In Figure 7 the SEM images of the milled powders are presented,
where particles of about 100–150 nm with some bigger agglomerates are visible. This powder was
cryo-granulated with the addition of binder and plasticizer, die pressed and densified in a cold isostatic
press under a pressure of 150 MPa before taking dilatometric measurements (Figure 8). The suspension
used for cryo-granulation was very diluted (csolids ≈ 5 vol%), which is the reason why the powder
does not appear in proper granules. Instead it occurs as separate particles and small agglomerates
(Figure 6).

  
Figure 7. Micrographs of cryo-granulated yttria obtained by solution combustion synthesis through
the reaction of yttria nitrate with glycine calcined at a temperature of 1100 ◦C after milling for 15 min in
an attritor mill at a speed of 1000 rpm.

Figure 8. Dilatometric curve of a sample prepared from yttria powder obtained by method of the SCS
with glycine.
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The sintering starts at a temperature of 1149 ◦C and proceeds in two steps: the first—with
the maximum sintering rate at a temperature of 1387 ◦C (dL/L0 = 14.33%) and the second with the
maximum sintering rate at T = 1677 ◦C (dL/L0 = 7.33%).

4. Discussion

The general formula for the red-ox reaction of solution combustion synthesis (Equation (1))
suggests that the byproducts consist of the non-toxic gases: CO2, H2O and N2. However, the FT-IR
analysis of the gases emitted during the reaction showed also such specimens as HCN, HNCO,
NH3 (Figure 3). This indicates that the SCS reaction (1) conducted even in a very well controlled
environment with homogenous temperature distribution (small sample in crucible and TGA chamber)
is accompanied by decomposition reactions of the substrates: yttrium nitrate and glycine.

What is more, it was observed that below the redox reaction ignition point (238 ◦C) the presence
of HCN, NH3 and NO2 was detected on FT-IR spectra (Figure 3). The specimens occur already at a
temperature of about 124 ◦C.

Such observations have been also made by Biamino et al. [27] in the investigation of SCS with
urea as fuel. In the aforementioned work [27] it was suggested that the emission of nitrate oxides
derives from the direct reaction of nitrate with urea, which occur at a temperature below the reaction
ignition point. In case of the reaction of yttrium nitrite with glycine signals deriving from NO2 and
HCN are visible in FT-IR spectra already at a temperature of about 124 ◦C (Figure 3). According to [27]
the corresponding reaction of glycine and yttrium nitrite can be described as follows (6, 7):

26 Y(NO3)3 + 6 NH2CH2COOH→ 13 Y2O3 + 84 NO2 +12 CO2 + 15 H2O (7)

2 Y(NO3)3 + 24 NH2CH2COOH→ Y2O3 + 30 HCN + 18 CO + 45 H2O (8)

In both cases the reaction proceeds with the formation of carbon oxides which were not detected
during the measurement below the ignition point (238 ◦C). Reactions 6 and 7 may take place during the
exothermic reaction after reaching the ignition point, as HCN and NO2 were detected then, together
with carbon dioxide (the measurement was carried out in air which can cause the oxidation of carbon
monoxide and cyanic acid to isocyanic acid). This suggests that the reduction of the nitrate does not
cause a complete degradation of the glycine carbon chain. Presumably, the presence of nitrate in the
solution can trigger the first step of glycine degradation i.e., removal of ammonia, which is visible
in FT-IR spectra and can cause a degradation of the cyclic amides (5). Ammonia and intermediate
compounds derived from the decomposition of cyclic peptides may react with nitrite in accordance
with the following general formulas (8, 9):

14 Y(NO3)3 + 6 NH3 → 7 Y2O3 + 48 NO2 + 9 H2O (9)

4 Y(NO3)3 + 6 H2CNH→ 2 Y2O3 + 6 HCN + 12 NO2 + 6 H2O (10)

The assumption is consistent with macroscopic observations as precipitation was observed when
the solutions containing the reagents were left to age for a month at room temperature. This suggests
that a reaction between reagents took place.

Combustion synthesis is a widely used method for the production of nanopowders in both,
laboratory and semi-technical scale. The presented results indicate that for a scaling-up of the process
special precautions must be undertaken, which will provide for the neutralization of the hazardous
nitrogen derived compounds.

The reaction of yttrium nitrate with glycine leads to the fabrication of nanostructured powder.
The SEM observation of the powders showed an agglomerated, “sponge-like” microstructure of the
particles. The structure remains stable at 800 ◦C as the microstructure of the powder remains intact
after calcination at this temperature. Such morphology may be beneficial in some applications [1–4].
However, for ceramic technology the agglomeration is undesired as the densification of the nanopowder
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is severely hindered. After calcination at a temperature of 1100 ◦C the microstructure of the powder
underwent modification and the “sponge-like” structure transformed into agglomerates consisting
of globular grains with a diameter of about 100 nm. Milling of the powder calcined at a higher
temperature was more effective as the particle diameter measured by method of DLS was decreased to
275 nm. Despite the milling, some agglomeration was observed in the size distribution curve (Figure 6).
Further studies will be focused on optimization of milling conditions.

Sintering of calcined powder starts at a temperature of 1149 ◦C and proceeds in two distinctive
stages. Such behavior indicates that the sintering process is divided into two stages: densification
of spherical particles (reorganization of particles without particle growth) and grain growth, which
was also observed by other researchers [28]. Another explanation of this phenomenon is that the first
densification stage corresponds to the sintering of grains within the agglomerates, afterwards the
sintering of the agglomerate domains and the separate particles takes place [29,30].

5. Conclusions

Solution combustion synthesis is an effective method for yttria nanopowder fabrication.
The high-temperature self-propagating red-ox reaction between yttrium nitrate and glycine lowers the
temperature of the nitrate decomposition and yttria formation from 642 to 263 ◦C. The vast amounts
of gases emitted during decomposition implies the formation of nanoparticles. The yttria powders
obtained by method of the SCS have a high sintering ability an can be applied in ceramic technology.
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Abstract: Yttrium-doped barium cerate (BCY15) was used as an anode ceramic matrix for synthesis of
the Ni-based cermet anode with application in proton-conducting solid oxide fuel cells (pSOFC). The
hydrazine wet-chemical synthesis was developed as an alternative low-cost energy-efficient route
that promotes ‘in situ’ introduction of metallic Ni particles in the BCY15 matrix. The focus of this
study is a detailed comparative characterization of the nickel state in the Ni/BCY15 cermets obtained
in two types of medium, aqueous and anhydrous ethylene glycol environment, performed by a
combination of XRD, N2 physisorption, SEM, EPR, XPS, and electrochemical impedance spectroscopy.
Obtained results on the effect of the working medium show that ethylene glycol ensures active Ni
cermet preparation with well-dispersed nanoscale metal Ni particles and provides a strong interaction
between hydrazine-originating metallic Ni and cerium from the BCY15 matrix. The metallic Ni phase
in the pSOFC anode is more stable during reoxidation compared to the Ni cermet prepared by the
commercial mechanical mixing procedure. These factors contribute toward improvement of the
anode’s electrochemical performance in pSOFC, enhanced stability, and a lower degradation rate
during operation.

Keywords: Ni/BCY15 proton-conducting anode; hydrazine reduction; Ni–Ce interaction; SOFC;
electrochemical impedance spectroscopy; XPS; EPR

1. Introduction

In July 2020, the European Commission launched the European Clean Hydrogen
Strategy alongside the Strategy for Energy System Integration. Investment in hydrogen
will be a critical growth engine in the context of recovery from the COVID-19 crisis and in
the longer term, an important component of Europe’s industrial competitiveness.

The production and energy-related consumption of hydrogen by 2050–2100 is expected
to exceed the current level by tens or even hundreds of times [1]; accordingly, its multiple
utilization is expected to grow and evolve.

The fuel cell industry uses hydrogen as feedstock, which is considered the most envi-
ronmentally friendly fuel. Nowadays, hydrogen and fuel cell technologies offer greater
personal choice in the transition to a low-carbon economy. Hydrogen fuel cells have
become a key part since they are seen as reliable emission-free generating systems, alter-
native to polluting processes based on conventional processes of fossil fuel combustion.
Hydrogen and fuel cells are seeing resurgence in interest: large-scale production of fuel
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cell vehicles has begun, and hundreds of thousands of homes are now heated and pow-
ered by fuel cells [2]. Thus, the development of hydrogen fuel cells, producing clean
electricity by electrochemical reaction, has an important role in the improvement of human
living conditions.

Solid oxide fuel cells (SOFCs) are a promising technology that can provide efficient
and clean energy production, generating power from hydrogen, natural gas, and other
renewable fuel. They have a number of advantages, such as flexibility towards the type
of fuel, ability to tolerate the presence of impurities, higher efficiency, and application of
non-noble metal catalysts. For their commercialization, however, lower cost and better
durability of the performance are needed. The main pathway to realize these objectives is
the reduction of the operating temperature. The conventional SOFCs operate at very high
temperatures within 800–1000 ◦C [3–8].

In the moment, the commercial goal is 600–700 ◦C. These conditions can increase
cell stability, improve materials’ compatibility, and ensure cheaper metallic alloys. Since
the limitations of the temperature decrease come mainly from the reduced performance
of the active materials, approaches for increasing the electrocatalytic activity and ionic
conductivity are highly appreciable. The lower activation energy of proton-conducting
oxide materials has made them attractive candidates for electrolyte materials operating
in the intermediate temperature range (500–700 ◦C), which opened the direction of the
proton-conducting solid oxide fuel cells’ (pSOFCs) development [4].

The principal disadvantage of classical SOFC and of its proton-conducting modi-
fication (pSOFC) is the formation of water at the electrodes, where it mixes with the
fuel/oxidizer, resulting in electromotive force losses and decreased catalytic activity and
durability. A successful attempt has been reported to eliminate water production at the
electrodes with the so-called dual-membrane fuel cell (dmFC) design. The latter introduces
a separate compartment (central membrane, CM) for the production and evacuation of
water. It has mixed ionic (proton and oxide ion) conductivity, which ensures penetration of
the protons and oxide ions produced at the electrode/electrolyte interface. They react in
the CM to form water that is evacuated through the porous microstructure. This original
approach opens a new niche for the development of reversible flexible fuel cells operating
at 600–700 ◦C due to the application of proton-conducting oxide materials [9–14].

The type of the electrolyte has a large impact on the optimum cell performance through
its contribution to the ohmic internal resistance. For many years, barium cerate-based
materials have been known as the electrolyte material with high performance in terms of
proton conductivity [4], in particular the yttrium-doped barium cerate, BaCe0.85Y0.15O2.925
(BCY15). Since BCY15 exhibits a high level of oxide ion and proton conduction at medium
temperatures (600–700 ◦C), the central membrane in the dmFC has been simplified by
using a single material with sufficient mixed ionic conductivity as BCY15 [14–18].

In responding to the needs of modern society for the replacement of critical com-
ponents in electrocatalysts from platinum group metals [19], nickel continues to be a
non-precious metal of particular interest for the development of the cermet anodes, not
only for its catalytic properties, but also for the effective cost reduction for the production
of inexpensive, environmentally friendly energy and storage systems.

By analogy with classical cermet anodes, a composite Ni/BCY15 anode has been
applied for dmFC construction, and thus the difference in the thermal expansion coefficient
between the electrolyte and anode was avoided. Generally, Ni-based cermet production
presents incorporation of commercial NiO powder in BCY electrolytes by the traditional
oxide powder mixture reaction, consisting of mixing, cold pressing, and sintering at high
temperatures (1100–1400 ◦C) [20,21]. During the solid-state reaction, cationic Ni2+→Ce4+

partial substitution occurs in the BCY structure [22,23].
Reduction treatment of the anode before the operation of the cell under H2/Ar atmo-

sphere at high temperatures (700–800 ◦C) is then performed to produce metallic Ni, which
leads to a morphology change of the composite, bringing about an increase of the anode
porosity [22,24–26].
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Our investigations on electrolyte-supported half-cell BCY15-NiO/BCY15/BCY15-
NiO with cermet deposition by tape casting and sintering at temperatures below 1250 ◦C,
which ensure the required porosity, showed a drastic increase of both the resistivity of
the electrolyte and the area-specific resistance (ASR) of the anode. TEM/STEM analysis
registered an extensive precipitation of nanosized Y2O3 particles along the NiO/BCY15
and the anode/BCY15 electrolyte interface. Their concentration decreases towards the
depth of the electrolyte. Thus, an efficient electrical barrier between the protonic (BCY15)
and the metallic (Ni) phase is produced. This phenomenon may be initiated by slight
diffusion of Ba toward NiO. For sintering temperatures above 1350 ◦C, an improvement
of both the ASR and resistivity of the electrolyte was observed. X-ray diffraction analysis
shows that the system is stabilized towards segregation of yttria, however, the density is
under the required limits and a small quantity of a new cerium yttrium oxide phase is
registered [26,27].

To overcome the foregoing problems of the commercial mechanical mixing procedure,
a new and original approach to metallic Ni introduction in the anode ceramic matrix of
BCY15 is introduced based on wet-chemical synthesis of Ni/BCY15 cermet. It is cost-
effective and energy-efficient, offering better structural control over the Ni metal particles
in the BCY15 matrix for the production of anodes with good connectivity in both metallic
and electrolyte phases, satisfactory porosity for the gas transport, and high electrical
conductivity. In addition, it is expected that the sintering procedure based on the newly
developed Ni/BCY cermet, which will induce partial or full oxidation of the Ni particles
and possible ejection out of the Ni-YSZ/air surface, will lead to relief of the internal stress
and thus to increased durability [28], which also needs to be checked.

Our expectations were to reach higher Ni0 dispersion based on the investigations of
Wojcieszak et al. The authors have found that the hydrazine reduction method is better
to prepare a Ni/CeO2 catalyst with higher dispersion and smaller particle size compared
to the conventional H2 reduction [29]. The synthesis procedure is based on concomitant
nickel introduction in the anode ceramic matrix and gaining metallic Ni particles on the
electrolyte surface via wet-reduction by hydrazine reducing agent [30]. The formation of
finely divided metal particles proceeds in alkaline solution [31–33] and can be summarized
by the reaction: 2Ni2++N2H4+4OH−→2Ni0+N2+4H2O. Fundamentally, the severe problem
regarding the ceramic BCY structure was the low chemical stability of barium cerate to
water [34]. Our challenge was to protect the BCY15 matrix during hydrazine wet-reduction
by application of non-aqueous medium [35]. We used ethylene glycol as a protective agent
and solvent, but also because of its reduction properties. Ethylene glycol is known as a
reducing agent used to obtain nanocrystalline metallic powders by employing the polyol
method [36].

This work is focused on the detailed comparison between Ni/BCY15 cermets ob-
tained by hydrazine wet-reduction using two types of media: aqueous medium and
anhydrous ethylene glycol environment. The target of this evaluation is to explain the
impact of the applied medium on the nickel state as a catalytic active component in the
synthesized Ni/BCY15 cermets as an additional beneficial factor for the electrochemical
activity of pSOFC anodes. For this purpose, a comparison was also performed between
hydrazine-prepared Ni cermet and Ni cermet prepared by the commercial mechanical mix-
ing procedure. The employed methodology involved combining the results from several
methods, including X-ray powder diffraction, N2 physisorption measurements, scanning
electron microscopy, electron paramagnetic resonance, X-ray photoelectron spectroscopy,
and electrochemical impedance spectroscopy. To our knowledge, the analysis of the bare
BCY15 ceramic matrix by electron paramagnetic resonance and X-ray photoelectron spec-
troscopy, as well as the detailed examination of the surface of Ni/BCY15 cermets by X-ray
photoelectron spectroscopy, are novelties in the development of pSOFC anodes.
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2. Materials and Methods

2.1. Materials

BaCe0.85Y0.15O2.925 (BCY15) powder (Marion Technology, Verniolle, France), used
as the anode ceramic matrix, was fabricated by the auto-combustion process starting
from metal nitrates and applying urea as a reducing agent. Sintering of the precursor at
1100–1150 ◦C in a carrier gas (helium or argon) for complete CO2 elimination ensured
the production of single-phase powder with 48% porosity and a dominating particle size
around 200 nm, and a minor degree of agglomeration. Before synthesis, the BCY15 powder
was thermally pretreated at 1100 ◦C for 2 h.

Nickel chloride hexahydrate (NiCl2·6H2O), hydrazine monohydrate (99+% N2H4·H2O),
sodium hydroxide (NaOH), and anhydrous sodium carbonate (Na2CO3), of analytical grade,
all procured by Alfa Aesar (Ward Hill, MA, USA), were used.

2.2. Synthesis

Two Ni/BCY15 cermets of 50 g each were synthesized by wet-reduction with hy-
drazine using different media, such as deionized water and ethylene glycol (EG). These
media were used for the preparation of the initial NiCl2·6H2O solution and as environment
during the reduction reaction. The synthesis was performed according to the reported
wet-reduction procedure [30,35]. A NiO to BCY15 volume ratio of 44.4:55.6 was determined
with both Ni/BCY15 cermets to match the Ni metal content of 32 wt.%. A pre-set amount
of N2H4·H2O solution was used to provide a N2H4 to Ni0 weight ratio of 6:1. This ratio
was chosen based on studies of Huang et al. [37]. These authors have established that
the optimal N2H4 to Ni0 molar ratio is 4, which ensured complete reduction of the Ni2+

ions to Ni0 in the solution free of Ni(OH)2. The reduction of hydrazine complex precur-
sors proceeds via formation of Ni(OH)2, which is further decomposed by the equation:
2Ni(OH)2+N2H4→2Ni+N2+4H2O. The reason for using a higher amount of N2H4·H2O
(N2H4:Ni0 = 6:1) was a possible reduction of Ce4+ from the BCY15 structure to Ce3+ via
treatment with hydrazine, which would take place in a thin surface layer by analogy with
the known ceria reduction by hydrazine [29,38]. The installation equipment consisted of
a five-liter glass reactor with a stirrer and a steam jacket equipped with pH electrodes, a
thermocouple, a reflux condenser, and peristaltic pumps. The mixture of nickel hydrazine
complex and BCY15 powder was reduced to nickel black deposited on the BCY15 sur-
face by addition of an appropriate amount of alkaline solution (a mixture of NaOH and
Na2CO3) to keep a constant alkaline pH value upon heating to 95 ◦C. For the purpose of
complete reduction, these reaction conditions were retained for 1 h under vigorous stirring.
The suspension was washed with deionized water several times up to neutral pH and
absence of Cl− ions. The samples were dried in the air at 100 ◦C for 20 h. Both obtained
samples were further denoted by an extension to indicate the applied medium, namely
Ni/BCY15-W and Ni/BCY15-EG.

2.3. Catalyst Characterization
2.3.1. Standard Characterization

N2 physisorption measurements were carried out on a Quantachrome Instruments
NOVA 1200 e (Boynton Beach, FL, USA) apparatus by low-temperature (77.4 K) nitrogen
adsorption after sample outgassing in a vacuum at 80 ◦C for 16 h. The nitrogen adsorption-
desorption isotherms were analyzed through the linear part of the curves to evaluate the
specific surface area calculated by means of the Brunauer–Emmett–Teller (BET) equation.
Pore size distribution (PSD) was obtained by the Barrett–Joyner–Halenda method using
the desorption branch of the isotherms.

X-ray powder diffraction (XRD) data were collected on a Bruker D8 Advance (Bruker-
AXS, Karlsruhe, Germany) diffractometer employing CuKα radiation (λ = 0.15406 nm),
operated at U = 40 kV and I = 40 mA. The crystalline phases were identified by means
of International Centre for Diffraction Data (ICDD) powder diffraction files. The semi-
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quantitative analysis (as wt.%) was performed with the program Diffrac.Eva V4 (Diffrac.Eva
Version 4, Bruker AXS GmbH, Karlsruhe, Germany) using the ICDD PDF-2 2021 database.

2.3.2. Scanning Electron Microscopy (SEM)

The morphological studies were performed using a JEM 200 CX (Instruments, München,
Germany) transmission scanning microscope equipped with ASID 3D.

2.3.3. Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance measurements were performed at a temperature
of 123 K using a JEOL JES-FA 100 EPR spectrometer (JEOL, Tokyo, Japan) operating at
the X band (~9.8 GHz). The magnetic field was modulated at 100 kHz and the g values
were determined from precise frequency and magnetic field values. The samples were
placed in a quartz tube and fixed in the center of a standard TE011 cylindrical resonator.
The EPR spectra were recorded under the following conditions: microwave power 5 mW,
modulation amplitude 0.5 mT, sweep 500 mT, time constant 0.03 s, and sweep time 2 min.

2.3.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were carried out on an AXIS
Supra electron spectrometer (Kratos Analyical Ltd., Trafford Park, Stretford, United King-
dom) with a base vacuum in the analysis chamber of around 10−8 Pa. The samples were
irradiated with Mg Kα photons with energy of 1253.6 eV. According to their kinetic energy,
the photoemitted electrons were separated by a 180◦-hemispherical analyzer with total in-
strumental resolution of ~1.0 eV (as measured by the FWHM (full width at half maximum)
of the Ag3d5/2 line) at a pass energy of 20 eV. Due to the charging effect, a resolution of
~1.3 eV was measured on the isolated samples. Energy calibration was performed by nor-
malizing the C1s line of adventitious adsorbed hydrocarbons to 285.0 eV. The analysis area
was 300 × 700 μ2. The concentrations (as at.%) of the observed chemical elements were cal-
culated by normalizing the areas of their most intense photoelectron peaks to their relative
sensitivity factors using commercial spectrometer software (SpecsLab2 CasaXPS software,
Casa Software Ltd, Bay House 5 Grosvenor Terrace Teignmouth, United Kingdom). The
accuracy of the binding energy determination was within ±0.1 eV.

‘Bare’ anode samples were prepared using a standard ceramic technology by cold
pressing (3 t/5 min) to obtain pressed tablets followed by sintering in air at 1200 ◦C for
5 h. Volumetric shrinkage of each tablet did not exceed 6%. The sintering procedure was
used for real electrodes, leading to obtaining dense cermet tablets with definite porosity
and grain size.

2.4. Electrochemical Measurements

The electrochemical impedance spectroscopy (EIS) measurements were performed on
an IVIUM—CompactStat e10030 (Alvatek Ltd, Tetbury, England) in the temperature inter-
val of 100–750 ◦C and frequency range of 1 MHz–0.01 Hz, with a density of 5 points/decade
and amplitude of the AC signal of 1 mA in the reduction atmosphere. In situ redox cycling
analysis was performed on two types of symmetrical half cells fabricated by tape casting of
the cermet slurry on the BCY15 dense electrolyte support and sintered at 1350 ◦C for 4 h
using the following compositions: (i) Ni/BCY15-Mech obtained by a ball-milled mixture
of 30 vol.% BCY15 and 70 vol.% NiO (NOVAMET, HP green NiO-Type A) powders, and
(ii) Ni/BCY15-EG powders prepared by wet-reduction with hydrazine in ethylene glycol.

The impedance measurements were preceded by a specially developed reduction
procedure [39] performed at 800 ◦C in the reducing atmosphere, starting with the H2+N2
mixture and followed by reduction in pure hydrogen. This treatment transforms the NiO
to Ni. Each sample was subjected to six redox cycles following the regime presented in
Table 1.
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Table 1. Redox cycling regime.

Oxidation Reduction

Duration N2 Air Duration N2 H2

(Min) (mL/Min/cm2) (mL/Min/cm2) (Min) (mL/Min/cm2) (mL/Min/cm2)

2 3.97 3.97 6 3.97 3.97
6 3.97 0 10 22.28 0

5 3.97 0

3. Results and Discussion

3.1. X-ray Powder Diffraction

The basic analysis of the impact of the wet-chemical synthesis route on the structural
characteristics of as-prepared Ni/BCY15 cermets was performed by XRD. The patterns of
bare BCY15 and as-prepared Ni/BCY15 cermets were graphically presented in our previous
study [30,35]. They exhibit the characteristic diffraction lines of single-phase isostructural
BaCeO3 (ICDD-PDF file 00-022-0074). After Ni0 deposition on a BCY15 ceramic matrix,
typical reflections of metallic Ni (ICDD-PDF file 00-004-0850) were observed and parasite
BaCO3 phase (ICDD-PDF file 00-045-1471) was also registered, however, pattern intensities
in this case of Ni/BCY15-EG were negligible [35] if compared with very well-organized and
intense reflections of the BaCO3 phase observed in the aqueous environment [30]. However,
at Ni/BCY15-W, only two phases were detected, namely metallic Ni and parasite BaCO3.
There were no reflections for BaCeO3 structure (Table 2). As it was mentioned above, during
synthesis, the deionized water solvent and medium in the reactor causes decomposition
of the BCY15 perovskite structure and readily transforms part of the BaCe0.85Y0.15O2.925
material to barium oxide. Then, the latter reacts with carbon dioxide and water to yield
barium carbonate [40]. Barium carbonate formation in ethylene glycol anhydrous synthesis
is explained by partial decomposition of the BCY15 structure due to surface reduction of
Ce4+ to Ce3+ by hydrazine, thus liberating some barium, which reacts with CO2 to BaCO3.

Table 2. XRD and N2 physisorption parameters of as-prepared Ni/BCY15 cermets.

Sample Phase
Phase Quantity,

wt.%
LNi(111)

nm
SBET

m2/g
dav

nm
Constant C

BCY15 BaCeO3 − 3 14 90

Ni/BCY15-W
Ni0 40 15.7

8 11.5 97− −
BaCO3 60

Ni/BCY15-EG
Ni0 80 13.0

11 9.1 82BaCeO3 16
BaCO3 4

In this study, the semi-quantitative analysis was performed by XRD spectra to esti-
mate the amount of parasite BaCO3 phase at both as-prepared Ni/BCY15 cermets listed
in Table 2. It is evident that the amount of BaCO3 phase at Ni/BCY15-W is too much
(60 wt.%), while the quantity is very low at Ni/BCY15-EG (4 wt.%). Indubitably, the
application of anhydrous ethylene glycol medium leads only to a low extent of BCY15
structure decomposition. In addition to these comments, the great amount of BaCO3 is the
reason for no registration of the main BaCeO3 perovskite structure.

It is also evident from the data in the Table 2 that Ni0 phase quantity at as-prepared
Ni/BCY15-EG is higher (80 wt.%) than the theoretical Ni metal content of 32 wt.%. The
explanation is the high mass absorption index of the nickel originated from its a large atomic
number, thus leading to very good X-ray absorption. Another observation was that this Ni0

phase quantity is higher at Ni/BCY15-W (40 wt.%), due to the better covering of the BCY15
with metallic Ni particles and a lesser extent of decomposition of the BCY15 structure.
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Our previous XRD examination [30,35] revealed that the sintering in air at 1350 ◦C,
which is an obligatory stage in the technological cycle for anode tablets’ preparation and
cannot be avoided, generates complete decomposition of parasitic BaCO3 phase at both Ni
cermets. NiO and restored BaCeO3 perovskite phase as prevailing phases and formation
of impurity phases were noticed, with a total amount of 6 wt.% obtained in sintered
Ni/BCY15-W, as presented in Table 3. In contrast, XRD patterns of sintered BCY15/Ni-EG
exhibited reflections of NiO, preserved BaCeO3 perovskite structure, and traces of 2%
Y2BaNiO5 oxide.

Table 3. XRD parameters of sintered and reduced Ni/BCY15 anode tablets.

Stage
Ni/BCY15-W Ni/BCY15-EG

Phase
Phase Quantity,

wt.%
Phase

Phase Quantity,
wt.%

Sintered anode
tablets

NiO 40 NiO 68
BaCeO3 54 BaCeO3 30

BaNiO2.36 3 Y2BaNiO5 2
Y0.10Ce0.90O1.95 3

Reduced anode
tablets

Ni0 80 Ni0 92
BaCeO3 17 BaCeO3 8

BaNiO2.36 2
Y0.10Ce0.90O1.95 1

The Ni/BCY15 anodes were processed in the reducing atmosphere before the impedance
measurements to transform NiO to metallic Ni, noted in Table 3 as reduced anode tablets.
The existence of BaNiO2.36 phase in the reduced Ni/BCY15-W anode indicated that the Ni
ions are strongly included in this structure (2 wt.% amount), which is stable at exposure in
the reducing atmosphere at 800 ◦C. The important finding is that after reduction treatment,
only metallic Ni and the BCY15 structure existed in the Ni/BCY15-EG anode. The phase
quantity of 92 wt.% Ni0 is due to the very intensive peaks of better-crystalized metallic nickel
phase compared to as-prepared Ni/BCY15-EG cermet.

Data of the mean crystallite sizes (LNi) of the formed metallic nickel in Table 2 clearly
show a smaller size of the nickel in Ni/BCY15-EG, with 17%, compared to Ni/BCY15-W.
This observation confirms ethylene glycol’s contribution as a reducing agent to decrease
Ni0 size.

The XRD data show that no significant structural degradation was observed for
the BCY15 ceramic matrix during wet-chemical synthesis of Ni/BCY15-EG as well as
Ni/BCY15 anode tablets. Thus, the bulk structural analysis convincingly supports the
advantage of the hydrazine wet approach via ethylene glycol assistance.

3.2. N2 Physisorption

The first common method for surface analysis of both the as-prepared cermets is
N2 physisorption, which is known as a technique to study pore characteristics of solid
materials. Pore size distribution (PSD) provides information about mesopores, which may
facilitate the transport of reagent molecules to and from active sites, being an essential
factor for catalyst design [41,42].

BCY15 support is a typical macroporous material, which is confirmed by the Type II
isotherm characteristic of aggregated powders, such as clays, cements, etc., having a small
H3-type hysteresis loop at the highest pressures [30]. Such an isotherm shape possessing
a loop is referred to as a pseudo-Type II isotherm, adopted as Type II(b) [43,44]. Nickel
deposition did not change the isotherm type of both Ni/BCY15 cermets, however, the
hysteresis loops were increased in size relative to bare BCY15 [30,35]. The hysteresis loop
type is also H3 due to mesopores being formed from non-rigid aggregates of plate-like
particles [43,44]. The formation of clearly manifested hysteresis may be due to metallic Ni
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particles forming their own mesopore structure. The specific surface area increases more
visibly with Ni/BCY15-EG (SBET = 11 m2/g) in relation to that of BCY15 (Table 2).

Pore size distribution of BCY15 and both nickel-containing samples is displayed
in Figure 1. A uniform pore system of the BCY15 ceramic matrix is illustrated and the
presence of some macropores above 50 nm indicates a macroporous material. The PSD
curve of Ni/BCY15-W shows a polydisperse character in the 3–50 nm range. Compared
with BCY support, new mesopores can be observed due to the formation of metallic
Ni phase, with an average pore diameter (dav) of 11.5 nm (Table 2). In principle, this
polydisperse character is the same after synthesis in EG medium, however, with intense
maxima in the 3–14 nm range and less mesopores within 14–50 nm, with a lower dav value
of 9.1 nm (Table 2). Obviously, the formation of metallic nickel phase is accompanied by
the creation of more mesopores. This observation could be explained by the presence of
smaller Ni0 particles that expose smaller mesopores of 3–6 nm size, in comparison with
Ni/BCY15-W PSD data. PSD intensity and shape within this range (Figure 1) indicate a
relatively narrow distribution. The presence of larger amounts of pores in the Ni/BCY15-
EG sample synthesized in ethylene glycol leads to a higher SBET value (Table 2), as clearly
seen in Figure 1.

Figure 1. Pore size distribution of BCY15, Ni/BCY15-W, and Ni/BCY15-EG samples.

Constant C in the BET equation is a fundamental parameter in the analysis of ad-
sorption isotherms, which provides information about the magnitude of the adsorbent–
adsorbate interaction force at the surface of the solids. The C constant values presented
in Table 2 follow the range of 82–97. In general, Type II provides C values between 20
and 200 [45,46]. Changes in surface polarity may reflect the interaction of a quadrupole
N2 molecule with a surface, leading to changes of the C parameter value. Based on the
above-mentioned statements, the difference between BCY15 and Ni/BCY15-W values of
C indicates an increase of the polarity due to the abundance of OH groups, which is a
result of the interaction between the hydrophilic BCY15 and deionized water, leading to a
partial decomposition of the initial BCY15 structure, as shown by XRD. A lower C value of
Ni/BCY15-EG in comparison with Ni/BCY15-W presumes a decrease in surface polarity
due to the effect of ethylene glycol medium and reflection to preserve the BCY15 structure.
It is worth mentioning that the latter C value is also lower than that of the bare BCY15.
The reduced surface polarity at Ni/BCY15-EG is consistent with more uniform coating of
the BCY15 surface with metallic Ni particles and negligible decomposed BCY15 structure
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relative to Ni/BCY15-W. This fact favors the EG route synthesis. In addition, a larger
amount of mesopores (higher SBET) in the Ni/BCY15-EG cermet facilitates the transport of
reagent molecules to and from active sites.

3.3. Structural and Morphological Characterization

The SEM technique was used to characterize the surface microstructure of deposited
Ni0 on the surface of the BCY15 matrix for the same magnification. Image analysis shows
that a different morphology was observed for as-prepared Ni/BCY15-W (Figure 2a) and
Ni/BCY15-EG (Figure 2b) cermets.

  

(a) (b) 

Figure 2. Micrographs of (a) Ni/BCY15-W and (b) Ni/BCY15-EG samples at 10,000× magnification.

The Ni0 particles in the Ni/BCY15-W cermet are characterized by different size
(Figure 2a). The presence of agglomerated Ni particles forming bigger and smaller agglom-
erates during the wet-reduction synthesis in aqueous medium is clearly observed. Metallic
nickel is unevenly distributed on the BCY15 surface. The possibility that part of the surface
Ni0 particles will be covered with BaCO3 phase, formed after the partial destruction of the
BCY15 perovskite structure, cannot be excluded either, as is shown by XRD (Table 2). XRD
evidence further indicates (Table 2) that after partial destruction of the BCY15 perovskite
structure, the surface Ni0 particles may be covered by BaCO3 phase to a certain extent.

A SEM image of the Ni/BCY15-EG cermet surface reveals that the microstructure
seems homogeneous, exposing spherical particles of similar size and no sign of agglomera-
tion (Figure 2b). Undoubtedly, ethylene glycol anhydrous synthesis provides uniformly
distributed Ni0 particles of smaller particle size.

It is well-known that high metal loadings affect metal dispersion on the support.
However, the use of ethylene glycol as a protective solvent saves not only the BCY15
structure but also, owing to its properties as a reducing and dispersive agent, leads to a
finely divided metal Ni phase of smaller particle sizes.

3.4. Electron Paramagnetic Resonance

EPR spectroscopy characterized by high selectivity and sensitivity (10−11–10−12 mol/L)
was used to gain further information about the bulk nature of both the bare BCY15 matrix
and active metallic Ni phase to find detailed explanations for differences in the electro-
chemical activity of Ni/BCY15-W and Ni/BCY15-EG anodes. So far, EPR analysis of the
yttrium-doped barium cerate (BaCe0.85Y0.15O2.925; BCY15) structure is still lacking in the
current literature.

Several signals have been registered in the EPR spectrum of bare BCY15 (Figure 3a).
One of them, with g⊥ = 1.9436 and g|| = 1.9321, is associated with the presence of Ce3+

sites, narrow lines marked with a circle in Figure 3 due to O2− species on the cerium
surface (Ce4+ − O2−), and a signal with g = 2.2866, which could be ascribed to Ce3+ in
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a distortion polyhedron of defect associations {CeCe’VÖ} [47]. The g-factor values have
small deviations compared to the typical EPR signals of Ce3+ ion and oxygen vacancies
reported in the literature [38,48,49], which can be attributed to the incorporated Y3+ ions
which partially replaced Ce4+ host cations into the BCY15 structure by creation of oxygen
anion vacancies and Ce3+ sites, in agreement with a study of Y-doped CeO2 [50].

Figure 3. EPR spectra recorded at 123 K: (a) bare BCY15 and (b) Ni/BCY15-W and Ni/BCY15-
EG cermets.

After metallic Ni deposition, broad lines were only detected in the EPR spectra of
as-prepared Ni/BCY15-W and Ni/BCY15-EG cermets (Figure 3b). It is good to mention
that unlike a simple EPR signal of ceria reduced in H2 at 500 ◦C, hydrazine-treated ceria
displays a complicated EPR spectrum with signals at g-values of 1.979, 1.998, and 2.013 [38].
However, the high amount of nickel (32 wt.% metallic Ni) makes it impossible to record
signals corresponding to paramagnetic Ni0 and Ni2+, as well as Ce3+ ions. However,
because of the broad EPR spectrum of freshly prepared Ni/BCY15 cermets, according to
literature data, the Ni2+ ions may originate from probable superficial reoxidation of the
metallic Ni particles, in part after the hydrazine reduction during subsequent washing
and drying stages [29]. It has been established that the interaction between metallic nickel
phase and ceria support in hydrazine Ni/CeO2 catalysts highly preserves the nickel from
partial oxidation in air [29]. The EPR data show that the Ni/BCY15-EG spectrum is better
resolved. This narrowing of the signal supposes that the interaction between hydrazine-
originating metallic Ni and cerium from the BCY15 matrix in the anhydrous ethylene glycol
environment is stronger than in aqueous medium.

Apparently, the magnitude of the nickel–cerium interaction would be an additional
factor for better electrochemical performance of the Ni/BCY15-EG anode, combined with
smaller and more uniform size of better-distributed metallic Ni particles.

3.5. X-ray Photoelectron Spectroscopy

Surface structure properties of Ni/BCY15-W and Ni/BCY15-EG cermets are an impor-
tant factor that controls the performance of these materials as anodes. X-ray photoelectron
spectroscopy is a powerful and sensitive probe for surface examination and ensures reliable
identification of the surface composition, oxidation states, and the relative dispersion
of the components. Determination of the nickel chemical state on the BCY15 surface in
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as-prepared Ni/BCY15-W and Ni/BCY15-EG cermets is important because nickel is the
key to adsorption, dissociation, and oxidation of the hydrogen, and an electronic conductor
that provides the electronic conductivity of the anode.

The main Ni2p3/2 peaks with asymmetry toward a lower binging energy (BE), ac-
companied by shake-up satellite lines, were registered at 856.0 eV in the spectra of both
Ni/BCY cermets (Figure 4, Table 4). The position of the peaks clearly indicates the presence
of Ni2+ ions on the surface, which can be attributed to Ni(OH)2 (855.3–856.6 eV) [51–53]. It
should be noted that the XRD data show only the presence of Ni0, while the Ni2+ oxidation
state originates from surface oxidation of metallic Ni after the hydrazine reduction during
subsequent water washing and air-drying stages, as already mentioned [29].

Figure 4. Ni2p and Ce3d photoelectron regions of the studied samples: (a) BCY15, (b) Ni/BCY15-EG,
and (c) Ni/BCY15-W. Ni0 and Ni2+ species are colored in red and green, respectively. Black contour
lines outline the total Ce3d signals from the studied samples. Contributions of the Ce3+ and Ce4+

oxidation states in spectrum (a) are marked in purple and blue, respectively.
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Table 4. Binding energies of the peaks of the BCY15 surface in as-prepared Ni/BCY15-W and
Ni/BCY15-EG cermets, referred to as Cls, with BE = 285.0 eV.

Sample

Binding Energy (eV)

Ni2p Ce3d O1s

Ni0 Ni2+ Ce4+ Satellite I II

BCY15 − − 916.1 528.8 531.5
Ni/BCY15-W 853.4 856.0 916.3 529.4 531.7
Ni/BCY15-EG 853.4 856.0 916.7 529.4 531.5

Curve fitting of the Ni2p level shows that the low-energy peak registered at 853.4 eV
(Table 4) is present in the spectra of both samples (Figure 4). According to literature data, the
Ni 2p3/2 spectrum of pure nickel metal is registered in the range of 852.7–853 eV [51–54].
Following the above results, the BE value corresponds to the presence of Ni0 on the
surface. A small shift to higher binding energies is a result of the influence of the nearest
neighbors around the metallic nickel particles [53]. Thus, this shift can be attributed to the
established interaction of the metallic Ni particles with Ce3+ sites [50,55]. The Ce3+ sites are
additionally formed in the structure of the BCY15 support by thin surface layer reduction
of Ce4+ during hydrazine wet-reduction synthesis of both as-prepared Ni/BCY15-W and
Ni/BCY15-EG cermets, similar to the studies of ceria reduction by the hydrazine reduction
technique [29,38]. Contributions of metallic Ni and the Ni2+/Ni0 ratio are presented in
Table 4. The data reveal that a larger amount of Ni0 is present on the surface of the Ni
cermet synthesized in ethylene glycol anhydrous medium (Ni/BCY15-EG).

The claim stated above is based not only on the EPR data, but also on determining the
Ce chemical state through analysis of the Ce3d photoelectron region. For this purpose, the
surface analysis of bare BCY15 was performed as a reference point (Figure 4a). So far, no
Ce3d spectrum of BCY15 has been reported in the literature.

Reference data using appropriate standards for the various chemical states of Ce [56,57]
indicate that the BCY15 spectrum can be fitted with the characteristic spectra of the Ce4+ and
Ce3+ oxidation states. Their peak contributions are marked in blue and purple, respectively.
Deconvoluted XPS spectra contain many satellite peaks, which can be separated in two
multiplet groups with spin-orbital splitting of 18.4 and 18.7 eV for Ce4+ and Ce3+, respectively.
According to the literature [56], the origin of Ce4+ and Ce3+ is due to the final 4f occupied
state connected with O2p-Ce4f charge transfer during photoemission. The highest binding
energy peak at 916.1 eV is characteristic of the Ce4+ oxidation state without any contribution
by Ce3+ ions. The detection of this peak in the spectrum unambiguously indicates the
presence of the Ce4+ oxidation state in the Ce-containing complex compounds. Wang and
Meng [57] and Shyu et al. [58] have proposed a methodology for determining the relative
Ce4+ concentration compared with that of Ce3+ by using the relative area of the highest
binding-energy satellite peak to the total Ce3d area. Results of the studied samples are
presented in Table 5. As can be seen, the relative concentrations of Ce4+ and Ce3+ in BCY15
and Ni/BCY15-EG are similar, 62% and 65% respectively, and increase significantly to 84%
for Ni/BCY15-W. Therefore, analysis of the Ce3d spectra by deconvolution shows coexistence
of the Ce4+ and Ce3+ oxidation states, in agreement with literature data [59–63]. The presence
of Ce3+ sites in BCY15 was also found by EPR, caused by Y3+ ion-doping in the matrix.

Table 5. XPS data on the BCY15 surface of as-prepared Ni/BCY15-W and Ni/BCY15-EG cermets.

Sample Ni2+/Ni0 Ratio
Contribution, %

Ni/(Ba+Ce+Y) Ba/(Ce+Y)
Ni0 Ce4+

BCY15 − − 62 − 0.63
Ni/BCY15-W 10.4 8.8 84 1.82 1.52
Ni/BCY15-EG 9.9 9.2 65 1.94 0.35
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The position of the Ce4+ satellite registered at 916.1 eV in BCY15 (Figure 4, Table 4) is
shifted toward higher BEs after metallic Ni deposition at 916.3 and 916.7 eV for Ni/BCY15-
W and Ni/BCY15-EG, respectively. The shift of the Ce3d line is larger than ±0.1 eV
experimental accuracy and it can be explained by different electron densities (different
bond lengths) around the cerium atoms after introduction of metallic Ni particles in the
BCY15 matrix. Bearing in mind the above-mentioned results of Ni0 and Ni2+ BEs, namely
that metallic Ni is situated at a BE of 853.4 eV (Table 4) and the Ni2+ oxidation state
arose from partial surface reoxidation of metallic Ni particles to Ni(OH)2, the observed
Ce4+ satellite shift could be indicative of the interaction strength between metallic Ni and
Ce3+ species. The satellite position is higher by 0.4 eV in the Ni/BCY15-EG spectrum
compared with that of Ni/BCY15-W, and by 0.6 eV relative to BCY15. It is known that the
chemical shift of the XPS peak (ΔBE) serves to evaluate the degree of interaction between
the individual components in the studied system. Due to the higher BE value of 916.7 eV
of the Ni/BCY15-EG cermet, the kinetic energy is lower (Ekinetic = hν − Ebinding). This
affords a possibility to claim that upon reduction, the formed Ni0–Ce3+ bond is stronger
after synthesis using ethylene glycol as a medium and reducing agent. The observation is
also in agreement with better-resolved EPR spectra (Figure 3).

Considering the data in Table 5, it follows that the relative concentration of the Ce3+

ions with respect to all Ce ions is 38% in the surface layers of the BCY15 sample. It decreases
slightly to 35% with Ni/BCY15-EG and reaches 16% in the BCY15/Ni-W sample, showing
that the Ce3+ sites are twice as many on the surface of BCY15/Ni-EG cermet after ethylene
glycol anhydrous application, relative to aqueous medium in N2H4-reduction synthesis.
Since Ce3+ ions in hydrazine-treated ceria are stable only in the presence of N2H4 and pure
CeO2 is restored upon drying of the reduced powder in air, the data on the relative Ce3+

concentration in both Ni/BCY15 samples points to a better-stabilized Ce3+ oxidation state
on the BCY15/Ni-EG cermet surface due to the bond with metallic Ni.

The O1s spectrum consists of two peaks, namely a less intensive low-energy peak
at 528.8 eV and a most intense higher energy peak at 531.5 eV, henceforth noted for
convenience as peak I and peak II (Figure 5, Table 4). References for analysis of the O1s
level of BCY15 are lacking in the current literature.

Figure 5. O1s level of the BCY15 surface in as-prepared Ni/BCY15-W and Ni/BCY15-EG cermets.
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It is known that a low binding energy peak at 528.7–529.2 eV in the O1s spectrum of
pure CeO2 originates from lattice oxygen atoms (O2−), and a high binding energy peak
at 531.5–532.0 eV is formed from hydroxyl groups [59,60,63,64]. On this basis, peak I can
be attributed to oxygen atoms in the lattice of BCY15 (BaCe0.85Y0.15O2.925), whereas peak
II can be recognized as due to physisorbed hydroxyl groups coming from atmospheric
moisture uptake as a result of yttrium-doped barium cerate matrix affinity to H2O [40].

A considerably broader main O1s peak, being asymmetrical on the low binding
energy side, characterizes the same spectra of as-prepared Ni/BCY15-W and Ni/BCY15-
EG cermets. It is obvious that the low-energy peak I with BCY15 is transformed into a
shoulder (Figure 5), as better outlined for Ni/BCY15-W. Peak I in the Ni/BCY15-W and
Ni/BCY15-EG spectra can be associated with O2− in Ce–O bonding. Compared with bare
BCY15, there is a noticeable decrease in intensity of these peaks, which could be related
to Ce4+ reduction. The same observation has been reported for the Ni/CeO2 system [65].
Besides, as deconvolution results show, the peaks are shifted to higher BE at 529.4 eV
for both Ni/BCY15 cermets (Figure 5, Table 4). These observations are because of two
simultaneous processes: surface reduction of Ce(IV) to Ce(III) by loss of lattice oxygen and
Ni interaction with cerium during the hydrazine reduction process. The aforementioned
statement is supported by literature data on binding energies of oxygen ions in oxygen-
deficient regions caused by oxygen vacancies (Ox

−) in a matrix of metal oxides registered
at 529.9–531.1 eV [65–69]. The O1s peak for the reduced state of cerium, oxygen in the
Ce2O3 lattice, is also registered at higher BE values, namely 529.8–530 eV [60,63]. Evidently,
a lower peak intensity in combination with peak position in the spectrum of Ni/BCY15-EG
cermet can be associated with a deeper reduction of cerium, and it is a further indication
for a stronger Ni0–Ce3+ interaction in ethylene glycol-assisted synthesis.

The spectra exhibit a second symmetrical high binding energy peak. This peak,
denoted as peak II, is centered at the same BE of 531.5 eV for Ni/BCY15-EG and shifted to
531.7 eV for Ni/BCY15-W, i.e., more than an instrument accuracy of ±0.1 eV. Both peak II
values are more intense related to the BCY15 spectrum. They originate from two types of
oxygen: OH groups from Ni(OH)2 and physisorbed humidity, and oxygen in CO3 groups
due to partial decomposition of the BCY structure to BaCO3, as evidenced through the
amount of BaCO3 phase at Ni/BCY15-W of 60 wt.% calculated by the semi-quantitative
XRD analysis (Table 2). The O1s of pure BaCO3 has been registered at 531.1 eV [70].
Therefore, it is not possible to determine the contribution of each type of oxygen to the
position of peak II.

Attention was also paid to another important factor—relative dispersion of the com-
ponents on the surface. An estimation of nickel atoms’ dispersion was performed by
calculation of the Ni/(Ba+Ce+Y) ratio and is summarized in Table 5. Thus, Ni dispersion
on the BCY15 surface is higher for the Ni/BCY15-EG cermet, as already shown by PSD
(Figure 1), while the SEM image (Figure 2b) indicates that the BCY15 surface is uniformly
covered by deposited smaller metallic Ni particles.

Another intention was to evaluate the BCY15 surface after the synthesis of both Ni
cermets. A Ba/(Ce+Y) ratio was calculated (Table 5) to consider partial decomposition of
the BCY matrix during synthesis and liberation of barium. A value of 1.52 for Ni/BCY15-W
relative to 0.63 for bare BCY15 proved that there was more of a presence of barium on the
surface due to the formation of more BaCO3 using aqueous medium. However, Ni/BCY15-
EG manifested a lower value (0.35) by comparison with BCY15, which undoubtedly
confirms that the BCY15 surface is more uniformly covered with nickel atoms, resulting
in shielding of the signal from the other chemical elements, thus being indirect proof for
better deposition.

In summary, the surface science study showed that nickel dispersion is increased
by using the ethylene glycol environment and that metallic Ni is better stabilized over
a partially reduced cerium surface due to a stronger interaction. As a result, further
evaluation proceeded with the BCY15/Ni-EG anode.
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3.6. Electrochemical Performance

The electrical properties of the anodes prepared with EG were evaluated using com-
parative electrochemical impedance analysis in respect of symmetrical half-cells prepared
from Ni/BCY-Mech. Each half-cell was subjected to six redox cycles following the stan-
dardized procedure presented in Table 1. Samples of Ni/BCY15-W were excluded from
the tests since their composition does not correspond to the required one due to the strong
decomposition of the BCY15 structure in accordance with XRD data.

As already mentioned, during sintering in air, which is an obligatory stage in the
technological cycle that cannot be avoided, the initial metallic Ni used for synthesis of
Ni/BCY15-EG oxidizes partially or fully to NiO. In principle, the process is associated with
volume expansion and should cause stresses on the electrolyte matrix and the appearance
of cracks or delamination [71]. However, the application of the EG technological approach
ensures production of well-dispersed nanosized metallic nickel particles on the BCY15
matrix and provides a strong metal–partially reduced cerium interaction through Ce3+

sites, determining the electrochemical activity of nickel. Both factors suppose improved
electrochemical characteristics and increased stability, which is a prerequisite for decreased
anode degradation under operating conditions. In addition, the nanometric Ni phase
would ensure easier spills during oxidation, and instead of forming cracks, this will
increase the voids, thus improving the tolerance with respect to Ni agglomeration and
redox cycling [28].

In principle, redox cycling can be considered an accelerated stress test regarding
Ni cermet degradation, since it leads to similar degradation mechanisms, namely Ni
coarsening and Ni depletion, which decrease the triple-phase boundary points and thus
the catalytic activity and conductivity.

Figure 6 displays typical impedance diagrams of reduced and oxidized states, which
are used for evaluation of the electrolyte resistance and the polarization resistance of the
Ni/BCY15-Mech anode, presented as area-specific resistance (ASR). A summary of the
results from the impedance measurements is provided in the form of Arrhenius plots
(Figure 7).

Figure 6. Impedance diagrams of reduced (a) and oxidized (b) states (4th cycle) of symmetrical
half-cells with the Ni/BCY-Mech anode.

The results of the electrolyte resistance show that during reoxidation, it increases
in a similar way for both samples, Ni/BCY15-EG and Ni/BCY15-Mech (Figure 7a). The
different values of the electrolyte resistance, 88% and 90% for Mech and EG samples
respectively, are probably due to the different porosity of the electrolytes.

Bearing in mind the electrode polarization resistance, however, a drastic increase
with the Ni/BCY15-Mech sample was observed. Although the initial resistance was lower
for the pristine sample, on the 6th cycle, it was already two times higher than that of the
Ni/BCY15-EG sample, i.e., a very fast degradation rate was observed (Figure 7b). This
result confirms the higher stability of the microstructure obtained by the EG method in
relation to Ni coarsening and migration. The smaller size of the Ni particles and thus bigger
pore sizes also ensure higher mechanical stability.
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Figure 7. Dependences of electrolyte resistance (a) and anode polarization resistance (b) on the
number of cycles for Ni/BCY15-EG (•) and Ni/BCY15-Mech samples (�).

Thus, the observed electrochemical behavior of Ni/BCY15-EG anodes confirms that
the method of wet-reduction by the hydrazine reducing agent guarantees better dispersion
of the Ni metal particles in the BCY15 matrix, minimizing the microstructural changes
during its reoxidation, and accordingly, strongly influences the degradation processes and
whole cell performance.

4. Discussion and Summary

Analysis of the nickel state in the bulk and on the surface of the BCY15 matrix provided
an opportunity to discover the origin of the differences between two cermets (Ni/BCY15-W
and Ni/BCY15-EG) prepared via aqueous and ethylene glycol environments.

XRD analysis showed that the hydrazine wet-reduction methodology ensured com-
plete reduction of the formed Ni2+ hydrazine complex ([Ni(N2H4)x]Cly) to Ni0 particles.
An advantage of this route is the easy preparation of fine nickel powders at a low reaction
temperature (80–95 ◦C) and a simple procedure compared with the classical synthesis
method, which involves a solid-state reaction between NiO powder and BCY electrolytes
at high temperatures of 1100–1400 ◦C, followed by hydrogen reduction at a temperature of
700–800 ◦C.

Our findings showed that the hydrazine wet-reduction approach to synthesize Ni/BCY15-
EG cermet in ethylene glycol medium provides a metallic Ni phase in the pSOFC anode that
is more stable during reoxidation compared to Ni/BCY15-Mech cermet prepared by the
commercial mechanical mixing procedure. This fact clearly outlines another advantage of this
method for metallic Ni incorporation into the electrolyte matrix. Ethylene glycol, used not only
as anhydrous medium but also as an additional reducing agent, provided nano-scaled Ni0

particles of narrow size distribution, a higher specific surface, and improved dispersion on
Ni/BCY15-EG cermet (XRD, N2 sorption, SEM, XPS). These features facilitated fuel molecules’
access to the nickel sites. As a result, more nickel in the Ni/BCY15-EG anode responds faster to
the hydrogen, and thus the percolation process is more rapidly achieved, and full connectivity
among the metallic Ni particles during creation of the conductive network in the electrode is
attained [30,35].

Another determining factor for better electrochemical performance of the Ni/BCY15-
EG anode if compared with Ni/BCY15-W (XPS, EPR) is the interaction magnitude between
nickel and cerium in the as-prepared cermet. The suggestion is that the nickel–cerium
interaction has arisen during decomposition of the Ni2+ hydrazine complex, followed
by transformation of the Ni2+ ions into metallic Ni. It is useful to note that a mutual
influence of nickel and ceria exists during the N2H4-reduction process [29]. A stronger
interaction in as-prepared Ni/BCY15-EG definitely takes place in the bulk BCY15 structure
(EPR), not only on the surface (XPS). It is assumed that Ni0 stabilization occurs through
bonding to Ce3+ sites formed by lattice oxygen transfer. The interaction affinity is kept
after reoxidation during electrode preparation, and it is the reason for a completely formed
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conductive Ni0 network characterized by low resistance after 24 h exposure of the cell to
ambient conditions. Stabilization of the metallic nickel state on the surface determines its
resistance to oxidation and offers an increased number of interacting metal atoms, leading
to better electronic conductivity. Consequently, this is a precondition for better durability
of the Ni/BCY15-EG anode.

Our finding is in agreement with a fundamental study of the Ni/CeO2 system [62].
The authors have detected uniform distribution of Ni particles over ceria surface, and this
has been explained as a result of surface defects (oxygen vacancies) being the nucleation
sites for nickel. It is stated that the Ce3+ sites do not only exist in the regions near the metal,
i.e., at the metal–ceria interfaces [50]. In a theoretical study with density functional theory
(DFT) calculations applied for estimation of Ni deposition on stoichiometric (CeO2) and
reduced (Ce2O3) cerium oxide surfaces, Liu et al. have claimed that the nickel oxidation
state is 2+ on CeO2, and it remains metallic over reduced Ce2O3 [55]. The presented model
surface shows that Ni0 interacts with Ce3+ sites. In addition, Lustemberg et al. have
shown a change occurring under reduction conditions: Ni2+−CeO2→Ni0−CeO2−x. Upon
increasing Ce4+ reduction by oxygen removal, the oxidation state of nickel was transformed
from +2 to 0 [72]. The authors also revealed that the most stable Ni0 particles are located on
O-bridge sites, whereas O-top and O-hollow sites are less stable. Hence, Ni0 is stabilized
by bonding to Ce3+ sites that arise during hydrazine reduction.

By the same analogy, uniform distribution of nickel nanoparticles in Ni/BCY15-EG
cermet is suggested by an increase of the oxygen vacancies on the BCY15 surface and
the accompanying stronger interaction between metallic Ni and Ce3+ sites in the BCY15
matrix due to deeper reduction by ethylene glycol. Furthermore, the interaction between
cerium and Ni could also change the electronic properties of nickel [62], thus affecting its
electrochemical reactivity.

The application of the wet-chemical synthesis route in an anhydrous ethylene glycol
environment provided not only anode ceramic matrix structure preservation, but also a
new microstructure of the Ni/BCY15 pSOFC anode more tolerant to redox cycling, i.e.,
the microstructure is more stable to changes causing degradation. The advantage of the
hydrazine wet-reduction methodology for improvement of the electrochemical behavior of
the Ni/BCY15 pSOFC anode is indubitable.
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2016; Ristić, G.S., Ed.; RAD Centre: Niš, Serbia, 2016; Volume 1, pp. 117–123.

18. Raikova, G.; Krezhov, K.; Genov, I.; Thorel, A.; Chesnaud, A.; Malakova, T.; Vladikova, D.; Stoynov, Z. Structural and electro-
chemical characterization of yttrium doped barium cerate BaCe0.85Y0.15O3-α for applications in solid oxide fuel cells. Bulg. Chem.
Commun. 2017, 49, 162–170.

19. Miller, H.A.; Bouzek, K.; Hnat, J.; Loos, S.; Bernaecker, C.; Weissgaerber, T.; Rontzsch, L.; Meier-Haack, J. Green hydrogen from
anion exchange membrane water electrolysis: A review of recent developments in critical materials and operating conditions.
Sustain. Energ. Fuels 2020, 4, 2114–2133. [CrossRef]

20. Safari, A.; Panda, R.K.; Janas, V.F. Ferroelectricity. Materials, characteristics, and applications. In Key Engineering Materials
Advanced Ceramic Materials; Mostaghaci, H., Ed.; Trans Tech Publications, Ltd.: Bäch, Switzerland, 1996; Volumes 122–124,
pp. 35–70.

21. Liu, Y.; Shao, Z.; Mori, T.; Jiang, S.P. Development of nickel based cermet anode materials in solid oxide fuel cells—Now and
future. MRE 2021, 1, 100003. [CrossRef]

22. Caldes, M.T.; Kravchyk, K.V.; Benamira, M.; Besnard, N.; Gunes, V.; Bohnke, O.; Joubert, O. Metallic Nanoparticles and Proton
Conductivity: Improving Proton Conductivity of BaCe0.9Y0.1O3−δ Using a Catalytic Approach. Chem. Mater. 2012, 24, 4641–4646.
[CrossRef]

23. Costa, R.; Grünbaum, N.; Berger, M.-H.; Dessemond, L.; Thorel, A. On the use of NiO as sintering additive for BaCe0.9Y0.1O3−α.
Solid State Ionics 2009, 180, 891–895. [CrossRef]

24. Fua, Q.; Tietz, F.; Sebold, D.; Tao, S.; Irvine, J.T.S. An efficient ceramic-based anode for solid oxide fuel cells. J. Power Sources 2007,
171, 663–669. [CrossRef]

25. Essoumhi, A.; Taillades, G.; Taillades-Jacquin, M.; Jones, D.J.; Rozière, J. Synthesis and characterization of Ni-cermet/proton
conducting thin film electrolyte symmetrical assemblies. Solid State Ionics 2008, 179, 2155–2159. [CrossRef]

92



Nanomaterials 2021, 11, 3224

26. Chesnaud, A.; Thorel, A.; Valy, J.; Vladikova, D.; Stoynov, Z.; Raikova, G. Optimisation of a BCY15/Ni composite as an anode for
a dual membrane fuel cell. Preparation and DC resistivity measuremen. In Proceedings of the Internat. Workshop “Advances and
Innovations in SOFCs 2. From Materials to the Systems”, Katarino, Bulgaria, 11–16 September 2011; Vladikova, D., Stoynov, Z.,
Eds.; Acad. Evgeni Budevski Institute of Electrochemistry and Energy Systems: Sofia, Bulgaria; Bulgarian Academy of Sciences:
Sofia, Bulgaria, 2011; pp. 45–52.

27. Raikova, G.; Caboche, G.; Combemale, L.; Thorel, A.; Chesnaud, A.; Abreu, J.; Vladikova, D.; Stoynov, Z. Optimization of the
anode compartment of a dual membrane fuel cell. In Proceedings of the Internat. Workshop “Advances and Innovations in
SOFCs 2. From Materials to the Systems”, Katarino, Bulgaria, 11–16 September 2011; Vladikova, D., Stoynov, Z., Eds.; Acad.
Evgeni Budevski Institute of Electrochemistry and Energy Systems: Sofia, Bulgaria; Bulgarian Academy of Sciences: Sofia,
Bulgaria, 2011; pp. 37–44.

28. Young, J.L.; Molero, H.; Birss, V.I. The effect of pre-oxidation treatments on the oxidation tolerance of Ni-yttria-stabilized zirconia
anodes in solid oxide fuel cells. J. Power Sources 2014, 271, 538–547. [CrossRef]

29. Wojcieszak, R.; Monteverdi, S.; Bettahar, M.M. Ni/CeO2 catalysts prepared by aqueous hydrazine reduction. Colloids Surf. A
Physicochem. Eng. Asp. 2008, 317, 116–122. [CrossRef]

30. Gabrovska, M.; Nikolova, D.; Mladenova, E.; Vladikova, D.; Rakovsky, S.; Stoynov, Z. Ni incorporation in pSOFC anode ceramic
matrix: Part I. Wet chemical reduction in an aqueous medium. Bulg. Chem. Commun. 2017, 49, 171–178.

31. Goia, D.V. Preparation and formation mechanisms of uniform metallic particles in homogeneous solutions. J. Mater. Chem. 2004,
14, 451–458. [CrossRef]

32. Park, J.; Chae, E.; Kim, S.; Lee, J.; Kim, J.; Yoon, S.; Choi, J.-Y. Preparation of fine Ni powders from nickel hydrazine complex.
Mater. Chem. Phys. 2006, 97, 371–378. [CrossRef]

33. Wang, D.P.; Sun, D.-B.; Yu, H.-Y.; Meng, H.-M. Morphology controllable synthesis of nickel nanopowders by chemical reduction
process. J. Cryst. Growth 2008, 310, 1195–1201. [CrossRef]

34. Tanner, C.W.; Virkar, A.V. InstabiIiiy of BaCeO3 in H2O-Containing Atmospheres. J. Electrochem. Soc. 1996, 143, 1386–1389.
[CrossRef]

35. Gabrovska, M.; Nikolova, D.; Mladenova, E.; Vladikova, D.; Rakovsky, S.; Stoynov, Z. Ni incorporation in pSOFC anode ceramic
matrix: Part II. Wet chemical reduction in an anhydrous medium. Bulg. Chem. Commun. 2018, 50, 119–126.

36. Kurihara, L.K.; Chow, G.M.; Schoen, P.E. Nanocrystalline metallic powders and films produced by the polyol method. Nanostruct.
Mater. 1995, 5, 607–613. [CrossRef]

37. Huang, G.-Y.; Xu, S.-M.; Xu, G.; Li, L.-Y.; Zhang, L.-F. Preparation of fine nickel powders via reduction of nickel hydrazine
complex precursors. Trans. Nonferrous Met. Soc. China 2009, 19, 389–393. [CrossRef]

38. Filotti, L.; Bensalem, A.; Bozon-Verduraz, F.; Shafeev, G.A.; Voronov, V.V. A comparative study of partial reduction of ceria via
laser ablation in air and soft chemical route. Appl. Surf. Sci. 1997, 109–110, 249–252. [CrossRef]

39. Vladikova, D.E.; Stoynov, Z.B.; Wuillemin, Z.; Montinaro, D.; Piccardo, P.; Genova, I.; Rolland, M. Impedance studies of the
reduction process in NiO-YSZ SOFC anodes. Chapter 7, Cell designs, fabrication, performance and durability. In Proceedings of
the Solid Oxide Fuel Cells 14 (SOFC-XIV), Glasgow, Scotland, 26–31 July 2015; Singhal, S.C., Eguchi, K., Eds.; The Electrochemical
Society, ECS Transactions: Pennington, NJ, USA, 2015; Volume 68, pp. 1161–1168.

40. Zakowsky, N.; Williamson, S.; Irwine, J.T.S. Elaboration of CO2 tolerance limits of BaCe0.9Y0.1O3–d electrolytes for fuel cells and
other applications. Solid State Ionics 2005, 176, 3019–3026. [CrossRef]

41. Groen, J.C.; Peffer, L.A.A.; Pérez-Ramırez, J. Pore size determination in modified micro- and mesoporous materials. Pitfalls and
limitations in gas adsorption data analysis. Microporous Mesoporous Mater. 2003, 60, 1–17. [CrossRef]

42. Groen, J.C.; Pérez-Ramırez, J. Critical appraisal of mesopore characterization by adsorption analysis. J. Appl. Catal. A Gen. 2004,
268, 121–125. [CrossRef]

43. Rouquerol, F.; Rouquerol, J.; Sing, K.S.W.; Llewellyn, P.; Maurin, G. Adsorption by Powders and Porous Solids Principles, Methodology
and Applications, 2nd ed.; Academic Press: Cambridge, MA, USA; Elsevier Ltd.: Amsterdam, The Netherlands, 2014.

44. Thommes, M.M.; Kaneko, K.; Niemark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of
gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl.
Chem. 2015, 87, 1051–1069. [CrossRef]

45. Lecloux, A.; Pirard, J.P. The Importance of Standard Isotherms in the Analysis of Adsorption Isotherms for Determining the
Porous Texture of Solids. J. Colloid Interface Sci. 1979, 70, 265–281. [CrossRef]

46. Serwicka, E.M. Surface area and porosity, X-ray diffraction and chemical analyses. Catal. Today 2000, 56, 335–346. [CrossRef]
47. Lia, L.; Lin, X. Solid solubility and transport properties of Ce1−xNdxO2−d nanocrystalline solid solutions by a sol-gel route. J.

Mater. Res. 2001, 16, 3207–3213. [CrossRef]
48. Bensalem, A.; Shafeev, G.; Bozon-Verduraz, F. Application of electroless procedures to the preparation of palladium catalysts.

Catal. Lett. 1993, 18, 165–171. [CrossRef]
49. Abi-Aad, E.; Bennani, A.; Bonnelle, J.-P.; Aboukaïs, A. Transition-metal ion dimers formed in CeO2: An EPR study. J. Chem. Soc.

Faraday Trans. 1995, 91, 99–104. [CrossRef]
50. Wang, J.B.; Tai, Y.-L.; Dow, W.-P.; Huang, T.-J. Study of ceria-supported nickel catalyst and effect of yttria doping on carbon

dioxide reforming of methane. Appl. Catal. A Gen. 2001, 218, 69–79. [CrossRef]

93



Nanomaterials 2021, 11, 3224

51. Kim, K.S.; Winograd, N. X-ray photoelectron spectroscopic studies of nickel-oxygen surfaces using oxygen and argon ion-
bombardment. Surf. Sci. 1974, 43, 625–643. [CrossRef]

52. Löchel, B.P.; Strehblow, H.H. Breakdown of Passivity of Nickel by Fluoride: II. Surface Analytical Studies. J. Electrochem. Soc.
1884, 131, 713–723. [CrossRef]

53. Grosvenor, A.P.; Biesinger, M.C.; Smart, R.S.C.; McIntyre, N.S. New interpretations of XPS spectra of nickel metal and oxides.
Surf. Sci. 2006, 600, 1771–1779. [CrossRef]

54. Carley, A.F.; Jackson, S.D.; O’Shea, J.N.; Roberts, M.W. The formation and characterisation of Ni3+—An X-ray photoelectron
spectroscopic investigation of potassium-doped Ni(110)–O. Surf. Sci. 1999, 440, L868–L874. [CrossRef]

55. Liu, Z.; Grinter, D.C.; Lustemberg, P.G.; Nguyen-Phan, T.-D.; Zhou, Y.; Luo, S.; Waluyo, I.; Crumlin, E.J.; Stacchiola, J.D.; Zhou,
J.; et al. Dry Reforming of Methane on a Highly-Active Ni-CeO2 Catalyst: Effects of Metal-Support Interactions on C–H Bond
Breaking. Angew. Chem. Int. Ed. 2016, 55, 7455–7459. [CrossRef]

56. Beche, E.; Charvin, P.; Perarnau, D.; Abanades, S.; Flamant, G. Ce 3D XPS investigation of cerium oxides and mixed cerium oxide
(CexTiyOz). Surf. Interface Anal. 2008, 40, 264–267. [CrossRef]

57. Wang, L.; Meng, F. Oxygen vacancy and Ce3+ ion dependent magnetism of monocrystal CeO2 nanopoles synthesized by a facile
hydrothermal method. Mater. Res. Bull. 2013, 48, 3492–3498. [CrossRef]

58. Shyu, J.Z.; Otto, K.; Watkins, W.L.H.; Graham, G.W. Characterization of Pd/γ-alumina catalysts containing ceria. J. Catal. 1988,
114, 23–33. [CrossRef]

59. Ingo, G.M.; Paparazzo, E.; Bagnarelli, O.; Zacchetti, N. XPS studies on cerium, zirconium and yttrium valence states in plasma-
sprayed coatings. Surf. Interface Anal. 1990, 16, 515–519. [CrossRef]

60. Laachir, A.; Perrichon, V.; Badri, A.; Lamotte, J.; Catherine, E.; Lavalley, J.C.; El Fallah, J.; Hilaire, L.; Le Normand, F.; Quéméré, E.;
et al. Reduction of CeO2 by hydrogen. Magnetic susceptibility and Fourier-transform infrared, ultraviolet and X-ray photoelectron
spectroscopy measurements. J. Chem. Soc. Faraday Trans. 1991, 87, 1601–1609. [CrossRef]

61. Deshpande, S.; Patil, S.; Kuchibhatla, S.V.N.T.; Seal, S. Size dependency variation in lattice parameter and valency states in
nanocrystalline cerium oxide. Appl. Phys. Lett. 2005, 87, 133113. [CrossRef]

62. Zhou, Y.; Perket, J.M.; Crooks, A.B.; Zhou, J. Effect of Ceria Support on the Structure of Ni Nanoparticles. J. Phys. Chem. Lett.
2010, 1, 1447–1453. [CrossRef]

63. Praline, G.; Koel, B.E.; Hance, R.L.; Lee, H.-I.; White, J.M. X-ray photoelectron study of the reaction of oxygen with cerium. J.
Electron Spectrosc. Relat. Phenom. 1980, 21, 17–30. [CrossRef]

64. Pereira, A.; Blouin, M.; Pillonnet, A.; Guay, D. Structure and valence properties of ceria films synthesized by laser ablation under
reducing atmosphere. Mater. Res. Express 2014, 1, 015704. [CrossRef]

65. Caballero, A.; Holgado, J.P.; Gonzalez-delaCruz, V.M.; Habas, S.E.; Herranz, T.; Salmeron, M. In situ spectroscopic detection of
SMSI effect in a Ni/CeO2 system: Hydrogen-induced burial and dig out of metallic nickel. Chem. Commun. 2010, 46, 1097–1099.
[CrossRef]

66. Wang, X.; Wang, X.; Di, Q.; Zhao, H.; Liang, B.; Yang, J. Mutual Effects of Fluorine Dopant and Oxygen Vacancies on Structural
and Luminescence Characteristics of F Doped SnO2 Nanoparticles. J. Mater. 2017, 10, 1398. [CrossRef] [PubMed]

67. Tu, Y.; Chen, S.; Li, X.; Gorbaciova, J.; Gillin, W.P.; Krause, S.; Briscoe, J. Control of oxygen vacancies in ZnO nanorods by
annealing and their influence on ZnO/PEDOT: PSS diode behavior. J. Mater. Chem. C 2018, 6, 1815–1821. [CrossRef]

68. Saini, S.; Shah, J.; Kotnala, R.K.; Yadav, K.L. Nickel substituted oxygen deficient nanoporous lithium ferrite based green energy
device hydroelectric cell. J. Alloys Compd. 2020, 827, 154334. [CrossRef]

69. Choi, M.; Ibrahim, I.A.M.; Kim, K.; Koo, J.Y.; Kim, S.J.; Son, J.-W.; Han, J.W.; Lee, W. Engineering of Charged Defects at Perovskite
Oxide Surfaces for Exceptionally Stable Solid Oxide Fuel Cell Electrodes. ACS Appl. Mater. Interfaces 2020, 12, 21494–21504.
[CrossRef] [PubMed]

70. Gauzzi, A.; Mathieu, H.J.; James, J.H.; Kellett, B. AES, XPS and SIMS characterization of YBa2Cu3O7 superconducting high Tc
thin films. Vacuum 1990, 41, 870–874. [CrossRef]

71. Liu, B.; Zhang, Y.; Tu, B.; Dong, Y.; Cheng, M. Electrochemical impedance investigation of the redox behaviour of a Ni–YSZ anode.
J. Power Sources 2007, 165, 114–119. [CrossRef]

72. Lustemberg, P.G.; Ramírez, P.J.; Liu, Z.; Gutiérrez, R.A.; Grinter, D.G.; Carrasco, J.; Senanayake, S.D.; Rodriguez, J.A.; Ganduglia-
Pirovano, M.V. Room-Temperature Activation of Methane and Dry Re-forming with CO2 on Ni-CeO2(111) Surfaces: Effect of
Ce3+ Sites and Metal–Support Interactions on C–H Bond Cleavage. ACS Catal. 2016, 6, 8184–8191.

94



Citation: Anastasiadis, S.H.;

Chrissopoulou, K.; Stratakis, E.;

Kavatzikidou, P.; Kaklamani, G.;

Ranella, A. How the Physicochemical

Properties of Manufactured

Nanomaterials Affect Their

Performance in Dispersion and Their

Applications in Biomedicine: A

Review. Nanomaterials 2022, 12, 552.

https://doi.org/10.3390/

nano12030552

Academic Editors: John Vakros and

George Avgouropoulos

Received: 17 November 2021

Accepted: 1 February 2022

Published: 6 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

nanomaterials

Review

How the Physicochemical Properties of Manufactured
Nanomaterials Affect Their Performance in Dispersion and
Their Applications in Biomedicine: A Review

Spiros H. Anastasiadis 1,2,*, Kiriaki Chrissopoulou 1, Emmanuel Stratakis 1,3, Paraskevi Kavatzikidou 1,

Georgia Kaklamani 1 and Anthi Ranella 1

1 Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas, N. Plastira 100,
700 13 Heraklion, Crete, Greece; kiki@iesl.forth.gr (K.C.); stratak@iesl.forth.gr (E.S.);
ekavatzi@iesl.forth.gr (P.K.); georgina@iesl.forth.gr (G.K.); ranthi@iesl.forth.gr (A.R.)

2 Department of Chemistry, University of Crete, 700 13 Heraklion, Crete, Greece
3 Department of Physics, University of Crete, 700 13 Heraklion, Crete, Greece
* Correspondence: spiros@iesl.forth.gr; Tel.: +30-2810-391466

Abstract: The growth in novel synthesis methods and in the range of possible applications has led to
the development of a large variety of manufactured nanomaterials (MNMs), which can, in principle,
come into close contact with humans and be dispersed in the environment. The nanomaterials
interact with the surrounding environment, this being either the proteins and/or cells in a biological
medium or the matrix constituent in a dispersion or composite, and an interface is formed whose
properties depend on the physicochemical interactions and on colloidal forces. The development
of predictive relationships between the characteristics of individual MNMs and their potential
practical use critically depends on how the key parameters of MNMs, such as the size, shape,
surface chemistry, surface charge, surface coating, etc., affect the behavior in a test medium. This
relationship between the biophysicochemical properties of the MNMs and their practical use is
defined as their functionality; understanding this relationship is very important for the safe use of
these nanomaterials. In this mini review, we attempt to identify the key parameters of nanomaterials
and establish a relationship between these and the main MNM functionalities, which would play an
important role in the safe design of MNMs; thus, reducing the possible health and environmental risks
early on in the innovation process, when the functionality of a nanomaterial and its toxicity/safety
will be taken into account in an integrated way. This review aims to contribute to a decision tree
strategy for the optimum design of safe nanomaterials, by going beyond the compromise between
functionality and safety.

Keywords: physical/chemical characteristics; functionality; nanoparticles; nanomaterials

1. Introduction

The rapid expansion of nanotechnology and of the related synthesis and analysis tools
has led to a significant increase of the variety of manufactured nanomaterials (MNMs)
and of their range of applications. The term MNMs signifies intentionally manufactured
materials ‘containing particles, in an unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the number size distribution, one or more
external dimensions is in the size range 1–100 nm’. Moreover, fullerene, graphene, and
carbon nanotubes with minimum diameters below 1 nm are included as well. The defini-
tion of ‘nanomaterial’ was given in 2011 in a European Commission recommendation [1],
where nanomaterials were also categorized as natural, incidental, or manufactured. This
expansion in the application of MNMs has significantly increased the probability of them
coming in contact with humans, the environment, and, in general, the Earth system [2]. It
is, therefore, of great importance to identify all probable deleterious effects that MNMs
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may have on both human health and the environment, early on in the innovation process.
A first step towards achieving this objective is to be able to link the physicochemical charac-
teristics of the manufactured nanomaterials to their functionality. At the same time, much
research work is still required to both, advance our knowledge on the physicochemical
characterization of MNMs, and to explore on how these characteristics and the resulting
properties affect their potential to induce toxicity in different receptors, as well as deter-
mine their ultimate fate [3]. The importance of lacking the right correlations regarding how
physicochemical characteristics influence the fate of manufactured nanomaterials has been
emphasized in reports on the life-cycle assessment of these MNMs [4]. Moreover, correlat-
ing the physico-chemical characteristics of MNMs and their extensive (eco)toxicological
assessment would allow the application of grouping and read-across methodological ap-
proaches, which have been extensively used for chemicals in general and, based on the
similarity between substances and their behavior, could be used to fill data gaps for other
MNMs, without performing additional effort, and time, consuming testing [5]. One should
also refer here to a classic book by Otterstedt and Brandreth [6], which deals with the
chemical and physical principles of methods for the preparation of MNMs, as well as with
the description of their surface and of the methods of its modification. The applications
of small particle technology are also demonstrated, considering how to make technically
important materials.

When any type of a nanomaterial interacts with a biological medium, which can consist
of proteins, membranes, cells, organelles, and nucleic acids, various kinds of nanoparti-
cle/biological interfaces are established, where the behavior is governed by the relevant
biophysicochemical interactions, as well as by colloidal forces. These kinds of interactions
can lead to the formation of protein coronas on the surface of the nanomaterials, wrapping
of nanoparticles by membranes, intracellular uptake, and biocatalytic processes that could
potentially have biocompatible or bio-antagonistic outcomes. At the same time, the nano-
material surface may suffer phase transformations, restructuring, and/or dissolution, due
to the presence of the biomolecules and the dispersing liquid medium. Being able to under-
stand the structure and the behavior at such interfaces would allow predictive relationships
between structure and activity to be developed, which will be governed by the nanomaterial
characteristics, such as size, shape, roughness, surface chemistry, and surface coatings. Such
knowledge will be imperative for the safe use of the nanomaterials [7].

Our main objective has been to identify, classify, and prioritize the physicochemical
characteristics of nanomaterials in relationship to their functionalities, in order to demon-
strate the interrelationship between these different functionalities and to illustrate the effect
of the physicochemical properties on the MNM performance. The number of different
nanoparticles, their properties, and their practical uses are vast, as are their different physic-
ochemical properties and the resulting biophysicochemical interactions at the respective
interfaces. Thus, it is not possible to discuss all of them in sufficient detail. In this work, we
present a short review of how specific key parameters of manufactured nanomaterials affect
some of these functionalities, except toxicity, which is, by itself, a huge field of research. Key
parameters relative to geometry (particle size, particle shape, and aspect ratio), chemistry
(composition, surface groups, surface charge), crystallinity, morphology (topology, rough-
ness, porosity, and surface area), surface functionalization (surface coatings, reactivity, and
stability), and test media (mostly aqueous) are discussed in relation to MNM functionalities.
These functionalities are discussed in terms of two groups: performance or properties, on
the one hand, and applications, on the other. In the properties/performance functionalities
we have included dispersion ability in aqueous media, solubility/dissolution characteris-
tics, and hydrophobicity/hydrophilicity, which are directly affected by the physicochemical
characteristics of the prepared nanomaterials, but, at the same time, they can have an effect
on the activity and the practical uses of the MNMs. In the second functionality group,
we have included applications such as the cellular uptake of the MNMs, as well as their
optical, electronic, magnetic, and catalytic properties. Since the number of MNMs is vast,
we tried to focus our report mainly on certain MNMs that are more frequently encountered
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in contact with humans, such as titania (TiO2), silica (SiO2), zinc oxide (ZnO), cerium oxide
(CeO2), iron oxide (Fe3O4), barium sulfate (BaSO4), cadmium selenide (CdSe) quantum
dots, gold (Au), silver (Ag), and various carbon nanomaterials such as carbon nanotubes
(CNTs), graphene, graphene oxide, and reduced graphene oxide. It is noted that carbon
black (nano)materials, which are broadly used in tires, are not discussed in this mini review,
mostly because this is a very broad area, where various grades of carbon black are used,
often with a non-disclosed primary particle size distribution, as well as different sizes and
structures of aggregates [8].

One should note that being able to understand such interrelationships will allow
engineering the MNMs so that one can maximize the benefits for functionality, while
reducing the risks to human health and/or the environment and, moreover, being able to
achieve this at an early phase of the innovation process. This would enable the consideration
of safety aspects for humans and the environment early on in the process of designing a
new product, so as to minimize or, even, eliminate the risks of adverse effects during its life
cycle, which includes synthesis, storage, use, maintenance, and decommission.

2. How the Key Parameters Affect Functionalities with Respect to Performance

2.1. Dispersion Ability

The state of dispersion of nanomaterials in the different dispersing media is a very
important characteristic of nanoparticulates; yet this state is very challenging to quantify,
since dispersion is a very complicated (and little understood) process [9,10]. Controlling
the dispersion of fine particles and preventing the formation of uncontrollable aggregates
can lead to materials with improved properties [11]. The aggregation of nanomaterials
depends both on the particle characteristics (e.g., size, shape, concentration, surface charge,
and surface roughness) and on the physicochemical properties of the media (e.g., ionic
strength, pH, and/or presence of organic macromolecules) [12]. In the absence of a surface
coating, the aggregation/disaggregation of nanomaterials is mainly controlled by the
intrinsic properties of the particles, such as size and zeta (ζ)-potential, as well as by the
ionic strength of the solutions, as described by the DLVO theory proposed by Derjaguin,
Landau, Verwey, and Overbeek [13,14].

Nanoparticles tend to agglomerate immediately in cell culture media. Thus, the effects
of the various biological dispersion media on the state of aggregation of the nanoparticles
has been extensively investigated in the literature, especially since these are critical in eval-
uating and interpreting the toxicological assay results [15]. At the same time, when natural
organic matter (NOM) is present, it usually increases the stability of the nanoparticles in
water [12,16], whereas chemical surfactants, serum, and/or proteins are frequently used to
improve the dispersion and stabilization of nanoparticles [17].

2.1.1. Dispersibility of Metal and Metal Oxide Nanomaterials

Titanium oxide (TiO2) nanoparticles are widely utilized in many different applications,
for example, in cosmetics and sunscreen products; nevertheless, they may be toxic in certain
cases and/or certain environments or aggregate in different culture media and, thus, the
investigation of the degree of their dispersion is critical. Ultrapure water was found to disperse
TiO2 better than freshwater microalgae and daphnia aquatic culture media (Figure 1). The
hydrodynamic size of the nanoparticles was found to slightly depend on concentration in the
former case; whereas, the effect was significantly larger for the latter [18].

In contrast, attempts to disperse TiO2 nanoparticles in water, even under strong
sonication, led to sizes bigger than the hydrodynamic radius of the primary nanoparticles,
indicating that the TiO2 sample consists of a certain number of strong aggregates that cannot
be broken down easily, even when ultra-sonication is utilized [19]; the dispersion state was
much poorer when different cell culture media were used in the absence of any dispersing
agents. Bovine serum albumin (BSA) greatly improved the dispersion of nanoparticles
in many culture media, with the observed differences attributed to the different protein–
nanoparticle interactions in the media. On the other hand, fetal bovine serum (FBS) was
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found to be the best agent for dispersing and stabilizing TiO2 nanoparticles, due to the
various proteins it comprises, which function in a synergistic manner. When rat and
mouse bronchoalveolar lavage fluid (BALF) was used as a suspension medium, it was
found to considerably reduce the aggregation of TiO2 (as well as ultrafine and fine carbon
black); whereas, the use of phosphate buffered saline (PBS) containing protein or DPPC
alone, in similar concentrations to those found in BALF, was not successful in satisfactorily
dispersing the particles [20]. In another study, similar nanoparticle size distributions were
measured in water without and with bovine serum; whereby, further dilution in Roswell
Park Memorial Institute (RPMI) cell culture medium resulted in significant aggregation [21].

 

Figure 1. Dynamic light scattering (DLS) results for the size of TiO2 agglomerates as a function of
TiO2 concentration in water, in freshwater microalgae cultured in Blue-Green medium (BG-11), and
in daphnia magna cultured in simplified Elendt M7 medium (SM7). * denotes statistical differences
from the control [18].

The type of biological medium in the presence of serum, together with the size of the
nanoparticles, were found to affect the aggregation behavior of SiO2 nanoparticles; their
primary size was measured when dispersed in water or media without serum [15]. In
contrast to SiO2 nanoparticles, which showed a significant dependence of their measured
size on the dispersion medium and/or on the presence of a protein, the size of poly(acrylic
acid)-coated cobalt ferrite nanoparticles was found to be insensitive to the medium [22].
Moreover, the size of magnetic iron oxide nanoaggregates can be kept low, due to their
stabilization via adsorption of FBS proteins [23], whereas the same protein reduces the
agglomeration of zinc oxide nanoparticles [24], similarly to its effect on the dispersion of
TiO2 nanoparticles mentioned above [19]. For hydroxyapatite nanomaterials, the nanopar-
ticle size decreased with increasing FBS concentration in conjunction with stirring, which
provides the necessary steric and electrostatic repulsion to overcome the attractive van der
Waals forces and preserve the dispersion stability for a long period [25]. Fetal calf serum
(FCS) was not successful in supplementing the dispersion of Au nanoparticles of different
sizes in deionized water (DI); whereas, when it was used in Dulbecco’s modified eagle’s
medium (DMEM), it led to the formation of complexes [26].

Temporarily stable small aggregates were formed when Al2O3 nanoparticles were
dispersed either in deionized water (DI) or in ethylene glycol [27], whereas CeO2 nanopar-
ticles formed a more stable dispersion only in water, in comparison to a fish medium in
which sedimentation was clearly observed [28]. However, in both cases dispersions of
small aggregates and not of primary particles were obtained. Moreover, citrate capped
silver (Ag) nanoparticles in aqueous matrices were found to aggregate more pronouncedly
in salty sea water compared to lake fresh water, due to the presence of natural organic
matter (NOM), i.e., alginate humic and fulvic acids, and the low ionic strength of fresh
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water when compared to sea water [29]. The measured hydrodynamic radii were also
found to decrease with increasing pH.

The dispersion of Ag nanoparticles, their aggregation, as well as the size of these ag-
gregates and their stability were found to be very different in different organic solvents [30].
Ag (80 nm), hydrocarbon-coated Ag (15 nm and 25 nm), and polysaccharide-coated Ag
(10, 25–30 and 80 nm) showed a similar tendency since they agglomerate at almost the
same size when they are dispersed in water or media with serum; when media without
serum were utilized, higher agglomeration sizes were obtained [31]. At the same time, the
dispersion of metal and metal oxide nanoparticles, such as Al, Al2O3, Cu, SiO2, TiO2, and
Ag, was investigated in water, cell culture media (RPMI-1640) only, and/or cell culture
media with serum [31]. In the majority of cases, media without serum exhibited the worst
dispersing ability, irrespectively of the kind of nanoparticles, their size, and/or their coat-
ing; whereas, in general, the media with serum were the best, differences in the final sizes
were observed depending on the kind of nanoparticles in water. Moreover, the effect of the
particle primary size on the agglomeration was very weak, if not absent. TiO2 nanoparticles
exhibited high agglomeration, whereas SiO2 particles and SiO2-coated fluorophores (35, 51,
and 110 nm) were the only nanoparticles that were dispersed in a way whereby the size of
the primary particles could be measured. The dispersibility of CuO and ZnO nanoparticles
was tested in different mineral and complex test environments, as well as its relationship
with toxicity towards selected environmentally relevant test organisms and mammalian
cells in vitro [32]. Both, CuO and ZnO nanoparticles were very unstable and sedimentation
was observed. A considerably high degree of agglomeration/sedimentation was observed
in the mineral media that are used for key regulatory ecotoxicological assays (crustaceans,
algae). On the contrary, the components of the complex test media (test environment
with organic components) were found to be critical in dispersing the nanoparticles and
preventing their sedimentation.

The crystallinity and the primary size of nanoparticles are also factors that influence
their dispersibility. In the case of TiO2, 100% anatase, 61–39% rutile-to-anatase, 40–60%
rutile-to-anatase, as well as completely amorphous TiO2 nanoparticles were evaluated in
water and in media with and without serum [31]. The amorphous TiO2 showed a high
degree of agglomeration in all three suspending media, whereas the other TiO2 particles
showed slightly smaller aggregates in water, and only the 61% rutile TiO2 showed a
significant decrease in media with serum. The 61% rutile titania also exhibited the highest
values of zeta-potential. Moreover, when the size of the TiO2 nanoparticles was studied
utilizing nominally 5, 10, 16, 50, and 100 nm nanoparticles, a high agglomeration was
obtained in all three media, except the 10 nm TiO2 in water. The effect of nanoparticle
size on dispersibility has also been investigated with Au nanoparticles of 10, 50, 100, and
250 nm in aqueous suspensions diluted in phosphate buffered saline (PBS), to obtain a
physiological solution [33]. The coexistence of agglomerates consisting of loosely arranged
nanoparticles with individual ones was observed in all dispersions, except for the one of
the largest nanoparticles, where there was not any obvious clustering. Particle shape also
influences the electrostatic and steric repulsive forces, which are much stronger between
two plate-like particles than between two spherical particles of the same volume, due to
the much larger interaction surface between the plate-like particles [34].

2.1.2. Dispersibility of Carbon Nanomaterials

More so than the dispersion of inorganic, metallic, or metal oxide nanoparticles, the
prevention of aggregation in carbon nanomaterials is of utmost importance, since their
agglomeration may hinder the realization of their excellent properties. Enhanced dispersion
and stabilization of carbon nanomaterials (CNMs), such as graphene oxide, graphene,
carbon nanotubes, and fullerenes, especially in water, is a critical challenge, because of their
tendency to aggregate, particularly in aqueous systems, due to significant van der Waals
attractions and their specific hydrophobic interactions [35]. It is both the physicochemical
properties of the carbon nanomaterials and the properties of the dispersion medium that
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influence the dispersion stability, which is further enhanced in aqueous media with NOM,
due to the enhanced interactions assisted by the CNMs hydrophobic surfaces. Both single-
and multi-wall carbon nanotubes (SWCNTs and MWCNTs) were found to disperse better
in media with NOM than in natural water (Figure 2); nevertheless, functionalization of
the MWCNTs can improve the dispersion and lead to differences among the different
media [16]. The presence of proteins, lipids, or protein/lipid components is crucial for the
dispersion of carbon nanomaterials such as fullerenes and single- and multi-wall carbon
nanotubes in various media as well [36], whereas vehicles lacking lipids or proteins lead to
the formation of the largest agglomerates.

 

Figure 2. Different dispersibilities among CNT types and between different media, illustrated
by CNT dispersions in MHRW-NOM (top) and natural water (bottom). From the left: SWCNT,
MWCNT-15, MWCNT-30, MWCNT-OH, and MWCNT-COOH. (Reprinted with permission from
ref. [16]. Copyright 2018 Elsevier).

Aqueous suspensions of nanosilver, nanocopper, and fullerenes (C60) [37] were pre-
pared in deionized water and in filtered natural river water to examine the effect of different
concentrations of dissolved organic carbon (DOC) and different ionic strengths of the so-
lutions; it was found that water chemistry influences both the suspension/solubility of
the nanomaterials, as well as their particle size distributions. The dispersion of carbon
nanotubes and carbon black was studied in water, in cell culture media (RPMI-1640),
and/or in cell culture media in the presence of serum [31]. SWCNTs, MWCNT-COOHs,
and CNTs formed aggregates in deionized water, whereas carbon black showed a large
range of agglomeration sizes (the smaller found in water) depending on the solvent used.
Stable aqueous dispersions of fullerenes, C60 and C70, were prepared in a different study
by injecting a saturated suspension of fullerenes in tetrahydofuran (THF) into water and
subsequently removing the THF by purging with nitrogen gas [38]. Fullerenes were dis-
persed as monodisperse clusters in water, and the obtained dispersions exhibited excellent
colloidal stability, despite the absence of any stabilizing agent. This was attributed to the
negatively charged surfaces that led to significant electrostatic repulsion and, thus, caused
the stability of the dispersions.
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2.1.3. Surface Modification and Dispersibility

One of the most widely used methods to improve the dispersion stability of nanopar-
ticles is their surface modification [39]. This necessitates a different designing of the surface
structure, depending on the type of nanoparticle, as well as of the dispersing liquid media.
Colloidal stability can be achieved by the adsorption, grafting, and/or coating of polymers,
surfactants, and charged or biological molecules [34,40,41] that will provide electrostatic
or steric repulsion between nanoparticles, thus, avoiding their agglomeration. In certain
media, in order for a good dispersion of nanoparticles to be achieved, either a formulation
with dispersants (usually amphiphilic molecules) or surface modification is requisite. For
the latter case, the best functioning grafting molecules depend strongly on the size of the
nanoparticle, with surfactants working better for small nanoparticles (<10–50 nm), whereas
alkoxysilanes work better for larger ones (>50 nm) [42].

One of the simplest surface modification methods for improving dispersion stabil-
ity is the adsorption of a polymeric dispersant on the surface of the nanoparticles; this
methodology was presented in a comprehensive review [39]. Cationic or anionic polymer
dispersants are commonly utilized to disperse nanoparticles, in either aqueous media or in
organic solvents with high polarity; the polymer chains generate the steric repulsive force
and increase the surface charge. Poly(acrylic acid) (PAA), sodium salts of PAA, as well
as copolymers of acrylic acid and maleic acid are common anionic polymeric surfactants
utilized to disperse oxide nanoparticles, such as TiO2, BaTiO3, Fe2O3, MgO, and Al2O3,
whereas polyethyleneimine, PEI, is a commonly used cationic surfactant. The adsorption of
the surfactants on the nanoparticles and the resulting range and magnitude of the repulsive
force are influenced by a combination of various parameters, such as the suspension pH
and solid fraction, the molecular weight of the polymer and its degree of dissociation, as
well as the nanoparticle surface charge and its particle size. It was found that polymeric
surfactants with a high molecular weight diffuse more difficultly around small nanopar-
ticles and, thus, they cannot efficiently adsorb on their surface, failing to improve the
dispersion stability of the suspension. Moreover, the dispersion stability can be affected
by the surfactant structure. For example, for a polymer dispersant with a hydrophilic
and a hydrophobic group, the ratio of the hydrophilic and hydrophobic sites controls the
loop-train structure of the polymer adsorbed onto the particle surface, thus, affecting the
dispersant ability. Copolymers possessing hydrophilic and hydrophobic segments are
often utilized as anionic surfactants, to assist the dispersion of hydrophobic nanoparticles,
such as SiC, CNTs, and coal, in aqueous media, since they can adsorb on the surface via
their hydrophobic segments. Moreover, an aromatic monomer, such as styrene, can further
improve the adsorption via both hydrophobic and π-π interactions. At the same time,
the hydrophilic parts provide the necessary compatibility with the aqueous dispersing
media and create an effective repulsive steric force. Cationic polymers, such as PEI, can
also be utilized to enhance the dispersion of hydrophobic particles, such as SiC and CNTs,
in aqueous media. Another method to improve the degree of dispersion of nanoparticles
in various liquids is chemical modification of their surface. Silane coupling agents are
utilized to alter the surfaces of oxide nanoparticles via the introduction of various reactive
groups, such as epoxides, amines, and vinyls, on the particle surface and the subsequent
grafting-from or grafting-to of polymers onto the surface. It is noted that neutral polymers,
such as poly(ethylene oxide) or dextran, can also be employed as stealth coating agents to
improve the colloidal stability and pass through physiological barriers; the most common
cell targeting agents are proteins, enzymes, antibodies, or nucleotides [43].

Adsorption of certain surfactants on the outer or the inner surface of halloysite nan-
otubes has been utilized to increase their dispersibility, either in water or in organic solvents.
At the same time, covalent or non-covalent functionalization of boron nitride nanotubes
creates homogeneous dispersions in aqueous and organic media [44]. The dispersion
stability of copper oxide (CuO) was investigated in different media, in their pristine form
and when modified by four different stabilizing agents that gave them a negative (sodium
ascorbate, ASC, and sodium citrate, CIT), a positive (polyethylenimine, PEI), or a neutral
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(polyvinylpyrrolidone, PVP) surface charge. The results showed that, in media with low
ionic strength, the first two materials improved the dispersion by improving the repulsive
potential, due to the negative charge, where PEI had the most significant effect, since
it provides both electrostatic and steric stabilization, due to the positive charge and its
polymeric nature, respectively. Amino acid and protein-rich media, however, control the
stability irrespectively of the coating molecule [45].

An optimal concentration of sodium dodecylbenzene sulfonate (SDBS) was attained
in the case of CuO and Al2O3 particles in deionized water, based on the reduction of their
hydrodynamic radii that led to a concurrent decrease of viscosity and increase of thermal
conductivity [46]. At the same time, SDBS and cetyltrimethylammonium bromide (CTAB)
were utilized at low concentration and at exactly the critical micelle concentration (CMC)
to assist the Al2O3 nanoparticle dispersion [47]. SDBS at CMC showed the best dispersion,
because of the positive surface charge of alumina in the aqueous medium and its strong
affinity for anionic groups, in contrast to CTAB, which, being a cationic surfactant, is
repelled by the positively charged alumina surfaces. Similarly, SDBS was found to provide
a better stability of Al2O3 nanoparticles than CTAB or SDS, whose performance was rather
poor. In the former case, the measured hydrodynamic radius of the nanoparticles was
approximately that of the primary ones, taking into account the size of the additional
surfactant layer [48]. Beyond the stabilization in a simple nanofluid, SDBS shows a better
and longer stabilization, lower hydrodynamic size, and narrower polydispersity than SDS,
even for nanohybrid TiO2-Ag nanoparticles [49]. In a similar way, a certain concentration of
PVP surfactants in a Al2O3/ethylene glycol nanofluid provides the most stable dispersions
for long durations, due to the polymeric chain interactions, in contrast to the case when
SDS is used, where a fast sedimentation is observed [50].

In the case of titanium dioxide/distilled water nanofluids, the more stable dispersions
were obtained when PVP was utilized as a stabilizer, whereas the use of the non-ionic
surfactant polyoxyethylenesorbitan monolaurate (Tween 20) led to systems with lower
viscosity; heat transfer is improved by both additives [51]. SDS also significantly influences
the stability of TiO2 nanoparticles, via different processes, which include surface adsorption
and agglomeration (Figure 3).

These processes are reversible (desorption, disagglomeration) when the pH or the
SDS concentration changes, whereas the concentration of the surfactants, the presence of
divalent electrolytes, and the mixing procedure (successive or punctual addition) are of
significant importance, because of the complex interplay among the adsorption/desorption
of the surfactant, specific adsorption, hydrophobic effects, charge cation bridging, inversion,
agglomeration, and disagglomeration [52].

The anionic surfactant SDS was found to be the best among non-ionic (TritonX 100,
PEG), anionic (SDS), and cationic surfactants (CTAB) in stabilizing ZnO in aqueous media,
as its utilization resulted in particles with a smaller size distribution and longer resistance
to sedimentation, especially following sonication [53]. In contrast, the non-ionic surfactant
PVP resulted in smaller hydrodynamic radii of zirgonium oxide, ZrO2, compared to the
ionic SDBS and to CTAB. PVP was found to create stable aqueous dispersions over a
long period of time, with its concentration not playing a significant role [54]. Different
concentrations of TiO2 were better dispersed when FBS was used as the surfactant in the
conventional F-12K plus FBS cell culture medium, in comparison with cases where the
non-ionic block copolymer pluronic F68 or the semi-synthetic plant-derived DPPC were
used as anti-agglomerating agents [17]. In all cases, the size of the particles increased as
a function of their concentration. Similar results were observed when nickel oxide (NiO)
nanoparticles were investigated in the same media. Covalently bound dextran on the
surface of permanently magnetic nanoplatelets ensured robust steric stabilization in differ-
ent physiological buffers and in complex biological media. These kinds of nanoparticles
are keen to agglomerate, not only because of the van der Waals attraction, but due to
dipole–dipole interactions as well [34]. The presence of humic acid (HA) as the natural
organic matter in conjunction with ultra-sonication (and, more specifically, the addition of
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the dispersant before the sonication) were critical for achieving a stable dispersion of TiO2
nanoparticles, together with the concentration of HA and the pH. At the same time, the
optimum values of these parameters depend on the anatase or rutile crystalline phases of
the nanoparticles [55].

 

 

Figure 3. (Left) Schematic representations of TiO2 and SDS interactions and agglomerate formation.
(a): TiO2–SDS agglomerates at pH 3.1. Hydrophobic interactions promote the formation of large
agglomerates. (b): TiO2 agglomerate formation at pH 8.2 in the presence of divalent cations (⊕).
Cation bridging between TiO2 promotes agglomeration. (c): TiO2–SDS agglomeration in the pres-
ence of divalent cations at pH 8.2. Cation bridging between SDS tails destabilizes the complexes.
(Right) Z-average diameters and ζ-potential as a function of pH for (a): [SDS] = 40 mg L−1: charge
neutralization and inversion is observed. SDS–TiO2 complex properties are mainly controlled by
the TiO2 surface properties. (b): [SDS] = 200 mg L−1: the impact of SDS properties on the behavior
of the TiO2–SDS complexes is more pronounced. Charge neutralization occurs and the isoelectric
point is obtained at pH 5.2; by further increasing the pH, negative values are obtained, due to surface
deprotonation. (c): [SDS] = 1442 mg L−1: the SDS–TiO2 complexes exhibit stable Z-average diameter
and ζ-potential in the full pH range. [TiO2] = 50 mg L−1 (Reprinted from ref. [52]. Copyright 2017
The Royal Society of Chemistry).

Magnetic iron oxide nanoparticles were also functionalized by the acidic form of
sophorolipids [56]. No stable dispersions were achieved in the absence of sophorolipids,
whereas when sophorolipids were employed, a stable colloidal suspension of maghemite
Fe2O3 nanoparticles, in coexistence with a black/brown precipitate, was obtained; the pres-
ence of the precipitate was attributed to the nanoparticle aggregation before the addition of
the sophorolipids and/or the insufficient complexation by the sophorolipids. An increase
in temperature further assisted the dispersion. Different organic ligands have been utilized
to influence the colloidal stability of TiO2 nanoparticles as a function of pH, electrolyte con-
centration, and dispersing medium, where different behaviors were observed depending
on their functional group (Figure 4). It was shown that, in certain cases, the behavior was
more influenced by the electrolyte concentration than by the pH, in contrast to other cases
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where, not only was the pH the main parameter, but it showed opposite effects for different
modifiers. There were cases where none of these parameters were found to significantly
influence the behavior or the final hydrodynamic radii measured in the dispersions [57].

 

Figure 4. Zeta potential (Z-pot), hydrodynamic diameter (dz-ave), and sedimentation velocity (sed
V) of pristine and functionalized Aeroxide® P25 TiO2 nanoparticles (declared average particle size:
21 nm) dispersed in 1 and 10 mM NaCl solution for pH values from 2 to 10. Catechol (CAT),
3,4-dihydroxybenzaldehyde (CHO), 3,4-dihydroxybenzoic acid (COOH), dopaminehydrochloride
(DOP), salicylic acid (SAL), and polyethylene glycol (PEG, Mv 100,000) were utilized for the function-
alization. (Reprinted with permission from ref. [57]. Copyright 2018 Elsevier).
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Various mineral and complex test environments were used to examine the dispersibility
of Ag nanoparticles [32]. In all liquid media, coated silver nanoparticles were significantly
more stable compared to the uncoated ones. This was in agreement with the results of an inde-
pendent study [58], which showed that uncoated Ag nanoparticles tend to precipitate in high
ionic strength suspensions and sediment within a few hours. Furthermore, the dispersibility
of both bare and surface-coated Ag nanoparticles with either poly(vinyl pyrrolidone) (PVP)
or oleic acid (OA) was investigated, as well as its relation to bioaccumulation and reproduc-
tive toxicity in earthworms versus that of Ag ions [59]. Nanoparticles coated with PVP are
hydrophilic and they usually form stable suspensions in polar solvents [60], whereas ones
coated with OA are amphiphilic and form stable suspensions in both polar and non-polar
solvents, as well as in polar/non-polar interface layers, depending on the pH of the suspen-
sion [61,62]. The primary particle diameters were determined by TEM, which showed that the
OA-coated particles had a slightly smaller mean diameter than the PVP-coated ones. Dynamic
light scattering measurements in DI water were in agreement with TEM concerning the size
distributions of the PVP-coated nanoparticles, whereas they showed a greater ratio of larger
aggregates for the OA-coated ones.

Surfactants also improve the stability of carbon nanomaterials (CNMs) in water, be-
cause of their adsorption via hydrophobic and π–π interactions. Ionic surfactants lead to
stabilization of CNMs dispersions via the electrostatic repulsion between the charged hy-
drophilic head groups; a similar dispersion ability is obtained for both anionic and cationic
types. Additionally, the purification process, as well as the surface-functionalization that
defines the nanomaterial surface charge, influence the mechanism by which ionic surfac-
tants can adsorb on the CNM surface. The phase behavior of carbon nanotubes (CNTs) in
suspension depends strongly on the kind of surfactant used, its concentration, and on the
type of interaction. Understanding the adsorption mechanism of ionic surfactants and the
prediction of the colloidal stability of CNTs in different media requires knowledge of their
surface charge. CNTs can be dispersed in water when coated by surfactants adsorbed on
their surfaces, preferentially with those that have a relatively high hydrophilic–lipophilic
balance [63]. The stability of aqueous dispersions of CNTs usually increases when sodium
dodecyl sulfate (SDS) is utilized [64]. UV–vis spectroscopy has shown that the CNT/SDS
dispersions exhibit very high stability; the amount of nanotubes in the supernatant liquid
above the sediment decreased by only 15%, whereas the corresponding decrease in the case
of bare CNTs was ~50% after 500 h was allowed for sedimentation. The interaction between
CNTs and SDS via the hydrophobic segment results in a higher negative surface charge
and steric repulsion, which enhances the stability of the CNT/SDS dispersion. It was,
thus, concluded that a surfactant comprising of a single, long, straight-chain hydrophobic
segment and a terminal hydrophilic group can be a suitable dispersant for stable CNT
dispersions. Moreover, Tween 80 (T80), which is a non-ionic surfactant, was found to
enhance the dispersion of multi-walled CNTs in aqueous media, whereas the presence of
biological media, such as RPMI and DMEM cell culture media, improved the dispersion
even further [65]. In that case, the stabilization was ascribed to steric effects, as there was
no change in the zeta potential measurements.

2.1.4. Dispersion Medium and Dispersibility

The effect of ionic strength (IS) and solution pH on nanoparticle dispersion has also
been extensively studied, for example for anatase TiO2 nanoparticles with a primary particle
size of 15 nm; the authors studied their influence on the hydrodynamic size and on the
surface charge of the resulting ‘particles’ [66]. In one case, the nanoparticles were dispersed
in NaCl solution with different concentrations to investigate the effect of the IS at constant
pH and, in another, in solutions with the same ionic strength, but different pH adjusted
by using HCl, NaOH and NaCl, and their combination. A large increase in the average
size was found with increasing solution IS, since, at low IS, the electrostatic repulsive
forces are dominant, whereas, when IS increases, the attractive forces dominate, resulting
in a highly-agglomerated dispersion. Measurements of the average diameter of the TiO2
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dispersions and of the zeta potential as a function of pH at constant ionic strength were
also performed. For pH values far from the isoelectric point (IEP), a high value of zeta
potential was measured, and the electrostatic repulsion prevailed over the van der Waals
attraction and agglomeration was suppressed. For pH approaching the IEP, the low surface
charge leads to a reduction of the repulsive forces, which results in an increase of the
hydrodynamic size and in the formation of large flocs that sediment due to gravitational
forces in a short time. Analogous conclusions were obtained when the aggregation of TiO2
was investigated for different concentrations of Suwannee river fulvic acid (SRFA) and
various values of pH and ionic strengths [67]. The aggregation of bare TiO2 nanoparticles
increased for pHs close to the zero point of charge, whereas at constant pH, aggregation
increased with ionic strength. Furthermore, adsorption of SRFA resulted in a smaller degree
of aggregation of the TiO2 nanoparticles, presumably due to enhanced steric repulsion.
Dynamic light scattering showed that the TiO2 particles readily form stable aggregates
at pH ~4.5 in a NaCl solution adjusted to an ionic strength of 0.0045 M [68]. At the same
pH, when the ionic strength increased to 0.0165 M, micron-sized aggregates were formed
within 15 min. At all other pH values, micron-sized aggregates were found to form faster
than the minimum detection time of 5 min, even at low ionic strengths when NaCl was
used. However, micron-sized aggregates form much faster in an aqueous suspension in the
presence of CaCl2 than in respective suspensions in NaCl, showing that divalent cations
may enhance the aggregation of titania.

Similar observations were made when the agglomeration of SiO2 nanoparticles in
aqueous media was studied for different ionic strengths and pH values [69]. Addition of
different salts (NaCl, MgCl2, BaCl2 and CaCl2) caused aggregation of the SiO2 nanoparticles,
whereas a change of the pH within the range investigated did not influence the degree
of aggregation in the absence of an electrolyte. The type of cation significantly affected
the aggregation, with divalent cations (Mg2+, Ba2+ and Ca2+) being more efficient in
destabilizing the nanoparticle suspension than the monovalent Na+ cations.

The effect of natural organic matter (NOM) on the aggregation of anatase TiO2 nanopar-
ticles was also evaluated [70]. Changes in the particle size were measured as a function
of the concentration of three different electrolytes (NaCl, Na2SO4, and CaCl2) and of the
suspension pH. In general, the influence of the addition of an electrolyte in the absence of
NOM followed DLVO theory. When the level of NOM adsorption on the titania surface
was low, aggregation was induced, whereas an increase of the surface coverage could
reduce the particle aggregation, even at high ionic strengths. The surface coverage was
determined by the ratio of the concentration of NOM to that of the nanoparticles, whereas
the mixing procedure was proven to be important, since it led to different final aggrega-
tion states. Ionic strength strongly influenced the aggregation behavior, whereas divalent
cations and anions led to stronger destabilization of negatively or positively charged titania
particles, respectively. Nanoparticles that were positively charged at low pH were more
easily destabilized by SO4

2− compared to Cl−, whereas the opposite was observed for Ca2+

compared to Na+ for negatively charged nanoparticles at high pH. The addition of NOM at
concentrations that create stable dispersions increased the stability of the suspensions with
respect to Na2SO4 and NaCl but did not have much influence when CaCl2 was used.

The effect of concentration of sodium dodecylbenzene sulfonate (SDBS) surfactant
and of pH on the size of ‘nanoparticles’ of alumina (Al2O3) and copper in water was
investigated [71]. Optimal values of SDBS concentration (0.10% for alumina and 0.07% for
copper) and pH (pH ~8.0 for alumina and pH ~9.5 for copper) were found, at which the
effective particle diameters exhibited minimum values. Hexadecyl trimethyl ammonium
bromide assisted in obtaining Cu nanoparticles with more than one order of magnitude
smaller sizes in aqueous suspensions [72].

The degree of aggregation of CNMs increases at low pH, mainly due to the relatively
smaller negative charge, although the degree of dispersion generally depends on the
dispersing agent [35]. The dispersion of CNMs is significantly influenced by the presence
of dissolved ions in water as well, where the aggregation of CNMs increases as the ionic
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strength increases, as expected. However, beyond a certain value of the ionic strength,
there is no additional increase in the degree of aggregation, signifying that the electrostatic
repulsive forces are already shielded. Moreover, increasing temperature results in an
increase of the stability of CNM suspensions, most probably because of the disruption of
weak interaction forces, increased Brownian motion (and, thus, collisions), and reduced
zeta potential. Cellulose nanocrystals suspended in water also show pH-dependent size
and viscosity; both quantities increase in acidic or alkaline conditions, whereas they obtain
their lowest values at neutral pH [73].

Synthesized core-shell ZnS-coated CdSe nanocrystal quantum dots (QDs) were further
coated to possess single -NH2, -COOH, -OH, or dual -NH2/OH and -OH/COOH functional
groups [74]. The surface charge, as measured by zeta-potential measurements, varied
depending on the functional group; it was found that QD-COOH and QD-OH/COOH
were highly negatively charged, whereas QD-NH2 and QD-NH2/OH were positively
charged. QD with hydroxyl groups were less negatively charged than the QDs with
carboxylic acid groups, whereas QDs with both -OH and -COOH or -NH2 groups had
median charge. QD-NH2 showed a broad particle distribution in contrast to QDs with
-COOH groups that exhibited a much narrower distribution, while functionalization of the
QD surface with -OH groups led to improved dispersion and stability under hypertonic
conditions. In contrast, all QDs were stable in nonelectrolyte solutions. Moreover, all
functionalized QDs were stable under weak alkaline conditions, whereas only QD-NH2
was stable under acidic conditions.

In conclusion, the investigation of the dispersibility of nanoparticles is a complicated
process, since nanomaterials constitute dynamic entities that undergo physical and chemical
transformations when mixed with environmental, synthetic, or biological media of different
complexities, the characteristics of which affect the behavior to a large extend.

2.2. Solubility and Dissolution of Nanoparticles

The possibility of nanoparticles dissolving within the suspending medium is a key
property that influences their toxicity and, consequently, their biological response, because
it defines the fate of nanoparticles in the human body, as well as in the surrounding
environment [75–78]. The solubility/dissolution of nanomaterials is frequently confused
with their dispersion ability. Dissolution is defined as the dynamic process during which
a particle dissolves in the matrix medium, in order to form a homogeneous solution
or mixture [79]; this occurs when the constituent atoms or molecules have a specific
solubility in the local environment. During this process, molecules from the surface of the
dissolving nanomaterial are transferred to the solution forming a diffusion layer, which
is the volume between the bulk solution and the solid nanomaterial surface that involves
solvated molecules. The nanoparticle dissolution depends on the size [80,81] and the
surface area [82,83], the surface morphology [77], the surface energy [84], the possible
adsorbed species and the state of aggregation of the nanoparticles [85], as well as on the
properties of the diffusion layer and the possible solute concentration in the suspending
medium [79]. Furthermore, the dissolution kinetics depend on the size and, thus, the
surface area as well, explaining why the dissolution of nanoparticles is faster and more
extended in comparison with macroscopic particles of the same material [86,87].

Nanoparticle antibacterial properties [88], toxicity [89], biomedical characteristics, and
environmental impact [90] are strongly associated with their dissolution, since highly-toxic
ions such as Zn2+, Cu2+, Cd2+, Ag+, etc. may be delivered to the solution [91–94]. It is possi-
ble, however, that a complex suspension—involving partially dissolved nanoparticles, free
ions dissolved from the nanoparticles, and adsorbed ions on the nanoparticle surface—may
be produced through the dissolution process in the surrounding media [95,96]. Figure 5
schematically illustrates that the metal oxide nanomaterial toxicity may originate from [88]
the nanoparticles themselves, the released ions, or the combination of both, while adsorp-
tion of metal ions on the nanoparticles also affects toxicity. Moreover, since the nanoparticle
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surface interacts directly with biological systems, surface area is a key parameter of their
biological effect [97].

 

Figure 5. Nanoparticle toxicity can be attributed to the nanoparticles themselves, to released ions
from the nanoparticles, or the combination of both. The procedures of dissolution and adsorption are
both considered to contribute to the nanoparticle toxicity (Reprinted with permission from ref. [88].
Copyright 2016 Elsevier).

Generally, the dissolution of nanoparticles increases as the particle size decreases [98–101].
ZnO nanoparticles, however, do not exhibit major differences in their dissolution characteristics
when compared to particles of micron size [102]; both nanoparticles and microparticles showed
an 80% dissolution when added in Osterhout’s medium. It has also been reported in the
literature that decreasing the particle size can reduce the extent of, or even prohibit, dissolution;
when the dissolution of hydroxyapatite nanoparticles was studied as a function of particle
size, it was observed that it was the larger particles that were prone to dissolution [103]. The
dissolution of silver (Ag) nanoparticles, which affects their antibacterial properties, depends
on their size. The smaller the Ag nanoparticles, the higher the dissolution rate, provided
that aggregation of the nanoparticles is avoided, since this may lead to sedimentation. The
formation of a passivation layer (e.g., an oxide layer) can inhibit their dissolution and, thus,
their antibacterial activity [104]. The effects of the concentration and size of nanomaterials
on the release of silver ions from citrate-capped Ag nanoparticles in a common hydroponic
nutrient medium (quarter-strength Hoagland medium) was investigated, and the kinetics
of ion release was accounted for by a kinetic model within hard sphere collision theory
using the Arrhenius equation; thus, providing insight into the mechanisms of the ion release
kinetics from the Ag nanoparticles [105]. Moreover, when the dissolution in water of PVP-
stabilized and citrate-stabilized Ag nanoparticles was investigated [106], it was observed
that the concentration of released silver ions was limited, whereas the dissolution rate and
degree depended on the functionalization of the particles and on storage temperature. The
dissolution is not only affected by the nanoparticle size, but by their shape and surface
morphology as well [107]; when different shapes of CuO nanoparticles (spherical and rod
shaped) were investigated, it was found that spherical nanoparticles dissolved faster and
to a greater extent compared to rod shaped particles. The kinetics of dissolution due to
oxidative etching of Pt nanoparticles of cubic and icosahedral shapes in aqueous solutions
was investigated using a mixture of HAuCl4 and KCl as oxidative agent. Figure 6 shows the
morphological changes of the icosahedral and the cubic Pt nanoparticles over a period of one
hour. The shape of the nanoparticles was dramatically changed as dissolution proceeded. The
corners became round and, after 1 h, the cube dissolved completely, while a small part of the
icosahedron remained [108].
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Figure 6. Morphological changes of icosahedral and cubic Pt Nanoparticles due to dissolution in the
presence of aqueous solutions with a mixture of HAuCl4 and KCl. (Reprinted with permission from
ref. [108]. Copyright 2017 American Chemical Society).

Nanoparticle dissolution is also affected by the parameters of the surrounding media,
including pH, water hardness, ionic strength, temperature, and the presence of detergents
or organic compounds [7,109]. For example, complete dissolution of CuO nanoparticles
was observed in the presence of media enriched in amino acids [110], whereas cysteine
was found to increase the Ag nanoparticle dissolution [111]. The solubility of copper-
based nanoparticles was enhanced at low pH [112], whereas it was observed that ZnS
nanoparticles showed the highest solubility at lower pH (in the range 9–10) and for the
smallest particle size [113]. Moreover, at pH 7 (in DMEM), ZnO nanoparticles dissolved
significantly more after 48 and 72 h when compared to suspensions at pH 4 (in Milli-Q
water). When the ZnO nanoparticle accumulation inside A-431 cells was investigated, the
authors presented arguments that the toxicity could be attributed to the nanometric size
until 24 h of exposure, whereas, after 24 h (up to the 72 h of exposure was studied), both
released Zn2+ ions and nanoparticles played an important role in the toxicity [83].

The dissolution of nanoparticles is strongly related with their bioavailability, degree
of uptake, and toxicity [114]. The toxicity of nanoparticles is related to their chemical
characteristics and surface chemistry [115,116]; this is due to the possibility of releasing
toxic ions and/or the production of reactive oxygen species (ROS) [117]. Toxic effects
through the production of ROS are very likely to occur for nanoparticles of small size
and, thus, of large reactive area. Nevertheless, when the dissolution of nanoparticles takes
place during the cell culture, it is difficult to identify the origin of the toxic effects. The
toxicity of a number of particles was tested in relation to their dissolution. The authors
categorized the nanoparticles into soluble (Ca3(PO4)2, Fe2O3, ZnO) and insoluble (CeO2,
TiO2, ZrO2), and studied the cytotoxicity on two different cells lines; it was found that, for
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high dissolution, the toxic effects were considerably higher compared to those for little or
no dissolution [118].

The solubility of ZnO nanoparticles, with an emphasis on the toxicological effects of
zinc ions, has been widely studied [119]. It has been reported that the higher the nanoparti-
cle dose, the more the cell nuclei are condensed, leading to cell apoptosis [120]. ROS, such as
hydrogen peroxide, superoxide anions, hydroxyl radicals, and organic hydroperoxides, can
be produced in an aqueous suspension of ZnO nanoparticles; these ROS can cause injury
to cells, whereas they also display a strong antibacterial activity [100]. Cytotoxicity studies
of ZnO, CeO2, and TiO2 nanomaterials and their relation to dissolution suggested that the
toxicity induced by ZnO nanoparticles is due to the dissolution of the ZnO nanoparticles in
the aqueous environment and the release of Zn+ in the culture medium, which is associated
with high levels of ROS. On the other hand, CeO2 showed a cytoprotective behavior by sup-
pressing ROS production; this led to cellular resistance to the oxidative stress. Finally, TiO2
was considered inert, since it did not result in toxic effects on mammalian cells [121]. To
evaluate the toxicity in marine diatoms, ZnO nanoparticle dissolution has been examined in
seawater; the toxicity was attributed to the ZnO dissolution that released zinc cations [122].
Even inert nanoparticles can induce ROS under living conditions; this is due to their ability
to target mitochondria. A number of cellular events can be influenced by ROS, such as sig-
nal transduction, proliferation rate, gene expression, and protein redox regulation. At high
ROS levels, cells may be damaged by altering proteins, deoxidizing lipids, or disrupting
DNA, which can even lead to cancer due to gene transcription modulation [120,123]. The
dissolution of ZnO nanoparticles, their uptake, and the routes they follow to enter LoVo
cells has also been investigated. It was found that ZnO nanoparticles can enter LoVo cells by
passive diffusion, endocytosis, or both, according to their agglomeration state. When ZnO
nanoparticles contact the acidic pH of the lysosomes inside the cells, zinc ions are released.
These ions together with the presence of ZnO nanoparticles produce ROS that cause DNA
damages. Thus, the ZnO nanoparticle toxicity is attributed to a combination of the presence
of the particles and of the zinc ions [124]. ZnO nanoparticle dissolution has been studied in
various biologically relevant solutions, including HEPES, MOPS, and PIPES, where it was
discovered that the buffers affect the dissolution kinetics and toxicity of the nanoparticles.
Experiments on cell viability have shown that the use of buffers decreases the viability of
Jurkat leukemic cells after the introduction of ZnO nanoparticles [125].

The dissolution of silver nanoparticles starts immediately upon exposure to the par-
ticular medium and continues for several hours. The oxidative dissolution of Ag is also
responsible for the toxicity of the nanoparticles, which is ion- and particle-related [77]. The
oxygen present induces the formation of Ag2O on the surface of the silver nanoparticles
and the release of silver cations in the aqueous solution. Moreover, low pH and smaller
particle size enhance the Ag nanoparticle dissolution [126]. In general, different forms of
silver may be contained within a suspension of Ag nanoparticles, such as free or complexed
Ag+ and Ag+ adsorbed on the nanoparticles. The state of Ag nanoparticles in pure water or
an aqueous nitric acid environment was investigated for a range of pHs, between 0.5 and
6.5 [127]; the findings suggest that the dissolution of silver nanoparticles depends on the
particle size, since larger particles did not dissolve in nitric acid for concentrations up to 4 M,
whereas faster reaction rates occurred with increasing temperature. The effect of chlorine
anions on Ag nanoparticle dissolution, generation of ROS, and toxicity of Ag nanoparticles
has also been investigated, since chlorine anions are the most common anions in aqueous
systems. It was found that high concentrations of chlorine anions facilitate the dissolution
and toxicity of the nanoparticles, because of the formation of Ag−Cl complexes [117]. Ag
nanoparticle toxicity has also been examined for both positive and negative surface charges.
The results revealed that the nanoparticles with positive charge were less toxic to tumor cell
lines, even though they exhibited ion release rates similar to those of negatively charged
nanoparticles. However, the cytotoxicity of Ag nanoparticles is a combination of events,
which include, apart from the surface charge, the release of silver ions, the dissolution rate,
and the activity of biological molecules [128].
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Nanoparticles that dissolve in the medium before their uptake by organisms may
have ion channels as a route for cellular entry [96]. The nanoparticles that resist com-
plete dissolution follow other routes to influence the fate of cells, such as endocytosis, ion
transportation, or both. Nanoparticle dissolution may also occur after cell uptake and
inside the cells (intracellular dissolution); this is strongly dependent on the nanoparticle
shape [129]. This dissolution mechanism shows how nanoparticles bypass the good pro-
tection of mammalian cells, as well as how heavy metal ions conduct themselves inside
cells. Copper metal nanoparticles stabilized using a carbon layer were tested for the effects
of nanoparticle dissolution on cytotoxicity and were compared to the behavior of copper
oxide nanoparticles. The influence of pH on the solubility was studied using artificial buffer
solutions of pH 5.5 and pH 7.4. At neutral pH, almost no free copper ions could be detected
after 3 days in the cell culture medium, confirming the stability of the particles. However, at
an acidic pH of 5.5, as found inside lysosomes, the copper oxide particles dissolved rapidly,
whereas the fairly stable carbon-coated copper particles released copper to the surrounding
medium. Thus, intracellular dissolution was attributed to pH effects [99].

Dissolution of nanoparticles is one of the main contributors to particle toxicity. The
dissolution process may occur inside or outside cells. Nanoparticles dissolve mainly by
releasing ions, which are possibly toxic for living organisms. Nanoparticle dissolution can
be affected by the chemistry, size, shape, and surface coating of nanoparticles, as well as
the type of media, the pH, and the solution characteristics of the surrounding environment.

2.3. Hydrophilicity–Hydrophobicity

The hydrophilic/hydrophobic behavior of nanomaterials is mainly associated with
their chemical features, such as composition and surface charge, as well as their surface
coating characteristics, stability, and surface reactivity. The wetting characteristics of
nanoparticles are critical for their biological application [130,131] and are often strongly re-
lated to their biocompatibility and their dispersion and interaction with biomolecules [132].
The hydrophobic interaction is generally thought to be the strongest among all long-range
non-covalent interactions in all aqueous systems, as well as in biological ones. It is advanta-
geous for the adsorption of biomolecules, promotes the interaction and adhesion with cell
membranes by increasing nanoparticle uptake for cellular delivery, and adjusts the release
rate of drugs [133,134].

The modification of the wetting characteristics of a nanoparticle surface can be realized
during either the nanoparticle synthesis or by the post-preparation of surface coatings
on the nanoparticles using appropriate polymers or surfactants. Synthetic procedures
in the presence of block or graft copolymers with hydrophilic segments can lead to hy-
drophilic surface coatings; polymeric surfactants used include poly(ethylene glycol) (PEG),
poloxamers, poloxamines, polysaccharides, and nonionic surfactants, such as polysorbate
80 (Tween 80) [130]. Alternatively, post-preparation coating of the nanoparticle surface
using hydrophilic polymers or surfactants is commonly achieved through chemisorption
or covalent attachment of polymers or surfactants with a functional end-group to a re-
active surface (grafting-to) or by in situ polymerization of monomers from immobilized
initiators onto the nanoparticle surface (grafting-from) [135]. Hydrophilic homopolymers
and copolymers and other coupling agents are also used to affect, both the nanoparticle
morphology, and its surface modification, as well as to introduce specific functional groups
on the nanoparticle surface; these agents can be silane coupling agents, titanate coupling
agents, and organophosphonic acids [136,137].

Among all known nanomaterials, silver nanoparticles exhibit the highest biocompati-
bility and antimicrobial activity. One synthetic method utilizes the thermal reduction of
AgNO3 in the presence of oleylamine as a reducing and capping agent [131]; the adsorption
of oleylamine on the surface of the nanoparticles makes them hydrophobic, as illustrated in
Figure 7. In order to increase the dispersibility of such hydrophobic nanoparticles in water,
a facile phase transfer mechanism has been developed using pluronic F-127, a biocompati-
ble block copolymer [131]. Modifying the Ag nanoparticles surface utilizing PVP allows
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the formation of suspensions stable in polar solvents [60], whereas using an amphiphilic
surfactant, such as oleic acid, allows suspensions stable in polar solvents, in non-polar
solvents, and in polar/non-polar interface layers [61,62].

 

Figure 7. (a) The process of modifying the wetting characteristics of Ag nanoparticles from hydropho-
bic to hydrophilic using pluronic F-127 surfactant. (b) Ag nanoparticles before and after the phase
transfer (Reprinted with permission from ref. [131]. Copyright 2010 Springer).

Single and multi-walled carbon nanotubes (CNTs), with diameters between 0.4 and
2 nm, and 2 and 100 nm, respectively, could potentially be utilized in a wide range of
biological and biomedical applications. One of the main technical obstacles for the use of
CNTs in these fields is their extremely low dispersibility in aqueous solutions. A number
of methods have been used to alter the surface of CNTs, in order to modify their wettability
and introduce a hydrophilic character, with the most common being functionalization with
hydrophilic polymers [138]. Oxidative acid treatment can introduce nanotube-bound car-
boxyl acids, thus, enabling defect-targeted functionalization. Esterification, amidation, ionic
interaction treatments, and sidewall-targeted functionalization of CNTs are most commonly
realized by surface-attaching hydrophilic polymeric or oligomeric species onto nanotubes.
PEG, poly(vinyl alcohol) (PVA) and poly(propionylethylenimine-co-ethylenimine) (PPEI-
EI) have been utilized to functionalize SWCNTs. The hydrophobicity of CNTs can also be
modified using non-covalent or covalent modification with carbohydrates (monosaccha-
rides and polysaccharides), proteins, and nucleic acids [139]. Short double-stranded DNAs
and certain RNAs have been used to directly disperse individual SWCNTs in water [140],
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where the interactions of nucleic acid with the SWCNTs in the aqueous media originate
from the stacking of the bases of the nucleic acids on the nanotube surface with the hy-
drophilic sugar-phosphate backbone pointing towards the solution, to achieve solubility in
water. The use of sodium dodecyl sulfate (SDS) as a dispersing agent allows the preparation
of hydrophilic CNTs. The hydrophobic hydrocarbon segment of SDS interacts with the
CNTs, where the hydrophilic sulfate group causes a high negative surface charge and steric
repulsion that improves the stability of the CNT/SDS dispersion [64]. Hydrophilic MWC-
NTs decorated with magnetic nanoparticles have also been prepared by first synthesizing
poly(acrylic acid)-functionalized MWCNTs (PAA-g-MWCNTs) and then decorating these
with magnetic nanoparticles, utilizing chemical co-precipitation of Fe2+ and Fe3+ onto the
outer surfaces of the PAA-g-MWCNTs; they exhibited an exceptional dispersion ability in
water, as well as high magnetic susceptibility [141].

Silica nanoparticles are well known for their hydrophilicity and biocompatibility.
However, often it is necessary to make them very hydrophilic. Generally, the presence
of silanol groups on the surface of SiO2 makes nanoparticles more hydrophilic and, con-
sequently, more easily dispersible in aqueous media [142]. The addition of organosilane
compounds containing PEG chains onto silica nanoparticles led to highly hydrophilic
and more easily dispersible nanoparticles [143]. Alternatively, silica nanoparticles can be
modified with other polymers soluble in water, such as poly(oxyethylene methacrylate)
(POEM) and poly(styrene sulfonic acid) (PSSA) [135]. In this case, the process includes three
steps: activation of the silanol surface groups of the SiO2 nanoparticles, surface alteration
to chlorine (-Cl) groups, and grafting-from polymerization of the polymer chains. The
nanoparticles after modification exhibited better dispersibility compared to the unmodi-
fied ones [135]. Furthermore, polystyrene-functionalized silica nanoparticles have been
prepared via radical polymerization of styrene monomer onto nanoparticles possessing
vinyl groups, with benzoyl peroxide as the initiator, resulting in PS-g-SiO2 particles. These
PS-g-SiO2 nanoparticles were easily dispersed in organic solvents such as methylbenzene,
whereas when deposited onto a silicon wafer, they resulted in a superhydrophobic sur-
face [144]. Hydrophilic silica nanoparticle surfaces have also been turned hydrophobic with
the addition of alumina sol. The degree of hydrophilicity of the produced silica-alumina
nanoparticles was controlled by changing the proportion of alumina. It was shown that
the nanoparticles modified with 1, 2, and 5% alumina gained 5, 2, and 1% weight in water
compared to the unmodified particles, where the gain was 8% [145].

Production of nanoparticles with hydrophilic composition and hydrophobic properties
at the nanoscale level has been attempted by employing surface topology engineering
(Figure 8). This takes advantage of the fact that surface roughness affects the wettability
behavior. Thus, mesoporous hollow silica (MHS) nanospheres with controlled surface
roughness (rough mesoporous hollow silica, RMHS) have been produced by introducing
silica shell particles with smaller sizes of O(10nm) onto MHS with relatively larger sizes of
O(100 nm). These rough MHS nanoparticles exhibited an unexpected hydrophobicity in
comparison with the respective MHS with no roughness, and this led to higher adsorption
of a range of hydrophobic molecules and the sustained release of hydrophilic drugs [134].

Hydrophobic barium sulfate (BaSO4) nanoparticles were produced using a one step
process that combined their synthesis and surface modification [137]. The nanoparticles
were produced by a precipitation reaction of calcium chloride and ammonium sulfate
in a aqueous solution using the modifying agent octadecyl dihydrogen phosphate (n-
C18H37OPO3H2, ODP). The produced nanoparticles were hydrophobic because of the
formation of a thin layer of barium alkyl phosphates on the nanoparticle surface during
synthesis. It is noted that barium alkyl phosphates control the particle size and morphology
of nanoparticles as well.
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Figure 8. Morphology of the surface of RHMS and MHS nanoparticles. (a) SEM image of RMHS,
(b) high-resolution SEM (HRSEM) image of RMHS, illustrating the distances between neighboring
shell silica nanospheres, (c,d) HRTEM images of RMHS and MHS, respectively. Scale bar = 200 nm
(Reprinted with permission from ref. [134]. Copyright 2015 American Chemical Society).

Iron oxide nanoparticles are of great importance in biomedical applications, such as
bioimaging, drug delivery, cellular therapy, etc., due to the possibility of surface modi-
fication and their low toxicity [146,147]. With no surface coating, the surfaces of these
nanoparticles are hydrophobic, and exhibit a large surface to volume ratio [148,149]. These
particles tend to agglomerate because of hydrophobic interactions and form large clusters
in aqueous media, which also significantly affects their magnetic properties. To overcome
this, a variety of surface coatings have been employed to alter the nanoparticle surface,
whereas, for effective stabilization, often a very high surface density for the coating is
required. One approach, is to add some stabilizer, such as a surfactant or a polymer, at the
time of preparation, to prevent aggregation of the nanoscale particulates. Alternatively, the
particles can be modified after precipitation. Among the most common surface modifiers
are synthetic (e.g., PEG, PVP, PAA, PVA, etc.) or natural polymers (e.g., dextran, chitosan
and gelatin), fatty acids, polypeptides, and inorganic coatings [150].

When nanoparticles come into contact with biological fluids, they are coated with
proteins within seconds; therefore, cells or tissues almost never interact with the bare parti-
cles [151,152]. The protein–nanoparticle interactions, which form the so-called nanoparticle–
protein ‘corona’, have a key role in nanomedicine [153]. The proteins that are present in
the plasma are adsorbed onto the nanoparticle surface, depending on the nanoparticle
surface characteristics; this is crucial for their in vivo distribution [154]. The hydrophobicity
of the nanoparticles affects both the quantity and the composition of the plasma protein
adsorbed layer. Nanoparticles with decreasing surface hydrophobicity were studied with
respect to their influence on plasma protein adsorption [155]. Latex particles with dif-
ferent hydrophobicities were used as model colloidal carriers; it was found that, when
the surface hydrophobicity decreased, the quantity of adsorbed proteins decreased and
the changes in the obtained protein adsorption patterns deteriorated. The hydrophobic-
ity of copolymer nanoparticles (70–700 nm) was controlled via the co-monomer ratio of
N-isopropyl-acrylamide and N-tert-butyl acrylamide (NIPAM/BAM) in the copolymer
synthesis, where the NIPAM-rich particle was the most hydrophilic, and the adsorption
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of human serum albumin (HSA) onto these nanoparticles was investigated. The more
hydrophobic nanoparticles were completely covered with a single layer of HAS, whereas
particles with 25% BAM or less exhibited very little binding of HSA [150].

In the fields of nanomedicine and therapeutics, the successful cell uptake of nanoparti-
cles and, consequently, the interaction of nanoparticles with the cell membrane is vital. The
wetting characteristics of nanoparticles play a key role in cell uptake, since their interaction
with the cell membrane depends not only on their shape, surface chemistry, and geom-
etry but also on their hydrophobicity [156,157]. Small molecule nanoparticles (SMNPs),
prepared by self-assembly of π-conjugated oligomers with varying degrees of hydropho-
bicity, were electroporated into live HeLa cells. It was observed that the more-hydrophilic
SMNPs disassembled and dispersed upon cellular uptake cell, whereas the hydrophobic
ones remained intact within the cells [158]. It has been shown that the bioactivity of syn-
thetic nanoparticles can be improved with the introduction of hydrophilic co-monomers
in the hydrophobic segment; the introduction of 2-hydroxyethyl methacrylate in the hy-
drophobic block of a poly(ethylene glycol)-block-poly(α-tocopheryl succinate) reduces the
hydrophobicity of the corresponding nanoparticles and increases their bioactivity [159].
TiO2 nanoparticles, which are used in oral applications, were tested for their wetting be-
havior in relation to their cell–nanoparticle interactions. The viability of epithelial cells,
when in contact with either hydrophobic or hydrophilic nanoparticles, was not affected.
However, the hydrophobic nanoparticles aligned to the cell membrane, wrapped up and
were found in endosomes and lysosomes, while the hydrophilic nanoparticles directly
entered the cells and were found in the cytoplasm [160].

3. How the Key Parameters Affect Functionalities with Respect to Applications

3.1. Cellular Uptake
3.1.1. Mechanisms of Cellular Uptake

Nanomaterials that circulate in a multicellular living organism interact with its com-
ponents in a fundamentally different way compared to the soluble small molecules or
micron-scale particles that are recognized by the immune system [161–164]. Materials
at the nanoscale can interact with the endogenous cellular machinery through active
energy-dependent processes that selectively move substances against their electrochemical
gradient across cell membranes [165–172]. Endocytosis is the mechanism of actively trans-
porting cargoes into the cell in transport vesicles derived from the plasma membrane [165].
The different mechanisms of endocytosis are generally classified as phagocytosis and
pinocytosis. Phagocytosis is the predominant mechanism used mainly by macrophages
and less frequently by nonprofessional phagocytes, including epithelial cells, fibroblasts,
and endothelial cells [173]. Pinocytosis is present in all types of cells, in forms such as
macropinocytosis, which enables the uptake of large NPs that seems impossible via other
endocytosis pathways [174]; caveolae-dependent endocytosis; clathrin-dependent endocy-
tosis; and clathrin- and caveolae-independent endocytosis, with the last three forms referred
to as receptor-mediated endocytosis [175–177]. The phenomena taking place at this nano–
bio interface result in the modulation of cell fate, the induction or prevention of mutations,
the initiation of cell–cell communication, and the modulation of cell structure [178,179].

It has been extensively reported in the literature that the uptake of nanoparticles by
the cells depends on the nanoparticle characteristics, including the size and/or shape,
the surface charge, and surface hydrophobicity [178,180]; on the possible sedimentation
of large and dense particles, on the properties of the protein corona of the individual
nanoparticles [161,162,166,181–188]; and, finally, on the cycle phase of the living cell [189].
The nanoparticle properties mainly designate their endocytosis route, but, in many cases,
the cell can internalize the nanoparticles by utilizing distinct mechanisms, which are also
related to these parameters, as illustrated in Figure 9 [190].
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Figure 9. Different cellular internalization mechanisms in relation to the nanoparticle properties,
such as size, surface functionality, and shape. The cell can internalize the nanoparticles by using
different mechanisms, taking into account the same parameters [190].

The effect of size on the cellular uptake of nanomaterials is a central issue in the field of
Nanobiology [191]. In this context, for the development of suitable cell-tracking and drug-
carrier nanoparticle systems, nanoparticle size is considered an important parameter, since
it determines the mechanism and rate of cellular uptake of the nanoparticle and its ability
to permeate through tissues [192,193]. An equation has been formulated to calculate the
minimum radius of a nanoparticle (Rmin) required for full wrapping; this Rmin is determined
by the energy released from the ligand-receptor binding (adhesion strength) and the energy
needed to bend the membrane (membrane rigidity). Thus, the dependence of cellular uptake
on the nanoparticle size and shape has been extensively investigated [194].

3.1.2. Effects of Geometrical Characteristics on Cellular Uptake

Well-dispersed amorphous silica nanoparticles were utilized to investigate their up-
take, localization, and cytotoxic effects in mouse keratinocytes (HEL-30) [195]. In that study,
the cells were cultured for 24 h using different concentrations of SiO2 nanoparticles with an
30–535 nm average particle size; the cells were assessed for particle uptake and biochemical
changes. TEM analysis revealed that all silica particles were successfully taken up into the
cells independently of size and were localized into the cytoplasm. Moreover, the interplay
between silica nanoparticles of different sizes affecting the cellular uptake with Hela cells
in serum-free medium has recently been reported [196]. When the cells were co-exposed to
silica nanoparticles of different sizes, the bigger nanoparticles significantly promoted the
cellular uptake of the smaller ones, while the smaller nanoparticles inhibited the cellular
uptake of the larger ones. In fact, this was observed, even when the effects of size were
very small or undetectable in the single-exposure experiments.
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When surface-functionalized pomegranate-like ferrimagnetic nanoclusters (40–85 nm)
were used in vitro, it was shown that the proliferation of spleenocytes, as well as the
cytokine production, were consistent with the regulation of immune system cells based on
size; it was inferred that small clusters mainly drive immune-stimulatory and inflammatory
responses, while large ones could lead to immune-suppressive and anti-inflammatory
actions [197].

The effects of the size and surface charge of polymeric nanoparticles on cellular uptake
and biodistribution have been investigated [185]. Murine macrophages were found to more
efficiently phagocytose nanoparticles with a large size and high surface charge. Even minor
differences in the size and/or the surface charge of the nanoparticles had a significant
impact on their cellular uptake activating different mechanisms in the endocytosis process.
In vivo biodistribution indicated that 150-nm nanoparticles with small negative charge
showed a tendency to accumulate more efficiently in tumors [185].

The cellular interactions of biologically-active gold nanoparticles as a function of
size in the range of 15–55 nm with alveolar macrophages were evaluated. These cells, as
professional phagocytes, are the first line of host defense in the lungs, and their potential
role in initiating oxidative stress has also been studied. In vitro exposure resulted in
morphologically unusual sizes and adherence characteristics, with significant uptake of
nanoparticles at high doses after 24 h [198].

Significant differences were observed concerning the uptake of colloidal gold nanopar-
ticles of different sizes and shapes [181]. More specifically, the intracellular concentrations
of rod-shaped nanoparticles (74 × 14 nm) differed from those of either 74 or 14 nm spherical
nanoparticles. These results were attributed to the difference in the curvature and the active
surface area between rod-shaped and spherical nanoparticles: the rod-shaped nanoparticles
actually have a larger contact area with the cell membrane receptors than the spherical
ones when the longitudinal axis of the rods interacts with the receptors. An alternative
explanation is related to differences in the distribution of the surfactant molecules adsorbed
on surfaces with different curvatures during the synthesis of the nanoparticles, which may
affect the homogeneity of the serum protein coating and, thus, the effective binding to
receptors [181].

Generally, it is suggested that the receptor–ligand binding constants, the receptor
recycling rates, and exocytosis can be mediated by the size and the shape of the nanopar-
ticles. A significant number of studies have shown that geometry, in addition to the size
of nanoparticles, determines the rate of uptake and, importantly, the uptake mechanism
used by nanoparticles. More specifically, experimental studies using different cell types
have shown that spherical nanoparticles undergo a higher cellular uptake than rod-shaped
nanoparticles [181,182,199]. Moreover, some cylindrical nanoparticles of different mate-
rials, such as carbon nanotubes, iron oxide, and polymers, have demonstrated enhanced
circulation and retention times compared to their spherical counterparts [200–203]. The
in vitro responses of U87 glioblastoma cells to various types of gold nanomaterials (13-nm
spheres, 50-nm spheres, and 40-nm stars) conjugated with siRNA were studied; a much
higher uptake efficiency was observed for the 50-nm spheres and the 40-nm stars when
compared to the 13-nm spheres, as illustrated in Figure 10 [204].

The geometry of nanoparticles appears to also affect the mechanism of their endocy-
tosis. Cellular uptake inhibition experiments indicated that the endocytosis of spherical
silica nanoparticles is mainly carried out by a clathrin-mediated mechanism, while most of
their rod-like counterparts penetrate the cell membrane via macropinocytosis or phagocy-
tosis [205]. However, functionalization of the nanoparticles seems to modify the manner of
their internalization [206,207].

Saturation of the intracellular nanoparticle concentration within hours has been re-
ported [181,208], whereas other reports indicated saturation after several days [209–211].
Moreover, the kinetics and the saturation concentrations were reported to strongly depend
on the nanoparticle dimensions [181]; however, the saturation rate of their uptake seemed
to depend on the number of available free proteins, which are not adsorbed on the nanopar-
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ticle surface in the medium, since these unbound proteins may compete for the receptor
binding sites of the cell surface with those proteins adsorbed on the nanoparticle surface.

 

Figure 10. Dependence of the yield of cellular uptake and the intracellular distribution of gold
nanoparticle–siRNA constructs on nanomaterial size and shape. In vitro response of U87 glioblastoma
cells to various types of nanoconstructs. Transmission electron microscopy (TEM) images (top row)
and confocal fluorescence microscopy images (bottom row) revealing the 13-nm spheres located
within endocytic vesicles, with the 50-nm spheres and 40-nm stars being aggregated, and some being
outside of the endocytic vesicles (yellow arrows in top row). In the fluorescence images, the actin
cytoskeleton and the nucleus were stained with Alexa Fluor 594 Phalloidin (green) and DAPI (blue),
respectively, whereas the nanoconstructs were labeled with Cy5 (red) (Reprinted with permission
from Ref. [204]. Copyright 2017 American Chemical Society).

In order to avoid complications due to the sedimentation of nanoparticles in typical
cell cultures, upright and inverted cell culture configurations were utilized. These kind of
cell experiments illustrate that the cellular internalization of gold nanoparticles depends on
their sedimentation and diffusion velocities and not on their size, shape, surface coating,
density, and initial concentration. It was also found that more nanoparticles were endocy-
tosed in the upright configuration than in the inverted one, whereas larger differences in
uptake between the two configurations were observed for nanoparticles exhibiting faster
sedimentation rates. It is, therefore, considered that for in vitro studies with large and/or
heavy nanoparticles, sedimentation needs to be taken into serious consideration.

3.1.3. Effects of Surface Charge and Surface Coating on Cellular Uptake

Experimental and theoretical studies have investigated the effect of charge, hydropho-
bicity, and interfacial forces on the interaction between nanoparticles and lipid bilayer
assemblies, in order to understand the interactions of the nanoparticles with the mem-
brane and the mechanisms that affect their cellular influx, as well as the cytotoxicity and
inflammatory effects [180,212–215].

Molecular dynamics simulations confirmed that electrostatic interactions dominate
over the hydrophobic ones when considering nanoparticles, with the bilayer with charged
nanoparticles interacting more favorably than their uncharged counterparts. More specifi-
cally, the adhesion of anionic nanoparticles more strongly influences the membrane struc-
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ture when compared to cationic nanoparticles, which can promote local disorder in the
area of adhesion, as well as membrane-wrapping phenomena [216,217]. In another study,
computed results indicated that the initial orientation of non-spherical nanoparticles can
be significantly affected by surface charge density; thus, enhancement of the translocation
rate and maximizing the cell adhesion can be achieved by engineering the interplay of
nanoparticle shape and surface charge density [218].

Additionally, a number of experimental studies have elucidated the impact of surface
charge on the interaction between nanoparticles and cell membranes. In agreement with
theoretical models, it has been shown experimentally that cationic nanoparticles strongly
bind to the cell membrane, through electrostatic interactions with the lipid phosphate
groups, increasing the surface tension of the membrane and resulting in the formation of
pores [219]. It has also been reported that negatively or positively charged nanoparticles
preferentially interacting with the choline-phosphate dipole (N+/P− terminus) of the lipid
membranes, respectively, could cause the surface reconstruction of phospholipid mem-
branes [220]. Charged nanoparticles tend to adsorb more proteins from the serum compared
to neutral nanoparticles [180]. It was demonstrated that large amounts of plasma proteins
were adsorbed on positively- or negatively-charged decorated gold nanoparticles, whereas
relatively few proteins adsorbed onto neutral ones [221]. Mesoporous silica nanoparticles
(MSNs), such MSNs modified with two different silanes, in order to produce mixed-charge
amino-phosphonate pseudo-zwitterionic MSNs under physiological conditions (ZMSN-1.5)
and of PEGylated MSNs were studied with respect to their internalization by flow cytome-
try and laser scanning confocal microscopy experiments. It was shown that cell uptake was
drastically reduced for the functionalized nanoparticles, both for the pseudo-zwitterionic
ZMSN-1.5 and for the PEGylated ones; this is illustrated in Figure 11 [222].

Figure 11. Dependence of the cellular uptake of bare mesoporous silica nanoparticles (MSNs),
pseudo-zwitterionic ZMSN-1.5, and control PEGylated MSNs by RAW 264.7 macrophages. Laser
scanning confocal microscopy images of the nuclei (DAPI), membrane (Phalloidin), and nanoparticle
(FITC) emission channels are shown. Merged images and high magnification merged red-green
channels overlain allow co-localizing the different systems studied. In the co-localization right row
area, selection of region of interest was made with FiJi, marking in yellow the cell membrane border.
Internalized nanoparticles are highlighted with yellow arrows, while those located in the outer
area are marked with white ones (Scale bar: 10 μm, 5 μm for co-localization row) (Reprinted with
permission from Ref. [222]. Copyright 2019 Elsevier).
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Molecular dynamics computer simulation has suggested that the insertion of hy-
drophobic nanoparticles could lead to deformation and heterogeneity of the lipid bilayer,
but that this would not cause membrane leakage, while semi-hydrophilic nanoparticles
appear to be energetically absorbed on the surface of the bilayer, thus, inducing their endo-
cytosis [223]. In other theoretical or experimental studies, different nanoparticles were used
to investigate the influence of hydrophobicity on the elastic properties of cell membranes,
on the stability of pre-existing pores in the lipid bilayer, on membrane penetration, and,
therefore, on cell function [224–228].

Surface functionalization of nanoparticles by modifying their surface chemistry, charge,
and hydrophobicity can obviously alter their targeting efficacy and cellular uptake rates.
Indeed, increasing the number of amino groups (–NH2), which enhances the positive sur-
face charge, was shown to increase the internalization of nanoparticles into cells. However,
the presence of –COOH functional groups, which increases the negative charge, enhances
their further uptake into the endosomal compartments [229,230]. In different studies, it
has also been reported that functionalized nanoparticles, such as polydopamine function-
alized nanoparticle-aptamer bioconjugates, folic acid-functionalized nanoparticles, and
poly(diallyldimethyl ammonium chloride)-coated gold nanorods, have better targeting
efficacy and higher efficiency of internalization by cells [231–233].

As already mentioned, nanoparticles enter the cells through active processes because
of their ability to interact with the cellular machinery. When the nanoparticles come into
contact with biological fluids, such as the serum of a cell, a selective layer of proteins and
other biomolecules adsorbs on their surface within a few seconds, forming the so-called
corona [234], which mediates, in situ, the interactions with cells. As a consequence, one
nanomaterial may cause a very different biological outcome when exposed to cells in the
presence or absence of a preformed corona. More specifically, silica nanoparticles exhibited
stronger adhesion to the cell membrane and higher internalization efficiency when they
were exposed to cells in the absence of serum, as compared to those in a medium containing
serum, where a corona was formed. The different conditions of exposure not only affected
the levels of uptake but resulted in variation in the location of the intracellular nanoparticles
and their impact on the cells. It is important to note that certain studies showed that, after
just 1-h of exposure, a corona of very different nature can be formed on the nanoparticles
exposed to cells in the absence of serum. This different outcome was attributed to the
different adhesion and surface properties under the two conditions [234]. The protein
adsorption capability is also affected by the nanoparticle properties. For example, both
surface roughening and hydrophobic modification of the nanoparticles enhance the protein
adsorption capacity and affect the cellular uptake performance; however, the relative
importance of the two contributions depends on the cell type [235,236].

3.1.4. Role of Cell Type on Cellular Uptake

The role of cell cycle in the cellular uptake and dilution of nanoparticles in a cell
population has also been investigated, as illustrated in Figure 12 [189,237]. It has been
observed that the cellular uptake of nanoparticles is also influenced by the cell cycle
phase Although more-or-less similar rates of nanoparticle internalization by the cells were
observed for different phases of the cell cycle, after 24 h, the concentration of nanoparticles
in the cells could be ranked according to the different phases, as follows: G2/M > S >
G0/G1, where G0 is the resting phase, G1 is the phase during which the cell increases
its size, S the phase when the cell synthesizes DNA, G2 the one it synthesizes proteins to
prepare for cell division, and M the phase when the cell divides and the two daughter cells
enter the G1 phase. During cell division, nanoparticles that are internalized by the cells
are not exported but are split between daughter cells. Thus, it was indicated that, in a cell
population, the dose of internalized nanoparticles in each cell varied as the cell advanced
through the cell cycle.
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Figure 12. Dependence of the internalization of ~40 nm carboxylated polystyrene nanoparticles
(25 μg/mL in cMEM) in A549 human lung carcinoma cells on the cell cycle phase for exposures up to
72 h. (a): Confocal microscopy images after cell exposure to nanoparticles for (i) 5, (ii) 24, and (iii)
72 h show the nanoparticle accumulation in the lysosomes. Blue: cell nuclei (DAPI); red: lysosomes
(LAMP1 antibody); green: nanoparticles. (b): Mean cell fluorescence intensity as acquired by flow
cytometry as a function of time. (c): Mean fluorescence intensities as a function of time of A549 cells
in the G0/G1, S and G2/M phases, respectively. (d) Schematic of populations of the G0/G1, S, and
G2/M phases by cells and consequences for cellular NP content as a function of time (Adapted with
permission from ref. [189] and ref. [237]. Copyright 2012 Nature Publishing Group and 2013 Royal
Society Publishing.

In general, nanoparticles, due to their ability to be endocytosed, cause completely
different cell responses from bulk surfaces of the same material. In spite of what has been
achieved so far in the materials and nanotechnology fields, a complete understanding from
a biological point of view is still missing. In this context, emerging technologies such as
omics, high-throughput screening systems, and organ-on-a-chip technologies, in synergy
with computational approaches, should enable, not only the analysis and documentation
of large amounts of data, but also the decoding of nano–cell interactions [178,238].

3.2. Optical and Electronic Properties and Catalytic Activity

The nanometer size of manufactured nanomaterials results in very interesting and very
important size effects that affect their chemical, structural, thermal, spectroscopic, electronic,
magnetic, and mechanical properties; these effects are on top of any possible influence of
the chemistry of their bulk crystals. This is schematically illustrated in Figure 13 [239].

Moreover, a single manufactured nanomaterial (MNM) may function differently in
various systems; thus, it is important to carefully design MNMs to develop devices with
enhanced performance, safety, and stability for both humans and the environment. While
material chemistry and nanomaterial size and shape play a significant role in the core
properties of an inorganic nanoparticle, the selection of ligand molecules, which func-
tionalize the surface of the MNMs, is of great significance for their colloidal function and
stability [240]. In this part of the work, a series of studies on the key properties of MNMs
affecting the functionalities relative to applications are discussed; the emphasis is on the
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electronic and optical properties and the catalytic activity of materials and devices. It is
noted that most functionalities of this type are correlated with the MNM’s key properties.

 

Figure 13. Schematic comparison between bulk materials and nanomaterials: nanoparticles with vary-
ing mechanical, electronic, optical, and magnetic properties, due to their different size and shape [239].

3.2.1. Catalytic Properties

Generally, the catalytic properties of nanomaterials are far superior compared to bulk
materials. ZnO nanomaterials are characterized as possible candidates for transistors, solar
cells, light-emitting diodes, sensors, nano-lasers, photocatalysts, and antimicrobial agents
because of their good stability, low cost, high excitation binding energy (60 meV), wide
band gap (3.37 eV), and widespread availability [241]. Moreover, ZnO properties could
be enhanced by doping with elements such as Mg [242], Al [243], and Cu [244,245]. In
particular, Cu-doping of ZnO nanomaterials improved the optical properties by creating
impurity levels localized in the optical energy band gap [246]. Furthermore, the optical
energy band gap is reduced when the average size of the crystallites decreases, because Cu
ions are incorporated into the ZnO structure [247]. The catalytic activity of ZnO nanomate-
rials in the presence of light has been widely investigated for environmental applications
(e.g., purification), and this was found to depend on the oxygen vacancies and the mor-
phology of ZnO. Specifically, the photocatalytic performance of ZnO nanodisks for the
decomposition of methylene blue dye was enhanced because of the higher population of
(0001) crystal plane structures [248]. Furthermore, ZnO nanorods with a cone of small
aspect ratio are more effective in the photocatalytic degradation of organic pollutants
than ZnO nanorods with a cone of large aspect ratio and ZnO microrods that are short-
and-fat [249]. Moreover, ZnO nanosheets and nanoflowers demonstrated a much higher
photocatalytic activity for the degradation of methyl orange than ZnO nanospheres [250].
The decomposition of volatile organic compounds, such as butane, was investigated, taking
advantage of the photocatalytic activity of ZnO nanomaterials over multi-channel porous
alumina ceramic membranes coated with ZnO nanoparticles, nanorods, and nanowires;
the activity depended strongly on the shape of the nanomaterial used [251]. It was re-
ported that ZnO nanowires showed a higher catalytic activity than ZnO nanoparticles or
nanorods and, most importantly, the process did not result in unwanted byproducts such
as propane, acetaldehyde, and acetylene. Moreover, better carbon balance and selectivity
towards carbon oxides were obtained with the ZnO nanowires and nanorods than with
nanoparticles. ZnO structure, shape, and crystallite size are also important parameters
for their antimicrobial performance [252]. ZnO nanoflowers showed enhanced photocat-
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alytic activity in Escherichia coli and Staphylococcus aureus inactivation compared to ZnO
nanorods or nanospheres.

The optimization of catalytic performance requires the adjustment of both catalytic
activity and mass transfer. Various bioinspired inner-mobile multifunctional ZnO/CdS
heterostructures have been synthesized, with their artificial cilia mimicking natural ciliary
motion (assisted by external magnetic fields and internal magnetism). Such a synthesis
resulted in a three-times better photocatalytic performance of mobile arrays compared to
static arrays [253].

3.2.2. Sensing Behavior

A bioelectrochemical sensing interface can be engineered with functional nanomate-
rials, so as to develop novel electro-chemical biosensors with enhanced performance in
terms of simplicity, sensitivity, selectivity, and stability [254]. It should be noted that the
use of functional nanomaterials for the development of novel biosensors takes advantage
of nanomaterial properties such as conductivity, high surface area, and improved catalytic
activity; and such properties depend on the size and shape of the nanomaterials, which
control, e.g., the optical properties of metal nanoparticles [255], the electrical conductivity
of the carbon nanomaterials [256], as well as the electrocatalytic properties of nano-carbons
and metal nanoparticles [257], etc.

Carbon nanomaterials (CNMs) exhibit unique electrical, optical, thermal, mechanical,
and chemical properties and are, thus, extensively applied in photovoltaic, electronic,
optoelectronic, and sensing devices. A more recent application of CNMs in the biosensing
field is their use in the area of electrochemical aptasensors (ECASs) [258]. ECASs use
aptamers (short single-stranded oligonucleotides of DNA or RNA), selected through a
systematic evolution of ligands using an exponential enrichment technique (from a random
oligonucleotide library), as recognition elements and exhibit the advantages of low cost,
simple operation, fast response, and high sensitivity. A concentration- or activity-related
electrochemical signal is produced by the transducers as a result of the recognition reaction.
Clinical diagnosis via DNA analysis, immunoassay, or enzymatic sensing, as well as for
environmental monitoring, including ocean and atmospheric pollutants, are the main
detection strategies [258].

The use of carbon nanomaterials significantly increases the detection efficiency of
sensors, in terms of sensitivity, selectivity, and stability, and has become one of the current
development strategies for ECASs-based sensing platforms. The excellent electrical con-
ductivity and high specific surface area of the CNMs allow them to function as electronic
conductive matrices and immobilization platforms for the aptamers [258,259]. These prop-
erties depend on the atomic structures of the different CNMs, such as graphene, graphene
oxide, carbon nanotubes, etc., as well as on their interactions with other nanomaterials,
such as chitosan, silica, or gold nanoparticles. In particular, carbon nanotubes (CNTs) are
commonly used as catalyst carriers or backing layers. CNTs demonstrate an enhanced
electro-catalytic activity and a very large surface area to volume ratio, with multi-walled
carbon nanotubes (MWCNTs) being used more often in ECASs applications than single-
walled carbon nanotubes (SWCNTs). Moreover, combining CNTs with other nanomaterials
(e.g., gold nanoparticles, reduced graphene oxide, dendrimers, chitosan, etc.) can further
enhance the carrier content and stability of enzymes and proteins. Graphene, graphene
oxide, and reduced graphene oxide have also been utilized in ECASs [260,261], with the
main differences in this application originating from their significantly different electrical
conductivities; the effectiveness of these three types of CNMs follows their ranking of con-
ductivities, with graphene being preferable for ECASs development, followed by reduced
graphene oxide and, then, graphene oxide.

Improved device performance and notably enhanced electrical properties were re-
ported when SWCNTs were assembled into aligned arrays with full surface coverage (via
the Langmuir–Schaefer method). The intrinsic mobility of the CNTs was preserved for
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a semiconducting nanotube purity of 99% and full surface coverage and, thus, for high
packing density [262].

The use of carbon nanomaterials to construct functional composites was reviewed [263],
and effective methods were presented to achieve light harvesting and conversion, effec-
tive phonon transport along a particular direction, and rapid ion and electron motion in
structural electrodes through the chemical grafting of functional groups to improve their
reactivity and thermal stability [263]. Moreover, novel optical-triggered graphene-based
actuators were fabricated with a bilayer structure including chitosan and polyethylene (PE)
over a large area [264]. The graphene nanosheets played the role of a connecting bridge
between light and the conversion of light energy at the nanoscale.

The hybridization of different types of carbon nanomaterials has been utilized to enable
many different properties and performances beyond that of the individual nanomaterials,
for example in electrochemical or analytical devices. Hybrid nanomaterial systems are,
in principle, designed to develop more efficient sensors. Each nanomaterial exhibits its
own advantages for various applications; thus, it is important to involve synergies due to
the presence of the different nanomaterials, so as to complement each other in the hybrid
system [265,266]. For example, graphene–inorganics composites that take advantage of the
properties of both graphene and the inorganic elements (e.g., gold nanoparticles) enable
even higher active surface areas and enhanced rates of electron transfer. Thus, functional
hybrids are developed based on graphene nanosheets, in order to take advantage of the
electrical, optical, and catalytic properties of graphene and enhance its performance in
analytical chemistry and electrochemistry [256].

MWCNT-modified electrodes have been used to investigate the electrochemical ox-
idation of nicotinamide adenine dinucleotide (NADH) and to elucidate their respective
mechanisms of oxidation [257]; the study compared the behavior with cases when boron-
doped diamond and glassy carbon electrodes were used, as well as with cases when edge
plane and basal pyrolytic graphite electrodes were utilized, which allowed the reactive
sites of carbon nanotubes to be deduced. It was concluded that electron transfer was more
facile with samples containing a higher proportion of edge plane defects, compared to
basal plane graphite electrodes. It was, thus, indicated that electroanalytical sensors with
carbon-based electrodes should optimally possess a large proportion of edge plane sites,
for achieving the best detection limits, whereas edge plane pyrolytic graphite electrodes
can conveniently replace CNT-modified electrodes for routine sensing of NADH, due to
their simple preparation process, low detection limit, low susceptibility to fouling of the
electrode, and insensitivity to interference from ascorbic acid. It was demonstrated that an
electrode produced fully of edge plane graphite (disc of pyrolytic graphite with the disc
surface facing parallel with the edge plane) displayed high levels of electro-catalytic activity
for different electroanalytical tasks, including gas sensing [267] and thiol oxidation [268].

Carbon nanotubes exhibit a quantum electron confinement normal to the nanotube
axis, thus, being able to transport electrons over long lengths [269]. They have great poten-
tial as biomolecule immobilization platforms. According to some studies, CNTs/polymer
nanostructured composites developed on electrodes can improve the analytical perfor-
mance of amperometric biosensors [270,271]. Such composites display percolation behavior,
by remarkably enhancing the electrode conductivity. Moreover, the CNTs thermal and
electrical conductivity and their electrocatalytic activity can be modified by doping of the
CNTs with elements such as K, B, Ce, N, Si, P, etc. [272,273].

Furthermore, multifunctional CNTs offer routes towards the production of smart and
high-performance sensors, logic gates, and similar optoelectronic devices [274]. By combin-
ing CNTs with photochromic molecules, and in particular by decorating them, reversible
changes in the geometrical structure, the electronic properties, and the nanoscale mechanics
triggered by light can be achieved [274]. As a result, there is control of the local variation in
the optical, electrostatic, and mechanical environment with light illumination. For example,
azobenzenes blended with CNTs and polymers are used to form nanocomposites possessing
light-induced conductance switching properties; such nanocomposites are good candidates
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for electro-optical memories, smart packaging, and smart window applications [275]. A
graphene/azobenzene/Au heterostructure switch was found to further induce the reversible
modification of the electrical and quantum properties of the Dirac fermions of graphene [276].
Furthermore, a hybrid system of chemically grafted spiropyrans to CNTs was utilized to
regulate horseradish peroxidase (HRP) activity via light illumination. This resulted in en-
hancement of the catalytic activity of HRP and was used as a label-free colorimetric lysozyme
assay with a detection limit of 30 nM. This high selectivity approach can be applied to regulate
the activity of other natural proteins using light [277].

3.2.3. Optoelectronic Properties

Certain nanomaterials are used as biomolecular labels because they exhibit unique
optical properties. They amplify biorecognition signals and enhance the biosensor sensitiv-
ity [269]. Various nanoparticles, including metal, oxide, or semiconductor nanoparticles
and their composites, have been widely used in the fields of biosensors and electrochemical
sensors [278]. The majority of the nanoparticles possess a high isoelectric point (IEP),
favoring electrostatic protein adsorption with low IEP. Thus, they are promising supports
for protein immobilization. A cholesterol biosensor consists of an interfacial layer of gold
nanoparticles, which is used for immobilizing cholesterol oxidase on gold electrode surfaces.
Here, gold nanoparticles provided an environment for the enhanced electrocatalytic activity
of cholesterol oxidase and, thus, improved the stability of the biosensor [279]. The gold
nanoparticles were found to favor the analytical performance of the cholesterol biosensors;
this was attributed to the biocompatibility of the gold nanoparticle-based immobilization
matrices, to assist proteins in retaining their biological activity for long periods and, thus,
improve the stability of the biosensor [269]. The enhancement of the sensitivity and selectiv-
ity of the biosensor was mainly due to the electrocatalytic activity of the gold nanoparticles;
gold nanoparticles improved the conductivity of the electrodes and facilitated the electron
transfer between the electrode and the enzyme redox center. Gold nanoparticles on flat
electrode surfaces may also partially penetrate the enzyme matrix and, thus, come closer to
the enzyme redox center, which further aids the electron transfer pathway.

Interesting nanomaterials include the helical carbon nanofibers (CNFs), with excellent
optical, electromagnetic, and mechanical properties, due to their unique spiral structure;
aiming at applications such as microwave absorbing materials and electrode materials [280].
To improve the optical, physical, mechanical, and chemical properties of CNFs, more func-
tional building blocks were incorporated, to form CNF-based composites. An example is the
in situ synthesized mesoporous N-CNFs containing graphitic-C3N4 (g-C3N4), in which the
strong coupling between the components of the CNFs enabled the final material to have an
efficient optical storage performance, improved charge separation, and multi-dimensional
electron transport path; thus, improving the performance of hydrogenation production, as
well as the performance in photocatalytic and optoelectronic applications [281].

Another application of gold nanoparticles in the medical field is in cardiac tissue engi-
neering, due to their controlled geometrical, surface, chemical, and optical properties [282].
Additionally, gold nanoparticles enhance the electrical conductivity of nanocomposites.
High electrical conductivity, acceptable biocompatibility, the capability for surface modifica-
tion, nanotopography, and innate optical properties make this nanoparticle type a desirable
nanostructure for cardiac scaffolds [283].

Metal oxide nanoparticles are able to achieve low detection limits in analysis, due
to their electron transfer [284,285]. Moreover, the capability for enhanced adsorption
of the biomolecules leads to high biosensor stability. Cerium oxide (CeO2), iron oxide
(Fe3O4), zinc oxide (ZnO), and titanium oxide (TiO2) nanoparticles have been exploited for
improving sensor performance [286–288]. Gold nanoparticles exhibit outstanding optical
properties as well; this is due to the surface plasmon resonance (SPR) phenomenon, when
the light interacts with the collective oscillations of electrons on the gold nanoparticle
surface at a certain light wavelength [269]. This depends on the shape, size, and state of
aggregation of the gold nanoparticles. An important application is in the field of detection
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assays, where an alteration of the light extinction that results from the aggregation of gold
nanoparticles upon analyte addition is used as the optical signal [289].

The incorporation of nanoparticles into various building blocks within the solar cell
architecture, in order to enhance photovoltaic performance and stability, has also been re-
ported [290]. It was observed that the conversion efficiency of solar cells with silicon nanocrys-
tals was 5.3-times higher than one with only titania (TiO2) particles, contributing to further
light absorption and, thus, to an improvement of the conversion efficiency. Further incor-
poration of nanoparticles such as Ag and Au, produced via laser ablation in liquids, into
the active/hole transport layer interface of P3HT:PCBM bulk heterojunction solar cells was
reported to lead to an enhanced conversion efficiency [291]. The role of ligand coatings
on nanoparticles in the photovoltaic performance has also been discussed, as illustrated in
Figure 14 [292].

 

Figure 14. Schematic representation of a bulk heterojunction organic photovoltaic cell with three
kinds of nanoparticles within the active layer: (i) bare, (ii) TOAB-functionalized, and (iii) P3HT-
functionalized. J−V curves of the devices with configurations (a) ITO/PEDOT:PSS/P3HT:PCBM/Al
and (b) ITO/PEDOT:PSS/P3HT:ICBA/Ca/Al, respectively (Reprinted with permission from
ref. [240], Copyright 2019 American Chemical Society) with the original data from Ref. [292],
Copyright 2015 American Chemical Society). Nomenclature: ITO: indium tin oxide; PEDOT:
poly(3,4-ethylenedioxythiophene); PSS: poly(styrene sulfonate); P3HT: poly(3-hexylthiophene-2,5-
diyl); PCBM: [6,6]-phenyl-C61-butyric acid methyl ester; ICBA: indene-C60 bisadduct.

The chemical, optical, electrical, thermal, and magnetic properties of magnetic nanopar-
ticles can also be exploited in various steps of analytical processes, including sample treat-
ment, chromatographic techniques, and detection [293]. Iron oxides (Fe2O3 and Fe3O4) and
their corresponding ferrites (e.g., MnFe2O4 or CoFe2O4) are commonly utilized because of
their biological compatibility, the simple preparation processes, and high magnetic moment
relative to other nanoparticles based on metals and alloys (e.g., Mn3O4, Co, Ni, FePt), which
exhibit rapid oxidation in air and/or potential cytotoxicity. Magnetic nanoparticles can
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be modified with inorganic, organic, or biochemical compounds to improve their physic-
ochemical behavior. For example, hybrid magnetic nanoparticles are developed by the
combination of Fe3O4 nanoparticles and carbon, metallic, polymeric, or silica nanoparticles
for the manufacturing of electrodes, thus improving their electrocatalytic properties, among
others [294]. Such electrodes are advantageous, due to their large surface area, low resis-
tance to electronic transmission, and ability to adsorb (bio)chemical analytes, which make
them useful in electrochemical systems. The main advantages of magnetic nanoparticles in
this area are the increase of electrocatalytic activity, the minimization of deterioration of the
electrode surfaces, and the simplification of the immobilization process [293].

Last, we would like to point out that in this mini review we have mostly discussed the
behavior of single nanoparticles, and not nanoparticle assemblies [295]. The formation of
the latter is mostly induced by the very high surface energy of the nanoparticles, because
of their high specific surface area; this provides the driving force for the spontaneous
aggregation of the nanoparticles, which would decrease the Gibbs free energy of the system
and would lead to large assemblies. In these cases, the performance of the nanoparticles for
various applications will be based on the coupling of, and cooperation among, individual
nanoparticles, rather than on their individual properties; this collective behavior would,
of course, depend on the interparticle interactions that would determine their structural
arrangement in space [239]. Such nanoparticle assemblies may lead to a plethora of practical
applications, such as sensing, energy storage, strong materials, catalysis, therapies, etc.
Moreover, introducing different nanoparticles into a superlattice can lead to substitutional
doping when the size of the two types of nanoparticles are similar, in an analogy to the
classical doping process where atomic impurities are intentionally added to a host material
to significantly modify its properties; the electronic properties of such doped superlattices
are significantly influenced by the presence and density of the nanoparticle dopants, leading
to highly tunable nanomaterials [296].

4. Concluding Remarks

Nanotechnology, which deals with the understanding and control of matter in dimen-
sions between about 1 and 100 nanometers and where unique phenomena allow new appli-
cations, has enabled the development of a variety of nanomaterials with unique properties,
aimed at various applications. Thus, it becomes apparent that the interaction of nanomaterials
with their environment is governed by different mechanisms and leads to new responses.

To summarize the main points of this literature review, the key parameters of manu-
factured nanomaterials that play an important role for each of the functionalities are out-
lined below:

The dispersion ability of the nanomaterials is a key issue affecting their behavior.
Nanoparticles form, in general, aggregates and/or agglomerates in water or other aqueous
media; SiO2 nanoparticles are the only exception, where the primary particle size is detected
in certain cases. The dispersion ability is affected by the particle chemical composition,
the existence of an appropriate surface coating, the surface charge, as well as by the
dispersion media, whereas it depends only weakly on their shape and crystallinity. The
particle size is not that crucial in determining dispersibility, except when nanoparticles and
particles with radii larger than 300–400 nm are compared, because of the influence of gravity.
Apart from the nanoparticles themselves, the presence of organic moieties in the solution
(e.g., proteins), the solution pH and its ionic strength affect dispersibility.

The hydrophobicity/hydrophilicity of nanoparticles and other manufactured nano-
materials depends on their chemical characteristics (chemistry, surface charge) and their
surface coating (characteristics, surface reactivity and stability). Besides the effects of
hydrophobicity/hydrophilicity on the dispersibility, with hydrophilic nanoparticles be-
ing more easily dispersed in aqueous media than hydrophobic ones, nanoparticle hy-
drophobicity/hydrophilicity is also very important for their biocompatibility. Hydrophobic
nanoparticles can be rendered hydrophilic by appropriate modification of their surface
using surfactants or various hydrophilic polymers.
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Solubility/dissolution of the nanoparticles implicates the release of ions from the
nanomaterials into the solution. It is a function of the nanoparticle characteristics, such as
chemistry, composition, size and surface area, surface coating, and crystallinity. It is also
affected by the pH and the temperature of the solution. The dissolution of nanoparticles
affects their antimicrobial activity and biocompatibility.

The physicochemical properties of nanoparticles, such as size, shape, and surface
properties, control the internalization pathways, thus, playing a pivotal role in cellular

uptake. In biomedical applications of nanoparticles, their coating modification has been
shown to affect the modulation of their cellular internalization. It is important to take into
consideration the possible sedimentation of large and/or dense particles and their diffusion
velocities when in vitro studies are performed utilizing large and/or heavy nanomaterials.
Moreover, the formation of a protein corona on the nanomaterial surface and its composition
play an important role in the possible cellular uptake.

Individual nanomaterials can play various roles in devices in the field of biosensing.
Depending on the desired application, their main key parameters should be designed and
tuned carefully, whereas composite systems are frequently used to enhance the performance
with regards to detection, stability, and duration. The optical and electronic properties

and the catalytic activity of the nanomaterials are functionalities that depend on their size
and shape, whereas the organization of the individual nanomaterials in a hybrid affects the
general performance of the various devices.

All of the above findings are illustrated in the two following Tables. Table 1 demonstrates
how the three functionalities that have been discussed are affected by the main key parame-
ters, whereas Table 2 shows how the key parameters influence the final properties (optical,
electronic, and catalytic properties and the cell uptake). The key parameters discussed have
been grouped into six categories, i.e., as geometrical, chemical, crystallinity, morphological,
coating related, and test medium related parameters. In the tables, we have introduced
the notation of two stars (**) to illustrate that a parameter is a ‘priority’; i.e., it significantly
determines a particular functionality/property, and the notation of one star (*) to illustrate
that a parameter is ‘of importance’; i.e., it is important but it does not determine the behavior
by itself. According to Table 1, it is clear that key parameters like the chemical composition,
the existence of a surface coating, and the test medium are of utmost importance related to
all functionalities, whereas the significance of the others should be deduced case by case. As
far as Table 2 is concerned, it is the size, the shape, the chemical composition, and the surface
charge of nanoparticles that influence, in general, all properties.

One should also point out that an inter-relation exists between the parameters and
the functionalities, and this significantly affects the final properties and, thus, the applica-
tions in which the nanomaterials are used. Moreover, it is noted that the Nanotechnology
Characterization Laboratory (NCL) at the National Cancer Institute USA, which has as-
sessed more than one hundred and thirty different types of nanomaterials, including metal
oxides, fullerenes, liposomes, dendrimers, polymers, quantum dots, and gold colloids,
came to the conclusion that hydrophobicity (which is a ‘functionality’), and size and sur-
face charge (which are ‘key parameters’) are the main factors that influence nanomaterial
biocompatibility [297].

Table 1. How the key parameters of nanomaterials affect performance.

PERFORMANCE

KEY PARAMETERS Dispersion
Solubility/
Dissolution

Hydrophobicity/
Hydrophilicity

Geometrical

Particle Size (e.g., hydrodynamic
radius and polydispersity index) * ** *

Shape * ** *

Aspect Ratio * *
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Table 1. Cont.

PERFORMANCE

KEY PARAMETERS Dispersion
Solubility/
Dissolution

Hydrophobicity/
Hydrophilicity

Chemical
Composition ** ** **

Surface charge/ζ potential ** * *

Crystallinity Crystal structure/Crystallinity *

Morphological

Topology (e.g., core shell, etc.)

Porosity *

Surface area * * *

Roughness * *

Coating

Chemistry, Thickness, Topology ** *

Surface Coating Stability ** **

Surface reactivity ** **

Test
Medium

Kind ** ** **

pH ** ** **

Ionic Strength ** *
**: a key parameter designated as ‘a priority’ (see text); *: a key parameter designated as ‘of importance’ (see text).

Table 2. How the key parameters of nanomaterials affect their applications.

APPLICATIONS

KEY PARAMETERS
Cellular
Uptake

Optical
Properties

Electronic
Properties

Catalytic
Activity/

Biorecognition

Geometrical

Particle Size (e.g., hydrodynamic
radius and polydispersity index) ** ** ** **

Shape ** ** ** **

Aspect Ratio ** * * *

Chemical
Composition ** * ** **

Surface charge/ζ potential ** ** **

Crystallinity Crystal structure/Crystallinity * * *

Morphological

Topology (e.g., core shell, etc.)

Porosity

Surface area * * * *

Roughness *

Coating

Chemistry, Thickness, Topology ** * * *

Surface Coating Stability * *

Surface reactivity * * * *

Test
Medium

Kind ** *

pH *

Ionic Strength *
**: a key parameter designated as ‘a priority’ (see text); *: a key parameter designated as ‘of importance’ (see text).

5. Challenges and Prospects

In order to advance knowledge in the area of the physicochemical properties/
functionalities of nanoparticles, on how these are determined by their key parameters, and,
more importantly, on how these influence their behavior and their potential to induce, or
not induce, toxicity to both humans and the environment, as well as their ultimate fate more
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focused research is still needed in this area. Despite the plethora of related works, there are
still many open challenges with regards to the interrelationships between the physicochemical
main key parameters of nanoparticles and their functionalities, which are considered as very
important aspects for enhancing their safety early on in the design process.

Such challenges include:

• Understanding the interdependence between the bulk properties of the materials
(i.e., in their pristine state) versus the respective properties when the materials exist in
nanodimensions within a particular medium, i.e., dispersed in a biological fluid

• Developing different production/manufacturing routes and different residues
• Understanding and, possibly, modifying different experimental conditions,

e.g., instruments, protocols, in vitro versus in vivo methodologies
• Improving the measuring tools for site-specific or local assessment of nanomaterials,

e.g., high resolution imaging, 3D reconstruction, data acquisition processes

To improve the design of a nanomaterial, one needs to consider the use of innovative
tools to probe the dynamic biophysicochemical interactions. The adoption and optimization
of both theoretical and experimental characterization methods, which are traditionally
utilized for characterizing the properties of bulk materials, for studies of the environment
surrounding nanomaterials and the resulting interfaces is mandatory. This will also be
helped by simple and widely accessible laboratory equipment.

Research is, therefore, needed at the interface of different disciplines, such as engineer-
ing, physics, chemistry, biology, and medicine. This research should aim at the advanced
chemical synthesis of new nanostructures with precisely defined biophysicochemical char-
acteristics and properties, at the development of nanostructures that will replace biological
structures, and at addressing the knowledge gaps concerning the possible health and safety
effects of exposure to manufactured nanomaterials. Such research will be able to give
prominence to nanomedicine as a promising stakeholder in the field of diagnosis, imaging,
treatment, therapeutics, and regenerative medicine.
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Abstract: The ethanol steam reforming reaction (ESR) was investigated on unpromoted and potassium-
and rubidium-promoted monoclinic zirconia-supported platinum (Pt/m-ZrO2) catalysts. Evidence
from in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) characterization
indicates that ethanol dissociates to ethoxy species, which undergo oxidative dehydrogenation to
acetate followed by acetate decomposition. The acetate decomposition pathway depends on catalyst
composition. The decarboxylation pathway tends to produce higher overall hydrogen selectivity
and is the most favored route at high alkali loading (2.55 wt.% K and higher or 4.25 wt.% Rb and
higher). On the other hand, decarbonylation is a significant route for the undoped catalyst or when
a low alkali loading (e.g., 0.85% K or 0.93% Rb) is used, thus lowering the overall H2 selectivity
of the process. Results of in situ DRIFTS and the temperature-programmed reaction of ESR show
that alkali doping promotes forward acetate decomposition while exposed metallic sites tend to
facilitate decarbonylation. In previous work, 1.8 wt.% Na was found to hinder decarbonylation
completely. Due to the fact that 1.8 wt.% Na is atomically equivalent to 3.1 wt.% K and 6.7 wt.% Rb,
the results show that less K (2.55% K) or Rb (4.25% Rb) is needed to suppress decarbonylation; that is,
more basic cations are more efficient promoters for improving the overall hydrogen selectivity of the
ESR process.

Keywords: ethanol steam reforming; potassium; rubidium; basicity; zirconia; XANES; DRIFTS

1. Introduction

In recent decades, the catalytic steam reforming of hydrocarbons such as natural gas
has been the most economically competitive method to produce hydrogen in the chemical
industry. However, this method is not sustainable as the feedstock is a fossil source,
and significant amounts of CO2 are produced in the process. Thus, the development of
new sustainable reforming technologies from renewable feedstocks (e.g., biomass-derived
oxygenates) is necessary for reducing net greenhouse gas emissions [1]. In this scenario,
researchers are focusing on several renewable feedstocks such as ethanol, polyols, and
dimethyl ether [2–5]. Among these renewable feedstocks, bio-ethanol is very attractive
because of its favorable hydrogen content, wide abundance, low toxicity, and ability to be
easily stored for transportation and portable power [3]. Moreover, while ethanol production
(e.g., from sugar cane or corn) currently competes with food production, cellulosic ethanol
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is currently under development. The overall ethanol steam reforming (ESR) reaction, which
occurs at 350–650 ◦C, can be summarized by Equation (1):

C2H5OH + 3H2O → 2CO2 + 6H2 (1)

Acetaldehyde, ethylene, and methane are formed during ESR. However, the con-
centration of these species must be minimized to achieve higher efficiency of hydrogen
production and avoid carbon formation and consequently catalyst deactivation [6]. These
intermediates and byproducts can be converted via different pathways, depending on
catalyst structure as well as the conditions used in the reactor [3].

Ethanol steam reforming catalysts are often transition metals such as copper, cobalt,
and nickel, or noble metals such as platinum, palladium, rhodium, gold, or ruthenium;
combinations of metals have also been used [7,8]. Among the transition metals, nickel and
cobalt are the most common. However, catalyst deactivation by coke deposition is a major
issue for these catalysts [6,8–14]. Noble metals such as Pt and Rh have better resistance to
coke deposition as well as high activity, but they are much higher in cost [8,15–18]. These
metals are typically supported on basic, acidic, or inert supports [7]. Oxides that form
surface defects through partial reduction (e.g., ceria, zirconia, ceria–zirconia mixtures,
and metal-promoted ceria catalysts) have also been investigated because of their high
oxygen mobility, their ability to dissociate water or ROH (i.e., where R is an alkyl group
- methanol, ethanol, etc.), and their capability to shuttle O-bound intermediates on the
catalyst surface [19,20]. Ciambelli et al. [21] observed that Pt/CeO2 exhibited higher activity
as compared to Pt/Al2O3 for ESR in the temperature range of 300–450 ◦C. He et al. [22]
obtained similar findings. The high activity of Pt/CeO2 was due in part to the ability
of Pt to facilitate the formation of defect sites on the partially reducible oxide support.
ROH molecules can then dissociate on these defect sites [23], which is comparable to the
adsorption of H2O at defect sites that result in the formation of bridging OH groups [24–26].

Recently, the alkali promotion of noble or transition metal catalysts has been inves-
tigated. Alkali doping can impact many catalyst properties, including activity, stability,
resistance to coke formation, selectivity, and surface acidity/basicity [6,27–42]. The effect
of alkali on nickel-based catalysts is contradictory. Frusteri et al. [33,35] found that Li and
Na adversely affect the nickel dispersion, whereas they improve the extent of reduction of
nickel. In contrast, no effect on either Ni dispersion or catalyst morphology was detected
for K-promoted catalysts. Moreover, the authors examined the influence of alkali loading
on catalyst performance. Lithium and potassium enhanced catalyst stability mainly by
depressing nickel sintering, whereas carbon laydown did not seem to be influenced by
adding K. However, a different effect of potassium was observed by Slowik et al. [6]. In
that case, potassium promotion of Ni/CeO2 was not found to protect the catalyst against
the formation of carbon deposits and did not improve stability during ESR.

Improvements in stability/activity were reported for cobalt-based catalysts, and this is
mainly related to the inhibition of carbon deposition [27–31,38]. Recently, Grzybek et al. [27]
studied the alkali surface state (location, dynamics) by Species Resolved Thermal Alkali
Desorption (SR-TAD). Movement of potassium from cobalt to alumina was observed
during both activation and ESR. This phenomenon stabilizes small cobalt crystallites by
hindering their detachment from the catalyst surface, which would otherwise result in
encapsulation by the growing carbonaceous deposit. Furthermore, Grzybek et al. [28]
found that potassium loadings from 0.1 to 4 wt.% improve the activity of their catalyst
by enhancing C–C bond scission, but 0.3 wt.% is the optimal loading to maximize the
selectivity to H2 and CO2, the most desirable products. The beneficial effect of K can also
be related to improvement in reduction of Co2+ to Co0, the stabilization of acetate species,
and the suppression of methane formation [31].

To our knowledge, not many studies are available on the effect of alkali for noble
metal catalysts, especially at low temperatures [34,40–42]. Low potassium loading (0.2%)
was found to decrease the initial conversion but improves the stability for Rh/CeO2-ZrO2.
At higher loading (5%), the catalyst activity is negligible [42]. Dömök et al. explored
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doping potassium to Pt/Al2O3 catalyst, and they found that increasing potassium content
progressively decreases the ethanol conversion and changes the product distribution
toward a higher selectivity to CH4 and CO2 as compared to 1% Pt/Al2O3 [34]. Furthermore,
potassium destabilizes adsorbed acetate, promoting its decomposition to CO2 and CH4 at
a lower temperature; on the other hand, acetate species were more stable on the undoped
catalyst, decomposing at ~420 ◦C [34].

In our prior study of Na-doping to Pt/ZrO2 [40,41], a similar trend was obtained,
as acetate decomposed at a lower temperature (100–150 ◦C) when 1.8–2.5 wt.% Na was
added to the formulation as compared to the undoped catalyst. Our focus is on the low-
temperature conversion of ethanol with steam to H2, CO2, and CH4, with the latter being
reformed in a conventional methane reforming (e.g., autothermal reforming). With this
decarboxylation route Equation (1), which involves the steps below Equations (2) and
(3), higher hydrogen selectivity is expected as compared to the decarbonylation route
Equation (4):

Decarboxylation pathway:

C2H5OH + H2O → 2H2 + CH4 + CO2 (2)

CH4 + 2H2O → 4H2 + CO2 (3)

Decarbonylation pathway

C2H5OH + H2O → 4H2 + 2CO (4)

In that work, DRIFTS experiments revealed that the acetate decomposition pathway
depends on the Na loading. Forward direct acetate decomposition to CH4 and carbonate
Equation (2) is the most favorable pathway at high sodium loading (1.8 or 2.5 wt.%),
whereas the unselective decarbonylation route occurs for the unpromoted catalyst or at
low sodium loading (0.5 wt.%) and is promoted by metallic sites.

The question remains as to whether more basic alkali metals might further im-
prove the decarboxylation selectivity over that of decarbonylation during ESR. To that
end, the effect of potassium and rubidium loading on the relative rates of decarboxyla-
tion/decarbonylation was investigated. Pt/m-ZrO2 catalyst was promoted by the fol-
lowing potassium loadings: 0% (reference), 0.85%, 1.70%, 2.55%, 3.40%, 4.25%, and 8.50
wt.%; whereas rubidium was added with the following loadings: 0.93%, 1.86%, 2.79%,
3.72%, 4.65%, 5.59%, and 9.29%. Atomically equivalent loadings allowed for some com-
parisons between the K- and Rb-promoted catalysts, as well as with catalysts prepared
in our earlier study using Na as the dopant [40,41]. These systems were characterized by
N2 physisorption, transmission electron microscopy (TEM), X-ray absorption near edge
spectroscopy (XANES), extended X-ray absorption fine structure spectroscopy (EXAFS),
hydrogen temperature programmed reduction (H2-TPR), temperature-programmed ESR,
and DRIFTS. Catalyst activity and selectivity were measured at steady-state using a fixed
bed tubular reactor.

2. Materials and Methods

2.1. Catalyst Preparation

Various potassium and rubidium loadings on 2% Pt/ZrO2 were prepared via incipient
wetness impregnation (IWI). Firstly, monoclinic ZrO2 (Alfa Aesar, Haverhill, MA, USA)
was impregnated by 2% Pt with an aqueous solution of tetraamine platinum (II) nitrate
(Alfa Aesar, Haverhill, MA, USA) followed by drying and calcination at 350 ◦C (four hours,
muffle furnace). Then, the appropriate amount of KNO3 (Alfa Aesar, Haverhill, MA, USA)
or RbNO3 (Alfa Aesar, Haverhill, MA, USA) was added via IWI. Promoted catalysts were
dried and recalcined using the same conditions.
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2.2. Catalyst Characterization

Surface area and pore size were determined using a Micromeritics 3-Flex instrument
(Micromeritics, Norcross, GA, USA). The BJH method was used to calculate the average
pore diameter and specific volume. Samples were pre-treated at 160 ◦C at 50 mTorr for no
less than 12 h.

H2 temperature-programmed reduction (TPR) plots of the catalysts were obtained
using an Altamira AMI-300R (Altamira, Pittsburgh, PA, USA) instrument employing a
thermal conductivity detector (TCD). During experiments, approximately 200 mg of cata-
lyst was loaded into the U-tube reactor, and then a mixture of 10% H2 in Ar (30 cm3/min)
(Airgas, San Antonio, TX, USA) was flowed while the temperature was ramped from 50 to
1000 ◦C at a heating rate of 10 ◦C/min.

Transmission electron microscopy (TEM) and scanning transmission microscopy
(STEM) were conducted with an FEI Talos F200X scope (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with bright field (BF), dark-field (DF) 2, DF 4, and high-angle annular
dark-field (HAADF) detectors. Imaging was performed using a field emission gun with
an accelerating voltage of 200 kV and a high-speed Ceta 16M camera. The elemental
distributions were determined via FEI super energy-dispersive X-ray spectroscopy (EDX)
(Thermo Fisher Scientific, Waltham, MA, USA). Velox software was utilized to process
the data. Before analysis, samples were first treated in H2 at 350 ◦C for 1 hour and then
cooled to room temperature, followed by passivation with 1% O2 (balance N2). Then,
the reduced/passivated samples were sonicated for 30 min in ethanol. A sample of this
suspension was dropped onto a lacey carbon-covered Cu grid (300 mesh) and dried in air
for 12 h.

Temperature-programmed reaction/desorption analyses were carried out with the
Altamira AMI-300R unit. For each experiment, the catalyst was reduced at 300 ◦C using
10 cm3/min H2 (Airgas, San Antonio, TX, USA) and 20 cm3/min argon (Airgas, San
Antonio, TX, USA) for 1 h. After cooling the catalyst to 50 ◦C in flowing Ar, ethanol was
pumped at a rate of 100 mL/min across the catalyst for 10 min, and then Ar was flowed
at 30 cm3/min for 20 min. Following this purge, water was bubbled in He at a rate of
30 cm3/min for 10 min, and then another purge in Ar was performed. Finally, Ar was
flowed at 30 cm3/min while the temperature was increased to 700 ◦C. This allowed analysis
of ESR under transient conditions. CH4 evolution was measured to examine the effect of K
or Rb on C–C cleaving.

A Nicolet (Thermo Fisher, Waltham, MA, USA) iS-10 Fourier Transform infrared
spectrometer, coupled with a Harrick Scientific (Pleasantville, New York, NY, USA) Praying
Mantis accessory, was used for the temperature desorption/reaction experiments. The
catalyst was reduced at 300 ◦C with a 1:1 mixture of H2:He at a flow rate of 200 cm3/min
for 1 h and then cooled to 50 ◦C in hydrogen. Next, helium was used to bubble ethanol
at a flow rate of 75 cm3/min for 15 min. Subsequently, He was bubbled through water
(31 ◦C water bath), giving an H2O concentration of 4.4% with a flow rate of 75 cm3/min.
Temperature was stepped in 50 ◦C increments from 50 ◦C to 500 ◦C. At each step, 512 scans
were taken at a resolution of 4.

Temperature programmed reduction with X-ray absorption near edge spectroscopy
(TPR-XANES) was performed at the Materials Research Collaborative Access Team (MR-
CAT) beamline located at the Advanced Photon Source, Argonne National Laboratory.
Sample amount was optimized for the platinum L3 edge. The quartz reactor was held in a
clamshell furnace located on a positioning table, and the beam passed through six samples
in a sequential manner with 20 μm accuracy for repeat scans. He was flowed through the
catalysts for more than 5 min at a flow rate of 30 mL/min. Pure hydrogen was then passed
through the sample at a flow rate of 30 mL/min, and a heating rate of 0.83 ◦C/min was
started for the furnace to achieve 300 ◦C. After soaking at this temperature for 1 h, samples
were cooled to room temperature and scanned for both the XANES and EXAFS regions
at both the platinum L3 (11.564 keV) and L2 edges (13.273 keV), so that the L3-L2 edge
difference procedure could be applied [43]. Spectra were recorded in transmission mode,
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and the respective metallic foil was measured in a concurrent manner for the purpose of
energy calibration. The Pt L3 edge data were in the range of 11.400–12.700 keV, and Pt L2
edge data were in the range of 13.100–13.850 keV. Standard data reduction was conducted
with WinXAS (Version 2.0, Thorsten Ressler, Berlin, Germany) [44], while fittings were
carried out for EXAFS with Atoms (Copyright 2001, Department of Physics, University of
Washington, Seattle, WA, USA) [45], FEFF8 (Version 8.20, Department of Physics, Univer-
sity of Washington, Seattle, WA, USA) [46], and FEFFIT (Copyright 2001, Department of
Physics, University of Washington, Seattle, WA, USA) [46] software over Δk = 3–10 Å−1

and ΔR = 1.85–3.25 Å. A typical analysis included post-edge background subtraction (Vic-
toreen function), pre-edge and post-edge background subtraction (degree 1 polynomials),
normalization based on the edge jump, conversion to k-space with background subtraction
using a cubic spline, and applying a Fourier transform of the χ(k) function to R-space.

2.3. Catalytic Activity

The activity of the catalysts was tested in a fixed bed reactor (stainless steel tubular
reactor, I.D. 0.444 in.); more information on the experimental set-up is reported in our previ-
ous study [47]. Briefly, 80 mg of catalyst (63–106 μm) was diluted with 300 mg of SiO2 beads
and activated using 100 cm3/min H2 at 350 ◦C for 1 h. Next, the temperature was cooled
to 300 ◦C, and the gas was changed to a mixture containing 26.1% H2O, 2.9% C2H5OH
(balance N2) at P = 1 atm, gas hourly space velocity (GHSV) = 190,560 Ncm3/min/gcat.
The unpromoted catalyst was also tested at different GHSV in order to compare the se-
lectivities among the catalysts at similar conversion. The products were then passed
through a cold trap (held at 5 ◦C) to collect condensable compounds. The condensable
products were analyzed by SRI (SRI Instruments, Torrance, CA, USA) 8610 GC equipped
with HayeSep Q-column, whereas the gas products were analyzed by Inficon micro-GC
Fusion equipped by molecular sieve, alumina, plot-u, and OV-1. Ethanol conversion
Equation (5), carbon selectivity Equation (6), and H2 yield Equation (7) were calculated
using the following formulas:

χC2 H5OH = 1 − Fout
C2 H5OH

Fin
C2 H5OH

(5)

Si =
ni·Fout, prod

i

∑i ni·Fout,prod
i

(6)

H2 yield =
Fout, prod

H2

6·Fin
C2H5OH

(7)

where Fin
C2 H5OH is the molar feed rate of ethanol, Fout

C2 H5OH is the effluent molar flow rate, ni

is carbon number, Fout, prod
H2 is the effluent molar flow rate of H2, and Fout, prod

i is effluent
molar flow rate of the C-containing species (i = CO, CO2, C2H6, C2H4, C3H6, C2H4O).

3. Results and Discussion

Surface area and porosity results for un-promoted and K and Rb-promoted catalysts
are provided in Table 1. Both K and Rb series showed that low alkali loadings caused a
slight decrease in the surface area, whereas high loadings dramatically decreased it (i.e.,
below what is expected from the decrease due to the added mass of alkali). For example,
the surface area dropped from 89.7 m2/gcat (unpromoted) to 34.7 and 58.2 m2/gcat for
8.5% K and 9.29% Rb, respectively. This decrease in the surface area suggests that pore
blocking is more significant at high alkali loading. Increasing alkali doping progressively
diminished the pore volume, but little impact was observed for the average pore diameter
of the Rb-promoted catalyst. In contrast, above 2.55% K, the average diameter increased
systematically, suggesting preferential blocking of narrower pores by K at higher loadings.
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Table 1. Surface area, porosity, and Pt particle size for K and Rb-promoted catalysts (adapted from [48,49] with permission
from Elsevier (copyright, 2020) and MDPI (copyright, 2021)).

Sample ID
As (BET)

(m2/g)
Vp (BJH Des)

(cm3/g)

Dp (BJH Des)

(Å)

Est. Pt Diam
(nm)

Est. % Pt Disp.
(%)

Pt/ZrO2 (K-series) 82.8 0.276 103 1.0 */0.92 ** 88
0.85% K-Pt/ZrO2 78.3 0.260 101 1.2 */1.1 ** 82
1.70% K-Pt/ZrO2 72.2 0.249 100 1.3 */1.2 ** 79
2.55% K-Pt/ZrO2 68.4 0.245 103 2.7 */2.6 ** 47
3.40% K-Pt/ZrO2 59.6 0.219 105 3.0 */3.0 ** 42
4.25% K-Pt/ZrO2 53.8 0.200 109 3.6 */3.6 ** 35
8.50% K-Pt/ZrO2 34.7 0.139 123 - -

Pt/ZrO2 (Rb-series) 89.7 0.260 95 0.8 */0.72 ** 94
0.55% Rb-Pt/ZrO2 87.9 0.268 96 - -
0.93% Rb-Pt/ZrO2 91.6 0.275 93 0.86 */0.78 ** 92
1.86% Rb-Pt/ZrO2 88.7 0.262 94 1.0 */0.93 ** 87
2.79% Rb-Pt/ZrO2 86.7 0.260 93 1.1 */0.99 ** 85
4.65% Rb-Pt/ZrO2 72.3 0.235 95 1.3 */1.2 ** 77
9.29% Rb-Pt/ZrO2 58.2 0.202 102 2.0 */1.9 ** 56

* Estimated from Jentys assuming spherical cluster morphology [50]. ** Estimated from Marinkovic et al. [51].

Estimated Pt diameter and dispersion obtained by EXAFS fittings are also reported in
Table 1. Interestingly, the diameter of the Pt cluster increases with the alkali loading, and
the effect is more pronounced for the K-promoted catalyst. This results in a decreasing
trend in Pt dispersion, which drops from 88% and 94% for the unpromoted catalysts to 35%
and 56% for 4.25% K-Pt/ZrO2 and 9.29% Rb-Pt/ZrO2, respectively.

STEM-EDX images for Rb-promoted catalysts are shown in Figure 1. Both platinum
and rubidium were well dispersed for 0.93% Rb-2% Pt/ZrO2, and all clusters observed were
below 3 nm. By increasing the rubidium loading to 9.29%, STEM-EDX images (Figure 1,
bottom) show rubidium was well dispersed, whereas platinum particles tended to form
agglomerates of several Pt domains. Some agglomerates were on the order of 10 nm, while
the domains were typically below 3 nm. The spatial distribution of Pt and Rb also suggests,
especially in the case of 9.29% Rb, that there is a strong possibility of contact between the
two elements.

Figure 1. Transmission electron microscopy (TEM) and scanning transmission microscopy with energy-dispersive X-ray
spectroscopy (STEM-EDX) images for the (a) 0.93% Rb-2% Pt/ZrO2 catalyst and (b) the 9.29% Rb-2% Pt/ZrO2 catalyst.
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Catalyst reducibility was investigated by TPR (Figure 2). The unpromoted Pt/zirconia
catalyst had a small hydrogen uptake in the range of 150–200 ◦C, indicative of reduc-
tion of platinum oxide to metal, which occurs around 200 ◦C, and Pt-catalyzed defect
formation [46]. Pt accelerates the decomposition of surface carbonates and facilitates the
formation of oxygen vacancies and bridging OH groups [25,52,53]. The hydrogen uptake
during TPR further increased by adding potassium or rubidium.

Figure 2. (a): TPR profiles for K-promoted catalysts: (a) 2% Pt/ZrO2, (b) 0.85% K-2% Pt/ZrO2, (c) 1.70% K-2% Pt/ZrO2, (d)
2.55% K-2% Pt/ZrO2, (e) 3.40% K-2% Pt/ZrO2, (f) 4.25% K-2% Pt/ZrO2, and (g) 8.50% K-2% Pt/ZrO2; (b): TPR profile for
Rb-promoted catalysts: (h) 0.55% Rb-2% Pt/ZrO2, (i) 1.86% Rb-2% Pt/ZrO2, (j) 2.79% Rb-2% Pt/ZrO2, (k) 4.65% Rb-2%
Pt/ZrO2, and (l) 9.29% Rb-2% Pt/ZrO2. Figure 2a reprinted from [48] with permission from Elsevier, copyright 2020.
Figure 2b reprinted from [48] with permission from MDPI, copyright 2021.

Temperature programmed reduction with mass spectrometry (TPR-MS) spectra for
K and Rb-promoted catalysts, reported in our previous works [48,49], showed that the
evolution of carbon monoxide occurs concurrently with hydrogen uptake, especially for
high alkali loading. This indicates the presence of surface carbonates on the catalyst before
H2 activation, as previously noted [52,53]. Doping with K or Rb increases surface basicity,
such that more carbonate (i.e., adsorbed carbon dioxide—which is acidic) decomposes from
the catalyst as the alkali loading is increased. Decomposition of these surface carbonates
through Pt-assisted decarbonylation is easily monitored by in situ DRIFTS (Figure 3) with
the generation of CO via Pt carbonyl species.

149



Nanomaterials 2021, 11, 2233

Figure 3. DRIFTS spectra of carbonate decomposition during activation for (a) 2% Pt/ZrO2, and the same doped with
(b) 0.93% Rb, (c) 4.65% Rb, (d) 9.29% Rb, (e) 0.85% K, (f) 2.55% K, (g) 4.25% K, (h) 8.50% K. Figure 3a–d reprinted from [49]
with permission from MDPI, copyright 2021. Figure 3e,f reprinted from [48] with permission from Elsevier, copyright 2020.

Table 2 provides assignments from the open literature regarding adsorbed species
during ESR. Ethanol adsorption during DRIFTS was found to produce two bands in the
range 1000–1200 cm−1 (Figures 4–7 for K series and Figures 8–11 for Rb series), which are
assigned to ethoxy species. These species are formed by the dissociative adsorption of
ethanol on the catalyst surface [54–56]. Type II ethoxy species located at surface defects
on zirconia exhibit a low wavenumber ν(CO) band at ~1050 cm−1, while Type I ethoxy
species are associated with unreduced sites on zirconia and positioned at higher wavenum-
bers [23]. Acetate produced several observable bands: symmetric υ(OCO) stretching
(1300 cm−1), asymmetric υ(OCO) stretching (1510 cm−1), and υ(C–H) stretching bands
(2700–3100 cm−1). These assignments were confirmed by comparing our results with
the literature [2]. The observed formation of acetate likely suggests that ethoxy species
underwent oxidative dehydrogenation.

Table 2. Main bands in cm−1 observed for unpromoted, K-promoted, and Rb-promoted 2% Pt/ZrO2 catalysts.

Bands 0% K 0.85% K 2.55% K 4.25% K 0% Rb 0.93% Rb 4.65% Rb 9.29% Rb

50 ◦C

ν(CO) ethoxy 1100, 1070,
1056

1092, (1065),
1051 1103, 1058 1107, (1067)

1056
1101, 1072,

1057
1099, (1067),

1055 1098, 1056 1105, 1057

ν(CH)
ethox/acet

2970, 2928,
2897, 2868

2970, 2927,
(2894), 2872

2969, 2926,
(2897), 2876

(2977), 2965,
(2934, 2881),

2868

2973, 2929,
(2896), 2873,

(2854)

2973, 2929,
(2898), 2873,

(2856)

2973, 2931,
2898, 2879,

2858

(2989), 2970,
(2955), 2932,
2902, 2880,

2868

ρ(CH3) ethoxy 1156, 1116 1148, 1124 (1147, 1125) - 1154, (1133),
1118

(1163, 1150,
1128–1113) - -

νa(OCO)
acetate 1562 1564, (1507) 1577, (1519) 1567–1513 1564 1560 1572,

(1549–1512) 1578

νs(OCO)
acetate (1467), 1433 1467, (1431),

1417
(1490, 1464)

1412 1460 (1470), 1433 (1487) 1474,
1443, 1428

1472, (1445),
1408 -

δs(CH3)
acetate

1381, (1357),
1344, (1274)

1376, (1351)
1335,

(1314–1269)

1377, 1358,
(1340, 1280)

1358, 1310,
1271

1381, (1358,
1343, 1276)

1381, 1357,
1343,

1327–1295,
1275

(1372), 1360,
(1339) 1355

ν(CO) Pt-CO
2055, (2037),

2012,
1990–1810

2051, 2030,
(2018–1870)

1930
(2080–1800) -

2051, (2032),
2015,

1978–1870

(2053,
2046–1985,
1985–1840),

1951

(2063–1985,
1963), 1927,
(1950–1830)

-

150



Nanomaterials 2021, 11, 2233

Table 2. Cont.

Bands 0% K 0.85% K 2.55% K 4.25% K 0% Rb 0.93% Rb 4.65% Rb 9.29% Rb

200 ◦C

νa(OCO)
acetate 1556, (1470)

(1569), 1557,
(1543–1508),

1467

1580, (1549,
1523, 1508),

1471

1580,
(1550–1444)

(1566), 1554,
(1470)

1556,
(1525–1470)

1633, 1579,
(1549,

1533–1465)
1580

νs(OCO)
acetate 1439 1437, 1380 1408 1422, 1408 1439 1437, (1383) 1404 1437, 1404

δs(CH3)
acetate 1346 1332, (1303),

1273
(1351), 1334,

(1297) (1350), (1330) 1347
1339,

(1330-1312,
1297, 1274)

(1328), 1300 1355, 1339,
(1335–1267)

ν(CH) acetate 2965, 2937,
2876, 2862

3000, 2984,
2966, 2931,

2872

2971, 2928,
(2897, 2878,

2858)

(2965), 2937,
2869

2965, 2936,
(2917–2892),

2877

2965, 2937,
(2920–2905,

2881

2986, 2967,
2927

(2997), 2965,
(2935), 2925,

(2904,
2886–2860)

500 ◦C

νa(OCO)
carbonate 1556 1622,

1576–1490
1620,

(1568–1492)

(1604), 1551,
(1530, 1519,

1503)
1550–1500 1580–1495,

1556
1627, (1581),
(1550–1430)

1608, (1592,
1566, 1550)

νs(OCO)
carbonate (1470), 1439 1454 (1468) (1463, 1445,

1425) 1473, 1442 1490-1410,
1444 (1550–1430) 1439

νs(OCO)
carbonate (1405–1367)

1370, (1342)
1297,

(1276–1225)

(1386, 1353)
1307

1400-1355,
1329,

(1300–1200)
1395, 1363

(1373), 1340,
(1300), 1271,

(1256)

(1365, 1333,
1291) (1355), 1317

Figure 4. DRIFTS spectra of transient ESR over 2% Pt/m-ZrO2 (K-series).
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Figure 5. DRIFTS spectra of transient ESR over 0.85% K-2% Pt/m-ZrO2.

Figure 6. DRIFTS spectra of transient ESR over 2.55% K-2% Pt/m-ZrO2.
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Figure 7. DRIFTS spectra of transient ESR over 4.25% K-2% Pt/m-ZrO2.

Figure 8. DRIFTS spectra of transient ESR over 2% Pt/m-ZrO2 (Rb-series).

153



Nanomaterials 2021, 11, 2233

Figure 9. DRIFTS spectra of transient ESR over 0.93% Rb-2% Pt/m-ZrO2.

Figure 10. DRIFTS spectra of transient ESR over 4.65% Rb-2% Pt/m-ZrO2.
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Figure 11. DRIFTS spectra of transient ESR over 9.29% Rb-2% Pt/m-ZrO2.

DRIFTS of transient ESR was conducted on unpromoted, K-promoted, and Rb-
promoted catalysts to shed further light on the possible mechanism (Figures 4–11). Bands
of ethoxy species, formed from dissociative adsorption of ethanol, were observed in the
range of 50–150 ◦C for the unpromoted catalyst (Figures 4 and 8 for K-doped and Rb-doped
series, respectively). Increasing the temperature further, the surface concentration of ethoxy
species decreased until they were virtually completely decomposed, while, simultaneously,
there was a concomitant increase in the intensity of bands assigned to acetate; this suggests
that ethoxy species underwent oxidative dehydrogenation to acetate—during this stage,
CO2 gas was not produced. At the same time, the magnitude of the Pt-CO band increased,
suggesting that decarbonylation occurred to a certain extent. After the amount of acetate
attained a maximum of approximately 250–300 ◦C, further steam reforming afforded CH4
and CO2 in addition to CO. The detection of CH4 and CO2 is consistent with the forward
decomposition of acetate. The acetate species nearly completely decomposed by 400 ◦C.

The effect of alkali promotion was also explored by conducting DRIFTS and varying
the K loading (Figures 5–7) and Rb loading (Figures 9–11). DRIFTS revealed that the ethoxy
intermediate reacted most rapidly on the 2.55% K- and 4.65% Rb-doped catalyst, evidenced
by the fact that it was entirely converted to acetate by 150 ◦C through oxidative dehydro-
genation. In contrast, at low-potassium (0.85%) or -rubidium (0.93%) loading, the ethoxy
species exhibited greater stability, as they had significantly decomposed by only 200 ◦C,
very similar to what was observed in the case of the undoped 2% Pt/m-ZrO2 catalyst. The
acetate species is observed for all the potassium or rubidium loadings, suggesting it is
a likely key intermediate during ESR. Once acetate is formed, however, DRIFTS results
showed some differences among catalysts in terms of the selectivity of acetate decompo-
sition, which depended on potassium or rubidium loading. The Pt–carbonyl bands for
undoped, 0.85% K, and 0.93% Rb catalysts were at higher wavenumbers and at a signifi-
cantly increased intensity, reaching maxima at 150–200 ◦C for the undoped, 150 ◦C for the
0.85% K doped, and 150–200 ◦C for the 0.93% Rb catalysts, respectively. This is reasonable
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to expect since acetate decomposes through different pathways depending on the level of
alkali promotion. DRIFTS results suggest that acetate decarboxylation is preferred at high
K (2.55% K and 4.25% K) or Rb (4.65% and 9.29% Rb) loading, while the decarbonylation
is more favored on the unpromoted catalyst and lower loading alkali-doped catalysts
(0.85% K and 0.93% Rb). The dependence of the two different decomposition pathways on
alkali loading was also observed for the analogous Na-doped system for both ESR [40,41]
and methanol steam reforming [57]. In the latter case, the analogous formate intermedi-
ate species were observed (formed from oxidative dehydrogenation of methoxy species),
which decarboxylated at 2.5% Na loading, whereas it decarbonylated at low Na loading
(i.e., 0.25%, 0.5%, 1%). This decarboxylation pathway enhanced CO2 selectivity and CO
conversion, making 1.8% Na-2.5% Na the optimum loading range for H2 production.

DRIFTS results showed that acetate species decomposed at a lower temperature for
the 2.55% K-doped catalyst and 4.65% Rb-doped catalyst as compared to the unpromoted
catalysts, as a significant band for CH4 was detected at 150 ◦C (with a slight signal even
at 100 ◦C), while a less intense band for CH4 was observed at 200 ◦C for the unpromoted
catalysts (with a slight signal even detected at 150 ◦C). Thus, the acetate C–C bond breaks
at lower temperatures for the K- and Rb-promoted catalysts.

This bond is analogous to the formate C–H band that is seen during water–gas shift
or methanol steam reforming. In our prior WGS investigations, increasing Na, K, Rb,
or Cs loading shifted the ν(CH) band to lower wavenumbers. At the same time, the
difference between the ν(OCO) bands for asymmetric and symmetric stretching increased
with alkali loading. This suggests that changes in surface basicity may be responsible for
the CH bond weakening of formate. In the case of ESR, C–C bond weakening is not easily
measured. However, we indeed see an increase in the wavenumber difference between
the ν(OCO) bands for asymmetric and symmetric stretching. From Table 2, they are: 0%
K, Δ = 117 cm−1; 0.85% K, Δ = 120 cm−1; 2.55% K, Δ = 172 cm−1; 4.25% K, Δ = 172 cm−1;
0% Rb, Δ = 115 cm−1; 0.93% Rb, Δ = 119 cm−1; 4.65% Rb, Δ = 175 cm−1; and 9.29% Rb,
Δ = 176 cm−1. In all cases, the results suggest that the alkali promotes the weakening
of the respective bond, emphasizing once again the analogous nature of the two alkali-
doped catalyst systems. At 4.25% K or 9.29% Rb doping level, the catalyst surface was
significantly blocked with the alkali, thereby creating a bottleneck for the formation of,
and subsequent decomposition of, the intermediates. In addition to the CO2 that evolved,
residual carbonates are clearly observed on the catalysts with K or Rb, as bands such as at
1620, 1574–1439 cm−1, and ~1315 cm−1 O–C–O stretching modes of carbonates [58].

Interestingly, the optimum K loading (2.55%) corresponds to a very similar weight
percent as the optimal Na loading (2.5%) from prior work [41], meaning that the optimal K
loading occurred at 60% of the optimal Na loading atomically. Some works have shown
that at excessive alkali loadings on Pt/ZrO2, the surface of the Pt nanoparticles is blocked,
inhibiting the role of Pt in hydrogen transfer reactions during LT-WGS [59,60]. This effect
provides a reasonable explanation for the results obtained, given that K+ is considerably
larger than Na+; the surface of the Pt nanoparticles becomes covered by the alkali metal
at considerably lower atomic loadings for potassium-promoted catalysts. Additionally,
it has been shown that at high alkali loadings, catalyst basicity promotes the formation
of the carbonate intermediate, which is the precursor to CO2 formation; however, it was
also found to impede CO2 liberation during LT-WGS [60,61]. This may be due to higher
basicity since CO2 is an acidic molecule that is therefore adsorbed more strongly and/or it
may be due to the fact that the alkali obstructs the metallic function, which is known to
facilitate carbonate decomposition. Due to the fact that potassium is a more basic promoter
than sodium, one would expect this effect to cause CO2 liberation to be significantly
hindered for potassium relative to sodium. However, potassium is able to achieve similar
promotion to sodium, and it does so at a lower atomic loading; this may be due to its
lower electronegativity.

DRIFTS experiments showed that the optimal loading for the Rb-promoted catalyst
is 4.65%, which is 80% and 50% of the optimal K and Na atomically loading, respectively.
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This trend suggests that a lower alkali atomically loading is required for the C–C bond
scission of intermediate acetate when the alkali electronegativity decreases. Indeed, the
electronegativity of Rb is 0.706 compared to 0.869 for Na and 0.734 for K [62]. A similar
trend also was observed in our previous work [48]. Decreasing the electronegativity, the
ν(C–H) formate band progressively shifted to lower wavenumbers, which was associated
with a faster formate decomposition in the presence of steam [59,63,64].

Figures 12 and 13 show the TPD-MS profiles for methane over the K and Rb series
of catalysts, respectively. The main peak for the 2% Pt/ZrO2 catalyst is at 391 ◦C, with a
very minor peak at 200 ◦C. The position of the main peak did not change to a significant
degree for the 0.85% K- and 1.70% K-doped catalysts, with peaks at 383 ◦C and 360 ◦C,
respectively; minor peaks at low temperature were also observed at 100–190 ◦C and
115–170 ◦C. However, a significant shift to lower temperature occurred once the dopant
loading reached 2.55% K, where the temperature was 270 ◦C for the main peak, with a
low-temperature peak at 130 ◦C. At 3.40% K, 4.25% K, and 8.50% K doping levels, the
main peak decreased in intensity and shifted to higher temperatures of 314 ◦C, 327 ◦C, and
345 ◦C, respectively, while the low-temperature peak remained at a similar temperature.
The results indicate that cleaving of the C–C bond of acetate species during ESR is not only
promoted by alkali addition but also that the K-doping loading is close to the optimum
at 2.55% K. For the Rb series, increasing Rb loading to 1.86% Rb decreases the main CH4
evolution signal from 391 ◦C to 384 ◦C. In the range of 2.79% Rb–4.65% Rb, the peak at
370 ◦C is attenuated, and a new low-temperature peak at 160–180 ◦C emerges. At 5.58%
and 9.29% Rb loadings, the CH4 signal is attenuated overall, and by 9.3% Rb, the signal of
the higher temperature peak has increased to 430 ◦C due to blocking of the catalyst surface
by excessive alkali. DRIFTS and TPD-MS show that alkali promotion had a beneficial effect
on the C–C bond scission of the intermediate acetate. However, the electronic effect of
alkali on the structure of Pt metal is not well understood. Different hypotheses can be
formulated: (a) charge transfer, which may result in a change in the white line intensity
in the presence of K [65]; (b) an electrostatic effect, which could cause bond weakening in
adsorbed species on the catalyst surface [66]; (c) a Fermi level electronic perturbation [43];
or (d) an alteration in bond strengths due to changes in the acidity/basicity of the catalyst.
Confounding the analysis of (a) is particle size effects [67,68], which tend to cause the
binding energy and white line to both increase with decreasing particle size. To gain insight
into whether K or Rb promotion leads to charge transfer from the alkali to Pt, the Pt L-3
XANES spectra can be analyzed. As shown in Figure 14 for the K-series and Figure 15 for
the Rb-series, during reduction in hydrogen at 350 ◦C and after cooling in hydrogen to
ambient conditions, it is evident that there are differences in the XANES spectra of catalysts
having no or low alkali content versus those with high alkali content. However, the white
line intensity is also affected by the size of Pt particles, so the difference between the L-3
XANES and L-2 XANES can be studied to remove this effect (Figures 14 and 15). If K or Rb
promotion causes electron charge transfer from the alkali to Pt, then the Pt L3-L2 XANES
difference should decrease in magnitude as a function of alkali loading. However, this
trend is not observed, indicating that neither potassium nor rubidium is likely transferring
electron charge density to platinum. Despite this, it is still suggested that the alkali and Pt
are in direct contact, which can be seen through the TPR-XANES and TPR-EXAFS reported
in our previous studies [48,49]. The TPR-XANES and TPR-EXAFS revealed that as the
loading of K or Rb increases, the reduction of PtO is hindered, which is likely the result of
the covering of platinum by the alkali. It is also expected that if the alkali donated electron
density to Pt particles, a relaxation in the edge energy should occur (related to the binding
energy) [69,70]. Figures 16 and 17 reveal that in comparing catalysts with the Pt0 foil, no
such shift was detected.
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Figure 12. TPD-MS of ethanol steam reforming over (a) 2% Pt/ZrO2, (b) 0.85% K-2% Pt/ZrO2, (c)
1.70% K-2% Pt/ZrO2, (d) 2.55% K-2% Pt/ZrO2, (e) 3.40% K-2% Pt/ZrO2, (f) 4.25% K-2% Pt/ZrO2,
and (g) 8.50% K-2% Pt/ZrO2.

Figure 13. TPD-MS of ethanol steam reforming over (a) 2% Pt/ZrO2, (b) 0.37% Rb-2% Pt/ZrO2,
(c) 0.74% Rb-2% Pt/ZrO2, (d) 0.93% Rb-2% Pt/ZrO2, (e) 1.86% Rb-2% Pt/ZrO2, (f) 2.79% Rb-2%
Pt/ZrO2, (g) 3.72% Rb-2% Pt/ZrO2, (h) 4.65% Rb-2% Pt/ZrO2, (i) 5.58% Rb-2% Pt/ZrO2, (j) 9.29%
Rb-2% Pt-ZrO2.
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Figure 14. XANES and L3-L2 XANES difference spectra at the (dashed line) Pt L2 edge and (solid line) Pt L3 edge following
reduction in pure hydrogen and cooling to ambient temperature, including 2% Pt/ZrO2 with: (a, blue) 0% K; (b, cyan)
0.85% K; (c, green) 1.70% K; (d, dark yellow) 2.55% K; (e, orange) 3.40% K; and (f, red) 4.25% K. (g) Overlays of L3-L2

difference spectra, showing an increase in intensity with K loading. No evidence for e- transfer to Pt from K+ was found.
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Figure 15. XANES spectra at the Pt (solid line) L3 edge and (dashed) line L2 edge, as well as (dash-dotted line) the L3-L2

difference spectra of (a, blue) 2% Pt/ZrO2, (b, cyan) 0.93% Rb-2% Pt/ZrO2, (c, green) 1.86% Rb-2% Pt/ZrO2, (d, dark yellow)
2.79% Rb-2% Pt/ZrO2, (e, orange) 4.65% Rb-2% Pt/ZrO2, (f, red) 5.58% Rb-2% Pt/ZrO2, and (g, pink) 9.3% Rb-2% Pt/ZrO2.
(h) Overlays of L3 2212 L2 difference spectra, showing an increase in intensity with Rb loading. No evidence for e- transfer
to Pt from Rb+ was found, which should result in an opposite trend. Figure 15 reprinted from [49] with permission from
MDPI, copyright 2021.
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Figure 16. XANES derivative spectra at the Pt L3 edge of (solid line) the Pt0 foil and (red line) the catalysts following
reduction in pure hydrogen, including 2% Pt/ZrO2 with: (a) 0% K; (b) 0.85% K; (c) 1.70% K; (d) 2.55% K, (e) 3.40% K;
and (f) 4.25% K. No evidence for e- transfer to Pt from K+ was found.

Figure 17. XANES derivative spectra at the Pt L3 edge of (solid line) the Pt0 foil and (red line) the catalysts following
reduction in pure hydrogen, including 2% Pt/ZrO2 with: (a) 0% Rb, (b) 0.93% Rb, (c) 1.86% Rb, (d) 2.79% Rb, (e) 4.65% Rb,
and (f) 9.3% Rb-2% Pt/ZrO2. No evidence for e- transfer to Pt from Rb+ was found.
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The catalytic activity data for K and Rb-series are reported in Table 3, whereas the H2
yield and product selectivity trends of the unpromoted catalyst at different conversions are
reported in Table 4. The addition of potassium or rubidium progressively decreased the
ethanol conversion. A similar trend was observed for sodium in our previous work [41].
Catalysts with very high alkali loading (i.e., 4.25% K or 9.29% Rb) exhibited negligible cat-
alytic activity. TEM-EDX and EXAFS fittings showed that Pt clusters aggregated at higher
loading. Moreover, the alkali likely partially covers the platinum particles, as evidenced by
a decreasing ν(CO) band at higher K or Rb alkali loading (virtually disappearing at the
highest loadings). However, the most interesting effect of alkali promotion on Pt/ZrO2
is related to product selectivity. Indeed, CO is only detected among the products for
unpromoted and low alkali doping (0.85% K and 0.93% Rb), whereas no CO is produced at
higher alkali loading. Alkali promotion decreased the acetaldehyde selectivity, which is
3.49% for the unpromoted, whereas it is lower than 1.5% for the K- or Rb-promoted catalyst.
The activity results confirm that different pathways occur depending on the potassium
or rubidium loading, as already pointed out by DRIFTS. The decarbonylation route is
present for the unpromoted catalyst and the catalysts with low alkali loading, whereas the
decarboxylation route (where acetate decomposes to CH4 and a carbonate species, which
further decomposes to CO2) completely dominates when the alkali loadings reach 2.55%
K and 4.93% Rb; a similar effect occurred at 1.80% Na in our prior work [41]. Moreover,
2.55% K corresponds to 5.57% Rb and 1.50% Na on an atomic loading basis. Therefore, the
results suggest that decarboxylation is improved by increasing the basicity of the alkali
(moving down the Group 1 column) because the atomic loading of potassium to stave off
decarbonylation is lower than that of sodium and higher than that of rubidium.

Table 3. ESR catalytic activity for K-series and Rb-series (300 ◦C, 1 atm, 190,560 Ncc/h/gcat, feed: C2H5OH 2.98% H2O
26.14% N2 70.88%).

Catalyst
Conv.

C2H5OH (%)
H2 Yield (%) C Selectivity (%)

CH4 CO2 CO C2H6 C2H4 C3H6 CH3CHO

2% Pt/ZrO2 86.91 14.26 45.20 28.5 21.16 0.92 0.39 0.34 3.49
0.85% K-2% Pt/ZrO2 60.01 13.84 46.86 40.59 11.14 0.26 - - 1.14
2.55% K-2% Pt/ZrO2 47.02 12.66 48.75 50.72 - - - - 0.76
4.55% K-2% Pt/ZrO2 27.30 3.17 49.48 49.08 - - - - 1.42

0.93% Rb-2% Pt/ ZrO2 59.60 13.65 46.81 35.78 15.55 0.31 0.11 - 1.43
4.25% Rb-2% Pt/ZrO2 38.97 8.70 53.56 46.27 - - - - 0.16
9.29% Rb-2% Pt/ZrO2 11.19 0.18 12.18 87.81 - - - - -

Table 4. ESR catalytic activity for 2% Pt/ZrO2 catalyst at different C2H5OH conversion (300 ◦C, 1 atm, feed: C2H5OH 2.98%
H2O 26.14% N2 70.88%).

Catalyst Conv. C2H5OH (%) H2 Yield (%) C Selectivity (%)

CH4 CO2 CO C2H6 C2H4 C3H6 CH3CHO

2% Pt/ZrO2 86.91 14.26 45.20 28.5 21.16 0.92 0.39 0.34 3.49
58.55 8.53 47.46 14.86 28.37 0.37 0.57 0.36 7.98
48.41 4.81 55.87 11.56 22.07 0.24 0.49 - 9.73
30.89 3.05 60.79 7.13 19.70 - 0.48 - 11.81

However, Table 4 shows that the product selectivity of Pt/ZrO2 changes to a degree
as a function of conversion. Therefore, in order to place alkali effects on a firmer footing, it
is necessary to compare the product selectivity and H2 yield at the same conversion level.
As shown in Table 5, the alkali-promoted catalysts have approximately 60–62% higher
H2 yield as compared to the unpromoted catalyst when compared at similar ethanol
conversion. This is due in part to enhanced decarboxylation over decarbonylation, as the
CO2 selectivity is increased by 240–273%, while the CO selectivity is diminished by 45–61%.
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While the 0.85% K and 0.93% Rb catalysts provide similar H2 yields, 0.85% K corresponds
to 1.86% Rb. The fact that a similar improvement in H2 yield occurred over that of the
unpromoted 2% Pt/ZrO2 catalyst at an atomic loading of Rb that is 50% of the atomic
loading of K indicates that higher basicity alkali promoters are more effective at facilitating
the more selective decarboxylation pathway.

Table 5. ESR catalytic activity for select catalysts at the same C2H5OH conversion (300 ◦C, 1 atm, feed: C2H5OH 2.98% H2O
26.14% N2 70.88%) for selectivity comparison.

Catalyst
Conv.

C2H5OH (%)
H2 Yield (%) C Selectivity (%)

CH4 CO2 CO C2H6 C2H4 C3H6 CH3CHO

2% Pt/ZrO2 58.55 8.53 47.46 14.86 28.37 0.37 0.57 0.36 7.98
0.85% K-2% Pt/ZrO2 60.01 13.84 46.86 40.59 11.14 0.26 - - 1.14

0.93% Rb-2% Pt/ ZrO2 59.60 13.65 46.81 35.78 15.55 0.31 0.11 - 1.43

4. Conclusions

The addition of potassium or rubidium to Pt/ZrO2 progressively decreased the surface
area and the pore volume because of some pore blocking. Platinum particle size was ~1 nm
for the unpromoted and lower alkali loading (0.85% K and 0.93% Rb), while aggregation
occurred at higher alkali loading. TEM-EDX of 9.29% Rb-Pt/ZrO2 showed Pt aggregates of
10 nm. The difference between Pt L3–L2 XANES spectra indicates that neither potassium
nor rubidium is likely transferring electron charge density to platinum. Moreover, no
relaxation effect on the edge jump energy was observed with the addition of K or Rb.

DRIFTS experiments were carried out to investigate the mechanism. The results
suggest that the catalysts have similar steps during ESR: dissociation of ethanol to produce
an ethoxy species, oxidative dehydrogenation of ethoxy species to acetate, and acetate
decomposition. The forward decomposition of acetate to CH4 and carbonate (the precursor
to CO2) is facilitated by the presence of K or Rb, and there is an optimum alkali loading
for facilitating the C–C scission of acetate. This is inferred from the temperature at which
CH4 evolution occurs as well as a systematic increase in the difference in band position for
ν (OCO) asymmetric and symmetric stretching for acetate, which occurs with increasing
the alkali loading. Ethoxy species are more stable on the unpromoted catalyst and acetate
decomposition, which is associated with the formation of methane, occurs at a higher
temperature. Methane formation was detected at 391 ◦C for 2% Pt/ZrO2 in TPD-MS,
whereas it occurred at 270 ◦C for 2.55% K and in multiple peaks (160–180 ◦C and 370 ◦C) for
2.79–4.65% Rb. Moreover, DRIFTS experiments and catalytic activity testing point out the
existence of different pathways for acetate decomposition depending on the alkali loading.
Decarboxylation is the most favored route at high alkali loading (2.55 and 4.25 wt.%). In
this pathway, acetate decomposes in the forward direction, yielding CH4 and a carbonate
species, which further decomposes to CO2. In contrast, the unselective decarbonylation
pathway occurs to a significant extent for the unpromoted catalyst and the catalyst having
low alkali loading (e.g., 0.85% K or 0.93% Rb). By increasing the alkali basicity by switching
from K to Rb, lower loadings of alkali enabled virtually complete blocking of the non-
selective decarbonylation pathway. Results of unpromoted, K-promoted, and Rb-promoted
catalysts compared at similar conversion further confirmed the promoting effect of the
alkali, as well as the basicity trend.
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Abstract: Supported gold on co-precipitated nanosized NiAl layered double hydroxides (LDHs) was
studied as an effective catalyst for medium-temperature water–gas shift (WGS) reaction, an industrial
catalytic process traditionally applied for the reduction in the amount of CO in the synthesis gas and
production of pure hydrogen. The motivation of the present study was to improve the performance
of the Au/NiAl catalyst via modification by CeO2. An innovative approach for the direct deposition
of ceria (1, 3 or 5 wt.%) on NiAl-LDH, based on the precipitation of Ce3+ ions with 1M NaOH,
was developed. The proposed method allows us to obtain the CeO2 phase and to preserve the NiAl
layered structure by avoiding the calcination treatment. The synthesis of Au-containing samples
was performed through the deposition–precipitation method. The as-prepared and WGS-tested
samples were characterized by X-ray powder diffraction, N2-physisorption and X-ray photoelectron
spectroscopy in order to clarify the effects of Au and CeO2 loading on the structure, phase com-
position, textural and electronic properties and activity of the catalysts. The reduction behavior of
the studied samples was evaluated by temperature-programmed reduction. The WGS performance
of Au/NiAl catalysts was significantly affected by the addition of CeO2. A favorable role of ceria was
revealed by comparison of CO conversion degree at 220 ◦C reached by 3 wt.% CeO2-modified and
ceria-free Au/NiAl samples (98.8 and 83.4%, respectively). It can be stated that tuning the properties
of Au/NiAl LDH via CeO2 addition offers catalysts with possibilities for practical application owing
to innovative synthesis and improved WGS performance.

Keywords: Ni-Al layered double hydroxides; gold catalyst; CeO2 addition; water–gas shift reaction

1. Introduction

Among the key drivers responsible for the renewed interest in the water–gas shift
(WGS) reaction is associated with the growing hydrogen production. Hydrogen is con-
sidered an efficient sustainable energy carrier and an alternative carbon-free fuel that
could substitute fossil fuels in the near future. The utilization of pure hydrogen in energy
conversion technologies as fuel cells is anticipated to ensure an environmentally friendly
way to satisfy global energy needs [1,2].

The manufacture of pure hydrogen for fuel cell applications requires the consideration
that the presence of CO in the produced H2-rich synthesis gas could irreversibly destroy
the metal anode in the fuel cells. Therefore, the purification of synthesis gas by CO sub-
traction is of particular importance, and is commonly attained via conversion of CO by
water vapor, referred to as WGS reaction (CO + H2O ↔ CO2 + H2, ΔH = −41.2 kJ mol−1).
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The last is conventionally applied to reduce the CO level and to enrich synthesis gas with
hydrogen as well. Since WGS reaction is reversible and moderately exothermic, it is thermo-
dynamically favored at low temperatures and kinetically at high ones; thus, the equilibrium
CO conversion decreases with increasing the reaction temperature. In regard to industrial
application, aiming to achieve high CO conversion, the up-to-date WGS reaction is per-
formed through a two-stage WGS converter system using both different temperatures and
catalysts. There is a high temperature shift stage (350–450 ◦C, Fe2O3-Cr2O3, residual CO
of about 2–5%), followed by a low temperature shift stage (180–250 ◦C, Cu-ZnO-Al2O3,
residual CO content < 1%) with interstage cooling [3–7].

A variety of catalysts combining noble or transition metals (Pt, Rh, Au, Pd, Fe, Cu, Ni,
Co) with different oxides or mixed oxides can catalyze the WGS reaction, as described in
many scientific reviews and numerous papers. The process parameters and recent advances
in WGS catalysis, the design of novel and effective catalyst compositions, the preparation
approaches, the nature of the support, the catalyst precursors and promoter additives
(if there) as well as their impact on the performance in the WGS reaction have been debated
and clarified [5–9].

Amid WGS catalysts, the supported gold ones have played a key role for more than
three decades [10–15]. Because of their unique features, such as stability in oxidizing
surroundings, non-pyrophority, no need of additional activation pre-treatment, appreciable
WGS activity and specific electronic and structural peculiarity, these catalytic formulations
have proven to be among the most auspicious options to replace the conventional WGS
catalysts for small-scale applications in the low-temperature range (180–260 ◦C). It is also
important to note that the choice of support used is of crucial importance for the WGS
behavior of supported gold nanoparticles. By way of illustration, supported gold on
non-reducible oxides (SiO2, Al2O3 or MgO) showed lower activity as opposed to those on
reducible oxides (Fe2O3, CeO2, doped-CeO2, ZrO2, TiO2, etc.). These oxides significantly
improve gold catalyst activity in the low-temperature WGS region [3,16–18].

Ceria (CeO2) is among the most extensively studied reducible supports. The con-
siderable performance of ceria and ceria-based mixed oxides in WGS reaction is related
to its high capacity to store and release oxygen by Ce3+/Ce4+ surface sites, surface and
bulk oxygen vacancies and redox properties. The exceptional exchange between Ce3+ and
Ce4+ oxidation states, the easy change from Ce4+ (CeO2) under oxidizing conditions to
Ce3+ (Ce2O3) under net reducing conditions and vice versa are typical for ceria. Non-
stoichiometric CeO2−y can be formed by oxygen release and reduction of Ce4+ to Ce3+,
with the concomitant formation of oxygen vacancies within the crystal structure. The spe-
cific features and application of CeO2 in catalysis have been revealed in numerous reviews
and papers [19–24]. Moreover, CeO2 maintains high dispersion of supported metals and
assists the noble metal reduction, oxidation and WGS reaction as well [19]. On the other
hand, nanoscaled ceria containing high concentrations of Ce3+ and oxygen vacancies is
considered as a preferred carrier for the Au catalysts for low-temperature WGS reaction.
The first reports about the unique WGS activity of Au/CeO2 at low temperatures were
accomplished by the Flytzani-Stephanopoulos [25] and Andreeva [26] groups. After that,
many efforts have been focused on the elucidation of the effect of ceria and ceria-doped
oxides on WGS performance of gold catalysts depending on the ceria particle size, surface
area, surface structure, presence of dopants, etc. [10,15,27–36].

Among the various carriers of gold catalysts, layered double hydroxides (LDHs) have
been stated as appropriate supports of efficient WGS catalysts [37–40]. In recent years,
considering the metal availability and economic considerations, an object of research inves-
tigations has been the design of nickel-based LDHs as precursors of WGS catalysts [41–47].
NiAl LDHs, also called takovite-like compounds Ni6Al2(OH)16CO3·4H2O [48] are lay-
ered nanometric materials, which are members of a large family of natural or synthetic
inorganic anionic clay-like layered compounds. They are built from a two-dimensional
structure consisting of successively alternating positively charged NiAl hydroxide layers
[Ni2+

1-xAl3+
x(OH)2]x+ and an interlayer space [An−

x/n·mH2O] containing charge com-
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pensating exchangeable anions (CO3
2−, SO4

2−, NO3
−, Cl−, etc.) and m water molecules.

The layered structure assumes uniform distribution of the octahedrally coordinated Ni2+

and Al3+ ions within the hydroxide sheets. One key feature of LDHs is the ability to ex-
change various metals in the metal hydroxide sheets, which permits tailoring of the catalyst
to a specific function. Upon heating, the layered structure loses the interlayered anions and
water molecules and finally forms NiAl mixed metal oxides, Ni2+(Al3+)O, characterized by
nanoscaled crystal size, high surface area and well-distributed both cations in situ [49,50].

The incorporation of rare earth elements into the structure of the LDHs is very at-
tractive because they can affect the catalytic, electrical and magnetic properties. However,
the incorporation of cerium into NiAl hydroxide-like layers is disputed due to the large
ionic radius of Ce3+ (1.15 Å) in comparison with Ni2+ (0.69 Å) and Al3+ (0.51 Å) [51]. This is
the reason that there are few publications about the synthesis of cerium containing NiAl
LDHs. Sanati and Rezvani [52] reported the synthesis of Ni/AlCe LDH by precipitation
with triethylamine in an autoclave without nitrogen. The authors supposed that the Ce3+

ions do not fill any octahedral site in the hydroxide-like layers, beingdeposited on the LDH
surface, making a separate CeO2 phase. Another procedure for synthesis of the Ni/AlCe
LDH compound by the co-precipitation method also followed by hydrothermal treatment
in the autoclave for 48 h at 120 ◦C was presented [53]. A successful introduction of Ce3+

cations into the brucite-like layers of the layered structure was testified.
An important aspect to consider is the approach of CeO2 synthesis. The main chemical

methods for the preparation of nanoscaled ceria including homogeneous precipitation,
sol-gel process, sonochemical synthesis, thermal decomposition, hydrothermal synthesis,
microwave synthesis, microemulsion and solvothermal method were studied by several
researchers and recently described in detail by Reni and Nesaraj [54].

Among these techniques, the precipitation method has been extensively studied
because it is an unpretentious process, easy scale-up and low cost. For example, Matijević
and Hsu [55] prepared sub-micron crystalline oxydicarbonate Ce2O-(CO3)2·H2O particles
using cerium nitrate and urea. The sample calcined at 400 ◦C for 2 h converted to a
cubic CeO2. Chen and Chen [56] synthesized CeO2 particles from cerium nitrate with
hexamethylenetetramine (HMT), which can hydrolyze slowly to yield ammonia as an
alternative to urea. The difference between both methods can be explained by the different
ligands. In the Ce-HMT method, ligands are OH− ions, while in the Ce-urea method,
the major ligands are OH- ions and CO3

2− ions. The formation of Ce2O-(CO3)2 rather
than CeO2 in the Ce-urea method is the result of the competition between OH and CO3

2−.
It seems that the urea-based method is unsuitable for the precipitation of pure Ce3+-
containing compounds. Zhou et al. [57] obtained CeO2 particles of about 4 nm from
cerium nitrate and ammonia precipitant at pH value ≈ 9 under oxygen bubbling into the
reactor for oxidation of the Ce3+ to Ce4+ ions. The dried at room temperature precipitates
directly yielded CeO2 particles. The synthesis of nanocrystalline CeO2 powders via a
carbonate precipitation method, using ammonium carbonate (AC) as the precipitant and
cerium nitrate hexahydrate as a cerium source was reported [58]. It was found that
the precursors synthesized at AC/Ce3+ molar ratio (R) of 2 < R ≤ 3 are basic carbonates
(Ce(OH)CO3·2.5H2O), whereas those produced at R > 3 are ammonium cerous double
carbonates ((NH4)xCe(CO3)1.5+x/2·yH2O, x ≤ 1.0). The CeO2 powder calcined at 700 ◦C can
be densified to ≈99% of the theoretical value using isothermal sintering at 1000 ◦C for 2 h.
Another method is based on the preparation of CeO2 particles from cerium chloride and
sodium hydroxide with the presence of hydrogen peroxide under various pH conditions
from 6 to 12 [59]. Uekawa et al. [60] obtained 7–9 nm CeO2 particles starting from cerium
nitrate in the polyethylene glycol solution.

The majority of the abovementioned methods are focused on the type of CeO2 precur-
sors, presence of ligands and additives. In most cases, the formation of CeO2 is achieved
after temperature treatment.

We propose a simple and innovative approach for the direct deposition of ceria on
NiAl-LDH, based on the precipitation of Ce3+ ions with NaOH. The suggested method
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allows us to obtain CeO2 phase and to preserve the NiAl layered structure by avoiding
the need for capping ligand, hydrothermal and calcination treatment. Briefly, the interaction
of Ce(NO3)3·6H2O with alkaline solution immediately leads to the formation of Ce(OH)3
hydroxide precipitate, due to the extremely low solubility constant (7 × 10−21) [61]. In al-
kaline environment, Ce3+ ions are oxidized to hydrated Ce4+ ions [62], and then further
hydrolyzed to form a [Ce(OH)x(H2O)y](4−x)+ complex [63,64]. The complex is deprotonated
by water molecules to CeO2 [62]. It is obvious that the presence of OH− ions strongly
affects the oxidation of Ce3+ to Ce4+ ions. With regard to this finding, NaOH was chosen
for precipitation of Ce3+ ions on NiAl-LDH.

Regarding our recent studies on the suitability of NiAl (Ni2+/Al3+ = 2.5/1) LDH as a
carrier of gold-containing WGS catalysts [44] and the unique properties of ceria, the goal
of the current work was to obtain novel catalytic systems of improved WGS performance
via CeO2 addition. A modification of NiAl with CeO2 was performed, aiming to affect
the dispersion of gold species. The role of the CeO2 dopant (1, 3 or 5 wt.%) and gold
presence (3 wt.%) in the studied NiAl LDHs were estimated by a comparative analysis of
the catalytic and reduction behavior, phase compositions, structural and surface properties
of the CeO2-modified and gold-containing NiAl samples, with their unmodified analogues,
before and after the activity tests.

2. Materials and Methods

2.1. Reagents

All the reagents, nickel nitrate hexahydrate (Ni(NO3)2·6H2O), aluminum nitrate
nonahydrate (Al(NO3)3·9H2O), cerium nitrate hexahydrate (Ce(NO3)3·6H2O), gold(III)
chloride trihydrate (HAuCl4·3H2O), sodium carbonate anhydrous (Na2CO3) and sodium
hydroxide (NaOH) were of “pro analyze” purity grade, provided by Sigma-Aldrich (Stein-
heim, Germany), and were used for the synthesis as received. All the solutions were
prepared with fresh distilled water.

2.2. Sample Preparation
2.2.1. Adjusting the Procedure for NiAl-LDH Modification with CeO2

Synthesis of CeO2

The CeO2 sample was prepared by a wet chemical precipitation method using
Ce(NO3)3·6H2O and NaOH at room temperature. An appropriate amount of nitrate
salt was placed in a reaction vessel and dissolved in distilled water under vigorous stirring.
The pH of nitrate solution was adjusted to a value of 12 by dropwise addition of 1M
NaOH. The immediately formed suspension was treated for 2 h under constant stirring
conditions (pH = 12 and room temperature). The resultant precipitate was filtered and
washed with distilled water to complete the removal of NO3

− ions (testing with a solution
of diphenylamine in H2SO4), then was dried at 105 ◦C for 20 h and designated CeO2-105.
Subsequently, a part of the dried solid was calcined at 250 ◦C for 2 h and marked CeO2-250.
The choice of calcination temperature is associated with our goal to preserve the NiAl
layered structure, which was further modified with CeO2.

Synthesis of NiAl-LDH

The carbonate form of NiAl-LDH with a Ni2+/Al3+ molar ratio of 2.5/1 was obtained
through the co-precipitation method at 80 ◦C and constant pH = 8 by the usage of two
aqueous solutions: mixed 0.5M Ni-Al nitrate and a 0.9M Na2CO3 as a precipitant.

A certain volume of distilled water was loaded into a five-necked glass reactor sup-
plied with a stirrer, pH electrode, thermocouple and reflux condenser. The water was
heated to 80 ◦C and pH value of 8.0 was tuned with Na2CO3 solution. The proper amounts
of both mixed Ni-Al and Na2CO3 solutions were simultaneously entered into the reactor by
means of two peristaltic pumps with the reactants feed flow rate of 1 L h−1 under stirring
at 260 rpm. The gained slurry was aged for 60 min under the controlled conditions, filtered
off and carefully washed with hot distilled water until the pH of the filtrate decreased to
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≈6–7 and the absence of NO3
− ions. The precipitate was dried at 105 ◦C for 20 h, named

the as-synthesized sample, and denoted as NiAl. Part of this sample was heated at 250 ◦C
for 2 h, and coded as NiAl-250.

2.2.2. Synthesis of CeO2-Modified NiAl-LDH

The synthesized NiAl-LDH would be further modified with CeO2 by precipitation of
Ce(NO3)3·6H2O with alkaline solution. Because of that, initially, the stability of NiAl-LDH
in an alkaline medium was inspected. The solid was treated with 1M NaOH solution under
vigorous stirring at room temperature for 2 h. The washed sample (pH of filtrate ≈ 6–7)
was dried at 105 ◦C and named NiAl-1MNaOH. Part of this sample was heated at 250 ◦C
for 2 h (NiAl-1MNaOH-250).

The influence of the precipitating agent concentration was examined by precipitation
of 5 wt.% CeO2 on NiAl-LDH using 0.1M and 1M NaOH solution. The obtained modified
samples were denoted as 5CeNiAl-0.1MNaOH and 5CeNiAl-1MNaOH, respectively. After
calcination at 250 ◦C for 2 h, they were marked as 5CeNiAl-0.1MNaOH-250 and 5CeNiAl-
1MNaOH-250, respectively.

Three CeO2-modified NiAl-LDH samples, containing 1, 3 and 5 wt.% CeO2, were
prepared by the direct deposition of ceria over the NiAl-LDH suspended in distilled water,
based on the precipitation of Ce3+ ions with 1M NaOH, following the procedure depicted
above. The synthesized samples were designated as xCeNiAl, where x represents wt.%
CeO2, for example, 1CeNiAl.

2.2.3. Deposition of Gold on the Surface of NiAl and xCeNiAl LDHs

Gold-comprising samples were obtained by deposition–precipitation of gold over
the NiAl and xCeNiAl LDHs. The solids were suspended in distilled water through
ultrasound. The deposition of gold (3 wt.%) was performed by simultaneous addition of
aqueous solutions of 0.06 M HAuCl4·3H2O and 0.2 M Na2CO3 into the reactor at 60 ◦C and
pH = 7.0 under stirring at 250 rpm and reactant feed flow rate of 0.15 L h−1. After aging
under the same conditions for 60 min, the sample was filtered and carefully washed with
distilled water until the absence of Cl− ions. The gained Au-containing materials were
dried under vacuum at 80 ◦C and designated as Au/NiAl and Au/xCeNiAl.

Since in all studied samples, the Ni2+/Al3+ molar is the same (2.5/1) and the content
of gold is also identical, for convenience, they will not be indicated in the text.

2.3. Sample Characterization Methods

The chemical composition of the as-synthesized materials was defined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) by a JY 38 spectrometer (Horiba
Jobin—Yvon, Longjumeau, France) after appropriate acid treatment.

The phase composition of the as-synthesized and post-WGS reaction samples (spent
catalysts) was determined by the powder X-ray diffraction (PXRD) technique. The PXRD
patterns were obtained using a Bruker D8 Advance powder diffractometer (Bruker-AXS,
Karlsruhe, Germany) employing CuKα radiation (U = 40 kV and I = 40 mA) and LynxEye
detector (Bruker-AXS, Karlsruhe, Germany). Scans were performed for 2θ values from
5◦ to 90◦ with a step of 0.04◦ 2θ. The crystalline phases were identified by means of
International Centre for Diffraction Data (ICDD) powder diffraction files. The unit cell pa-
rameters and mean size of the coherently scattering domains (LVol-FWHM) were obtained
through the analysis of line positions and profile broadening by using the fundamental
parameters peak shape description, including appropriate corrections for the instrumental
broadening and diffractometer geometry with the program TOPAS V4.2 (Bruker-AXS,
Karlsruhe, Germany).

The texture characteristics of the as-synthesized and spent catalysts were deter-
mined through N2 adsorption—desorption measurements conducted at a low temper-
ature (−196 ◦C) with a Sorptomatic 1990 (Thermo Finnigan, Milan, Italy) apparatus.
Prior to the measurements, the samples were degassed for 2 h at room temperature
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followed for 36 h at 80 ◦C under a vacuum. Specific surface area (SSA) values were
calculated according to the Brunauer–Emmett–Teller (BET) method from the linear part of
the N2 adsorption isotherms [65]. Micropore volume (Vmic) values were calculated using
the Dubinin–Radushkevich method [66]. The mesopore volume (Vmeso) and the mesopore
size distribution were estimated by the Barrett, Joyner and Halenda (BJH) method [67]
from the desorption branch using the Lecloux standard isotherm [68]. Total pore volume
(Vtot) was estimated from the N2 volume physisorbed for relative pressure (p/p0) of 0.99.

The temperature-programmed reduction (TPR) in the as-synthesized LDHs was ac-
complished in the measurement cell of a SETARAM model DSC-111 differential scanning
calorimeter (SETARAM, Caluire, France). The temperature was linearly raised from 25
to 700 ◦C at a heating rate of 10 ◦C min−1. The TPR experiments were performed by a
gas mixture of 10% H2 in Ar at a flow rate of 20 cm3 min−1. The selected experimental
conditions are in agreement with the criteria recommended by Monti and Baiker [69] to
avoid mass transfer and temperature control limitations.

The X-ray photoelectron spectra (XPS) were recorded with a VG Microtech ESCA 3000
Multilab (VG Scientific, Sussex, UK), equipped with a dual Mg/Al anode. The spectra
were excited by the unmonochromatized Al Kα source (1486.6 eV) run at 14 kV and 15 mA.
The experimental procedure has been previously described [70]. The constant charging of
the samples was removed by referencing all the energies to the C 1s set at 285.1 eV, arising
from the adventitious carbon. Analyses of the peaks were carried out with the Casa XPS
software. Atomic concentrations were calculated from peak intensity using the sensitivity
factors provided by the software. The binding energy values were quoted with a precision
of ±0.15 eV and the atomic percentage with a precision of ±10%.

2.4. WGS Activity Evaluation

The catalytic tests in WGS reaction were carried out in a flow reactor at atmospheric
pressure and temperature interval 120–300 ◦C by stepwise increase in the reaction tem-
perature using 0.5 cm3 samples in the 0.63–0.80 mm particle size range and gas feed
composition of 3.37 vol.% CO, 25.01 vol.% H2O and 71.62 vol.% Ar with space velocity of
4000 h−1 (gas flow rate 2 L h−1). The gas flow rate was controlled by a mass flow controller
AALBORG Model GFC17 (AALBORG, Orangeburg, NY, USA). The temperature controller
“COMECO” Model RT1800 (COMECO, Plovdiv, Bulgaria) was used for temperature control
in the reactor. The control in the thermostatic box was carried out by “COMECO” (Model
RT38), aiming to prevent water vapor condensation. A syringe pump RAZEL model R-99
(Razel Scientific Instruments, a part of Mansfield Research and Development, Saint Albans,
VT, USA) was used for control of the water vapor concentration. The measurements were
performed within four consecutive days (about 40 h). The test of each sample includes:
(i) first day—activation of the catalysts by stepwise increase in the reaction temperature
in the reaction gas mixture; (ii) second day—temperature dependence of CO conversion;
(iii) third day—tests at different space velocities and CO/H2O ratio; (iv) fourth day—
repeated temperature dependence of CO conversion. The WGS activity was expressed by
the degree of CO conversion after the reaching of a stationary CO conversion (at every
20 ◦C step) The outlet CO concentration was analyzed by a Uras 3G (Hartmann & Braun
AG, Frankfurt am Main, Germany) gas analyzer. The CO conversion degree was calculated
based on the inlet and outlet CO concentration.

3. Results and Discussions

3.1. Tuning the Procedure for NiAl-LDH Modification with CeO2

We started with the synthesis of CeO2 aiming to verify the literature reports that
ceria can be obtained directly by precipitation of Ce3+ ions with alkaline solution. Part of
the CeO2 powder prepared by the above-described synthesis procedure was additionally
calcined at 250 ◦C, for the reason of comparison.

The samples’ structural features were estimated by means of PXRD analysis (Figure 1).
The patterns of dried (CeO2-105) and calcined CeO2 (CeO2-250) powders comprise reflec-
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tions at 2θ = 28.5◦, 33.1◦, 47.5◦, 56.3◦, 58.9◦, 69.4◦, 76.6◦ and 78.9◦, which are attributed
to (111), (200), (220), (311), (222), (400), (331) and (420) planes, characteristic of the ce-
ria phase in the cubic crystal structure of the fluorite type (ICDD-PDF file 00-034-0394).
The diffractograms of both samples seem very similar in the peak angle location and
intensity. The calculated unit cell parameter (a) and the total volume (V) of CeO2 crystal
lattice (Table 1) confirm this observation, showing comparable values to those of the stan-
dard CeO2 oxide (ICDD-PDF file 00-034-0394). The results evidenced that we obtained a
well-crystallized monophasic ceria structure in the dried as well as in the calcined samples.

Figure 1. Powder X-ray diffraction (PXRD) patterns of unsupported CeO2, thermally treated at 105
and 250 ◦C.

Table 1. Structural characteristics of the synthesized CeO2 samples.

Sample a (Å) V (Å3) L (nm)

CeO2-105 5.4211(10) 159.32(9) 7.27(6)
CeO2-250 5.4185(9) 159.09(8) 7.55(6)

CeO2-standard 5.4113 158.46 -

Moreover, the PXRD analysis reveals comparable mean crystallite sizes (L) of ceria
(Table 1), a little larger for the CeO2-250, indicating slightly improved crystallinity of
the sample after the calcination at 250 ◦C.

The obtained data provide experimental evidence for direct CeO2 synthesis by precip-
itation of Ce3+ ions using 1M NaOH without further thermal treatment.

The recorded PXRD spectrum of the as-synthesized NiAl sample (Figure 2a) highlights
the reflections at 11.38◦, 23.09◦, 34.90◦, 39.41◦, 46.84◦, 60.92◦, 62.29◦, 66.18◦ and 72.60◦.
These can be related to (003), (006), (012), (015), (018), (110), (113), (116) and (202) planes,
corresponding to the crystal lattice of the mineral takovite (ICDD-PDF file 00-015-0087),
a nickel aluminum LDH with Ni/Al = 3.0/1 molar ratio.

Considering the peak positions of the takovite structure, PXRD analysis confirms a
successful synthesis of the NiAl LDH structure. Additionally, the high crystallinity of NiAl
sample is pointed out by the well-resolved doublet of the reflections at 2θ = 60.92◦ and
62.29◦ ((110) and (113) planes) that is connected to the high degree of crystallinity [49] and
good ordering of cations in the hydroxide layers [71].
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Figure 2. PXRD patterns of: (a) as-prepared NiAl, alkali treated NiAl-1MNaOH, calcined NiAl-
250 and calcined alkali treated NiAl-1MNaOH-250 and (b) as-prepared 5CeNiAl-0.1MNaOH,
and 5CeNiAl-1MNaOH and calcined 5CeNiAl-0.1MNaOH-250 and 5CeNiAl-1MNaOH-250.
The diffraction lines of CeO2 phase are marked in italics.

The stability of NiAl-LDH in a strongly alkaline medium was examined through
the treatment with 1M NaOH solution under vigorous stirring at room temperature.
The PXRD patterns of NiAl-1MNaOH sample display diffraction peaks, which wholly
match the positions and intensities of those of the as-prepared NiAl. PXRD characterization
designates that NiAl-LDH is stable in a highly alkaline environment, since the layered
structure is completely preserved and the appearance of the additional new phases is not
registered as well. As can be seen, the calcination at 250 ◦C of NiAl and NiAl-1MNaOH
(Figure 2a) induces broadening of the takovite characteristic reflections, which appear
almost at the same positions as those of the as-synthesized NiAl, disclosing reduced crys-
talline nature of the LDH. Actually, an intermediate metastable dehydrated takovite-like
(TKl) structure with reduced peak number and intensities is created. This phenomenon is
attributed to the reversible removal of physisorbed water on the TKl external surface and
the interlayer water, weakly bonded with charge compensating CO3

2− anions from the in-
terlayer space [72]. Noticeably, the thermal treatment more appreciably affects the structure
of the non-alkali employed sample (NiAl-250). The diffractogram of alkali operated cal-
cined solid (NiAl-1MNaOH-250) suggests preservation of the layered structure to a greater
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extent than in non-alkali treated NiAl-250, confirming the stability of the NiAl sample in
1M NaOH.

The deposition of 5 wt.% CeO2 on NiAl-LDH applying Ce(NO3)3·6H2O and two
NaOH solutions (0.1M NaOH and 1M NaOH) was performed in order to optimize the con-
ditions for NiAl modification with CeO2. PXRD analysis of 5CeNiAl-0.1MNaOH and
5CeNiAl-1MNaOH indicates that the usage of both NaOH solutions prompts the appear-
ance of new diffraction lines, in addition to the TKl phase (Figure 2b). The reflections at
2θ = 28.3◦, 47.4◦ and 56.2◦, which are ascribed to (111), (220) and (311) lines of the cubic
ceria phase, respectively, are well organized in the case of 1M NaOH application. Similarly,
the PXRD study of Ce-doped NiAl samples calcined at 250 ◦C (5CeNiAl-0.1MNaOH-250
and 5CeNiAl-1MNaOH-250) demonstrates the co-existence of NiAl-LDH and CeO2 phases,
also well defined when 1M NaOH is used. The comparison of PXRD patterns of dried
and calcined Ce-doped NiAl samples disclosed a well-preserved layered structure when
the precipitation of Ce3+ ions was performed with 1M NaOH. It is obvious that 1M NaOH
as precipitation agent is more appropriate for ceria deposition over the NiAl-LDH because
it contributes to obtaining better defined structures in comparison with the solution of
lower NaOH concentration.

It may be summarized that the registration of CeO2 in the uncalcined samples confirms
the statement that oxidation of Ce3+ to Ce4+ ions still occurs in the wet precipitate. These
findings allowed us to modify the NiAl-LDH with 1, 3 and 5 wt.% CeO2 via Ce3+ ion
precipitation with 1M NaOH at room temperature. Further, these samples were used as
supports of deposited gold particles.

3.2. Chemical Analysis

The chemical composition of the obtained samples is presented in Table 2. The ICP
analysis discloses that the Ni2+/Al3+ molar ratio in all the as-synthesized compositions is
identical to that in the mixed NiAl nitrate solution used for the NiAl preparation. The oxide
form of the components is included for a clear understanding. The gold loading in the Au-
containing samples is also listed in the Table.

Table 2. Sample notation and chemical composition of the as-synthesized samples.

Sample
Chemical Composition (wt.%) Ni2+/Al3+

Molar RatioNiO CeO2 Al2O3 Au

NiAl 78.55 - 21.45 - 2.5
1CeNiAl 77.76 1.0 21.24 - 2.5
3CeNiAl 76.19 3.0 20.81 - 2.5
5CeNiAl 74.62 5.0 20.38 - 2.5
Au/NiAl 76.30 - 20.70 3.0 2.5

Au/1CeNiAl 75.43 0.97 20.60 3.0 2.5
Au/3CeNiAl 73.90 2.91 20.19 3.0 2.5
Au/5CeNiAl 72.38 4.85 19.77 3.0 2.5

3.3. Water–Gas Shift Activity

Unlike generally accepted preliminary calcination of the catalysts, we conducted WGS
activity tests directly over the as-synthesized samples aiming to preserve the layered Ni-Al
structure. This concept is based on the catalytic measurements that demonstrated lower
WGS activity of NiAl and 5CeNiAl after calcination even at a low temperature of 250 ◦C
within 2 h (Figure 3a).

When the WGS reaction starts over the uncalcined samples, the layered structure
begins to decompose with the reaction temperature increase, causing formation of the NiO
phase. Considering the associative reaction mechanism [44], the NiO structure repre-
sents a “precursor” for creation of the active nickel species in the redox WGS reaction.
Under the reaction conditions, partial hydroxylation of the NiO surface takes place, prompt-
ing the creation of active centers on the catalyst surface, namely, Ni(OH)2 and NiOOH
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structures containing Ni2+ and Ni3+ cations, respectively. It is understandable that the cre-
ation of these species on the surface of the uncalcined sample is accomplished prior to
those of the calcined NiAl sample because of structural changes that occur after calcination
(see Figure 2a). This, in turn, contributes to lower catalytic activity of calcined NiAl.

 

 

Figure 3. The temperature dependence of CO conversion during WGS reaction over: (a) NiAl and
xCeNiAl samples and (b) Au/NiAl and Au/xCeNiAl samples. Calcined NiAl-250 and 5CeNiAl-250
are included for comparison in section (a).

In Figure 3, the catalytic activity data collected after catalyst activation are reported.
As can be seen in Figure 3a, the calcined NiAl sample (NiAl-250) gains only 37.2% CO
conversion at temperature of 260 ◦C versus the as-prepared NiAl analogue, which achieves
96.2% conversion at the same temperature. Similarly, the calcination of the CeO2-doped
sample (5CeNiAl-250) does not contribute to the increase in WGS activity. Therefore,
in order to achieve high CO conversion at lower temperatures, the usage of uncalcined
samples is more favorable than calcined ones.

Another observation is that the CeO2 addition in the selected three concentrations
does not enhance the catalytic activity of NiAl-LDH. On the other hand, the deposition
of gold over the NiAl and xCeNiAl solids significantly improves their CO conversion,
thus verifying the promoting effect of gold to activate the CO molecule. Comparison of
the WGS activity of all gold-containing catalysts reveals that Au/3CeNiAl shows 99.7% CO
conversion at 220 ◦C, i.e., CO almost reaches the equilibrium conversion degree. The rest
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of the catalysts demonstrate similar, but lower, activity at the same reaction temperature,
following the order: Au/1CeNiAl > Au/NiAl > Au/5CeNiAl.

The stability of the catalysts was examined under different space velocities (Figure 4a)
and different water vapor partial pressures (Figure 4b). Studying the impact of the space
velocities on the degree of CO conversion at 220 ◦C (the temperature at which maximum
WGS activity is achieved over Au/3CeNiAl) in the studied catalysts represents the effect
of the CO conversions as a function of the contact time. The steady-state CO conversion
as a function of space velocity is demonstrated in Figure 4a. The NiAl catalyst exhibits
diminution in CO conversion with the contact time decrease, while this effect is practically
negligible for the Ce-modified NiAl catalysts, especially at the highest space velocity
of 8000 h−1.

The impact of the contact time on WGS activity of Au-containing catalysts is more
substantial (Figure 4a). They all display the same WGS activity at a space velocity of
2000 h−1. The lowering of the contact time markedly decreases the activity of the Au/NiAl
catalyst, showing 36% CO conversion at 8000 h−1, but higher than that of the Au-free
analogue (NiAl) at all studied space velocities. The increase in space velocity to 4000 h−1

leads to an insignificant change in CO conversion of the Au/1CeNiAl and Au/3CeNiAl
catalysts and slightly decreases the CO conversion of Au/5CeNiAl. A further increase to
8000 h−1 induces diminution of the activity of all Au/xCeNiAl catalysts with 14 to 25%,
namely, Au/3CeNiAl (14%) > Au/1CeNiAl (22%) > Au/5CeNiAl (25%).

The catalytic behavior in the WGS reaction also depends on the water partial pressure.
The dependence of WGS activity on the water amount at 220 ◦C is shown in Figure 4b.
The increase in water partial pressure (from 20 to 47.3 kPa) provokes an increase in
CO conversion of both NiAl and Au/NiAl, more significantly in the case of the Au-
containing sample (with 30%). The Ce-modified catalysts demonstrate independence
from the value of the water partial pressure. Contrariwise, the CO conversion of Au-
containing catalysts slightly increases as a function of the H2O/CO ratio. It should be
stressed that the presence of the highest content of water (47.3 kPa) in the reaction mix-
ture slightly enhances the activity of Au/xCeNiAl catalysts, following again in the same
order: Au/3CeNiAl > Au/1CeNiAl > Au/5CeNiAl. They show good tolerance toward a
high concentration of water. It is known that high H2O/CO ratios are typical under fuel
processor conditions for low-temperature shift reactors, and the resistance to the presence
of a high amount of steam could be considered as an important feature.

Figure 5 illustrates the temperature dependence of the CO conversion over all catalysts
studied after the stability tests (influence of space velocity and water vapor partial pressure).
It should be noted that after different treatments, the NiAl catalyst demonstrates WGS
activity (Figure 5a) very similar to the initial (Figure 3a), thus showing stable performance.
Ce-doped NiAl catalysts also repeated the initial CO conversion (Figure 3a) regardless
of the CeO2 content at all studied temperatures. The Au/3CeNiAl catalyst completely
repeats the initial activity (Figure 5b) after the space velocity and the H2O/CO ratio tests.
It is interesting that at 220 ◦C, Au/1CeNiAl and Au/5CeNiAl catalysts increase their CO
conversion by 3 and 10%, respectively (Figure 5b), in comparison with the initial ones
(Figure 3b). Au/NiAl exhibits the lowest activity among the gold-containing catalysts.
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Figure 4. Effect of the (a) space velocity and (b) water vapor partial pressures on the degree of CO
conversion at 220 ◦C over the studied catalysts.

 

 

Figure 5. Temperature dependence of the CO conversion over the (a) NiAl and Ce-modified NiAl
and (b) Au-containing NiAl and Ce-modified NiAl catalysts, studied after the stability tests.
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The results obtained disclose that gold/ceria-NiAl catalytic compositions established
high CO conversion in the low-temperature range (140–260 ◦C) after treatment at different
space velocities and H2O/CO ratios. Among them, the Au/3CeNiAl catalyst exhibits
the highest and most stable CO conversion. As will be discussed later, this could be related
to the higher gold dispersion (Table 4).

3.4. Structure and Phase Composition of As-Synthesized and Spent Catalysts

PXRD patterns of the as-synthesized NiAl and CeO2-doped NiAl samples (Figure 6a)
exhibit reflections at 2θ = 11.38, 23.09, 34.90, 39.41, 46.84, 60.92, 62.29, 66.18 and 72.60◦,
which are related to (003), (006), (012), (015), (018), (110), (113), (116) and (202) planes,
respectively, characteristic of the stoichiometric takovite-type structure (ICDD-PDF file
00-015-0087).

As mentioned, additional diffraction lines at 2θ = 28.57, 47.44 and 56.31◦, which are
attributed to (111), (220) and (311) crystalline planes of cubic ceria phase (ICDD-PDF
file 00-034-0394), respectively, were recorded (Figure 6a) after the precipitation of 5 wt.%
CeO2 over the NiAl LDH (sample 5CeNiAl). The formation of the separate ceria phase
over NiAl is supported by the calculated unit cell parameter aCeO2 = 5.410(6) Å and total
volume VCeO2 = 158.4(5) Å3 of the CeO2 crystal lattice in 5CeNiAl (Table 3), which are
identical to those of the standard CeO2 oxide (Table 1). The intensity and number of ceria
diffraction lines decrease with the diminution of its amount to 3 wt.%, as seen in Figure 6a.
The absence of a separate ceria phase in 1CeNiAl could be explained by the low CeO2
content of 1 wt.% in the sample. Generally, the presence of ceria lowers the crystallinity
of the parent NiAl solid, which is more pronounced in the sample with the highest CeO2
loading, 5CeNiAl.

The deposition of gold over the NiAl and CeO2-doped NiAl samples (Figure 6b) is
proven by the presence of the reflections at 2θ = 38.2, 44.4, 64.6, 77.5 and 81.7◦, which are
ascribed to (111), (200), (220) (311) and (222) crystalline planes, respectively, character-
istic of the face centered-cubic metal phase (ICDD-PDF file 00-004-0784), in addition to
the LDH phase.

PXRD patterns of NiAl and CeO2-doped NiAl LDHs were indexed in rhombohedral
crystal symmetry with hexagonal cell setting of takovite-containing carbonate ions in
the interlayer space. The analysis of the calculated unit cell parameters (aTK, cTK), total
volume (VTK) and mean crystallite size (LTK) of the TKl phase discloses small differences
as a function of the sample composition (Table 3).

It is obvious that precipitation of 1 wt.% CeO2 over the NiAl LDH practically does not
influence the parameters and crystallite size values of the sample. A very small increase in
these is observed with an increase in the CeO2 content to 5 wt.% CeO2. The comparison of
PXRD patterns in Figure 6b discloses that the deposition of gold over NiAl, 1CeNiAl and
3CeNiAl samples slightly decreases the crystallite size of the TKl phase in the corresponding
Au-containing analogues. Additionally, all gold-supported NiAl samples possess Au0

particles with average sizes in the range of 14−17 nm. On the other hand, smaller Au0

particles of 11 nm are registered for the Au/1CeNiAl solid, outlining high dispersion of
the supported gold particles (Table 2).

The recorded specific PXRD patterns of TKl compounds in all studied solids as well
as the similarity of the lattice parameters and the mean crystallite size values of the TKl
phase in all the studied samples (Table 3) signify that the deposition of ceria and gold does
not destroy the layered structure.

PXRD analyses performed before and after WGS tests show that under the influence of
the reaction conditions, all the as-prepared samples undergo structure alterations, related
to decomposition of the NiAl layered structure.
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Figure 6. PXRD patterns of (a) Ce-modified NiAl samples and (b) Au-containing Ce-modified NiAl
samples. The diffraction lines of CeO2 phase are marked in italics, and those of gold phase are
marked by asterisks.

Table 3. Structural characteristics of the as-synthesized samples.

Sample
aTK

(Å)
cTK

(Å)
VTK

(Å3)
LTK

(nm)
LCeO2

(nm)
LAu

(nm)

NiAl 3.0333(6) 22.964(13) 182.98(13) 9.90 - -
1CeNiAl 3.0334(6) 22.958(13) 182.98(13) 9.80 - -
3CeNiAl 3.0336(6) 22.974(12) 183.07(12) 10.10 - -
5CeNiAl 3.0338(6) 22.972(13) 183.11(13) 10.20 2.16 -
Au/NiAl 3.0343(7) 22.994(12) 183.34(12) 8.05 - 14.0

Au/1CeNiAl 3.0355(6) 23.026(11) 183.75(12) 9.10 1.90 11.0
Au/3CeNiAl 3.0339(6) 23.020(12) 183.49(13) 9.30 1.82 17.0
Au/5CeNiAl 3.0353(6) 23.017(13) 183.65(13) 10.10 2.18 16.0

* Takovite 3.0250 22.5950 179.06 - - -
* ICDD 00-015-0087.

PXRD study of the spent catalysts (Figure 7) reveals reflections at 2θ = 37.2, 43.3, 62.9,
75.4 and 79.4, indexed as (111), (200), (220), (311) and (222) crystalline planes of the cubic
NiO phase (JCPDS file 00-047-1049), respectively. The solids decompose to NiO, better
organized in NiAl-s with a crystallite size of 3.09 nm (Table 4). The observed broadening
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of the NiO diffraction lines is ascribed to the incorporation of Al3+ ions into the cubic
framework of NiO, leading to lattice distortion [47].

 

 

Figure 7. PXRD patterns of (a) spent Ce-doped NiAl samples and (b) Au-containing Ce-doped NiAl
catalysts. The diffraction lines of CeO2 phase are marked in italics, and asterisks mark those of
gold phase.

A decrease in the crystallite size of NiO with an increase in CeO2 from 1 to 5 wt.%
was detected, outlining the role of ceria. This finding is more significant after gold deposi-
tion. The dimension of NiO phase for the gold-containing spent catalysts is in the range
2.2–2.6 nm, specifying a higher dispersion of the NiO phase in the presence of gold particles.

Table 4. Mean crystallite size of NiO, CeO2 and Au in the spent samples.

Sample
LNiO

(nm)
LCeO2

(nm)
LAu

(nm)

NiAl-s 3.09 - -
1CeNiAl-s 3.08 n.d.* -
3CeNiAl-s 2.98 3.10 -
5CeNiAl-s 2.78 3.50 -
Au/NiAl-s 2.65 - 8.5

Au/1CeNiAl-s 2.63 n.d. 11.8
Au/3CeNiAl-s 2.41 4.95 5.8
Au/5CeNiAl-s 2.24 3.65 9.2

* n.d.—not detected
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The comparison of gold crystallite sizes reveals that modification of Au/NiAl catalyst
with 3 wt.% CeO2 provides the highest dispersion of gold particles in spent Au/3CeNiAl-s
catalyst (Table 4).

3.5. Catalyst Reduction Properties

TPR measurements were performed to evaluate the samples’ reducibility and the effect
of ceria and gold addition on oxygen mobility. Given that the experiments were carried
out in as-prepared samples, the reduction process comprised thermal decomposition of
takovite in the H2 atmosphere followed by reduction of the obtained NiO (Figure 8). In
accordance with the models proposed for decomposition and reduction of NiAl LDH
compounds, [73], a well-resolved peak at 320 ◦C and a shoulder at 385 ◦C from the TPR
profile of NiAl sample (Figure 8a) can be attributed to the reduction of easily reducible Ni2+

species from a NiO phase, which contains small amounts of Al3+ ions. The broad peak
centered at 477 ◦C is associated with the reduction of the Ni2+ species, hardly bonded to
Al3+ ions. This represents the reduction of a quasi-amorphous non-stoichiometric spinel-
type phase, which decorates the surface of the NiO particles and/or acts as their support.
Addition of ceria onto NiAl caused the appearance of new low-temperature features instead
of the peak at 320 ◦C. The intensity and position of temperature maximum (Tmax) of the
peaks below 300 ◦C are closely related to the content of ceria. A broad peak at 250 ◦C
was observed in the profile of the sample with 5 wt.% CeO2, i.e., 5CeNiAl. A weaker
peak at 275 ◦C was registered in the pattern of 3CeNiAl, while only a shoulder around
300 ◦C was visible for 1CeNiAl. All these peaks could be ascribed to the reduction of
easily reducible Ni2+ species affected by ceria in close vicinity. Observed the profile of pure
ceria (lab-prepared following the same procedure as in the case of ceria-modified NiAl),
a large broad peak between 350 and 550 ◦C with Tmax at 380 ◦C can be seen and attributed
to the surface ceria oxygen reduction. Numerous papers have reported experimental
evidence for the role of ceria in facilitating transition metal oxide reduction, but also
the effect of metal oxides to enhance surface reduction of ceria. We suggest that these
low-temperature components resulted from the combined contribution of Ni species and
CeO2 to the reducibility of the samples. Additionally, well-discernible maxima at about
350 and 380 ◦C were produced in the complex TPR profile with a maximum temperature in
the interval from 477 (NiAl) to 487 ◦C (5CeNiAl). These components correspond to various
types of Ni2+ species with different reducibility due to a complex interaction between
the components of LDHs. Despite the appearance of weak low-temperature peaks, the shift
to a higher temperature of reduction implies that ceria hampers reducibility, as reported
recently by Swirk et al. [74]. This effect of ceria on reduction behavior could explain lower
WGS activity of ceria-modified LDHs (Figure 3a).

 

Figure 8. Cont.
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Figure 8. Temperature-programmed reduction (TPR) profiles of (a) Ce-doped NiAl samples and (b)
Au-containing Ce-doped NiAl samples.

The presence of gold remarkably boosts the redox properties of all LDHs (Figure 8b).
The broad high-temperature peaks were shifted significantly towards lower temperatures.
The reduction profiles were dominated by narrowed peaks with very similar intensity
and identical Tmax = 335 ◦C, assigned to Ni2+ reduction, in agreement with the well-
known ability of gold to improve reducibility of metal oxides by weakening the M-O
bond [25,26]. Additionally, hydrogen dissociation occurs on small metallic gold particles,
and the produced active hydrogen atoms can spill over onto the support and enhance
the reduction. Very weak peaks at 65 (Au/5CeNiAl) and 71 ◦C (Au/3CeNiAl) correspond
unequivocally to ceria surface layer reduction due to the dependence of their intensity and
Tmax position on the amount of ceria. The similarity in reduction behavior, respectively in
oxygen mobility, correlates well with catalytic performance.

3.6. N2 Physisorption Analysis

Knowledge of the textural characteristics of the as-prepared NiAl LDHs used as a
carrier of the active species (Au) is necessary to understand the contributions of modifiers
(Ce-species) and the active phase. However, this is insufficient to give an estimate of
the magnitude of the impact of possible texture change on the properties and activity
of the catalysts used in the WGS reaction. In addition, the influence of reaction condi-
tions on the texture of the support (NiAl), ceria-modified support (CeNiAl) and catalyst
(Au/CeNiAl) would remain hidden. Therefore, by measuring the physisorption of N2
at −196 ◦C, a textural characterization was performed not only of freshly prepared sam-
ples of NiAl, 3CeNiAl, Au/NiAl and Au/3CeNiAl but also of their pairs used in catalytic
tests. From all ceria-modified NiAl supports, 3CeNiAl was chosen for characterization because
the corresponding gold-containing catalyst (Au/3CeNiAl) showed the best catalytic properties.

The N2 isotherms of the freshly prepared and spent samples are shown in Figure 9,
while the integral and differential distributions of mesopores are given in Figure 10, and all
calculated textural parameters are given in Table 5.
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Figure 9. N2 adsorption–desorption isotherms of (a) as-synthesized samples and (b) spent catalysts.

The shape of the isotherms of all four fresh synthesized materials (Figure 9a) is
remarkably similar. The adsorption part of all isotherms has the same features: (i) a
limited increase in the region of low relative pressures; (ii) an increase slightly concave
toward the x-axis with p/p0 increase, followed by an almost linear increase up to p/p0 ≈ 0.8;
(iii) upraised convex towards the p/p0 axis; and (iv) a significant increase in the highest
values of relative pressure. The desorption part, from the higher relative pressure side,
is almost parallel to the adsorption branch, while the hysteresis loop, obviously present at
p/p0 ≤ 0.95, and existing from highest relative pressure in all isotherms, ends at p/p0 ≈ 0.42.
All the above characteristics classify the isotherms of all four materials as type II with
hysteresis loop H3, according to the IUPAC nomenclature [65], or as type IIb, as proposed
by Rouquerol et al. [75]. This type of isotherm with a H3 hysteresis loop is typical of
many materials, e.g., clays, pigments and cements, with aggregates of plate-like particles,
which possess non-rigid slit-shaped pores.

The fact is that individually adding 3 wt.% CeO2 or Au causes a slight reduction in
the value of all textural parameters relative to NiAl (Table 5). This change seems to be
independent of the species being added. For example, desorption branches of isotherms
of Au/NiAl and 3CeNiAl are literally identical, while the decrease in the specific surface
area of 20 m2 g−1 for the Au/3CeNiAl catalyst compared to unmodified NiAl is almost
the ideal sum of SSA losses with a single addition of CeO2 or Au (12 m2 g−1 + 9 m2 g−1).
However, the similarity between the shapes of all four isotherms in Figure 9 indicates that
the addition of only 3wt.% CeO2 or gold, and even their combinations, in a total amount
of 6 wt.% does not substantially alter the pore system present in unmodified NiAl LDH.
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For the mesoporous region, shown in Figure 10, this is undoubtedly true for the 50–4 nm
segment. The overlap of all four curves of the mesopore size distribution (PSD) is almost
complete. Positions of maxima on these curves, at 3.8 and 5.2 nm, are also identical.

Table 5. Textural parameters.

Sample SSA (m2 g−1)
Vmic

(m3 g−1)
Vmeso

(m3 g−1)
Vtot

(m3 g−1)

NiAl 138 0.048 0.496 0.575
NiAl-s 191 0.058 0.409 0.417

3CeNiAl 126 0.042 0.474 0.569
3CeNiAl-s 147 0.053 0.327 0.367
Au/NiAl 129 0.043 0.456 0.596

Au/NiAl-s 221 0.072 0.418 0.466
Au/3CeNiAl 118 0.041 0.446 0.534

Au/3CeNiAl-s 143 0.047 0.333 0.350

The difference in peak intensity is usually a consequence of the different pore volume
of that diameter. However, the peak of the smaller diameter on the PSD curve does not
have to originate from the pores that actually exist, but from the so-called “tensile strength
effect” [76], which corresponds to the hysteresis curve closing position at about 0.42 p/p0.
Thus, the difference in the peak intensities at 3.8 nm may also be due to the existence of
different pore contents in the segment below that diameter value.

Exposure of freshly prepared samples to reaction conditions leads to recognizable
alteration in the shape of the isotherms of all four materials (Figure 9b), as well as to
a significant change in their texture parameters (Table 5), but not all in the same way.
First, although the deviation of the desorption branch from the almost parallel tracking
of the adsorption branch is evident in all isotherms of the used samples, this deviation is
unevenly expressed. A kind of a hump on the desorption branch in the region of relative
pressure 0.9 to 0.6 is evident and most noticeable for spent Au/NiAl-s and NiAl-s samples,
and barely visible for ceria modified support (3CeNiAl-s). Further, for all spent samples
compared to freshly prepared ones, two of the textural parameters, SSA and Vmic, increase,
while the other two, Vmeso and Vtot, decrease. At the same time, the intensities of change are
not nearly the same for samples that have the same tendency. For example, an increase in
SSA reaches over 70% for the Au/ and only 17% for the 3CeNiAl-s support. Additionally,
a similar trend of non-equal increase in micropore volume can be observed.

Comparing only the results of the final mesoporous volume of all four materials, it is
obvious that they are grouped in two pairs: the first made of Au/NiAl and its support
NiAl (0.418 vs. 0.409 cm3 g−1), and the second made of Au/3CeNiAl and its ceria-modified
support (0.333 vs. 0.327 cm3 g−1). This type of grouping is also recognized when BET
surface area values are taken into account. Although the addition of gold to NiAl and
exposure to WGS reaction conditions increased the SSA value by 30 m2 g−1 compared to
NiAl-s, while its addition to 3CeNiAl caused almost no changes in the SSA compared to
3CeNiAl-s (reduction by 4 m2 g−1), the differences between these pairs are obvious.

The size distribution of the mesopores of materials used in the WGS reaction
(Figure 10b) shows the existence of two peaks for all materials, just as for freshly pre-
pared samples, although with a significantly changed ratio of peak intensity, namely,
the peak corresponding to the smaller diameter decreased significantly and had a smaller
contribution to the overall PSD profile in all samples. It is interesting to note that the posi-
tions of the maximum values corresponding to the pores of larger diameter for the used
unmodified and cerium-modified support were moved to higher values by 0.8 and 2 nm,
respectively.
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Figure 10. Mesopore size distribution (PSD) curves of (a) as-synthesized samples and (b) of spent
catalysts.

The applied reaction conditions, mainly the temperatures, but also gaseous reactants
and products lead to the decomposition of materials based on NiAl LDH, contributing
to the change of their textural characteristics, regardless of whether they are supports
or catalysts. The values of all textural parameters (SSA, Vmic and Vmeso) are smaller in
Au/3CeNiAl compared to unmodified Au/NiAl, regardless of whether pairs of freshly
prepared samples or a sample used in catalytic tests are analyzed.

Therefore, based on the determined values of texture characteristics, it can be said
with certainty that the improved activity of Au/3CeNiAl compared to Au/NiAl cannot be
caused by a change in texture properties due to modification of NiAl support by ceria.

3.7. X-ray Photoelectron Spectroscopy (XPS)

The oxidation-reduction characteristic of the WGS reaction requires information to be
obtained for the components’ oxidation states on the catalysts surface of the most active
Au/3CeNiAl catalysts compared to NiAl, 3CeNiAl and Au/NiAl samples in their as-
prepared and postreaction state (spent state). The correlation between the surface species
state and WGS activity was searched for. Attention was also given to another activity-
determining factor, such as relative dispersion of Au and Ce over NiAl-LDH, and the Ni/Al
ratio before and after WGS reaction.

The binding energy (BE) values of the as-prepared samples are summarized in Table 6.
The main Ni2p3/2 peak of the bare NiAl is characterized by the binding energy (BE) of
855.4 eV and the shake-up peak, 6 eV apart from the main Ni 2p3/2 peak, corresponding
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to the Ni2+ state. Bearing in mind the nature of NiAl LDH, namely, the layered NiAl
hydroxide sheet structure, the BE value is attributed to Ni(OH)2 (855.3–856.6 eV) [77–80].

Table 6. Binding energies (eV) of the main elements’ peaks and the oxygen species contribution in
as-synthesized samples.

Sample Ni 2p3/2 Al 2p
O 1s Position (eV) and

Contribution (%) * Au 4f7/2 Ce 3d5/2

OI OII

NiAl 855.4 74.2 529.3(11) 531.1(89)
Au/NiAl 855.7 74.5 529.7(10) 531.7(90) 84.7
3CeNiAl 855.3 74.2 529.3(16) 531.3(84) 882.2

Au/3CeNiAl 855.7 74.5 529.4(12) 531.6(88) 84.5 881.8
* The values in parentheses refer to the atomic percentage of the oxygen species.

The modification of NiAl material with 3 wt.% CeO2 does not cause changes in
the layered structure of 3CeNiAl, as is documented by XRD data. In contrast, the gold
deposition in both Au/NiAl and Au/3CeNiAl shifts Ni 2p3/2 peaks toward higher BEs
by 0.3 eV, namely, 855.7 eV (Table 6 and Figure 11) more than the ±0.15 eV experimental
accuracy. A similar shift in the gold-containing samples is observed in the Al 2p binding
energy (Table 6), assigned to Al3+ species. The shifts of Ni 2p and Al 2p binding energies
reveal a stronger bond in the layered hydroxide structure. This statement is in agreement
with the small lowering of the TKl phase mean crystallite size (LTK) disclosed by XRD
(Table 3). Through the curve fitting of the Ni 2p region in the spent catalysts, a lowering of
BE for Ni2+ oxidation state compared to as-synthesized samples (Figure 11 and Table 7)
is detected. Moreover, a second component at a higher binding energy of 856.7 ± 0.3 eV
in all catalysts is identified, which is attributed to Ni3+, likely as Ni−OOH species [44,78].
The lower Ni2+ BEs reveal changes in the NiAl structure due to WGS reaction, namely,
destroying of the NiAl layered hydroxide structure and interaction between Al and Ni in
mixed NiAlO oxide structures [81]. This was also suggested by PXRD analysis of spent
catalysts. The smaller shift (0.2 eV) observed in the Ni2p3/2 of the bare NiAl catalyst as
compared to the larger shifts observed for the CeNiAl, the AuNiAl and the AuCeNiAl
(0.5–0.6 eV) implies the significant impact of CeO2 and gold promotion on Ni2+ state after
the reaction is run.

In addition, a reciprocal effect of gold and ceria on the corresponding binding en-
ergy values is observed. Indeed, the main Au 4f7/2 peak at 84.5 eV of the as-prepared
Au/3CeNiAl sample discloses a slight shift as compared to 84.7 eV of the Au/NiAl. Addi-
tionally, the main Ce 3d5/2 peak of the Au/3CeNiAl is detected at 881.8 eV, whereas it is
detected at 882.1 eV in 3CeNiAl. It is known that the binding energy at 84.5 eV ± 0.5 eV
of Au 4f7/2 is typical of metallic gold, and the Ce 3d5/2 BE value corresponds to the Ce4+

oxidation state [36]. Obviously, the simultaneous Au and Ce presence makes their inter-
actions with NiAl weaker, thus suggesting their greater reactivity in the Au/3CeNiAl
catalyst during redox WGS reaction. The BEs of the Au 4f7/2 peak in the spent Au/NiAl
and Au/3CeNiAl catalysts are the same. The variation of the Au 4f7/2 binding energy of
the spent catalysts with respect to the as-synthesized samples (Tables 6 and 7) is within
the experimental error, confirming that the gold oxidation state is preserved after WGS
reaction. The surface concentration of gold on all of the as-prepared samples is the same
(0.4 at.%), and it diminishes in spent catalysts (0.2 at.%).
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Figure 11. Ni 2p- and Ce 3d-photoelectron regions of the studied samples: (a) 3CeNiAl as-prepared
and spent; (b) Au/3CeNiAl as-prepared and spent. The Ni3+ oxidation state is colored in red.
The blue contour line outlines the Ce 3d signal.
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Table 7. X-ray photoelectron spectra (XPS) analysis data of the spent catalysts.

Catalyst
Ni 2p3/2 Position (eV)
and Contribution (%) Ni3+/Ni2+

Ratio

O 1s Position (eV) and
Contribution (%) OII/(OII+OI) Au 4f7/2 Ce3d5/2

Ni2+ Ni3+ OI OII

NiAl-s 855.2(90) 856.8(10) 0.11 530.5(58) 532.1(42) 0.42
Au/NiAl-s 855.2(93) 856.9(7) 0.08 530.3(51) 531.8(49) 0.49 84.4
3CeNiAl-s 854.7(84) 856.4(16) 0.19 530.1(68) 531.6(32) 0.32 881.9

Au/3CeNiAl-s 855.1(92) 856.9(8) 0.09 529.1(58) 531.7(42) 0.42 84.4 881.9

The careful inspection of the Ce 3d photoelectron regions indicates (Figure 11) that in
both 3CeNiAl and Au/3CeNiAl samples in their as-prepared state, the detected highest
binding energy component is situated at 915.3 and 915.7 eV, respectively. This component is
signed as U”’, typical of the Ce4+ oxidation state. The poor quality of the Ce 3d spectra due
to the overlap with the Ni 2p and to the low CeO2 content (3 wt.%) did not allow a reliable
fitting. However, the position of the main Ce 3d5/2 component and a rough estimate of
the Ce at.% = 0.5 from the entire Ce 3d region partially overlapping with the Ni 2p3/2 were
obtained. It is well known that the intensity of U”’ satellite gives information about Ce3+

contribution, by relating it to the total Ce 3d area [82,83]. Unfortunately, in the present
spectra, variations in the intensity of the U”’ peak are hardly detectable; therefore, no
conclusive statement about the partial reduction of Ce4+ to Ce3+ induced by gold can be
made [28]. However, concerning the as-prepared samples, the Ce 3d5/2 BE shifting of 0.4 eV
observed in Au/3CeNiAl as compared to the Au-free sample could be indicative of an
Au-Ce3+ bond formed by the strain effect as claimed by a theoretical study based on density
functional theory (DFT) calculations for an Au/CeO2 system [84]. The data in Table 7 show
that the Ce 3d5/2 position is the same in both CeO2-modified NiAl-LDHs after catalytic
tests (3CeNiAl-s and Au/3CeNiAl-s). The visible change is the disappearance of the U”’
peaks, confirming that CeO2 undergoes reduction to Ce3+ ions during the WGS reaction.

The associative reaction mechanism of WGS over Au/NiAl catalysts was proven in
our previous papers, involving redox Ni2+ ↔ Ni3+ transition on the catalyst surface as well
as adsorption and activation of the CO molecule on Au particles [44,47]. The availability
of nickel in both Ni2+ and Ni3+ oxidation states on the catalyst surface contributes to
the high activity of the Au/NiAl catalyst in the studied temperature range. The role of
reversible redox Ni2+ ↔ Ni3+ transition implies evaluation of the Ni3+/Ni2+ ratio, which is
presented in Table 7. The values clearly disclose that ceria addition increases the Ni3+/Ni2+

ratio 1.72 times, while gold presence decreases it. Evidently, the gold keeps the catalyst
surface more reduced, which is in correlation with the higher activities of Au/NiAl and
Au/3CeNiAl compared to NiAl. The oxidized surface of the 3CeNiAl samples can be
related to the lowest WGS activity of this catalyst.

The review of the O 1s photoelectron regions after the curve fitting (Figure 12) shows
that the spectra of the as-prepared catalysts consist of two components, namely, less
intense low energy peaks centered between 529.3 and 529.7 eV and more intense higher
energy peaks between 531.1 and 531.7 eV (Table 7). The low energy peaks are attributed
to lattice oxygen named as OI associated with the NiAl layered structure [81,85] and
oxygen in the CeO2 lattice [86–88] in 3CeNiAl and Au/3CeNiAl samples. The high
energy peaks recognized as surface adsorbed oxygen are named OII. The intensity of
these peaks is significant compared to OI peaks, because they belong to chemisorbed
oxygen in CO3

2−/OH groups from the NiAl hydroxide layer and intercalated water
molecules from interlayer space [81,89] and hydroxyl groups of pure CeO2 [86–88,90]. In
addition, the shifting of the OII component toward higher BEs in the Au-containing samples
(Au/NiAl and Au/3CeNiAl) suggests a strong interaction of metallic gold with oxygen,
producing a decrease in the electronic charge of these oxygen species. A similar effect was
observed in relation to the Ni 2p and Al 2p shifting mentioned above (Table 6). These
data confirm the formation of a stronger bond in the layered hydroxide structure under
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the influence of gold. Moreover, the OII contribution predominates over OI and could
be explained by the preserved NiAl layered structure shown by XRD analysis. The O 1s
spectrum undergoes significant changes in the spent catalysts due to the redox conditions
and reaction temperature. The intensity of all OII peaks decreases, and OI peaks become
more intense (Figure 12). The BEs of lattice oxygen peaks (OI) are moved 0.6–1.2 eV to
higher BEs (Table 7). In this case, the lattice oxygen originates from the NiAlO structure,
unreduced CeO2 and partially reduced cerium in CeO2-x, namely, 529.8–530 eV [86,87],
oxygen in Ni–OOH [44,91] and last but not the least, oxygen vacancies (Ox

−) in the matrix
of metal oxides, which are usually registered in the range of 529.9−531.1 eV [92–94].

 

Figure 12. O 1s-photoelectron regions of the as-synthesized and spent samples: (a) NiAl and 3CeNiAl;
(b) Au/NiAl and Au/3CeNiAl.
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Genty et al. stated [89] that the mobility of surface oxygen species plays an important
role in the catalytic activity in oxidation reactions. The oxygen vacancies are important
for the adsorption of oxygen species [85] from H2O vapor in the case of WGS reaction.
In this connection, the number of oxygen vacancies in the spent catalysts are calculated by
the integrated area ratios of OII/(OII + OI) (Table 7) by analogy to Lu et al. [85]. The data
show that Au addition increases the oxygen vacancies, implying the presence of more
active vacant oxygen on the catalyst surface of the Au/NiAl catalyst compared to NiAl as
well as in the Au/3CeNiAl catalyst compared to 3CeNiAl. This fact correlates with higher
activities of the Au-containing catalysts. The role of oxygen vacancies in facilitating the dis-
sociation of water, considered the most difficult step in the WGS reaction, is highlighted in
the literature [95–97]. It would also be relevant to point out that 3CeNiAl has the smallest
number of oxygen vacancies, and its WGS activity is worse than that of unmodified NiAl.
The relative dispersion of Au and Ce over NiAl-LDH and the Ni/Al ratio before and after
WGS reaction was evaluated from XPS-derived atomic concentration (Table 8).

Table 8. Relative dispersion of Au and Ce and Ni/Al ratio before and after WGS reaction.

Catalyst Au/(Ni + Al) Au/(Ce + Ni + Al) Ce/(Ni + Al) Ni/Al

NiAl 0.49
NiAl-s 0.51

Au/NiAl 0.0088 0.47
Au/NiAl-s 0.0040 0.54

3CeNiAl 0.0140 0.47
3CeNiAl-s 0.0077 0.49

Au/3CeNiAl 0.0089 0.0113 0.45
Au/3CeNiAl-s 0.0041 0.0103 0.50

The gold amount is obviously the same in both as-synthesized and spent samples;
however, the atomic ratio values decrease by more than half on the surface of the spent
catalysts. The low values cannot be connected with poorer dispersion due to Au0 particle
agglomeration; this is due to the XRD data (Tables 3 and 4) displaying that after WGS
reaction, the average gold particle size decreases considerably by 1.65 times in Au/NiAl-s
and 2.93 times in Au/3CeNiAl-s. So, the reason for this observation can be attributed to
the subsurface sinking of the gold, which is not completely visible for the XPS technique.

The ceria relative dispersion also diminishes in the spent CeO2-modified catalysts.
The diminution is stronger in 3CeNiAl-s; in fact, the Au presence makes this negligible,
and only 8.8% in the most active Au/3CeNiAl-s. The estimation of the Ni/Al ratio indicates
that the bulk chemical composition in as-synthesized samples, Ni/Al = 2.5, is not the same
on the surface. The reaction conditions provoke Ni enrichment of the surface in all spent
catalysts. This is explained by the reconstruction of the NiAl layered structure, leading to
its destruction and interaction between Ni and Al forming a mixed NiAlO structure.

4. Conclusions

Studying the role of the CeO2 dopant in the phase compositions, structural, textural
and surface properties, reduction behavior and WGS activity of gold-containing NiAl
LDHs allows the following conclusions to be made:

(i) The developed innovative approach for modification by ceria allows us to preserve
the NiAl layered structure and to obtain a CeO2 phase with a good crystallinity in a
relatively short time by a one-pot method, thus avoiding the calcination treatment,
which simplifies the catalyst preparation procedure.

(ii) The modification of NiAl LDHs with CeO2 neither improves reducibility nor enhances
the WGS efficiency; however, the simultaneous presence of gold and ceria has a
beneficial effect.

(iii) It can be deduced that hydrogen production via WGS reaction is affected by the amount
of ceria in the Au/NiAl catalyst.
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(iv) The addition of 3 wt.% CeO2 to the Au/NiAl catalyst provides the highest dispersion
of gold particles in the spent catalyst (Au/3CeNiAl-s) and contributes to a good WGS
performance—highest activity and significant stability.
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Abstract: Biochar from spent malt rootlets was employed as the template to synthesize hybrid biochar-
ceria materials through a wet impregnation method. The materials were tested for the activation of
persulfate (SPS) and subsequent degradation of sulfamethoxazole (SMX), a representative antibiotic,
in various matrices. Different calcination temperatures in the range 300–500 ◦C were employed and
the resulting materials were characterized by means of N2 adsorption and potentiometric mass titra-
tion as well as TGA, XRD, SEM, FTIR, DRS, and Raman spectroscopy. Calcination temperature affects
the biochar content and the physicochemical properties of the hybrid materials, which were tested
for the degradation of 500 μg L−1 SMX with SPS (in the range 200–500 mg L−1) in various matrices
including ultrapure water (UPW), bottled water, wastewater, and UPW spiked with bicarbonate,
chloride, or humic acid. Materials calcined at 300–350 ◦C, with a surface area of ca. 120 m2 g−1,
were the most active, yielding ca. 65% SMX degradation after 120 min of reaction in UPW; materials
calcined at higher temperatures as well as bare biochar were less active. Degradation decreased with
increasing matrix complexity due to the interactions amongst the surface, the contaminant, and the
oxidant. Experiments in the presence of scavengers (i.e., methanol, t-butanol, and sodium azide)
revealed that sulfate and hydroxyl radicals as well as singlet oxygen were the main oxidative species.

Keywords: biochar; emerging contaminants; nanoceria; Fenton-like reaction; SR-AOPs; water treatment

1. Introduction

Over the last few decades, nanotechnology has gained huge interest due to its extensive
application in various fields including, among others, catalysis, electronics, optics, energy,
and the environment. The design and controlled synthesis of advanced nanomaterials
with unique properties make them highly attractive in these fields. The demand for
more active, environmentally friendly, low-cost materials has resulted in tremendous
interest in the preparation of nanostructured materials with active surface functional
groups and, thus, high surface reactivity. Two very interesting materials with many
environmental applications are CeO2 [1,2] and biochar [3,4]. The reason for this is their
unique characteristics. Specifically, CeO2 is a very promising material that can be used
as a catalyst or support in several catalytic applications. Combined with Cu is the state-
of-the-art catalyst for the preferential oxidation of CO [5] since it presents a high amount
of oxygen vacancies, a controllable ratio of Ce3+/Ce4+, high oxygen storage capacity, and
moderate surface area [2,6,7].

Nano CeO2 may exhibit improved properties and catalytic functions, which are sig-
nificantly affected by the preparation conditions [8]. It has been reported in the literature
and demonstrated by computational studies that the morphology of the nano CeO2 affects
the catalytic activity. Generally, the (110) and (100) surfaces are catalytically more active
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than (111) [9,10]. Specifically, the higher activity for the CO oxidation can be obtained with
nanorods of CeO2, which are exposed to the (110) and (100) planes [11]. The hydrothermal
method can be applied for the preparation of different forms of nano CeO2 [2].

The main disadvantage of CeO2 is that pure ceria exhibits low activity since the
active surface oxygen species are rather limited; moreover, CeO2 is an insulator at room
temperature, thus electron transfer is limited [12]. This can be dramatically changed if
pure CeO2 is doped with transition metal ions. Then, the deposition of metal cations (M)
on CeO2 can alter the electronic and geometric configuration and thus the properties of
the mixed material. This approach is well-studied and researchers have concluded that
new sites with high activity can be formed, interactions between Ce and M can alter the
electrons configuration, and new oxygen vacancies can be formed during sub-surface and
bulk incorporation of metal ions into CeO2 [13–15].

In a recent review, the synthesis and characterization of CeO2 nanoparticles of different
morphology were discussed [16]. Although many methods have been applied for the
synthesis of CeO2 nanoparticles, the combined use of biochar (BC) as a template and Ce
precursors for the preparation of CeO2 has not been investigated. On the other hand, CeO2
deposition on biochar to produce hybrid materials with enhanced adsorption capacity [17],
interesting electrocatalytic properties [18], or superior degradation ability for textile dyes
in sonocatalytic oxidation [19] has been reported; in these cases, CeO2 nanoparticles were
prepared with the hydrothermal method and then mixed with BC as a suspension in
acetone. Moreover, novel carbonaceous materials (i.e., CeO2-encapsulated nitrogen-doped
biochar) have significant activity for oxygen reduction [20]. The biomass precursor of this
value-added biochar material was biomimetically prepared via a hydroponic operation in
the Ce-enriched solution. The enhanced activity was partially due to high oxygen vacancies
of the hybrid material.

Biochar is the solid material prepared from the pyrolysis of biomass under a limited
or no oxygen atmosphere, during which part of the organic phase decomposes to gases.
Interestingly, the properties of the biochars are different compared to raw biomass. These
new unique properties are desirable for many applications where biochars are employed
as absorbers [21], support in catalytic processes [22–24], transesterification catalysts for the
production of biodiesel, [25], supercapacitors [26], and persulfate activators for the oxida-
tion of organic contaminants in water [27–30]. Depending on the raw biomass and pyrolysis
conditions, biochars can exhibit high surface area, hierarchical pore structure, plenty of sur-
face groups, stability, and in some cases, a high amount of mineral deposits. Furthermore,
its surface can interact with metal ions or even nanoparticles and stabilize them.

Pharmaceutically active compounds such as antibiotics, antihypertensive and non-
steroidal anti-inflammatory drugs as well as their metabolites are classified as emerging
micro-contaminants and are detected in wastewater, surface water, and groundwater at
concentrations ranging from ng L−1 to mg L−1. Antibiotics are widely used against bacterial
infections or to prevent infections; several studies have reported antibiotic occurrence in
wastewater treatment plant effluents at concentrations from 0.1 to 2.5 μg L−1 [31]. Although
this range of concentration is small, it can be harmful to human and animal health and
augment the antimicrobial resistance [32].

In this work, biochar from malt spent rootlets was prepared at 850 ◦C. This biochar
has moderate surface area and a high amount of minerals [33]. Treatment with H2SO4
can remove the minerals and significantly increase the specific surface area [34]. For
this reason, the biochar was treated with H2SO4 and then used as a template for the
preparation of hybrid material BC-CeO2 with different BC to CeO2 ratio. The produced
materials were characterized with various physicochemical methods and used for the
degradation of sulfamethoxazole, a representative antibiotic drug, in various water matrices
via oxidation with persulfates. To the best of our knowledge, this is the first report on (i)
the use of biochar as a template and its influence on the physicochemical properties of
CeO2, and (ii) the application of the as-prepared hybrid materials to promote the sulfate
radical-induced advanced oxidation of antibiotic SMX in environmentally relevant matrices.
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From this perspective, the innovation of this work embodies two different but related
disciplines, namely (i) material synthesis, where a novel catalytic material capable of
activating persulfate is described, and (ii) environmental remediation, focusing on the
treatment of micro-contaminants of emerging concern.

2. Materials and Methods

2.1. Materials

The precursor salt Ce(NO3)3·6H2O (analytical grade, CAS number: 10277-43-7) and
sulfamethoxazole (SMX, C10H11N3O3S, 99+%, CAS number: 723-46-6) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sodium persulfate (SPS, Na2S2O8 99%, CAS
number: 7775-27-1) was purchased from Scharlau (Barcelona, Spain). Most of the experi-
ments were carried out in ultrapure water (UPW: pH = 6.5). Other matrices included (i)
commercially available bottled water (BW: pH = 7.7, conductivity 355 μS cm−1, containing
(in mg L−1): 237 bicarbonate; 3.7 chloride; 7.8 sulfate; 1.1 nitrate; 75.5 calcium; 5.1 mag-
nesium; 2.1 sodium; and 0.65 potassium ions); (ii) secondary treated wastewater (WW)
taken from the University of Patras campus treatment plant (pH = 8, conductivity = 1.682
mS cm−1, total organic C = 2.46 mg L−1, chemical oxygen demand = 48.53 mg L−1, total
suspended solids = 22 mg L−1, [Cl−] = 262.41 mg L−1, [PO4

3−] = 14.98 mg L−1, [HCO3
−] =

278 mg L−1, [Br−] = 165.64 mg L−1, [Ca2+ ] = 112 mg L−1); and (iii) UPW spiked with vari-
ous water constituents such as humic acid (HA: CAS number: 1415-93-6), bicarbonate (CAS
number: 144-55-8), chloride (CAS number: 7647-14-5), sodium azide (NaN3: CAS number:
26628-22-8), t-butanol (CAS number: 75-65-0), and methanol (CAS number: 67-56-1); all
these were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample Preparation

The biochar used in this study was prepared from spent malt rootlets under pyrolysis
at 850 ◦C with limited O2 atmosphere. The prepared biochar was treated with 1 M H2SO4
under reflux for 30 min. The treatment was conducted in order to increase the surface
area of the sample and remove the deposits of minerals present in the raw biomass. After
treatment, the BC was filtered, washed with 1 L of triply distilled water, and dried for 2 h
at 120 ◦C. More details on the preparation of the sample and its properties can be found
in [34].

To deposit the Ce precursor on the biochar surface, about 3 g of treated biochar was
immersed in 150 mL of solution containing 11.1 g of Ce(NO3)3 6H2O. The suspension was
placed in a round bottom bottle in a rotary evaporator system. Then, the suspension was
left to equilibrate for 30 min under atmospheric pressure at 70 ◦C. After that, vacuum was
applied and the water was evaporated. The mixed solid was dried at 120 ◦C for 1 h and
then calcined at different temperatures for 2 h. The samples were denoted as BC/Ce-X,
where X is the calcination temperature. An additional sample (BC/Ce-300-5 h) was calcined
at 300 ◦C for 5 h.

2.3. Physicochemical Characterization

The prepared samples were characterized with various physicochemical methods.
Briefly, specific surface area (SSA) and pore size distribution was performed with N2 ad-
sorption isotherms at liquid N2 temperature in a Tristar 3000 porosimeter (Micromeritics).
X-ray diffraction peaks were recorded with a Bruker D8 Advance diffractometer (Biller-
ica, MA, USA) equipped with a nickel-filtered CuKa (1.5418 Å) radiation source. The
biochar morphology was examined by scanning electron microscopy (SEM JEOL JSM6300)
equipped with EDS. Fourier transform infrared analysis was performed in a Perkin Elmer
Spectrum RX FTIR system (Waltham, MA, USA). The samples were diluted in KBr (1%
w/w sample) and pressed in pellet form with 8 atm pressure. The point of zero charge was
determined using the potentiometric mass titration method [35]. A suspension of 0.1 g in
75 mL of NaNO3 0.03 M was titrated with 0.1 M HNO3 from pH 11 to 2 and the titration
curve was compared with the corresponding curve of the solution. The section point of the
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two curves is the point of zero charge of the solid sample. The thermogravimetric analysis
of the samples was performed in a TGA Perkin Elmer system (Waltham, MA, USA) under
an air atmosphere with a flow of 20 mL min−1. The heating rate was 10 ◦C min−1 in the
temperature range of 80–700 ◦C. Diffuse reflectance spectroscopy (DRS) was performed
using a UV–Vis spectrophotometer (Varian Cary 3) equipped with an integration sphere.
The spectra of the solid samples were recorded in the range of 200–800 nm using PTFE
or commercial CeO2 as references. The powder samples were mounted in a quartz cell,
which provided a sample thickness >3 mm to guarantee the “infinite” sample thickness.
Raman spectra were taken on a Micro Raman Spectroscopy system (Jobin–Yvon Horiba
LabRam–HR) with a 514 nm line of an Ar ion laser at room temperature. A 50× microscope
objective lens was used to focus the laser beam and collection of the scattered light. Typical
spectrum acquisition time was 5 s.

2.4. Catalytic Activity

A stock solution of SMX (50 mg L−1) in UPW was prepared and used for all the
catalytic tests. In a typical run, 120 mL of an aqueous solution containing 500 μg L−1

SMX and 90 mg L−1 BC were loaded into a beaker under stirring at ambient temperature.
After 20 min of equilibration, SPS was added. Samples of 1.2 mL were periodically drawn
from the reactor, an excess of methanol was added (5 mol L−1) to quench the reaction and
the samples were filtered and analyzed using high-performance liquid chromatography
(HPLC) (Waters Alliance 2695, Waters 2996 Milford, PA, USA). More details about the
catalytic tests and analysis can be found in [36].

3. Results and Discussion

3.1. Samples Characterization

The biochar from malt spent rootlets had a moderate specific surface area, SSA, of
100 m2 g−1 a point of zero charge, pzc, equal to 8.2 and 32% minerals. Following treatment
with H2SO4, the concentration of minerals diminished since they were soluble in acidic
solution, while SSA increased considerably to 428 m2 g−1. The microporosity was also high
(190 m2 g−1) and the pzc shifted to more acidic values. These properties make the treated
biochar an ideal candidate for the preparation of hybrid ceria–biochar materials. The low
value of pzc ensures a positively charged surface, where cations can be deposited. The high
SSA favors the adsorption of considerable quantities of cations, while the micropores can
prevent the formation of bulk precipitates during drying. The deposition of Ce ions can
easily be performed with wet impregnation, during which Ce(III) ions interact with the
biochar surface through electrostatic adsorption because of the low value of pzc. The high
value of SSA and microporosity allows for the deposition of well-dispersed Ce particles.
Finally, the calcination process can provide the possibility of controlling the biochar content
and, in parallel, to convert the Ce precursor form to CeO2 nanoparticles. With the regulation
of calcination temperature, one can prepare hybrid materials BC–CeO2 with different
biochar contents.

The prepared samples, alongside their properties, are presented in Table 1.

Table 1. Physicochemical characteristics of the prepared samples.

Sample T Calc (◦C) SSA (m2 g−1) pzc D (XRD) (nm) % CeO2 Content Eg (eV) %O2 Uptake in TGA

BC/Ce-300 300 119 6.8 29.2 16 3.09 0
BC/Ce-300-5 h 300 110 6.7 20.7 14 3.10 0

BC/Ce-350 350 126 6.5 29.8 22 3.07 1.7
BC/Ce-400 400 69 3.0 18.9 7 3.10 0.5
BC/Ce-500 500 14 3.0 16.0 2 3.12 2.0

Interestingly, increasing the calcination time from 2 to 5 h at 300 ◦C did not practically
alter the properties of the prepared samples. Although longer calcination times were not
tested at higher temperatures (where the BC content is lower), one could possibly expect
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to see detrimental effects on physicochemical properties such as SSA, Eg, and oxygen
vacancies due to extensive sintering.

The adsorption/desorption isotherms for the hybrid samples are presented in Figure 1.
The SSA was lower at higher temperatures of calcination. The samples calcined at
300–400 ◦C exhibited type IV with an H4 hysteresis loop, while for the BC/Ce-500 sample,
the hysteresis loop was between H3 and H4. H4 loops are often found in micro-meso
porous carbon materials [37]. The BC/Ce-500 sample also exhibited limited N2 adsorption
at low P/Po values, suggesting low microporosity, in contrast with the other three samples.
SSA values were higher than the commercial CeO2 with a SSA of 4 m2 g−1.
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Figure 1. The N2 adsorption–desorption isotherms for the prepared samples.

This was confirmed by the pore size distribution shown in Figure 2. The BC/Ce-500
had a limited amount of micropores (if any), in contrast with the other samples calcined at
lower temperatures. For the BC/Ce-500 sample, there was a peak centered at about 85 nm,
while the main peak was at 60 nm for the other samples; an additional peak was centered
at 13 nm for BC/Ce-400. This increment in pore diameter was due to higher calcination
temperature and the collapse of microporosity.
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Figure 2. Pore size distribution for the studied samples.

The TGA curves for the prepared samples as well as the mixed material before calcina-
tion (BC/Ce) are presented in Figure 3. The % mass left after TGA was due to the CeO2
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content in each hybrid material and the difference from the starting mass is characteristic
of the biochar content.
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Figure 3. TGA curves under an air atmosphere for the studied samples as well as the uncalcined one.

As can be seen, the amount of mass left after TGA was significant and depends on
the calcination temperature (see also Table 1). This means that the amount of biochar
left after calcination was limited and the samples mostly consisted of CeO2. The biochar
content was 22% for the BC/Ce-350 sample and 16% for the BC/Ce-300 sample, while the
other two samples calcined at higher temperatures had an even lower content. Although
the BC/Ce-300 sample should be expected to have a higher BC content than the BC/Ce-
350 sample, this discrepancy may be attributed to the low difference in the respective
calcination temperatures.

For the starting material before calcination, there was first sharp mass decrease at
185 ◦C, which was followed by a second step at 190 ◦C. This step was completed at about
260 ◦C, while the mass was quite stable at higher temperatures. Therefore, a temperature
up to 300 ◦C seems to be sufficient to transform the precursors to CeO2 nanoparticles. The
mass left at temperatures higher than 550 ◦C was about 42% of the starting mass, very close
to the value of the nominal CeO2 content (41%), which implies that the starting material is
transformed to CeO2 at temperatures up to 500 ◦C.

The FTIR spectra of the prepared samples are presented in Figure 4, together with the
spectra of BC and commercial CeO2. The FTIR peaks were more intense in the prepared
materials in contrast with the commercial CeO2. This may be due to the different SSA
values, which were higher in the prepared samples, suggesting the existence of more
surface groups. On the other hand, the BC/Ce-300 and BC/Ce-350 samples had peaks with
low intensity, suggesting that CeO2 was less bulk in these samples.

The XRD patterns of the prepared samples, alongside the BC and commercial CeO2,
are presented in Figure 5; the main peaks can be evidently attributed to CeO2. The average
diameter of the CeO2 particles calculated from the Scherrer equation varied from 29.7 to
16 nm, while for the commercial CeO2, it was 46.2 nm.

The acid–base behavior of the samples is presented in Figure 6. The potentiometric
titration curves revealed that the two materials prepared at the lower calcination tempera-
tures had a pzc near 7 (6.8 and 6.5 for the BC/Ce-300 and BC/Ce-350, respectively), while
the two other samples had a pzc value equal to 3, pointing out the acidity of these samples.
Generally, low pzc values have been reported for CeO2 when the precursor is Ce(III) salt,
as in our case [38].
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Figure 4. FTIR spectra for the studied samples as well as the starting biochar and a commercial
CeO2 sample.
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Figure 5. XRD patterns for the studied samples as well as the starting biochar and a commercial
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Figure 6. Potentiometric mass titration curves for the studied samples as well as the corresponding
solution titration curve.
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SEM images of the prepared samples are presented in Figure 7, where the progressive
removal of BC and the transformation to a more solid CeO2 phase could be observed. For
the BC/Ce-350 sample (Figure 7b), BC could clearly be seen, while CeO2 formed around the
carbon particles. This was less pronounced in the case of BC/Ce-300 (Figure 7a), although
the calcination temperature was lower. There probably exists a minimum calcination
temperature needed for the formation of CeO2 particles and the simultaneous burning
of biochar.

  

  

Figure 7. SEM images for (a) BC/Ce-300, (b) BC/Ce-350, (c) BC/Ce-400, and (d) BC/Ce-500.

On the other hand, higher calcination temperatures lead to greater removal of the
carbon phase, and thus CeO2 is better formed. Carbon removal in the form of volatile
compounds results in CeO2 cracking and this facilitates the formation of the surface area of
the sample; this can be seen in Figure 7c for the BC/Ce-400 sample. Even higher calcination
temperatures may result in sintering of the CeO2 particles and, eventually, greater degree of
agglomeration (Figure 7d). These findings are in accordance with the SSA values (Table 1)
and the XRD results.

The DR spectra of the prepared samples are similar to that of CeO2, especially at
wavelengths lower than 400 nm (Figure 8). In the UV and Vis near UV regions, the peaks
are due to charge transfer between the Ce(IV) and O2− species. The DR spectrum of CeO2
showed three maxima at about 220, 270, and 330 nm. The peak at 220 nm was assigned
to f-d transition of Ce(II), the band at 270 nm to surface sites, and the band at 330 nm
to bulk sites [39–42]. The exact location of the peaks is highly influenced by the size of
CeO2 crystallites. At wavelengths higher than 400 nm, CeO2 exhibits negligible absorbance
and this is also the case for BC/Ce-500 (i.e., the sample with the minimum BC content).
The other three samples exhibited a constant absorbance over the whole range of the Vis
spectrum, which was due to the black color of the biochar. The absorbance intensity was
well correlated to the BC content, with the BC/Ce-350 sample showing the higher intensity.
For the prepared samples, the point where a sharp increase in absorbance occurred shifted
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at higher wavelengths. This implies a change in the distribution of electrons and can
be confirmed from the energy gap values for each material. These values were between
3.08–3.12 eV for all the prepared samples and 3.32 eV for commercial CeO2 (Table 1). The
observed red shift in the absorbance of the samples is correlated to the smaller size of CeO2
nanoparticles, in contrast with the commercial CeO2.
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Figure 8. DR spectra for the studied samples as well as a commercial CeO2 sample. The spectra were
collected with PTFE disks as the reference.

Changes in electrons distribution are more clearly demonstrated in Figure 9, where
commercial CeO2 was employed as the reference. Indeed, the peak centered at about
400 nm revealed that interactions were more pronounced for the samples with increased
BC content.
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Figure 9. DR spectra for the studied samples. The spectra were collected with commercial CeO2

as reference.

Figure 10 shows the normalized Raman spectra for the prepared samples. There was
an intense peak centered between 460 and 464 cm−1, which corresponded to the F2g Raman
vibrational mode of cubic fluorite lattice of CeO2 [39,43,44]. The broadness and asymmetry
of the peak imply the existence of nanosized CeO2 particles. The particle size as well as
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possible changes in composition associated with varying BC content influence the exact
position and the broadening of the peak with a shift toward lower frequencies. There was
another broad peak at about 600 cm−1, which can be attributed to oxygen vacancies of
CeO2 [44,45]. It is interesting to note that this peak was broader and more intense for the
samples with higher BC content.
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Figure 10. Normalized Raman spectra for the studied samples.

3.2. Assessment of Catalytic Activity for the Degradation of SMX

Figure 11 shows the relative catalytic activity of the various prepared samples as well
as bare biochar and ceria. The time-scale corresponded to the equilibration period where
only adsorption occurred, followed by the oxidative degradation period. It must be clarified
here that a common equilibration period of 20 min was employed in this work irrespective
of the specific experimental conditions (i.e., type of BC-Ce material, SPS concentration,
water matrix, etc.), which implies that the level of SMX adsorption might have not been
completed during this period; however, the main scope of this work was to study the
oxidative rather than the adsorptive removal of SMX. Commercial ceria is not capable of
activating SPS and neither is BC/Ce-500, which contained only 2% BC and whose SSA was
14 m2 g−1 (Table 1); however, activity seems to increase with increasing BC content and
SSA (i.e., 7%–69 m2 g−1, 16%–119 m2 g−1, and 22%–126 m2 g−1 for BC/Ce-400, BC/Ce-300,
and BC/Ce-350, respectively. Bare BC with a SSA of 428 m2 g−1 exhibited good activity
relative to that of BC/Ce-300 and BC/Ce-350 samples, although the hybrid samples have
lower SSA. An additional run was performed with BC that had not been acid-treated
(data not shown for brevity); its performance was comparable to that of the acid-treated
sample. Considering that SMX degradation can be modeled by a pseudo-first order kinetic
expression, data in Figure 11 can be employed to compute the apparent rate constants,
k. The relative activity decreases in the order: BC/Ce-350 (8.9 × 10−3) ≈ BC/Ce-300
(8.2 × 10−3) > BC (7.4 × 10−3) > BC/Ce-400 (4.6 × 10−3) > CeO2 (1.4 × 10−3) ≈ BC/Ce-500
(1.3 × 10−3), with numbers in brackets corresponding to k values expressed in min−1. The
dashed line (open symbols) shown in Figure 11 corresponds to a run with the BC/Ce-300
material that had been calcined for 5 h; interestingly, its catalytic activity was similar
to that of the material calcined for 2 h (k = 7.8 × 10−3), implying that the calcination
temperature rather than time is the crucial factor. This finding is also consistent with the
similar properties of the two samples, as shown in Table 1.
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Figure 11. Screening of various materials (90 mg L−1) for the removal of 500 μg L−1 SMX with
200 mg L−1 SPS in UPW and ambient pH.

Based on the results shown in Figure 11, subsequent activity tests were performed
with the BC/Ce-350 material.

The influence of SPS concentration on SMX degradation is presented in Figure 12. In
the absence of SPS, SMX removal can occur to a considerable extent due to adsorption only
(i.e., 45% at the end of the experiment). The addition of SPS in the range 200–500 mg L−1

promotes SMX removal due to the reactions occurring between the generated radicals and
SMX. Interestingly, the rate was not affected by the level of oxidant concentration used
with the apparent rate constant being 9.1 ± 0.1 10−3 min−1; this value was about 2.5 times
greater than that of pure adsorption.
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Figure 12. Effect of SPS concentration on 500 μg L−1 SMX removal with 90 mg L−1 BC/Ce-350 in
UPW and ambient pH.

It must be noted here that the minimum effective level of persulfates employed in
environmental applications depends on several factors including the type of activation
(homogeneous or heterogeneous), the recalcitrance of the contaminant under consideration,
the quality of the aquatic phase and, in the case of chemical activators such as transition
metals, carbocatalysts, etc., their concentration. On the other hand, there always exists
an upper concentration threshold, above which persulfate may act as a self-scavenger
and/or introduce secondary water pollution due to the release of sulfate salts in the
environment [46]. From a managerial point of view, solid persulfate is more advantageous
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than liquid hydrogen peroxide employed in traditional Fenton chemistry since it is more
stable, easier to handle, store, and transport, and has a lower market price.

Since the pzc value of BC/Ce-350 was 6.5 (Table 1), its surface was slightly positive at
an ambient pH of 5, which favors the attraction of the negatively charged S2O8

2− anions.
SMX, on the other hand, was neutral at pKa1 = 1.77 < pH < pka2 = 5.65 [29,47–49]. SMX
was positively charged at pH < 1.4 (protonation of –NH2 group) and negatively charged at
pH > 5.65 (deprotonation of –NH). To assess the effect of the initial solution pH on SMX
removal, experiments were performed by adjusting the ambient pH = 5 to more acidic
(pH = 3) or basic conditions (pH = 9), and the results are shown in Figure 13a for adsorption
in the absence of an oxidant and 13b for oxidative degradation.
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Figure 13. Influence of solution pH on (a) adsorption without SPS and (b) degradation with
200 mg L−1 SPS of 500 μg L−1 SMX on 90 mg L−1 BC/Ce-350.

Lower pH values seem to favor SMX adsorption, which is limited at alkaline conditions
where both the surface and SMX are negatively charged; the respective k values are
1.4 × 10–3, 3.9 × 10–3, and 5.4 × 10–3 min–1 at pH 9, 5, and 3, respectively. Unlike adsorption,
the oxidative degradation of SMX does not seem to be affected by the initial solution pH
(Figure 13b), with the k value being about 8.9 × 10–3 min–1 for all three experiments. This is
probably due to the fact that the solution pH is not buffered and there is a fast pH decrease
from the initial value of 9 or 5 to 6 or 3, respectively, upon the addition of SPS, whose
activation initiates oxidation reactions as well as generates HSO4

–, a moderate acid. For the
run performed at pH = 3, this value did not change throughout the course of the reaction.
In this respect, unbuffered systems are beneficial since the spontaneous pH shift to lower
values favors SMX removal. The influence of pH on the adsorption and degradation of
SMX was similar to that in a previous work [29], where biochar from spent coffee grounds
was employed as a SPS activator.

The effect of water matrix on SMX removal is depicted in Figure 14. Reactivity
decreased with increasing matrix complexity (i.e., UPW (8.9 × 10−3) > BW (3.2 × 10−3)
> WW (1.6 × 10−3)), with numbers in brackets showing k values in min−1. The role of
the water matrix is associated with the various inorganic and organic, non-target species
that are inherently present and may compete with SMX for the active catalytic sites and/or
the oxidant.

To shed light on such interplays, experiments were conducted in UPW spiked with
various non-target species and the results are shown in Figure 15. The addition of 250 mg
L−1 bicarbonate (this concentration is typical for BW) seriously impedes SMX removal,
leading to a k value of 10−3 min−1 (i.e., nine times lower than in UPW). A possible
explanation involves the detrimental role of carbonate ions that may (i) occupy catalytic
sites, thus reducing SMX adsorption (as can be seen in Figure 15), and (ii) scavenge hydroxyl
and sulfate radicals, while forming the less active carbonate radicals, in other words,

CO2−
3 + HO• � CO•−

3 + HO− (1)

HCO2−
3 + HO• � CO•−

3 + H2O (2)
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SO•−
4 + HCO−

3 � SO2−
4 + HCO3 (3)

SO•−
4 + CO2−

3 � SO2−
4 + CO•−

3 (4)
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Figure 14. Effect of water matrix on 500 μg L−1 SMX removal with 90 mg L−1 BC/Ce-350 and
200 mg L−1 SPS at ambient pH.
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Figure 15. Effect of inorganic ions and humic acid on 500 μg L−1 SMX removal with 90 mg L−1

BC/Ce-350 and 200 mg L−1 SPS in UPW at ambient pH.

The addition of 250 mg L−1 chloride has practically no effect on degradation although
hydroxyl and sulfate radicals may now react with chloride to form various Cl-containing
radicals, in other words,

SO•−
4 + Cl− � SO2−

4 + Cl• (5)

Cl• + Cl− � Cl•−2 (6)

HO• + Cl− � ClHO•− (7)

4Cl•−2 � 2Cl− + Cl2 (8)

Cl• + H2O � ClHO•− + H+ (9)

Cl•−2 + H2O → ClHO•− + H+ + Cl− (10)

In a final test, UPW was added to 10 mg L−1 humic acid (HA), an analogue of the
organic matter typically found in natural waters (the chosen concentration corresponded
to the organic carbon content of WW). The effect of HA was mildly negative, leading to
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a k value of 7 × 10−3 min−1; HA, a recalcitrant molecule against chemical oxidation, is
likely to competitively consume oxidants as well as occupy catalytic sites, both of which
are detrimental to SMX degradation.

Finally, the role of different scavengers was investigated (Figure 16). The addition
of methanol (that reacts with both hydroxyl and sulfate radicals) or t-butanol (that pref-
erentially reacts with hydroxyl radicals) at 10 g L−1 retarded SMX degradation with the
apparent rate constant being 5.7 ± 0.1 × 10–3 min–1 (i.e., a 35% decrease compared to the
run in UPW). This implies that other species are also involved in the degradation mecha-
nism. An additional experiment was performed adding 100 mg L−1 NaN3, a well-known
scavenger for singlet oxygen [50]; in this case, the k value decreased to 3.7 × 10–3 min–1,
thus pointing out the crucial role of active oxygen species in the degradation process. As a
matter of fact, the surface oxygen atoms of CeO2 may participate in the reaction, which is
consistent with the high quantity of surface oxygen vacancies in the BC/Ce-350 sample, as
has been demonstrated by TGA and Raman spectroscopy.
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Figure 16. Effect of methanol, t-butanol, and sodium azide on 500 μg L−1 SMX degradation with
90 mg L−1 BC/Ce-350 and 200 mg L−1 SPS in UPW at ambient pH.

Moreover, the interactions with biochar are important, as can be seen from the DR
spectra (Figure 9). Such interactions change the electron distribution in CeO2 and regulate
the surface reactivity. Figure 17 shows a correlation between the F(R) values of the prepared
samples at 400 nm and the k values computed from the data of Figure 11. There appears to
be a linear dependence, which implies that interactions are related to the occupied oxygen
vacancies in CeO2 by the –OH groups of the CeO2 surface and/or the active oxygen species
formed during SPS activation. The observed correlation suggests that the main active
surface sites are these species, in accordance with the detrimental effect of NaN3.
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Figure 17. Correlation of k values with the absorbance of the BC/Ce samples at 400 nm. Experimental
conditions as shown in Figure 11.

4. Conclusions

In this work, hybrid materials based on biochar and CeO2 were prepared with a simple
wet impregnation method, characterized by various techniques and eventually tested for
their catalytic activity to activate persulfate and degrade a model antibiotic compound. The
main conclusions are as follows:

1. Changing the calcination temperature in the range of –500 ◦C affected the biochar con-
tent and the physicochemical properties of CeO2, but more importantly, determines
the interactions between biochar and CeO2 and, eventually, the catalytic activity.

2. Calcination at 300–350 ◦C yielded the more active materials for persulfate activation
and sulfamethoxazole degradation; the latter following pseudo-first order kinetics
with the rate depending on the operating conditions.

3. The water matrix is crucial for process performance since various inorganic and/or
organic species can interfere with the surface and/or the target contaminant for
the oxidants and the active catalytic sites. Hybrid materials may minimize such
competitive interactions that do not exist in model experiments performed in pure
water. Should this be the case, hybrid materials are likely to outperform bare biochar
in environmentally relevant systems.

4. Radicals and singlet oxygen seem to be the main oxidative species, as indirectly
evidenced by means of scavenging experiments.
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Abstract: Aromatic polyimides containing side azo-naphthalene groups have been investigated
regarding their capacity of generating surface relief gratings (SRGs) under pulsed UV laser irradiation
through phase masks, using different fluencies and pulse numbers. The process of the material photo-
fluidization and the supramolecular re-organization of the surface were investigated using atomic
force microscopy (AFM). At first, an AFM nanoscale topographical analysis of the induced SRGs was
performed in terms of morphology and tridimensional amplitude, spatial, hybrid, and functional
parameters. Afterward, a nanomechanical characterization of SRGs using an advanced method,
namely, AFM PinPoint mode, was performed, where the quantitative nanomechanical properties (i.e.,
modulus, adhesion, deformation) of the nanostructured azo-polyimide surfaces were acquired with a
highly correlated topographic registration. This method proved to be very effective in understanding
the formation mechanism of the surface modulations during pulsed UV laser irradiation. Additionally
to AFM investigations, confocal Raman measurements and molecular simulations were performed
to provide information about structured azo-polyimide chemical composition and macromolecular
conformation induced by laser irradiation.

Keywords: azo-polyimide; surface relief grating; AFM PinPoint; topographical analysis; nanome-
chanical characterization; molecular simulation

1. Introduction

Polyimides (PIs) represent an important class of high-performance polymers that are
exploited in a variety of applications due to their excellent physicochemical properties
such as optical and thermal stability in combination with high glass transition temperature,
low susceptibility to laser damage, and low dielectric constant value [1,2]. Moreover,
polyimides have been investigated as potential materials in the fields of optoelectronics
and photonics [3]. Particularly interesting are polyimides containing azobenzene units,
which have already been investigated for photoinduced alignment in liquid crystal dis-
play [4], as photomechanical response materials [5], and for holographic diffraction grating
recording [6–11]. The azo derivatives can be introduced into polymers in different ways:
by polymerization reaction between monomers, which contain preformed azobenzene
group (diamines or dianhydrides); by dissolving a guest chromophore in a polymer matrix;
by attaching the chromophores covalently to the polymer chains; or by using of different
nonconvalent intermolecular interactions (ionic interactions, coordination bonds, hydrogen
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bonds, π–π interactions) between the dye and the polymer backbone. The first method
is the most used due to the better control of sequence chromophore distribution. The
azobenzene-functionalized monomers can be the diamines or dianhydrides or both of
them [3,12–16]. Many azodiamines have been obtained and used for the synthesis and
characterization of the azopolyimides, usually containing substituted or unsubstituted
azobenzene side chains. Thus, a broad range of azopolyimides, azo polyamide-imides, or
azo polyester-imides have been published thus far [12,15,17–19]. The majority of polymers
functionalized with azobenzene derivatives under the action of linearly polarized light
undergo multiple reversible trans to cis photo-isomerization processes. A supramolecular
organization process is generated as a result of the perpendicular alignment of the azoben-
zene molecules to the electric field vector, controlling the photo-induced optical anisotropy.
Thus, the azo-polymer photo-fluidization due to the above-described phenomenon can
appear in the exposed regions [20,21]. Moreover, the cyclic photo-isomerization can lead to
a large-scale mass transport of the polymer chains, which appear as a surface relief grating
(SRG) [13,14,22,23]. Mainly, this mass displacement can take place from UV laser-exposed
areas to the unexposed areas. Recently, it was demonstrated that also an inverse mass
displacement can occur, from the dark regions to the illuminated ones [24]. The arguments
for the development of the azobenzene photoisomerization process by inversion or rotation
are the subject of numerous molecular simulation studies [25–28]. A large number of
articles track the computational characterization of these photocontrolled materials due to
their prospective applications in different fields such as liquid crystals [29–31], optical data
storage [32], photosensitive micelles [33], triggers in protein folding [34], and so on. Due to
the complexity of the molecular migration phenomenon that induces the SRG formation
process, the number of molecular studies is significantly lower [35–37].

Over time, in order to obtain well-defined and stable SRGs on azo-polymers, re-
searchers have applied two main techniques, namely, pulsed and continuous UV laser
irradiation. In the case of continuous laser irradiation, the apexes of the sinusoidal surface
relief appeared in the unexposed regions. When pulsed UV laser irradiation was employed,
the positions of the apexes were dependent on the laser fluence, being in the exposed
regions when the fluence value was below a threshold, and in the unexposed regions when
the fluence value was above this threshold, as mentioned in the literature data [24]. In a
pulsed laser regime, the relief geometric parameters depend on several factors. The design
of the high-quality phase masks and their characteristics (the material used in fabrication,
the fabrication method, the type of the lattice grating structures, the number of pitches, the
period of the lattice, the period accuracy and uniformity, the efficiency (%) of the phase
masks) are mainly responsible for the resulted pattern aspect. The nanostructures can also
be strongly affected by the experimental parameters of the pulsed laser irradiation method,
such as the incident laser wavelength, the incident laser fluence, the polarization of the
laser, the angle of incidence, the number of laser pulses, and the duration of one laser
pulse. Last but not least, the generation of the SRGs is dependent of the chemical structure
of the azopolymer, in terms of the backbone flexibility and position of the azo-group in
the polymer chain (inducing certain architecture), the pristine film surface morphology
subjected to pulsed laser nanostructuring, and the film thickness.

Many researchers have been focused on the progress in atomic force microscopy
(AFM) techniques to characterize the polymer films at the nano-scale by recording the
local mechanical behavior, especially the force response to approach, even simultaneously
with the recording of the morphology [38,39]. Over the years, the progress of several
research groups in data acquisition and signal processing has allowed manufacturers to
develop this technique, under different names, such as pulsed force mode (PFM), tested by
WiTec company (Ulm, Germany) for scanning force microscopy (SFM) systems from CSEM,
Digital Instruments, Molecular Imaging, Park, Seiko and TopoMetrix [40], PeakForce
Quantitative Nanomechanical Mapping (PeakForce QNMTM, referred to as QNM for
brevity, by Bruker), HybriD Mode Atomic Force Microscopy from NT-MDT (Zelenograd,
Moscow, Russia) [41–43], Quantitative Imaging (QI, by JPK Instruments), or PinPoint mode
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from Park Systems Corp. (Suwon, Korea) [44]. Each has different features. Fast force
spectroscopy mapping via PinPoint mode was designed to prevent positional errors by
simultaneously acquiring accurate height and force–distance information in the whole
scanning area, while the cantilever tip is lifted at every pixel at a perpendicular angle from
the sample surface.

In this context, our study focused on the investigation of a newly synthesized aro-
matic polyimide containing azo-naphthalene side groups with the aim to evaluate the
local morphological, mechanical, and chemical properties via atomic force microscopy,
especially in PinPoint mode, and confocal Raman spectroscopy. It is meant to provide a
deep understanding of the formation mechanism of SRGs induced by pulsed UV laser on
these azo-polyimide films, through phase masks, using different fluencies and number
of pulses. Moreover, this article attempts to correlate the macroscale behavior of this
azo-naphthalene-based polyimide during photoisomerization with the one from the atomic
level simulating certain polymeric systems with a different content of the cis isomer. The ap-
plication of quantitative nanomechanical properties (i.e., modulus, adhesion, deformation)
acquired with highly correlated topographic registration using PinPoint mode to describe
the formation of nanostructured azo-naphthalene-based polyimide surfaces has not been
reported yet in the literature to the best of our knowledge. The molecular simulation and
confocal Raman spectroscopy complete this study, which promises to significantly advance
the research in this field beyond the state of the art.

2. Materials and Methods

2.1. Material

An aromatic diamine containing the azo group (-N=N-) pendent to the triphenyl-
methane core was synthesized by the Williamson reaction of 4-[bis-(4-amino-3-methyl-
phenyl)-methyl]-phenol with 3-[4-naphthalen-1-ylazo)-phenoxy]-bromopropane. Details
regarding the preparation of this azodiamine and the corresponding intermediates have
been recently reported elsewhere [45]. 4,4′(Hexafluoroisopropylidene)diphthalic anhy-
dride (6FDA) was purchased from Aldrich and used as received. The azopolyimide has
been synthesized by the polycondensation reaction of 6FDA with the above mentioned
azodiamine by using a procedure previously reported [12,45]. The structure of the azo-
naphthalene-based polyimide is shown in Figure 1. The thickness of the azo-naphthalene-
based polyimide films, measured using a profilometer, was 3094–3117 nm, the average
value being 3.10 ± 0.01 μm.

Figure 1. Chemical structure of the novel azo-naphthalene-based polyimide, AzoPI, used in
this study.
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As previously reported in [45], the irradiation with UV light of 365 nm will induce the
photoisomerization of the trans isomer to the cis isomer. The intensity of the absorption
bands located at 384 nm (due to the π → π* transitions in the trans isomer) decreased
progressively as the irradiation time advanced, being assisted by the increase of the ab-
sorption band corresponding to the π → π* and n → π* transitions in the cis isomer,
located at approximately 290 and 472 nm, respectively. Moreover, the corresponding isos-
bestic points were found at 325−326 and 450−459 nm, and the absorption coefficient was
1.1143 × 104 cm−1. The absorption coefficient has been calculated by using the equation:
k = 2.303 A/d, where A is the absorbance and d is the thickness of the sample. Futhermore,
the detailed evaluation of cis–trans thermal isomerization was carried out by UV–VIS
spectroscopy both in solution and in solid state for the starting azodiamine monomer and
corresponding azopolyimide, as it was largely presented in reference [45]. The thermal
relaxation induced the total recovery of trans isomer after 2700 s. The thermal relaxation
was reflected in the gradual increase of the bands at 384 nm (π → π* transitions, trans
isomer) and the progressive decrease of the bands at 290 nm (π→ π*) transitions, cis isomer)
and 472 nm (n → π* transitions, cis isomer) during exposure at 70 ◦C for different intervals
of time.

2.2. Molecular Simulations

The molecular dynamics simulations were performed with Materials Studio 4.0 soft-
ware [46]. First, the structural units corresponding to the trans and cis isomers were built.
These structural units were minimized through ab initio calculations within the DMol3

module using the Perdew-Wang PWC functional until fulfilling a 2 × 10−5 Hartree energy
convergence. Subsequently, 3 polymer chains of 10 structural units each were built, with
different content of cis isomer: AzoPI (with 15% cis groups), AzoPI_50%cis (with 50% cis
groups), and AzoPI_100%cis (with 100% cis groups). The cis azo units were randomly
distributed along the polymer chain. Both the structural units and the polymers were
minimized with the Forcite module using the Dreiding force field. Three-dimensional
amorphous structures were generated using the Amorphous Cell module. Each cell was
built to contain three polymer chains of the same kind, at a density of 1 g/cm3, at 298 K.
The final structures were obtained according to the following protocol: (step 1) minimiza-
tion (energy convergence 1 × 10−4 kcal/mol), (step 2) 2 anneal cycles that were driven in
the range of 300–800 K for 40 ps, (step 3) compression/constriction the cell by molecular
dynamics (NPT ensemble (constant number (N), volume (V), and temperature (T); T is
regulated via a thermostat; pressure (P) is regulated), T = 298 K, Berendsen thermostat
and barostat) until the density reaches a value around 1.2 g/cm3, (step 4) equilibration of
the cell through an NVT dynamics (constant number (N), volume (V), and temperature
(T); T is regulated via a thermostat, pressure (P) is unregulated) for 500 ps (T = 298K,
Nose thermostat). Achieving constant values for the density-time curves in NPT stage
and temperature/energy-time in NVT-MD stage indicates that the system is stable and
has reached an equilibrium value. Data collection was performed after another 200 ps of
dynamic simulations in NVE ensemble (constant number (N), volume (V), and energy (E);
T is regulated via a thermostat, pressure (P) is unregulated), at T = 298 K.

2.3. Laser Patterning

In order to induce micro/nano structuration on the azo-polyimide surface, we used the
setting presented in Figure 2. A pulsed Nd:YAG laser (Brilliant B from Quantel) working at
third harmonic (355 nm wavelength), with a diameter of 5 mm. The laser was horizontally
polarized (s-polarized), meaning that its light oscillated along a horizontal plane. The
electric field vector was perpendicular to the plane of incidence, to the direction of gravity,
and to the direction of light propagation. In this way, the grating region was uniformly
illuminated. This choice can be motivated on the basis of observations of Miniewicz and
collaborators [47], according to which the grating strength in the case of s-p inscription
attains higher values. The pulse duration of 6 ns was chosen. The pulse repetition rate
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was 10Hz. The aperture of 5 mm laser beam was enlarged until 15 mm, by placing a
beam expander with a fixed ratio of 3×. A diffraction phase mask (Edmund Scientific Co.,
Barrington, NJ, USA) with a thickness of 76 μm and 1000 grooves per mm was used. The
linear diffraction grating period was about 1 μm. After passing through the diffractive
optical element, the laser beam generates an interference field in its proximity, leading
to a laser interference pattern on the azo-polyimide surface, placed after the phase mask,
producing features with the pitch of the same order of magnitude. The quartz plate placed
between the phase mask and the sample had a thickness of 1 mm. Two incident fluences,
namely, 10 mJ/cm2 and 45 mJ/cm2 (measured after beam expander), and two different
numbers of pulses, namely, 10 and 100, were used. Therefore, the samples were named
using the label AzoPI i/j, where i is the incident fluence and j is the number of irradiation
pulses, as follows: AzoPI 10/10, AzoPI 10/100, AzoPI 45/10, and AzoPI 45/100.

Figure 2. Pulsed laser irradiation through a phase mask setting, with a detail on the formation of
interference image on the azo-naphthalene-based polyimide surface.

2.4. Measurements

The AFM investigations on the nanostructured azo-polyimide films were performed in
semi-contact mode, in the atmospheric conditions, at room temperature, on a surface area of
10 × 10 μm2, using a Scanning Probe Microscope Solver Pro-M from NT-MDT, Russia, using
a high-resolution “golden” silicon AFM probe NSG01 (NT-MDT, Zelenograd, Moscow,
Russia) with a typical curvature radius of 10 nm and the free resonant frequency of 90.5 kHz.
AFM data acquisition and analysis were performed using Nova software from NT-DMT.
The tridimensional parameters were calculated using Image Analysis 3.5.0.19892 software.
Nanomechanical measurements were made on a Park NX10 Atomic Force Microscope (Park
Systems Corp., Suwon, Korea), using PinPoint Nanomechanical mode, which allowed
us to obtain sample’s stiffness mapping through force–distance curves acquired at each
pixel over the entire scanning area (of 1 × 5 μm2 in our case). Thus, the quantitative
nanomechanical properties (i.e., modulus, adhesion, deformation) of the nanostructured
azo-polyimide surfaces were acquired with highly correlated topographic registration. In
order to provide the most accurate mechanical properties data, we carefully selected the
Force Modulation Mode - Reflex Coating (FMR) probe (Park Systems Corp., Suwon, Korea)
with a force constant of 2.8 N/m and resonance frequency of 75 kHz according to the
relative stiffness of their cantilever when compared to that of the sample, so that it can offer
immediate response to any changes on the surface’s material properties. The scanning
frequency was 0.5 Hz, and the scanning speed was 5.0 μm/s. Besides AFM investigations,
supplementary confocal Raman measurements (laser source: 632.8 nm, 50 mW; CCD
detector) performed using inVia Renishaw Raman confocal microscope (Renishaw, UK)
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were used to provide information about structured azo-polyimide chemical composition
and macromolecular conformation. Spectra were recorded in backscattering geometry
using a 50× objective. Spectral manipulations such as baseline adjustment, smoothing, and
normalization were performed with the WiRE 3.3 software (Renishaw, UK).

3. Results and Discussion

Imaging the distribution of local mechanical properties at the nanoscale can signif-
icantly advance research on exciting soft materials relevant for optoelectronic applica-
tions [48]. In our case, the SRGs were produced using phase masks through pulsed laser
irradiation, with a maximum light fluency lower than the ablation threshold of the mate-
rial. This method employs a diffractive optical element (phase mask) for precise spatial
modulation of the UV laser writing beam. In order to obtain the interference pattern, only
the zero (0) and plus and minus first diffraction orders (±1) were considered. When a UV
laser beam was incident on the phase mask, the zero-order diffracted beam was minimized.
Furthermore, the plus and minus first diffracted orders were enlarged as much as possi-
ble [49]. Because of the very short irradiation times (6 nanoseconds) used in the pulsed
mode, the mechanism responsible for the periodic SRGs profile generation involves the
fringe pattern produced by the interference of the diffracted beams. They act through two
possible mechanisms, namely, a very fast supramolecular reorganization process, induced
by the azo-groups dipole orientation [50], and material photo-fluidization, induced by the
trans–cis isomerization process of the azo-segments in the exposed regions [20,24,51]. This
competes with the larger proper volume required by the cis conformation [52]. None of
the models concerning the azo-polymers surface nanostructuration mechanisms proposed
until now completely explain the surface relief formation, although a consensus has been
reached—the azonaftalene dipoles orientation probably induce a more organized and
compacted structure, having as a result a material contraction in the light-exposed regions
with the generation of grooves in the dark areas [22]. Thus, it is considered that the highest
intensity of the interference pattern corresponds to the valley of SRGs, due to the mass
displacement from exposed to unexposed regions, and inverse mass displacement, from
uncovered to covered regions [20,24,53,54]. On the other hand, it should be mentioned that
the assignment highest intensity of the interference pattern corresponds to the valley of
SRGs is material-dependent and cannot be ascertained from the data presented in this pa-
per, but was previously demonstrated by direct observations of Hurduc and collaborators
20] who proposed a mechanism for SRG formation during laser irradiation involving at
least three processes: (1) the polymer photofluidization in illuminated regions, (2) the mass
displacement from illuminated to dark regions, and (3) the inverse mass displacement from
dark to illuminated regions, on the basis of the performed amplitude modulation-frequency
modulation atomic force microscopy (AM-FM AFM) viscoelastic mapping before, during,
and after light irradiation.

3.1. AFM Nanoscale Morphological Analysis

The occurrence of the SRGs induced by the UV laser irradiation on azo-polyimide
surface was highlighted using AFM investigations. Figure 3 presents the height 3D AFM
images and the corresponding cross-section profiles obtained for the azo-polyimide films
irradiated with different laser energy density/number of pulses of irradiation, as fol-
lows: 10 mJ/cm2/10 pulses (a,b), 10 mJ/cm2/100 pulses (c,d), 45 mJ/cm2/10 pulses
(e,f), 45 mJ/cm2/100 pulses (g,h). According to the height AFM images, Figure 4 de-
picts the height histograms and surface bearing area ratio curves of the azo-polyimide
films irradiated using different laser energy density/number of pulses of irradiation:
10 mJ/cm2/10 pulses (a,b), 10 mJ/cm2/100 pulses (c,d), 45 mJ/cm2/10 pulses (e,f),
45 mJ/cm2/100 pulses (g,h).
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Figure 3. Height 3D atomic force microscopy (AFM) images and corresponding cross-section
profiles for azo-polyimide irradiated using different laser energy density/number of pulses of
irradiation: 10 mJ/cm2/10 pulses (a,b), 10 mJ/cm2/100 pulses (c,d), 45 mJ/cm2/10 pulses (e,f),
45 mJ/cm2/100 pulses (g,h).
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Figure 4. Height histograms and surface bearing area ratio curves corresponding to height AFM
images for azo-polyimide irradiated using different laser energy density/number of pulses of
irradiation: 10 mJ/cm2/10 pulses (a,b), 10 mJ/cm2/100 pulses (c,d), 45 mJ/cm2/10 pulses (e,f),
45 mJ/cm2/100 pulses (g,h).

The anchoring of the azo group through an aliphatic spacer on the polyimide chains
with flexible conformations given by the presence of hexafluoroisopropylidene groups in-
duced a high isomerization/structuring capacity, transposed in the generation of repetitive
surface structures through the phase mask, even at low energies and a small number of
pulses. As can be seen in Figure 3a,b, from the AFM 3D image and the corresponding
cross-section profile, by using an energy density of 10 mJ/cm2 and 10 pulses of irradiation,
we found that the SRGs were not so visible, being only a few nanometers high. At this
low energy, as the number of pulses increased, the structures became wider and better
highlighted, although their height did not differ much from those obtained by using the
small number of pulses (Figure 3c,d). Analyzing the profile diagram of the structured
sample with higher energy density of 45 mJ/cm2 and using 10 pulses of irradiation, we
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observed a very good uniformity of the SRGs’ appearance, with the amplitude of the
modulation being ≈50 nm (Figure 3e,f). This was due to the great mobility of the azo
group in the side chain and flexibility of the main chain, as well as the existing free volume.
Consequently, the polymer responded better to a high energy density of 45 mJ/cm2 and
a small number of pulses (10). Moreover, it can be observed that in this case the SRGs
were narrow, as in the previous case, when a small number of irradiation pulses were used.
As the energy was increased, the repetitive structures became more and more defined,
increasing in height with the increase of the number of pulses until 100 nm (Figure 3g,h)
as observed from the cross-section profiles. It seemed that from the structural uniformity
point of view, the irradiation with high energy and small number of pulses was the most
indicated. At large number of pulses (100), their aspect was a corrugated one, as can be seen
from the cross-section profile (Figure 3g). The obtained image suggests the occurrence of
possible phenomena that may be due to surface reorganization mechanisms (Figure 3h) or
to additional nanostructuring of the formations. This complex high-amplitude morphology
may be an indication that the structured sample acted itself as a diffractive element—it
generated further diffraction orders that gave shorter periods (higher harmonics) to the
holographic irradiation pattern. The response of the material after irradiation may have
been due to the mechanisms of reorganization on the surface or induced by the appearance
of the photo-fluidization state. Photo-fluidization can become significant, especially when
using a large number of pulses. However, regardless of the mechanism of the surface
organization, due to the conformational changes that occur in the azo-polyimide during
irradiation, it is difficult to assess the accurate response to the phase mask laser irradiation
process of this material. In addition, according to Viswanathan et al. [55], since mechanical
forces may also act in the bulk of the film, it is possible that the orientation grating extends
also throughout the thickness of the material.

The values obtained for the root mean square roughness (Table 1) were influenced by
the SRGs aspect and amplitude, following the same trend. In this way, it was observed that
Sq increased as the energy/number of pulses increased.

Table 1. 3D roughness parameters obtained from AFM images of the investigated azo-polyimide samples (energy density
of 10 or 45 mJ/cm2 and variable number of laser pulses 10 or100).

Parameter
Sample

AzoPI 10/10 AzoPI 10/100 AzoPI 45/10 AzoPI 45/100

Height parameters
Sq (nm) 0.4 0.732 16.159 28.723

Shape parameters
Ssk 0.466 −0.284 0.762 0.343
Sku 5.466 3.061 2.354 3.193

Spatial parameters
Stdi 0.388 0.418 0.193 0.407

Hybrid parameters
Sdr (%) 0.00542 0.00981 1.496 5.342

Functional indexes
Sbi 0.113 0.308 0.794 0.429
Sci 1.464 1.346 1.839 1.671
Svi 0.0855 0.131 0.046 0.096

Functional volume parameters
Vmp (nm3/nm2) 0.0232 0.0242 0.562 1.62
Vmc (nm3/nm2) 0.365 0.664 13.300 25.4
Vvc (nm3/nm2) 0.463 0.875 25.400 36.6
Vvv (nm3/nm2) 0.0334 0.096 0.754 2.75

Sq: root mean square roughness of the surface; Ssk: skewness of height distribution; Sku: kurtosis of height distribution; Stdi: surface
texture direction index; Sdr: surface area ratio; Sbi: surface bearing index; Sci: core fluid retention index; Svi: valley fluid retention index;
Vmp: peak material volume; Vmc: core material volume; Vvc: core void volume; Vvv: valley void volume.
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The aspect of the height histograms (Figure 4a,c,e,g) also describes the surface features
created by the phase mask UV laser irradiation by means surface skewness (Ssk) and
coefficient of kurtosis (Sku) (Table 1), indicating also the distribution of the relief on areas of
interest: the valley zone, the core zone, and the peak zone. Details regarding their meaning
can be found in Appendix A.

The hybrid parameter surface area ratio (Sdr), calculated as the ratio between the
area of the real developed surface and the area of the projected surface, can be used to
describe the complexity of the surface. This parameter has an important role in controlling
the surface properties of the materials envisaged for use in electronics [56], being a key
factor for measuring the performance. Analyzing the data from Table 1, one can conclude
that the surface complexity increased with the increase of the laser energy density due to
the appearance of well-defined SRGs. The most complex surface was obtained for AzoPI
45/100 sample, induced by the supplementary nanostructurations of the SRGs formations,
visible in Figure 3g,h.

The values of the spatial parameter surface texture direction index (Stdi) (displayed
in Table 1 and calculated examining the 3D AFM height images and the corresponding
angular spectra) were indicators of whether or not a surface has a preferential orientation
of its features, thus denoting the anisotropy/isotropy of the morphology. Stdi close to
1 indicates that the sample surface is isotropic, with a random surface texture that does
not have any texture that stands out, with no preferential orientation and presenting
identical characteristics regardless of the direction of measurement. Meanwhile, Stdi close
to zero shows a dominant direction of the surface morphology [14,57]. This can indicate
an oriented surface or a periodic structure. In this case, the surface is considered to be
anisotropic. Therefore, for all nanostructured samples, the values of about 0.2–0.4 attributed
of this spatial parameter denote the anisotropy of the morphology induced by the oriented
SRGs under pulsed UV laser irradiation. Moreover, AzoPI 45/10 sample shows the highest
degree of orientation and organization, indicated by the lowest value of Stdi, namely, 0.193.
This information is very important in describing the anisotropy of the morphology, used in
electronic applications, where the controlling of the alignment is necessary.

Upon computation by inversion of the cumulative height distribution histograms,
division into zones (Figure 4a,c,e,g), the surface bearing area ratio curves or Abbott curves
(Figure 4b,d,f,h) were used as the basis for calculating the functional indexes (Sbi, Sci, Svi)
and functional volume parameter (Vmp, Vmc, Vvc, Vvv) [58].

These parameters, presented in Table 1, are of great importance for the pursued
applications. Low surface bearing index values (Sbi < 0.608) [57] obtained for AzoPI 10/10,
AzoPI 10/100, and AzoPI 45/100 films revealed surfaces with low bearing capacity. This
fact is also supported by low values obtained for the peak material volume. Instead, AzoPI
45/10 sample has bearing index higher than 0.608, indicating a good bearing capacity. In
the core zone, Sci is sensitive to both occasional high peaks and occasional deep valleys.
AzoPI 10/10 and AzoPI 10/100 have a low core fluid retention index (Sci < 1.56) [57],
induced also by the low values of the core material and void volumes, while AzoPI 45/10
and AzoPI 45/100, due to their complex morphology and high core material and void
volumes, have a high core fluid retention index (Sci > 1.56) [57]. The analyzed surfaces
with relatively few deep valleys have low valley fluid retention index (Svi < 0.11) [57] due
to low valley void volumes.

In this way, the pattern can be designed by controlling the experimental parameters,
and by calculating these parameters that describe the obtained morphology, we can select
a certain pattern for a special desired electronics manufacturing application.

The topography does not provide the difference in mechanical properties (such as elas-
ticity, adhesion). AFM phase imaging can provide mechanical properties distribution using
qualitative contrast. On the other hand, force–distance spectroscopy records mechanical
data quantitatively by indenting a cantilever tip on the sample surface one point at a time.
In our case, the analysis of the mechanical characteristics of the newly formed nanogrooves
required to acquire the distribution image and the quantitative data simultaneously.
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3.2. Nanomechanical Characterization Using AFM PinPoint Mode

PinPoint Nanomechanical mode was designed to prevent positional errors by si-
multaneously acquiring accurate height and force–distance information in each of the
256 × 256 pixels in the whole scanning area, thus preventing the occurrence of the artifacts
and positional errors in force–distance spectroscopy and topographical data. In Figure 5
and Appendix B, we present the working mechanism of PinPoint Nanomechanical mode,
describing the generation of the map of the sample’s stiffness/elasticity and deformation
depth from the surface concomitantly obtained through the adhesion force map with the
topographic sample information [59–64].

Figure 5. Working mechanism of PinPoint Nanomechanical mode: the tip of the cantilever is moved
at each of 256 × 256 points along a sample’s surface, and the feedback system controls the approach
and retraction of a probe, allowing the acquirer of both surface topography and force–distance curves,
and further to extract the mechanical property data.

Figures 6–8 show the PinPoint combined height, adhesion force, deformation, and
Young’s modulus AFM images and corresponding cross-section profiles in the case of
pristine (Figure 6) and irradiated azo-polyimide with a laser energy density of 45 mJ/cm2

and either 10 pulses (Figure 7) or 100 pulses (Figure 8). The last two samples were selected
for this kind of measurement because the generated modulations were very well defined,
facilitating the investigations in different positions of interest (on the top hills, middle
slopes, base, and bottom valleys of the SRG, as indicated in Figure 5). Each profile was
an average of the profiles in the band highlighted in the images, excepting the case of the
pristine sample, where the surface was random.

As seen in Table 2, the pristine AzoPI presented an average adhesion force of 12.6 ± 0.8 nN,
deformation of 5.1 ± 0.2 nm, and Young’s modulus of 294.8 ± 20.5 MPa. After the SRG
formation as a result of pulsed UV laser irradiation, these nanomechanical characteristics
were found to be different, depending on the region of the modulation where the measure-
ments were made, namely, on SRG top hills, middle slope, bottom valleys, and baseline, as
indicated in Figure 5. Thus, various values of nanomechanical parameters were obtained
in these different regions, mostly induced by the density of the material, but not limited
to it.
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Figure 6. AFM PinPoint combined height, adhesion force, deformation, and Young’s modulus
images and representative cross-section profiles taken along the middle line obtained for pristine
azo-polyimide.

Figure 7. AFM PinPoint combined height, adhesion force, deformation, and Young’s modulus AFM
images and corresponding cross-section profiles mediated from the presented three lines obtained
for azo-polyimide irradiated with a laser energy density of 45 mJ/cm2 and 10 pulses.
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Figure 8. AFM PinPoint combined height, adhesion force, deformation, and Young’s modulus
images and corresponding cross-section profiles mediated from the presented three lines obtained
for azo-polyimide irradiated with a laser energy density of 45 mJ/cm2 and 100 pulses.

Table 2. The values of the nanomechanical characteristics (adhesion force, deformation, and Young’s modulus) measured at
different positions on the azo-polyimide samples before and after laser irradiation by using AFM PinPoint mode.

Sample Position on the Sample

Nanomechanical Characteristics

Adhesion Force
(nN)

Deformation
(nm)

Young’s Modulus
(MPa)

AzoPI All over the surface 12.6 ± 0.8 5.1 ± 0.2 294.8 ± 20.5

AzoPI 45/10

SRG top hills 11.6 ± 0.3 6.3 ± 0.1 299.8 ± 5.5
SRG middle slopes 6.2 ± 0.7 8.9 ± 0.1 195.1 ± 4.6
SRG bottom valleys 12.1 ± 0.1 6.7 ± 0.1 311.0 ± 5.2

SRG base line 11.4 ± 0.4 6.8 ± 0.2 302.8 ± 9.1

AzoPI 45/100

SRG top hills 12.9 ± 1.9 5.4 ± 0.2 294.2 ± 9.0
SRG middle slopes 3.2 ± 0.4 8.9 ± 0.3 128.9 ± 8.6
SRG bottom valleys 13.3 ± 0.1 5.1 ± 0.2 307.9 ± 12.2

SRG base line 12.4 ± 0.3 5.1 ± 0.1 301.9 ± 12.3

As mentioned above, the valley of the SRGs corresponds to the highest intensity of the
UV laser irradiation through the phase mask. In this region, the macromolecules containing
azo groups in the lateral chains undergo photo-isomerization during irradiation, when
transitions from stable trans state to metastable cis state occurs along with changes in the
molecular length and the dipole moment (Figure 9) [65]. This phenomenon will engender
a localized substantial nanoscale stress, requiring more free volume for the local motion
of azo groups from the lateral chain in cis configuration [52] and movement of the whole
azo-polyimide backbone, inducing a dilatation effect and a continuous disturbance of the
localized stress field [66].
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Figure 9. Molecular modeling of the photo-isomerization process of the azo-naphthalene groups: (a) minimum energy
conformations of a AzoPI repeating unit in trans and cis states; (b) three-dimensional view of one amorphous cell for the
AzoPI in stage I, stage II, and stage III (three polymer chains inside, each containing 10 repeating units; the grey surface
indicates the Van der Waals surface, the blue surface indicates the void surface).

Figure 9 shows three different stages of the system: stage I with polymer chains having
azo-naphthalene modified in cis conformation in proportion of 15%, stage II with 50% azo-
naphthalene groups in cis conformation, and stage III having all azo-naphthalene segments
in cis form.

Molecular simulations have confirmed this expansion effect by higher values of the
volume occupied by the polymer chains, Vo, for the AzoPI in stage II compared to the
stage I and the stage III (Table 3). Regardless of the mechanism involved in the photo-
isomerization, rotation around the azo group, or inversion through one of the nitrogen
nuclei, we found that a sufficiently large free volume was required to allow this mechanism,
avoiding steric hindrances. It was found that the same system, AzoPI, had the largest free
volume fraction in stage II. The free spaces between atoms provided the empty space useful
for the movement of the molecular chains, and thus ensured the evolution towards the
state III of the system.
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Table 3. Predicted parameters for the azo-polyimide systems studied by molecular simulation.

AzoPI Sample

Parameter

ρp

(g/cm3)

Vo

(Å3)
Vf

(Å3)
FFV

ree

(Å)
CED × 107

(cal/m3)

Stage I 1.20 25,012 17,105 40.61 31.06 5.8409

Stage II 1.19 25,025 17,642 41.35 36.55 5.7983

Stage III 1.21 24,993 16,649 39.98 28.95 6.0190
ρp—density of packing; Vo—occupied volume with the atoms being represented by Van der Waals radii; Vf—free
volume; FFV = (Vf/(Vo + Vf))·100—fractional free volume; ree—end-to-end distance of the polymers; CED—
cohesive energy density.

In order to characterize the average configuration of a chain, we calculated the struc-
tural end to end distance (ree) parameter. It was found that this parameter increased
from stage I to stage II (Table 3) when the maximum value was reached, after which a
decrease took place (stage III). In this case, first, the macromolecular chain stretched and
then adopted a coil structure more compact than the starting one.

Cohesive energy density (CED) is a measure of the binding energy of the polymers
relative to the unit volume. The CED also indicates the mixing degree of the polymer
chains. Comparing the results from Table 3, we observed that the structure of AzoPI in
stage II had the lowest cohesive energy density.

Saphiannikova et al. [67] demonstrated that the sign of the force induced by light
is very sensitive to the molecular architecture, and therefore an effect of local extension
occurs for amorphous azo-polymers. Consequently, due to the stress release in the UV
laser-exposed region, a sudden modulating of the morphology takes place.

A very interesting phenomenon was observed. On SRG middle slopes, the average
adhesion force and Young’s modulus were strongly reduced, simultaneous with the in-
creases of the deformation (Table 2). Here, it seemed that the azo-material was softer,
which may be related to a photo-induced reduction of the density [67–69]. Moreover,
the molecular modeling data revealed that the structure with 50% of azo groups in cis
conformation had the lowest value of cohesive energy density. With the decrease of the
cohesive interactions, the force necessary to produce a deformation will decrease, meaning
the decrease of Young’s modulus.

Moreover, it was observed that, although in the case of Azo-PI 45/100, when the
number of pulses of irradiation was higher than those used in the Azo-PI 45/10 case, still
the adhesion force and Young’s modulus were smaller. This is probably due to the higher
number of trans–cis–trans photo-isomerization cycles of the azo-moieties that induce a
material flow and implicitly a very weak plasticization. It is well understood that the
material flow (as a dynamical process where material is moving) could not be directly
measured here. However, plasticization could be inferred, with this being related to a
change in the elastic properties (softening or hardening).

At the baseline, and especially on the bottom of new formed SRG, there was a high
concentration of azo-naphthalene moieties in the cis state, which in both studied cases
AzoPI 45/10 and AzoPI 45/100 changed the mechanical properties (see Table 2), slightly
increasing the Young’s modulus, comparative to that obtained for the pristine sample.
Hardening of the azo-polymer, as a result of an initial plasticization, was induced by the
presence of a high population of cis fraction. The high density of cis isomers leads to
an increase in the strength of intramolecular interactions in this region and also stronger
interactions with the surrounding environment than trans isomers [70], a fact also proved
by the CED values determined by the molecular dynamic simulations (Table 3). Thus, the
local values of the Young’s modulus of the azo-polyimide are expected to vary with the
concentration of cis isomers.

The rigidity, the hardening of the polymer, correlates at the microscale level with the
mobility of the chains. The mean square displacement (MSD) function characterizes the
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movement of polymer chains by measuring the deviation of the position of a particle at a
time (t) from the position it had at the reference time (0):

MSD (t) = [r(t)− r(0)]2

According to Figure 10, the mobility of the backbone of AzoPI in stage III was the
lowest, indicating that this system with all azo groups in the cis configuration was the most
rigid. The intensity of the backbone movements for AzoPI in stage I and stage II were
found to be similar over time. As expected, the azo segments (C–N=N–C) belonging to
the polymer side chains had wider movements compared to the mobility of the main rigid
chains. It was observed that the azo segments in the AzoPI in stage III chains mimicked
the behavior of the chains from stage I, having much lower mobility compared to the other
azo segments. The mobility of the azo segments belonging to the AzoPI polymers in stage
I and II was approximately the same, reaching at 200 ps the segments connected to AzoPI
in stage I to have a slightly higher motion than those connected to AzoPI in stage II.

Figure 10. Evolution in time of the mean square displacement function of the AzoPI backbones and
corresponding azo segments in stage I, stage II, and stage III.

Moreover, the azo-naphthalene dipoles orientation can determine a more organized
and condensed structure, having as a consequence the material contraction in the exposed
regions, leading also to an increase of the hardness. If we consider the side azo segments
(C–N=N–C) belonging to the three polymeric systems, the distribution of the dipole mo-
ment along the Cartesian axes as a function of time is represented graphically in Figure 11.
However, we must specify that in the simulations the azo groups were left free to evolve,
without any constraint of the dihedral angles.

The photoinduced molecular reorientations are those that dictate the direction and
modulus of the dipole moment. The different values of the dipole moment obtained in our
three considered cases indicate changes in the geometry and polarity of the azo segment
over time. As can be seen, the dipole of the group defined by the azo segments was different
from one stage to another, being dependent on the rigidity and geometry of the chain.
On the other hand, the cumulative effect of lateral group movement can cause changes
in the conformation of the molecule. By averaging the values of the dipole modulus
along the 200 ps, we obtained the following values for the azo segments: μAzoPI = 3.7 D,
μAzoPI_50%cis = 5.4 D, and μAzoPI_100%cis = 8.6, following the natural evolution of the modu-
lus growth with the transition from the trans to the cis isomer.

As mentioned earlier, as a consequence of the interaction with the pulsed UV laser,
during the trans–cis isomerization, the azo groups induce a very high pressure that de-
termines the azo-polyimide to be able to develop high expansion forces during mass
transport [52,71], which is liable for the irreversible deformations leading to SRG formation.
In this stage, we found a certain state of matter, with a special feature, namely, extremely
high viscosity and very low speed of polyimide chain displacement, on the strength of
trans–cis–trans motion of azo-segments, that act as molecular motors [21]. The measure-
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ments performed on the peak of the sinusoidal pattern induced by this mass transport
towards the lateral, together with the elastic material deformation determined by the
supramolecular reorganization process, apparently indicated that no reaction takes place
in this region (as a result of being protected by the mask). Thus, since these areas are rich
in lateral chain azo groups in trans configuration, the values of the elastic modulus were
close to that obtained for the pristine azo-polyimide (Table 2).

Figure 11. Evolution in time of total dipole moment (μ) and of the x, y, and z components of the dipole moment (μx, μy, and
μz, respectively) of the azo segments (C–N=N–C) of AzoPI in stage I, stage II, and stage III.

Essentially, during the dynamics of SRG formation process, there is a phenomenon in
the variation of the material density [72].

3.3. Evaluation of the Local Chemical Properties

Raman spectroscopy was used to identify the signature of the aromatic azo group
grafted on the polyimide chains before and after irradiation. According to literature data,
the azo (-N=N-) stretching band (-N=N-) has strong intensity with the trans form absorbing
in the range of 1465–1380 cm−1 and cis form around 1510 cm−1 [73,74].

As can be seen in Figure A1, all the SRGs resulted after the treatment of azo-polyimide
films with UV-pulsed laser radiation in different conditions showed the same strong
absorption bands at 1449 cm−1 due to the distinct vibrational band (νN=N) of the polymer
chromophore that corresponded to the trans isomer. A very small absorption band around
1510 cm−1 could be observed as well for all irradiated samples, being associated with the
vibrational band of the azo-group in cis form. It was obvious that this small absorption
band slightly evolved with the increase of the incident fluence energy and number of
pulses used for laser irradiation. Meanwhile, the vibrational band attributed to C–N bond
(νC-N) was identified for all azo-polyimide films at 1138 cm−1. Besides the appearance
of the small absorption band around 1510 cm−1 associated with the vibrational band
of the cis isomer formed after irradiation, the Raman spectra of irradiated films were
not significantly altered as compared to that of the pristine sample, indicating that no
chemical modification or degradation of the polyimide occurred during the irradiation.
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Accordingly, the changes detected in AFM measurements at the nanoscale were induced
by conformational transitions, as also predicted by molecular modeling.

4. Conclusions

The aim of this study was to provide new insights regarding the formation mecha-
nism of pulsed UV laser-nanoinduced patterns on azo-naphthalene-based polyimide films
by evaluating the morphological, statistical, local mechanical, and chemical properties
via AFM, in correlation with the molecular modeling. The quantitative nanomechanical
properties (Young’s modulus, adhesion, deformation) of SRGs using the AFM PinPoint
method were acquired with highly correlated topographic registration. The experimental
evaluations highlighted different values of nanomechanical parameters obtained in differ-
ent regions of the patterned relief. These were induced by re-organization of the matter by
azo-naphthalene dipoles orientation and material photo-fluidization induced by repeated
trans–cis isomerization of the azo-segments.

Attempts have been made to explain experimental phenomena by molecular mod-
eling. The photoisomerization phenomenon was studied using three systems in which
the content of cis isomers was gradually increased. Although the variations of the sta-
tistical and dynamic parameters such as the fractional free volume, end to end distance,
mean square displacement, or dipole moment were small from one system to another,
their evolution followed the same behavior as that observed at the macroscale during the
photo-isomerization process. It was found that polymers with 50% azo groups in cis had
either a maximum or a minimum peak of the calculated parameters. The low mobility of
the chains with a maximum content in the cis isomer could explain the phenomenon of
azopolymer hardening due to the photoisomerization process.

In addition, confocal Raman measurements evidenced no significant spectral changes,
except for the slight increase of the absorption band due to the cis isomer evolution,
demonstrating their origin in the polymer conformations before and after irradiation rather
than in the polyimide chemical modifications.
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Appendix A

The use of two 3D topographic parameters, namely, surface skewness (Ssk) and coeffi-
cient of kurtosis (Sku), allowed us to measure the departure from a Gaussian distribution
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of surface heights, emphasizing on one hand the degree of symmetry of the surface heights
reported to the mean plane (Ssk), and on another hand the spread of the newly created
structures in relation with the whole surface morphology (Sku). Consequently, the value of
the skewness was influenced by the surface dislevelment, which can be above (negative
skewed) or below (positive skewed) the mean surface height, implicitly being sensitive
to occasional deep valleys or high peaks. The negative skewness obtained for AzoPI
10/100 sample (Table 1, Figure 4c) indicated surfaces with truncated peaks or occasional
deep valleys (as seen in the cross-section profiles from Figure 3d). The positive skewness,
calculated for AzoPI 10/10, AzoPI 45/10, and AzoPI 45/100 (Table 1, Figure 4a,e,g), re-
vealed profiles with valleys filled in, or occasional high peaks, as pictured in Figure 3b,f,h
by the cross-section profiles. The lower positive value of the kurtosis (Sku < 3) obtained for
the homogeneous periodic AzoPI 45/10 sample (Table 1) indicated that the surface was
platykurtic (Figure 4e), presenting a bumpy morphology with a relatively even distribution
of heights above and below the mean height (as seen in Figure 3f of the cross-section
profile). Thus, the valley zones and the up hills were well-defined. The higher positive
values of the kurtosis (Sku > 3) obtained for AzoPI 10/10, AzoPI 10/100, and AzoPI 45/100
(Table 1) suggest leptokurtic surfaces (Figure 4a,c,g), with surface relief gratings with spiky
morphologies (as observed also from the cross-section profiles from Figure 3b,d,h).

Appendix B

Along with 3D imaging at the nanoscale, nanomechanical properties (including adhe-
sion, hardness, etc.) measurement on the sample surface at nN-scale via force–distance (F-d)
spectroscopy by using a cantilever tip to probe the sample is one of the most well-known
functions of AFM. This technique, widely used in domains such as physics, chemistry, and
materials science dealing with nanoscale research, generally implies firstly acquiring a
reference map of the topography data of a sample, on which the force–distance measure-
ments are subsequently be made in the regions of interest after a preliminary alignment.
Still, it is hard to prevent both positional errors in force–distance spectroscopy data and
topographical data, as well as the artifacts induced by the adhesive tip–soft sample interac-
tion. This is why PinPoint Nanomechanical mode was designed to prevent these positional
errors by simultaneously acquiring accurate height and force–distance information in each
of 256 × 256 pixels in the whole scanning area, while moreover preventing the cantilever
tip from grabbing additional material from the surface when it travels to the next pixel
position by lifting it at every pixel at a perpendicular angle from the sample surface. For
this, some preset parameters are necessary. One of the most important is the control height,
which is determined in the AFM cantilever retraction process from the sample surface
in its movement between pixels and is dependent on the features of the sample surface.
For example, if the surface heights are small, the control height must be small, and vice
versa. However, in some cases, if the surface sample has small heights, but is tacky, then
the height control must be suitably enlarged in order to separate the tip from the sample
in anticipation of the switch to the next pixel. Other necessary preset parameters are the
stiffness threshold (which establishes the force frequently acting on the surface sample),
the approach and retract time, the XY pixel-to-pixel movement time, the pre-approach
delay for determining a scanning speed, and the lift height. Thus, an optimized surface
morphology providing precisely the height information is determined.

In the first instance, PinPoint mode imaging can generate an adhesion map using the
maximum adhesion force value by acquiring in each pixel the adhesion force (Fadh) between
the structured formations and silicon cantilever, calculated from each force–distance curve
(as the one from Figure 5) as a linear function of the probe displacement relative to the
sample surface along to the Z-axis, according to Hooke’s law, expressed by

Fadh = −kΔx,

where k is cantilever stiffness and Δx is deflection of the cantilever in rapport with azo-
polyimide SRG.
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The sample’s stiffness/elasticity (Young’s modulus) can be acquired, similar to the
force–distance spectroscopy procedure, from the slope of the force–distance curve taken at
each pixel, from the point of contact to the deflection threshold, as seen in Figure 5, fitted
with the Hertz model [59–61]. Assuming that no friction exists between the azo-polyimide
sample and the elastic sphere tip with radius R, which indents to a displacement d, the
applied force can be derived as (Figure 5)

Fappl =
4
3

E∗√Rd3,

where E* is the effective elastic modulus. E* can be calculated by measuring Fappl, R, and d:

E∗ = 3
4

Fappl√
Rd3

In order to evaluate the deformation depth from the surface of the sample, d, one
must change the force–distance curve to a tip-sample separation. At the same time, E* is a
function of the two materials implied in the interaction, namely, the one of the tip and the
one of the sample:

1
E∗ =

1 − ν2
tip

Etip
+

1 − ν2
sample

Esample

where Etip is the elastic modulus of the tip, Esample is the elastic modulus of the sample,
νtip is the Poisson’s ratio of the tip, and νsample is the Poisson’s ratio of the sample. The
Poisson’s ratio for the Si AFM tip was set at 0.27 [62] and for azo-polyimide sample was
set at 0.35 [63,64]. Knowing E*, Etip, νtip, and νsample, Esample can be back-calculated with
the formula

Esample =
1 − ν2

sample

1
E∗ − 1−ν2

tip
Etip

In this way, the map of the sample’s stiffness/elasticity can be simultaneously acquired
through the adhesion force map with the topographic sample information, locally resolving
the distribution of adhesion and elasticity on the investigated surface.

Appendix C

Figure A1. Raman spectra recorded on pristine and irradiated AzoPI film surfaces.
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Abstract: In this research work effect of embedment of multiwall carbon nanotubes (MWCNTs) on
the physical and mechanical properties of medium density fiberboard (MDF) have been investigated.
The MWCNTs were embedded in urea formaldehyde resin (UF) at 0, 1.5%, 3% and 5% concentrations
by weight for the manufacturing of nano-MDF. The addition of these nanoparticles enhanced thermal
conductivity by 24.2% reduced curing time by 20% and controlled formaldehyde emission by 59.4%.
The internal bonding (I.B), modulus elasticity (MOE), modulus of rupture (MOR), thickness swelling
(Ts) and water absorption (WA) properties were improved significantly by 21.15%, 30.2%, 28.3%,
44.8% and 29% respectively as compared to controlled MDF.

Keywords: MDF; MWCNTs; UF; thermal conductivity; formaldehyde emission; I.B; MOE; MOR;
Ts; WA

1. Introduction

Medium density fiberboard (MDF) is a natural timber panel manufactured using wood
homogeneous fibers or supplementary lingo cellulosic fibers and binders under pressure
and temperature [1]. The applications of MDF include furniture industries, flooring, interior
domestic construction, tabletops, vanities, speakers, sliding doors, lock blocks, interior
signs, displays, table tennis, pool tables, electronic game consoles, kitchen worktops, office
work surfaces, educational institutions, laboratories and other industrial products [2].
Wood mix panels offer a uniform advantage to the structure, which can be important
for many design applications [3]. Due to poor physical properties, i.e., water absorption
and thickness swelling, and mechanical properties, i.e., internal bonding, modulus of
elasticity and modulus of rupture, MDF is no longer used in moist and hot environments.
Some research has been conducted to improve the physical and mechanical performance
of MDF by introducing melamine, wax and other additives [4].

The fibrous nature of wood has made it one of the most appropriate and versatile raw
materials for various uses. However, two properties restrict its much wider use, namely
dimensional changes when subjected to fluctuating humidity and mechanical strength.
Wood may be modified chemically or thermally so that selected properties are enhanced in
a more or less permanent fashion. Another option to improve these properties is to exploit
the solutions that nanotechnology can offer. The multiwall carbon nanotubes (MWCNTs)
of nanotechnology compounds can deeply penetrate into the wood, effectively alter its

Nanomaterials 2021, 11, 29. https://dx.doi.org/10.3390/nano11010029 https://www.mdpi.com/journal/nanomaterials

239



Nanomaterials 2021, 11, 29

surface chemistry and result in a high degree of protection against moisture and mechanical
strength. In addition, the use of lignocelluloses materials for the production of advanced
wood composites is an innovative avenue for research[5].

This research was conducted with the objective to study the influence of MWCNTs
on the physical and mechanical performances of MDF. The comparison of nanoparticle
concentration with respect to nano-MDF was also investigated.

In order to investigate the physical and mechanical performance of nano-MDF, a hy-
brid approach of nanofillers containing alumina, silicon dioxide and zinc oxide in urea
formaldehyde (UF) resin glue was carried out by Candan et al. (2015) [6]. Based on
the dry weight of natural fibers, the concentration was kept at 0%, 1% and 3%. Physical
and mechanical tests were performed and it was concluded that almost bending strength
and modulus of elasticity and screw holding properties enhanced significantly. Taghiyari
et al. (2016) explored the physical and mechanical properties of MDF via the addition of
nano-wollostonite and camel thorn fibers in UF resin in a ratio 90:30. The size of these
fibers was in the range of 100 nm−1μm. An extraordinary improvement was observed
in the physical and mechanical properties of MDF [7]. Ismita et al. (2017) conducted
an experimental study to investigate the mechanical and physical characteristics of MDF in
accumulation of UF-Na+ nanofillers at 2.0%, 4.0% and 6.0%. Among the three concentra-
tion levels, 6.0% Na+-based resin had improved modulus of rupture, thickness swelling
and modulus of elasticity properties by 34.0%, 6.0% and 65.0%, as compared to normal
MDF [8]. CaCO3 and poly methyl methacrylate nanoparticles were introduced in UF resin
by Yipeng Chen et al. (2018). Thermogravemetric analysis along with mechanical properties
and thickness swelling were measured. The results showed an incredible improvement in
thermal, mechanical and thickness swelling properties [9]. Da Silvaet al. (2019) developed
an experimental study to find out the thickness swelling, bacterial and mold resistance
properties of MDF with UF-ZnO and melamine formaldehyde and zinc oxide(MF-ZnO)
nanofillers. Three samples of each nanofiller-based MDF were tested for physical and bio-
logical performance. Among all concentration levels, 0.5% of ZnO with MF-based MDF
has the highest values of physical and biological properties [10]. To explore the thermal,
physical and mechanical properties of MDF, Alabduljabbar et al. (2020) studied the effect
of 0%, 1.5%, 3.0% and 4.5% alumina nanoparticles in the UF resin and explored the effect of
Al2O3 nanoparticles on the physical and mechanical properties of nano-MDF. The resultant
internal bonding, modulus of elasticity, modulus of rupture, thickness swelling and water
absorption characteristics were boosted up to 16.4%,31%, 22.12%, 40.15% and 37.53% in
that order [11].

Although the addition of nanoparticles has been analyzed in various contexts in
literature, the aim of this research work is to explore MWCNTs with diverse absorption
levels in order to enhance a number of physical and mechanical characteristics, i.e., thermal
conductivity, water absorption, thickness swelling, density, formaldehyde emission, inter-
nal adhesion, bending strength and modulus of elasticity. The fibrous nature of wood has
made it one of the most appropriate and versatile raw materials for various uses. However,
two properties restrict its much wider use, namely dimensional changes when subjected
to fluctuating humidity and mechanical strength. Wood may be modified chemically or
thermally so that selected properties are enhanced in a more or less permanent fashion.
Another option to improve these properties is to exploit the solutions that nanotechnol-
ogy can offer. The MWCNTs of nanotechnology compounds can deeply penetrate into
the wood, effectively alter its surface chemistry and result in a high degree of protection
against moisture and mechanical strength. In addition, the use of lignocelluloses materials
for the production of advanced wood composites is an innovative avenue for research.

2. Materials and Methods

2.1. Materials

Urea-formaldehyde resin, MWCNTs and natural wood fibers are used as raw materials
for manufacturing of nano-MDF. These raw materials are explained in the subgroup below.
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2.1.1. Urea-Formaldehyde (UF) Resin

Urea formaldehyde resin was purchased from Wah chemical company, Pakistan.
The physical and chemical characteristics of the UF resin are shown in Table 1.

Table 1. Physical and chemical properties of urea-formaldehyde.

Viscosity (Cps) Density (kg/m3) pH Free Formaldehyde (mg/100 g) Gel Time (s) Solid Content (%)

180–290 1.25 8.1 0.75 63 59

2.1.2. Multiwall Carbon Nanotubes (MWCNTs)

(MWCNTs) were provided by Guangzhou Hong Material Technology Company
Limited, China. The SEM and XRD of MWCNTs can be seen in Figures S1 and S2 in
Supplementary Materials section. The motive for the assortment of MWCNTs is their
incomparable tensile strength [12] and thermal conductivity [13,14]. The MWCNTs can
deeply penetrate into the wood, effectively alter its surface chemistry and result in a high
degree of protection against moisture and mechanical strength. In accumulation, they can
be chemically improved [15]. These material goods are anticipated to be appreciated in
numerous extents of technology, such as microchip technology, optics, composite materials,
nanotechnology and further submissions of materials science. The diameter of a MWCNT
tube ranges from 20 to 40 nanometers.

2.1.3. Natural Wood Fibers

Poplar wood fibers were received from Ciel Woodworks (Pvt) Ltd., Peshawar, Pakistan.
The length of the fibers is in the range of 0.56–1.0 mm.

2.1.4. Fictionalization of MWCNTs

Raw MWCNTs of a definite weight (1.0 g) were added into 50 mL 3:1 mixture (v/v)
of concentrated H2SO4 (98%) and HNO3 (68%) with sonication at 140 ◦C for 1 h. The at-
tachment of the functional groups on the surface of the MWCNTs was identified using
the Fourier transform infrared (FTIR) spectrophotometer Imprestige-21, Shimadzu Cor-
poration, JAPAN (wave number range of 400–4000 cm−1), equipped with an attenuated
total reflectance (ATR) device (wave number range of 500–4000 cm−1 with 20 scanning rate
and resolution of 4 cm−1) for the confirmation of gelatin-chitosan interaction in the com-
posites.

2.1.5. Raman Spectroscopy

Raman spectra of the three kinds of MWCNT were recorded on a Renishaw 1000
Raman spectrometer with the wavelength of the Raman laser at 532 nm.

2.2. Preparation of UF-MWCNTs Nanofiller

The MWCNTs-UF nanofluid was primed in the materials Science Lab, Institute of
Space Technology, Islamabad, Pakistan with the configurations specified in Table 2 dignified
in grams.

Table 2. Configurations of multiwall carbon nanotubes (MWCNTs)-urea formaldehyde (UF) nanofluid.

Composition

Materials MWCNTs1 MWCNTs2 MWCNTs3 MWCNTs4

UF(g) 200 200 200 200

MWCNTs (wt%) 0 1.5 3 5

The nanofluids were blended by weighing 200 g of urea-formaldehyde resin and 0,
1.5, 3 and 5 wt% of MWCNTs of dry weight of fibers. The sonication of the nanofluids was
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carried out by means of an Ultrasonic Processor UP 400S of Hielscher Ultrasound Technol-
ogy Company, USA, for 30 min. The samples were signified by MWCNTs0, MWCNTs1,
MWCNTs2 and MWCNTs3,according to the meditation of MWCNTs.

2.3. Nano-MDF Design

The nano-MDF testers were manufactured in panels with sizes 460 × 460 × 15 mm3

with densities in the range of 600–750 kg/m3. The MWCNTs-UF nanofluids were properly
mixed with poplar wood fibers in rotary drum mixtures fibers and a nozzle. A single
opening hot press of Burkle, Germany, operated hydraulically, was used for manufacturing
of nano-MDF samples. The hot pressing process parameters, i.e., pressure (160 bar) and tem-
perature (175 ◦C), were kept constant for all testers. The whole press cycle was maintained
for4 min. The manufactured samples were treated in a cooling tower for 3 days.

2.4. Scanning Electron Microscopy (SEM)

Before being subjected to SEM, a sample of MWCNTs was prepared in the lab
and coated with gold by means of a Safematic CCU-010 Gold/Carbon Sputter, UK. SEM
was performed through MIRA 3 TESCAN, Czech Republic, at 50,000× for pure urea-
formaldehyde resin and MWCNTs-UF with an extreme working voltage of 20 kV.

2.5. Differential Scanning Calorimetry (DSC)

An apparatus Mettler Toledo TGA/DSC-1-star system, USA, was used for differential
scanning calorimetry analysis. The temperature range for this device was kept at 0 ◦C
and 400◦C with a heat expanding rate of 10 ◦C/min in a nitrogen stream of 8 mL/min.

2.6. Dynamic Mechanical Analysis (DMA)

For DMA, the instrument used is the Pyris Diamond DMA (Perkin Elmer, Colum-
bus, USA with the temperature ramp testing method, from 50 ◦C to 180 ◦C, at a heating
rate of 10 ◦C·min−1. All tests were conditioned with 0.15% deformation and 10 N perpen-
dicular forces, at a frequency of 1.5 Hz and Poisson’s ratio of 0.440. Before performing
DMA, the samples were converted into solid states. The samples were kept at 56 × 13 × 3
mm3 as per ASTM D4065. The physical state of the sample was cured solid.

2.7. Thermal Conductivity of Nano-Composite

The device used in this research work for measuring thermal conductivity is QTM500,
Kyoto electronics company, Japan. The temperature range of this instrument is 100 to
1000 ◦C. The size of the samples was kept at 0.02 × 0.05 × 0.10 m3 and the maximum time
for measuring thermal conductivity was 2 min, as per ASTM C 1113-99standards [16,17].
The extent range for this instrument was 0.0115–6.15 W/mK. Samples of nanofillers were
collected in vials and subjected to the needle of thermal conductivity sensor. Due to the heat
transfer mechanism, the thermal conductivity can be measured using a sensor.

2.8. Formaldehyde Emission of Nano-Composite

The perforator method followed by the EN-120 standard (1993) was applied for
measuring the formaldehyde emission from nano-MDF. A 150 g nano-MDF sample in
powder form was put into a glass flask which already contained550 mL toluene. Pure
water of about 1000 mL having a pH value of 7 was added into perforator flasks. Toluene
was heated up to boiling point, and the vapors generated were then passed from pure
water. An ultraviolet spectroscopy was used to examine the formaldehyde emission after it
had been treated with acetone.

2.9. Statistical Analysis of Nano-Composite

A one-way ANOVA was carried out for statistical investigation origin 8.5, 32-bit
software (accessed on 5/10/2020). The Tuckey method was applied with a 95% confidence
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level to analyze the samples with three iterations of each. The mean value and significant
values with variance for each sample were then calculated.

3. Results and Discussion

3.1. FTIR Analysis of Functionalized MWCNTs

The FTIR spectra of pure and functionalized MWCNTs are shown in Figure 1. From
the IR absorption spectra, it was found that the Infrared (IR) absorption spectrum of multi
walled carbon nanotubes with function group (MWCNTs-COOH) mainly consisted of
hydroxyl group (–OH) stretch at 3200 and 3450 cm−1 and carboxyl group (–CO) stretch
at 1450 cm−1, which are the characteristic peaks and could also be found in the IR spectrum
of the raw MWCNTs. However, the intensity of the two peaks in MWCNTs-raw spectrum
was much lower than that in the MWCNTs-COOH spectrum. In addition, MWCNTs-COOH
has a new peak of small intensity at 1650 cm−1, which may be stretching vibrations of
carbonyl groups (–CO) as carboxylic groups were formed during the oxidation of hydroxyl
compounds [18].

Figure 1. The Infrared (IR) spectra of reference and functional MWCNTs showing hydroxyl group
(–OH) and carbonyl group (–CO) attached after acid treatment.

3.2. Raman Spectra of Pristine and Modified MWCNTs

As a very valuable tool to characterize carbon-based nanostructures, the Raman
spectra of MWCNT-P and MWCNT-COOH taken at the wavelength of the Raman laser (λ)
of 532 nm are shown in Figure 2. For both samples, it presents three main peaks, namely
D peak at ~1350 cm−1, G peak at ~1590 cm−1 and G’ peak at ~2670 cm−1. The D peak
corresponds to the first-order scattering process of sp2 carbons, and it is generally activated
by the existence of vacancies, surface functional groups, boundaries and other defects.
The G peak derives from the in-plane tangential stretching of –C–C– in graphitic shells,
and the G’ peak is the second order of mode of the D peak [19].
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Figure 2. Raman spectroscopy of reference and functional MWCNTs showing –OH and –CO groups
attached after acid treatment.

3.3. Scanning Electron Microscopy of MWCNTs-UF Resin

In order to investigate the influence of MWCNTs, SEM analysis was carried out for
cured UF resin with a MWCNTs concentration of 0% to 5.0%, as shown in Figure 3. An odd
structure of linkages of the UF resin was observed, and visible partial pits were examined.
These ditches were enclosed by a 5% MWCNTs concentration in UF resin. The strength of
the final composite becomes stronger due to the coverage of unwanted cracks and gaps by
MWCNTs, as reported by Gul, W.[20]. The visible wires in the scanning electron microscopy
demonstrate the attendance of MWCNTs, and the black area represents urea-formaldehyde
(UF) resin.

Figure 3. Scanning electron microscopy images of (a) pure urea-formaldehyde resin at 50 k
and (b) MWCNTs-UF resin at 50 k.

3.4. Differential Scanning Calorimetry (DSC) of MWCNTs-UF Resin

The DSC analysis was carried out for 0%, 1.5%, 3% and 5%MWCNTs concentration
levels as shown in Figure 4. A demonstration of the relationship between heat flow
and temperature is presented for all samples. An inverse relation is observed between
curing temperature and MWCNTs concentration. As the concentration of nanoparticles
increases, the curing temperature declines, while the amount of total heat content rises
linearly with MWCNTs nanoparticles concentration. The peak at 82 ◦C in 1.5% MWCNTs
is obtained due to the additional adhesion formed in UF resin. The same effect had been
already shown by other thermosetting resins, as reported by Anuj et al. [21]. From this
study, it is also investigated that early curing of the resin occurs due to the addition
of MWCNTs. These particles speedup the polymerization process inside the UF resin
and ultimately increase the heat transfer rate. A supreme outcome in the form of high
production is achieved, which is highly cost effective on a commercial level.
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Figure 4. Differential scanning calorimetry of 0%, 5.0%, 1.5%, 3.0% and 5.0% MWCNTs in urea-
formaldehyde resin.

3.5. DMA Analysis of UF Resin with and without MWCNTs

The relationship between storage modulus and temperature are described in DMA for
the selected four samples, i.e., 0%, 1.5%, 3% and 5% MWCNTs-based UF resin, as shown in
Figure 5. The storage modulus values decrease until 140 ◦C.

Figure 5. DMA analysis (storage modulus) of UF resin with and without MWCNTs.

As the viscosity of the nanofillers increases with the addition of MWCNTs, the gelling
occurs early and ultimately increased the storage modulus and tan delta values. The gel
time was achieved for 0%, 1.5%, 3.0% and 5% MWCNTs at 87 ◦C, 87 ◦C, 96 ◦C, 110 ◦C
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and 112 ◦C, respectively as shown in Figure 6. When the tan delta decreases, it means that
the rate of curing decreases. In a chemical reaction the storage modulus increases up to
cross linkages in the resin. The decreasing tan δ can be considered as the rate of curing, as
reported by Gupta et al. [22].

Figure 6. DMA analysis (tan delta) of UF resin with and without MWCNTs.

3.6. Final Physical and Mechanical Characteristics of Nano-MDF

The physical and mechanical characteristics of MDF testers were examined by means
of 0%, 1.5%, 3.0%, and 5.0% of MWCNTs and UF glue. Each tester was established for three
repetitions and the mean value of individual characteristics as per explication formation
was resolute.

These properties are presented in Table 3. The testers were inspected for 0%, 1.5%,
3.0% and 5.0% absorption levels of MWCNTs with three counts of each tester, and the mean
values were engaged into deliberation. Equally, thickness Swelling (Ts) and water ab-
sorption (WA) investigations were accomplished for 24 h conferring to British Standard
EN-3171993 and ASTM D517 correspondingly.

Table 3. The final physical and mechanical properties of 0.016 m MDF samples for diverse absorptions of MWCNTs.

MDF Specimen
Density
(kg/m3)

TS * (%) WA * (%)
FE

(mg/100 gm)
T.C

(W/m.K)
I.B (MPa)

MOE
(MPa)

MOR
(MPa)

S0.0MWCNTs0.0 697 22.10 64.21 15.57 0.130 0.62 2466.66 29.33
S1.5MWCNTs1.5 718 17.64 58.15 12.28 0.151 0.65 2600 34
S3.0MWCNTs3.0 721.33 15.63 55.34 9.27 0.161 0.71 3166.67 36
S5.0MWCNTs5.0 724 12.19 45.57 6.32 0.172 0.79 3533.33 40

Standard 720 ± 20 ≤12 <45 8.0 ≥0.13 0.7 ± 0.03 ≥2800 ≥25

* 24 h, Moisture Content (Mc) (EN-322) [23] Density (EN-323 standard) [24], Thickness Swelling (TS) (EN-317 standard) [25], Water
Absorption (WA) (ASTM D570 standard) [26]. Formaldehyde Emission (FE) EN-120[27]. Internal bonding (I.B) EN-319 [28], Modulus of
Rupture (MoR) and Modulus of Elasticity (MoE) EN-310 [29]. Thermal Conductivity (T.C) ASTM C 1113-99 [30].

The density rises as the absorption of MWCNTs-UF escalates because of proliferation
in the quantity of the nanofluids. A steady decline in the Ts values of the tasters for 24 h
was detected, which is owing to a decrease of apertures in nano-MDF panels. Likewise,
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the WA values correspondingly drop with the upsurge in meditation of MWCNTs-UF resin
because of the enhanced drying sheets in the course of hot pressing.

Table 3 summarizes all the physical and mechanical properties of nano-MDF. For 0%
MWCNTs in UF resin, the I.B value, which is a reference, reached up to 0.62 MPa. As the med-
itation level of MWCNTs increases from 0% to 5.0% the I.B value increases from 0.62 to 0.79
MPa in a linear approach and can be compared with EN-319. For 0%, 1.5%,3% and 5% of
MWCNTs, the modulus of elasticity comes out to be 2466.6 MPa, 2600 MPa, 3166.67 MPa,
3522.33 MPa, 29.33 MPa, 34 MPa, 36 MPa and 40 MPa, respectively.

The physical properties comprise density, Ts and WA, which were also investigated for
0%, 1.5%, 3%, and 5% MWCNTs concentration levels. The resulting average values of densi-
ties were investigated as 697, 718, 721, 724, 720 kg/m3 and were compared with the EN-323
standard. The Ts and WA properties were calculated as 22.10%,17.64%,15.63%, 12.19%,
64.21%, 58.15%, 55.34% and 45.57%, respectively. These analyses were accomplished for 24
h according to the EN-317 (1993) standard and ASTM D570 in that order.

A gradual increase for thermal conductivity properties was noted from 0.13% to
0.172%and from 0% to 5% MWCNTs concentration. Finally, the formaldehyde emission for
0%, 1.5%, 3.0% and 5.0%wasrecorded as 15.57, 12.28, 9.27 and 6.32 mg/100 gm.

3.7. Statistical Study of Physical and Mechanical Characterstics of Nano-MDF

Density signifies the mass of medium density fiberboard per unit volume. Figure
7 illustrates the one-way ANOVA consequences of three counts of assessment of density
ranging from 0%, 1.5%, 3.0%, and 5% absorption of MWCNTs. For 0% MWCNTs, the three
iteration values of density are 650,730 and 711 kg/m3. For 1.5% MWCNTs, the three
iteration numerical parameters of density are 716,740 and 699 kg/m3. In the similar context,
for 3% MWCNTs, all the three treatments have 718,725 and 721 kg/m3 density parameters.
As the absorption level upsurges from 3% to 5%, the density parameters 700, 729 and 745
kg/m3 indicate substantial intensification for all iterations.

Figure 7. Statistical values of density of MDF for various concentrations of MWCNTs.

Table 4 presents the one-way ANOVA statistical method of density parameters for
three iterations of MWCNTs (0%), MWCNTs (1.5%), MWCNTs (3.0%), and MWCNTs (5.0%).
The 0% MWCNTs comprising medium density fiberboard result in a density average of
697 kg/m3 and alteration of 1747, while 1.5%, 3%, and 5% MWCNTs comprising medium
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density fiberboard have 718, 721.33 and 724 density average values with a variance of 427,
12.33 and 520.33, correspondingly. These density parameters are different from each other
and ANOVA significances confirm that p is 0.58.

Table 4. Density values of MWCNTs-UF MDF for various iterations.

Groups Count Sum Average Variance

MWCNTs (0%) 3 2091 697 1747
MWCNTs (1.5%) 3 2154 718 427
MWCNTs (3.0%) 3 2164 721.33 12.33
MWCNTs (5.0%) 3 2174 724.66 520.33

ANOVA

Source of Variation SS df MS F p-Value F Crit

Between Groups 1398.9 3 466.30 0.68 0.58 4.06
Within Groups 5413.33 8 676.66

Total 6812.25 11
Total 6812.25 11

Thickness swelling indicates the solidity characteristics of MDF. Figure 8 expresses
the one-way ANOVA outcomes of three iterations of assessment of thickness swelling for
0%, 1.5%, 3% and 5% absorption levels of MWCNTs. For 0% MWCNTs, the three iterations
of values of thickness swelling are 22.4%, 20.73% and 22.19% and for 1.5% MWCNTs,
and the three iteration values of Ts are 18.5%,17.8%and 16.63%. In the same way, for 3.0%
MWCNTs, the three treatments have 17.6%, 14.74% and 14.57% thickness swelling. It might
be obvious that as the absorption level upsurges from 3.0% to 5.0%, the thickness swelling
values of 12.4%, 10.39% and 13.26% display momentous reduction for all treatments.

Figure 8. Statistical parameters of thickness swelling of MDF for numerous counts of MWCNTs.

Table 5 shows the one-way ANOVA statistical methodology of value of thickness
swelling for three iterations of 0%, 1.5%, 3.0% and 5.0% MWCNTs. Firstly, 0% MWC-
NTs encompassing nano-MDF maintained a thickness swelling average value of 22.10%
and variance of 1.78, while 1.5%, 3.0%, and 5.0% MWCNTs-based medium-density fiber-
board has17.64, 15.63 and 12.19 thickness swelling with average alterations of 0.72, 2.89
and 1.38, respectively. A one-way ANOVA penalty confirms that p is equal to 0.000103.
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Table 5. Thickness swelling values of MWCNTs-UF MDF for different iterations.

Groups Iteration Sum Average Variance

MWCNTs (0%) 3 66.32 22.10667 1.787433
MWCNTs (1.5%) 3 52.93 17.64333 0.722633
MWCNTs (3.0%) 3 46.91 15.63667 2.898233
MWCNTs (5.0%) 3 36.59 12.19667 1.388233

Source of Variation SS df MS F p-Value F Crit

Between Groups 154.13 3 51.37 30.23 0.000103 4.06
Within Groups 13.59 8 1.69

Total 167.73 11

Water absorption (WA) is the capability of MDF to absorb water when deep in it.
Figure 9 illustrates the one-way ANOVA grades of three iterations of assessment of WA
for 0%, 1.5%, 3.0%, and 5.0% absorption levels of MWCNTs. For 0% MWCNTs, the three
iterations of parameters of water absorption are 65.1, 58.3 and 69.23%, and for 1.5% MWC-
NTs, the three iterations of parameters of WA are 58.35, 60.45 and 55.67%. On the contrary,
for 3.0% MWCNTs, all the three iterations have 55.9, 61.12 and 49% WA parameters.
As the absorption level escalates from 3.0% to 5.0%, the WA values of 50.13, 45 and 41.6%
demonstrate a trivial decline for all counts.

Figure 9. Water absorption of numerous counts of MWCNTs.

Table 6 shows the one-way ANOVA statistical method of WA parameters for three
iterations of 0%, 1.5%, 3.0%, and 5.0% MWCNTs. The 0% MWCNTs covering MDF has
a WA average value of 64.21% and variance of 30.46, while 1.5%, 3.0%, and 5.0% MWC-
NTsMDF have 58.15, 55.34 and 45.57% WA average values with variance of 58.15%, 55.34%
and 45.57%, respectively. A one-way factor ANOVA ratifies that p = 0.0089.
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Table 6. Water absorption values of MWCNTs-UF MDF for various iterations.

Groups Iteration Sum Average Variance

MWCNTs (0%) 3 192.63 64.21 30.4603
MWCNTs (1.5%) 3 174.47 58.15667 5.740133
MWCNTs (3.0%) 3 166.02 55.34 36.9588
MWCNTs (5.0%) 3 136.73 45.57667 18.43963

ANOVA

Source of Variation SS df MS F p-Value F Crit

Between Groups 543.0252 3 181.0084 7.904394 0.0089 4.066181
Within Groups 183.1977 8 22.89972

Total 726.22 11

Figure 10 illustrates the one-way ANOVA consequences of three counts of assessment
of formaldehyde emission for 0%, 1.5%, 3.0%, and 5% absorption levels of MWCNTs.
For 0% MWCNTs, the three iteration values of formaldehyde emission are 16.34, 14.81
and 15.56 mg/100 gm. For 1.5% MWCNTs, the three iterations values of formaldehyde
emission are 11.18, 12.45 and 13.21 mg/100 gm. In the similar context, for 3% MWCNTs,
all the three treatments have 9.35, 9.61 and 8.86 mg/100 gm formaldehyde emission values.
As the absorption level upsurges from 3% to 5%, the formaldehyde emission values of 5.9,
6.95 and 6.13 mg/100 gm indicate substantial intensification for all iterations.

Figure 10. Numerical values of formaldehyde emission of numerous treatments of MWCNTs.

Table 7 shows the one-way ANOVA statistical methodology of formaldehyde emission
values for three iterations of 0%, 1.5%, 3.0% and 5.0% MWCNTs. First, 0% MWCNTs
encompassing medium density fiberboard have a formaldehyde emission average value
of 15.57 mg/100 gm and variance of 0.58, while 1.5%, 3.0%, and 5.0% MWCNTs-based
medium-density fiberboard has 12.28, 9.27 and 6.32 formaldehyde emission average values
with variances of 1.05, 0.14 and 0.30, separately. These formaldehyde emission values are
very close, and the one-way ANOVA penalties authorize p = 1.63 × 10−6.
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Table 7. Formaldehyde emission values of MWCNTs-UF MDF for numerous iterations.

Groups Count Sum Average Variance

MWCNTs (0%) 3 46.71 15.57 0.58
MWCNTs (1.5%) 3 36.84 12.28 1.05
MWCNTs (3.0%) 3 27.82 9.27 0.14
MWCNTs (5.0%) 3 18.98 6.32 0.30

ANOVA

Source of Variation SS df MS F p-Value F Crit

Between Groups 141.80 3 47.26 90.60 1.63 × 10−6 4.06
Within Groups 4.173 8 0.521

Total 145.98 11

Figure 11 illustrates the one-way ANOVA grades of three iterations of assessment of
thermal conductivity values for 0%, 1.5%, 3.0% and 5.0% of MWCNTs.

Figure 11. Thermal conductivity of a number of treatments of MWCNTs.

For 0% MWCNTs, the three iterations values of thermal conductivity are 0.139, 0.125
and 0.128 W/m. K, and for 1.5% MWCNTs, the three iterations values of thermal conduc-
tivity are 0.145, 0.157 and 0.151 W/m. K. On the contrary, for 3.0% MWCNTs, all the three
iterations have 0.158, 0.169 and 0.156 W/m. K thermal conductivity values. As the ab-
sorption level escalates from 3.0% to 5.0% the thermal conductivity values of 0.177, 0.168
and 0.171 W/m. K demonstrate a trivial decline for all counts.

Table 8 shows the one-way ANOVA statistical method of thermal conductivity values
for three iterations of 0%, 1.5%, 3.0% and 5.0% MWCNTs.

Figure 12 expresses one-way ANOVA outcomes of addition of MWCNTs in UF resin
with 0%, 1.5%, 3.0% and 5% concentrations at three different counts for internal bonding
(I.B). These counts are 0.64, 0.66 and 0.58 MPa for 0% MWCNTs. For 1.5% MWCNTs,
the measured count parameters are 0.65, 0.61 and 0.69 MPa. Similarly, for 3.0% MWCNTs,
the measured counts are 0.71, 0.75 and 0.68 MPa internal adhesion parameters. All the three
counts have I.B values of 0.73, 0.75 and 0.9 MPa.
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Table 8. Thermal conductivity values of MWCNTs-UF MDF for various iterations.

Groups Count Sum Average Variance

MWCNTs (0%) 3 0.392 0.130667 5.43 × 10−5

MWCNTs (1.5%) 3 0.453 0.151 3.6 × 10−5

MWCNTs (3.0%) 3 0.483 0.161 4.9 × 10−5

MWCNTs (5.0%) 3 0.5168 0.172267 2.04 × 10−5

ANOVA

Source of Variation SS df MS F p-Value
F

Crit

Between Groups 0.00282 3 0.00093 23.43 0.000257 4.066
Within Groups 0.00031 8 3.99 × 10−5

Total 0.00312 11

The 0% MWCNTs covering medium density fiberboard have at thermal conductivity average value
of 0.13 W/m. K and variance of 5.43 × 10−5, while 1.5%, 3.0%, and 5.0% MWCNTs covering medium
density fiber board have 0.15, 0.16 and 0.17 W/m. K thermal conductivity average values with
a variance of 3.6 × 10−5, 4.9 × 10−5 and 2.04 × 10−5, respectively. A one-way factor ANOVA ratifies
that the prospect (p-value) is 0.000257.

Figure 12. Internal bond values of different counts of MWCNTs.

Table 9 shows the statistical analysis for different counts of MWCNTs.
The internal bond values for 0% MWCNTs nano-MDF have an average value of 0.62

MPa and alteration of 0.0017. In contrast, for 1.5%, 3.0% and 5.0% MWCNTs in UF for MDF
manufacturing have 0.65, 0.713 and 0.79 average values with variances of 0.0016, 0.0012
and 0.0086, in that order. These internal bonding parameters are corelated with each other
and the one-way ANOVA significances approve that the chance (p-value) is 0.0296.

Figure 13 shows the one-way ANOVA consequences of MOE for three counts of eval-
uation for 0%, 1.5%, 3.0%, and 5.0% concentration levels of MWCNTs. For 0% MWCNTs,
the three counts of parameters of MOE are 2200, 2400 and 2800 MPa. For 1.5% MWCNTs,
the three treatment values are 2500, 2600 and 2900 MPa. In the same way, for 3.0% MWCNTs,
all the three counts have 3100, 3500 and 2900 MPa modulus of elasticity values. The MOE
values 3800, 3300 and 3500 MPa express a growth for all counts with 5.0% MWCNTs.
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Table 9. Internal bond values of MWCNTs-UF nano-MDF for a number of iterations.

Groups Iteration Sum Average Variance

MWCNTs
(0%) 3 1.88 0.626667 0.001733

MWCNTs
(1.5%) 3 1.95 0.65 0.0016

MWCNTs
(3.0%) 3 2.14 0.713333 0.001233

MWCNTs
(5.0%) 3 2.38 0.793333 0.008633

Source of Variation SS df MS F p-Value F Crit

Between Groups 0.050092 3 0.016697 5.059764 0.029688 4.066181
Within Groups 0.0264 8 0.0033

Total 0.076492 11

Figure 13. Numerical values of modulus of elasticity (MOE) of various treatments of MWCNTs.

Table 10 comprises the one-way ANOVA analysis of MOE values for three the counts
of 0%, 1.5%, 3.0% and 5.0% MWCNTs.

The 0% MWCNTs containing MDF have an average value of 2466.67 MPa and a vari-
ance of 93,333.33. In contrast, 1.5%, 3.0%, and 5.0% MWCNTs containing MDF have 2600,
3166.66 and 3533.33 modulus of elasticity mean values with a variance of 70,000, 93,333.33
and 63,333.33, respectively. One-way ANOVA magnitudes endorse that the prospect
(p-value) is 0.0055.

Figure 14 shows one-way ANOVA results of modulus of rupture (MOR) values of
three counts of assessment for 0%, 1.5%, 3.0%, and 5.0% attentiveness levels of MWCNTs.
For 0% MWCNTs, the three counts of parameters of MOR are 25, 30 and 33 MPa, while for
1.5% MWCNTs, the three behavior tenets of MOR are 36, 31 and 35 MPa. Similarly, for 3.0%
MWCNTs, all the three counts have 36, 33 and 40 MPa MOR parameters. As the absorption
concentration rises from 3.0% to 5.0%, the MOR parameters of 43, 41, and 37.5 MPa
demonstrate substantial upturn for all iterations.
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Table 10. MOE parameters of MWCNTs-UF nano-MDF for numerous counts.

Groups Iteration Sum Average Variance

MWCNTs
(0%) 3 7400 2466.667 93,333.33

MWCNTs
(1.5%) 3 7800 2600 70,000

MWCNTs
(3.0%) 3 9500 3166.667 93,333.33

MWCNTs
(5.0%) 3 10,600 3533.333 63,333.33

Source of Variation SS df MS F p-Value F Crit

Between Groups 2,229,166.667 3 743,055.6 9.288194 0.0055 4.066181
Within Groups 640,000 8 0.0033

Total 2,869,167 11

Figure 14. Modulus of rupture vs. % values of counts of MWCNTs.

Table 11 briefly sums up a one-way ANOVA origin-based analysis of MOR parameters
for the three counts of 0%, 1.5%, 3.0%, and 5.0% MWCNTs containing MDF. For the 0%
MWCNTs concentration, the modulus of rupture mean value was 29.33 MPa and the vari-
ance was16.33, while for the 1.5%, 3.0%, and 5.0% MWCNTs concentrations, the modulus of
rupture mean values were 3436.33 and 40.5 with alterations of 7, 12.33 and 7.75, respectively.
A one-way ANOVA results in p = 0.019136.
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Table 11. MOR values of MWCNTs-UF MDF for various iterations.

Groups Iteration Sum Average Variance

MWCNTs
(0%) 3 88 29.33333 16.33333

MWCNTs
(1.5%) 3 102 34 7

MWCNTs
(3.0%) 3 109 36.33333 12.33333

MWCNTs
(5.0%) 3 121.5 40.5 7.75

Source of Variation SS df MS F p-Value F Crit

Between Groups 195.3958 3 65.13194 6.00064 0.019136 4.066181
Within Groups 86.83333 8 10.85417

Total 282.22 11

4. Conclusions

Comprehensive research was conducted to find out the effect of MWCNTs added in
UF resin for manufacturing of nano-MDF. It has been investigated that the physical and me-
chanical properties of MDF improved with an extended margin. The Ts and WA properties
were enhanced by up to 44.8% and 29% respectively. The addition of these nanoparticles
enhanced thermal conductivity by 24.2%, reduced curing time by 20% and controlled
formaldehyde emission by 59.4%. Moreover, the internal bond, MOE and MOR properties
were improved by 21.15%, 30.2% and 28.3%, respectively. The MWCNTs of nanotechnology
compounds can deeply penetrate into the wood, effectively alter its surface chemistry
and result in a high degree of improvement in physical and mechanical strength. In addi-
tion, the use of lignocelluloses materials for the production of advanced wood composites
is an innovative avenue for this research.

A future recommendation is to conduct the research for graphene, alumina and MWC-
NTs in hybrid mode. This may lead to better results.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/1/29/s1, Figure S1. Scanning electron microscopy images of MWCNTs at. (a) 50,000×,
(b) 100,000×; Figure S2. X-ray diffraction analysis of MWCNTs.
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