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Preface

Today’s industry trends are moving towards energy conservation, environmental protection,

and planetary sustainability in the development of new products. Many efforts have been devoted to

developing various renewable energy resources, such as wind, solar, and tidal energy sources. Due to

the intermittent and uncontrollable characteristics of these energy resources, energy storage devices

are required to deal with such problems. Advanced electrode materials are the key components of

electrochemical energy systems. However, traditional electrode materials can no longer meet the

needs of electrochemical materials in the fields of energy and environmental protection in the future.

This reprint introduces the recent research progress made in the chemistry of materials for energy and

environmental sustainability and comprises over 150,000 words. The topics included cover rational

designed composite electrode materials for energy storage, effective additives for promoting solar

cells, powerful adsorbents for hazardous dyes in water, versatile membranes for oil–water separation,

etc. I hope that interested researchers and practitioners will be inspired by this content and find it

valuable to their own research.

February 1, 2025.

Qingguo Shao

Guest Editor
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1 School of Intelligent Manufacturing and Control Engineering, Shandong Institute of Petroleum and Chemical
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In contemporary society, energy serves as the cornerstone of human survival and devel-
opment, exerting a profound influence on the economic development of nations and the tra-
jectory of global progress. On one hand, the gradual depletion of non-renewable resources
coupled with the rapid escalation of energy demand poses significant challenges [1–3].
On the other hand, the combustion of fossil fuels such as coal and petroleum leads to
atmospheric pollution and the emission of toxic gasses, including sulfides, nitrides, and
carbon dioxide contributing to the greenhouse effect, all of which have severely impacted
the global climate and environment. Currently, air pollution has emerged as a pressing
global issue. Consequently, research and development regarding clean energy sources play
a pivotal role in ensuring the sustainable development of national economies [4–8]. Efforts
are continuously being made to explore various renewable energy sources, including wind,
solar, hydro, and tidal power, and notable progress has been achieved in this domain [9–15].
However, these renewable energy sources, which rely on natural conditions, inherently
possess certain drawbacks. These include the intermittency of power generation, disconti-
nuity in generation periods, and the uncontrollability of generation intensity, resulting in an
unstable electrical output. Therefore, there is a crucial need for energy storage devices that
can rapidly store this intermittent and unstable clean energy, thereby enabling the establish-
ment of a continuous and stable energy supply system through these storage solutions. In
all kinds of energy storage systems, electric energy storage systems occupy a key position,
and batteries and electrochemical capacitors have become indispensable energy storage
devices [16–19]. Advanced electrode materials are the key components of electrochemical
energy systems. Strategies for increasing their energy densities include tailoring the chem-
istry, structure, and components of the electrode materials [20–26]. Although tremendous
effort has been devoted to this field of research, revolutionary energy storage devices with
both high energy densities and power densities still remain a challenge [27–33].

At the same time, with the rapid growth of the global population and the acceler-
ated development of industry, freshwater resources are becoming increasingly scarce and
severely polluted [34–41]. It is reported that by 2030, the world will face a shortage of
potable water resources, and concerns over the safety of drinking water have also gained
widespread attention. Approximately 3.1 million people die annually from diseases caused
by unsafe drinking water. Water resource issues impact food production, industrial output,
and environmental quality, further affecting the industrialized economic development of
countries [42–53]. Therefore, the effective treatment of water pollution, the desalination of
seawater resources, and the purification of drinking water resources are crucial means to
address the current challenges [54–68].

The aim of this Special Issue is to publish original research articles and review papers
on chemistry research regarding advanced materials relevant to energy and environmental

Molecules 2024, 29, 5929. https://doi.org/10.3390/molecules29245929 https://www.mdpi.com/journal/molecules1
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sustainability. This Special Issue contains twelve papers, including one comprehensive
review and eleven research papers. The review paper by Chen et al. [69] discusses car-
bon dots derived from non-biomass waste. The authors introduce various preparation
methods, diverse applications, and future challenges of carbon dots. In this Special Issue,
several papers focus on energy storage and conversion materials. Liu et al. [70] develop a
high-performance dual-ion battery using a silicon–graphene composite as the anode and
expanded graphite as the cathode. In this design, the stress/strain induced by electrode
volume change during charging and discharging can be suppressed and the obtained full
Si@G//EG DIBs exhibit a high energy density of 367.84 Wh kg−1 at a power density of
855.43 W kg−1. This work sheds some light on the practical applications of high-energy
DIBs. Manganese molybdate has been regarded as a promising electrode material for
supercapacitors. However, its low electrical conductivity mainly blocks its application in
practice. Liu and Li et al. [71] synthesize phosphorus-doped MnMoO4·H2O nanosheets by
means of a hydrothermal method and use them as an electrode material in an asymmetric
supercapacitor. Owing to the phosphorus–metal bonds and oxygen vacancies induced
by phosphorus element doping, the charge storage and conductivity of the electrode are
increased, thereby resulting in enhanced electrochemical properties with a high energy den-
sity of 41.9 Wh kg−1 under 666.8 W kg−1. Xie et al. [72] study the effect of [BMP]+ [BF4]−

additives on the performance of CsPbI1.2Br1.8 solar cells. It is found that the additive could
effectively reduce the phase segregation phenomenon of the CsPbI1.2Br1.8 films. Inerbaev
et al. [73] present a calculation result demonstrating that doping BaTiO3 with Rh could re-
duce the overpotential of oxygen evolution when it was used as a catalyst. Rh doping could
expand the spectrum of absorbed light to the entire visible range. Gaur et al. [74] report
using hen feathers as an adsorbent in aqueous media. Their results show that hen feathers
exhibit high impressive adsorption efficiency towards Metanil Yellow dye. Liu et al. [75]
develop a high-performance nanofiltration membrane which exhibits a rejection rate of
over 99% for various dyes. The nanofiltration is prepared using TEMPO-oxidized cellulose
nanofibers via the vacuum filtration method. Yang et al. [76] report the use of activated
red mud particles as adsorbents for phosphorus adsorption and the possible mechanism is
examined by means of morphology analysis, FTIR, EDS, and mineral composition analysis.
Kuppadakkath et al. [77] demonstrate that modified BTA molecules show anion-responsive
properties and that they can also be used as adsorbents for hazardous dyes in water. Ni
et al. [78] reveal that the mechanism of degradation of the photosensitive pollutant tetracy-
cline is promoted by GO, which offers reference value for research in wastewater treatment.
Wang et al. [79] prepare a new zwitterionic polymer and use it to construct microfiltration
membranes. Their experiment showed that the as-prepared membranes exhibit excellent
efficiency in oil–water separation. Fu et al. [80] prepare a cobalt–iron bimetallic modified
hydrogen-type mordenite by means of the ion exchange method, which shows superior
DME carbonylation catalytic activity and stability. In addition, the possible reasons for the
improvement are clarified.

In summary, this Special Issue presents the latest research on the chemistry of ma-
terials for energy and environmental sustainability. From rationally designed composite
electrode materials for energy storage and effective additives for promoting solar cells to
powerful adsorbents of hazardous dyes in water and versatile membranes for oil–water
separation, these reports showcase the state-of-the art material tailoring in the energy and
environmental sustainability field. The advances in this Special Issue may shed some new
light on possible solutions to energy and environmental challenges.

Funding: This work was funded by the Dongying Science Development Fund.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Manganese molybdate has garnered considerable interest in supercapacitor research
owing to its outstanding electrochemical properties and nanostructural stability but still suffers
from the common problems of transition metal oxides not being able to reach the theoretical specific
capacitance and lower electrical conductivity. Doping phosphorus elements is an effective approach
to further enhance the electrochemical characteristics of transition metal oxides. In this study,
MnMoO4·H2O nanosheets were synthesized on nickel foam via a hydrothermal route, and the
MnMoO4·H2O nanosheet structure was successfully doped with a phosphorus element using a
gas–solid reaction method. Phosphorus element doping forms phosphorus–metal bonds and oxygen
vacancies, thereby increasing the charge storage and conductivity of the electrode material. The
specific capacitance value is as high as 2.112 F cm−2 (1760 F g−1) at 1 mA cm−2, which is 3.2 times
higher than that of the MnMoO4·H2O electrode (0.657 F cm−2). The P–MnMoO4//AC ASC device
provides a high energy density of 41.9 Wh kg−1 at 666.8 W kg−1, with an 84.5% capacity retention
after 10,000 charge/discharge cycles. The outstanding performance suggests that P–MnMoO4 holds
promise as an electrode material for supercapacitors.

Keywords: asymmetric supercapacitor; MnMoO4; nanosheets; phosphorus doping

1. Introduction

The swift growth of the worldwide economy has led to a rise in the extraction and
utilization of fossil fuels like oil and coal. Consequently, nonrenewable energy reservoirs are
progressively dwindling [1]. With the advancement and application of electrical energy, the
imperative lies in creating high-performance electrical energy storage devices to minimize
secondary energy wastage [2]. Supercapacitors, positioned between traditional capacitors
and batteries, possess a blend of characteristics from both: high capacity, rapid charging
and discharging, extended cycle life, and elevated energy density [3,4]. Supercapacitors
are primarily categorized into double-layer capacitors (EDLCs) and pseudocapacitors
(PCs) based on the charge storage mechanism [5,6]. Selecting the appropriate electrode
materials is crucial for the practical implementation of energy storage supercapacitors.
Carbon-based materials are commonly employed as electrodes in EDLCs, while transition
metal oxides and conducting polymers are frequently utilized as electrode materials for
pseudocapacitors. The capacitors with carbon-based electrode materials suffer from low
energy storage and poor stability, which conducting polymer layer tends to detach from
the substrate [7–9]. Therefore, transition metal oxides (TMOs) are favored by researchers
because of their generally large theoretical specific capacitance and are often used as
electrode materials in energy storage supercapacitors [10].
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Transition metal oxides like Fe3O4, MnO2, RuO2, NiO, etc. are commonly employed
as electrode materials in supercapacitors, but these unit transition metal oxides generally
have the disadvantage in their actual specific capacitances being much smaller than the
theoretical specific capacitances [11–14]. Therefore, research workers have focused on
binary transition metal oxides, mainly including spinel cobaltates (XCo2O4, X = Ni, Mn,
Zn, etc.) and molybdates (YMoO4, Y = Ni, Co, Mn, etc.) [15]. Characterized by the low cost
of abundant molybdenum ore resources and multiple oxidation valence states (+3–+6) for
easy storage of charge, molybdate is well suited to supercapacitor cathode material [15,16].
Among them, manganese molybdate has good structural stability (compared to cobalt-
based molybdates and nickel-based molybdates) due to its special structure and low
cohesive energy [16,17]. Manganese molybdate boasts a high theoretical specific capacity
(998 mAh g−1), stemming from the synergistic effect of the two elements of Mo and Mn
(molybdenum ions provide electronic conductivity and manganese ions provide redox
activity) [18].

In order to make the actual specific capacitance of manganese molybdate as close
as possible to the theoretical value, one approach is to synthesize nanoscale MnMoO4
electrodes of a specific micromorphological structure. For instance, Mu et al. synthesized
MnMoO4·nH2O nanosheets on nickel foam using a one-step hydrothermal method, achiev-
ing a specific capacitance of 1271 F g−1 at a scan rate of 5 mV s−1 with 84.5% capacitance
retention after 2000 charge/discharge cycles [19]. Doping P, S, and other anions in binary
transition metal oxides has been demonstrated to enhance electrical conductivity and
promote more extensive oxide reduction reactions, thereby enhancing the charge storage
capacity of the electrode materials [20–22]. For instance, Meng et al. synthesized uniform
P-doped Co–Ni–S nanosheet arrays as binder-free electrodes, exhibiting an ultra–high spe-
cific capacitance of 3677 F g−1 at 1 A g−1 and outstanding cycling stability (approximately
84% capacitance retention after 10,000 charge/discharge cycles) [21].

The electronic arrangement of the element phosphorus leads to multivalent, metal-like
properties and better electrical conductivity of transition metal phosphides compared to
transition metal oxides, due to the relatively narrow gap between their conduction and
valence bands, and the excellent electrical conductivity is very favorable for electrochemical
energy storage processes [23]. Transition metal phosphides can be regarded as phosphorus
elements doped into transition metals and their oxides [24]. It is the gas–solid reaction
method that the phosphine gas involved in the phosphorylation reaction makes the phos-
phorus element doped into the metal oxide. The advantage of this method is that the
morphological structure of the phosphated product remains essentially the same as that
of the precursor. However, because phosphine is highly toxic, the gas–solid reaction is
generally chosen to decompose hypophosphite into phosphine gas by heating, which then
participates in the phosphorylation reaction [25,26].

In this research, MnMoO4·H2O nanosheets were initially synthesized directly on nickel
foam using the hydrothermal method. Then, the prepared MnMoO4·H2O nanosheets were
subjected to phosphorus doping in a tube furnace using a gas–solid reaction method.
Sodium hypophosphite was used as the phosphorus source, and the experimental parame-
ters of the phosphorus source content, phosphorylation reaction temperature, and reaction
time were optimized for phosphorylation.

2. Results and Discussion
2.1. Structure and Morphology Analysis

Figure 1 illustrates the preparation process of phosphorus-doped MnMoO4 nanoma-
terials on NF. With the clean nickel foam immersed in a mixed solution of MnSO4·H2O
and Na2MoO4·2H2O the first step of the hydrothermal reaction at 150 ◦C for 8 h yielded
a nanosheet array of MnMoO4·H2O grown on the nickel foam. The nickel foam that has
gone through the first hydrothermal process and the sodium hypophosphite powder were
placed into a tubular furnace side by side. Phosphorus element doping was achieved
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using the gas–solid reaction method, with NaH2PO2·H2O positioned upstream in an argon
atmosphere and MnMoO4·H2O/NF positioned downstream.
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Figure 1. Diagram illustrating the preparation of P–MnMoO4/NF.

The morphologies of the MnMoO4·H2O and P–MnMoO4 nanosheets were analyzed
by SEM. Before phosphorylation, manganese molybdate presents as a dense, uniform,
vertically aligned array of nanosheets on the surface of NF. The cores of MnMoO4·H2O
nanosheets present a regular morphology and crosslinking structure without aggregation
(Figure 2a). This architecture minimizes the electrode material’s inactive volume and en-
hances the electron conduction efficiency during electrochemical processes. Figure 2b shows
that the phosphorus-doped manganese molybdate sample is vertically interconnected, and
the addition of phosphorus does not change the original morphological structure of the
samples. The skeleton of the nickel foam substrate is covered by a layer of uniformly dense
nanosheets. Possibly due to the distribution at the edges of the nickel foam skeleton, some
aggregates and nanoflowers appear, which have little effect on the overall morphology,
and a small number of nanoflowers can increase the specific surface area and improve the
electrochemical properties (Figure S1). However, the surface of the nanosheets becomes
coarse, and the surface is covered with separated particles producing a large number of
marginal sites of small size effects (Figure 2c). These alterations lead to an increased specific
surface area of the P–MnMoO4 nanosheets electrode material, enhancing the electrical con-
tact with the electrolyte. Additionally, the incorporation of phosphorus elements enhances
the overall electrical conductivity and promotes electrochemical activity.

The nanosheet structure of the P–MnMoO4 nanomaterial was analyzed using TEM
images. Figure 2d shows the TEM image of P–MnMoO4, revealing a distinct nanosheet
structure. Figure 2e shows the HRTEM image of P–MnMoO4 with clear lattice fringes. The
lattice distances of 0.240 nm, 0.282 nm, and 0.339 nm depicted in Figure 2f–h correspond to
the (021), (210), and (110) planes of the MnMoO4·H2O phase, respectively. Figure 2i shows
the SAED pattern of P–MnMoO4, indicating its polycrystalline nature with distinct spots
and rings. The SAED pattern matches the (221), (110), and (010) planes of MnMoO4·H2O,
indicating that a small amount of phosphorus doping does not affect the MnMoO4·H2O
nanosheet substrate. To ascertain the elemental composition of the experimental samples,
EDS scans were conducted on the doped samples. Figure 2j shows the P–MnMoO4 scanning
the EDS diagram at the magnification surface. Mn, Mo, O, and P are evenly dispersed across
the nickel foam’s surface. The successful doping of phosphorus atoms into manganese
molybdate was demonstrated.
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To examine the crystal structure and composition of the samples, XRD analysis was
conducted on the prepared MnMoO4·H2O and P–MnMoO4 nanosheets, as depicted in
Figure 3a. Because the X-ray diffraction peak of nickel is rather strong and the amount of
MnMoO4·H2O grown in situ is low, the active material was first scraped off from the nickel
foam, and the scraped nickel monomers were absorbed with a magnet for XRD testing.
The diffraction peaks of MnMoO4·H2O grown in situ by the hydrothermal method are
consistent with the standard triclinic MnMoO4·H2O (JCPDS card No.78–0220) [27]. Among
them, the characteristic peaks with 2θ of 12.92◦, 15.94◦, 18.79◦, 26.28◦, and 31.98◦ corre-
spond to the (001), (010), (110), (110), and (111) crystal plane diffractions of MnMoO4·H2O,
respectively. Meanwhile, the high and fine diffraction peaks of MnMoO4·H2O indicate
better crystallinity.
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The diffraction pattern of P–MnMoO4 did not change significantly, indicating that only
a small amount of phosphorus was doped during the gas–solid reaction. The diffraction
peaks of P–MnMoO4 at 12.71◦, 18.74◦, 25.65◦, and 31.87◦ correspond to the (001), (110),
(110), and (111) crystal plane diffractions of MnMoO4·H2O, respectively. It shows that
the structure of manganese molybdate is not changed after phosphorylation, which is
consistent with the SEM results. The synthesized material is uniform in composition rather
than being composite. The low and broad diffraction peaks of P–MnMoO4 compared to
those of MnMoO4·H2O indicate that poorer crystallinity was obtained. This difference may
be caused by P doping, in which the larger radius P elements partially replace the original
position of O, which may lead to a slight change in the crystallinity [28], and no additional
diffraction peaks appeared, indicating that the doping of the P element did not change the
original crystal structure.

To gain a more thorough insight into the elemental composition and chemical states of
P–MnMoO4 nanosheets, XPS analysis was performed. The XPS (Figure 3b) of P–MnMoO4
demonstrated the existence of Mo, Mn, P, and O elements. The binding energy peaks at
653.73 eV and 641.40 eV are attributed to Mn 2p1/2 and Mn 2p3/2, respectively (Figure 3c).
The energy gap between these two peaks is 12.33 eV, suggesting the presence of Mn2+ [29,30].
In Figure 3d, the binding energy peaks at 235.45 eV and 231.74 eV are attributed to Mo 3d3/2
and Mo 3d5/2, respectively. The energy gap between these two peaks is 3.71 eV, suggesting
the presence of Mo6+ [31,32]. In Figure 3e, the P 2p core energy level spectrum reveals two
peaks with binding energies of 134.14 eV and 129.48 eV, corresponding to the P–O bond
(phosphide signal peak) and the phosphorus–metal bond, respectively [21,33]. The binding
energy peaks at 533.25 eV and 531.60 eV in Figure 3f correspond to the characteristic
peaks of the oxygen vacancies and metal–oxygen bonds, respectively [20,34]. There was
no significant change observed in the chemical state in the P 2p spectra, suggesting the
structural stability of the material. These findings further confirm the successful doping of
elemental P into the MnMoO4 nanosheets, which are also indicated by the results of the
XRD test described previously.
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2.2. Electrochemical Characterizations

Through prior research experience, the optimal hydrothermal reaction time and tem-
perature conditions were determined for the preparation of the precursor MnMoO4·H2O
nanosheets using the hydrothermal method. The experimental conditions of 150 ◦C and
8 h are used to generate MnMoO4·H2O nanosheets of favorable microscopic morphology
and pore size for good contact between the electrolyte and active material [20,35]. In the
gas–solid reaction method, the thermal decomposition of NaH2PO2·H2O produces PH3
gas and water vapor present in the tube furnace. Driven by argon, PH3 gas moves to
the surface of manganese molybdate and reacts with it to form phosphoric acid. A small
amount of phosphoric acid is gradually “acid dissociated” in the presence of water vapor
to produce HPO2−

4 and H2PO−
4 in turn. Then, H2PO−

4 and OH− undergo ion exchange on
the surface of MnMoO4−4x, OH− diffuses outward, and H2PO−

4 penetrates inward slowly
to realize the phosphorus doping. The specific reaction equations are as follows:

NaH2PO2·H2O→PH3↑ + Na2HPO4 + H2O↑ (1)

MnMoO4 + xPH3 = MnMoO4−4x + xH3PO4 (2)

H2O + PO3−
4 = HPO2−

4 +OH− (3)

HPO2−
4 +H2O = H2PO−

4 +OH− (4)

In order to determine the optimal phosphorylation reaction conditions, three pa-
rameters were studied in terms of the amount of phosphorus source, phosphorylation
temperature, and phosphorylation time, respectively. Subsequently, CV and GCD tests
were performed to evaluate the impact of these parameters on the electrochemical proper-
ties resulting from the phosphorylation reaction. Figure 4a depicts the CV curves of the
phosphorylated manganese molybdate electrode at 20 mV s−1 for varying phosphorus
source quantities: 0.3 g, 0.6 g, 0.8 g, 1.0 g, and 1.3 g. Observably, the curve corresponding to
a hypophosphite quantity of 0.8 g covers a larger enclosed area and demonstrates a higher
capacitance area ratio. The mass ratio of the precursor to phosphorus source ranges from
1:10 to 1:40 or even higher [36,37]. From the preliminary experiments, the electrochemical
properties of P–MnMoO4/NF generated by the gas phase reaction were not significantly
improved when the content of the phosphorus source (NaH2PO2) was lower than 0.3 g.
The electrochemical properties of P–MnMoO4/NF generated by the gas phase reaction
were not significantly improved. If the content of the phosphorus source is too much and
too high, it may lead to the accumulation of the phosphorus source (NaH2PO2) before the
decomposition reaction, which leads to the ineffective improvement of the electrochemical
performance and, at the same time, causes a large amount of phosphorus resources to
be wasted. Figure 4b illustrates the GCD curves of the electrodes (0–0.5 V) following the
phosphorylation of manganese molybdate with different phosphorus source amounts at
1 mA cm−2. The amount of hypophosphite is 0.8 g for the longest discharge time and
higher charging and discharging plateau voltage, so it is determined that 0.8 g is the optimal
amount of sodium hypophosphite for the phosphorus source.

The effect of the phosphorylation temperature on the experimental results was studied
based on the phosphorus source content of 0.8 g and the temperatures of 250 ◦C, 350 ◦C,
400 ◦C, and 450 ◦C, respectively. Figure 4c illustrates the CV plots of the three samples
at different temperatures at a 20 mV s−1 scan rate. It can be seen that P–MnMoO4 are
pseudocapacitor materials at three different temperatures, but there is little difference in
the wrapping area of the CV curves at 400 ◦C and 450 ◦C. Constant current charge and
discharge are tested and shown in Figure 4d, in which the GCD curve of 400 ◦C has the
longest discharge time, so the optimal phosphorylation reaction temperature is determined
to be 400 ◦C. The experiments to determine the phosphorylation time were conducted
under the condition of 0.8 g sodium hypophosphite and a reaction temperature of 400 ◦C.
The reaction durations chosen were 1 h, 2 h, and 3 h, respectively. CV and GCD tests were
conducted at identical scan rates and current densities, respectively (Figure 4e,f). The area
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enclosed by the CV curves is difficult to directly assess, indicating that the phosphorylation
time has minimal impact on the electrochemical performance. The GCD curves were
measured to quantitatively analyze the respective specific capacitance, and the optimal
phosphorylation reaction time of 2 h was subsequently determined. In summary, the ideal
parameters for the phosphorylation experiment were 0.8 g of sodium hypophosphite, a
reaction temperature of 400 ◦C, and a reaction time of 2 h. The electrochemical performance
of P–MnMoO4 and MnMoO4·H2O prepared under the optimal experimental conditions
was compared.
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Figure 4. Comparison of the P–MnMoO4 electrode under different experimental conditions: (a,b) CV
curves at 20 mV s−1 and GCD curves at 1 mA cm−2 for different phosphorus source contents;
(c,d) phosphorylation temperatures; (e,f) phosphorylation times.

We compared the electrochemical performance of the P–MnMoO4 electrode (0.8 g,
400 ◦C, 2 h) prepared with the optimal parameters separately with that of the MnMoO4·H2O
electrode. Detailed CV and GCD curves for the MnMoO4·H2O and P–MnMoO4 electrode
materials at different scan rates and current densities are shown in Figures S2 and S3. The
area specific capacitances of the MnMoO4·H2O electrodes are 0.657, 0.634, 0.605, 0.550, 0.505,
0.451, and 0.400 F cm−2 at current densities of 1, 2, 3, 5, 10, 15, and 20 mA cm−2. The CV
curves of the P–MnMoO4 electrode (0.8 g, 400 ◦C, 2 h) at various scanning rates exhibited
minimal change in curve morphology, suggesting excellent reversibility of the electrode.

Figure 5a depicts the CV curves of the P–MnMoO4 and MnMoO4·H2O electrodes
within the potential range of −0.1 to 0.7 V at a scanning rate of 20 mV s−1. The enclosed
area of the CV curve for the P–MnMoO4 electrode exceeds that of the MnMoO4·H2O
electrode, indicating that P–MnMoO4 can store more charge and has better electrochemical
performance, mainly attributed to the addition of phosphorus elements. Both CV curves
exhibit a pair of well-defined redox peaks, indicative of Faraday reactions associated
with electrochemical capacitance. In Figure 5b, the GCD curves of the P–MnMoO4 and
MnMoO4·H2O electrodes are shown, measured at 1 mA cm−2. The discharge time of the P–
MnMoO4 electrode (1054 s) notably surpasses that of the MnMoO4·H2O electrode (327 s). At
1 mA cm−2, the specific capacitance of P–MnMoO4 is 2.112 F cm−2, approximately 3.2 times
greater than that of the MnMoO4·H2O electrode (0.657 F cm−2). The two electrodes both
exhibit charge/discharge plateaus, indicating the pseudocapacitive characteristics of the
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active material. In Figure 5c, Nyquist plots of the P–MnMoO4 and MnMoO4·H2O electrodes
are displayed, with the inset illustrating the equivalent circuit diagram. Since both materials
are grown on nickel foam, the contact resistance is minimal and manifests at the intersection
of the impedance curve with the horizontal axis. The radius of the curvature of P–MnMoO4
in the high-frequency region is smaller than that of MnMoO4·H2O, indicating a reduced
charge transfer resistance. In the low-frequency region, a linear trend with a slope close
to 1 represents the Warburg impedance, reflecting the efficiency of electrolyte ion transfer
at the electrode surface and in solution. The findings indicate that the internal resistance
(Rs = 0.198 Ω) and charge transfer resistance (Rct = 0.735 Ω) of P–MnMoO4 are lower than
those of MnMoO4·H2O (internal resistance (Rs = 1.121 Ω) and charge transfer resistance
(Rct = 5.398 Ω)), attributed to the incorporation of phosphorus to enhance the overall
conductivity of the electrode material.
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curves at 1 mA cm−2; (c) Nyquist plots (insets show the corresponding high-magnified EIS and
equivalent circuit); (d) relationship between the peak anode current and square root of the sweep
rate; (e) proportions of capacitive and diffusion-controlled contributions at various scan rates of the
P–MnMoO4 electrode; (f) relationship between log (|i|) and log (v); (g) the log (|i|) versus log
(v) plots of the cathodic and anodic peak current responses of the P–MnMoO4 electrode; (h) rate
capability; (i) stability test.
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Figure 5d shows that the corresponding currents of the redox peaks of the P–MnMoO4
and MnMoO4·H2O electrodes are roughly linear with the one-half order of the sweep speed.
It shows that the energy storage of the P–MnMoO4 and MnMoO4·H2O electrodes is mainly
carried out by the redox reaction inside the electrode material, not only by the surface redox
reaction [38]. The P–MnMoO4 electrode has a larger slope of the fitted line (b = 0.0216),
indicating a high ion migration rate. Indirectly, it is proven that the phosphorus element is
doped into the interior of MnMoO4·H2O and participates in the redox reaction, possibly
forming oxygen vacancies or phosphorus atoms replacing oxygen atoms. Figure 5e shows
the contribution rates of the surface-controlled and diffusion-controlled capabilities of
the P–MnMoO4 electrode at different scan rates. As the scan rates increase, the surface-
controlled capabilities become more prominent due to the suppression of ion diffusion [39].
However, at 100 mV s−1, the diffusion-controlled reaction capacitance remains dominant at
87.3%, indicating that the fast redox reaction process of the P–MnMoO4 electrode in electro-
chemical reactions is less affected by the scan rate, corresponding to the high ion migration
rate. Figure 5f illustrates the fitting line of log (i) versus log (v) collected from the CV
curve of various electrodes. The constant of the P–MnMoO4 electrode is 0.527, closer to 0.5,
revealing that the P–MnMoO4 electrode is a typical diffusion-controlled Faraday reaction.
In Figure 5g, the fitting b values of the oxidation and reduction peaks of the P–MnMoO4
electrode are displayed, both approaching 0.5. This suggests excellent reversibility in
the redox reaction of the P–MnMoO4 electrode, facilitating rapid and reversible electron
transfer at the interface between the electrode material and the electrolyte.

Area-specific capacitances for the P–MnMoO4 and MnMoO4·H2O electrodes were
computed from the GCD curves at various current densities (Figure 5h). As the current
density increased, the specific capacitance of both the P–MnMoO4 and MnMoO4·H2O
electrodes decreased. Due to the rapid decrease in the charge/discharge time at higher
charge/discharge rates, the movement of ions is restricted and the ions cannot reach
the interior of the electrode material in a short time, and the redox and ion intercalation
reactions occur incompletely [40]. As the current density increased from 1 mA cm−2 to
20 mA cm−2, the specific capacitance retention of the P–MnMoO4 electrode was 64.1%,
which was higher than that of the MnMoO4·H2O electrode (60.9%). The P–MnMoO4 and
MnMoO4·H2O electrodes were charged and discharged 3000 times at 5 mA cm−2 (Figure 5i).
After 3000 charge/discharge cycles, the specific capacitance retention rate of P–MnMoO4
was 82.1%, slightly lower than that of the MnMoO4·H2O electrode (87.3%). The nanosheet
morphology of the P–MnMoO4 electrode material does not change after long-term cycling
(Figure S4). The decrease in capacity retention after multiple charge/discharge cycles is
mainly due to the possible slight exfoliation of the nanosheet structure of the electrode
material and the change in electrolyte concentration during long cycling. Nonetheless, the
specific capacity after cycling of the P–MnMoO4 electrode remains higher than the specific
capacity before cycling of the MnMoO4·H2O electrode. Overall, the P–MnMoO4 electrode
material still demonstrates favorable cycling stability.

2.3. P–MnMoO4//AC ASC Testing

To evaluate P–MnMoO4’s practical utility, we constructed an asymmetric supercapaci-
tor device with P–MnMoO4 serving as the positive electrode and activated carbon (AC) as
the negative electrode, 2 M KOH as the electrolyte, and cellulose paper as the diaphragm
(Figure 6a). Detailed CV and GCD curves for commercial activated carbon (AC) anode
electrode materials are given in Figure S5, and the CV curves are quasi-rectangular in
shape, which is a double electric layer capacitance characteristic. In the three-electrode
test regime, Figure 6b shows the CV curves measured at 20 mV s−1 for P–MnMoO4 and
activated carbon, respectively. The absence of overlap between the individual CV curve
regions of the positive and negative electrodes within the potential window confirms the
precise alignment of the two electrodes during the assembly of the asymmetric supercapac-
itor [41]. To establish the voltage window of the device, we expanded the voltage range of
the CV curve from 0–0.8 V to 0–1.8 V at a scan rate of 20 mV s−1 (Figure 6c). There was
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no significant polarization in the 0–1.6 V range, and the P–MnMoO4//AC device was CV
tested at scan rates of 10 to 100 mV s−1 during this voltage window (Figure 6d). As the
scan rate increases, all CV curve shapes do not change due to the increase in scan speed,
and they are irregularly rectangular in shape. Both pseudocapacitors and double-layer ca-
pacitors contribute to this asymmetric supercapacitor device [42]. Figure 6e shows the GCD
curve that indicates the maximum voltage window, which is obtained by incrementing the
voltage from 0 to 0.8 V with a step of 0.2 V at 5 mA cm−2. If the GCD test is performed
above the 1.6 V voltage window, it will cause the device to remain in the charging state
rather than be discharged, and a higher voltage window will not be achieved. The CV
and GCD tests incremented the voltage window, and the final test results were consistent,
identifying the device voltage window as 0–1.6 V. Figure 6f shows the variation of the GCD
curve of P–MnMoO4//AC as the current density increases from 5 mA cm−2 to 30 mA cm−2

within the voltage range of 0–1.6 V. The symmetrical shapes of the CV and GCD curves of
the devices tested at different scanning speeds and current densities indicate that the two
electrode materials are well matched and have excellent charge/discharge reversibility [38].
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The power and energy density of the P–MnMoO4//AC ASC device can be com-
puted using Equations (7) and (8). The energy density of P–MnMoO4//AC was 41.9,
34.8, 27.6, 25.3, and 21.2 Wh kg−1 for power densities of 666.8, 1348.8, 2015.4, 2751.7, and
4128.3 W kg−1, respectively. The capacity retention of the P–MnMoO4//AC ASC device
was 84.5% after 10,000 cycles, and the Coulombic efficiency remained nearly 100% through-
out each charge/discharge cycle, with the initial increase in capacity during the cycling
period likely attributable to the activation process of the electrode material (Figure 7). When
compared to other asymmetric supercapacitors comprising MnMoO4 material and acti-
vated carbon, the P–MnMoO4//AC supercapacitor demonstrates superior energy density
at equivalent power densities and exhibits outstanding cycling stability (Table S1). The
results imply the possibility of practical applications of phosphorus-doped manganese
molybdate in energy storage devices.
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3. Materials and Methods
3.1. Chemicals and Materials

The reagents included Na2MoO4·2H2O, MnSO4·H2O, NaH2PO2·H2O, anhydrous
ethanol, KOH, HCl, CH3COCH3, NF, commercial active carbon, acetylene black, polyvinyli-
dene fluoride (PVDF), and N–methyl pyrrolidone, purchased from Sinopharm Chemical
Reagents Co. Ltd. (Shanghai, China). The 1 mm thick Ni foams were trimmed into pieces
measuring 1 cm × 1.5 cm for ease of handling. Subsequently, they were immersed in 1 M
HCl solution and acetone for ultrasonic cleaning for 15 min to eliminate NiO and organic
contaminants from the surface. Afterwards, the pretreated Ni foams underwent thorough
rinsing with deionized water and ethanol before being vacuum-dried at 60 ◦C for 12 h. All
reagents utilized were of analytical grade and necessitated no further purification.

3.2. Synthesis of MnMoO4·H2O Precursors and P–MnMoO4

In a typical synthesis, 2 mmol of Na2MoO4·2H2O and 2 mmol of MnSO4·H2O were
dissolved separately in 40 mL of deionized water. The mixed solution and clean Ni foam
were then transferred into a 100 mL stainless steel autoclave and placed in a blast-drying
oven at 150 ◦C for 8 h. After the reaction was completed, the samples were cooled to
room temperature, gently rinsed with deionized water to prevent detachment of the grown
MnMoO4·H2O from the nickel foam, and subsequently dried at 60 ◦C for 12 h.

The doping of the phosphorus element was achieved using a gas–solid reaction
method. MnMoO4·H2O/NF and NaH2PO2·H2O were placed in the porcelain boat, with
NaH2PO2·H2O positioned upstream and MnMoO4·H2O/NF downstream. Then, it was
placed in a tube furnace, heated with argon gas to a certain temperature for a certain period
of time, and then cooled to room temperature to obtain P–MnMoO4/NF. In this paper,
we proposed the optimization of the experimental parameters of the phosphorus source
(0.3 g, 0.6 g, 0.8 g, 1.0 g, and 1.3 g); phosphating temperature (250 ◦C, 350 ◦C, 400 ◦C, and
450 ◦C); and phosphating time (1 h, 2 h, and 3 h) to generate P–MnMoO4. The mass of
active material on NF of the MnMoO4·H2O and P–MnMoO4 (0.8 g, 400 ◦C, 2 h) samples
was about 1 mg cm−2 and 1.2 mg cm−2, respectively, measured by an electronic balance.

3.3. P–MnMoO4//AC Asymmetric Supercapacitor Assembly

Activated carbon (AC), conductive carbon black, and polyvinylidene fluoride (PVDF)
were mixed in a mass ratio of 8:1:1 and combined with an appropriate amount of N–
methylpyrrolidone. The mixture was stirred into a paste at room temperature and then
uniformly applied to clean Ni foam to prepare the negative electrode of the device. This
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asymmetric device was assembled at room temperature and in air and used for the two-
electrode test. The amount of AC required was calculated according to Equation (5) [43]:

m+

m− =
C− × ∆V−

C+ × ∆V+ (5)

where m (g), C (F cm−2), and ∆V (V) represent the mass of electrode material, specific
capacitance, and potential window, respectively.

3.4. Characterization of Materials

The nanostructured morphologies of the samples were examined using a scanning
electron microscope (SEM, ZEISS Gemini 300, Jena, Germany). Elemental mapping imaging
was performed using energy dispersive X-ray spectroscopy (EDS, Horiba EMAX Energy,
EX-350, Kyoto, Japan). Transmission electron microscopy (TEM), high-resolution transmis-
sion electron microscopy (HRTEM), and selected area electron diffraction (SAED) images
were obtained with a FEI-TALOS-F200X (Thermo Fisher Scientific, Waltham, MA, USA).
The crystal structure of the samples was analyzed using an X-ray powder diffractome-
ter (XRD, Empyrean, Malvern Panalytical B.V, Almelo, The Netherlands) with graphite
monochromatic Cu Kα irradiation. The chemical compositions of the nanocomposites were
analyzed using X-ray photoelectron spectroscopy (XPS, American Thermo Fisher Scientific
K-Alpha, USA).

3.5. Electrochemical Measurements

All electrochemical measurements were performed using an electrochemical worksta-
tion (CHI 660D). Samples of MnMoO4·H2O and P–MnMoO4 electrode materials prepared
on Ni foam were directly used as working electrodes for the three-electrode test, and Pt
net and Hg/HgO electrodes were used as counter and reference electrodes in 2 M KOH
aqueous electrolytes. The specific capacitance of the single and full electrode devices were
calculated using Equation (6) [44]:

Cs =
I × ∆t

m × ∆V
(6)

where I (A) is the discharge current, ∆t (s) is the discharge time, m (g) is the mass loading of
the active material, ∆V is the operating voltage, and Cs (F g−1) is the mass ratio capacitance.
When its m (g) is replaced with the effective area of the electrode, Equation (6) can be used
for the calculation of the area ratio capacitance (F cm−2).

To calculate the energy and power density of the asymmetric supercapacitor, the
following Equations (7) and (8) were used [45]:

E =
1

7.2
CV2 (7)

P =
3600E

∆t
(8)

where E (Wh kg−1) is the energy density, P (W kg−1) stands for the power density, C
(F g−1) is the specific capacitance, V(V) is the operating voltage window, and ∆t (s) is the
discharge time.

4. Conclusions

In this research, MnMoO4·H2O nanosheets were initially synthesized on nickel
foam via a hydrothermal approach, followed by the introduction of phosphorus into the
MnMoO4·H2O nanosheets using a gas–solid reaction method. The experimental parame-
ters of the phosphorus source content, reaction temperature, and reaction duration were
optimized for phosphorylation. The phosphorylated manganese molybdate nanosheets
were characterized and electrochemically measured. The P–MnMoO4 of the preferred
electrochemical properties were achieved when the phosphorus source content was 0.8 g,
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the heating temperature was 400 ◦C, and the heating time was 2 h. At l mA cm−2, the
specific capacitance of P–MnMoO4 was 2.112 F cm−2, approximately 3.2 times greater
than that of the MnMoO4·H2O electrode. Following 3000 charge/discharge cycles at
5 mA cm−2, the specific capacitance of P–MnMoO4 remained at approximately 82.1% of
its initial value. Phosphorus doping enhances the charge storage, conductivity, and ion
migration rate of MnMoO4 while preserving the nanosheet morphology of MnMoO4.
P–MnMoO4//AC devices provide a high energy density of 41.9 Wh kg−1 at a power
density of 666.8 W kg−1, with 84.5% capacity retention after 10,000 charge/discharge
cycles. This work shows that the P–MnMoO4 material is a potential electrode material
with extensive applications in building high-performance energy storage devices.
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P–MnMoO4 electrode material after charge/discharge cycles; Figure S5. (a) CV curve of activated
carbon; (b) GCD curve; Table S1. Performance comparison of the hybrid supercapacitor based
on the MnMoO4 electrode material with other reported devices. Refs. [46–51] are cited in the
Supplementary Materials.
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Abstract: In the present work, we investigate the potential of modified barium titanate (BaTiO3), an
inexpensive perovskite oxide derived from earth-abundant precursors, for developing efficient water
oxidation electrocatalysts using first-principles calculations. Based on our calculations, Rh doping is
a way of making BaTiO3 absorb more light and have less overpotential needed for water to oxidize.
It has been shown that a TiO2-terminated BaTiO3 (001) surface is more promising from the point of
view of its use as a catalyst. Rh doping expands the spectrum of absorbed light to the entire visible
range. The aqueous environment significantly affects the ability of Rh-doped BaTiO3 to absorb solar
radiation. After Ti→Rh replacement, the doping ion can take over part of the electron density from
neighboring oxygen ions. As a result, during the water oxidation reaction, rhodium ions can be in
an intermediate oxidation state between 3+ and 4+. This affects the adsorption energy of reaction
intermediates on the catalyst’s surface, reducing the overpotential value.

Keywords: electrocatalysis; photocatalysis; energy storage and conversion; electrode materials;
water splitting

1. Introduction

The growing demand for environmentally friendly and cost-effective energy sources
has led to intensive research into various renewable energy sources. In this regard, photo-
electrochemical hydrogen generation through water splitting has emerged as a promising
avenue due to its affordability and environmental friendliness. In 1972, Honda and Fu-
jishima first reported hydrogen production through photochemical water splitting using
the semiconductor TiO2 [1]. Since then, this phenomenon has been extensively studied,
and numerous materials and water-splitting systems have been developed. In the process
of photoelectrochemical (PEC) water splitting, hydrogen is produced from water by using
sunlight and specialized semiconductors called PEC materials. These materials directly
split water molecules into hydrogen and oxygen using light energy.

An integrated PEC system consists of light absorbers, electrocatalysts for the hy-
drogen evolution reaction and the oxygen evolution reaction (OER), electrolytes, and
membranes. This system can be used to efficiently produce hydrogen fuel from sunlight,
especially through the photo-electrolysis of water, generating sustainable hydrogen and
oxygen. However, the key to achieving viable PEC solar water splitting lies in carefully
selecting semiconductive electrode materials. These materials must have low band
gaps and exceptional stability and be inexpensive. This strategic choice allows for the
absorption of a greater amount of visible light, thereby enhancing the overall efficiency
of the process.
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Perovskite-based materials are widely regarded as highly efficient photocatalysts
for water splitting due to their adjustable electronic properties [2–6]. In addition, per-
ovskite materials comprise environmentally benign and inexpensive elements abundant
on Earth [7,8]. Recently, there has been increased focus on using perovskites as cost-
effective catalysts for water electrolysis due to a deeper comprehension of the rapport
between electronic structure and reactivity [9,10]. As a new category of perovskite
derivatives, layered Ruddlesden–Popper perovskites are currently attracting growing
research attention [11,12].

BaTiO3, utilized as a crystal in non-linear optics, dielectric ceramics, and piezoelectric
materials, is among the ferroelectric oxides that have been the subject of extended scientific
inquiry [13]. The optical band gap of pristine BaTiO3 is 3.2–3.4 eV, much larger than the
activation energy of 1.23 eV required for water splitting [14]. Therefore, the use of bare
titania for solar energy harvesting is not efficient. Band gap excitation requires ultraviolet
irradiation (UV); however, UV light accounts for only 4% of the solar spectrum compared
to the 45% that is visible. So, any shift in optical response to the visible range will have a
profound positive effect on the photocatalytic efficiencies of BaTiO3 materials.

There have been reports of water electrolysis using BaTiO3 electrodes [15,16]. Ni-
supported BaTiO3 exhibits activity for CO2 reformation [17], Pd-modified BaTiO3 efficiently
catalyzes NOx reduction [18], and Cr-modified BaTiO3 catalyzes the reduction of nitroben-
zene and aniline [19]. Several methods are used for enhancing the electronic properties of
barium titanate for electrocatalysts application. Catalyst performance could be, in principle,
improved using different promoters like W, Mn, and Fe [20–22]. According to a theoret-
ical study [23], FeTi and NiTi substitutions increased electrical conductivity and reduced
overpotentials for the OER. Xie et al. [24] revealed experimentally that applying a 2% Mo
doping to BaTiO3 results in a reduction in the optical bandgap that activates its photo-
catalytic performance. Eu-doped BaTiO3 nanoparticles show remarkable electrochemical
performance towards the oxygen evolution reaction (OER) and excellent stability over
2000 cyclic voltammetry cycles [25].

Rh doping is one of the most effective methods that enables one to produce a visible-
light-responsive photocatalyst [26–28]. Related to BaTiO3, rhodium-doped SrTiO3 ex-
hibits remarkable photocatalytic efficiency in the process of H2 evolution from an aqueous
methanol solution under visible light irradiation, outperforming all other visible-light-
activated oxide photocatalysts [27]. Bhat et al. [29] suggested that Rh-doped BaTiO3 resulted
in the formation of mid-gap electronic states, causing a reduction in the band gap of BaTiO3
while simultaneously avoiding the formation of recombination centers. As seen from the
studies mentioned above, the research on Rh-modified impacts on the catalyst properties of
BaTiO3 is limited and requires more detailed consideration. In light of these novel findings,
in the current article, we investigate the degree to which a minor modification can be made
to the chemical composition of the surface of barium titanate (BaTiO3) to tune its catalytic
reactivity. This study focuses on the optical absorption and catalytic performance towards
OER of pure and Rh-modified tetragonal BaTiO3 structures.

2. Theoretical Surface and Thermodynamic Model
2.1. Structure Models

In this work, the tetragonal BaTiO3 phase, which is not energetically favorable at a
temperature of zero but exists at room temperature, was used in the modeling conducted.
Initial crystal structure was taken from the Materials Project database [30]. To make the
(001) surface models of BaTiO3, slabs with eleven layers of TiO2 and BaO that are symmetric
concerning the mirror plane were used. The end of one of these slabs had BaO planes
for the crystal and was a supercell containing 108 atoms. The second slab terminated in
TiO2 planes containing 112 atoms. The (001) surface was chosen because it is the most
energetically favorable for both TiO2 and BaO terminations [31]. A vacuum layer measuring
15 Å thick was applied perpendicular to the slabs to avoid artificial interactions between
the slab and its periodic images.
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Even though these slabs are not stoichiometric, they maintain symmetry when the
Ba/Ti atoms are substituted with Rh on the outermost layer, preventing the system from
having a dipole moment. Due to periodic boundary conditions, this dipole moment
may significantly distort the calculated energy values of the systems. These two slab ends
(TiO2 and BaO) are the only possible terminations of (001) surfaces for the BaTiO3 perovskite
lattice structure, as shown in Figure 1. Replacing the Ba atoms on a BaO-terminated surface
results in the doping atom formally entering the RhBa

2+ state. Experimentally, Rh3+ and
Rh4+ ions have been detected when BaTiO3 is doped [32], so neutral OH groups were
added to the surface to change RhBa

2+ into RhBa
3+. The present study focuses on the

TiO2-terminated surface because it has recently been shown that the BaO-terminated
surface is also unstable under operating conditions [23].
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2.2. Thermodynamic Description

Under the standard conditions (T = 298 K, p = 1 bar, pH = 0), the equilibrium ther-
modynamic potential for water oxidation required to produce oxygen (H2O→ 1/2O2 +
4H+ + 4e−) is 1.23 V vs RHE (the reference electrode is further omitted for brevity). In
practice, a potential above 1.23 V is required for this reaction. For heterogeneous catalysts,
this additional potential is referred to as the overpotential η.

The catalytic oxygen evolution reaction (OER) via water oxidation is divided into four
fundamental reaction steps, wherein each step entails the exchange of an electron–proton
pair (where * denotes the adsorption site of the catalyst) [33,34]:

2H2O + ∗ 
 OH∗ + H2O + H+ + e− (1a)

OH∗ + H2O 
 O∗ + H2O + H+ + e− (1b)

O∗ + H2O 
 OOH∗ + H+ + e− (1c)

OOH∗ 
 ∗+ O2 + H+ + e− (1d)

Using the normal (computational) hydrogen electrode approach, the reaction free
energy ∆G of the charge transfer reaction H* 
 * + H+ + e− under standard ambient
conditions is equal to the ∆G of the H* 
 * + 1/2H2 reaction. The reactions’ Gibbs free
energy for steps ∆G1, ∆G2, ∆G3, and ∆G4 in Equation (1) can be expressed as

∆G1 = ∆GOH − eU + ∆GH+(pH)

∆G2 = ∆GO − ∆GOH − eU + ∆GH+(pH)

∆G3 = ∆GOOH − ∆GO − eU + ∆GH+(pH)

∆G4 = 4.92[eV]− ∆GOOH − eU + ∆GH+(pH)

(2)

where U is the potential measured against a normal hydrogen electrode (NHE) under
standard conditions. The free energy change of the protons relative to the NHE at non-zero
pH is represented by the Nernst equation as ∆GH+(pH) = −kBT ln(10) × pH. The Gibbs
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free energy differences in Equation (2) include zero-point energy (ZPE) and enthropy
corrections according to ∆Gi = ∆Ei − T∆Si + ∆ZPEi − eU. Entropic contributions under
standard conditions were taken from the CRC Handbook [35]. The Supporting Information
for Ref. [34] also includes these values. Energy differences ∆Ei calculated relative to H2O
and H2 (at U = 0 and pH = 0) are approximated as follows:

∆EOH = E(OH∗)− E(∗)−
[

E(H2O)− 1
2 E(H2)

]

∆EO = E(O∗)− E(∗)− [E(H2O)− E(H2)]

∆EOOH = E(OOH∗)− E(∗)−
[
2E(H2O)− 3

2 E(H2)
]

(3)

The theoretical overpotential can then be readily defined as

η = max[∆Gi]/e− 1.23 (V) (4)

The overpotential represented by Equation (4) is simply a thermodynamic quantity.
Due to the lack of activation barriers, experimentally determined overpotential values
cannot be directly compared with theoretical ones. In addition, experiments are usually
carried out using electrodes containing nanoparticles of the used material, whose active
surface’s exact value is difficult to determine.

3. Results and Discussion
3.1. Effect of Doping on Ground-State Electronic Properties

Geometry modification. The computed lattice parameters for the bulk tetragonal BaTiO3
are a0 = 4.0381 Å and c0 = 4.0999 Å. Several of the experimental data that are accessible are
comparable to our findings: a0 falls within the range of 3.9860 Å to 3.9905 Å, and c0 spans
from 4.0170 Å to 4.0412 Å [36–40].

The TiO2-terminanted surface replacement of Ti4+ with Rh4+ leads to slight dis-
tortion of the lattice, as shown in Figure 2a–c. Each surface Ti4+ ion is surrounded by
four neighboring surface oxygen ions (O1) and one nearest-subsurface oxygen (O2). All
Ti4+-O1 distances are the same and are 2.2027 Å, while the Ti4+-O2 bond lengths are
1.9086 Å. After the Ti4+→Rh4+ substitution, the RhTi

4+-O1 bond lengths are 2.1046 Å,
and the RhTi

4+-O2 distance is 2.3089 Å. Substitution energy, Ti4+→Rh4+, is calculated
as follows:

Edef = (E(Rh-doped) + E(Ti) − E(undoped) − E(Rh))/2,

where E(undoped) and E(Rh-doped) are the calculated energies of the pristine and doped
slabs, and E(Ti) and E(Rh) are the energies per atom for metals hcp-Ti and bcc-Rh. The
calculations yield the value Edef = 7.212 eV per Rh atom. This value is typical for this type
of substitution. Thus, the previously calculated value of the Ti4+→Ru4+ substitution energy
is 6.424 eV per Ru atom [41].

In the case of Ba2+ → Rh3+ + OH− substitution, a much stronger distortion of the
surface structure occurs. After geometry optimization, RhBa

3+ ions are displaced, moving
from the surface layer deep in the slab to the subsurface layer, forming bonds with oxygen
ions in this layer (Figure 2d–f). In this case, in the next atomic layer under the Rh3+ ion,
Ba2+ is present. This finding shows that even if there were a BaO-terminated surface, the
doping ion RhBa

3+ would not be on the surface layer. This would make this site less likely
to be able to catalyze water-splitting reactions.

Electronic density of states. The HSE06-calculated electronic structures of the doped
and undoped models are schematically summarized in Figure 3. Figure 3 presents
the total (TDOS) and partial densities of states of the bare and doped TiO2- and BaO-
terminated surfaces. For both bare surfaces, the O-2p states predominately form a
valence band, whereas the Ti-4d states form the conduction band minimum. The O-
2p→Ti-3d transitions thus determine optical absorption for undoped BaTiO3. The
calculated band gaps for the undoped models are 2.8 eV and 3.0 eV for the TiO2- and
BaO-terminated surfaces, respectively. The different stoichiometries of the studied
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models account for this variation in the calculated bandgap values. However, the
bandgap values obtained from the DOS calculations do not coincide with the results of
the optical spectra calculations, which will be shown below when analyzing the optical
absorption spectra.
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Figure 2. (Left): Top view of the outermost layer of TiO2-terminated (a) undoped and (b) Rh-doped
surfaces. The numbers indicate the distance (Å) between the (a) Ti and (b) Rh atoms and the nearest
surface oxygen atoms (O1). (c) Side view of a doped TiO2-terminated surface (Ba ions omitted);
the numbers indicate the interatomic distance between the metal atoms (Ti: black, Rh: pink) and
subsurface oxygen (O2). (Right): Top view of the two upper layers of BaO-terminated (d) undoped
and (e) Rh-doped surfaces. Side view of a doped BaO-terminated surface (f).

Doping the TiO2-terminated surface results in additional levels due to the Rh-4d states
appearing in the band gap (Figure 3b). The Rh4+ ion also changes the electronic states
of the oxygen atoms that are closest to it. This causes the O-2p peaks to appear in the
calculated DOS near the valence band maximum. This effect also results in an additional
reduction in the band gap. When doping a BaO-terminated surface, in addition to the Rh-4d
states in the bandgap, the Ti-3d states appear near the minimum of the conduction band;
titanium ions close to the Rh ion in the subsurface layer give rise to these states. As Rh4+

shifts from the surface to the layer below, it breaks the bonds between the dopant and the
surface oxygen ions. This creates more O-2p-induced peaks in the DOS near the top of the
valence band (Figure 3d).

25



Molecules 2024, 29, 2707Molecules 2024, 29, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 3. Total and partial densities of states for bare and doped TiO2- and BaO-terminated sur-
faces. Top: (a) undoped TiO2-terminated surface; (b) Rh-doped TiO2-terminated surface. The con-
tribution of the surface nearest to the oxygen atoms of Rh, O(Rh), is highlighted. Bottom: (c) un-
doped BaO-terminated surface; (d) Rh-doped BaO-terminated surface. EF: Fermi energy.  

3.2. Optical Absorption 
The effect of doping on optical absorption is shown in Figure 4. Both dry and wet 

surfaces are considered. The presence of Rh4+ ions (Figure 4a) on the TiO2-terminated 
surface substantially changes the optical absorption spectrum due to the DOS changes 
discussed above. Although the DOS calculations for an undoped surface yield a band gap 
of 2.8 eV, the optical absorption threshold is 3.35 eV (370 nm). This difference exists be-
cause for optical transitions of the O-2p→Ti-3d type in the energy range of 2.8–3.1 eV, the 
oscillator strengths calculated using Equation (8) are equal to zero or assume negligibly 
small values. As a result, the optical absorption threshold value for the undoped struc-
ture is in good agreement with experimental data [32]. The spin-down O-2p→Rh-4d 
transitions on a Rh-doped surface absorb light in the long-wavelength range. In the 
short-wavelength range, optical absorption occurs due to the O-2p→Ti-3d transitions. The 
optical absorption peak at 900 nm is suppressed in the aqueous environment and the 
absorption at 450 nm is significantly reduced. In this case, optical absorption increases in 
the 500–550 nm range. A comparison of the calculated data and the experimental results 
obtained after the 2 mol% doping of BaTiO3 is presented [42]. The agreement between the 
theoretical and experimental results can be considered good since modeling shows that 
in the case of replacing the surface Ti4+ ion with RhTi4+, optical absorption occurs in a wide 
range of frequencies of electromagnetic radiation. Up to this stage, our model does not 
consider the role that Rh4+ ions inside the slab might play in optical absorption. In this 
case, these ions would not be on the sample’s surface, and aqueous media would not af-
fect their electronic states. Below, we present an analysis and its results for the situation 
when the Rh ions reside inside the slab. 

Figure 3. Total and partial densities of states for bare and doped TiO2- and BaO-terminated surfaces.
Top: (a) undoped TiO2-terminated surface; (b) Rh-doped TiO2-terminated surface. The contribution
of the surface nearest to the oxygen atoms of Rh, O(Rh), is highlighted. Bottom: (c) undoped
BaO-terminated surface; (d) Rh-doped BaO-terminated surface. EF: Fermi energy.

3.2. Optical Absorption

The effect of doping on optical absorption is shown in Figure 4. Both dry and wet
surfaces are considered. The presence of Rh4+ ions (Figure 4a) on the TiO2-terminated
surface substantially changes the optical absorption spectrum due to the DOS changes
discussed above. Although the DOS calculations for an undoped surface yield a band
gap of 2.8 eV, the optical absorption threshold is 3.35 eV (370 nm). This difference exists
because for optical transitions of the O-2p→Ti-3d type in the energy range of 2.8–3.1 eV,
the oscillator strengths calculated using Equation (8) are equal to zero or assume negligibly
small values. As a result, the optical absorption threshold value for the undoped structure
is in good agreement with experimental data [32]. The spin-down O-2p→Rh-4d transitions
on a Rh-doped surface absorb light in the long-wavelength range. In the short-wavelength
range, optical absorption occurs due to the O-2p→Ti-3d transitions. The optical absorp-
tion peak at 900 nm is suppressed in the aqueous environment and the absorption at
450 nm is significantly reduced. In this case, optical absorption increases in the 500–550 nm
range. A comparison of the calculated data and the experimental results obtained after the
2 mol% doping of BaTiO3 is presented [42]. The agreement between the theoretical and
experimental results can be considered good since modeling shows that in the case of
replacing the surface Ti4+ ion with RhTi

4+, optical absorption occurs in a wide range of
frequencies of electromagnetic radiation. Up to this stage, our model does not consider the
role that Rh4+ ions inside the slab might play in optical absorption. In this case, these ions
would not be on the sample’s surface, and aqueous media would not affect their electronic
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states. Below, we present an analysis and its results for the situation when the Rh ions
reside inside the slab.

The optical absorption threshold value for the BaO-terminated surface is the same as
that found by directly estimating the bandgap value from the DOS calculation and amounts
to 415 nm (2.99 eV). The optical absorption at longer wavelengths is also due to the
O-2p→Rh-4d and O-2p→Ti-3d transitions. In this case, in contrast to the TiO2-terminated
surface, in the 400–520 nm wavelength range (2.4–3.1 eV), there is a contribution from the
Rh-4d→Ti-3d transitions. This finding agrees with experimental data [32]. The transitions
discussed here suggest that the electronic transitions from the Rh3+ ions to the conduction
band are possible, even though Rh4+ usually plays the role of a trapping center [43].
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Figure 4. Optical absorption of undoped and Rh-doped (a) TiO2- and (b) BaO-terminated surfaces.
Black and blue lines correspond to dry and wet surfaces, respectively. The solid lines illustrate total
optical absorption, while dashed and dotted lines correspond to the contributions of spin-up (UP)
and spin-down (DW) electronic states. Orange lines refer to experimental data adapted from Ref. [32].

Since the BaO-terminated surface was probably unstable but we knew that the Rh3+

ions help with optical absorption, we also looked at a model where the Rh ions were put
inside the BaO-terminated slab instead of the slab surface. To ensure the Rh3+ oxidation
state was obtained, neutral OH groups were added to the surface.

The results of geometry optimization, DOS, and optical absorption calculations are
presented in Figure 5. Figure 5a shows how the atomic structure changes when rhodium
is added after the structure’s geometry has been optimized. As in the case of the BaO-
terminated surface (Figure 2e,f), the RhBa

3+ ion is shifted towards the TiO2 plane. Unlike in
the previous case, the displacement occurs in a direction parallel to the surface plane since
the lattice parameters in this direction are lower than those perpendicular to the direction.
The DOS analysis (Figure 5b) shows that the nature of the bottom of the conduction band
is due to the Rh-4d and Ti-3d levels. The Ti-3d states are localized on Ti atoms located
near Rh. So, optical absorption (Figure 5c) begins at 550 nm (2.25 eV) and is caused by
transitions from O-2p to Rh-4d for the spin-down states. Furthermore, at wavelengths of
approximately 500 nm (2.5 eV) and shorter, Rh-4d→Ti-3d transitions are possible. Thus, the
experimentally observed Rh-4d→Ti-3d transitions [32] are most likely caused by Rh3+ ions
inside the sample.
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Figure 5. (a) Change in the arrangement of ions in the slab after Ba was replaced with Rh; (b) electronic
DOS for relaxed slab; (c) optical absorption spectrum for the model investigated. Dashed and dotted lines
represent optical absorption by spin-up and spin-down states. The solid line illustrates total absorption.

3.3. OER over Pristine and Rh-Modified BaTiO3

The above results indicate that Rh doping dramatically improves the ability of BaTiO3
to absorb sunlight in the visible range. The TiO2-terminated surface is also more stable
regarding the Ti4+→Rh4+ change, while the Ba-terminated surface’s Rh3+ ion position
is less stable. It was previously shown that the TiO2-terminated surface is stable under
operating conditions. In contrast, the BaO-terminated surface is unstable concerning Ba
dissolution at a wide range of pH values and potentials [32]. Based on these results, we
evaluated the reaction-free energy profile for the OER on the TiO2-terminated surface of
BaTiO3, as described in the Models Section 2.

Figure 6 displays the free energies of water oxidation reactions on a pure and Rh-
modified TiO2-terminated BaTiO3 surface at zero potential and equilibrium potential of
1.23 V vs RHE. (Equation (1)). The oxidation reaction of a single water molecule is con-
sidered both on a dry surface and considering the influence of the aqueous environment.
On a bare TiO2-terminated surface, an overpotential of 1.18 V was found when the surface
was dry. This value is close to the earlier-reported one calculated on the same surface,
equal to 1.22 V [23]. Due to the aqueous environment, this value reduced to 1.08 V. For the
Rh-modified surface, the overpotential values were 0.45 and 0.23 V for dry and wet surfaces,
respectively, which implies that Rh doping improves catalytic activity. The obtained values
are close to those for NiOx films, in which cerium was used as a dopant and gold was
employed as a metal support [44].
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Since the efficiency of the photocatalyst in the process of the water oxidation reaction
is determined by the energies of the interaction of intermediate reaction products with the
surface (Equation (1)), it is necessary to analyze the oxidation states of active sites during
the water-splitting process. The results regarding the Bader analysis and the spin states of
active sites on the surface of the catalyst and the intermediate reaction products are given
in Table 1. The number of active sites on the surface also includes the nearest neighboring
ions, O1 and O2, since their charges and spin states change on the doped surface during
the reactions represented by Equation (1).

Table 1. TiO2-terminated surface. Calculated Bader charges q (in |e|) and local magnetic moments
(in µB) for the Ti (undoped surface) and Rh (doped surface) empty sites and as well as sites occupied
by O, OH, and OOH.

TiO2 Surface

Dry

Empty site (*) OH* O* OOH*
Species q µ q µ q µ q µ

Ti 2.15 0 2.25 0 2.10 0 2.22 0
O1 −1.18 0 −1.15 0 −1.15 0 −1.13 0
O2 −1.22 0 −1.24 0 −1.19 0 −1.24 0

Adsorbant - - −0.49 0 −0.74 0.53 −0.31 0.14

Wet

Ti 2.24 0 2.24 0 2.12 0 2.21 0
O1 −1.22 0 −1.16 0 −1.19 0 −1.15 0
O2 −1.23 0 −1.24 0 −1.22 0 −1.24 0

Adsorbant - - −0.52 0 −0.91 0.48 −0.35 0.13

TiO2:Rh surface

Dry

Rh 1.51 1.59 1.77 0.85 1.73 1.04 1.64 0.73
O1 −1.06 0.17 −1.04 0.11 −1.03 0.129 −1.02 0.13
O2 −1.11 0.15 −1.20 0.03 −1.19 0.014 −1.18 0.01

Adsorbant - - −0.37 0.86 −0.33 1.04 −0.19 0.28

Wet

Rh 1.49 1.60 1.76 0.84 1.73 1.08 1.63 0.74
O1 −1.08 0.17 −1.08 0.11 −1.05 0.14 −1.05 0.13
O2 −1.10 0.15 −1.11 0.03 −1.20 0.019 −1.20 0.01

Adsorbant - - −0.43 0.84 −0.46 1.08 −0.23 0.29

In the case of an unmodified TiO2-terminated surface, the charge and spin states of
the catalyst ions change slightly during the oxidation of water, both in the case of dry and
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wet surfaces. The active site of a titanium ion is always in the 4+ oxidation state, and its
nearest neighbors are in the O2− state. An aqueous environment noticeably affects only the
intermediate reaction product O*, reflected in a decrease in overpotential at this reaction
step. In a sense, the electronic Ti4+ ion is too rigid in terms of its properties and cannot
adjust its electronic structure to optimize the water-splitting process. Surface modification
with Rh solves this problem.

When replacing the surface titanium ion with rhodium, the dopant also affects its
nearest neighboring O1 and O2 ions. The data in Table 1 show that as the absolute value
of the Bader charge on the O1 and O2 ions decreases, a non-zero magnetic moment also
appears on these ions. This indicates a charge transfer from the O1 and O2 ions to the
dopant. The spin state of the Rh ion also shows that it is not in the 4+ oxidation state since
in this latter case its formal magnetic moment is 1 µB in the low-spin state (4d5). The present
calculations suggested a value of 1.59 µB for the spin magnetic moment of Rh, which means
Rh is in the 3+ oxidation state; i.e., the formal magnetic moment is 2 µB in the intermediate
spin state. This deviation from the formal value is associated with the charge transfer from
O1 and O2 to the doping cation. During the oxidation of water, the magnetic moment of
Rh is 1.04 (O*) and decreases to 0.85 (OH*) and 0.75 (OOH*) µB. This can be interpreted as
the oxidation state of Rh undergoing a change from 3+ (O*) to 4+ (OH* and OOH*).

Because of the water oxidation reaction, the oxidation state and spin magnetic moment
of the ions on the catalyst surface change, and the reaction intermediates change with
them. The ability of Rh and the surrounding ions on the surface to change their electronic
properties leads to more efficient water oxidation. The influence of the aqueous environ-
ment significantly affects the behavior of OH* species, which, in turn, leads to a decrease
in the overpotential.

Figure 7 shows how the electronic charge density redistributes between the dry
TiO2-terminated surface and the reaction intermediates. The charge transfer ∆Q can
be calculated using the formula given below:

∆Q = QSA − QS − QA, (5)

Here, QSA, QS, and QA represent the spatial charge density distributions for systems
wherein the intermediate reaction products are adsorbed on the surface of the catalyst,
the bare catalyst surface, and the adsorbed species treated separately from the catalyst,
respectively. The oxygen atoms of the adsorbed species are mainly responsible for the
charge transfer. These findings are summarized in Table 1.

We compared the geometry of optimized undoped and doped TiO2-terminated cat-
alyst surfaces with adsorbed reaction intermediates. Table 2 summarizes the distances
between the adsorbents and the surface. In all cases, doping decreases the distance between
the adsorbent and the catalyst surface, except for OOH species adsorption. There is a
significant difference between the undoped and doped surfaces in regard to the orientation
of the adsorbed OH group. In the case of adsorption on an undoped surface, the angle

ˆTiOH = 128◦, while in the case of a doped surface, the OH group is directed perpendicular
to the surface, and ˆRhOH = 180◦.

To illustrate the effect of an aqueous environment, we calculated the spatial distri-
bution of charge density difference between wet and dry TiO2-terminated surfaces; this
distribution was calculated as follows:

∆Q = Qwet −Qdry (6)

Figure 8 illustrates the obtained results. The aqueous environment leads to a transfer
of electron density from surface oxygen ions to titanium ions. In an aqueous environment,
the doped structure experiences a decrease in the electron density on Rh.

30



Molecules 2024, 29, 2707

Molecules 2024, 29, x FOR PEER REVIEW 11 of 15 
 

 

∆𝑄 = 𝑄௪௧ − 𝑄ௗ௬ (6)

Figure 8 illustrates the obtained results. The aqueous environment leads to a transfer 
of electron density from surface oxygen ions to titanium ions. In an aqueous environ-
ment, the doped structure experiences a decrease in the electron density on Rh. 

 
Figure 7. Equation (5) calculates the charge transfer between the TiO2-termiated catalyst surface 
and the intermediate reaction products. A side view of the surface of the top two layers is pre-
sented. OH adsorbed on (a) undoped and (b) Rh-doped surfaces; O adsorbed on (c) undoped and 
(d) Rh-doped surfaces; and HOO adsorbed on (e) undoped and (f) Rh-doped surfaces. The yellow 
and blue clouds indicate the isocontours of positive and negative values of the electron charge 
density, respectively. 

Figure 7. Equation (5) calculates the charge transfer between the TiO2-termiated catalyst surface and
the intermediate reaction products. A side view of the surface of the top two layers is presented. OH
adsorbed on (a) undoped and (b) Rh-doped surfaces; O adsorbed on (c) undoped and (d) Rh-doped
surfaces; and HOO adsorbed on (e) undoped and (f) Rh-doped surfaces. The yellow and blue clouds
indicate the isocontours of positive and negative values of the electron charge density, respectively.

Table 2. Distance (Å) between adsorbents and undoped and doped TiO2-terminated catalysts’ surfaces.

Surface
Adsorbant

O OH OOH

Undoped 1.655 1.836 2.055

Rh-doped 1.754 1.897 1.902

Although the predicted overpotential values are small, in practice, implementing an
electrode with such indicators will take much work. Here, we consider the ideal case of
doping wherein all Rh ions are located on the surface of BaTiO3 at 1.8 at.% doping. In
practice, a significant portion of the doping atoms will occupy sites inside the nanoparticles.
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When the degree of doping is raised to increase the concentration of surface Rh ions, the
hexagonal BaTiO3 phase forms [32]. The catalytic properties of the hexagonal phase still
need to be studied.
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Figure 8. Equation (6) calculates the charge transfer between wet and dry TiO2-termiated catalyst
surfaces. Top view of the upper layer of the (a) undoped and (b) Rh-doped surfaces; side view of the
two upper layers of the (c) undoped and (d) Rh-doped surfaces. The yellow and blue clouds indicate
the isocontours of positive and negative values of the electron charge density, respectively.

Optimizing catalyst activity hinges on the discovery of a catalyst with a significantly
larger surface area and a higher concentration of dopant atoms. These things are very
important for making the tetragonal phase of BaTiO3 doped with Rh function as efficiently
as possible. Ref. [32] serves as a valuable guide for determining the optimal doping level.
The results show that adding 8 mol% Rh changes 85% of the tetragonal BaTiO3 phase into
a hexagonal structure. When synthesizing BaTiO3 crystals with a Rh content below the
specified level, grinding the crystals becomes necessary. This process enhances the working
surface area of the catalyst, thereby increasing the likelihood of detecting Rh atoms on the
surfaces of the resulting nanoparticles. By following this procedure, we can secure the most
efficient catalyst based on BaTiO3 doped with Rh.

4. Computational Details

All the calculations were performed with the ab initio plane wave computer code
VASP [45,46] using the projector-augmented plane wave (PAW) formalism [47]. Optimiza-
tion of the geometry of the studied models and calculation of the thermodynamics of the
water-splitting reaction were carried out using the GGA-PBE (Perdew–Burke–Ernzerhof)
exchange correlation functional [48]. The on-site Coulomb correlation of d-electrons was
taken into account by employing Hubbard corrections in the Dudarev parametrization [49]
with a Ueff = Uc − J value of 2.6 eV for titanium [50]. We must admit, on the basis of our test
calculations, that the application of the Ueff-parameter to Ti/Rh does not change the main
conclusions/results regarding the surface free energy diagrams. Contrarily, the calculations
of optical properties require accurate electronic band structures. We therefore applied the
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hybrid HSE06 density functional to calculate the electronic density of states and optical
absorption from the DFT+U optimized charge density [51]. The optical properties were
analyzed based on the transition dipole moment matrix elements:

Dσ,ij = e
〈

ψKS
σ,i

∣∣∣r
∣∣∣ψKS

σ,j

〉
(7)

for transitions between the initial state (σ,i) and final state (σ,j) calculated on the basis of
Kohn−Sham orbitals ψKS

σ,i , where σ is a spin index, i(j) labels orbitals, and e is an elementary
charge. The transition dipole moment was used for calculating oscillator strength:

fσ,ij =
4πmνσ,ij

3e2}
∣∣Dσ,ij

∣∣2, (8)

where m and h̄ are the electron mass and Planck constant, respectively, and abd νσ,ij is the
frequency of transition between the ith and jth states. Using the oscillator strengths and
assuming a lack of spin–orbit coupling, the absorption spectra can then be determined as
follows: α(ν) = αα(ν) + αβ(ν), where ασ(ν) = ∑ij fσ,ijδ

(
ν− vσ,ij

)
.

The thermodynamic corrections for the solvation effect were calculated using
VASPsol [52], allowing us to consider surface wetting through the water continuum model
and distinguish between dry and wet conditions. If the continuum model applied, the
wet conditions were stated. The Monkhorst–Pack grid-sampling mesh used for the bulk
calculations had dimensions of 2 × 2 × 2, and that for the slab calculations had dimensions
of 2 × 2 × 1, with a cutoff energy value of 520 eV. The charge distribution on the ions
was studied using Bader topological analysis [42]. All calculations were carried out while
taking spin polarization into account, except in the case of bare undoped slabs. It has been
shown that it is important to consider spin polarized electronic structures since adsorbed
species have a spin moment [53].

5. Conclusions

The viability of the Rh-modified TiO2-terminated BaTiO3 (001) surface for developing
efficient water oxidation catalysts to be used as photoanodes in PEC systems was examined
using first-principles calculations. According to our results, Rh doping has a double effect
on the properties of BaTiO3. On the one hand, doping causes the material under study
to absorb sunlight in almost the entire visible range. On the other hand, the surface Rh
ion acts as an excellent catalytic center, significantly lowering the overpotential values of
the electrochemical reaction. It has been shown that considering the aqueous environment
influences both effects.
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Abstract: The use of graphene oxide (GO) photogenerated electron–hole (e–h+) pairs to degrade
pollutants is a novel green method for wastewater treatment. However, the interaction between
photosensitive pollutants and a GO–light system remains unclear. In this work, the mechanism of
degradation of photosensitive pollutant tetracycline (TC) promoted by GO photogenerated e–h+

pairs was studied. Our studies encompassed the determination of TC removal kinetics, analysis of
active substances for TC degradation, identification of degradation products, and computational
modeling. Clear evidence shows that a new reaction mechanism of enhanced adsorption and induced
generation of reactive oxygen species (ROS) was involved. This mechanism was conducive to
significantly enhanced TC removal. Kinetic studies showed a first-order behavior that can be well
described by the Langmuir–Hinshelwood model. Radical scavenging experiments confirmed that 1O2,
•O2

−, and holes (h+) were the main active substances for TC degradation. Electron spin resonance
analysis indicated that photoexcited TC molecules may transfer electrons to the conduction band of
GO to induce the generation of additional ROS. A major transformation product (m/z 459) during
TC degradation was identified with liquid chromatography–mass spectrometry. Density functional
theory calculation indicated a stronger adsorption between TC and GO under photoirradiation. This
mechanism of photo-enhanced adsorption and synergistic induced generation of ROS provides a new
strategy for the removal of emerging pollutants in water. Overall, the new mechanism revealed in
this work expands the knowledge of applying GO to wastewater treatment and is of great reference
value for research in this field.

Keywords: graphene oxide; photogenerated electron and hole; photosensitive pollutants; tetracycline
removal; degradation pathway

1. Introduction

Graphene has received unprecedented attention due to its unique properties and
highly promising application [1–3]. Graphene oxide (GO), a common precursor for
graphene preparation, has additional oxygen-containing functional groups in its struc-
ture. These oxygenated groups are covalently bound to the base surfaces (epoxies and
hydroxyl groups) and/or edges (carbonyl and carboxyl groups) of GO [4,5], which in
turn disrupt the perfect lattice structure of graphene and change the hybrid state of some
carbon atoms from sp2 to sp3. As such, GO attains a relatively large energy gap to exhibit
semiconducting properties [6]. Compared with pristine graphene, the covalent oxygenated
functional groups present in GO lead to significant structure defects. This is concomitant
with some loss in electrical conductivity [7], which limits the direct application of GO in
electrically active materials. However, at the same time, the polar oxygen functional groups
of GO render it strongly hydrophilic. This gives GO good dispersibility in many solvents,
particularly in water, which is important for processing and further derivatization [8].
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Usually, GO has larger surface areas than pristine graphite, because the oxygen groups of
GO expand the interplanar space. The specific surface area of drying GO reported in the
literature ranges from 30 to 295 m2·g−1 depending on the oxygen contents [9]. Because of
its unique properties, GO has been actively researched in modern optoelectronics, ranging
from supercapacitors [10] to lithium-ion batteries [11], flexible electronic devices [12], and
biomedicines [13]. Moreover, the extended π-conjugated units in the GO structure result in
photosensitivity; upon photoexcitation, a π-electron in the sp2 domain is promoted to the π*
orbital, populating the conduction band with an electron and creating a hole in the valence
band. The photochemistry taking place at the sp2 domains of GO can be specifically tailored
to achieve photocatalytic performance [14]. In addition, the abundant oxygen-containing
functional groups of GO make it show strong hydrophilicity. Consequently, GO serves as
an ideal nanomaterial to induce photochemical reactivity in aqueous environments.

To date, most of the studies published on the performance of GO in removing contam-
inants focus on the aspect of photocatalytic degradation of organic pollutants, in which
GO was used together with metal [15–22] or non-metal [23–27] catalysts. In these studies,
GO was used as a photocatalyst carrier to promote the dispersion of nanoparticles and
to enhance the separation efficiency of photogenerated e–h+ pairs of the photocatalyst
for improved photocatalytic efficiency [28]. Conversely, undoped single GO materials are
rarely addressed in the field of photocatalytic degradation of organic pollutants [29–32].
Nevertheless, some studies have already pointed to this possibility. For example, GO was
found to change into reduced GO under light conditions, producing photodegraded prod-
ucts such as carbon dioxide and polycyclic aromatic hydrocarbons [33,34]. Pedrosa et al.
reported that GO prepared by the Brodie method shows a high degree of e–h+ separation
efficiency and can degrade 95% phenol under light irradiation [35]. Recently, Zou et al.
demonstrated GO under simulated sunlight irradiation can promote the rapid degradation
(95%) of paracetamol (APAP) within 10 min. Their studies revealed that the main active
substance for the degradation of APAP comes from the photogenic holes (h+) of GO [36].
These studies demonstrate that the photoreactivity of GO can significantly impact the
fate and transformation of numerous environmental pollutants. However, the use of the
photoreactivity of GO for the degradation of emerging pollutants has not yet been fully
explored. More fundamental studies are warranted to acquire a deep understanding of the
interplay between GO’s adsorptivity and photoactivity before the potential of GO can be
fully unlocked in environmental applications.

Antibiotics represent important emerging contaminants of global concern [37]. TC
is one of the most commonly used photosensitive antibiotics in modern medicine [38].
Nowadays, TC is frequently detected in wastewater. The continuous release of TC into
the environment is surely an issue of serious environmental and health consequences [39].
Removal of TC from aquatic environments is an urgent task to carry out, but traditional
municipal wastewater treatment technologies are ineffective in addressing this issue. TC
and other photosensitive antibiotics are chemically stable and not susceptible to biodegrada-
tion. The use of photoactive GO to degrade pollutants is an important green technique for
wastewater treatment. Since this method only involves GO and photons, it can effectively
avert secondary pollution caused by using toxic metal-based photocatalysts. In addition,
the electronic and bandgap properties of GO can be regulated through further oxidation or
reduction, which are useful for the design of novel highly efficient photocatalysts. To this
end, we have recently conducted a series of investigations of the interactions of GO with TC
under various conditions. We proposed that GO can act as a dual-functional nanomaterial
to promote the efficient removal of antibiotic pollutants from water. On one hand, GO
has been known to be an effective adsorbent of antibiotics such as TC [40]. On the other
hand, GO may possess the ability to photocatalytically degrade TC, which is evidenced
by previous literature reports on the combined use of GO with other photocatalysts to
promote the photodegradation of TC [41]. This manuscript, hence, adds new knowledge
about the concerted effects of the adsorptive and photoactive sites in GO on the removal
of photosensitive pollutants. The prepared GO was fully characterized. The removal of
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TC by GO under various conditions was performed. Radical scavenging experiments and
ESR analysis were conducted. The degradation pathway of TC was proposed based on the
LC/MS results. Finally, DFT calculation was used to reveal the adsorption of TC on GO
under photoirradiation conditions. A new mechanism of pollutant removal promoted by
GO photogenerated e–h+ pairs was disclosed.

2. Results and Discussion
2.1. Characterization

The prepared GO was characterized by a range of spectroscopic and microscopic
analyses (Figure S1). The FT-IR spectrum shows the presence of O–H (3400 cm−1), C=O
(1725 cm−1), C–O (1630 cm−1), C–OH (1225 cm−1), and C–O (1040 cm−1) functional groups
(Figure S1a), indicating that various oxygen-containing groups were introduced. The
XRD patterns of the prepared GO (Figure S1) show a strong and sharp diffraction peak at
2θ = 9.2◦, which corresponds to a layer spacing of 0.97 nm and matches that of typical
GO. Pure graphite has been reported to generate a diffraction peak at 2θ = 26◦ [42], but
it was not observed in our measurement. The absence of this peak suggests that water
molecules and OFGs (such as carboxyl, hydroxyl, and epoxy groups) were inserted in layers
of graphite during the oxidation process, thus destroying the sp2 π-conjugated structure.
Raman spectroscopy is an effective tool for the characterization of carbon materials. The
Raman spectrum of our prepared GO shows two characteristic graphitic bands, the G band
at around 1580 cm−1 and the D band at 1350 cm−1 (Figure S1). The G band is associated
with sp2 C=C bond stretching, while the D band is due to the vibrations of sp3 carbon
atoms. Typically, graphite shows strong and sharp G bands and insignificant D bands
as a feature of highly graphitized materials with fewer defects. The Raman spectrum of
our prepared GO shows significant D and G bands and the intensity ratio of ID/IG is
0.87. This result confirms that the chemical oxidation treatment destroyed the integrated
layers and introduced large amounts of defects on the surface of graphite. According to
TEM imaging characterization (see the inset of Figure S1b), the prepared GO is lamellar on
the microscopic scale. The results indicated that the GO takes a multi-layer architecture
through aggregation rather than being single-layered. GO dispersed in water was analyzed
by the UV-Vis absorption method. Figure S1d shows the absorption spectrum of GO,
which has the strongest absorption band present at 231 nm, due to the π→π* transition
of the aromatic C=C bonds in the graphitic domain. A noticeable shoulder band appears
around 310 nm, which can be assigned to n→π* transitions of various oxygen-containing
functional groups, especially the carbonyl group. The UV-Vis absorption features of our
GO are consistent with those reported in the literature [43].

2.2. Removal of TC Promoted by GO under Light

The results of GO-induced removal of TC under xenon lamp irradiation as well as
relevant control experiments are shown in Figure 1a. The degradation rate of TC under
light alone is insignificant. It can also be seen that the addition of natural graphite to TC
solution does not cause much photodegradation of TC, indicating that graphite does not
have any photocatalytic effect. Graphite contains only sp2 carbons in its structure and does
not have effective adsorption sites for TC. Moreover, graphite has a zero band gap and,
hence, cannot effectively induce any photocatalytic effects.

The TC removal curve of GO shows that 40% of TC in the test solution was removed
within one hour under dark conditions. After one hour, the curve does not significantly
change, indicating that the process has reached equilibrium. The rapid removal effect
is because GO has a high specific surface area and a large number of active adsorption
sites such as those oxygen-containing groups characterized by IR analysis. Under dark
conditions, the removal of TC from water is primarily due to the adsorption of TC on the
surface of GO. Our analysis shows that the equilibrium adsorption of TC by GO is about
235 mg·g−1, which is consistent with previous reports [40].
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Figure 1. (a) TC removal by GO and graphite under dark or xenon lamp irradiation. (b) TC removal
kinetic in the GO–light system. Initial conditions: [GO] = 200 mg·L−1, [TC] = 100 mg·L−1.

TC removal performance under light shows a stark contrast to that measured under
dark conditions. As shown in Figure 1a (red color), the TC removal rate rapidly reaches 55%
within one hour and then continues to increase. Eventually, the removal rate achieves 90%,
which is more than double the value determined under dark conditions. The kinetics of TC
removal under light irradiation without temperature control (pink color) showed a higher
TC removal rate compared to that with the temperature maintained at room temperature
(red color). A comparison of these results indicates that thermal effects delivered by the
magnitude of the irradiance of the xenon light incident contribute to enhanced TC removal.
In our experiments, the TC removal rate was determined by monitoring the absorbance at
356 nm, a characteristic absorption peak of TC. The removal kinetics of TC in this GO–light
system is shown by the plot in Figure 1b. The linear correlation between Ln(C0/Ct) and
time in this plot discloses a first-order behavior.

To test the applicability of the GO–light system, the influence of various TC concen-
trations (30 to 200 mg·L−1) on the removal effect of TC was investigated. The removal
rate of low-concentration TC (30 to 70 mg·L−1) in the GO–light system largely reached the
maximum within one hour (Figure S2). The kinetics of TC removal in the GO–light system
are well described by the Langmuir–Hinshelwood model expressed as Equation (1) [44]:

1
r0

=
1
kr

+
1

krkaC0
(1)

where r0 is the initial reaction rate and kr is the reaction rate constant. ka is the equilibrium
constant and C0 is the initial TC concentration. For the batch reactor, the initial reaction
rate r0 can be obtained from the change of concentration in Equation (2) with time (the first
60 min in this work):

dC
dt

= −r (2)

where r is the instantaneous removal rate of TC and C is the instantaneous concentration
of TC.

Figure 2a shows the linear fitting of the kinetics data. The high correlation coefficient
(R2 = 0.99) indicates that the photocatalytic removal of TC in the GO–light system can
be well described by the Langmuir–Hinshelwood model. In addition, we evaluated the
effect of GO dose (30, 60,100, 200, 400 mg·L−1) on TC removal efficiency at an initial TC
concentration of 100 mg·L−1. As shown in Figure 2b, with a gradual increase in added GO,
the efficiency of TC removal of the GO–light system increases proportionally, and the TC
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removal rate within one hour achieves 36%, 43%, 55%, and 73%, respectively. After one
hour, the removal rate increases much less significantly as a function of time, indicating
that the TC removal in this time domain is slow and approaches equilibrium. The increased
removal rate can be attributed to a larger surface area and more active sites [45].
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The effect of temperature on the performance of GO in TC removal is shown in
Figure 2c. The effect of temperature on the adsorption removal of TC is small in dark
conditions, but much larger in light. The removal rate of TC is also found to gradually
increase with increasing temperature. When the temperature is changed from 25 to 45 ◦C,
the removal rate of TC is increased by about 10% within one hour. It is likely that at elevated
temperature, the surface of GO becomes more adsorptive for TC and the photocatalytic
effects of GO are further enhanced.

The effect of pH on the removal of TC by the GO–light system is depicted in
Figure 2d. Under dark conditions, the adsorption performance of GO toward TC gradually
decreases with increasing pH. Under acidic conditions (pH < 3.3), TC is mainly positively
charged in water, which can be captured by GO through the electrostatic attraction and
hydrogen-bonding interactions. When the pH is above 3.3, TC changes into a zwitterionic
or negatively charged form. The electrostatic attraction between TC and GO is accordingly
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reduced and can even be changed into electrostatic repulsion [40]. However, the removal
rate of TC decreased by only 6.8% when the pH changed from 2 to 10. It is possible that
other non-covalent forces, such as van der Waals, dipole interactions, and hydrogen bond-
ing, come into play to compensate for the loss of electrostatic attraction at higher pH values.
Under light, the effect of pH becomes more significant. At pH 3, the removal rate of TC
reaches a maximum of 67%, which is 16% higher than that at pH 10. The results indicated
that acidic conditions are more favorable for the removal of TC in the GO–light system.

2.3. Effects of Radical and Hole Inhibitors on TC Removal Efficiency and ESR Analysis

Studies have shown that GO is prone to photoreaction under light and may be in-
volved in the production of electron–hole pairs [33]. In this study, radical scavenging
experiments were performed to examine the mechanism of TC removal by the GO–light
system. EDTA-2Na, FFA, SOD, and isopropyl alcohol were chosen as radical scavengers in
our experiments, as they can effectively interact with the reactive species generated during
photoactivation of GO; specifically, EDTA-2Na is a hole scavenger [46], FFA is a superoxide
radical scavenger [47], SOD is a superoxide radical scavenger [48], and isopropyl alcohol is
a hydroxyl radical scavenger [49]. As shown in Figure 3, the presence of EDTA-2Na results
in a significant reduction in TC removal efficiency, confirming that holes are involved in the
photocatalytic degradation of TC on GO. It is worth noting that EDTA-2Na was also found
to show a somewhat inhibitive effect on TC removal under dark conditions (Figure 3a);
however, the extent is not as significant as in light. The inhibitive effect observed in the
dark can be explained by the fact that EDTA-2Na and TC make competitive adsorption on
the GO surface, hence, attenuating TC removal efficiency. The significant inhibition of TC
removal by EDTA-2Na under light can, therefore, be attributed to both the photogenerated
holes in GO and the competitive adsorption of EDTA-2Na.

The presence of FFA and SOD also significantly inhibits the removal of TC, attesting
to the fact that singlet oxygen (1O2) and the superoxide radical (•O2

−) play important roles
in the degradation of TC under irradiation. However, the introduction of isopropyl alcohol
(hydroxyl radical scavenger) to the system does not result in significantly inhibited TC
removal. It is, therefore, reasonable to conclude that hydroxyl radicals are not significantly
produced during the photoexcitation of GO.

The reactive oxygen species (ROS) involved in the photodegradation of TC were
investigated by ESR analysis. In this work, DMPO was used as a spin trap to detect
hydroxyl radicals and superoxide radicals, TEMP was used to detect singlet oxygen, and
TEMPO was used to detect holes [50,51]. As shown in Figure 3c, the TEMP–1O2 signal was
recorded by ESR after GO was irradiated by a xenon lamp in water. The signals acquired
after 5 min irradiation are of much stronger intensity than those after 3 min irradiation.
The presence of •O2

− was also detected. In Figure 3d, the signals of •O2
− show significant

enhancement in intensity when the irradiation time is increased from 3 min to 5 min. These
results suggest that 1O2 and •O2

− are the active species involved in the removal of TC by
the GO–light system. In our ESR analysis, •OH signals were also detected, but they were
not particularly obvious and only observable from the noisy baseline (Figure 3e). The weak
signals suggest that •OH is not sufficiently produced through photoexcitation of the GO,
and, hence, plays only a minor role in the TC removal process. TEMPO can produce a
triplet ESR signal by itself, and this ESR signal intensity would be weakened by reaction
with h+, forming spin-adducts of (TEMPO–h+) [52]. In other words, the weakening of
TEMPO signals indicates the generation of h+. As shown in Figure 3f, the intensity of
the peak produced by TEMPO noticeably decreased after light irradiation, corroborating
that holes are generated in the GO–light system. Overall, the results of our ESR studies
agree with the different inhibitory removal effects observed for EDTA-2Na, FFA, SOD, and
isopropyl alcohol on TC as shown in Figure 3a.
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− (d); in aqueous dispersion
for trapping •OH (e); in aqueous dispersion for trapping h+ (f).
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Studies have demonstrated that the TC molecule is sensitive to various light sources
in aqueous solutions [53–55]. For example, Hu et al. reported that TC can be effectively
photodegraded on the surface of TiO2 under visible light irradiation. This reactivity was
rationalized by the fact that TC with photosensitivity may form a complex with the surface
of TiO2 to generate superoxide free radicals through the absorption of visible light [55]. In
our work, the ESR spin-trap technique was used to analyze the production of ROS in TC
solution by GO under light irradiation. As shown in Figure 4, both 1O2 and •O2

− were
noticeably detected under light conditions. Interestingly, the concentration of 1O2 and
•O2

− generated by GO in TC solution increased by about 1/3 compared with that in clean
water, while the generation of •OH remained largely unchanged compared with that in
clean water (Figure 4d). No ROS were detected in the TC solution in the absence of GO
under the same light conditions. These results suggest that the interactions of GO and TC
under photoirradiation contribute to increased 1O2 and •O2

− generation. GO has a large
surface area and contains abundant oxygen-containing groups and sp2 carbon domains
on its surface to give strong adsorption performance for TC [40]. The adsorption of TC
molecules on GO is facilitated by various non-covalent forces (e.g., electrostatic attraction,
van der Waals forces, and hydrogen-bonding interactions). TC is a photosensitive molecule.
Upon photoirradiation, the excited-state TC can inject electrons to the conduction band of
GO, which in turn promotes the formation of more 1O2 and •O2

−.
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2.4. TC Degradation Mechanism in GO–Light System

Aqueous samples of TC were analyzed by UV-Vis in TC solutions treated by GO (see
Figure 5). The absorption spectra show that TC generates two main absorption peaks at
275 nm and 357 nm. The absorption at 357 nm is due to the aromatic rings B-D in TC,
including enols and developed chromophores. The absorption at 275 nm is mainly related
to the acyl-amino and hydroxyl groups on aromatic ring A [56]. These characteristic ab-
sorption bands were found to gradually decrease with increasing reaction time, suggesting
that TC was gradually removed from aqueous solution. Compared to dark conditions, the
absorption peak at 275 nm under photoirradiation shows a significant blue shift (Figure 5)
as the reaction progresses. This observation is indicative of degradation of the TC structure,
and the degradation of TC most likely occurred on the aromatic ring A part due to the attack
by the generated ROS (e.g., 1O2, •O2

−) and the reaction with holes. In fact, in the radical
scavenging experiments, the addition of 1O2 and hole scavengers significantly inhibited
the blue shift of the 275 nm absorption peak (Figure 5b,c), whereas the addition of hydroxyl
radical traps little inhibited the blue shift of the peak (Figure 5d). These experimental results
further confirm that 1O2 and holes directly participate in the photocatalytic degradation of
TC, but hydroxyl radical is only minorly involved.
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To shed more light on the mechanism of TC degradation by the GO–light system,
the intermediate products of TC during GO–light treatment were evaluated by liquid
chromatography–electrospray ionization–tandem mass spectrometry (LC-ESIMS/MS) anal-
ysis. Figure 6a shows the total ion current LC-MS/MS chromatogram of TC treated by
the GO–light system at different times. Based on the MS analysis, seven different kinds of
products can be identified at m/z = 477 (retention time 6.4 min), 305 (retention time 7.8 min),
349 (retention time 8.3 min), 459 (retention time 8.9 min), 333 (retention time 10.4 min), and
435 (retention time 10.4 min), respectively. The detailed mass spectra corresponding to each
chromatographic peak are given in Figure S4. The possible degradation products of TC are
proposed in Table S2, where m/z = 445 (retention time 8.5 min) is taken as the parent TC.
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As shown in Figure 6a, the amount of TC gradually decreases with increasing GO–
light treatment time. Among the TC photocatalytic degradation products, the abundance of
m/z = 459 product is the most obvious, indicating that this intermediate is the main
degradation product in the process of TC removal by the GO–light system. Product
m/z = 459 can be obtained by introducing two carbonyl groups to the para-positions of
the TC aromatic ring in the presence of singlet oxygen and superoxide radicals [57,58].
With increasing treatment time, the concentration of the intermediate shows a trend of
first increasing and then decreasing (Figure 6b). This can be explained by that a large
amount of the TC present in the early stage of GO–light treatment is degraded into m/z 459
by ROS produced in the system, and the intermediate may be further degraded through
adsorption or remain on the GO surface as the reaction proceeds. The double bond at the
C11a-C12 position of TC may cause C11a to be hydroxylated by •OH because the electron-
withdrawing group is more vulnerable to radical attack. In addition, hydroxylation may
occur at the CH3-NR site, leading to the production of the m/z = 477 product [58,59].

The m/z = 435 degradation products can be formed by demethylation of dimethyl
amine of TC under 1O2 and •O2

− attack and hydroxylation destruction under H2O2/H2O
attack [28,60–62]. The carbon–carbon double bond on m/z = 435 can be attacked by ROS,
and ring A is subsequently cracked during photocatalytic oxidation to produce intermediate
m/z = 349 [63]. A similar reaction mechanism can be introduced to form the intermediate
m/z = 333 [64]. The product m/z = 349 can be further decarboxylated to form another
product m/z = 305 [63]. Notably, there is also a distinct peak at the retention time of 2.0 min
in the LC-MS chromatogram, which could be attributed to the partial dissolution of GO in
water, as the same chromatogram peak and the same mass spectra (Figure S5) appear at the
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retention time of 2.0 min under dark conditions. Combining our experimental outcomes and
literature results, we arrive at the possible reaction pathways and the degraded products of
TC degradation by the GO–light system proposed in Figure 7.
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Figure 7. Proposed photodegradation pathways and the degraded products of TC by the GO–
light system.

The DFT method was used to reveal the adsorption property of TC on GO under light
irradiation (Figure S6). Because TC is a photosensitive molecule, excited-state TC was used
as a model for the GO–light system. The binding energies of GO with the excited-state
TC and ground-state TC were calculated to be −4.91 ev and −2.31 ev, respectively. The
theoretical results indicated that TC can adsorb more easily on the GO surface under light
irradiation compared to under dark conditions, which also contributed to the enhanced
removal rate of TC by the GO–light system. The possible removal mechanism of TC by
GO under irradiation is illustrated in Figure 8. As a semiconductor-like material, GO
could generate oxidative (valence band holes, h+) and reductive (conduction band electron,
e−) transient species when exposed to sunlight. In addition, sunlight irradiation should
change GO from the ground state to the excited state (GO*), which in turn induces the
formation of singlet oxygen (1O2) through the energy transfer between GO* and dissolved
oxygen in water [65]. The photoinduced electrons could quickly migrate to the surface
of GO. The abundant oxygen functional groups (OFGs) on the GO surface facilitate the
generation of GO radical anions and subsequent formation of ·O2

− [66]. The migration of
electrons can improve the separation efficiency of photogenerated e−–h+ pairs and enhance
the h+-dominated direct oxidation on TC reaction [67]. It is also possible that hydroxy
radicals (·OH) might be produced from ·O2

− [68], but ·OH plays only a minor role in
photo-enhanced TC removal in the presence of GO.
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symbol represents excited tetracycline).

From a fundamental perspective, the structural homogeneity of GO is an important
factor in its photocatalytic effects on generating ROS and degrading organic substances on
its surface. Gaining a deeper insight into this aspect, however, requires a more carefully
controlled synthesis of GO and thorough characterizations of the structure and composition
of GO. It is also worth noting that the molecular structures of tetracycline and many other
antibiotics contain stereogenic centers and, therefore, show optical activity. The use of
polarized light to induce selective photoexcitation and subsequent degradation on the
surface of GO represents another intriguing direction for future work. Moreover, tuning
the nonlinear optical effects of GO may create a new avenue for optimizing and enhancing
the performance of GO in combination with other functional nanomaterials (e.g., metal
and metal oxide nanoparticles) [69]. Studies along these directions are warranted for future
work to further improve the performance of our GO-based photocatalytic systems.

3. Materials and Methods
3.1. Chemical Reagents

Detailed information on the chemical reagents used in this study is provided in
Text S1.

3.2. Preparation of GO

GO was prepared from natural graphite powder using an improved Hummers method
(see Text S2 for more details) [70]. The characterization methods of GO are presented in
Text S3.

3.3. Removal of TC under Light Condition

A xenon lamp (300 W) was used as a simulated sunlight source, and the distance
between TC solution and light source was kept at 10 cm. The conical flask containing TC
solution and GO sample was placed in a water bath and was blown with a fan to maintain
the sample solution at room temperature (25 ◦C) during the TC removal test. An experiment
that was conducted under the same conditions without the presence of GO was used as a
control. Further, an experiment in which a conical flask containing tetracycline solution and
GO sample was directly irradiated by xenon light without temperature control was also
conducted and the results were used to evaluate the thermal effect of the light irradiation.
A typical TC removal experiment was carried out through the following steps: 10 mg of GO
was added to a 50 mL solution of TC (100 mg·L−1). The resulting suspension was stirred
under irradiation or dark conditions for a certain period of time. After that, the sample was
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centrifuged and aliquots from the top of the solution were collected for analysis. In order
to study the effect of pH on TC removal, the pH values of TC solutions were adjusted in
the range of 3.0–10.0, using a small amount of 0.1 M hydrochloric acid or 0.1 M sodium
hydroxide solution. Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), furfuryl
alcohol (FFA), Superoxide dismutase (SOD), and isopropanol (IPA), were used as holes, 1O2,
•O2

−, and •OH scavengers, respectively. All experiments were performed in triplicate.

3.4. Analytical Methods

The concentration of TC in solution of each sample was determined by the UV-Vis
absorption method. The TC removal rate (R) at a time (t) can be calculated using the
following formula:

R =
C0 − Ct

C0
(3)

where C0 and Ct are the initial concentration of TC and the concentration of TC at time t,
respectively.

Electron spin resonance (ESR) experiments were performed using a spectrometer
(Brucker EMX, Germany) equipped with a 300 W xenon lamp. The test conditions for
•OH, 1O2, •O2

−, and holes are given in Text S4. Photodegradation intermediates of TC
were detected using an HPLC–MS system (Agilent 1290/6460, Triple Quad MS). Detailed
information on the HPLC–MS system analysis is given in Text S5. Detailed information on
the computational modeling is provided in Text S6.

4. Conclusions

The removal of TC from water by the GO–light system has been systematically studied.
Our results show that light irradiation significantly enhances the removal of TC. More
than 90% of TC was removed within 20 h (100 mg·L−1 TC, 200 mg·L−1 GO) under light
irradiation, which is 50% more efficient than the action of GO in dark conditions. Radical
scavenging experiments, ESR, and UV-Vis spectral analysis all point to the fact that 1O2,
•O2

−, and h+ are responsible for the enhanced TC removal. The degradation pathway of
TC is proposed based on the intermediates identified by the LC-ESIMS/MS technique. The
studies provide experimental and theoretical support for the development of a new strategy
for the removal of pollutants from water. At the same time, recycling or isolating GO after
water treatment is still a challenge as GO is highly dispersible in water due to its abundant
oxygen functional groups. This challenge is expected to be overcome by designing GO
composites that can be readily isolated out of water and retain the performance of GO
in terms of excellent absorptivity and photoactivity. Overall, we envision the concept
of enhanced adsorption and synergistic induction of ROS generation will find extensive
applications in sustainable materials and environmental technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29163765/s1. Text S1. Chemical reagents; Text S2.
Preparation and characterization of GO; Text S3–S6. Detailed information of analytic methods; TC
removal model; ESR spectra; UV-Vis spectra; Total ion current LC-MS/MS chromatogram analysis
during TC removal and corresponding mass spectra; Proposed intermediate structures; Computa-
tional modeling. Figure S1. (a) FTIR spectrum of prepared GO; (b) XRD spectrum and TEM image of
GO. (c) UV-VIS absorption spectrum of GO suspended in water. Figure S2. The influence of various
TC concentrations (30 to 200 mg·L−1) on the removal effect of TC by the GO-Light system. Table S1.
First order reaction kinetics of tetracycline removal by GO-Light system in the presence of various
radical scavengers. Figure S3. UV–vis absorption spectra of TC solutions at different time intervals
under light and dark conditions. Figure S4. Mass spectra corresponding to each chromatography
peak in the total ion current LC-MS/MS chromatogram of tetracycline solution treated by GO under
light. (2 h as a typical example). Table S2. The identified of TC and its possible transformation
products during the photocatalysis. Figure S5. (a) Total ion current LC-MS/MS chromatogram of
tetracycline solution treated by GO under dark and light conditions; GO-Light control is the pure
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water treated by GO under light. (b) Mass spectra collected at retention time of 2.1 min. Figure S6.
Configuration for TC and GO structure interaction, references [71–76].
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Abstract: Carbon dots (CDs) are luminescent carbon nanoparticles with significant potential in
analytical sensing, biomedicine, and energy regeneration due to their remarkable optical, physical,
biological, and catalytic properties. In light of the enduring ecological impact of non-biomass waste
that persists in the environment, efforts have been made toward converting non-biomass waste, such
as ash, waste plastics, textiles, and papers into CDs. This review introduces non-biomass waste
carbon sources and classifies them in accordance with the 2022 Australian National Waste Report.
The synthesis approaches, including pre-treatment methods, and the properties of the CDs derived
from non-biomass waste are comprehensively discussed. Subsequently, we summarize the diverse
applications of CDs from non-biomass waste in sensing, information encryption, LEDs, solar cells,
and plant growth promotion. In the final section, we delve into the future challenges and perspectives
of CDs derived from non-biomass waste, shedding light on the exciting possibilities in this emerging
area of research.

Keywords: carbon dots; non-biomass waste; environment management; textiles; sustainability

1. Introduction

Escalating global greenhouse gas emissions pose a threat to the sustainability of
our planet [1]. Waste management practices, including collection and landfill operations,
account for approximately 5% of atmospheric greenhouse gas emissions [2,3]. The growing
volume of waste generation presents a significant challenge in terms of responsible disposal
and environmental protection. In this context, various strategies, including reducing,
reusing, recycling, and recovery, have been implemented to promote resource efficiency and
environmental friendliness and develop a competitive low-carbon economy [4,5]. However,
a considerable portion of waste still ends up in landfills. Non-biomass wastes, such as
plastics and textiles, when consigned to landfills, can cause long-term ecological impacts
on the planet, as they could persist in the environment for centuries or even millennia [6–9].
The issue is further exacerbated by the bans on the export of waste materials like plastic,
paper, glass, and tyres to countries where value may be added to the waste materials.
Figure 1 shows waste generation and management methods categorized by material types.
Notably, the highest recovery rate is for metals at 87%, closely followed by building and
demolition materials at 81%. In contrast, plastics and textiles exhibit the lowest recovery
rates, standing at 13% and 21%, respectively, underscoring the critical need for more
effective approaches to address these persistent waste management challenges [10,11].

Carbon dots (CDs) represent a relatively recent entrant in the domain of “zero-
dimensional” carbon nanoparticles, characterized by their small sizes from 1 to 10 nm.
Due to their excellent optical, physical, biological, and catalytic properties, CDs have been
linked to widespread interest and have found diverse applications in fields such as envi-
ronmental treatment and protection, sensing, drug delivery, bioimaging, fluorescent inks,
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catalysis, heavy metal ion detection, and more [12–16]. CDs can be synthesized from vari-
ous precursors, including waste materials. A literature search on the synthesis, properties,
and applications of waste-derived CDs was conducted using keywords including waste,
rubbish, trash, carbon dots, CDs, carbon quantum dots, and carbon nanodots. As shown in
Table 1, there has been a predominant focus in the literature on CDs derived from natural
waste, especially biomass residues [14,17–30]. Limited attention has been granted to CDs
derived from non-biomass waste materials, such as plastics, sludge, wastepaper, waste
kitchen chimney oil, and waste soot (e.g., kerosene fuel soot and candle soot) [14,18,20].
Considering the increasing generation of non-biomass wastes and their non-biodegradable
nature, there is a need for a comprehensive review that addresses the conversion of non-
biomass waste into valuable CDs. In this review, we first classify non-biomass waste sources
according to the 2022 Australian National Waste Report (https://www.dcceew.gov.au/sites/
default/files/documents/national-waste-report-2022.pdf (accessed on 23 November 2023))
and subsequently summarize the synthesis methods, characterizations, and properties of
the CDs prepared from these non-biomass waste materials. This review further provides
a survey of the applications of non-biomass-waste-derived CDs, such as sensing, infor-
mation encryption, LEDs, solar cells, and plant growth promotion. Finally, we outline
the challenges ahead and suggest avenues for future work to foster the advancement and
commercialization of CDs derived from non-biomass waste.
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Table 1. Summary of the foci of past reviews on waste-derived CDs.

Title Foci Ref.

A Review of Carbon Dots Produced from
Biomass Wastes

• Methods and applications of CDs from biomass waste.
• Advantages and disadvantages of CDs from biomass waste.
• Major influencing factors on photoluminescence

characteristics.

[17]

Recent Trends in the use of Green Sources for Carbon
Dot Synthesis—A short review

Synthesis of CDs from green sources including biomass waste
and non-biomass waste. [18]

A Review on Multifunctional Carbon-Dots
Synthesized from Biomass Waste: Design/Fabrication,
Characterization and Applications

• Methods and applications of CDs from biomass waste.
• Structure analysis, physical, and chemical properties of CDs.
• The factors affecting the bandgap formation mechanisms of

the CDs produced by hydrothermal methods.

[19]

Carbon Quantum Dots Synthesis from Waste and
By-Products: Perspectives and Challenges

Potentials, advantages, and challenges in synthesizing CDs from
waste after comparing the quantum yield. [20]
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Table 1. Cont.

Title Foci Ref.

Food Waste as a Carbon Source in Carbon Quantum
Dots Technology and their Applications in Food Safety
Detection

• Approaches, characterizations, and applications of CDs
from food wastes.

• Applications on food quality and safety detection, especially
on sensing food additives and heavy metal ions.

[21]

Green Carbon Dots with Multifaceted
Applications—Waste to Wealth Strategy

Synthesis routes, fluorescent properties and mechanisms, and
applications of CDs from wastes with a focus on hydrothermal
approach.

[14]

Recent Advances of Biomass Carbon Dots on
Syntheses, Characterization, Luminescence
Mechanism, and Sensing Applications

• Synthesis and properties improvement methods for CDs
from biomass.

• Characterization of the structure, composition of
biomass-derived CDs, and the regulation of fluorescence
color.

• Luminescence mechanism and sensing applications.

[22]

Sustainable Synthesis of Multifunctional Carbon Dots
using Biomass and their Applications: A mini review

• Synthesis methods, especially hydrothermal methods,
applications, and characterizations of CDs from plant
sources.

• Separation technologies.

[23]

Carbon Dots based on Natural Resources: Synthesis
and Applications in Sensors

Synthesis of CDs from biomass resources and their sensing
applications. [24]

Biomass-Based Carbon Dots: Current Development
and Future Perspectives

Advantages and disadvantages on synthesis, properties, and
applications of CDs from biomass waste and chemicals. [25]

New Insight into the Engineering of Green Carbon
Dots: Possible Applications in Emerging Cancer
Theragnostic

Synthesis, physicochemical properties, and possible applications
of CDs from natural sources. [26]

Green Synthesis of Carbon Quantum Dots and their
Environmental Applications

• Synthesis and physicochemical properties and stability of
CDs.

• Applications in wastewater treatment and biomedical fields.
[27]

Sustainable Development of Carbon Nanodots
Technology: Natural Products as a Carbon Source and
Applications to Food Safety

• Synthesis of CDs from food and food waste.
• Application of photoluminescent CDs in food safety.

[28]

Biomass-Derived Carbon Dots and Their Applications

• Simple synthesis routes and specific optical properties of
CDs from biomass.

• Applications in biosensing, bioimaging, optoelectronics, and
catalysis.

[29]

Plastic Waste-Derived Carbon Dots: Insights of
Recycling Valuable Materials Towards Environmental
Sustainability

Synthesis routes, characterizations, and potential applications of
CDs from plastic waste. [30]

The Role of Fluorescent Carbon Dots in the Fate of
Plastic Waste

• Approaches, properties, and applications of CDs from
plastic waste.

• The role of CDs in the fate of plastic waste.
[31]

2. Waste Precursors

Non-biomass waste materials include a broad spectrum, such as ash, building and
demolition materials, glass, metals, organics, paper and carboard, plastics, textiles, leather,
rubber, and various composite materials. Developing innovative methodologies for con-
verting non-biomass waste to CDs has attracted increasing attention from both industry
and academy [11].

In the realm of CDs, particle size and quantum yield (QY) are important factors that
dictate their properties. Generally, a high fluorescent emission efficiency is associated
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with small particles and a narrow size distribution [32]. Fluorescence QY is a quantitative
indicator of the substance’s ability to emit fluorescence, defined as the ratio of emitted
photons to absorbed photons [33]. The prevailing opinions attribute the emission of CDs
to their surface state, carbon core state, molecule state, and their synergistic effect [34–37].
Unlike semiconductor quantum dots, the emission wavelength of CDs cannot be tuned by
controlling their particle size alone. In contrast, various factors, such as heteroatom doping,
solvatochromic effect, concentration-dependent effect, and surface functionalization, all
contribute to the optical properties of CDs [38]. A wide range of waste precursors and
different synthetic procedures (e.g., hydrothermal, microwave, refluxing, and pyrolysis)
result in a wide size distribution in the CD product. Due to the unknown composition of
the waste precursors, the prepared CDs are also accompanied by unreacted impurities or
by-products that interfere with their pristine emission properties. Therefore, conventional
CDs derived from waste normally show a wide emission wavelength with a full width at
half-maximum of more than 100 nm [39–42]. In this literature review, a systematic search
method was employed to gather existing research on CDs derived from non-biomass waste,
focusing on their precursor materials (including ash [32,39,42–55], waste plastics [40,56–78],
wastepaper [79–83], waste textiles [84–89], cigarette filters [90], sewage sludge [41,91], and
engine oil) [92]. As shown in Figure 2, 55 relevant articles met our rigorous inclusion
criteria. There are 24 and 16 articles on waste plastic- and ash-derived CDs, accounting for
44% and 29% of the total publications, respectively. Additionally, the numbers of research
articles on CDs from waste textiles and wastepaper are six and five, respectively.

Molecules 2024, 29, x FOR PEER REVIEW  4  of  20 
 

 

the waste precursors, the prepared CDs are also accompanied by unreacted impurities or 

by-products that interfere with their pristine emission properties. Therefore, conventional 

CDs derived from waste normally show a wide emission wavelength with a full width at 

half-maximum of more than 100 nm [39–42]. In this literature review, a systematic search 

method was  employed  to gather  existing  research on CDs derived  from non-biomass 

waste, focusing on their precursor materials (including ash [32,39,42–55], waste plastics 

[40,56–78], wastepaper [79–83], waste textiles [84–89], cigarette filters [90], sewage sludge 

[41,91], and engine oil) [92]. As shown in Figure 2, 55 relevant articles met our rigorous 

inclusion criteria. There are 24 and 16 articles on waste plastic- and ash-derived CDs, ac-

counting for 44% and 29% of the total publications, respectively. Additionally, the num-

bers of research articles on CDs from waste textiles and wastepaper are six and five, re-

spectively. 

 

Figure 2. Published papers (up to the end of 2023) on the CDs derived from non-biomass waste 

based on their precursor materials. 

2.1. Ash 

Ash is a residual by-product of coal-fired power generation [11], and ash waste has 

surged due  to population growth and economic development. Traditional methods of 

managing coal ash waste are dry storage and wet disposal. Recently, resource recovery 

has offered a more sustainable alternative with significant environmental, social, and eco-

nomic benefits, thus attracting considerable attention [93]. The composition of ash waste 

depends on  the source material being burned, such as coal and plants, while  the main 

chemical constituent  in ash  is carbon  [94]. Various  types of CDs have been extensively 

reported, including those derived from candle soot, cigarettes, oil fly ash, diesel soot, and 

toner powder, from 2011 to 2023 [32,39,42–55]. Table 2 lists the comprehensive details of 

the CDs derived from ash waste, including the methods utilized, particle sizes, and QY. 

Table 2. CDs prepared from waste ash and coal and their corresponding properties. 

Method  Carbon Precursor  Conditions  Size (nm)  QY (%)  Ref. 

Ball Milling 
Oil fly ash  25 Hz and 400 rpm for 45 h in the air  <35  NA  [43] 

Oil fly ash  25 Hz for 45 h in acetic acid  <100  NA  [44] 

Burn 

Cigarette Smoking  In the air  4.5–7.0  NA  [50] 

Ethanol, n-Butanol, Domestic can-

dle, and Benzene 
In the air  2.0–4.0  NA  [32] 

Chemical Oxida-

tion 

Pollutant diesel soot  10 h  20–50    1.9  [42] 

Vehicle exhaust waste soot  100 °C for 12 h  2.2−4.6  3  [51] 

Candle soot  140 °C for 12 h  112  0.5  [53] 

Waste candle soot  110 °C for 6 h    2.0–5.0  NA  [46] 

Fullerene carbon soot  80–120 °C for 12–36 h  2.0–3.0  3–5  [54] 

Figure 2. Published papers (up to the end of 2023) on the CDs derived from non-biomass waste based
on their precursor materials.

2.1. Ash

Ash is a residual by-product of coal-fired power generation [11], and ash waste has
surged due to population growth and economic development. Traditional methods of
managing coal ash waste are dry storage and wet disposal. Recently, resource recovery has
offered a more sustainable alternative with significant environmental, social, and economic
benefits, thus attracting considerable attention [93]. The composition of ash waste depends
on the source material being burned, such as coal and plants, while the main chemical
constituent in ash is carbon [94]. Various types of CDs have been extensively reported,
including those derived from candle soot, cigarettes, oil fly ash, diesel soot, and toner
powder, from 2011 to 2023 [32,39,42–55]. Table 2 lists the comprehensive details of the CDs
derived from ash waste, including the methods utilized, particle sizes, and QY.

The ball milling technique is a typical top-down method to fabricate nanomaterials
and has been widely used to generate carbon nanoparticles (CNPs) from ash waste. CNPs
produced via ball milling generally exhibit large sizes. CNPs with cluster sizes ranging
from 22.3 nm to 35 nm were successfully synthesized from oil fly ash by ball milling in a
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dry medium, followed by sonication in liquid media containing deionized water and nitric
acid. In another instance, CNPs with sizes less than 100 nm were synthesized from oil fly
ash, using high-energy ball milling in an acetic acid medium [43,44]. In contrast, certain
direct burning methods have produced significantly smaller CDs. For example, CDs within
a size range of 4.5 to 7.0 nm were derived from cigarette smoke, while even smaller-sized
CDs with narrower size distribution (2.0–4.0 nm) were obtained from burning of flammable
organic materials, such as ethanol, n-butanol, domestic candle, and benzene [32,50].

Table 2. CDs prepared from waste ash and coal and their corresponding properties.

Method Carbon Precursor Conditions Size (nm) QY (%) Ref.

Ball Milling Oil fly ash 25 Hz and 400 rpm for 45 h in the air <35 NA [43]
Oil fly ash 25 Hz for 45 h in acetic acid <100 NA [44]

Burn
Cigarette Smoking In the air 4.5–7.0 NA [50]
Ethanol, n-Butanol, Domestic
candle, and Benzene In the air 2.0–4.0 NA [32]

Chemical
Oxidation

Pollutant diesel soot 10 h 20–50 1.9 [42]
Vehicle exhaust waste soot 100 ◦C for 12 h 2.2−4.6 3 [51]
Candle soot 140 ◦C for 12 h 112 0.5 [53]
Waste candle soot 110 ◦C for 6 h 2.0–5.0 NA [46]
Fullerene carbon soot 80–120 ◦C for 12–36 h 2.0–3.0 3–5 [54]
Kerosene fuel soot 100 ◦C for 12 h 1.0–7.0 NA [52]
Candle soot 80 ◦C for 6 h 2.0–5.0 NA [49]
Candles 20 h 10–45 NA [48]
Coal-T20 Ice-cold condition for 6 h 2.0–5.0 3 [95]
Coal-NK Ice-cold condition for 6 h 10–30 4 [95]
Coal- T60 Ice-cold condition for 6 h 1.0–6.0 8 [95]
Coal-NG Ice-cold condition for 6 h 1.0–4.0 14 [95]
Gondwana coal, Damodar
Coal, Tertiary Indian coal 2 h 4.8–14.0 NA [96]

Pennsylvania anthracite, and
Kentucky bituminous coals Ice-cold condition for 5–6 h 2.0–12.0 4–53 [97]

Soxhlet-
Purification Diesel soot In acetone 20–30 ~8 [39]

Hydrothermal
Method Bike Pollutant Soot 160 ◦C for 10 h 1–10 NA [45]

Microwave
pyrolysis Red toner powder 350 W for 30 s 1–4

9.2 for internal and
8.4 for external
efficiency

[55]

Chemical oxidation is another method to prepare CDs from ash. CDs with a size of
2–3 nm and a high QY of 3–5% were synthesized using fullerene carbon soot through a
nitric acid refluxing approach [54]. Coals from the northeastern coalfield (Cenozoic age) in
India, including Coal-NK, Coal-NG, Coal-T60, and Coal-T20, were used in a wet-chemical
ultrasonic stimulation process to produce CDs with different sizes (1–4 nm, 1–6 nm, 2–5 nm,
and 10–30 nm) and QY values ranging from 3 to 14%. This method stands out for its
environmental friendliness and cost-effective coal feedstocks [95].

Microwave pyrolysis has emerged as a predominant method for CDs synthesis ow-
ing to its high efficiency, energy conservation, and straightforward equipment opera-
tion [98–100]. In a recent publication, CDs with an average size of 2.1 nm were derived
from waste toner powder via microwave pyrolysis in an ethanol solvent. These CDs
demonstrated a yellow emission at 557 nm upon excitation at 300 nm, holding promises for
potential LED applications [55].

Emissions from vehicles have a detrimental impact on the global environment and
accelerate climate change [101–103]. To address these issues, numerous policies, legis-
lation, and enforcement strategies were developed to control exhaust emissions from
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vehicles [104,105]. Recent research by Chaudhary et al. (2022) showed that CDs with just
2 nm in size could be prepared using bike pollutant soot and distilled water through a
hydrothermal process [45]. Additionally, Soxhlet-purification was effectively employed to
transform harmful diesel soot into larger CDs with an average size of 20–30 nm and a QY
of ~8% [39].

2.2. Waste Plastics

Plastics play a critical role in the global economy but create increasing environmental
concerns due to non-biodegradability and recycling difficulties [106–108]. It is estimated
that a staggering 87% of plastic waste ends up in landfills [11]. Since polymers generally
contain abundant carbon chains, repurposing plastics into CDs presents an efficient strategy
to transform waste into a valuable resource. The plastic resources used for CD synthesis
from 2018 to 2023 are summarized in Figure 3a [40,56–78]. Table 3 lists the main approaches
for synthesizing CDs from waste plastics, including the hydrothermal and pyrolysis method.
The pyrolysis approach is a common chemical method to convert plastic waste into carbon
materials at elevated temperatures. In contrast, the hydrothermal approach is the most
widely used method for CD synthesis from plastics due to its lower operating temperature,
high yield, ability to obtain CDs with a small size, and narrow size distribution [109,110].
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Figure 3. (a) Resources to fabricate CDs from plastics during 2018–2023 [40,56–78], Note: PET:
polyester, PE: polyethylene, PP: polypropylene, PS: polystyrene, PLA: polylactide, PU: polyurethane,
PVC: polyvinylchloride, PC: polycarbonate, PSU: polysulfone, Nyl: nylon, PO: polyolefins, and
PAN: polyacrylonitrile. (b) CDs from PET via Various Conversion Routes [56]. Reproduced with
permission from Elsevier.

Compared with ashes, waste plastics tend to generate CDs with higher QYs. The main
composition of ashes is carbon, with multiple elements, including calcium, magnesium,
aluminum, and silicon in their oxide forms [111]. These materials have been subjected to
a high temperature calcination and remained stable in these conditions. In contrast, the
carbonaceous backbones in plastic wastes are more susceptible to hydrolysis, ring opening,
and crosslinking reactions involved in CD synthesis. As a result, various compounds with
different types of polar functional groups are produced, leading to a high QY [37,112].
Kumari et al. (2020) fabricated CDs from single-use plastic waste, including plastic bags,
cups, and bottles made up of polyethylene, polypropylene, and PET based polymers,
respectively [67]. The waste was first heated at 300 ◦C for 2 h. Afterwards, the calcinated
samples were added into 15 mL of deionized water and subjected to hydrothermal treat-
ment at 200 ◦C for 5 h. The fluorescence QY values for CDs ranged from 60% to 69%, and
the CDs prepared from PET-based waste bottles demonstrated the highest QY [67]. As
shown in Table 3, most high QY values were obtained from waste PET bottles. It could be
related to its carbonaceous backbone with abundant oxygen-containing functional groups
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that facilitate hydrolysis, condensation, and later carbonization [113]. Research conducted
by Wang et al. (2023) converted PET waste bottles into CDs using a direct hydrothermal
ammonolysis approach, resulting in CDs with an average size of 2 nm and an impressive
QY of 87.36% [54]. In this process, ammonium hydroxide and pyromellitic acid were used
as precursors together with PET. The as-prepared PET-CDs were not only successfully
doped with nitrogen in the form of pyrrole N structures but also covered with -NH2 and
-COOH groups on the surface [54]. All these factors act collectively, contributing to their
extremely high QY.

Table 3. CDs prepared from waste plastics and their corresponding properties.

Method Carbon Precursor Conditions QY (%) Size (nm) Ref.

Hydrothermal
approach

Waste PET bottles
180 ◦C for 12 h in
diethylenetriamine (DETA) with
H2O2

9.1 3.9–12.9 [56]

Waste PET bottles 260 ◦C for 12 h in ammonia water 87.36 1.1–3.1 [57]

Waste PET bottles 260 ◦C for 36 h 48.16 1.6–2.9 [58]

PLA polymeric waste 240 ◦C for 4 h in ultrapure water NA 2.99 ± 0.57 [59]

PS plastics 180 ◦C for 8 h with HNO3 and
ethylenediamine NA 2.66–5.18 [61]

Waste PET bottles 110 ◦C for 15 h in H2O2 NA 1.3–4.0 [62]

PE plastic bags
PP surgical masks 180 ◦C for 12 h in HNO3

14
16 1.0–8.0 [63]

Waste PET bottles 200 ◦C for 8 h in deionized water 31.81 3.0–10.0 [65]

Plastic polybags
Cups
Bottles

300 ◦C for 2 h of thermal calcination
and 200 ◦C for 5 h of hydrothermal
treatment in deionized water

60–69 NA [67]

Waste PET bottles
350 ◦C for 2 h in air and
hydrothermal treatment at 180 ◦C
for 12 h in H2O2 solution.

5.2 3.0–10.0 [68]

Waste expanded PS
Foam 200 ◦C for 5 h in HNO3

W-CDs *: 5.2,
Y-CDs *: 3.4%
O-CDs *: 3.1%

W-CDs *: 4.5,
Y-CDs *: 3.5,
O-CDs *: 2.3

[69]

Waste medical masks 200 ◦C for 10 h in deionized water NA 1.0–6.0 [71]

Waste polyolefins 120 ◦C for 12 h in HNO3 and
H2SO4

4.84 1.5–3.5 [72]

Waste PET bottles 180 ◦C for 12 h in H2O2 5.2 3.0–10.0 [76]

Waste PET bottles 260 ◦C for 24 h 14.2 1.8–4.6 [77]

Pyrolysis
method

Waste plastic cups 350 ◦C for 2 h 59 <10 [66]

Waste PET bottles 800 ◦C for 1h NA 2000–8000 [40]

PU foam 200, 250, and 300 ◦C for 2, 4, and 6 h 33 5.0–8.0 [74]

HDPE/LDPE, PET, PS,
PVC, PP 800 ◦C for 1 h NA NA [75]

* Note: W-CD: white CDs; Y-CD: yellow CDs; O-CD: orange CDs; PET: polyester; PLA: polylactide; PS: polystyrene;
PE: polyethylene; PP: polypropylene; PU: polyurethane; HDPE: High-Density Polyethylene; LDPE: Low-Density
Polyethylene; PVC: polyvinylchloride; NA: not available.

Unlike ash waste, which naturally exists in a powdered form to be used for CD
synthesis, plastic wastes generally need additional pre-treatment processes to convert
their different morphologies into powders suitable for the subsequent reactions. The
pre-treatment methods include grinding, alcoholysis, hydrolytic degradation, aminolysis,
pyrolysis, thermal treatment, and more [56,58,59]. Some studies have reported the pyrolysis
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of plastics at a high temperature of 300–400 ◦C for about 2 h, either in an oven or a
microwave, before a hydrothermal process [60,62,65,67,68,72,76]. Chan et al. (2022) used
various pre-treatment routes for PET, including pyrolysis, glycolysis, and aminolysis with
or without an oxidizing agent (Figure 3b) [56]. The fluorescence properties of CDs derived
from waste PET showed that direct hydrothermal synthesis of PET or a combination
of pyrolysis or glycolysis pre-treatment resulted in non-fluorescent or weak fluorescent
products. Whereas the aminolysis of PET bottle plastics followed by hydrothermal synthesis
led to a dramatic increase in fluorescence (ten to one hundred times higher than the
original). Adding a small amount of oxidant (H2O2) to the hydrothermal mixture achieved
a conversion yield of 25.3% and a QY of 9.1%.

2.3. Waste Textiles and Wastepaper

As shown in Figure 4, the primary sources of fibers in global textile production include
synthetic fibers (polyester, polyamide, and PP), manmade cellulose fibers (like viscose
and acetate), plant-based fibers (including cotton), and animal fibers (such as wool and
silk) [114]. Wastepaper comes from newsprint, magazine, printing and writing papers,
and packaging papers. Cellulose is the main chemical component of cotton and paper for
synthesizing CDs. Table 4 summarizes the methods, sizes, and QY of CDs prepared from
waste textiles, wastepaper, and cellulose.
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Among synthetic fibers, PET is a prominent waste material and has been widely used
for CD synthesis. Using a pre-treatment step combined with a hydrothermal process,
CDs with smaller size and higher QY were obtained from waste PET. CDs derived from
terylene waste were successfully generated using a hydrothermal method (at 260 ◦C for
18 h), resulting in particles with sizes of 2.5–7.0 nm and a QY of 49.36% [87]. Wang et al.
(2022) synthesized CDs with sizes ranging from 1.6 to 4.6 nm and a high QY of 97.30%
from PET textiles [85]. The method involves the initial synthesis of PET oligomer from PET
fibers in a microwave reactor, followed by a hydrothermal reaction (at 260 ◦C for 24 h) of
PET oligomer.

Silk, a natural biomaterial with rich nitrogen, is widely used to produce carbon
materials [115,116]. CDs with nitrogen doping attracted attention because of their improved
optical and electrical properties [117]. Waste silk cloth has been utilized as a carbon source
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to prepare CDs in an acid solution using a hydrothermal method (at 250 ◦C for 5 h),
resulting in CDs with sizes ranging from 2.2 to 6.1 nm and a QY of 19.1% [88].

Table 4 illustrates that the hydrothermal method is the most widely reported to prepare
CDs from waste cotton and wastepaper. The CDs derived from wastepaper (4.5 nm) had
similar particle sizes to those derived from cellulose (4.2 nm) via a hydrothermal process
at 180 ◦C. However, their QY shows a significant difference, standing at 10.8% and 21.7%,
respectively. Burning is another method of making CDs from wastepaper. Water-soluble
fluorescent CDs with a QY of 9.3% and a size distribution of 2–5 nm were obtained by
simply incinerating wastepaper [80].

Table 4. CDs prepared from waste textiles and wastepaper and their corresponding properties.

Method Carbon Precursor Conditions QY (%) Size (nm) Ref.

Hydrothermal
method

Wastepaper 150–200 ◦C for 10 h 10.80
150 ◦C: 4.0–12.0
180 ◦C: 3.0–7.0
200 ◦C: 2.0–5.0

[79]

Kraft softwood pulp 240 ◦C for 4 h NA Diameter: 2–6
Length: 40–60 [118]

Carbon paper 180 ◦C for 8 h ∼5.1 4.8 [81]

Wastepaper 210 ◦C for 12 h 10–27 2.6 to 4.4 [82]

Wastepaper 220 ◦C for 15 h 20 2–4 [83]

Degrease cotton
(Human waste) 200 ◦C for 13 h 10.20 2–4 [84]

Waste PET textiles 260 ◦C for 24 h 97.30 1.6–4.6 [85]

Absorbent cotton 200 ◦C for 15 h NA 1.4–5.6 [86]

Terylene waste 260 ◦C for 18 h 49.36 2.5–7.0 [87]

Waste silk cloth 250 ◦C for 5 h 19.10 2.2 ± 6.1 [88]

Eucalyptus fibers 120 ◦C, 140 ◦C, 160 ◦C,
and 180 ◦C for 24 h NA 1.5–4.0 [89]

Cellulose 180 ◦C for 72 h 21.7 4.2 [119]

Cellulose 210 ◦C for 14 h 32.3 5.45 [120]

Cellulose 200 ◦C for 12 h 2.9–18.3 2.11–8.72 [121]

Microcrystalline Cellulose 240 ◦C for 12 h 54 0.5–6.5 [122]

Burn Wastepaper Burn 9.3 2–5 [80]

Note: NCC/CDs: nanocrystalline cellulose/carbon dots.

Similar to waste plastics, textiles and paper are solid waste materials and require pre-
treatment prior to the preparation of CDs. Chemical pre-treatments can remove impurities
from waste textiles. For example, waste PET fibers were converted to PET oligomers
through glycolysis pre-treatment using ethylene glycol and zinc acetate dehydrates and
subsequent microwave reactions. The resulting CDs have high QYs of 49.36% and 97.30%,
with relatively small average sizes of 4.3 nm and 2.8 nm, respectively [85,87]. Various
chemical methods have been reported to remove lignin from eucalyptus fibers, obtaining a
refined cellulose fraction. This process often involves four sequential heat treatments with
acetic acid and sodium chloride to remove lignin, followed by heating in the presence of
potassium oxychloride to eliminate hemicellulose. The obtained N-CDs had an average
size of 2.46 nm [89]. The high QY generated from PET-based waste was also confirmed
in Table 4, where PET textiles were used as the precursor, and the QY could reach 97.3%.
PET-CDs were prepared using a hydrothermal method with urea and homophthalic acid
as co-precursors. The obtained CDs were not only successfully doped with nitrogen in the
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form of pyrrole N structures but also covered with -NH2 and abundant oxygen-containing
functional groups [85].

Doping heteroatoms into CDs is an effective way to enhance QY. The most com-
mon doping element is nitrogen, which is generally introduced using N-containing small
molecules, such as p-phenylenediamine, urea, ethylenediamine, and ammonia water as
co-precursors [112,123–125]. Sulphur and phosphorus have also been co-doped with ni-
trogen by adding concentrated phosphoric and sulphuric acids, respectively [126–129].
These non-waste precursors help promote the hydrolysis and carbonization reactions and
introduce heteroatom doping and surface functional groups, aiming to enhance the QY
and induce specific interactions with analytes for sensing applications.

2.4. Other Wastes

Recently, sewage sludge [41], cigarette filters [90], and waste engine oil [92] have
emerged as novel CD precursors. The pre-treatment approaches for converting these
wastes into CDs depend on the composition of the materials. As urbanization continues,
the volume of urban sludge composed of carbon-based substances increases rapidly. The un-
treated and inadequately treated sewage poses a significant threat to human life [130–132].
Sewage management technologies include various methods, such as landfill disposal, land
spreading, anaerobic digestion, thermochemical processes, and integration into building
materials [91,133]. Hu et al. reported the conversion of sewage sludge into useful CDs. This
process involves pre-treatment through drying and grounding, followed by microwave
irradiation. The resulting CDs had an average size of 4.0 nm with a high QY of 21.7%
and could be used for fluorescent sensing applications, particularly for para-nitrophenol
detection [41]. Waste engine oil was transformed into CDs using a direct hydrothermal
method (220 ◦C for 12 h). The CDs showed a high QY of 11.4% and a size distribution of
2–10 nm with excellent detection selectivity and sensitivity towards Fe3+ (Figure 5) [92].
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Figure 5. Waste-engine-oil-derived CDs. Reused with permission [92]. Copyright 2022 Elsevier.

3. Applications of CDs Derived from Non-Biomass Waste

CDs derived from non-biomass waste have similar favorable properties, such as low
toxicity, biocompatibility, high photostability, and fluorescence. These waste-derived CDs find
applications in sensing, information encryption, LEDs, solar cells, and growth promotion.

3.1. Sensing

Table 5 summarizes the pre-treatment methods, synthesis techniques, and the corre-
sponding sensing performance of reported CDs derived from non-biomass waste sources.
The most common method to prepare CDs for sensing applications is the hydrothermal
method, conducted at temperatures from 120 ◦C to 260 ◦C. Prior to this, the waste was
subjected to various pre-treatment processes, such as purifying, grinding, sieving, drying,
nitration, pyrolysis, oxidation, and microwave alcoholysis. CDs derived from non-biomass
waste have been primarily utilized for the detection of heavy metal ions, followed by small
molecules, pH, and bacteria. In Table 5, the fluorescence properties of CDs were used
for almost all sensors, and one exception is that the impedance response of CDs derived
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from bike pollutant soot was used to detect relative humidity [41]. The fluorescence sens-
ing behavior is dominated by turn-off detection, which involves the intensity quenching
upon interacting with the analytes. The quenching mechanisms include static or dynamic
quenching. In static quenching, a non-emissive complex is formed between the CDs and
the analyte, causing a previously emissive state to return to the ground state without an
emission. Dynamic quenching, often referred to as collisional quenching, occurs because of
the collisions or close contact between the analyte and the excited CDs, which result in an
energy transfer without an emission. Dynamic quenching includes several mechanisms,
such as photo-induced electron transfer, Förster resonance energy transfer, surface energy
transfer, and inner filter effect (IFE) [134].

Table 5. Sensing applications of CDs derived from non-biomass waste.

Carbon Precursor Pre-Treatment Method Analyte Limits of
Detection (LOD) Linear Range Ref.

Harmful diesel soot Magnetically purified Soxhlet-purification
with acetone Fe3+ and Hg2+ Fe3+: ~352 nM

Hg2+: ~898 nM
NA [39]

Candle soot HNO3 and ethanol
treatment

Stirring at 80 ◦C for
6 h with ethylene
diamine and sodium
lauryl sulphate (SDS)

Hg2+ and Fe3+ Fe3+: 10 nM
Hg2+: 50 nM

Fe3+: 20–50 µM
Hg2+: 20–50 µM

[49]

PS plastics Nitration
Solvothermal
treatment at 180 ◦C
for 8 h

Hg2+, Fe3+, and
GSH

NA
Fe3+: 0.25–10 µM
Hg2+: 0.5–20 µM
GSH: 1–50 µM

[61]

Waste medical
masks NA

Hydrothermal
treatment at 200 ◦C
for 10 h

Na2S2O4 and
Fe3+

Na2S2O4: 19.44
µM
Fe3+: 0.11 µM

Na2S2O4: 0.1–5 mM
Fe3+: 1–300 µM [71]

Waste engine oil Filtration process by
filter paper

Hydrothermal
treatment at 200 ◦C
for 12 h

Fe3+ 0.055 µM 0.6–3.3 µM [92]

Waste PET bottles Pyrolysis at 350 ◦C for
2 h in air

Hydrothermal
treatment at 180 ◦C
for 12 h

Fe3+ and
pyrophosphate
ions

Fe3+: 0.21 µM
pyrophosphate:
0.86 µM

Fe3+: 0.5–400 µM
pyrophosphate:
2–600 µM

[76]

Waste PET bottles
Shredding and air
oxidation at 350 ◦C
for 2 h.

Hydrothermal
treatment at 170 ◦C
for 8 h

Pb2+ 21 nM 0–2 µM [68]

Waste expanded PS NA
One-step
solvothermal method
at 150 ◦C for 8 h

Au3+ 53 nM 0–18 µM [70]

White PU foam Crushed
Pyrolysis at 200, 250,
and 300 ◦C for 2, 4,
and 6 h in H2SO4

Ag+ 2.8 µM NA [74]

Waste PO

Pyrolysis by
ultrasonic and
chemical oxidation
approach at 700 W for
2 h.

Hydrothermal
method at 120 ◦C for
12 h

Cu2+ 6.33 nM 1–8.0 µM [72]

Degrease cotton NA
One-pot
hydrothermal method
at 200 ◦C for 13 h

Cr4+ 0.12 µg/mL 1–6 mmol/L [84]

Waste plastic cups NA
Simple thermal
calcination at 350 ◦C
for 2 h

Sulphite anion 0.34 µM 0.001–50 µm [66]

Sewage sludge Dried and grounded
into fine powder

Microwave-assisted
heating with 700 W
for 30 min.

Para-Nitrophenol 0.069 µM 0.2–20 µM [41]

Cigarette filters Cut and dried in an
oven at 80 ◦C for 1 h

One-pot
hydrothermal method
at 240 ◦C for 15 h

Tetracycline 0.06 µM 0–80 µM [90]
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Table 5. Cont.

Carbon Precursor Pre-Treatment Method Analyte Limits of
Detection (LOD) Linear Range Ref.

Carbon paper Burn Hydrothermal route
at 180 ◦C for 8 h Trinitrotoluene 32.7 nM 4.4 nM–26.4 µM [81]

Vehicle exhaust
waste soot NA

One-pot acid reflexion
method with nitric
acid at 100 ◦C for 12 h

Tartrazine 26 nM 0.1 to 0.5 µM [51]

Wastepaper NA
Hydrothermal
method at 220 ◦C for
15 h

Organophosphorus
pesticides 3 ng/mL 0.01–1.0 µg/mL [83]

PET waste bottles

Microwave
alcoholysis with
540 W for 20 min
followed by crushing
into powder

Solvothermal method
at 260 ◦C for 36 h

Water in organic
solvent 0.00001% NA [58]

Pollutant diesel soot

Purified via Soxhlet
extraction method
with different organic
solvents

Chemical oxidation
method refluxed 10 h

Cholesterol and
E. coli NA NA [42]

Single-use plastic
waste such as
plastic polybags,
cups, and bottles

Calcination at 300 ◦C
for 2 h.

Hydrothermal
treatment at 200 ◦C
for 5 h,

E. coli 108 CFU/mL NA [67]

Waste PET bottles

Microwave
alcoholysis with 540
W for 20 min
followed by crashing
into powder

Solvothermal method
at 260 ◦C for 24 h pH NA NA [77]

Bike pollutant soot
Ground for 1 h and
sieved using 15 mm
sieving paper

Hydrothermal
treatment at 160 ◦C
for 10 h

Humidity NA NA [45]

Note: NA: not available.

Heavy metals, such as Fe3+, Hg2+, Cu2+, Cr4+, and Au3+, can accumulate in the eco-
systems, causing harmful effects on the environment and living organisms [135]. CDs
derived from various non-biomass waste categories using the hydrothermal method have
been reported for highly selective and sensitive heavy metal sensing. For example, CDs
prepared from medical masks, waste engine oil, and waste PET were utilized for Fe3+

quantitation with linear ranges of 1–300 µM, 0.5–400 µM, and 0.6–3.3 µM and limits of
detections (LODs) of 0.11 µM, 0.21 µM, and 0.055 µM, respectively. The average size of CDs
ranged from 3.7 nm to 6 nm. CDs with average sizes from 2.5 nm to 6 nm, derived from
PET, polyolefin, and cotton using the hydrothermal approach, have enabled sensitive and
selective detections of Pb2+, Cu2+, and Cr4+ with LODs of 21 nM, 6.33 nM, and 0.12 µg/mL,
respectively. The hydroxyl and carboxyl groups on the surface of the CDs interact with
heavy metal ions, resulting in static or IFE fluorescence quenching [71,75,83,92]. Doping
with nitrogen is a common strategy to enhance the fluorescent properties and increase
quenching probabilities of CDs because of the presence of functional groups such as amine,
hydroxyl, carbonyl, nitryl, and alkene [49,117]. Additionally, N-CDs derived from candle
soot have an average size between 2 nm to 5 nm and have been used for quantifying Fe3+

and Hg2+ in water with a similar linear range of 20–50 µM. The LODs for Fe3+ and Hg2+

are 10 nM and 50 nM, respectively. The fluorescence generated by electron transfer of
N-CDs is captured by empty ‘d’ orbital of Fe3+ and Hg2+, leading to a PET quenching
mechanism [49]. N-CDs with a QY of 20% and an average size of 4.0 ± 1.2 nm were
synthesized from waste-expanded polystyrene (EPS) using the one-step solvothermal
method, exhibiting selectivity for Au3+ quantitation with an LOD of 53 nM [70]. PU, rich in
nitrogen atoms, is an ideal candidate for synthesizing highly photoluminescent CDs with
enhanced QYs. N-CDs derived from waste white PU foam had diameters ranging from
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5 nm to 8 nm and a relatively high QY of 33%. The CDs could detect Ag+ with an LOD of
2.8 µM. The quenching effect is attributed to static quenching due to a strong interaction
between the S-doped surface of CDs and Ag+ [73].

In addition to heavy metals, CDs from non-biomass sources have been employed to
detect small molecules, such as para-nitrophenol [41], tetracycline [90], trinitrotoluene [81],
tartrazine [51], pesticides [83], water in organic solvent [45,58], and cholesterol [42]. The
CDs prepared from PET waste showed a highly selective and sensitive detection of ferric
ion (Fe3+) through a quenching effect, and the fluorescence could be restored specifically
with pyrophosphate anion (PPi), rendering the CDs/Fe3+ sensor promising for PPi detec-
tion [75]. The static quenching mechanism of CDs was caused by Fe3+ due to the formation
of nonfluorescent CD-Fe3+ complexes. Compared with CDs, PPi possessed a stronger
affinity toward Fe3+ to generate PPi-Fe3+ complexes, thus releasing CDs and recovering the
fluorescence. Similarly, the burning ash of the wastepaper was used as a carbon source to
synthesize CDs. The fluorescence of obtained CDs could be turned off by Fe3+, which was
derived from Fe2+ oxidized by H2O2. Organophosphorus pesticides effectively inhibited
the production of H2O2 by destroying the acetylcholinesterase activity, so the fluorescence
of CDs was turned on in the presence of organophosphorus pesticides [82]. N-CDs synthe-
sized from carbon paper and waste PET derived using solvothermal methods have small
average sizes of 4.8 nm and 1.93 nm, respectively. They have been used for the quantitation
of tetracycline and trinitrotoluene in both water and in organic solvents. Furthermore, CDs
were prepared from single-use plastic waste, such as plastic polybags, cups, and bottles, via
a hydrothermal method (at 200 ◦C for 5 h) with high QY of 60%, 65%, and 69%, respectively.
They demonstrated the ability to effectively sense E. coli with an LOD of 108 CFU/mL [67].
Empty PET bottles were pre-treated using a microwave reactor, followed by crushing into
powder using a pulverizer. Nitrogen- and phosphorus-doped CDs with spherical structures
and an average particle size of 2.8 nm have been applied for pH sensing in the range of 2.3
to 12.3 [77].

3.2. Information Encryption

CDs are considered one of the most promising candidates for information encryption
due to their polychromatic emission, a wide array of luminous categories, and stable physic-
ochemical properties [136]. These versatile materials have been successfully synthetized
from wastepaper using various solvents, such as deionized water, ethanol, and 2-propanol,
using a hydrothermal method at 210 ◦C. The obtained CDs with average sizes from 2.6 nm
to 4.4 nm and QYs of 12%, 27%, and 10% showed emission colors spanning from blue
to yellow and have found applications as anti-counterfeiting ink for fluorescent flexible
films [82].

3.3. LEDs

LEDs, as solid-state devices, have a crucial role in relieving the energy crisis. CDs have
made significant contributions to recent advancements in LEDs because of their excellent
photoluminescence and high stability [137]. Table 6 summarizes the LED applications of
CDs derived from non-biomass wastes. CDs prepared from waste PET, non-degradable
products and waste EPS prepared using solvothermal approaches could have multiple
colors with particle sizes from 2.0 nm to 4.5 nm. Waste-PET-derived CDs also exhibited a
range of colors, including colorless, white, yellow, blue–green, and brown [57,58,69,77,85].
Biohazardous products, such as PPE plastic waste, used disposable gloves, face shields,
syringes, and food storage containers and bottles, were utilized to prepare CDs using a
pyrolytic method. The resulting N-CDs emitted white light and possessed a high QY of
41% [73]. Furthermore, CDs with an average size of 2.1 nm were derived from waste toner
powder via microwave irradiation. These CDs emitted yellow light at 557 nm under 300
nm excitation and had been used in LEDs [55].
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Table 6. LED applications of CDs derived from non-biomass waste.

Carbon Precursor Method Emission Peak
(nm) Light Color Size (nm) QY (%) Ref.

Waste PET bottles Hydrothermal 485 Colorless to brown 2.0 87.36 [57]

Waste PET bottles Solvothermal 360
470

Yellow light
warm light 2.3 48.16 [58]

Waste expanded PS Solvothermal
470
530
630

White
Yellow
Orange

4.5
3.5
2.3

5.2
3.4
3.1

[69]

PPE plastic waste, used
disposable gloves, face
shields, syringes, and
food storage containers
and bottles

Pyrolytic 436
495 White light NA 41 [73]

Waste PET bottles Solvothermal 460 White light 2.8 14.2 [77]

Waste PET textiles Hydrothermal 485 Blue-green light 2.8 97.3 [85]

Wasted toner powder Microwave
irradiation 557 Yellow light 2.1

9.2 for internal and
8.4 for external
efficiency

[55]

3.4. Solar Cells

Solar energy conversion is pivotal in addressing climate change [138]. The transforma-
tion of non-biomass waste into CDs can reduce pollution, and their subsequent utilization
in solar energy conversion holds the potential to yield substantial societal, economic, and
environmental benefits. A series of CDs have been successfully synthesized from absorbent
cotton using a one-pot hydrothermal method. By introducing different dopants, such as
carbamide, thiourea, and 1,3-diaminopropane, the average particle sizes were significantly
reduced from 24.2 nm to 1.7 nm, 5.6 nm, and 1.4 nm, respectively. The 1,3-diaminopropane-
doped CDs showed the highest power conversion efficiency (PCE) of 0.527%, which was
299% higher than that achieved without dopant (0.176%) [86].

3.5. Plant Growth Promotion

CDs, as a new type of carbon material have demonstrated their potential to boost plant
growth [139,140]. For instance, PET was thermally treated at 400 ◦C for 2 h and crushed
into a fine powder using ball milling, followed by a subsequent hydrothermal process
(110 ◦C for 15 h) in the presence of H2O2 solution. When applied at concentrations of
0.25 mg/mL to 2 mg/mL, these CDs with an average size of 2.5 ± 0.5 nm could enhance the
development of shoots and roots during germination and growth of pea (Pisum sativum). It
is believed that the interaction between CDs and pea seeds promotes growth [62]. Similarly,
CDs prepared from various plastic products via direct thermal treatment at high tempera-
tures (800 ◦C for 1 h) promoted the growth of C. arietinum seeds within the concentration
range of 0.1 mg/mL to 0.5 mg/mL [40]. However, the specific mechanism remains unclear.
Furthermore, carbon nanomaterials with sizes ranging from 20 nm to 100 nm were synthe-
sized from oil fly ash using a high-energy ball milling method. These CDs had been used
in the treatment of Phaseolus vulgaris L. and Cicer arietinum L. plants [43].

4. Conclusions

The rising concerns about air and water pollution, land degradation, and the economic
cost associated with increasing waste have garnered significant social concerns. An effective
approach to address these issues is to convert waste into CDs for high-end applications.
Considering that CDs derived from biomass waste have been widely reported, this review
focuses on non-biomass waste, especially the related preparation methods, properties,
and applications. Selecting the most suitable methods for synthesizing CDs from non-
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biomass waste requires careful consideration of the properties of the waste materials.
Compared to CDs derived from chemicals, the complexity of the raw material composition
presents a significant challenge. Pre-treatments, which may involve physical and chemical
methods, are often essential to remove impurities and convert solid waste into powder
forms suitable for CDs synthesis. However, the complexity of these procedures, the
use of highly toxic chemicals, and the requirement for high temperatures and pressure
may limit the applicability of these methods. CDs obtained from non-biomass waste
have found applications in sensing, information encryption, LEDs, solar cells, and plant
growth promotion.

The conversion of non-biomass waste into CDs is still in the early stages. The mech-
anism for enhancing QYs remains unclear. Industrial-scale production of CDs from non-
biomass waste materials represents an efficient way of value-adding and reducing environ-
mental impact. Challenges in this research field include:

(1) Expanding the range of non-biomass waste materials as carbon precursors for CDs syn-
thesis.

(2) Simplifying pre-treatment procedures by reducing the use of toxic chemicals, lowering
temperatures, and decreasing pressure.

(3) Exploring methods to enhance the properties of CDs, especially QY.
(4) Developing techniques to synthesize CDs from mixed non-biomass waste sources.
(5) Broadening the scope of CD applications from non-biomass waste.

Combining waste management strategies with CD synthesis technology offers an
effective approach to addressing these technical challenges. Analyzing the components
within the non-biomass waste and referencing methods used for precursors with sim-
ilar chemical structures can be highly beneficial in developing a new route to convert
non-biomass waste into CDs. Various synthetic approaches for CDs from chemicals en-
compass top-down methods, such as ball milling, laser ablation, arc discharge, chemical
oxidation, electrochemical methods, micro-fluidization, and plasma approaches, as well as
bottom-up approaches, such as pyrolytic methods, template, microwave-assisted, ultra-
sonic, hydrothermal/solvothermal, and chemical oxidation. Some of these methods have
been used to convert non-bio waste to CDs, including reflux, hydrothermal, ball milling,
ultrasonic irradiation, pyrolysis, and microwave-assisted methods. The applicability of
the other methods warrants further study. In the experimental design, the selection of
non-toxic, cost-effective, and environmentally friendly chemicals and methods is crucial to
minimize any potential environmental pollution. The guiding principle should be followed
when designing CDs from non-biomass waste. Surface functionalization and the doping of
chemical heteroatoms have been designed to enhance the optical, electrical, and chemical
properties of CDs, thereby expanding their potential applications.
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Abstract: This study explores the detailed characterization of a biosorbent (Hen Feather) and its
efficient use in eradicating the azo dye Metanil Yellow (MY) from its aqueous solutions. Effects of a
range of experimental parameters, including pH, initial dye concentration, biosorbent dosage and
contact time on the adsorption, were studied. A detailed physical and chemical characterization of
the biosorbent was made using SEM, XRD, XPS and FTIR. During the optimization of adsorption pa-
rameters, the highest dye uptake of almost 99% was recorded at pH 2, dye concentration 2 × 10−5 M,
0.05 g of biosorbent and a contact period of 75 min. Various adsorption isotherm models were
studied to gather different adsorption and thermodynamic parameters. The linearity of the Langmuir,
Freundlich and D-R adsorption isotherms indicate homogeneous, multilayer chemisorption with high
adsorption affinity between the dye and biosorbent. Values of the changes in the Gibbs free energy
(∆G◦) and the enthalpy (∆H◦) of the adsorption process have been calculated, these values indicate
that it is a spontaneous and endothermic process. Kinetics of the adsorption were also measured,
and it was established that the adsorption of MY over Hen Feather follows a pseudo-second-order
kinetic model at temperatures 30, 40 and 50 ◦C. The findings of this investigation clearly indicate
that the studied biosorbent exhibits a high affinity towards the dye (MY), and it can be effectively,
economically and efficiently used to sequestrate and eradicate MY from its aqueous solutions.

Keywords: hen feather; metanil yellow; adsorption isotherm; adsorption kinetics; thermodynamics

1. Introduction

Water contamination is a severe threat to humanity. Rapid population increase leading
to speedy industrialization is the main cause of water pollution. Industrial effluents contain
a variety of chemical impurities in dissolved and suspended forms, of which dissolved
nonbiodegradable materials such as bulky organic dyes are considered to be highly toxic to
living beings and the most difficult to remove. These organic dyes also obstruct sunlight,
which impairs photosynthesis in water resources and harms aquatic life [1,2]. The removal
of dyes from water via a safe method is essential, and adsorption is an established economic,
effective and operationally practicable technique [3]. In adsorption operations, the selection
of an adsorbent determines the efficacy and cost-effectiveness of the procedure [4]. Hence,
a cheap and easily available waste material with extraordinarily high adsorption abilities
can be an excellent choice as an adsorbent [5].

Previous studies claim that, of the available variety of dyes, dyes belonging to the
azo group pose severe toxicity due to their carcinogenic and mutagenic behaviour [6].
The azo dye studied in this work, Metanil Yellow (MY), contains diazotized metanilic
acid and diphenylamine. It is widely applied to stain paper, nylon, silk, wool and other
materials and effluents of these industries contain large amounts of this toxic dye. Due to
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the resemblance in colour, adulterators replace costly turmeric with MY in many edible
products, and this is one of the menaces of the usage of this dye [7]. Indeed, its use as
a food additive has been banned due to its established severely toxic nature [8]. Many
studies have confirmed that MY can lead to cardiovascular disease, damage the central
venous region of liver tissue and cause histopathological abnormalities in the kidneys of
goats [9]. Exposure of fish to MY results in collapsed cytoplasm, nucleus pyknosis and
cardiotoxicity [10].

Based on several observations, it has been discovered that MY harms the testicles and
reproductive systems of rats and guinea pigs [11,12]. It also causes inflammatory irritation
when it comes into contact with the skin. It is now well established that the presence of
harmful methemoglobinemia and cyanosis caused by MY adversely affects humans. Hence,
when MY is ingested orally, all crucial human organs (heart, liver, kidneys, intestines,
reproductive systems, neurological system, gastric tissues, etc.) can be harmed [10,13].
Therefore, keeping the toxicity of MY in view, the eradication of MY from its aqueous
solution using a safe method like adsorption is highly desirable.

In the present work for the removal of MY, a bio-waste material, Hen Feather (HF), has
been employed as the adsorbent since no attempt has so far been made to adsorb MY using
HF. It contains a highly flexible and porous structure in the soft and the hard parts and is
distinct from any other natural or artificial fibres. The shaft of the feather called the rachis
is the hard part, while barbs, which originate from the rachis, and barbules, which emerge
as branches from barbs, are both considered soft parts [14,15]. Chemically, Hen Feathers
possess organic materials, especially protein (approximately 84%) [16]. It is pertinent to
note that the soft parts of Hen Feathers (barbs/barbules) have a special cross-section that is
not found in other protein fibres like wool and silk. The porous nature and high surface
area of Hen Feather make it a potent biosorbent for the eradication of bulky organic dyes.

The present paper is an attempt to first explore the physical and chemical structure
of the Hen Feather using a variety of analytical techniques, including scanning electron
microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
Fourier transform infra-red (FTIR) spectroscopy, and then to carry out detailed and system-
atic studies on the adsorption of MY over Hen Feathers in aqueous solution.

2. Results and Discussions
2.1. Characterization of Biosorbent

The SEM images presented in Figure 1 show the microstructure of the Hen Feather
sample. Figure 1a,c exhibit the branch-like ramus, which supports the barbules sprouting
from it. Both distal and proximal barbules can be seen, and a series of hooks that connect
these together are also visible at the top of each of these images. Bamboo-like structures are
seen in Figure 1c, and the material of a single barbule is viewed at a higher magnification
in Figure 1d. Figure 2 presents SEM images of the Hen Feather sample after treatment with
MY solution and drying. The presence of particles and plate-like structures, which may be
aggregations of MY dye molecules, indicates that MY covers both flighted and bamboo-like
feathers.

The XRD pattern presented in Figure 3 is very similar to patterns given for Hen
Feathers and for pure keratin in the literature [17]. According to literature reports, the
broad peak at ~19◦ results from the overlap of a peak at 17.8◦ and 19◦, which correspond,
respectively, to the α-helix and β-sheet structures [18]. A further peak at ~10◦, which can
be seen in Figure 3, also corresponds to the α-helix structure [19]. Since both broad peaks
are intense, it is clear that both these structural conformations are common in this sample.
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Figure 1. SEM images of Hen Feather taken at increasing magnifications and in both backscattered 
(a,b,d) and secondary (c) electron modes. 
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Figure 2. SEM images of Hen Feather treated with Metanil Yellow taken at a range of magnifications
and in backscattered electron mode. Both flighted feather (a,b) and bamboo-like structures (c,d) are
shown. (Examples of extraneous material, which may be aggregations of the dye, are circled in red).
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Figure 3. XRD pattern of pressed Hen Feather.

The FTIR spectrum of the Hen Feather is presented in Figure 4a. Previous studies [17]
have shown that the FTIR spectra of Hen Feather and of pure keratin are very similar,
indicating a high content of the latter in the former. The spectrum presented here is
consistent with this. The main peaks are reported to relate to the peptide bonds in the
keratin (-CONH) and have been labelled according to the convention as Amides A, I, II
and III. The band at ~3270 cm−1 can be due to stretching vibrations of O–H and N–H and
is known as Amide A. The band is at 1630 cm−1 (labelled as Amide I) and relates to a C=O
stretch. The band at 1520 cm−1 (Amide II) is due to a C–H stretch and N–H bend, while
the band at ~1230 cm−1 is a combination of several vibrations (C=O bend, C–C stretch,
N–H bend and C–N stretch) and is labelled Amide III. Amide A is reported to relate to
the α-helix structure of keratin; Amide II to the β-sheet structure; and Amide III to the
combination of both of these structures. On this basis, both structures must be present
in this Hen Feather sample. The spectra of Hen Feather after treatment with MY, and of
pure crystalline MY are present in Figure 4b,c, respectively. The major vibrational bands
assigned for MY by Dhakal et al. [7] are labelled on Figure 4c. Notable among these are
the N-H stretch (3412, 3294 cm−1), aromatic C-H stretch (~3020 cm−1), stretching modes
of the azo group, N=N, (1595, 1435 cm−1), the stretch of the neighbouring C-Nazo bonds
(1045 cm−1) and the S=O stretch (1339 cm−1) of the sulfonic acid group on MY. In the
MY-treated Hen Feather material, the Amide bands for the O-H/N-H, C=O and C-O bonds
appear at the same frequencies as for the untreated sample. This suggests that the extensive
hydrogen bonding present between carbonyl and the N atom in the keratin, which is a
major component of Hen Feather, is not significantly changed by the addition of the dye.
However, it should be noted that the relative intensity of the C-O peak at 1066 cm−1 does
increase significantly. The dye was added to the Hen Feather by soaking it in an acidic
solution of MY (pH 2), followed by drying. This may cause protonation of a proportion of
the amide carbonyl species, giving a larger concentration in the enol form [20], resulting in
a higher concentration of singly bonded C-O than before treatment with the MY solution.
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XPS spectra of the Hen Feather sample are presented in Figure 5. The atomic surface
composition of the sample was determined to be 85.4% C, 11.1% O, 2.9% N and 0.72% S.
This is consistent with Hen Feather consisting predominantly of the polypeptide; keratin,
which contains –CONH– linkages between amino acid units; and –S–S cross-linking. No
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charging of the sample was evident. The main C 1s peak at 284.5 eV is consistent with
C–C and C–H environments. The small peak at 287.6 eV would match C in C=O groups,
while another small peak at low binding energy—281.8 eV—is an artifact due to the use of
charge compensation in the XPS instrument and can be ignored. The single peak for N 1s at
399.6 eV can be confidently attributed to N in amide groups, –N(C=O)–C–, which are very
common in keratin. The main O 1s peak is consistent with C=O groups, while the smaller
peak at 529.5 eV matches the C-O environment, which is present in some amino acids. In
the S 2p region, the single peak seen should be attributed to electron-rich S environments
such as S2− or S2

2− groups. This agrees with the known presence of –S–S– cross-linkages
in keratin and Hen Feather.
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Standard chemical methods [21] were applied to analyze the Hen Feather, and the
sample was found to contain a maximum of about 82% of protein, while other components
like fat, ash, crude fibre, available Lysine, Methionine and Cysteine each were almost less
than 2%. The approximate results of the ultimate analysis of Hen Feathers are carbon
(64.5%), nitrogen (10.5%), oxygen (22%) and sulphur (3%). The porosity (74%) density
(0.3834 g·m−3) and surface area (1170.6 cm2·g−1) of the Hen Feathers were determined by
standard methods.

2.2. Preliminary Adsorption Studies
2.2.1. Influence of pH

To measure the effect of pH on the dye removal, 2 × 10−5 M MY was taken in
10 different flasks. The pH of each flask was maintained from 1.0 to 11.0. Figure 6 indicates
that the highest dye uptake of about 99% was obtained at pH 2.0, and with increasing pH
dye uptake, decreases almost linearly to about 45% at pH 11.0. Since the highest adsorption
is achieved at pH 2.0, this pH was selected to carry out all subsequent studies.
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Figure 6. Influence of pH on the adsorptive removal of the dye Metanil Yellow over Hen Feathers
(initial dye concentration: 2 × 10−5 M, adsorbent dosage: 0.05 g/20 mL, contact time: 75 min).

In the strong acidic medium at pH 2.0, electrostatic attraction of deprotonated MY and
protonated HF results in the strong adsorption of MY over HF. With increasing pH, weaker
electrostatic attraction force develops, which reduces the dye removal [22,23].

In order to determine the nature of the Hen Feathers, its weighed quantities (0.05, 0.10,
0.20, 0.30, 0.40 and 0.50 g) were dipped in 25 mL of distilled water (pH = 7.0), and the
mixtures were taken in six 100 mL airtight measuring flasks. After almost 24 h, each mixture
was filtered, and the pHs of the filtrates were recorded. It is interesting to note that each
sample exhibited an increase in pH, thereby indicating the basic nature of Hen Feathers.

2.2.2. Influence of Biosorbent Dosage

Adsorption studies were performed by adding 0.01 to 0.15 g of Hen Feathers to a dye
solution of concentration 2 × 10−5 M and pH 2. After agitating the solution for 75 min,
the uptake of MY was monitored, and the results obtained are presented in Figure 7. It
is found that initially, the percentage removal of MY increases with increasing amounts
of Hen Feathers in the solution, and the highest dye uptake was recorded at a biosorbent
amount of 0.05 g. Beyond this value, the dye uptake was constant. An increase in the dye
adsorption is due to the availability of large numbers of binding sites; 0.05 g HF may be the
reason for the increased adsorption of MY.
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Figure 7. Influence of Hen Feather dosage on the adsorptive removal of Metanil Yellow (pH: 2, initial
dye concentration: 2 × 10−5 M, contact time: 75 min).
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2.2.3. Influence of Adsorbate Concentration

The effect of MY concentration on its removal at different temperatures was observed
at pH 2.0 and by adding 0.05 g of Hen Feathers. At each temperature, the percentage
removal increased linearly and attained a plateau at 2 × 10−5 M dye concentration. The
increase in the amount of the MY with an increase in concentration may be due to large
numbers of available binding sites of the biosorbent, but at dye concentrations around
2 × 10−5 M and above, the binding sites become almost saturated. Thus, the percentage
removal of the dye attains almost a fixed value at each temperature.

2.2.4. Influence of Contact Time

To measure the effect of time of contact of MY and Hen Feather, their solutions were
thoroughly agitated at different time periods (Figure 8). Figure 8 shows that 75 min are
sufficient to attain equilibrium of adsorption of the MY–Hen Feather. Figure 8 clearly
indicates that the proportion of MY adsorption increases steadily from a contact time of 15
to 75 min and then starts stabilizing due to coverage of the Hen Feather by MY.
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Figure 8. Influence of contact time on the adsorptive removal of Metanil Yellow over Hen Feathers
(pH: 2.0, initial dye concentration: 2 × 10−5 M, adsorbent dosage: 0.05 g/20 mL).

2.3. Adsorption Isotherm Studies

Adsorption isotherms provide a great deal of information on the interaction in the
adsorbate–adsorbent system, particularly adsorption behaviour, binding energy, thermo-
dynamic parameters and nature of adsorption. Here, Langmuir, Freundlich, Temkin and
Dubinin–Radushkevtich adsorption isotherms were all examined. The theory and other
details regarding each adsorption isotherm are well documented in the literature [24,25]. In
each case, experiments were performed by varying dye concentration and temperature and
keeping the optimum values of other parameters as determined in the previous section.

2.3.1. Langmuir Adsorption Isotherm

It is well known that in the year 1916, Irving Langmuir postulated an experimental
isotherm model. The model is helpful in establishing monolayer adsorption over homoge-
neous surfaces and in providing values of different thermodynamic parameters like change
in Gibb’s free energy (∆G◦), enthalpy (∆H◦), entropy (∆S◦), etc., during the adsorption
process. The linear form of the Langmuir adsorption isotherm model can be expressed as

1
qe

=
1
qo

+
1

bqoce
(1)
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The amount of adsorbate adsorbed at equilibrium (mg·g−1) is denoted by qe, Ce de-
notes the dye’s equilibrium molar concentration (mg·L−1), qo is the adsorbent’s maximum
adsorption capacity per unit mass (mg·g−1) and b is the Langmuir constant (L·mg−1).
Graphs of 1/Ce versus 1/qe, plotted for different temperatures, give straight lines with
regression coefficients close to unity (Figure 9). This indicates that the data obtained follow
the Langmuir isotherm model, and the monolayer adsorption of the dye, MY, takes place
over the homogeneous surface of Hen Feathers at all temperatures studied. The values
of Langmuir adsorption constant ‘b’ are given in Table 1 and decreases with increase in
temperature. High values of ‘b’ indicate strong interaction between MY and Hen Feather.
However, with increasing temperatures, the value of ‘b’ decreases, thereby indicating
weaker adsorption at higher temperatures.
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Figure 9. Langmuir adsorption isotherms at the temperatures indicated for the adsorption of Metanil
Yellow over Hen Feathers at pH = 2.

Table 1. Values of various isotherm constants for the uptake of Metanil Yellow by Hen Feathers at the
indicated temperatures.

Langmuir Adsorption Isotherm

Parameter
Temperature (◦C)

30 40 50

qo × 103 (mg·g−1) 2.17 2.01 1.75

b (L·mg−1) 2.67 1.78 1.31

R2 0.9731 0.9772 0.9794

Freundlich Adsorption Isotherm

Kf (mol·g−1) 0.10 0.70 0.62

n 1.51 1.81 1.95

R2 0.9809 0.9563 0.9364

Dubinin–Radushkevtich Adsorption Isotherm

Xm × 10−2 (mol·g−1) 9.74 3.74 2.19

b × 10−9 (L·mol−1) 4.00 3.00 3.00

E (kJ mol−1) 11.18 12.91 12.91

R2 0.9748 0.9564 0.9639
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The values of ‘b’ were applied to evaluate a dimensionless separation factor (r), which
is helpful in establishing the favourability of the ongoing adsorption process. The values of
‘r’ can be evaluated using the following equation:

r =
1

1 + bCo
(2)

Here, b and Co have the same meanings as described above. At temperatures 30, 40 and
50 ◦C, the values of ‘r’ are found to be 0.047, 0.069 and 0.092. Since these values all fall between
0 and 1, the adsorption of MY over Hen Feathers can be considered a favourable process.

2.3.2. Freundlich Adsorption Isotherm

The Freundlich adsorption isotherm is related to multilayer formation over a hetero-
geneous surface and is mathematically expressed by the following expression:

logqe = logkf +

(
1
n

)
logCe (3)

Here, kf and n are the Freundlich constants, determined by the intercept and slope,
respectively, Ce (mol·L−1) is the equilibrium concentration and qe (mol·g−1) is the equilib-
rium capacity of the adsorbent.

To verify the applicability of the Freundlich adsorption isotherm model, graphs of log Ce
versus log qe were plotted (Figure 10). Figure 10 exhibits that straight lines with negative
intercepts and regression coefficients close to unity were obtained at all temperatures. This
indicates the adsorption of the dye MY over Hen Feathers can follow a multilayer formation
even at low concentrations. Table 1 presents the values of various Freundlich constants.
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Figure 10. Freundlich adsorption isotherms at the temperatures indicated for the adsorption of
Metanil Yellow over Hen Feather at pH = 2.

2.3.3. Dubinin–Radushkevtich Adsorption Isotherm

The Dubinin–Radushkevtich (DR) adsorption isotherm model is helpful in diagnos-
ing adsorption behaviour, specifically whether the adsorbing molecules are undergoing
chemisorption or physisorption. The following is the linear form of the DR adsorption
isotherm model:

ln Cads = ln Xm − β ∈2 (4)

where Cads (mol·g−1), Xm (mol·g−1) and β (mol2·J−2) are the amount of MY adsorbed
per unit weight of Hen Feathers, the maximum adsorption capacity of Hen Feathers and
the activity coefficient related to the mean adsorption energy, respectively. The Polanyi
potential (∈) is given as
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∈= RT·ln
(

1 +
1

Ce

)
(5)

where T is the Kelvin temperature, and R (8.314 J·mol−1K−1) is the Gas Constant. The graph
of ∈2 vs. lnCads is presented in Figure 11. The straight lines depict regression coefficient
values of near unity at all temperatures, indicating that the DR adsorption model can be
applied in the ongoing adsorption process (Table 1). To ascertain whether the process
is physisorption or chemisorption, mean sorption energy (E) was calculated using the
following relationship:

E =
1√−2β

(6)
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Hutson and Yang [26] determined that for any adsorbate–adsorbent system, if the
value of ‘E’ is less than 8 kJ·mol−1, physisorption dominates, while a value between
8 and 16 kJ·mol−1 ascertains the chemisorption process. Due to values of more than
8 kJ/mol at all temperatures, it can be safely interpreted that the ongoing adsorption is
chemisorption only.

2.3.4. Thermodynamic Parameters

The measurement of thermodynamic parameters is crucial for determining the pro-
cess’s viability and feasibility as well as for understanding the effect of temperature on MY
adsorption. Using Equations (7) to (9), values of ∆G◦, ∆H◦ and ∆S◦ associated with the
ongoing adsorption process were calculated (Table 2).

∆G◦ = −RTlnb (7)

∆H◦ = −R
(

T2T1

T2− T1

)
× ln

(
b2

b1

)
(8)

∆S◦ =
∆H◦ − ∆G◦

T
(9)

The negative values of ∆G◦ indicate that the process of adsorption of MY on Hen
Feathers is feasible, while the positive values of ∆H confirm the endothermic nature of the
adsorption. Similarly, by using Equation (9), it is ascertained that entropy (∆S◦) is positive,
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thereby indicating an increased randomness at the MY–Hen Feather interface with minor
structural changes in the Hen Feather.

Table 2. Values of various thermodynamic parameters for the uptake of the dye Metanil Yellow by
Hen Feathers at the indicated temperatures.

Parameter
Temperature (◦C)

30 40 50

–∆G◦ (kJ·mol−1) 2.47 1.50 0.73
∆H◦ (kJ·mol−1) 31.98 25.78 12.48

∆S◦ (J·K−1mol−1) 113.71 90.03 43.57

2.4. Kinetic Studies

In the kinetic studies, the rate and order of the adsorption process are calculated by
monitoring the effect of contact time on the percentage removal of the dye. An amount of
0.05 g of Hen Feathers was added to a dye solution of 2 × 10−5 mole·L−1 concentration
and pH 2.0 at fixed temperatures (30, 40 and 50 ◦C), and the flask was agitated on a
mechanical shaker for a predetermined amount of time. To calculate the order of reaction,
two well-established rate equations, namely Legergren’s rate equation (Equation (10)) and
the Ho–McKay rate equation (Equation (11)) for pseudo-first-order and pseudo-second-
order reactions, respectively, were applied [27,28].

log
(
qe − qt

)
= logqe −

k1

2.303
× t (10)

t
qt

=
1

k2qe
2 +

t
qe

(11)

Here, qe (mol·g−1), qt (mol·g−1), k1 (min−1) and k2 (g·mol−1.min−1) are the amount
adsorbed at equilibrium, amount adsorbed at time ‘t’, pseudo-first-order rate constant and
pseudo-second-order rate constant, respectively.

To establish an order of ongoing adsorption, using Equation (10), a plot of time vs. log(qe
− qt) and using Equation (11), a graph of time versus t/qt was plotted (Figures 12 and 13).
It is clear from Figure 13 that the values of the regression coefficients of the straight lines
obtained at all three temperatures are close to unity, while in Figure 12, the lines obtained
have low regression coefficient values. Thus, it can be safely interpreted that pseudo-
second-order rate kinetics are operative in the MY adsorption over Hen Feather, and the
rate constants of the reaction (k2) are 2.933 × 104, 1.40 × 103 and 2.41 × 103 (L·mol−1 s−1)
at 30, 40 and 50 ◦C, respectively.
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Figure 12. Legergren’s plot for the adsorption of Metanil Yellow over Hen Feathers at the indicated
temperatures.
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Figure 13. Ho and McKay’s plot for the adsorption of Metanil Yellow over Hen Feathers at the
indicated temperatures.

2.5. Mechanism of MY Adsorption over Hen Feathers

With the results mentioned above, it can be determined that the azo dye MY adsorbs
over Hen Feathers via chemisorption. First, a uniform monolayer is formed, which can
extend to form multilayers. The FTIR spectrum of MY-treated Hen Feather in Figure 5
confirms the presence of N=N, N–H and S=O bonds. In acidic media, the azo bond would
be expected to be protonated to give the –HN+=N– bond. On the other hand, FT-IR studies
of the Hen Feather indicate the presence of amide linkages containing C=O and N–H
bonds, and these are known to hydrogen bond to form keratin sheets in feathers. The
adsorption isotherm studies and evaluated thermodynamic parameters clearly indicate that
the adsorption of MY over Hen Feathers undergoes a spontaneous chemisorption process
with strong interactions. Therefore, it can be determined that chemical bond formation
(chemisorption) will take place between the N–H, azo groups and the sulfonyl species of
the MY molecule and the C=O and N-R groups of the Hen Feathers. The presence of these
bonds on the MY molecules and keratin structures would be expected to give rise to strong
bond formation.

3. Experimental
3.1. Material and Methods

MY (Figure 14) is an azo dye containing the –N=N– group. The IUPAC name of MY
(C8H15N3NaO3S) is sodium 3–[4anilinophenyl)diazinyl]benzene sulfonate. It is a yellow
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water-soluble dye with a molecular weight of 376.39 and a melting point of >250 ◦C. AR-
grade MY was procured from M/s Merck. All working solutions of MY were prepared in
double-distilled water after diluting its 1 M stock solution. The pH of the working solutions
was adjusted using HCl and NaOH.
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The biosorbent Hen Feathers were obtained from local poultry farmers. The feathers
were washed and activated before use. The characterization of Hen Feathers was carried
out using a range of techniques. SEM photographs were obtained using a JEOL JSM-IT200
instrument (JEOL UK Ltd., Welwyn Garden City, UK) operating at 10 kV at a working
distance of 10 mm in both secondary electron and backscattered electron modes. XRD
patterns of Hen Feathers were collected on a PANalytical Empyrean instrument (Malvern
Panalytical, Malvern, UK) using Cu Ka1 radiation (1.5406 Å) in reflection mode over a 2θ
range of 10–90◦. XPS was carried out on a Scienta XPS spectrometer (Scienta Omicron, Upp-
sala, Sweden) with a monochromatic source. Using a Shimadzu IRAffinity 1S spectrometer
(Kyoto, Japan), FTIR spectra were obtained over the range of 400–4000 cm−1.

To carry out all adsorption studies, a water bath shaker (RSB-12) of M/s Remi (Mumbai,
India) a microprocessor-based pH system (model no. 1013) of M/s ESICO (Parwanoo,
India) and a double-beam spectrophotometer (M/s ESICO India) were used.

3.2. Development of Biosorbent

Hen Feathers were obtained from local poultry. These were dirty and stained in blood.
Therefore, these were first cleaned with water and detergent several times. Using double-
distilled water, the washed material was further rinsed. In order to remove adhering
organic impurities, the feathers were kept in H2O2 solution for about 24 h. The material
was once again submerged in double-distilled water overnight. The Hen Feathers thus
obtained were dried in a hot air oven at 80 ◦C. Using a pair of sharp scissors, the barbs and
barbules of the Hen Feathers were first separated from the shaft and cut down to very small
pieces typically 1 mm in length. The material thus obtained was stored in a desiccator.

A three-step batch adsorption study was performed, which included preliminary
investigations, adsorption isotherm studies and kinetic studies. Firstly, to assess the
optimum values of the parameters pH, biosorbent dosage, adsorbate concentration and
contact time to remove MY from its aqueous solutions, preliminary investigations were
carried out. Then, adsorption isotherm studies were carried out in a wide range of dye
concentrations with appropriate amounts of Hen Feather at three different temperatures
(30, 40 and 50 ◦C) and recording uptake of the dye. To evaluate kinetic parameters, the
adsorption was monitored at different time intervals.

In each batch experiment, 20 mL of the known concentration and pH of MY was taken
in a well-stoppered 100 mL flask and mixed thoroughly with the chosen amount of biosor-
bent (Hen Feather) at a constant temperature (30, 40 and 50 ◦C) and shaking speed (150 rpm)
for a specific time interval. The solution was then filtered, and its absorbance was recorded
at a fixed wavelength (λmax = 425 nm) using the ultraviolet–visible spectrophotometer to
evaluate the percentage removal of the dye.

4. Conclusions

The present paper focuses on the efficacy of Hen Feathers, a waste material, which is
easily available in very large quantities and can be used as an adsorbent in aqueous media
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without compromising the cleanliness of the water. Hen Feathers are a type of biosorbent
that can be successfully and directly used without any structural alteration and exhibit
effective removal of dyes. The data provided in this paper demonstrate how effective
Hen Feathers are at absorbing the dye MY. Furthermore, the interpretation of these data
by reference to a range of appropriate adsorption models provides detailed information
relevant to evaluating the practicality, cost-effectiveness and environmental friendliness
of Hen Feathers for the adsorption of MY. The best adsorption of the dye can be achieved
at pH 2.0. As a result, it can be safely stated that Hen Feathers are an effective and cheap
waste material for the eradication of MY from its aqueous solutions.
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Abstract: Dye/salt separation has gained increasing attention in recent years, prompting the quest to
find cost-effective and environmentally friendly raw materials for synthesizing high performance
nanofiltration (NF) membrane for effective dye/salt separation. Herein, a high-performance loose-
structured NF membrane was fabricated via a simple vacuum filtration method using a green
nanomaterial, 2,2,6,6-tetramethylpiperidine-1-oxide radical (TEMPO)-oxidized cellulose nanofiber
(TOCNF), by sequentially filtrating larger-sized and finer-sized TOCNFs on a microporous substrate,
followed by crosslinking with trimesoyl chloride. The resulting TCM membrane possessed a separat-
ing layer composed entirely of pure TOCNF, eliminating the need for other polymer or nanomaterial
additives. TCM membranes exhibit high performance and effective dye/salt selectivity. Scanning
Electron Microscope (SEM) analysis shows that the TCM membrane with the Fine-TOCNF layer has a
tight layered structure. Further characterizations via Fourier transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD) confirmed the presence of functional groups and chemical bonds of the
crosslinked membrane. Notably, the optimized TCM-5 membrane exhibits a rejection rate of over
99% for various dyes (Congo red and orange yellow) and 14.2% for NaCl, showcasing a potential
candidate for efficient dye wastewater treatment.

Keywords: TEMPO-oxidized cellulose nanofibers; nanofiltration membrane; dye/salt separation

1. Introduction

The rapid development of the global textile industry has heightened the urgency for
treating dye wastewater and addressing environmental pollution [1]. Traditional methods
for treating dye wastewater often face challenges such as low efficiency, high cost, and the
generation of large amounts of by-products [2,3]. In the textile industry, the synthesis or
application of dyes typically leads to the generation of high-salinity-dye wastewater [4].
The dye synthesis process yields a large amount of inorganic salt (i.e., ~5.0% NaCl) as a
by-product, diminishing the dye’s purity and reducing the brightness of the printed image
in textile applications [5–7]. Discharging a large amount of salt along with dyes is the main
issue in textile wastewater [8–10]. Therefore, effective treatment of textile wastewater is of
great significance to mitigate the release of the highly polluted dye wastewater. Various
approaches, including biotechnology and adsorption, have been applied to treat dye
wastewater. However, most of these solutions face problems such as toxic nanomaterials
leaching, limited flexibility, high cost, and complicated operating processes. Therefore, the
identification of green materials and simple procedures is crucial to solving this problem.
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Cellulose is a polysaccharide with a crystalline structure that is usually derived from
abundant and renewable plants. As a member of the cellulose nanomaterial family, 2,2,6,6-
tetramethylpiperidine-1-oxide radical (TEMPO)-oxidized cellulose nanofiber (TOCNF) is
synthesized in a mild aqueous environment, followed by moderate mechanical treatment.
Compared with other cellulose nanomaterials fabrication approaches, such as high-pressure
homogenization and acid hydrolysis, the TEMPO-mediated oxidation method is more en-
vironmentally friendly. TOCNF has many advantages, such as a high surface-to-volume
ratio, excellent mechanical stability, multi-functional surface groups, cost-effectiveness, and
environmentally friendly characteristics [11]. TOCNF has made significant breakthroughs
in the fields of adsorption and separation [12–15]. Through processing and functional mod-
ification of TOCNF, it can be applied to the preparation of nanofiltration (NF) or reverse
osmosis (RO) membranes for dye wastewater treatment [16]. Due to its hydrogen-bonded
parallel chains, TOCNF is a strong natural nanomaterial with a one-dimensional (1D)
structure [17,18]. It can be combined with other two-dimensional (2D) nanomaterials to fab-
ricate NF membranes [19,20]. Yang et al. [19] reported a mixed-dimensional NF membrane
fabricated by assembling TOCNFs and covalent organic framework (COF) nanosheets.
The prepared TOCNF/COF NF membrane exhibited outstanding hydrolytic stability and
improved mechanical properties. Mohammed et al. [20] developed an NF membrane
by incorporating graphene oxide (GO) nanosheets into the CNF matrix via the vacuum
filtration method, followed by crosslinking by glutaraldehyde. The obtained GO/CNF
mixed-dimensional NF membrane showed a pure solvent flux of 13.9 L m−2 h−1 bar−1 for
water and over 90% rejections for two dyes.

Additionally, TOCNFs can serve as additives or substrates for thin composite NF/RO
membrane [21–23]. Wang et al. [23] prepared a composite RO membrane with modified
TOCNFs incorporated in a polyamide barrier layer based on an electrospun nanofibrous
substrate. The inclusion of TOCNF improved both the flux and the rejection of the compos-
ite RO membrane and was attributed to the formation of external water channels caused by
TOCNFs. In our previous work, TOCNFs were used as additives that were incorporated
into the polyamide selective layer of the RO membrane to enhance the water flux and
hydrophilicity of the membrane [22]. However, few researchers have focused on using
pure TOCNF to fabricate a dense separating layer of an NF membrane.

Herein, we develop an environmentally friendly NF membrane with a hierarchical
nanostructured TOCNF separating layer via a simple vacuum filtration method. Different
diameters of TOCNFs were vacuum filtrated on polyvinylidene fluoride (PVDF) substrate
membrane to form a dense NF membrane with a narrow pore size, which can effectively
reject dyes. Specifically, Thick-TOCNFs (without probe ultrasonication) were vacuum-
filtrated on the substrate membrane, followed by the addition of Fine-TOCNFs (with probe
ultrasonication) to form a compact barrier layer of NF membrane. The Fine-TOCNFs
served to further reduce the pore size of the composite membrane, consequently enhancing
dye rejection rate. Furthermore, TMCs were used as a crosslinking agent to enhance
the stability of the TOCNF layer. The morphology and physicochemical properties of
the fabricated TOCNF NF membrane with different Fine-TOCNF concentrations were
characterized, and their dye/salt separation performance was also evaluated compared
with that of the neat Thick-TOCNF membrane. For better comparison, Fine-TOCNF
membranes crosslinked with different concentrations of TMC were also synthesized. To
the best of our knowledge, this work is the first study to use pure TOCNFs to fabricate the
separating layer of NF membrane.

2. Result and Discussion
2.1. Morphology of TOCNFs and TCM Membranes

The morphologies of the Fine-TOCNFs and Thick-TOCNFs were observed by Trans-
mission Electron Microscopy (TEM) (Figure 1). The length and diameter distributions
of Fine-TOCNFs and Thick-TOCNFs are shown in Figure 1. The results show that the
Thick-TOCNFs exhibit a long rod structure, while the Fine-TOCNFs show a shorter and
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finer rod structure. The length of Thick-TOCNFs is in the range of 300–1100 nm, and the
average length is about 802 nm. The diameter of Thick-TOCNFs is 20.8 nm. After the probe
ultrasonic treatment, the Fine-TOCNFs became shorter and thinner, the average length
of Fine-TOCNFs reduced to 476 nm, and average width of Fine-TOCNFs decreased to
14.8 nm. The results show that compared to Thick-TOCNFs, Fine-TOCNFs became shorter
and thinner, mainly due to the powerful probe ultrasonication, and thus the cellulose
dispersed more evenly. In this study, Thick-TOCNFs without probe ultrasound were longer
and were used to fill the big holes in the PVDF substrate membrane (pore size 220 nm).
Then, Thin-TOCNFs were filtrated and crosslinked on the prefabricated membrane to form
a denser layer, due to their finer diameter.

Molecules 2024, 29, 2246 3 of 11 
 

 

2. Result and Discussion 
2.1. Morphology of TOCNFs and TCM Membranes 

The morphologies of the Fine-TOCNFs and Thick-TOCNFs were observed by Trans-
mission Electron Microscopy (TEM) (Figure 1). The length and diameter distributions of 
Fine-TOCNFs and Thick-TOCNFs are shown in Figure 1. The results show that the Thick-
TOCNFs exhibit a long rod structure, while the Fine-TOCNFs show a shorter and finer 
rod structure. The length of Thick-TOCNFs is in the range of 300–1100 nm, and the aver-
age length is about 802 nm. The diameter of Thick-TOCNFs is 20.8 nm. After the probe 
ultrasonic treatment, the Fine-TOCNFs became shorter and thinner, the average length of 
Fine-TOCNFs reduced to 476 nm, and average width of Fine-TOCNFs decreased to 14.8 
nm. The results show that compared to Thick-TOCNFs, Fine-TOCNFs became shorter and 
thinner, mainly due to the powerful probe ultrasonication, and thus the cellulose dis-
persed more evenly. In this study, Thick-TOCNFs without probe ultrasound were longer 
and were used to fill the big holes in the PVDF substrate membrane (pore size 220 nm). 
Then, Thin-TOCNFs were filtrated and crosslinked on the prefabricated membrane to 
form a denser layer, due to their finer diameter. 

 
Figure 1. TEM images of (a) Thick-TOCNFs and (b) Fine-TOCNFs. 

2.2. Characterization of Membranes 
Figure 2 shows the Scanning Electron Microscope (SEM) surface morphology images 

of the PVDF substrate membrane, TCM-0 membrane (5 mL Thick-TOCNFs + 0 mL Fine-
TOCNFs), TCM-5 membrane (5 mL Thick-TOCNFs + 5 mL Fine-TOCNFs), and TCM-10 
membrane (5 mL Thick-TOCNFs + 10 mL Fine-TOCNFs). The average pore size of PVDF 
membrane is ~220 µm. Some huge pores (500~600 µm) are observed in Figure 2a, while 
the pore size of TCM-0 membrane (Figure 2b) became much smaller (the average pore size 
is ~30 nm). TCM-0 membrane was prepared by vacuum filtrating 5 mL on PVDF mem-
brane. The Thick-TOCNFs were uniformly distributed on the surface of the PVDF mem-
brane, with obviously reduced surface pore size. However, this pore size was still not 
small enough to reject the dye molecules. Therefore, Thick-TOCNFs have a great effect on 
narrowing the substrate pore size. Based on this Thick-TOCNFs-modified substrate, an 
additional 5 mL or 10 mL of Fine-TOCNFs was filtrated and followed by TMC crosslink-
ing, by which the TCM-5 and TCM-10 membrane were obtained. Both TCM-5 and TCM-
10 membranes exhibited a uniform and compact surface structure, which can provide a 
possibility to reject dyes. No obvious big pores could be observed in the TCM-5 and TCM-
10 membranes under 50 k magnification. The pore sizes of TCM-5 and TCM-10 were about 
several nanometers. 

Figure 1. TEM images of (a) Thick-TOCNFs and (b) Fine-TOCNFs.

2.2. Characterization of Membranes

Figure 2 shows the Scanning Electron Microscope (SEM) surface morphology images
of the PVDF substrate membrane, TCM-0 membrane (5 mL Thick-TOCNFs + 0 mL Fine-
TOCNFs), TCM-5 membrane (5 mL Thick-TOCNFs + 5 mL Fine-TOCNFs), and TCM-10
membrane (5 mL Thick-TOCNFs + 10 mL Fine-TOCNFs). The average pore size of PVDF
membrane is ~220 µm. Some huge pores (500~600 µm) are observed in Figure 2a, while the
pore size of TCM-0 membrane (Figure 2b) became much smaller (the average pore size is
~30 nm). TCM-0 membrane was prepared by vacuum filtrating 5 mL on PVDF membrane.
The Thick-TOCNFs were uniformly distributed on the surface of the PVDF membrane, with
obviously reduced surface pore size. However, this pore size was still not small enough
to reject the dye molecules. Therefore, Thick-TOCNFs have a great effect on narrowing
the substrate pore size. Based on this Thick-TOCNFs-modified substrate, an additional
5 mL or 10 mL of Fine-TOCNFs was filtrated and followed by TMC crosslinking, by which
the TCM-5 and TCM-10 membrane were obtained. Both TCM-5 and TCM-10 membranes
exhibited a uniform and compact surface structure, which can provide a possibility to reject
dyes. No obvious big pores could be observed in the TCM-5 and TCM-10 membranes under
50 k magnification. The pore sizes of TCM-5 and TCM-10 were about several nanometers.

Figure 3 shows a cross-sectional SEM image of the TCM membranes. Compared with
the substrate membrane, TCM-0 membrane has an extra top layer (2.53 µm). As the content
of Fine-TOCNFs increases, the thickness of the extra top layer of the composite membrane
also increases. The top layer thicknesses of TCM-5 and TCM-10 are about 4.75 nm and
6.66 nm, respectively. This result indicates that more and more cellulose fibers assemble in
the top layer with the increase in the Fine-TOCNFs concentration. Moreover, the image
reveals that the top layers of TCM-5 and TCM-10 membranes are more compact, presenting
a tight layered stacking structure. This is mainly due to the Fine-TOCNFs filling the pores
of the Thick-TOCNFs layer, creating a denser separation layer. The compact top layer is
beneficial for the high rejection rate of the membranes. The separation performance of
TCM-0, TCM-5, and TCM-10 membranes shows that TCM-10 membrane possesses the
highest rejection rate of Congo red (CR) dye.
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Figure 3. SEM images of membrane cross-sections: (a) PVDF membrane, (b) TCM-0 membrane,
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Figure 4a shows the Fourier transform infrared spectroscopy (FTIR) spectra of mem-
brane samples, including the control (TOCNFs content equivalent to TCM-5 but without
TMC crosslinking process), TCM-0 membrane, TCM-5 membrane, and TCM-10 mem-
brane sample. The characteristic vibrational bands of TOCNFs are typically observed
near 3322 cm−1 and 1024 cm−1, corresponding to the hydroxyl and cyclic alcohol groups
in CNFs, respectively [22]. Additionally, the vibrational band at 1605 cm−1 is the C=C
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ring stretching vibration. Compared to the Uncrosslinked membrane sample, all TOCNF
membranes crosslinked with TMC (TCM-0, TCM-5, and TCM-10 membranes) exhibit
an additional vibrational band at 1712 cm−1, indicating the presence of the ester bond
generated via the acylation reaction between the acyl chloride groups of the TMC and
-OH groups of TOCNF [24]. This vibrational band confirms the successful crosslinking
between TMC and TOCNFs on the membrane’s surface. Furthermore, in comparison
to the Uncrosslinked membrane without TMC crosslinking, the crosslinked membranes
(TCM-0, TCM-5, and TCM-10 membranes) show lower transmittance vibrational bands
near 3322 cm−1 and 1023 cm−1, with the intensity of these two vibrational bands decreasing
as the concentration of Fine-TOCNFs increases. This result suggests that the increase in
-OH group concentration due to TOCNFs may increase the membrane hydrophilicity, while
crosslinking agent TMC could weaken the membrane hydrophilicity.
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groups on the surface of the TMC crosslinked membrane, resulting in decreased hydro-
philicity and reducing the rate of water molecule transport through the membrane, 
thereby decreasing the flux. With a further increase in TMC concentration, the flux slightly 
decreased, but the Na2SO4 rejection effect first increased and then decreased. This is 
mainly because the increase in TMC concentration helps to improve the crosslinking de-
gree of TOCNFs and provides a denser surface, thus enhancing the membrane’s rejection 
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Figure 4. (a) FTIR, and (b) CA of Uncrosslinked, TCM-0, TCM-5, and TCM-10 membrane; (c) XRD of
Uncrosslinked membrane and TCM-5 membrane.

Figure 4b shows the water contact angle of Uncrosslinked, TCM-0, TCM-5, and TCM-
10 membrane samples. It can be seen that increasing the Fine-TOCNF content gradually
weakens the hydrophilicity, which may be related to the increased hydrophobicity of
TOCNF after TMC crosslinking. With the increase in TOCNF content, the crosslinked
TOCNFs also increased, causing a slight increase in the contact angle, which was consistent
with the infrared spectroscopy results.

The X-ray diffraction (XRD) patterns of TOCNF membrane before and after TMC
crosslinking are shown in Figure 4c. The result shows similar peaks at 2θ = 18◦ and 20◦ for
both the TOCNF membrane, with and without TMC crosslinking. However, the TOCNF
membrane after TMC crosslinking shows a weaker peak at 2θ = 22.5◦, corresponding to the
(002) crystal plane of cellulose I [25]. This small difference may show that TMC crosslinking
weakened the crystalline structure of TOCNF membrane.

2.3. The Performance of TCM Membranes

The effect of crosslinking agent (TMC) concentration on the pure water flux and
Na2SO4 rejection performance of the composite membranes was investigated (Figure 5a).
All of the membrane samples were prepared with the same method as the TCM-5 mem-
brane sample, except for the crosslinking agent (TMC) concentration. Compared with the
Uncrosslinked membrane, the membrane crosslinked with 0.1% TMC showed a decrease in
pure water flux of the nanofiltration membrane from 24.87 L/m2·h·bar to 13.89 L/m2·h·bar,
and the Na2SO4 rejection rate increased from 36.9% to 67.6%. This indicates an improve-
ment in the membrane’s rejection performance after TMC crosslinking, but a decrease in
the water flux. This is mainly due to the consumption of hydrophilic carboxyl groups on
the surface of the TMC crosslinked membrane, resulting in decreased hydrophilicity and
reducing the rate of water molecule transport through the membrane, thereby decreasing
the flux. With a further increase in TMC concentration, the flux slightly decreased, but
the Na2SO4 rejection effect first increased and then decreased. This is mainly because the
increase in TMC concentration helps to improve the crosslinking degree of TOCNFs and
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provides a denser surface, thus enhancing the membrane’s rejection performance. However,
a high crosslinking degree reduces the water flux, while the pore size sieving effect cannot
further improve the Na2SO4 rejection rate. When the TOCNFs were not crosslinked with
TMC, the structure formed by the hydrogen bonding between the TOCNFs was relatively
loose and not strong. Therefore, when the TMC concentration was 0.3%, the nanofiltration
membrane had an optimal rejection performance, with a Na2SO4 rejection rate of 75.5%
and a pure water flux of 11.61 L/m2·h·bar.
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Figure 5. (a) The pure water flux and rejection of Na2SO4 solution (1000 ppm) of TCM membrane
crosslinked with different TMC concentration. (b) The pure water flux and rejection of CR dye by
TCM membranes with different Fine-TOCNF contents (TCM-0, TCM-5, TCM-10 membrane). (c) The
flux and rejection of CR dye by the TCM-5 membrane at different concentrations.

The effect of the Fine-TOCNF content on the separation performance of TCM mem-
branes can be seen in Figure 5b, where the flux decreases as the TOCNF content increases.
As the SEM images (Figure 3) and contact anger test (Figure 4b) results show, with the
increase in Fine-TOCNF content, the thickness of the top layer increases, and the hy-
drophilicity of the membranes decreases. Both the thicker selective layer and decreased
hydrophilicity of the membrane may lead to more resistance for water molecules attempt-
ing to pass through the membrane. On the other hand, the rejection rate of CR increased
rapidly after adding Fine-TOCNFs, and the CR rejection rate of TCM-5 membrane increased
from 91.2% to 99.2% compared to TCM-0, and further increased to 99.7% for the TCM-10
membrane. This indicates that the dense pore structure produced by probe-ultrasound-
treated TOCNF (Fine-TOCNF) has an excellent rejection effect on small-molecule dyes.
The results show that by increasing the CNF content loaded on the membrane surface, the
rejection rate of the membrane can be improved to a certain extent, but the flux decreases to
a certain extent. TCM-5 membrane still has a rejection rate of 99.2% for CR while retaining
a certain permeability performance (12.67 L/m2·h·bar).

The impact of different concentrations of CR on the performance of nanofiltration
membranes was tested by adjusting the dye concentration from 20 to 400 ppm (Figure 5c).
The flux of the TCM-5 membrane slightly decreased with the increase in the dye concen-
tration, from 12.66 L/m2·h·bar to around 8.09 L/m2·h·bar. This is because as the dye
concentration increases, the dye molecules are more likely to attach to the pores and perme-
ation channels on the membrane surface, forming a dense layer of dye molecules which
increases the transmembrane resistance of water molecules and leads to a decrease in water
flux. In addition, as the dye concentration increases, the membrane’s rejection rate of dye
also increases slightly from 98.4% to 99.9%. This is mainly due to the formation of a “filter
cake” layer on the membrane surface, which creates a spatial resistance effect that blocks
the passage of dye molecules, resulting in a decrease in water flux but an increase in the
membrane’s rejection rate of dye.

2.4. Separation Performance of TCM Membrane for Different Salts and Dyes

The salt separation performance of the TCM-5 membrane was evaluated based on the
rejection of Na2SO4 and NaCl salt solutions at a pressure of 0.4 MPa, and the results of the
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permeation flux and rejection ratios are shown in Figure 6a. The TCM-5 membrane shows
a good rejection performance for divalent salt, with rejection of 71.0% for Na2SO4; and
poor rejection for monovalent salt, with rejection of 14.2% for NaCl. The result is consistent
with literature reports on negatively charged nanofiltration membrane performance [26].
According to the Donnan effect theory, the negatively charged nanofiltration membrane
has a stronger repulsion force for divalent anions (SO4

2−) than monovalent anions (Cl−),
resulting in a higher rejection rate of Na2SO4 by the membrane. This result shows that
TCM-5 membrane has good NaCl/Na2SO4 selectivity. Similarly, the low rejection rate of
Rhodamine B (RhB) dyes with positive charges on the negatively charged membrane surface
indicates that the separation mechanism of the composite membrane is a combination of
pore size screening and electrostatic effects.
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The dye selectivity performance of the TCM-5 membrane was evaluated by filtration
of three types of dye solutions (CR, orange yellow (AO7), and RhB), and the results are
shown in Figure 6b. The concentration of the dye was 200 mg/L, and the flux and dye of
the membrane were tested at room temperature under 0.4 MPa using cross-flow equipment.
Both CR and AO7 are cationic dyes, while RhB dye is an anodic dye. The rejection rate
of TMC-5 membrane reached over 99% for both CR and AO7, while the rejection rate for
RhB was only 91%. Generally, the removal rate of the membrane for these three dyes is
mainly determined by their charge performance and molecular weight. Similar to the salt
selectivity result shown in Figure 6a, the negatively charged NF membrane has a stronger
repulsion force for cationic dyes than anodic dyes. Therefore, The TCM-5 membrane shows
excellent rejection rates for CR and AO7. In terms of cationic dyes, the membrane will
show higher rejection rates for dyes with larger molecular weight. Hence, the rejection
rate of CR (Mw = 670 g/mol) is greater than that of AO7 (Mw = 350 g/mol). However, for
RhB (Mw = 479 g/mol), the rejection rate is lower than that of AO7 with a larger molecular
weight. This is mainly because the nanofiltration membrane surface is negatively charged,
resulting in greater electrostatic repulsion of AO7 dye than RhB, and the combined effect
of pore size and electrostatic effects leads to a lower rejection rate for RhB dye. The
experimental results show that the prepared TCM-5 membrane has an excellent rejection
effect for cationic dyes.

The reusability of the membrane was tested using cyclic filtration in cross-flow equip-
ment (Figure 6c). Between each cycle, ethanol and distilled water were sequentially filtrated
to wash the membrane. This washing method can remove the dyes from the membrane,
due to the weaker electrostatic interactions between the dye and membrane [27]. After five
cycles, the membrane still maintained a high rejection rate of 98.1%. The high rejection rate
of TCM-5 membrane towards CR dye was mainly determined by pore size sieving and
electrostatic interaction.
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3. Experimental Section
3.1. Materials

1,3,5-benzenetriacyl chloride (TMC), 2,2,6,6-tetramethylpiperidine-1-oxide radical
(TEMPO), sodium hypochlorite (NaClO), sodium bromide (NaBr), Congo red (CR), rho-
damine B (RhB), orange yellow (AO7), Na2SO4, MgSO4, NaCl, and MgCl2 were purchased
from Shanghai Aladdin Biochemical Co. Ltd. (Shanghai, China). Polyvinylidene fluoride
(PVDF) membranes were purchased from Nantong Longjin Film Technology Co., Ltd.
(Nantong, China). Kraft pulp (Kinleith Hi White) was provided by Oji Fibre Solutions Com-
pany (Jinan, China). All the chemicals were used as received without further purification.
Deionized (DI) water was used to prepare all aqueous solutions.

3.2. Preparation of TOCNF

A TOCNFs suspension was synthesized using a similar method to one that was
recently reported in the literature [22]. To be specific, 1g pulp was used as raw material,
shredded and dissolved in 100 mL of DI water, and added to 100 mg of NaBr, 16 mg of
TEMPO, and 11.16 g of NaClO (the original concentration was 12.5%). The pH of the mixed
solution was adjusted to 10 and maintained for 8 h. Then, centrifugation was performed
three times at 9000 rpm to remove any remaining impurities from the mixture to obtain a
gel-like solid. Then, 500 mL of DI water was added to dissolve the solid, and the mixture
was stirred in a homogenizer for 3 min to obtain a transparent aqueous solution. The
obtained solution was named Thick-TOCNFs. Finally, some of the obtained Thick-TOCNF
solution was further broken by an ultrasonic probe, using a Qsonica sonicator with a
pulse of 30% and output power of 500 W-20 kHz to yield a transparent solution. The
obtained transparent TOCNF solution was named Fine-TOCNF. The concentration of both
the Thick-TOCNF and Fine-TOCNF was 0.2 wt%.

3.3. Preparation of TCM

A vacuum-assistant method was adopted to prepare the TOCNF membranes. The
specific steps were as follows: Firstly, 5 mL Thick-TOCNF solution was filtrated onto a
PVDF membrane (pore size 200 nm). Then, an additional 0, 5, or 10 mL Fine-TOCNF
solution was filtered onto the membrane, respectively. After the TOCNF solutions were
vacuumed, 5 mL TMC solution (0.3% in n-hexane) was poured on the membrane to crosslink
the TOCNFs. Finally, the obtained TOCNF membranes were kept in an oven at 80 ◦C for
30 min for better crosslinking. Based on the different Fine-TOCNF dosage, the obtained
membranes were named TCM-0, TCM-5, and TCM-10, respectively. As a comparison,
a control membrane (Uncrosslinked membrane) was prepared in the same condition as
TCM-5 but without the TMC crosslinking step. All the prepared membranes were rinsed
and stored in DI water.

3.4. Characterization of Membranes

The morphologies of Thick-TOCNFs and Fine-TOCNFs were observed by TEM (FEI
Tecnai F20, Hillsboro, OR, USA). Diluted Thick-TOCNFs and Fine-TOCNFs drops were
dropped on copper grids. The surface and cross-section morphologies of the PVDF mem-
brane, TCM-0, TCM-5, and TCM-10 membrane were observed by SEM. All the samples
were coated with gold, and the cross-section membrane samples were fractured in liquid ni-
trogen to maintain the membranes’ original morphology. The thickness of the membrane’s
top layer was measured by Nano Measurer 1.2.5 software, and the thickness value was the
average value of at least ten measurements. The chemical compositions of Uncrosslinked
membrane, TCM-0, TCM-5, and TCM-10 membranes were obtained through FTIR (Thermo
Scientific Nicolet iS 10, Waltham, MA, USA) in the wavelength range of 400–4000 cm−1.
The hydrophilicity of PVDF membrane, TCM-0, TCM-5, and TCM-10 membranes was
measured at room temperature using a contact-angle measuring instrument (OSA 60,
Königshofen, Germany). The contact angle was tested based on a video camera image
of the droplet using the drop shape analysis software (SurfaceMeter Element) supplied.
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The contact angles of water drops were measured in quintuplicate to obtain the average
contact angle. The crystal structure of cellulose in Uncrosslinked membrane and TCM-5
membranes were measured by a XRD (Rigaku Miniflex 600, Yamanashi, Japan). XRD
patterns were determined at 40 kV and 25 mA.

3.5. Permeability Performance of TCM Membrane

The filtration performance of composite membranes was evaluated using a cross-flow
filtration system. Membrane flux and rejection rate tests were conducted on an effective
membrane surface area of 25.12 cm2 at 0.4 MPa. Dye or salt solutions were used as feed
solution, and the weight of the permeate solution was continuously recorded using a
precision electronic balance connected to a computer. All results given are averages with
standard deviations for at least three samples of each type of membrane. The pure water
flow rate was calculated using Equation (1). The dye or salt rejection rate was calculated
using Equation (2).

F =
V

A × ∆t
, (1)

where F is the permeate flux (L/m2h), V is the permeate volume (L), A is the membrane
area (m2), and ∆t is the filtration time (h).

R =

(
1 − CP

C f

)
× 100%, (2)

where R is the rejection, and Cp and Cf are the dye or salt concentrations of permeate and
feed solution, respectively.

The dye rejection test was carried out on TCM-5 membrane using cross-flow equip-
ment at under 0.4 MPa, and three different dyes (CR, AO7, and RhB) were used for the dye
rejection test using dye solution (200 ppm). The concentration of dyes was determined by a
UV spectrophotometer. For the salt rejection test, 1000 ppm Na2SO4 or NaCl solution was
used as feed solution, and the salt concentration of the permeate and feed solution was
measured by an electrical conductivity device.

4. Conclusions

In this work, TCM nanofiltration membranes were fabricated by depositing Fine-
TOCNF into Thick-TOCNF structure, followed by crosslinking with TMC. The dense
selective layer of the TCM nanofiltration membrane consisted entirely of pure cellulose
nanofibers. The fabrication conditions were optimized, and the results show that 0.3% TMC
as the crosslinking agent was the optimal concentration, and Fine-TOCNF 5 mL filtrated on
the Thick-TOCNF membrane was the optimal fabrication condition. The SEM result shows
that TCM-5 and TCM-10 membranes have a tighter pore structure compared with the
TCM-0 membrane (without Fine-TOCNF) layer. The hydrophilicity of the TCM membranes
decreased as the Fine-TOCNF content increased. The TCM-5 membrane shows a good
rejection rate for divalent salt (Na2SO4) with a rejection rate of 71.0% and a low rejection of
monovalent ion (NaCl) at only 14.2%. Meanwhile, the TCM-5 membrane shows excellent
removal performance (over 90%) for all three of the tested dyes, especially for CR and
AO7 (both of which showed removal of over 99.0%). These findings highlight the TCM-5
membrane’s exceptional dyes/NaCl selectivity and NaCl/Na2SO4 selectivity. Moreover,
TOCNF membranes, which are derived from sustainable resources, offer low cost and high
separation efficiency, making them promising candidates to be used in the field of dye/salt
wastewater treatment.
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Abstract: Dual-ion batteries (DIBs) are a new kind of energy storage device that store energy involving
the intercalation of both anions and cations on the cathode and anode simultaneously. They feature
high output voltage, low cost, and good safety. Graphite was usually used as the cathode electrode
because it could accommodate the intercalation of anions (i.e., PF6

−, BF4
−, ClO4

−) at high cut-off
voltages (up to 5.2 V vs. Li+/Li). The alloying-type anode of Si can react with cations and boost
an extreme theoretic storage capacity of 4200 mAh g−1. Therefore, it is an efficient method to
improve the energy density of DIBs by combining graphite cathodes with high-capacity silicon
anodes. However, the huge volume expansion and poor electrical conductivity of Si hinders its
practical application. Up to now, there have been only a few reports about exploring Si as an anode
in DIBs. Herein, we prepared a strongly coupled silicon and graphene composite (Si@G) anode
through in-situ electrostatic self-assembly and a post-annealing reduction process and investigated it
as an anode in full DIBs together with home-made expanded graphite (EG) as a fast kinetic cathode.
Half-cell tests showed that the as-prepared Si@G anode could retain a maximum specific capacity
of 1182.4 mAh g−1 after 100 cycles, whereas the bare Si anode only maintained 435.8 mAh g−1.
Moreover, the full Si@G//EG DIBs achieved a high energy density of 367.84 Wh kg−1 at a power
density of 855.43 W kg−1. The impressed electrochemical performances could be ascribed to the
controlled volume expansion and improved conductivity as well as matched kinetics between the
anode and cathode. Thus, this work offers a promising exploration for high energy DIBs.

Keywords: dual-ion battery; anode materials; Si nanospheres; energy density

1. Introduction

Despite the high energy and power density of lithium ion batteries, the limited and
uneven distribution of lithium and rare metal resources have led to the search of new
energy storage technologies with low cost, high safety, and reliability [1–3]. DIBs are energy
storage devices that store energy involving the intercalation of both anions and cations
on the cathode and anode simultaneously. They feature high output voltage, low cost,
and good safety [4]. Graphite was commonly used as a cathode electrode because it could
accommodate intercalation of anions (i.e., PF6

−, BF4
−, ClO4

−) at a high cut-off voltage (up
to 5.2 V vs. Li+/Li) [5,6]. However, the tested capacity of graphite cathodes usually ranged
between 80–130 mAh g−1, and it is difficult to be further increased. As for the anode side,
any materials that can reversibly store cations can be used as anodes for DIBs [7]. In this
case, the traditional graphite anode could be exchanged to other electrode materials with
larger capacities. Recently, it was found that the replacement of the low capacity of graphite
anodes with other large capacity anodes could indeed increase the capacity of the full DIBs.
For instance, Wei et al. [8] assembled DIBs employing the high lithium storage capacity of
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MoSe2/Nitrogen-Doped Carbon (1224 mA h g−1) as an anode and graphite as a cathode,
and the DIBs delivered a reversible discharge capacity of 86 mA h g–1 at 2C after 150 cycles.
Tang et al. [9] studied Al foil (theoretical lithium storage capacity is 2235 mAh g−1) as an
anode, and, when coupled with graphite cathode, the DIBs showed a reversible capacity of
≈100 mAh g−1 and a capacity retention of 88% after 200 charge–discharge cycles. Wang
et al. [10] designed a high capacity Ge/CNFs anode (2614 mA h g−1), and the assembled
Ge/CNFs-Graphite DIBs showed a high discharge capacity of 281 mA h g−1 at a discharge
current of 0.25 A g−1, which greatly surpassed those of most of the reported DIBs. Therefore,
in order to take full advantage of the DIBs, further optimization of the anode materials is
also important.

According to the cation storage mechanisms, the anode materials can be divided into
three types: the intercalation type, conversion type, and alloying type. However, the
intercalation-type anode (such as graphite, soft carbon, hard carbon, Na2Ti3O7, etc.) usually
exhibits low capacity, and the conversion-type anode (such as MoS2, MoSe2, Co3O4, etc.)
suffers from low reaction kinetics and shows unimpressed rate performance. The alloying-
type anode (such as Al, P, Si, Sn, Ge, etc.) reacts with cations to boost an extreme specific
capacity [11–13]. The silicon anode materials possess a high theoretic Lithium storage ca-
pacity of 4200 mAh g−1 [14–16]. Therefore, it is an efficient method to improve the energy
density of DIBs by combining graphite cathode with high-capacity silicon anode. However,
the huge volume expansion (>300%) of silicon throughout alloying and de-alloying must be
controlled [17–20]. Moreover, the poor electrical conductivity of silicon is also an important
factor that hinders its development [21–23]. Up to now, there are only a few reports about
exploring Si as an anode in DIBs. Shao et al. [24] prepared a Si/C anode by adding a little
amount of Si (7.6 wt%) into graphite and used it in full DIBs with enhanced energy densities.
Wang et al. [25] investigated pre-lithiated Si as an anode with the intention of tailoring the
voltage to match the cathode. Tang et al. [26] cleverly designed a flexible interface between Si
and a conducting soft polymer substrate to modulate the alloying stress of the silicon anode
in DIBs, achieving excellent flexible electrochemical properties. Despite the above efforts, to
fully take advantage of the large capacity of an Si anode, it is still a challenge to further design
a new Si-based anode material with a controlled volume expansion effect and improved
conductivity, as well as matched kinetics with the cathode side.

Herein, we prepared a strongly coupled silicon and graphene composite (Si@G) anode
through in-situ electrostatic self-assembly and a post-annealing reduction process and
investigated it as an anode in full DIBs. Home-made expanded graphite (EG) with a larger
inter-layer distance was employed as a cathode with fast intercalation kinetic to accommo-
date anions (Figure 1). Half-cell tests showed that the as-prepared Si@G anode could retain
a maximum specific capacity of 1182.4 mAh g−1 after 100 cycles, whereas the bare Si anode
only maintained a low capacity of 435.8 mAh g−1. Moreover, the full Si@G//EG DIBs
achieved a high energy density of 367.84 Wh kg−1 at a power density of 855.43 W kg−1.
The impressed electrochemical performances could be ascribed to the following aspects:
(i) the composite structure greatly suppressed the stress/strain induced by volume change
and alleviated the pulverization during charging and discharging; (ii) the graphene layer
adhered on the surface of Si nanospheres could weaken volume expansion and prevent the
inter-agglomeration of Si with high surface energy; (iii) the electron migration during the
charge/discharge process was promoted by highly conductive graphene; (iv) the improved
rate ability of the Si@G anode matched well with the fast kinetics of the EG cathode.
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Figure 1. Diagram of the preparation process.

2. Results and Discussion
2.1. Structure and Morphology Analysis

Figure 2a is the XRD comparison of Si@G-1, Si@G-5 and Si@G-10. Evident diffraction
peaks are observed at 28.46, 47.26, 56.20, 69.12, and 76.28◦, corresponding to the (111), (220),
(311), (400), and (331) crystallographic planes of silicon, respectively. The characteristic
diffraction peaks of Si@G-5 and Si@G-10 correspond almost exactly to the standard cards,
and almost no diffraction peaks of graphene appear, which is attributed to the comparatively
low content of graphene in the composite. The weak peak of Si@G-1 at 25.58◦ corresponds
to the (002) characteristic crystallographic plane of the graphene, implying that GO has
been successfully reduced, and the product is free of byproducts such as SiC [27,28]. The
spectrogram of the unreduced GO is shown in Figure 2b. After self-assembly, the graphene
bonded well to silicon during the high-temperature reduction process, which mainly showed
the characteristic peaks of Si. Figure 2c shows the Raman plot of composites. Si@G-1, Si@G-5,
and Si@G-10 nanocomposites all have characteristic peaks at about 511 and 942.7 cm−1,
corresponding to the characteristic peaks of nano-silicon. For Si@G-1, relatively weak graphene
characteristic peaks at 1360 and 1580 cm−1 were observed. At the same time, no other by-
products appeared. The whole nanocomposite exhibited high crystallinity.
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Figure 3a shows the nitrogen adsorption and desorption curves of Si@G-1, Si@G-5,
and Si@G-10, and it is evident that the curves all show typical type IV isotherms. The
climbing of the H3 hysteresis loop at a relative pressure (P/Po) of 0.8 to 1.0 is evidence of
the presence of mesoporous structures, which may originate from the voids between the
adjacent graphene. Apparently, the specific surface area of Si@G-1 is higher than that of
Si@G-5 and Si@G-10 due to the relatively more disordered arrangement of graphene. The
specific surface areas of Si@G-5 and Si@G-10 are comparable, and the less graphene content
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cannot change the silicon arrangement. In addition, the pore diameter distribution curves
(Figure 3b) show that the pore diameter is mainly around 5 nm, which is favorable for the
migration of Li+ to Si@G inside the composites [29].
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To characterize the morphology of the Si@G composites, SEM was performed. Figure 4a–c
show the morphology of Si@G-1 sample. As can be observed, silicon nanoparticles (range
of 50–100 nm) were anchored on graphene nanosheets, and the size of the graphene sheets
was between 1 and 10 um. The silicon nanoparticles were completely encapsulated by
the graphene nanosheets, and the agglomeration of silicon and the folding and stacking
of graphene sheets created many voids that facilitated electrolyte penetration and Li+

transport [30,31]. At the same time, the silicon-loaded nanosheets were interconnected to
provide additional electronic pathways. Figure 4d–f show the SEM images of the Si@G-5
composites, where more silicon nanoparticles mask the presence of graphene, but the
graphene sheets can still be observed by higher magnification, as shown in Figure 4f. For
the Si@G-10 sample, the extremely high content of silicon makes graphene not observable
in the SEM images.
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Figure 4. SEM comparison at different magnifications: (a–c) Si@G-1, (d–f) Si@G-5.

TEM was applied to further examine the structure of the Si@G-5 material. TEM images
(Figure 5a,b) clearly demonstrate the presence of graphene sheets and silicon nanoparticles,
with a few layers of large diameter graphene completely wrapping the silicon nanoparticles.
It is evident that silicon nanoparticles are firmly anchored on graphene sheets due to the
electrostatic binding effect. Figure 5c shows the HRTEM image of the silicon–graphene
composite. The spacing of (111) is 0.31 nm, and a sheet of graphene tightly attached to
the Si shells and amorphous carbon deposited on the surface of the composite can also be
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observed from the HRTEM image. From the dark-field diffraction image (Figure 5d), it is
possible to derive each crystallographic plane of the Si nanoparticles, which confirms that
the crystallinity of the Si nanoparticles is mostly preserved.
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2.2. Electrochemical Studies

Structure and morphology analysis indicated that the Si@G-5 composite exhibited
high crystallinity, proper specific surface area, and better integration. Thus, it was chosen
to be tested as an electrode for the lithium half-cell, lithium-ion full cell, and dual-ion full
battery. The half-cell was firstly assembled to evaluate the lithium storage capacity of the
Si@G composite electrode using Si@G as the working electrode and lithium metal as the
reference electrode. The CV curves of Si@G-5 are displayed in Figure 6a. Two cathodic
peaks appeared in the first cycle. The broad peak at 0.69 V was attributed to the formation
of the solid electrolyte interphase (SEI) and the contribution of graphene sheets [32,33].
Another cathodic peak out near 0.23 V was attributed to the transformation of the silicon
structure from crystalline to amorphous [34]. In contrast, the two anodic peaks at 0.39 and
0.52 V corresponded to the de-lithiation process of amorphous LixSi to Si.

Figure 6b shows the first three GCD curves of Si@G-5 anode at 0.1 A g−1. Due to
the formation of SEI films, the ICE is 69.94%. In the second and third cycles, the curves
overlap almost completely, and the specific discharge capacity is about 4100 mAh g−1.
This is consistent with the CV results, indicating that the Si@G-5 has excellent reversibility.
Figure 6c shows the curve of the 100 cycles of nano-silicon and Si@G-5 with the same current
density. Apparently, the Si@G-5 material had a specific capacity of 1182.40 mAh g−1 after
100 cycles, with a capacity retention of 59.12%, much higher than the pure silicon sample
of 435.8 mAh g−1 and 20.94%. Figure 6d shows the GCD curves under different cycle
numbers. Except for the low CE of the first cycle, the subsequent CEs are higher than
95%, indicating that Si@G-5 has excellent stability and electrochemical reversibility. This is
due to the strong binding force produced by electrostatic action, which makes the volume
expansion of Si@G-5 in the cycle process is significantly inhibited [35].

The rate performance of pure silicon and Si@G-5 were tested, as shown in Figure 6e. At
0.1, 0.2, 0.5, 1.0, and 2.0 A g−1, the discharge capacities were 3348.8/3520.3, 2567.1/2874.4,
1999.5/2369.4, 1672.1/1973.4, and 1390/1600 mAh g−1, respectively. Evidently, Si@G-5
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performed better than pure silicon samples at each current density. When the current
density was restored to 0.1 A g−1 again, the Si@G-5 specific capacity was restored to
2801.6 mAh g−1, the capacity retention was 83.66%, and the pure silicon sample was only
60.09%. Figure 6f shows the charge–discharge curves of Si@G-5 under different current
densities. As the current density increased, the specific capacity decreased. However,
the voltage difference between charging and discharging platforms was still small, which
indicated that Si@G-5 had small polarization, high reversibility, and electrode stability.
These excellent properties could be attributed to the introduction of graphene to enhance
the charge transfer ability, and the graphene sheets could effectively inhibit the internal
stress caused by the silicon volume expansion.
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In addition to the excellent rate performance, the Si@G-5 electrode also demonstrated
excellent long-term cycling stability. As shown in Figure 7, after 1000 cycles at 1.0 A g−1,
the reversible specific capacity remained at 325.1 mAh g−1, while the pure silicon sample
failed after 1000 cycles due to volume expansion [36].
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To verify the performance of the Si@G-5 in the DIB, the full cell of a lithium-based
DIB was assembled, with Si@G-5 as the anode and (expanded graphite) EG as the cathode
(Figure 8a). EG was selected because it possessed an enhanced interlaying distance, which
could accommodate more PF6− intercalation. The detailed structure and electrochemical
PF6− storage performances of the EG are shown in Figures S1–S3. Figure 8b shows the
CV curves of the EG//Si@G-5 DIB, which almost entirely overlap, indicating the excellent
electrochemical reversibility. Three evident oxidation peaks appeared around 4.29, 4.60,
and 4.83 V, which were the initial electrochemical processes occurring jointly at the cathode
and anode, corresponding to different intercalation processes of PF6− [37]. The first three
cycles of the GCD curve of the EG//Si@G-5 DIB at 1 C are shown in Figure 8c, and the
first charging specific capacity was up to 388.23 mAh g−1. However, the initial coulomb
efficiency (ICE) was 24.31%, due to the formation of SEI films and side reactions [38].
Thereafter, the curves converge in terms of specific capacity and CE. The rate performance
of the full cell is shown in Figure 8d. After 10 cycles at 2, 4, 6, 8, 10, 20, and 2 C in sequence,
the discharge specific capacity recovered to 64.66 mAh g−1, with a capacity retention of
74.39%, and all CEs were around 95%. Figure 8e shows the GCD curves at different current
densities. The cells have evident and similar charging and discharging plateaus, which
correspond to the results of the CV curves. The capacity was 48.35 mAh g−1 after 100 cycles
at 2 C, with a capacity retention of 57.18% (Figure 8f), and the capacity fade was also
relatively slow. These were attributed to the synergistic effect of the cathode and anode,
emphasizing the improved structure of the silicon-based electrode in the DIBs.

In addition, we also assembled a LiFePO4//Si@G-5 LIB full cell to compare the
electrochemical performance of the LIB and DIB. The GCD curves and cycling curves of
LiFePO4//Si@G-5 LIB are shown in Figures S4 and S5, respectively. The results show that
its electrochemical performance was much less than EG//Si@G-5 DIB.

To further study the kinetic properties of the EG//Si@G-5 DIB, EIS was performed.
Figure 9a shows the EIS plots of the EG//Si@G-5 DIB in the uncycled state, after 50 cycles,
and after 200 cycles. The charge transfer resistance (Rct) was 34.03 Ω when uncycled
(Figure 9b). After cycling, there was a different degree of increase in Rct (Figure 9c). This
may have been due to the creation of SEI films in the first cycle and was also responsible
for the irreversible capacity and cell performance degradation in the first cycle [39]. In the
low-frequency region, the curve flattened out, owing to the decreasing rate of diffusion.
However, a high ion migration rate could be maintained after 200 cycles. The fitted
curves were calculated as σ0 = 170.51, σ50 = 669.40, and σ200 = 1328.49, resulting in Li+

diffusion coefficients of 1.37 × 10−21, 8.90 × 10−23, and 2.26 × 10−23 cm2 s−1 for the three,
respectively (please refer to Equation (S1) for the detailed calculation procedure).
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To evaluate the value of the EG//Si@G-5 DIB for practical applications, we calculated
the energy density and power density at different current densities (Tables S1 and S2 and
Equation (S2)). The EG//Si@G-5 DIB achieved an energy density of 367.84 Wh kg−1 at 2
C, while the LiFePO4//Si@G-5 LIB showed only a low energy density of 93.58 Wh kg−1.
Moreover, the EG//Si@G-5 DIB could maintain a high energy density of 138.37 Wh kg−1
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even at 20 C. These results demonstrated that the EG//Si@G-5 DIB held great potential for
a high-performance energy storage device.

3. Materials and Methods
3.1. Chemicals and Reagents

For the synthesis of Si@G and EG materials, the following reagents were used: sil-
icon powder (Si, cell grade), purchased from Shenzhen Huaqing Material Technology
Co. (Shenzhen, China); natural graphite (C, purity ≥ 99%), purchased from Shenzhen
Kejing Technology Co. (Shenzhen, China); Poly dimethyl diallyl ammonium chloride
((C8H16ClN)n, AR), sodium nitrate (NaNO3, AR), concentrated sulfuric acid (H2SO4, AR),
potassium permanganate (KMnO4, AR), hydrogen peroxide (H2O2, AR), and anhydrous
ethanol (C2H6O, AR), all the above chemical reagents were purchased from Sinopharm
Chemical Reagent Co. (Shanghai, China). All chemical reagents used in this work were not
further purified.

3.2. Material Preparation
3.2.1. Preparation of Si@G Anode Material

First, 100 mg Si powder was weighed and fully stirred in 50 mL deionized water for
30 min, and then 2 mL 20 wt% PDDA solution (Poly dimethyl diallyl ammonium chloride)
was added. The solution was stirred and ultrasonically dispersed for 1 h. Then, the above
solution was centrifuged at 10,000 rpm for 5 min, and the excess PDDA was removed three
times to obtain a positively charged Si precipitate. In total, 100 mg of graphite oxide (GO)
was weighed, 100 mL of deionized water was added, mixed, stirred, and sonicated for 1 h
to obtain the GO solution (1.0 mg mL−1).

The prepared aqueous Si-PDDA solution was slowly added to the GO solution and
stirred for 12 h. The solution was filtered to obtain Si@GO filter cake, which was then dried
under vacuum at 80 ◦C for 12 h. The dried filter cake was ground into powder and then
calcined at 900 ◦C under 10% H2/Ar atmosphere for 2 h. Finally, the Si@G-1 sample (for
comparison, the addition of 500 mg and 1000 mg of silicon powder were noted as Si@G-5 and
Si@G-10) was obtained. As illustrated in Figure 1, the fabrication process is clearly shown.

3.2.2. Preparation of EG Cathode Material

In total, 1 g of natural graphite and 0.5 g of NaNO3 were weighed and slowly added
to 23 mL of concentrated H2SO4, while the temperature was controlled to below 5 ◦C. After
stirring in a water bath for 30 min, the temperature was increased to 35 ◦C, and then 0.5 g
of KMnO4 of different masses was added and kept stirred for 2 h. After that, 46 mL of
deionized water was added, heated to 98 ◦C, and stirred continuously for 30 min. In total,
130 mL of deionized water and 10 mL of H2O2 were added.

The above solution was added to anhydrous ethanol and deionized water and contin-
uously filtered at least four times to make the pH neutral. The filter cake was transferred to
a vacuum oven and dried at 80 ◦C for 12 h. Subsequently, it was heated to 600 ◦C in N2
atmosphere and held for 5 h. Finally, EG was obtained.

3.3. Material Characterization

The crystal structure and composition were determined by X-ray diffraction (XRD,
Ultima IV, using Cu Kα) at a scan rate of 10◦ min−1. The morphology was characterized
by scanning electron microscopy (SEM, Hitachi SU8000, Hitachi, Tokyo, Japan). The
microstructure was characterized by transmission electron microscopy (TEM, JEOL-2100F
Plus, JEOL, Osaka, Japan). Raman spectroscopy was performed on a Raman spectrometer
system (JY HR-800 Lab Ram), with a laser wavelength of 532 nm. The specific surface area,
pore volume, and pore size distribution of the materials were tested by a specific surface
area and porosity analyzer (BET, Micromeritics ASAP 2460, Norcross, GA, USA), with
nitrogen adsorption and desorption tests at 77.3 K.
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3.4. Electrochemical Characterization

The Si@G or EG, binder carboxymethyl cellulose (CMC), and conductive agent Super
P were weighed in the ratio of 7:2:1, mixed and ground, and then anhydrous ethanol and
deionized water was added in a 1:1 solution as a solvent and stirred for 12 h. After that, the
resulting slurry was daubed on the aluminum foil, dried under vacuum at 80 ◦C for 12 h,
and cut into 14 mm diameter round pole pieces after drying.

The CR2032 button cell was made in an argon-filled glove box. Half-cell was assembled
to evaluate the lithium storage capacity of Si@G composite. Si@G was used as working
electrodes. Lithium metal was used as both counter and reference electrode. Celgard-2400 was
used as the separator. In total, 1 M LiPF6 and 10 wt% fluoroethylene carbonate (FEC) in a 1:1:1
(volume ratio) mixture of ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl
carbonate (DMC) was used as the electrolyte. In full-DIB assembly, EG was used as the
cathode, Si@G was used as anode, and the electrolyte was changed to 4 M LiPF6 and 2.0% VC
in the ethyl methyl carbonate (EMC). The higher lithium salt concentration induced the solvent
molecules to complex with LiPF6. At high voltage, the complexed solvent molecules had
stronger antioxidant properties, and the electrolyte was more stable. In addition, the VC in the
electrolyte as an additive could preferentially form a SEI film with excellent performance on
the graphite electrode, which could effectively inhibit the continuous decomposition of solvent
molecules on the electrode surface. Cyclic voltammetry (CV) was performed on ModuLab
XM ECS-type electrochemical workstation at scan rates of 0.5 mV s−1 between 3.00–5.00 V.
Charge/discharge tests (GCD) at different current densities at 3.00–5.00 V were performed
with the NEWARE 8.0 battery test system. Electrochemical impedance spectroscopy (EIS) was
performed on a ModuLab XM ECS-type electrochemical workstation, with a frequency of
0.01 Hz–100 kHz and an amplitude of 5 mV.

4. Conclusions

In summary, we prepared a silicon and graphene composite (Si@G) anode through in-
situ electrostatic self-assembly and a post-annealing reduction process and investigated it
as an anode in full DIBs, together with home-made expanded graphite (EG) as a fast kinetic
cathode. The composite structure could suppress the stress/strain induced by volume
change and alleviated the pulverization during charging and discharging. In addition, the
graphene layer adhered on the surface of Si nanospheres could weaken volume expansion,
prevent the inter-agglomeration of Si, and improve the conductivity. Benefiting from that,
the as-prepared Si@G anode could retain a maximum specific capacity of 1182.4 mAh g−1

after 100 cycles, while the bare Si anode only maintained at 435.8 mAh g−1. Moreover, the
full Si@G //EG DIBs achieved a high energy density of 367.84 Wh kg−1 at a power density
of 855.43 W kg−1. Thus, this work shed some light on the practical applications of high
energy DIBs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28114280/s1, Figure S1: XRD and Raman plot of graphite
and EG; Figure S2: GCD curves and rate diagrams for graphite and EG; Figure S3: GCD curves
at different current densities; Figure S4: GCD curves of LiFePO4//Si@G-5 LIB at different current
densities; Figure S5: Cycle curve of LiFePO4//Si@G-5 LIB; Table S1: Energy density and power
density of EG//Si@G-5 DIB at different current densities; Table S2: Energy density and power density
of LiFePO4//Si@G-5 LIB at different current densities.
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Abstract: We modified C3-symmetric benzene-1,3,5-tris-amide (BTA) by introducing flexible linkers
in order to generate an N-centered BTA (N-BTA) molecule. The N-BTA compound formed gels
in alcohols and aqueous mixtures of high-polar solvents. Rheological studies showed that the
DMSO/water (1:1, v/v) gels were mechanically stronger compared to other gels, and a similar trend
was observed for thermal stability. Powder X-ray analysis of the xerogel obtained from various
aqueous gels revealed that the packing modes of the gelators in these systems were similar. The
stimuli-responsive properties of the N-BTA towards sodium/potassium salts indicated that the gel
network collapsed in the presence of more nucleophilic anions such as cyanide, fluoride, and chloride
salts at the MGC, but the gel network was intact when in contact with nitrate, sulphate, acetate,
bromide, and iodide salts, indicating the anion-responsive properties of N-BTA gels. Anion-induced
gel formation was observed for less nucleophilic anions below the MGC of N-BTA. The ability of
N-BTA gels to act as an adsorbent for hazardous anionic and cationic dyes in water was evaluated.
The results indicated that the ethanolic gels of N-BTA successfully absorbed methylene blue and
methyl orange dyes from water. This work demonstrates the potential of the N-BTA gelator to act as
a stimuli-responsive material and a promising candidate for water purification.

Keywords: LMWGs; C3-symmetric amides; stimuli-responsive; water remediation; dye adsorption

1. Introduction

The quantity of contaminants of emerging concern (CECs) [1,2], which are chemicals
and toxic materials in wastewater, has dramatically increased since the pre-industrial era.
The synthetic dyes found in wastewater are mostly generated from industries such as
textiles, cosmetics, paper, pharmaceuticals, and paint, and these can be considered as CECs
due to their toxicity to ecological or human health [3]. The non-biodegradable nature
of synthetic dyes leads to ecological problems due to their accumulation on land and in
aquatic environments [4]. This problem resulted in the development of various techniques
to remove dyes from wastewater [5], such as adsorption, photodegradation, oxidative or
biochemical degradation, chemical precipitation, ion exchange, and electrocoagulation. Ad-
sorption techniques can be considered among the best techniques for removing dyes from
wastewater [6] because most adsorbents can be recycled due to their non-reactive nature
to toxic substances. In this process, dyes interact with the adsorbent via chemical or non-
bonding interactions, separating them from the mixture [7]. Several adsorbents [8] based on
activated carbon, zeolites, mineral clay, chitosan, and waste biomass have been employed
for the wastewater dye removal process. The drawbacks of pollutant uptake and selectivity,
the cost involved in activating the adsorbent for recycling, and the enormous amount
of toxic sludge generated prompted researchers to explore alternative methods for dye
adsorption. Supramolecular gels based on low-molecular-weight gelators (LMWGs) [9–13]
are excellent candidates for use in adsorption studies due to their porous networks and
stimuli-responsive properties [14–19]. LMWGs display superior adsorption capacities for
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dyes [20–23], but the majority of LMWGs reported for the removal of dyes are metallogels
or pH-dependent [14,24–28].

LMWGs have gained considerable attention during the last two decades as soft mate-
rials due to their intriguing potential applications, such as in stimuli-responsive materials,
media for synthesis and crystallization, drug delivery, tissue engineering, and environmen-
tal clean-up, including oil spills and the removal of toxic chemicals [9–13]. LMWGs are
fibrous networks arising from the self-assembly of gelator molecules in the presence of a sol-
vent medium, which is stabilized by non-covalent interactions, and the solvent molecules
are trapped within these networks. These networks are stabilized by various non-covalent
interactions such as hydrogen bonding, van der Waals interactions, π–π stacking, and
halogen bonding. The nature of these interactions is responsible for the stimuli-responsive
behavior of LMWGs, where the gelation process can be turned ON/OFF in the presence of
an external stimulus (temperature, pH, sound, salts/ions, or additives) [15–19]. LMWGs
resemble protein structures in terms of solvent content and their porous nature grants
better dye adsorption properties than traditional adsorbents [29]. However, predicting
the formation of a supramolecular gel is a challenging task because the self-assembly
process depends on the dynamic nature of the non-bonding interactions, the nature of
the functional groups, and the balance between the hydrophilic and hydrophobic inter-
actions [9–13]. The formation of a one-dimensional (1-D) fibrous architecture capable of
entangling into a 3-D network in the presence of a solvent is considered one of the im-
portant criteria for gel network formation. Introducing hydrogen bonding groups, such
as amide, urea, thiourea, amino acids, and hydrazone moieties, into LMWGs [30–35] can
induce 1-D self-assembly via various non-bonding interactions, which results in a myriad
of LMWGs with intriguing properties.

Several reports on LMWGs with tunable properties are based on amide moieties [36].
Amide-based compounds display complementary N−H···O=C interactions, arising from
the donor (N-H) and acceptor (C=O) of the amide moieties, to form a 1-D fibril structure,
and these 1-D chains self-assemble to 3-D porous architecture, within which the solvent
molecules are entrapped [36,37]. These cooperative and unidirectional hydrogen bonding
interactions arising from the amide units play a crucial role in the self-assembly process of
LMWGs, and these moieties can interact with anions, leading to stimuli-responsive materi-
als [15–19]. Supramolecular gels based on C3-symmetric amides display versatile gelation
abilities due to their hydrogen-bonded helical columnar structures, which are stabilized
by hydrogen bonding and π–π stacking. An example of this is benzene-1,3,5-tris-amide
(BTA) [15–19]. However, C3-symmetric amides have rarely been used to remove dyes,
presumably due to the absence of suitable porous architectures and a lack of selectivity for
substrates [38,39]. Separation and selectivity can be improved by introducing/modifying
functional groups to the supramolecular gels in order to produce LMWGs with better
adsorption capacities. The post-modification of the functional groups via covalent capture
can be used to tune their stability and robustness, leading to better adsorption perfor-
mances [40,41]. Qiu et al. showed a folic acid-gelatin hybrid gel obtained by introducing
gelatin into folic acid improved the specific surface and porosity of the hybrid gel, making it
a better adsorbent for dye adsorption [41]. In this work, we have modified the C3-symmetric
N-centered BTA with flexible linkers to explore its stimuli-responsive properties and ability
to act as an adsorbent of both cationic and anionic dyes in water.

2. Results and Discussion
2.1. Synthesis of C3-Symmetric N-Centered BTA (N-BTA)

Supramolecular gels based on C3-symmetric BTA can be classified as either C=O
centered or N-centered BTA molecules based on their connection to the aromatic platform,
and these compounds display similar 1-D columnar structures stabilized by the hydrogen
bonding interactions between the amide functionalities [42]. Haldar et al. analyzed the role
of the spatial orientation of the amide bonds in the self-assembly process of C=O centered
and N-centered C3-symmetric tripeptides gels and studied the dye adsorption ability of the
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gels [38]. The C=O-centered C3-symmetric BTA compounds (benzene-1,3,5-tricarboxylic
amide) display versatile gelation abilities in a wide range of solvents, [43–45] but the
LMWGs based on the corresponding C3-symmetric N-centered BTA are rare, presumably
due to the unavailability of the amine precursor or difficulties in synthesizing benzene-1,3,5-
triamine. We designed a C3-symmetric N-centered BTA (N-BTA) by introducing a methy-
lene group between the aromatic core and the amine. We reported that adding/modifying
the functional groups produces LMWGs with tuneable properties [34,46–48]. The C3-
symmetric N-BTA was synthesized by reacting benzene-1,3,5-triyltrimethanamine with
4-(ethoxycarbonyl)benzoic acid chloride (Scheme 1). The ester group was selected be-
cause the self-assembly mode of the amide group was preserved by introducing the ester
derivatives, flanking the hydrogen bonding between amide and carboxylate functionalities.
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2.2. Gelation Studies

Solvent screening was undertaken to identify the ideal solvents/solvent mixtures
for use in gelation by following a standardized protocol. The required amount of the
compound was introduced into a standard 7.0 mL sealed vial, followed by the addition
of 1.0 mL of the corresponding solvent. The resulting mixture was sonicated and heated
until it formed a clear solution, then it was allowed to cool to room temperature and left
undisturbed for 24.0 h. Gel formation was confirmed by a vial inversion test. The results
indicated that gelation was observed for N-BTA in alcohols such as methanol, ethanol,
isopropanol, and n-butanol, but failed to form gels in aliphatic and apolar aromatic solvents
(toluene, xylenes, and mesitylene), presumably due to their poor solubility (Table S1). We
also tested the gelation abilities of N-BTA in high-polar solvents, but gels were not formed
in these solvents. This prompted us to perform gelation studies in aqueous mixtures of
high-polar solvents by introducing water as an anti-solvent because N-BTA is insoluble in
water. Gelation was observed in an aqueous mixture (1:1, v/v) of high-polar solvents, such
as DMF, DMSO, DMA, and DEA.

The minimum gelator concentration (MGC), which indicates the minimum quantity
of gelator necessary for forming a stable gel network in a specific solvent, was evaluated
by varying the quantity of the gelator (Table 1). The MGCs were similar for the aqueous
mixtures of DMF, DMA, and DEA, but higher for DMSO. The MGCs for N-BTA in alcohols
were similar but lower than those in aqueous mixtures, presumably due to the insolubility
of N-BTA in the antisolvent.

Table 1. Minimum Gelator Concentration (MGC) and Tgel (4.0 wt/v%) of the gelator.

Solvent MGC (wt/v%) Tgel (◦C)

Methanol 1.9 79.9
Ethanol 1.9 82.9

Isopropanol 2.0 94.3
n-butanol 2.0 96.1

DMF/water (1:1, v/v) 2.8 92.8
DMSO/water (1:1, v/v) 3.6 99.1
DMA/water (1:1, v/v) 2.5 58.3
DEA/water (1:1, v/v) 2.7 83.9
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2.3. Thermal Stability

The thermal stability of the N-BTA gels was evaluated by monitoring the transition
temperature (Tgel) at which the gel transformed into a liquid phase (gel–sol transition). All
gels were prepared at the same concentration (4.0 wt/v%) in methanol, ethanol, isopropanol,
n-butanol, and aqueous mixtures (1:1, v/v) of DMF, DMSO, DMA, and DEA in order to
compare their thermal stabilities (Table 1). The gel–sol transition temperature in methanol
was significantly lower than that of the gels in higher alcohols, indicating that increasing
the chain length of the alcohols increased the stability of the gel network, leading to a
significantly stronger network. The experiments performed with the aqueous mixtures
(1:1, v/v) of DMF, DMA DEA, and DMSO indicated that the thermal stabilities of gels
in DMSO/water (1:1, v/v) were slightly higher than the DMF/water (1:1, v/v) gels, but
significantly higher compared to the other gels. The lower thermal stability of DMA/water
(1:1, v/v) gel could be attributed to the better solubility of N-BTA in DMA.

2.4. Rheology

Rheology is a valuable tool for studying the rigidity, deformation, and flow properties
of gels, offering valuable insights into the underlying structural features of the gel net-
work [46,47]. The mechanical strength of the gels was analyzed by performing amplitude
and frequency-sweep experiments in methanol, ethanol, and aqueous mixtures (1:1, v/v)
of DMF and DMSO at 4.0 wt/v%. Initially, a strain sweep was performed to identify the
linear viscoelastic region (LVR), maintaining a constant frequency of 1.0 Hz, and the elastic
modulus (G′) was independent of the applied strain. All the gels displayed a constant
G′ up to 0.1% strain (Figures S1–S4). The point at which the elastic gel transforms into a
viscous fluid, marked by a sudden decline in the G′, is referred to as the crossover point.
Frequency-sweep experiments were conducted with a constant strain of 0.01% (within LVR)
over a frequency range of 0.1–10.0 Hz, and the results displayed constant elastic (G′) and
viscous (G′′) moduli under varying frequencies. The comparison of mechanical strengths
revealed that the gel in DMSO/water (1:1, v/v) exhibited higher storage modulus values
compared to all other gels, suggesting a relatively stronger gel network (Figure 1).
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Figure 1. Frequency sweep experiments of gels in various solvents/solvent mixtures at 4.0 wt/v% at
20.0 ◦C with a constant strain of 0.01%.

2.5. Gel Morphology

The morphologies of the gel fibers can be visualized using modern microscopic tech-
niques. Scanning electron microscopy (SEM) is one of the most useful techniques for
elucidating gel fiber morphologies [48], which helps to evaluate the nanostructures of the
LMWGs. The surface morphology of the fibrous network was analyzed by performing
SEM on the dried gel samples, which were structurally similar to the actual gel network.
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However, artifacts of the drying process sometimes affect the structure; therefore, these
measurements are not a perfect representation of the gel network [49]. The morphology
of the gel network obtained by drying the gels of N-BTA from methanol (2.0 wt/v%)
displayed zoetic features (Figure 2a), but flake-like morphologies with fiber dimensions
ranging from 0.1 to 1.0 µm (Figure 2b) were observed for ethanol xerogels.
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Figure 2. SEM images of N-BTA xerogels (2.0 wt/v%) from (a) methanol and (b) ethanol, and xerogels
from (c) DMF/water and (d) DMSO/water (1:1, v/v) at 4.0 wt/v%, respectively.

Similar morphologies were observed for isopropanol and n-butanol xerogels at 2.0 wt/v%
(Figure S5). The xerogels obtained from the aqueous mixtures (1.1, v/v) of DMF and DMSO
at 4.0 wt/v% displayed needle-shaped morphologies (Figure 2c,d) with thicknesses ranging
from 0.2 to 1.5 µm.

2.6. Powder X-ray Powder Diffraction (PXRD)

Powder X-ray diffraction (PXRD) is an important tool for confirming the phase purity
of a material. PXRD can be used to analyze the molecular packing and the self-assembly
process of LMWGs [35,48,50–52]. Our group showed that comparing the PXRD pattern
of the xerogels with the simulated pattern of the gelator structure could yield valuable
insights into the fundamental interactions within the gel network architecture [35,50–52].
This was a promising approach, but sometimes the drying process led to morphological
changes or the phase transition of the fibrous networks [49]. We used PXRD to evaluate
the self-assembly modes of N-BTA in various solvents by comparing the PXRD patterns of
the xerogels for the corresponding solvents. The comparison of the PXRD patterns of the
xerogels (4.0 wt/v%) taken from the aqueous solutions of DMF, DMSO, DEA, and DMA
revealed that the patterns were superimposable (Figure 3).

However, the PXRD patterns obtained from the xerogels from the alcohols displayed
broad peaks, presumably due to poor crystallinity of the gelators in these solvents, but
most of the peaks matched with the PXRD patterns obtained for the aqueous mixtures
(Figure S6) and the bulk material. These results indicate that a similar gel network for
N-BTA xerogels was observed, irrespective of the solvents used.
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Figure 3. PXRD patterns of the dried gels (4.0 wt/v%) from the aqueous solutions of DMF, DMSO,
DEA, and DMA (1:1, v/v).

2.7. Stimuli-Responsive Properties

Supramolecular gels are an excellent class of stimuli-responsive materials, as their
gelation process can be modulated by various external stimuli like pH, light, sound, and
redox reactions, as well as by the introduction of external factors such as salts or ions [15–19].
The interactions between cation/anions and gelator molecules can be either constructive or
destructive, depending on the electrostatic interaction and acidic/basic characteristics of
the cations/anions [15,53]. A positive interaction has the potential to start or enhance the
process of gelation, whereas a negative interaction might result in the dissolution or collapse
of the gel network [15–19]. LMWGs based on amide moieties are promising candidates for
anions sensing [15–19,54], and we have reported the anion-sensing capabilities of amide-
based gelators [55,56]. The presence of amide moieties in the gelators prompted us to
evaluate the anion-sensing abilities of the N-BTA gelator. The stimuli-responsive properties
of the gels were analyzed by treating the gels with various anions of sodium and potassium
salts. The gels were prepared at MGC (3.6 wt/v%) using sodium/potassium (1.0 equiv.)
halides, nitrate, sulphate, acetate, and cyanide ions in a DMSO/water mixture (1:1, v/v),
and the gel state properties were compared to those of the native gelator. The fluoride,
chloride and cyanide salts disrupted the gel network, but the gel network remained intact
in the presence of nitrate, sulphate, acetate, bromide, and iodide salts (Figures 4 and S7).
The ability of anions to induce gelation was tested by performing gelation below MGC
(3.0 wt/v%) and gel formation in the presence of nitrate, sulphate, acetate, bromide, and
iodide salts (1.0 equiv.) confirmed the occurrence of anion-induced gelation (Figure S8).

These results indicate that smaller and more nucleophilic anions, such as cyanide,
fluoride, and chloride ions, disrupt hydrogen bonding networks (destructive interaction),
but larger and less nucleophilic anions such as bromide, iodide, nitrate, sulphate and
acetate enhance (constructive interaction) the formation of gel networks. The stimuli-
responsive nature (ON/OFF gelation) of the N-BTA gelator towards anions indicates that
the size of the anion is crucial for ensuring the effective interaction of the gelator with
the anion [57–59]. Thus, N-BTA compound can be considered to be size-selective anion-
responsive supramolecular gels, which can detect cyanide, fluoride and chloride ions in
aqueous solution by monitoring the gel-to-sol transition. The mechanical and thermal
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strength of these gels was evaluated in order to observe the effect of anions on the stability
of gel networks (Figure 5 and Table S2), and the results indicated that the presence of anions
enhanced the thermal and mechanical stability of the LMWGs.
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Figure 4. Stimuli-responsive properties of the (a) N-BTA gels in DMSO/water mixture (1:1, v/v) with
sodium halides (1.0 equiv.), such as (b) fluoride, (c) chloride, (d) bromide, and (e) iodide salts.

Molecules 2024, 29, x FOR PEER REVIEW 7 of 16 
 

 

us to evaluate the anion-sensing abilities of the N-BTA gelator. The stimuli-responsive 
properties of the gels were analyzed by treating the gels with various anions of sodium 
and potassium salts. The gels were prepared at MGC (3.6 wt/v%) using sodium/potassium 
(1.0 equiv.) halides, nitrate, sulphate, acetate, and cyanide ions in a DMSO/water mixture 
(1:1, v/v), and the gel state properties were compared to those of the native gelator. The 
fluoride, chloride and cyanide salts disrupted the gel network, but the gel network re-
mained intact in the presence of nitrate, sulphate, acetate, bromide, and iodide salts (Fig-
ures 4 and S7). The ability of anions to induce gelation was tested by performing gelation 
below MGC (3.0 wt/v%) and gel formation in the presence of nitrate, sulphate, acetate, 
bromide, and iodide salts (1.0 equiv.) confirmed the occurrence of anion-induced gelation 
(Figure S8). 

 
Figure 4. Stimuli-responsive properties of the (a) N-BTA gels in DMSO/water mixture (1:1, v/v) with 
sodium halides (1.0 equiv.), such as (b) fluoride, (c) chloride, (d) bromide, and (e) iodide salts. 

These results indicate that smaller and more nucleophilic anions, such as cyanide, 
fluoride, and chloride ions, disrupt hydrogen bonding networks (destructive interaction), 
but larger and less nucleophilic anions such as bromide, iodide, nitrate, sulphate and ac-
etate enhance (constructive interaction) the formation of gel networks. The stimuli-re-
sponsive nature (ON/OFF gelation) of the N-BTA gelator towards anions indicates that 
the size of the anion is crucial for ensuring the effective interaction of the gelator with the 
anion [57–59]. Thus, N-BTA compound can be considered to be size-selective anion-re-
sponsive supramolecular gels, which can detect cyanide, fluoride and chloride ions in 
aqueous solution by monitoring the gel-to-sol transition. The mechanical and thermal 
strength of these gels was evaluated in order to observe the effect of anions on the stability 
of gel networks (Figure 5 and Table S2), and the results indicated that the presence of 
anions enhanced the thermal and mechanical stability of the LMWGs. 

 

G
’ a

nd
 G

’’ (
Pa

)

Frequency (Hz)
0.1 1 10

10-5

10-3

10-1

101

103

105

 G' N-BTA without anion
 G'' N-BTA without anion
 G' N-BTA+KI
 G'' N-BTA+KI
 G' N-BTA+KBr
 G'' N-BTA+KBr
 G' N-BTA+NaI
 G'' N-BTA+NaI
 G' N-BTA+NaBr
 G'' N-BTA+NaBr
 G' N-BTA+CH3COOK
 G'' N-BTA+CH3COOK
 G' N-BTA+CH3COONa
 G'' N-BTA+CH3COONa
 G' N-BTA+KNO3

 G'' N-BTA+KNO3

 G' N-BTA+NaNO3

 G'' N-BTA+NaNO3

 G' N-BTA+K2SO4

 G'' N-BTA+K2SO4

 G' N-BTA+Na2SO4

 G'' N-BTA+Na2SO4

Figure 5. Frequency sweep experiments of N-BTA gels (3.6 wt/v%) in the presence of various
sodium/potassium salts of bromide, iodide, nitrate, acetate, and sulphate.

2.8. Dye Adsorption Studies

For the dye adsorption studies, we chose methylene blue (MB), a widely recognized
cationic dye that is extensively utilized in the textile, clothing, paper, pharmaceutical,
cosmetics, and leather industries [60]. Furthermore, its limited biodegradability and its
mutagenic and carcinogenic properties make the water purification process challenging.
Water contamination by MB is a threat to both human health and plant life. In humans,
exposure to the dye can result in a range of afflictions, including vomiting, jaundice,
cyanosis, and increased heart rates. Similarly, the presence of MB causes growth inhibition
and the reduction of pigments in plants [60]. We also chose methyl orange (MO), an anionic
azo dye found in effluents from the textile, printing, culinary, pharmaceutical, and paper
industries, as well as research labs [61]. The presence of MO and its degradation products
is highly carcinogenic and toxic to land and aquatic environments [62].

The concentration of the dyes in water was optimized by performing the UV-vis
experiments and the maximum absorbance of methylene blue (7.5 × 10−6 M) was 665 nm
(Figure 6a). The gels prepared from ethanol (2.0 wt/v%) were loaded carefully into a
solution of the MB (10.0 mL) in a 25.0 mL beaker, and the absorbance was recorded over
8 days at pH 4.2 and 21.0 ◦C (Figure 6a). We observed a decrease in absorbance with
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MB in the solution after a span of 2 days. The blue-colored MB solution turned colorless
after 5 days (Figure 6b), and the absorbance peaks almost disappeared after 7 days. The
adsorbed amount of MB was calculated using UV-vis absorption and we observed that the
concentration of MB gradually decreased over 8 days, with an adsorption rate of 97.9%
(Figure S9).
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Figure 6. (a) UV-vis experiments of MB (7.5 × 10−6 M) in deionized water and (b) upon adding the
N-BTA gel prepared in ethanol (2.0 wt/v%) to MB (7.5 × 10−6 M).

The UV-vis experiments performed at an optimized concentration of MO (5.0 × 10−5 M)
in water at pH 3.5 and 21.0 ◦C revealed the maximum absorbance was 465 nm (Figure 7a).
The procedure for the dye adsorption process was similar to that for MB adsorption. The
experiments showed a decrease in absorbance after 2 days with a color change from yellow
to orange over time and a shift in absorbance maxima towards higher wavelengths. The
color change and the shift in absorbance might have been due to the change in pH from
5.0 (MO solution) to 3.5 after adding N-BTA gels to the MO solution [63]. After 5 days, the
absorbance was further reduced (Figure 7a,b), and around 60.0% of the dye was removed
within 8 days (Figure S10). The dye adsorption of N-BTA was confirmed by a series of
experiments with N-BTA and the dyes under various conditions. Initially, dry N-BTA
(5.0 mg) was dispersed in an aqueous solution of MB and MO, and no color change was
observed for MB. However, the yellow color was transformed into orange in the case of
MO, which was similar to what occurred in the gel state experiments (Figure S11). We
repeated the MO dye adsorption experiments with N-BTA gels in different solvents such as
isopropanol, n-butanol, and DMSO/water, and similar color changes/shifts in absorbance
maxima were observed (Figure S12). We were unable to perform the re-adsorption studies
with N-BTA gels because the recovered gels from both dyes were not reusable.
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The adsorption capacity (Qt) and adsorption efficiency (Re) of N-BTA when used on
the dye were calculated (Table 2) from the concentration of dyes before and after adsorption
using the following equations [23]:

Qt =
V(C0 − Ct)

m
(mg/g)

Re =
(C0 − Ct)

C0
× 100%

where C0 is the initial dye concentration in solution (mg/L), Ct is the residual dye concen-
tration in solution at time t (mg/L), V is the solution volume (L), and m is the mass of the
dry adsorbent (g).

Table 2. Comparison of adsorption capacity (Qt) and adsorption efficiency (Re) of N-BTA when used
on MB and MO.

Day Adsorption Capacity (mg/g) Adsorption Efficiency (%)
MB MO MB MO

2 0.78 4.92 64.94 60.11
5 1.07 5.09 89.58 62.19
7 1.15 5.14 96.64 62.81
8 1.17 5.21 97.87 63.61

The adsorption efficiency with respect to the concentration of the gelator was studied
by varying the quantity of N-BTA from 20.0 to 60.0 mg. The N-BTA gels were immersed
in 10.0 mL of dye solutions, the absorbance was recorded over a span of 2, 5, and 7
days, and we calculated the adsorption efficiency (Figures 8 and S13–S18). The results
showed that adsorption efficiency increased with the concentration of N-BTA and reached a
plateau (Figure 8b). The adsorption ratio of MB remained at approximately 94.5% when the
concentration of N-BTA was 6.0 mg/mL. The adsorption ratio of MO was approximately
76.5% when the concentration of N-BTA was 6.0 mg/mL (Figure S18). These experiments
reveal the ability of the N-BTA gel to adsorb MB and MO dyes from water.
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Our adsorption studies indicate that N-BTA gel is more efficient in terms of removing
cationic methylene blue dye than the anionic methyl orange. These results demonstrate
that the C3-symmetric BTA (N-BTA) LMWGs can interact with both cationic and anionic
dyes in water, which reveals the versatile properties of N-BTA gel as a selective anion
sensor and dye adsorber. As mentioned in the introduction, synthesizing N-BTA molecules
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is challenging, and we have shown that simple alteration of the functional group will lead
to C3-symmetric compounds with intriguing properties.

3. Materials and Methods

The starting materials and solvents were purchased commercially from Sigma-Aldrich
(MEDOR ehf, Reykjavik, Iceland), Fluorochem UK, and TCI-Europe (Boereveldseweg,
Belgium) and were utilized as supplied. Deionized water was used for the gelation tests.
We characterized the molecules using 1H and 13C NMR spectra (Figures S19–S22), which
were recorded in a Bruker Avance 400 spectrometer (Rheinstetten, Germany), and the
SEM images (Carl Zeiss, Oberkochen, Germany) were recorded on a Leo Supra 25 micro-
scope. The rheological experiments were performed on an Anton Paar modular compact
rheometer MCR 302 (Graz, Austria). Powder X-ray diffraction (PXRD) experiments were
performed with bulk compounds and xerogel using a PANalytical instrument (Almelo,
The Netherlands).

3.1. Synthesis of Ligands

We synthesized the 1,3,5-tris(azidomethyl)benzene by modifying the reported proce-
dure for obtaining a similar reaction [64].

3.1.1. Synthesis of Benzene-1,3,5-Triyltrimethanamine

The corresponding azide (2.7 g, 11.1 mmol) was dissolved in a mixture of 60.0 mL
of THF and 7.5 mL of water. This solution was treated with triphenylphosphine (14.6 g,
55.5 mmol) and then stirred at room temperature for 15 h. The completion of the reaction
was monitored using a TLC, and the mixture was concentrated to ∼10.0 mL. The mixture
was treated with 2.0 M HCl (20.0 mL), resulting in a hydrochloride salt of the amine, which
was washed with DCM (3 × 30 mL) to remove the other organic impurities. The aqueous
layer was evaporated in a fume hood to obtain a white powder, which was washed with
DCM to yield the amine hydrochloride. Yield: 2.89 g, 95.0%. 1H NMR (400 MHz, DMSO-d6)
δ (ppm): 8.65 (s, 9H), 7.66 (s, 3H), and 4.01 (s, 6H). 13C {1H} NMR (100 MHz, DMSO-d6)
δ (ppm): 134.61, 129.68, and 42.06. MS (ESI): calcd for C9H15N3Na [M + Na]+, 188.1158;
found, 188.1146.

3.1.2. Synthesis of Triethyl 4,4′,4′′-(((benzene-1,3,5-triyltris(methylene))tris(azanediyl))
tris(carbonyl))tribenzoate (N-BTA)

The benzene-1,3,5-triyltrimethanamine hydrochloride (0.89 g, 3.2 mmol) sample was
dissolved in 70.0 mL of THF by adding triethylamine (3.1 mL, 22.6 mmol) under a nitrogen
atmosphere and the product was kept in an ice bath. The acid chloride of 4-(ethoxycarbonyl)
benzoic acid (2.7 g, 11.1 mmol) was then added dropwise after being dissolved in 50.0 mL
of THF and stirred at room temperature for an hour. The mixture was refluxed overnight,
cooled, and evaporated to dryness. The crude mixture was kept in the fume hood for a
day and then stirred with 5.0% sodium bicarbonate for 12.0 h. The mixture was filtered,
washed with copious amounts of water, and dried to obtain the corresponding amide as
a white powder. The product was then recrystallized in ethanol. Yield: 1.6 g, 71.5%. 1H
NMR (400 MHz, DMSO-d6) δ (ppm): 9.22 (t, J = 6.1 Hz, 3H), 7.93 (q, J = 8.7 Hz, 12H), 7.17 (s,
3H), 4.47 (d, J = 6.0 Hz, 6H), 4.34 (q, J = 7.1 Hz, 6H), 1.34 (t, J = 7.1 Hz, 9H). 13C {1H} NMR
(100 MHz, DMSO-d6) δ (ppm): 170.63, 170.37, 144.90, 143.59, 137.21, 134.23, 132.75, 129.55,
66.25, 47.75, 19.32. MS (ESI): calcd for C39H39N3O9Na [M + Na]+, 716.2579; found, 716.2564.

3.2. Gelation Studies

We added 10.0 mg of N-BTA and 1.0 mL of the solvent to a standard 7.0 mL vial
(ID = 15.0 mm), and the vial was sealed. The mixture was sonicated and heated gradually
to produce a transparent solution, and the mixture was kept undisturbed for 24.0 h. A
gelation confirmation test was performed using an inversion test. Gelation experiments
were also performed in a 1:1, v/v mixed aqueous system, where 10.0 mg of the N-BTA
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was dissolved in 0.5 mL of the suitable solvent in a standard 7.0 mL vial. Subsequently,
0.5 mL of deionized water was added to the solution. The vial was sealed, and the solution
was subjected to sonication and heated slowly to achieve a clear solution. The solution
was kept undisturbed, and gel formation was confirmed using a vial inversion test. The
experiments were replicated, using higher doses of the compound (up to 50.0 mg) to check
gel formation at higher concentrations.

3.2.1. Minimum Gelator Concentration (MGC)

The MGC experiment was conducted using appropriate solvents, where different
quantities of the compounds were weighed in a standard 7.0 mL vial. Then, 1.0 mL of
solvent or solvent mixture was added. The vial was sealed, sonicated, and heated gradually
to achieve complete dissolution. Subsequently, the solution was maintained at room
temperature to facilitate gel formation. The minimum quantity of the compound necessary
for the formation of a stable gel within a 24.0 h period was determined as the MGC.

3.2.2. Tgel Experiments

The necessary quantity of gelator and 1.0 mL of solvent were added to a 7.0 mL
standard vial. The solution was subjected to sonication and heated slowly until it dissolved,
and the product was then allowed to gel without any disturbance. Following 24.0 h, a
ball-drop method was employed to observe the gel-to-sol transition temperature (Tgel). A
spherical-shaped glass ball was positioned on the gel surface and the vials were sealed
before being submerged in an oil bath. The oil bath equipped with a magnetic stirrer was
gradually heated at a rate of 10.0 ◦C per minute, and a thermometer was utilized to monitor
the temperature of the oil bath. As the ambient temperature was reached, the glass ball
gradually became submerged within the gels, and the temperature at which the ball made
contact with the lower surface of the vial was recorded as Tgel. The experiments were
repeated three times, and the average was taken to be the Tgel.

3.3. Rheology

Rheological measurements were conducted using an Anton Paar Modular Compact
Rheometer MCR 302 and the experiments were repeated three times for each sample. Me-
chanical strength was measured using a 2.5 cm stainless-steel parallel-plate geometry setup.
In all instances, oscillatory measurements were performed under a constant temperature of
20.0 ◦C. A Peltier temperature control hood was used as a solvent trap, which maintained
a temperature of 20.0 ◦C for frequency and amplitude sweeps. A suitable quantity of the
respective gelator was dissolved in 1.0 mL of solvent to make the gels. After 24 h, the
studies were conducted by transferring the gel onto the plate. A consistent frequency of
1.0 Hz was preserved during the amplitude sweep, while the logarithmic ramp strain (Y)
ranged between 0.01 and 100%. The frequency sweep was conducted inside the linear
viscoelasticity domain (0.01% strain) between 0.1 and 10.0 Hz.

3.4. Scanning Electron Microscopy (SEM)

A Leo Supra 25 microscope was used to perform the SEM imaging to analyze the
surface morphologies of the xerogels. Gels of the compound were prepared in methanol,
ethanol, isopropanol, and n-butanol at 2.0 wt/v%, and in aqueous mixtures (1:1, v/v) of
DMF and DMSO at 4.0 wt/v%. The gels were filtered after 24 h and dried under a fume
hood to obtain xerogels. A small amount of xerogel was put on a pin mount with the
carbon tab on top. It was subsequently coated with gold for 5–6 min (12.0 nm thickness)
to keep the surface from charging and was then loaded. mages were taken at a working
distance of 3.0–4.0 mm and an operating voltage of 3.0 kV. The SEM picture was taken with
an in-lens detector.
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3.5. Powder X-ray Diffraction

We obtained samples of microcrystalline material of N-BTA in ethanol (20.0 mg in
2.0 mL). The crystalline material was filtered, dried in air, and ground down to a fine
powder. The xerogels of the compound were prepared from corresponding gels made
from methanol, ethanol, isopropanol, and n-butanol, and from aqueous mixtures of DMSO,
DMF, DMA, and DEA at 4.0 wt/v%. Gels were further filtered and dried in a fume hood to
obtain xerogels. All the tests were conducted using a PANalytical instrument with a Cu
anode (Almelo, The Netherlands), with a step size of 0.025 and a range of 2θ, running from
4.0 to 50.0.

3.6. Stimuli-Responsive Properties

We dissolved 36.0 mg of N-BTA (MGC) in 0.5 mL of DMSO and dissolved sodium/
potassium halides, nitrate, carbonate, cyanide, sulphate, and acetate (1.0 equiv.) in 0.5 mL
water. The solutions were mixed, heated until they dissolved, and left undisturbed for
gel formation. We performed thermal analysis of the obtained gels using Tgel studies,
and the mechanical properties were recorded using rheological measurements (frequency
sweep) following the procedures described in Sections 3.2.2 and 3.3, respectively, and the
experiments were repeated two times for each anion.

3.7. UV–Visible Spectroscopy

UV-vis absorptions were recorded on the Agilent Cary UV-vis Multicell Peltier spec-
trometer. The MB and MO dye solutions were prepared in water (10.0 mL) at a concentration
of 7.5 × 10−6 M and 5.0 × 10−5 M via dilution from a higher known concentration. In the
dye adsorption experiment, data was collected with a bandwidth of 2.0 nm. Initially, we
prepared the solution of the dye in water in a 25.0 mL beaker at the required concentra-
tion, and then the absorbance was recorded. We then carefully immersed the gel in a dye
solution, sealed the beaker, and recorded the absorbance of the solution after 2 to 8 days.

3.7.1. Dye Adsorption Studies with Varying Concentrations of N-BTA

Gels of the compound were prepared at various concentrations (wt/v%) of N-BTA
(2.0, 2.4, 2.8, 3.2, 3.6, 5.0 and 6.0) in ethanol and immersed in 10.0 mL aqueous solutions of
MB (7.5 × 10−6 M) and MO (5.0 × 10−5 M). The absorbance was recorded after 2, 5, and
7 days.

3.7.2. Dye Adsorption Studies of MO with N-BTA Gel from Other Solvents

Gels of the compound were prepared at 4.0 wt/v% in n-butanol, isopropanol, and
DMSO/water mixture (1:1, v/v) and immersed in an aqueous solution (10.0 mL) of MO.
The absorbance was recorded after 2 days.

4. Conclusions

We successfully synthesized C3-symmetric N-centered BTA (N-BTA) by modifying
BTA molecules with flexible linkers. Our gelation studies revealed that N-BTA formed gels
in alcohols and aqueous mixtures of high-polar solvents. We characterized the gels using
standard gelation techniques and analyzed their morphologies using SEM. The comparison
of mechanical strength in different solvents revealed that the gel from DMSO/water (1:1,
v/v) mixture displayed a stronger gel network, which correlated well with the thermal
stability experiments. The xerogels from aqueous mixtures displayed needle-shaped mor-
phologies, whereas the xerogels from alcohols displayed zoetic and flake-like morphologies.
The comparison of the PXRD patterns of the xerogels obtained from the aqueous mixtures
found that they perfectly matched, suggesting a similar mode of packing. The xerogels from
the alcohols were less crystalline, displaying broad peaks, but most of the peaks matched
with those of the aqueous mixtures and bulk material. The anion-sensing properties of
N-BTA were evaluated in the presence of sodium and potassium salts in a DMSO/water
mixture (1:1, v/v) at MGC and below. The gel network was disrupted by cyanide, chloride
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and fluoride salts, but remained intact in the presence of nitrate, sulphate, acetate, bromide
and iodide salts. The experiments performed below MGC revealed that nitrate, sulphate,
acetate, bromide and iodide salts induced gelation. Analysis of the mechanical and thermal
strengths of these gels in comparison with the native gelator revealed that the N-BTA gels
exhibited improved thermal and mechanical stability in the presence of nitrate, sulphate,
acetate, bromide and iodide salts. The dye adsorption capability of N-BTA was analyzed
by dispersing the ethanolic gel in an aqueous solution of MB and MO, resulting in a col-
orless solution of MB after 5 days. The UV-vis absorption studies revealed a reduction in
absorbance for MB within 2 days, which was mostly absorbed within 8 days. Similarly,
the MO solution also showed a decrease in absorbance after 8 days, but the adsorption of
MO from water by the N-BTA gel was lower compared to that of the cationic MB dye. In
summary, this study highlights the potential of C3-symmetric N-BTA for application in
anion-sensing and dye removal from wastewater treatment. This study demonstrates an
easy synthetic route for synthesizing N-centered BTA molecules with intriguing properties
by altering functional groups.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29092149/s1, Figure S1. Amplitude sweep measurement
was performed for the N-BTA gel in EtOH at 4.0 wt/v%; Figure S2. Amplitude sweep measurement
was performed for the N-BTA gel in MeOH at 4.0 wt/v%; Figure S3. Amplitude sweep measurement
was performed for the N-BTA gel in DMSO/water at 4.0 wt/v%: Figure S4. Amplitude sweep
measurement was performed for the N-BTA gel in DMF/water at 4.0 wt/v%; Figure S5. SEM images
of N-BTA xerogels (2.0 wt/v%) in (a) isopropanol and (b) n-butanol; Figure S6. Comparison of PXRD
patterns of the dried gels (4.0 wt/v%) from alcohols, DMF/water, and bulk material; Figure S7.
Stimuli-responsive properties of the N-BTA gels with various anions (1.0 eq) at MGC in DMSO/water
(1:1, v/v); (a) potassium halides, (b) sodium and (c) potassium salts of cyanide, sulphate, nitrate and
acetate anions, respectively; Figure S8. (a) N-BTA gels below MGC in DMSO/water (1:1, v/v) and
anion induced gelation with (b) sodium and (c) potassium salts such as bromide, iodide, nitrate,
sulphate and acetate ions (1.0 eq.); Figure S9. The time-dependent adsorption of MB by N-BTA gel;
Figure S10. The time-dependent adsorption of MO by N-BTA gel; Figure S11. Aqueous solution of
(a) MB and MO before and after the addition of dry N-BTA; Figure S12. UV-vis experiments of MO
(5.0 × 10−5 M) with N-BTA gel from n-butanol, isopropanol, and DMSO/water; Figure S13. UV-vis
experiments of MB (7.5. × 10−6 M) with different concentrations of N-BTA after 2 days; Figure S14.
UV-vis experiments of MB (7.5. × 10−6 M) with different concentrations of N-BTA after 5 days;
Figure S15. UV-vis experiments of MO (5.0 × 10−5 M) with different concentrations of N-BTA after
2 days; Figure S16. UV-vis experiments of MO (5.0 × 10−5 M) with different concentrations of N-BTA
after 5 days; Figure S17. UV-vis experiments of MO (5.0 × 10−5 M) with different concentrations of
N-BTA after 7 days; Figure S18. Adsorption ratio of MO with varying concentrations of N-BTA after
2, 5, and 7 days; Figure S19. 1H NMR spectrum of benzene-1,3,5-triyltrimethanamine; Figure S20.
13C NMR spectrum of benzene-1,3,5-triyltrimethanamine, Figure S21; 1H NMR spectrum of N-BTA;
Figure S22. 13C NMR spectrum of N-BTA; Table S1. Gelation Experiments; Table S2: Tgel studies with
the gels in DMSO/water (1:1, v/v) in the presence potassium and sodium salts (1.0 equiv.).
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Abstract: In this study, pyrazole tartrate (Pya·DL) and tartaric acid (DL) complexed with cobalt–
iron bimetallic modified hydrogen-type mordenite (HMOR) were prepared using the ion exchange
method. The results demonstrate that the stability of the dimethyl ether (DME) carbonylation
reaction to methyl acetate (MA) was significantly improved after the introduction of Pya·DL to
HMOR. The Co·Fe·DL-Pya·DL-HMOR (0.8) sample exhibited sustainable stability within 400 h
DME carbonylation, exhibiting a DME conversion rate of about 70% and MA selectivity of above
99%. Through modification with the DL-complexed cobalt–iron bimetal, the dispersion of cobalt–
iron was greatly enhanced, leading to the formation of new metal Lewis acidic sites (LAS) and
thus a significant improvement in catalysis activity. Pya·DL effectively eliminated non-framework
aluminum in HMOR, enlarged its pore size, and created channels for carbon deposition diffusion,
thereby preventing carbon accumulation and pore blockage. Additionally, Pya·DL shielded the
Bronsted acid sites (BAS) in the 12 MR channel, effectively suppressing the side reactions of carbon
deposition and reducing the formation of hard carbon deposits. These improvements collectively
contribute to the enhanced stability of the DME carbonylation reaction.

Keywords: hydrogen-type mordenite; DME carbonylation; pyrazole tartrate; cobalt–iron; Bronsted
acid sites

1. Introduction

Ethanol, highly regarded for its cleanliness and environmental friendliness, is a crucial
energy source that can substitute or augment traditional fuels, thereby contributing to
the mitigation of fossil fuel overconsumption [1]. The rapid growth of the fuel ethanol
market has promoted the development of production methodologies embracing alternative
carbonaceous sources, such as coal, biomass, or natural gas syngas. Notably, the process
involved in the carbonylation of DME to produce MA, followed by hydrogenation to yield
ethanol, has garnered significant attention from researchers because of its exceptional atom
economy, high selectivity, and potential for widespread industrial implementation [2–4].
DME coupling with CO over acidic zeolites facilitates non-noble metal catalysis and a
halide-free process to upgrade the widely available C1 intermediates into high value-added
MA, which can be facilely hydrogenated to ethanol [5–9]. Thus, DME carbonylation is also
considered the key step in ethanol synthesis, and it has attracted considerable attention
over the past decade.

Iglesia et al. [10] found that HMOR zeolite exhibits unparalleled carbonylation activity
in DME carbonylation reactions due to its unique skeletal composition. HMOR comprises
a parallel 12-membered ring (12 MR) (0.70 × 0.67 nm) and 8 MR (0.57 × 0.26 nm) channels
interconnected through 8 MR side pockets (0.48 × 0.34 nm) [11,12]. Notably, the carbonyla-
tion of DME mainly occurs within the 8 MR channel of HMOR, benefitting from its unique
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quantum domain-limiting effect. In contrast, the 12 MR channels housing Bronsted acid
(BAS) serve as carbon-accumulating reactive sites prone to carbon deposition, thereby
hastening the deactivation of HMOR during carbonylation [13]. To improve carbonylation
activity and stability, it is necessary to manipulate the BAS distribution in HMOR precisely
or to target the shielding of BAS in the 12 MR channel.

Scientists have been working to regulate the structure of HMOR in order to enhance
its efficacy and stability in DME carbonylation. Li et al. [14] hydrothermally synthesized
cerium-containing MOR samples. The substitution of aluminum in the zeolite framework
with Ce3+ species increased the concentration of BAS in the 8 MR, enhancing carbonylation
activity. Wang et al. [15] used the ion exchange method to modify HMOR with transition
metals such as Ni, Co, Cu, Zn, and Ag, resulting in enhanced DME conversion and
MA selectivity in the majority of the samples. Liu et al. [16] utilized trimethylamine
cation (TMA+) for HMOR ion exchange, maintaining catalytic activity during three rounds
of experiments. However, the specific surface area decreased significantly with each
exchange, with it reaching less than 1/10 of the original surface area after three exchanges,
accompanied by reduced DME conversion rates. In another study, Liu et al. [17] employed
plate-like alkyl imidazolium ions for selective ion exchange in HMOR. The introduction
of 1,3-dimethyl imidazolium ions allowed for the selective removal of BAS in the 12 MR
channel, substantially improving the stability and activity of HMOR.

At present, although the stability of HMOR has been enhanced to some extent by
shielding the BAS in the 12 MR channel, the regeneration of BAS still occurs in 12 MR, which
poses a challenge in maintaining the prolonged high carbonylation activity and stability
of HMOR. Ma et al. [18] found that the introduction of Co2+ into the 8 MR pore channel
could improve the adsorption of CO and DME molecules, thereby enhancing reactivity.
Zhou et al. [19] showed that incorporating Fe into the initial hydrothermal gel could reduce
the intensity and density of BAS in the 12 MR, mitigating coke formation. Alternatively,
pyrazole is a smaller nitrogen-containing heterocyclic compound with a molecular diameter
of 0.434 nm. It would be more difficult for it to pass through the 8 MR tunnel and easier
for it to enter the 12 MR tunnel to shield the active sites of carbon deposits [20]. Moreover,
weakly basic pyrazole reacts with hydrochloric acid to form an aqueous solution of pyrazole
hydrochloride (Pya·HCl), which can achieve the same function of removing non-framework
aluminum in HMOR as nitric acid [21]. Liu et al. [20] found that Pya·HCl could selectively
enter 12 MR in the ion exchange process, and, in turn, the stability of the modified HMOR
was improved. Tartaric acid is highly acidic, and its boiling point is as high as 399.3 ◦C,
which is much higher than the reaction temperature of DME carbonylation. Compared
with other pyrazole salts, the use of pyrazole tartrate to modify HMOR could significantly
retard pyrazole desorption during the reaction, making BAS difficult to regenerate in
the pore channel and effectively suppressing the side reaction of carbon deposition on
12 MR, thereby substantially improving the stability of HMOR. In this study, combined
with the characteristics and synergistic effect of tartaric acid-complexed cobalt–iron and
pyrazole tartrate modification, a DME carbonylation catalyst with enhanced activity and
better stability was successfully prepared through the incorporation of pyrazole tartrate
and tartaric acid-complexed cobalt–iron bimetal modification on HMOR using the ion
exchange method. The structure and properties of HMOR before and after modification
were investigated using XRD, BET, NH3-TPD, Py-IR, FT-IR, and TG, and the fundamental
reasons for the improvement in the activity and stability of modified HMOR catalysts are
preliminarily explained.

2. Results and Discussion
2.1. Catalytic Performance

The unmodified hydrogen-type mordenite (HMOR) was prepared from ammonia-
type mordenite (NH4MOR) via calcination. The samples Co·Fe·DL-HMOR and Co·Fe·DL-
Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0) were synthesized using the ion exchange method
(Section 3.1).
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Figure 1a depicts the DME conversion curves over time in the carbonylation reaction of
HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0) catalysts.
As illustrated in Figure 1a, the DME conversion rate of unmodified HMOR reaches 35.5%.
In contrast, the DME conversion rate significantly increases to 95% for Co·Fe·DL-HMOR,
which is two-fold higher than the unmodified HMOR. However, these two catalysts were
rapidly deactivated in the DME carbonylation reaction after 6 h. With further modification
of the catalysts with Pya·DL via ion exchange, even though the DME conversion rate
of Co·Fe·DL-Pya·DL-HMOR (x) slightly decreased compared to Co·Fe·DL-HMOR, the
stability of DME carbonylation was significantly improved. As the concentration of Pya·DL
gradually increased, the DME conversion rate exhibited a trend of first increasing and
then decreasing. Interestingly, the DME conversion rate of the samples Co·Fe·DL-Pya·DL-
HMOR (x) (x = 0.4, 0.6, 1.0) showed a slight downward trend with a prolonged reaction
time. Notably, the DME conversion rate of Co·Fe·DL-Pya·DL-HMOR (0.8) consistently
displayed an upward trend and exceeded that of Co·Fe·DL-Pya·DL-HMOR (0.6) at 180 h,
indicating higher activity and better stability.
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Figure 1b illustrates the curves of MA selectivity over time in the carbonylation
reaction of HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8,
1.0) catalysts. Although the MA selectivity of Co·Fe·DL-HMOR was enhanced compared
to the unmodified HMOR, the MA selectivities of HMOR and Co·Fe·DL-HMOR declined
rapidly after reaching their peak. Co·Fe·DL-Pya·DL-HMOR (x) displayed significantly
enhanced MA selectivity after ion-exchange modification with Pya·DL, with it maintaining
a stable level of more than 99%.

In order to further investigate the performance of Co·Fe·DL-Pya·DL-HMOR (0.8), a
400 h experiment was conducted. Figure 2 depicts the DME conversion and MA selectivity
for the carbonylation reaction over the Co·Fe·DL-Pya·DL-HMOR (0.8) catalyst over the
400 h experimental period. The Co·Fe·DL-Pya·DL-HMOR (0.8) catalyst exhibited excep-
tional stability over the 400 h testing period. The DME conversion rate steadily increased,
reaching about 73%, and it did not show a declining trend during the experimental pe-
riod. Simultaneously, the MA selectivity remained consistently above 99%, confirming the
sustained high activity and stability of the catalyst. Moreover, a comparison of the DME
carbonylation performance of the HMOR modified via selective shielding and the removal
of BAS within the 12 MR in recent years is provided in Table S1 as supporting information.
Compared with the other modified HMOR samples, Co·Fe·DL-Pya·DL-HMOR (0.8) not
only has higher DME carbonylation activity but also exhibits superior stability and a longer
service life.
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carbonylation reaction over 400 h.

2.2. XRD Analysis

Figure 3 presents the XRD spectra of HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-
HMOR (x) (x = 0.4, 0.6, 0.8, 1.0). All of the modified samples exhibited a typical HMOR
structure, and no crystalline phase related to cobalt and iron was observed, indicating
superior dispersion of cobalt and iron ions in the zeolite structure. However, the change
in the peak intensity of the modified HMOR indicates the significant influence of the DL
complex cobalt–iron bimetallic modification and the Pya·DL ion exchange on the crystal
structure and crystallinity. The characteristic peak intensity of Co·Fe·DL-HMOR was
significantly enhanced, suggesting an improvement in crystallinity, likely attributed to the
complexation effect of DL. This prevents the incorporation of Co2+ and Fe3+ ions into the
zeolite framework, thereby preventing the destruction of the zeolite structure, thus further
enhancing the dispersion and orderliness of cobalt and iron [22]. However, after further
ion exchange modification with Pya·DL, Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8)
exhibits a slightly reduced intensity of characteristic peaks compared to Co·Fe·DL-HMOR.
The intensity of the characteristic peaks is slightly diminished, possibly attributed to the
introduction of Pya·DL ions, causing a certain degree of zeolite framework collapse and
pore channel blockage [17]. Notably, the intensity of characteristic peaks in Co·Fe·DL-
Pya·DL-HMOR (1.0) was significantly weakened, signifying a substantial reduction in
crystallinity, which may be attributed to the high concentration of Pya·DL, causing pore
clogging and skeletal collapse [17]. This result is consistent with the observed decrease in
DME conversion and carbonylation activity during the carbonylation activity test.

Molecules 2024, 29, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 3. XRD spectrum of HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (𝑥) (𝑥 = 0.4, 0.6, 
0.8, 1.0). 

In addition, XRD tests were conducted on spent Co·Fe·DL-Pya·DL-HMOR (0.8) 
samples, as presented in Figure S1. The spent Co·Fe·DL-Pya·DL-HMOR (0.8) sample 
shows similar characteristic diffraction peaks to the fresh sample, and no other related 
crystal phases of cobalt–iron are observed. The crystallinity of the spent sample is 
significantly reduced. This may be due to the formation of carbon deposits during the 
reaction, which causes blockage of the pore channels and a collapse of the skeleton [17]. 

2.3. BET Test 
The specific surface area and pore size distribution of the unmodified HMOR, 

Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (𝑥) (𝑥 = 0.4, 0.6, 0.8, 1.0) samples were 
determined through N2 adsorption–desorption experiments. As shown in Figure S2 in the 
Supporting Information, all samples exhibited distinctive type I isothermal adsorption 
curves with evident hysteresis loops, indicating typical microporous and irregular 
mesoporous structures [23]. It is worth noting that the pore size distributions of the 
various samples differed greatly, as can be seen in Figure 4. The pores of approximately 
0.67 nm in size are attributed to the primary 12 MR channel, while pores of around 0.51 
nm in size correspond to the 8 MR channel [24,25]. The pore structure information of both 
the 8 MR and the 12 MR can be obtained for unmodified HMOR and Co·Fe·DL-HMOR, 
which indicates effective cobalt–iron ion dispersion on the Co·Fe·DL-HMOR [18,19]. 
However, it was observed that the pore size of the Co·Fe·DL-Pya·DL-HMOR (𝑥) (𝑥 = 0.4, 
0.6, 0.8, 1.0) samples significantly increased with the increase in the concentration of 
Pya·DL. Furthermore, as the concentration of Pya·DL increased, the pore size gradually 
expanded. This can be attributed to the removal of non-skeletal aluminum from HMOR 
during acidic Pya·DL treatment, leading to an expansion in pore size and the creation of 
additional mesoporous structures [26]. The increase in pore size facilitates the timely 
diffusion of deposited carbon from the zeolite pores, preventing further coalescence and 
pore blockage [27]. Consequently, the Co·Fe·DL-Pya·DL-HMOR (𝑥) (𝑥 = 0.4, 0.6, 0.8, 1.0) 
samples exhibit enhanced stability, aligning with the results of their carbonylation activity 
tests. Notably, the Co·Fe·DL-Pya·DL-HMOR (1.0) sample showed a lack of discernible 
micropore distribution, potentially attributed to the introduction of excessive Pya·DL ions, 
causing pore clogging and skeletal collapse, consistent with the carbonylation activity and 
XRD patterns. 

Figure 3. XRD spectrum of HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6,
0.8, 1.0).

132



Molecules 2024, 29, 1510

In addition, XRD tests were conducted on spent Co·Fe·DL-Pya·DL-HMOR (0.8) sam-
ples, as presented in Figure S1. The spent Co·Fe·DL-Pya·DL-HMOR (0.8) sample shows
similar characteristic diffraction peaks to the fresh sample, and no other related crystal
phases of cobalt–iron are observed. The crystallinity of the spent sample is significantly
reduced. This may be due to the formation of carbon deposits during the reaction, which
causes blockage of the pore channels and a collapse of the skeleton [17].

2.3. BET Test

The specific surface area and pore size distribution of the unmodified HMOR,
Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0) samples were
determined through N2 adsorption–desorption experiments. As shown in Figure S2 in
the Supporting Information, all samples exhibited distinctive type I isothermal adsorption
curves with evident hysteresis loops, indicating typical microporous and irregular meso-
porous structures [23]. It is worth noting that the pore size distributions of the various
samples differed greatly, as can be seen in Figure 4. The pores of approximately 0.67 nm
in size are attributed to the primary 12 MR channel, while pores of around 0.51 nm in
size correspond to the 8 MR channel [24,25]. The pore structure information of both the
8 MR and the 12 MR can be obtained for unmodified HMOR and Co·Fe·DL-HMOR, which
indicates effective cobalt–iron ion dispersion on the Co·Fe·DL-HMOR [18,19]. However,
it was observed that the pore size of the Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8,
1.0) samples significantly increased with the increase in the concentration of Pya·DL. Fur-
thermore, as the concentration of Pya·DL increased, the pore size gradually expanded.
This can be attributed to the removal of non-skeletal aluminum from HMOR during acidic
Pya·DL treatment, leading to an expansion in pore size and the creation of additional
mesoporous structures [26]. The increase in pore size facilitates the timely diffusion of
deposited carbon from the zeolite pores, preventing further coalescence and pore block-
age [27]. Consequently, the Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0) samples
exhibit enhanced stability, aligning with the results of their carbonylation activity tests.
Notably, the Co·Fe·DL-Pya·DL-HMOR (1.0) sample showed a lack of discernible micropore
distribution, potentially attributed to the introduction of excessive Pya·DL ions, caus-
ing pore clogging and skeletal collapse, consistent with the carbonylation activity and
XRD patterns.
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Table 1 summarizes the BET-specific surface area and pore volume of the unmodified
HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0) samples.
The Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0) samples exhibited a significant
decrease in specific surface area and microporous volume. The observed changes are
attributed to the substitution of H+ ions in the 12 MR pores with larger pyrazole ions [16].

133



Molecules 2024, 29, 1510

Higher Pya·DL concentrations result in increased BAS replacement in the 12 MR pores,
which effectively suppress carbon accumulation reactions on the 12 MR and enhance
catalyst stability. However, excessive Pya·DL introduction leads to decreased surface
area and pore volume, hindering reactant and product diffusion and causing a significant
decline in catalytic activity.

Table 1. Specific surface area and micropore volume of HMOR, Co·Fe·DL-HMOR, and Co·Fe·DL-
Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0).

Sample SBET/(m2/g) Vtotal/(cm3/g)

HMOR 352 0.257
Co·Fe·DL-HMOR 335 0.211

Co·Fe·DL-Pya·DL-HMOR (0.4) 238 0.171
Co·Fe·DL-Pya·DL-HMOR (0.6) 142 0.118
Co·Fe·DL-Pya·DL-HMOR (0.8) 53.1 0.087
Co·Fe·DL-Pya·DL-HMOR (1.0) 6.07 0.043

2.4. NH3-TPD Analysis

Figure 5 illustrates the NH3-TPD plots of the unmodified HMOR, Co·Fe·DL-HMOR,
and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8) samples. Each sample exhibits two des-
orption peaks, a low-temperature peak (150–300 ◦C) associated with weak acid desorption
and a high-temperature peak (400–700 ◦C) related to strong acid desorption [28]. Compared
to the unmodified HMOR, the low-temperature desorption peaks for the Co·Fe·DL-HMOR
and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8) samples shifted to higher temperatures,
indicating enhanced weak acidity resulting from DL-complexed cobalt–iron bimetallic and
Pya·DL ion-exchange modification. This enhanced weak acidity further promotes carbony-
lation reactivity, which is consistent with the results of the carbonylation activity tests.
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As can be seen in Figure 5, the high-temperature desorption peak for the Co·Fe·DL-
HMOR sample slightly shifts to a lower temperature, suggesting that additional metal
Lewis acidic sites (LAS) are generated after the modification treatment with the DL complex
cobalt–iron bimetal, which enhances the acidic sites of the zeolite [29]. This increase in acidic
sites contributes to the heightened conversion rate of DME, consistent with the results of the
carbonylation activity test. Moreover, the high-temperature desorption peak center of the
Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8) samples further shifts to lower temperatures
with increasing Pya·DL concentration, which may be ascribed to the ion-exchange treatment
with acidic Pya·DL aiding in the removal of non-skeletal aluminum from HMOR, resulting
in a decrease in the strength of the strong acid [16]. The decrease in strong acid strength has
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the potential to inhibit side reactions, minimize carbon formation, and prolong the catalyst
lifespan, consistent with the results of the carbonylation activity test.

2.5. Py-IR Analysis

Basic NH3 molecules can combine with BAS or LAS on the outer surface of mordenite
and in the pores. However, NH3-TPD cannot determine whether the acidic sites come
from the 8 MR or 12 MR of HMOR [30]. Pyridine, with a kinetic diameter of 0.585 nm,
can enter the 12 MR channel of mercerized zeolite. However, it cannot enter its 8 MR
channel [29,31]. Pyridine can only adsorb to the outer surface of HMOR and the acidic sites
within the 12 MR pores [32]. Consequently, Py-IR analysis was utilized to provide a detailed
examination and characterization of the acid content within the 12 MR pores. Figure 6
displays the Py-IR spectra of the unmodified HMOR and Co·Fe·DL-Pya·DL-HMOR (x)
(x = 0.4, 0.6, 0.8) samples. Distinct peaks at 1540 cm−1 represent BAS, whereas peaks
at 1450 cm−1 indicate Lewis acid sites (LAS), and the peaks at 1490 cm−1 arise from the
combined influence of BAS and LAS [19,33]. The acid amounts in the 12 MR calculated from
the peak areas at 1540 cm−1 and 1450 cm−1 reveal a significant reduction in the amount of
BAS acid in the 12 MR of the Co·Fe·DL-Pya·DL-HMOR (x) samples (Table 2). Combined
with the NH3-TPD data, one can conclude that the increased number of acid sites in the
modified HMOR is derived from the LAS of the 8 MR; therefore, the carbonylation activity
is enhanced. As the concentration of Pya·DL increases, the amount of BAS acid in the
12 MR progressively decreases. The Py-IR spectra indicate that the non-skeletal aluminum
in the 12 MR of HMOR was removed via the ion exchange treatment with Pya·DL. Thus,
the BAS, which was the active center of the carbon accumulation side reaction, was replaced
by Pya·DL molecules. Higher concentrations of Pya·DL lead to improved shielding of BAS
in the 12 MR, resulting in a substantial improvement in carbonylation stability, which is
consistent with the NH3-TPD test results, carbonylation activity test, and stability test.
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2.6. FT-IR Analysis

In order to further analyze the catalytic active species of Co·Fe·DL-Pya·DL-HMOR
(0.8) during carbonylation and the changes in acid sites after the reaction, FT-IR tests were
carried out on the fresh and spent Co·Fe·DL-Pya·DL-HMOR (0.8) samples, as shown in
Figure 7. As can be seen in Figure 7a, the peaks at 3050 cm−1 and 2970 cm−1 correspond
to the asymmetric stretching vibration of -CH3, which indicates that DME adsorbs on
hydroxy aluminum (AlOH) to form methoxy [34]. The peak at 1680 cm−1 corresponds
to the stretching vibration of acetyl zeolite intermediates, indicating that CO reacts with
methoxy groups to form acetyl groups [2]. The peak at 1745 cm−1 corresponds to the
stretching vibration of the reaction product MA, which indicates the productivity of MA
after the reaction of acetyl groups with DME [31]. The peak at 1450 cm−1 corresponds to
the stretching vibration of coke species, indicating that the reaction process is accompanied
by carbon deposition side reactions [35]. The above results clearly indicate that methoxy
and acetyl groups are the catalytic active species in the carbonylation reaction over the
Co·Fe·DL-Pya·DL-HMOR (0.8) sample.
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Figure 7. FT-IR spectra of the fresh and spent Co·Fe·DL-Pya·DL-HMOR (0.8) catalyst: (a) wavenum-
ber in 1400~3400 cm−1 and (b) wavenumber in 3600~3800 cm−1.

As can be seen from Figure 7b, the peak at wavenumber 3660~3670 cm−1 corresponds
to the -OH stretching vibration of BAS in mordenite, and the peak at 3720 cm−1 corresponds
to the -OH stretching vibration of the terminal silanol group. Moreover, the characteristic
bands of 3660~3670 cm−1 can be divided into high-frequency bands corresponding to the
OH group in the 12 MR and low-frequency bands corresponding to the OH group in the
8 MR [36–38]. The intensity of the characteristic peak at 3720 cm−1 of the spent Co·Fe·DL-
Pya·DL-HMOR (0.8) sample was significantly weakened, while the characteristic peak
intensity at 3660~3670 cm−1 was evidently enhanced and moved toward the low-frequency
direction. This indicates that the BAS levels of the 8 MR increased in the spent Co·Fe·DL-
Pya·DL-HMOR (0.8) sample, meaning that the carbonylation activity of the catalyst will
gradually increase with the progression of the reaction, which is consistent with the results
of the stability test of the Co·Fe·DL-Pya·DL-HMOR (0.8) sample.

2.7. TG Analysis

It is generally believed that the BAS acid site of 12 MR is responsible for the for-
mation of coke. DME reacts with methoxy adsorption states in 12 MR channels to form
trimethoxyonium cations (TMO+), and TMO+ is generally considered to be the precursor of
hydrocarbons [39]; therefore, BAS in the 12 MR channels will lead to rapid coke formation.
Moreover, DME may only enter the active sites in the 8 MR hole through the 12 MR; thus,
the 12 MR channel is very important for DME diffusion into and MA diffusion out of
the active sites in the 8 MR hole [40,41]. In order to probe the carbon deposition in the
12 MR of the modified HMOR, we carried out TG tests on the fresh/spent HMOR and
Co·Fe·DL-Pya·DL-HMOR (0.8), as shown in Figure 8.
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Figure 8a illustrates the TG and DTG curves for the HMOR and Co·Fe·DL-Pya·DL-
HMOR (0.8) samples. The weight loss observed below 250 ◦C corresponds to the evapo-
ration of adsorbed water [16]. HMOR exhibits no significant weight loss peaks beyond
250 ◦C, indicating the removal of most internal organic templates during calcination. How-
ever, the DTG curves of the fresh Co·Fe·DL-Pya·DL-HMOR (0.8) samples do not exhibit a
clear weight loss plateau at temperatures of 180–350 ◦C, suggesting the tight binding of
pyrazole to HMOR, which is challenging to desorb after Pya·DL ion exchange modification.
Moreover, a notable weight loss peak at 515 ◦C in the DTG curve of the unreacted Co·Fe·DL-
Pya·DL-HMOR (0.8) is attributed to the combustion and carbonization of pyrazole [16].

Figure 8b illustrates the TG and DTG curves of HMOR after 10 h of reaction and
the Co·Fe·DL-Pya·DL-HMOR (0.8) sample after 400 h of reaction. The weight loss rate
of spent Co·Fe·DL-Pya·DL-HMOR (0.8) is lower than that of the spent HMOR. When
the temperature exceeds 250 ◦C, the DTG curves reveal two weight loss peaks for the
spent HMOR: a small peak at 335 ◦C from soft carbon combustion and a more prominent
peak at 565 ◦C from hard carbon combustion [16]. This indicates that unmodified HMOR
accumulates substantial hard carbon, which severely hinders the molecular diffusion
process and leads to rapid catalyst deactivation. In contrast, the DTG curve of the spent
Co·Fe·DL-Pya·DL-HMOR (0.8) shows only two small weight loss peaks above 250 ◦C, a
smaller peak at 430 ◦C caused by pyrazole combustion and a larger peak at 580 ◦C caused
by hard carbon combustion, and the combustion weight loss peak of soft carbon is almost
invisible [16]. The less-soft and hard carbon-generated spent Co·Fe·DL-Pya·DL-HMOR
(0.8) is attributed to the shielding of BAS in the 12 MR channel by pyridine following
Pya·DL ion exchange modification. In summary, the introduction of Pya·DL into the 12 MR
channel of HMOR effectively shields BAS, inhibiting carbon accumulation and enhancing
carbonylation reaction stability.

3. Materials and Methods
3.1. Materials

A specific type of ammonia-treated mercerized zeolite with a silica–aluminum ratio of
15, designated as NH4MOR, was obtained from Wuhan Zhizhen Molecular Sieve Company
(Wuhan, China). All chemicals and reagents, including Co(NO3)2·6H2O, Fe(NO3)3·9H2O,
C4H6O6, and C3H4N2, are commercially available and were used directly as received.

3.2. Preparation of the Catalyst

The NH4MOR was heated in a muffle furnace at a rate of 3 ◦C min−1 and calcined at a
temperature of 500 ◦C for 3 h in air. The product was hydrogen-treated mercerized zeolite,
denoted as HMOR.

Firstly, 1.164 g Co(NO3)2·6H2O and 1.616 g Fe(NO3)3·9H2O were weighed and dis-
solved in 40 mL deionized water and stirred until the metal salt was completely dissolved.
The obtained solution was a cobalt–iron bimetallic salt aqueous solution with a concen-
tration of 0.2 mol/L and a molar ratio of cobalt to iron of 1:1. Afterward, under stirring,
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0.008 moles of tartaric acid (DL) were added into 40 mL at a 0.2 mol·L−1 concentration
of cobalt–iron bimetallic salt aqueous solution (cobalt–iron molar ratio = 1:1) to obtain
DL-complexed cobalt–iron bimetallic salt aqueous solution. Next, 2 g of NH4MOR was
added to the bimetallic salt aqueous solution, which was stirred evenly. The obtained
solution was then subjected to ion exchange at 80 ◦C in a water bath. After filtration, the
resulting material was washed with deionized water 3–5 times, dried at 120 ◦C overnight,
and calcined in air at 500 ◦C for 3 h. The final product was DL-complexed cobalt–iron
modified HMOR, denoted as Co·Fe·DL-HMOR.

Pyrazole was added to DL to prepare a pyrazole tartrate solution (Pya·DL) with a
1:1 molar ratio of Pya to DL. Subsequently, 2 g of Co·Fe·DL-HMOR was immersed in
40 mL of the Pya·DL solution with concentrations of 0.4, 0.6, 0.8, and 1.0 mol·L−1. The
mixtures were thoroughly stirred, and ion exchange was conducted at 80 ◦C. After filtration,
washing, and drying overnight at 120 ◦C, Co·Fe·DL-Pya·DL-HMOR (x) was obtained. The
value x represents the molar concentration of Pya·DL (x = 0.4, 0.6, 0.8, 1.0) during the ion
exchange process.

3.3. Characterization

The XRD patterns of the samples were recorded using a Bruker D8 Advance X-ray
diffractometer with Cu Kα radiation (λ = 0.154 nm), operating at a current of 40 mA
and a voltage of 40 kV. The scanning range was set between 5 and 50◦. Before the test,
50 mg powder samples were smeared uniformly onto a sample holder to ensure a flat
upper surface.

Nitrogen adsorption–desorption was conducted on the ASAP 2020 fully automatic
physical adsorption instrument manufactured by the Micromeritics Company in the United
States. The nitrogen adsorption–desorption process was executed at −196 ◦C. Before
testing, the samples underwent degassing and pretreatment at 220 ◦C for 6 h. The specific
surface area was determined using the BET method, while the micropore volume was
calculated using the t-plot method.

The ammonia temperature-programmed desorption (NH3-TPD) test was carried out
using the AutoChem II 2920 instrument manufactured by the Micromeritics Company in
the Norcross, GA, USA, and TCD was used as the detector. A sample weighing 100 mg
was placed in the heating zone of a quartz tube, purged with 30 mL·min−1 of helium, and
heated to 210 ◦C. After constant-temperature water removal for 1 h, the temperature was
lowered below 100 ◦C. Subsequently, NH3 was introduced at a flow rate of 30 mL·min−1

and maintained for 30 min to saturate the sample with NH3 adsorption. Following this
process, helium was purged at 373 ◦C for 1 h. When the baseline signal corresponding
to the mass spectrum stabilizes, the temperature is ramped from room temperature to
700 ◦C at a heating rate of 10 ◦C·min−1. The signal of NH3 desorbed on the catalyst during
this process is detected, and, finally, the NH3 temperature-programmed desorption curve
is obtained.

In the pyridine adsorption infrared (Py-IR) characterization test, pyridine was em-
ployed as the probe molecule, and the Vector 33-IR model Fourier-transform infrared
spectrometer from Bruker, Ettlingen, Germany, was used to assess the acid amount and
acid type of the sample. In general, a sample of about 15 mg was weighed, finely ground
with an agate mortar, and compressed into cohesive flakes. The compacted sheet was
inserted into an in situ cell capable of both heating and evacuation and equipped with CaF2
windows. Spectral analysis was performed on the sample using an MCT detector within
the wavenumber range of 4000–1000 cm−1. Before pyridine adsorption, the sample was
degassed at 400 ◦C for 1 h to purify the catalyst surface. Subsequently, a background scan
was conducted when the temperature decreased to 150 ◦C. Pyridine was introduced into
the inlet by employing an injector under N2 carrier gas for 0.5 h and was evacuated for
0.5 h, and then the sample was scanned, and its spectrum was recorded.

The FT-IR experiments were carried out on a Vertex 33-IR infrared spectrometer from
Bruker, Germany. The samples were self-supported, and the samples were mixed with
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KBr at a mass ratio of 1:10 and fully ground three times, and, then, the test samples were
pressed at 15 MPa to obtain homogeneous semi-transparent films, which were dried at
120 ◦C for 20 min. In total, 32 scans were used for the tests, with a resolution of 4 cm−1 and
a scanning range of 4000~400 cm−1.

A German NETZSCH thermogravimetric analyzer (TG) was employed to assess carbon
deposits and other organic matter in the samples. Approximately 8 mg of the sample was
accurately weighed and placed in an Al2O3 ceramic crucible. Subsequently, under an
airflow of 20 mL·min−1, the temperature was incrementally increased from 40 ◦C to 850 ◦C
at a heating rate of 10 ◦C·min−1, and the mass change curve of the sample was recorded.

3.4. DME Carbonylation Reaction

The core reaction equation of the carbonylation reaction of DME is as follows:

CH3OCH3 + CO cata/1.5 MPa/215 ◦C−−−−−−−−−−−−→ CH3COOCH3 (1)

The schematic diagram of the catalyst testing system is presented in Figure S3 as sup-
porting information. The 0.25 g catalyst with a 40–60 mesh size was loaded into a stainless
steel reactor with an inner diameter of 6 mm. Before the reaction, the catalyst was dried at
240 ◦C under a nitrogen flow of 20 mL·min−1. After the catalyst bed cooled to 215 ◦C, the
reactants (4% DME, 76% CO, and 20% N2) were introduced into the reactor at a gas hourly
space velocity of 4800 mL·g−1·h−1. The reaction pressure was then increased to 1.5 MPa.
The effluents from the reactor were analyzed using an online Agilent 4890 gas chromato-
graph equipped with an FID detector and a capillary column (APPARATUS 0807242514).
The conversion of DME (XDME) and the selectivity of each component (Si) were calculated
based on the carbon balance principle and the corrected area normalization method.

XDME =
∑5

k=2 Ak·fM(k/DME) + ∑ ACnHm

∑5
k=1 Ak·fM(k/DME) + ∑ ACnHm

×100% (2)

Si =
Ai·fM(i/DME)

∑5
k=2 Ak·fM(k/DME) + ∑ ACnHm

×100% (3)

In the formula, Ai is the chromatographic peak area of DME, methanol, ethanol, MA,
and ethyl acetate components (i = 1, 2, 3, 4, 5), f(M(i/DME)) is the molar correction factor of
component i relative to that of DME, and CnHm is the hydrocarbon by-product.

4. Conclusions

In conclusion, a Pya·DL and DL complex cobalt–iron bimetallic modified HMOR
catalyst with superior DME carbonylation activity and stability was successfully prepared
using the ion exchange method in this study. Through the modification of the DL com-
plexed cobalt–iron bimetal, the dispersion of cobalt–iron was greatly improved, and new
metal Lewis acidic sites (LAS) were formed; thus, the activity of the catalyst significantly
improved. Furthermore, the ion exchange of Pya·DL effectively removed non-skeletal
aluminum in HMOR, resulting in an enlarged pore diameter and enhanced mesopore
formation, which facilitated carbon deposition diffusion and prevented pore blockage.
Simultaneously, the shielding of BAS by replacing equilibrium charge H+ in the 12 MR pore
with larger pyrazole ions also inhibited carbon accumulation on the 12 MR and significantly
enhanced the stability of the DME carbonylation reaction.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/molecules29071510/s1, Figure S1: XRD spectrum of fresh
and spent Co·Fe·DL-Pya·DL-HMOR (0.8) catalyst; Figure S2: N2 adsorption–desorption isotherm
of HMOR, Co·Fe·DL-HMOR and Co·Fe·DL-Pya·DL-HMOR (x) (x = 0.4, 0.6, 0.8, 1.0); Figure S3: The
schematic diagram of the catalyst testing system; Table S1: Comparison of the DME carbonylation

139



Molecules 2024, 29, 1510

performance of HMOR modified by selective shielding and removal of BAS within 12 MR in recent
years. Refs. [42–45] are cited in the Supplementary Materials.
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Abstract: With the rapid progress in a power conversion efficiency reaching up to 26.1%, which is
among the highest efficiency for single-junction solar cells, organic–inorganic hybrid perovskite solar
cells have become a research focus in photovoltaic technology all over the world, while the instability
of these perovskite solar cells, due to the decomposition of its unstable organic components, has
restricted the development of all-inorganic perovskite solar cells. In recent years, Br-mixed halogen
all-inorganic perovskites (CsPbI3−xBrx) have aroused great interests due to their ability to balance
the band gap and phase stability of pure CsPbX3. However, the photoinduced phase segregation
in lead mixed halide perovskites is still a big burden on their practical industrial production and
commercialization. Here, we demonstrate inhibited photoinduced phase segregation all-inorganic
CsPbI1.2Br1.8 films and their corresponding perovskite solar cells by incorporating a 1-butyl-1-
methylpiperidinium tetrafluoroborate ([BMP]+[BF4]−) compound into the CsPbI1.2Br1.8 films. Then,
its effect on the perovskite films and the corresponding hole transport layer-free CsPbI1.2Br1.8 solar
cells with carbon electrodes under light is investigated. With a prolonged time added to the reduced
phase segregation terminal, this additive shows an inhibitory effect on the photoinduced phase
segregation phenomenon for perovskite films and devices with enhanced cell efficiency. Our study
reveals an efficient and simple route that suppresses photoinduced phase segregation in cesium lead
mixed halide perovskite solar cells with enhanced efficiency.

Keywords: CsPbI1.2Br1.8; phase segregation; Br-mixed halogen perovskites; perovskite solar
cell; stability

1. Introduction

Organic–inorganic hybrid perovskite solar cells have gained significant attention due
to their exceptional performance, tunable bandgap, high light-absorption coefficient, low
cost and versatile applications, making them highly valuable for commercial use. The
certified power conversion efficiency (PCE) of perovskite solar cells has rocketed up to
26.1% at a lab-scale at present, from 3.8% in 2009, which is comparable to that of well-
developed single-junction silicon solar cells [1–5]. Currently, most of the perovskite solar
cells with high PCEs over 20% are constructed from organic–inorganic hybrid perovskite
materials listed as ABX3, where usually A is one or more monovalent methylamine ions
such as methylamine ions (CH3NH3

+, referred to as MA+), ethylamine ions (CH3CH2NH3
+,

referred to as EA+), formamidine cations (NH = CHNH3
+, referred to as FA+), etc. B is
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one or more of a divalent metal cation of a carbon family such as lead (Pb2+), tin (Sn2+),
germanium (Ge2+) cations), etc. And X is one or more of the halogen ions such as Cl−,
Br−, and I− [3,6–8]. However, the long-term stability issues of organic–inorganic hybrid
perovskite materials under moisture, oxygen, thermal external force and even persistent
light are still big burdens for their future application. These issues are caused by the
inevitable phase segregation, ion migration, and crystal decomposition in the volatile
nature of the organic components [9–13].

To address the issue of instability, it is suggested that the organic cations be replaced
with all inorganic Cs+ to create CsPbX3 (X = I−, Br−, Cl− or their mixtures) [14–18]. CsPbX3
typically has four types of crystal structures, including the cubic structure (α-, Pm3m),
the tetragonal structure (β-, P4/mbm), the orthorhombic structure (γ-, Pbnm), and a non-
perovskite structure (δ-, Pnma) [19]. Research into CsPbX3 perovskite solar cells started
in 2014, when Choi et al. attempted to improve the performance of perovskite solar cells
by removing MA+ from CsxMA1−xPbI3 solar cells. All inorganic δ-CsPbI3 (Eg = 2.82 eV)
perovskite solar cells showed a PCE of only 0.09% [20]. In 2015, Gary Hodes et al. first
fully investigated whether the organic cation was necessary to obtain devices with high
photovoltaic performance. They found that the fabricated inorganic CsPbBr3 perovskite
solar cells, which performed equally as well as the organic ones, were much more tempera-
ture stable than the hybrid analogues. This study conducted useful comparative studies
between hybrid organic–inorganic and all-inorganic perovskite materials [21]. Shortly
thereafter, Snaith et al. reported on inorganic CsPbI3 (Eg = 1.73 eV) perovskite solar cells.
The current density–voltage (J-V) curve showed an efficiency of up to 2.9%, which was more
stable than that of the hybrid organic–inorganic perovskite solar cells [22]. In 2017, Snaith’s
group used vacuum-based vapor deposition for alternating very thin layers of CsI and
PbI2 and obtained a stabilized PCE of 7.8 %, compared to the 4.3 % for spin-coated CsPbI3
solar cells. The main improvement in vapor-deposited perovskite films was attributed
to the much longer carrier lifetimes (>10 µs) compared to the spin-coated ones and their
presumed lower trap densities [23]. CsPbX3 perovskite solar cells then entered a period of
rapid development through various optimization strategies such as additive engineering,
interfacial engineering and precursor solution engineering. Cs-based perovskite solar cells
have achieved a high PCE of approximately 21% with a high stability against humidity and
heat [24]. From this progress, CsPbX3 materials are emerging as a new research area and
will play a significant role in the photovoltaic field in the near future.

Within the CsPbX3 family, CsPbBr3 exhibits exceptional moisture and thermal stability.
However, due to its large band gap of approximately 2.3 eV, it can only absorb light from
the UV region [25]. Compared to other CsPbX3 compounds, cubic CsPbI3 has the narrow-
est band gap of 1.73 eV, which allows for a wider range of light absorption. However,
its application is limited due to the phase instability caused by transitions between the
desirable photoactive perovskite black phase (α-CsPbI3, cubic Pm3m) and the undesirable
non-perovskite yellow phase (δ-CsPbI3, orthorhombic Pnma), although the transition to
the yellow phase is reversible [26,27]. Br-mixed halogen perovskites (CsPbI3−xBrx) are of
great interest due to their ability to balance the band gap and phase stability of CsPbX3.
Additionally, the band gap of CsPbI3−xBrx can be precisely tuned from ~1.2 to 2.4 eV by
adjusting the value of x. This is because the changes in the Br− and Cl− ratio can monoton-
ically shift the absorption onset and lead to lattice transitions for perovskite, resulting an
alteration in the photonic bandgaps and, thus, making them promising candidates for the
sub-cells of tandem solar cells [17,28–30].

Unexpectedly, some researchers have found that mixed halide perovskites suffer from
intrinsic photoinduced halide segregation, with more bromide replacing iodide ions [31–34].
And, numerous studies have demonstrated that the phenomenon of photoinduced phase
segregation decreases the Voc of the device and significantly impacts its photoelectric perfor-
mance [35,36]. Eric T. Hoke et al. are the pioneers who discovered the photoinduced phase
segregation in mixed halide perovskite films in 2015. They found that when 0.2 < x < 1,
the photoluminescence (PL) spectra of the MAPb(BrxI1−x)3 films formed a new emission
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peak at 1.68 eV and a redshift phenomenon occurred, indicating photoinduced phase segre-
gation. Surprisingly, these changes in photoinduced phase segregation were completely
reversible by switching between light and dark [31]. In 2017, Yi-Bing Cheng et al. observed
iodide-rich phase segregation near grain boundaries in nanoscale all-inorganic CsPbIBr2
films. The authors found that iodide segregation can occur due to the immiscibility between
iodine and bromine, which exacerbates ion migration and hysteresis, thereby affecting the
photoelectric performance of the corresponding devices [32]. However, the exact mech-
anism by which the photoinduced phase segregation phenomenon affects the Voc of the
devices is not clear. In addition, since the photoinduced phase segregation phenomenon
destabilizes the perovskite solar cells, leading to a decrease in the PCE and Voc of the
devices, researchers have done a great deal of research work to inhibit and mitigate the
occurrence of the photoinduced phase segregation phenomenon in perovskite solar cell
devices. For example, Yue Hao et al. proposed a simple and effective strategy to inhibit the
photoinduced phase segregation in CsPbIBr2 films by modifying their crystalline grains
with poly(methyl methacrylate) (PMMA). As a result, the carbon electrode-based CsPbIBr2
PSC exhibited a more suppressed photocurrent hysteresis, coupled with an excellent PCE
of 9.21% and a high Voc of 1.307 V. Their work not only provided a new avenue to address
the general halide phase segregation issue of CsPbIBr2 materials, but also provided guid-
ance to achieve the superior performance of opto-electronic devices [37]. Very recently, Wei
Li et al. unveiled the impact of phase segregation in Cs0.17FA0.83Pb(I0.80Br0.20)3 films with
a bandgap of 1.67 eV through a photoconductive atomic force microscopy. By testing the
I-V curves at both grain boundaries and grain interiors with nanoscopic resolution, they
identified that iodide-rich phases primarily segregated at defect-enriched grain boundaries
under continuous illumination, causing a more significant local open-circuit voltage (VOC)
decrease than that occurring at grain interiors [38].

In this work, all inorganic CsPbI1.2Br1.8 perovskite films with inhibited photoinduced
phase segregation are modified by adding different amounts of 1-butyl-1-
methylpiperidinium tetrafluoroborate ([BMP]+[BF4]−) (0.5, 1, 2 and 3 mg mL−1) to the
CsPbI1.2Br1.8 precursor solution, and then its effect on the photovoltaic performance of the
corresponding devices and perovskite films under light is investigated. The PCE of hole
transport layer-free carbon-based perovskite solar cell is improved from 7.13% for a device
with a pristine perovskite film to the highest amount of 8.44% for a device with 1 mg mL−1

of [BMP]+[BF4]−-modified perovskite film. And the PCE of the device increases first with
the increase in the doping concentration of [BMP]+[BF4] in the perovskite film, but then de-
creases gradually, and the stability under light is also increased. The modified CsPbI1.2Br1.8
perovskite film also shows an inhibitory effect on the photoinduced phase segregation
phenomenon when compared with the pristine one, with a prolonged time attributed
to the reduced phase segregation terminal (pristine: 30.42%@7 min, while the modified:
24.29%@30 min), and the reduced phase segregation rate remaining constant (pristine: ks =
1.53 × 10−2 s−1, while modified one: ks = 1.83 × 10−3 s−1).

2. Experimental Section
2.1. Chemicals

Cesium iodide (CsI, ≥99.9%) powder was purchased from Sigma-Aldrich (Shang-
hai) Trading Co. (Shanghai, China). Lead iodide (PbI2, ≥99.99%) and lead bromide
(PbBr2, ≥99.99%) were purchased from Xi’an Yuri Solar Co., Ltd. (Xi’an, China). A tin (IV)
oxide colloidal dispersion (SnO2, 15 wt% in H2O) and dimethyl sulfoxide (DMSO) solution
were obtained from Alfa Aesar (China) Chemical Co. (Shanghai, China). Conductive carbon
paste was obtained from Shanghai MaterWin New Materials Co., Ltd. (Shanghai, China).
Deionized water (DI water) with a resistivity of 18.3 MΩ cm was used in all the prepara-
tions. ITO substrates with a sheet resistance of ~15 Ω �−1 were purchased from Yingkou
OPV tech new energy Co., Ltd. (Yingkou, China). The 1-butyl-1-methylpiperidinium
tetrafluoroborate ([BMP]+[BF4]−, C10H22BF4N, 99%) was supported by Aladdin Scientific
Corp. (Riverside, CA, USA). All of these were used as received unless otherwise specified.
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2.2. Preparation of SnO2 Precursor

The purchased SnO2 colloidal dispersion was diluted with DI water in a mass ratio of
1:5, followed by ultrasonic dispersing for over 3 h before use.

2.3. Preparation of Perovskite Precursor

A total of 259.8 mg of CsI, 46.1 mg of PbI2 and 330.3 mg of PbBr2 (in a molar ratio
of 1:0.1:0.9) were dissolved in 1 mL of DMSO. The mixture was then placed on a stirrer and
stirred continuously overnight at room temperature. Before use, the resulting transparent
yellow solution was filtered through a polytetrafluoroethylene (PTFE) filter with a pore
size of 0.45 µm.

2.4. Preparation of Perovskite Precursors with Different Mass Concentrations of [BMP]+[BF4]−

Various amounts of [BMP]+[BF4]− powder were added directly to the perovskite
precursors with mass concentrations of 0.5, 1, 2, and 3 mg mL−1. The mixtures were
subsequently dispersed using ultrasonic waves for a duration of over 3 h. Before use, the
solutions underwent filtration through a polytetrafluoroethylene (PTFE) filter with a pore
size of 0.45 µm.

2.5. Device Fabrication

The ITO substrates were carefully cleaned using a foamless eradicator and then
ultrasonically cleaned with DI water, acetone and ethanol for 15 min in sequence. Before
the deposition of the electron transport layers, they were all dried with high-pressure
nitrogen gas and then exposed to a UV/ozone cleaner for 15 min. SnO2 electron transport
layers were then spin-coated onto the ITO substrates from a SnO2 precursor solution. The
preparation process of the SnO2 precursor solution was listed as follows: After cooling,
the samples were transferred to a nitrogen-filled glove box to deposit the perovskite layers
using a spin-coating method. Briefly, 100 µL of the perovskite precursor without (pristine)
or with different mass concentrations of [BMP]+[BF4]− (0.5, 1, 2 or 3 mg mL−1) was dropped
onto the SnO2 layer and then spin-coated first at a low speed of 1500 rpm for 20 s and then
at a high speed of 5000 rpm for 60 s. The wet perovskite films were then annealed at 35 ◦C
for 15 s and then at 280 ◦C for 10 min. Finally, compact layers of carbon electrodes were
screen printed onto the perovskite films in air, followed by annealing at 120 ◦C for 15 min
on a hot plate. The active area of each electrode was fixed at 0.07 cm−2 via screen printing.

2.6. Characterization

The top view and cross-sectional morphologies of the samples were characterized
using a Quanta 250FEG (FEI Co., Tokyo, Japan) scanning electron microscope (SEM). The
crystalline properties of the perovskite films were characterized by an X-ray diffractometer
(XRD, SmartLab, Rigaku, Japan) using Cu Kα radiation (40 kV, 30 mA). The scanning speed
was 5◦ per minute at a step of 0.02◦. Absorption spectra were obtained using a JASCOV-570
(JASCO., Tokyo, Japan) UV/VIS/NIR spectrometer. J-V curves were measured in air using
a Keithley 2400 source meter (Keithley Instruments, Inc., Solon, OH, USA) under simulated
AM 1.5 G irradiation (100 mA cm−2), with the illumination source pre-calibrated using a
Si reference cell system (91150V, Newport) (Newport Corporation, Irvine, CA, USA). The
scan was performed in 0.02 V steps from 1.2 to −0.1 V (reverse scan) with a 0.1 s time delay
between each point.

3. Results and Discussion

In terms of film morphology, CsPbIxBr3−x is sensitive to deposition methods, doping
and processing conditions such as the spinning speed, environmental temperature and
annealing temperature, etc. Figure 1 shows the top view SEM images of the pristine
CsPbI1.2Br1.8 and CsPbI1.2Br1.8 films doped with different mass concentrations (0.5, 1, 2
and 3 mg mL−1) of [BMP]+[BF4]−. It is evident that the surface morphologies of the
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CsPbI1.2Br1.8 films doped with different concentrations of [BMP]+[BF4]− do not differ
significantly from the undoped film. All films have a flat surface without any pinholes.
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Figure 1. Top view SEM images of pristine CsPbI1.2Br1.8 and CsPbI1.2Br1.8 films doped with different
mass concentrations (0.5, 1, 2 and 3 mg mL−1) of [BMP]+[BF4]−.

To establish the impact of the [BMP]+[BF4]− additive on the crystallinity and photon
absorption of the perovskite thin films, an X-ray diffractometer and UV/VIS spectrometer
characterization of the pristine and [BMP]+[BF4]−-modified thin films is carried out. The
XRD patterns of the pristine and [BMP]+[BF4]−-modified films all exhibit typical perovskite
peaks at 2θ = 15.45◦, 20.41◦ and 30.63◦, which are assigned to the (100), (110), and (200)
lattice planes of the CsPbI1.2Br1.8 perovskite crystal, respectively [39], as shown Figure 2a.
And there are no impurity phases in any of the films. However, the normalized XRD spectra
in Figure S1 (Supporting Information) show that the crystalline grains in the [BMP]+[BF4]−-
modified CsPbI1.2Br1.8 film all have a much more preferred (100) orientation. It is speculated
that the (100) orientation of the CsPbI1.2Br1.8 grains is preferentially perpendicular to that
of the ITO/SnO2 substrate. This orientation is highly advantageous for effective carrier
transport and injection in the corresponding devices. Furthermore, the peak intensity of
the perovskite film decreases as the mass concentration of the [BMP]+[BF4]− increases
to 3 mg mL−1. This suggests that higher mass concentrations may weaken the crystallinity
of the modified films with increased scattering from grain boundaries or intragranular
defects, which is not beneficial for the photovoltaic performance of the final devices [40].

The absorption spectra in Figure 2b indicate that the control film and the [BMP]+[BF4]−-
modified CsPbI1.2Br1.8 films process a similar sharp-cutting absorption edge at ~605 nm
corresponding to a bandgap of ~2.05 eV, which is consistent with the values reported in the
literature [39,41]. However, this increase in mass concentration leads to a slight decrease in
the absorption intensity in the 500–580 nm absorption region, mainly due to the addition
of [BMP]+[BF4]− in the perovskite films.
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The effect of the [BMP]+[BF4]− additive on the performance of CsPbI1.2Br1.8 solar
cell devices are also investigated. Therefore, we depict the all-inorganic device with a
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hole transport layer-free architecture (Figure 3a), where SnO2 and carbon are used as
the electron transport layer and counter electrode, respectively. The cross-sectional SEM
image for a representative cell based on 1 mg mL−1 of a [BMP]+[BF4]− (see Figure 3b
for the chemical structure)-modified CsPbI1.2Br1.8 film is shown in Figure 3c (note that
the SnO2 is too thin to be observed). For comparison, we also prepare pristine and 0.5, 2
and 3 mg mL−1 of [BMP]+[BF4]−-modified CsPbI1.2Br1.8 perovskite solar cells, of which
the typical J-V curves and corresponding parameters for the best-performing target devices
are shown in Figure 3d and Table 1, respectively. As we can see, the pristine device
exhibited an open circuit voltage (VOC) of 1.14 V, a short circuit current density (JSC)
of 12.06 mA cm−2 and a fill factor (FF) of 0.52, resulting in a PCE of 7.13%. With the increase
in the doping concentration of [BMP]+[BF4] in the perovskite film, the PCE increases
first and then decreases gradually. When the doping concentration of the [BMP]+[BF4]
reaches 1 mg mL−1, the corresponding CsPbI1.2Br1.8 device exhibits the highest PCE, that
of 8.44%, with a VOC of 1.21 V, a JSC of 12.32 mA cm−2 and an FF of 0.57. In addition, the
additions of [BMP]+[BF4]− to the perovskite light absorber all provide a higher performance
compared to that of the pristine one, mainly in terms of the increase in the VOC and FF.
The optimized addition mass concentration of the [BMP]+[BF4]− can be determined to
be 1 mg mL−1.

Molecules 2024, 29, x FOR PEER REVIEW 6 of 11 
 

 

Figure 2. (a) XRD pattern and (b) absorption spectrum for pristine CsPbI1.2Br1.8 and CsPbI1.2Br1.8 films 
doped with different mass concentrations (0.5, 1, 2 and 3 mg mL−1) of [BMP]+[BF4]−. 

The effect of the [BMP]+[BF4]− additive on the performance of CsPbI1.2Br1.8 solar cell 
devices are also investigated. Therefore, we depict the all-inorganic device with a hole 
transport layer-free architecture (Figure 3a), where SnO2 and carbon are used as the elec-
tron transport layer and counter electrode, respectively. The cross-sectional SEM image 
for a representative cell based on 1 mg mL−1 of a [BMP]+[BF4]− (see Figure 3b for the chem-
ical structure)-modified CsPbI1.2Br1.8 film is shown in Figure 3c (note that the SnO2 is too 
thin to be observed). For comparison, we also prepare pristine and 0.5, 2 and 3 mg mL−1 
of [BMP]+[BF4]−-modified CsPbI1.2Br1.8 perovskite solar cells, of which the typical J-V curves 
and corresponding parameters for the best-performing target devices are shown in Figure 
3d and Table 1, respectively. As we can see, the pristine device exhibited an open circuit 
voltage (VOC) of 1.14 V, a short circuit current density (JSC) of 12.06 mA cm−2 and a fill factor 
(FF) of 0.52, resulting in a PCE of 7.13%. With the increase in the doping concentration of 
[BMP]+[BF4] in the perovskite film, the PCE increases first and then decreases gradually. 
When the doping concentration of the [BMP]+[BF4] reaches 1 mg mL−1, the corresponding 
CsPbI1.2Br1.8 device exhibits the highest PCE, that of 8.44%, with a VOC of 1.21 V, a JSC of 
12.32 mA cm−2 and an FF of 0.57. In addition, the additions of [BMP]+[BF4]− to the perov-
skite light absorber all provide a higher performance compared to that of the pristine one, 
mainly in terms of the increase in the VOC and FF. The optimized addition mass concen-
tration of the [BMP]+[BF4]− can be determined to be 1 mg mL−1. 

 
Figure 3. Perovskite solar cell characterization. (a) Schematic of the carbon-based all-inorganic per-
ovskite solar cell, (b) the chemical structure of [BMP]+[BF4]−, (c) cross-sectional SEM image of the full 
device stack made from CsPbI1.2Br1.8 with 1 mg mL−1 of [BMP]+[BF4]− as the additive in the perovskite 
precursor, (d) J-V characteristics of the representative pristine and 0.5, 1, 2 and 3 mg mL−1 of 
[BMP]+[BF4]−-modified CsPbI1.2Br1.8 devices with the best-performing targets. 

Table 1. J-V parameters of the representative devices according to Figure 3d. 

Devices VOC/V JSC/mA cm−2 FF PCE/% 
Pristine 1.14 12.06 0.52 7.13 

0.5 mg mL−1 1.13 11.97 0.54 7.36 
1 mg mL−1 1.21 12.32 0.57 8.44 
2 mg mL−1 1.19 11.39 0.59 8.03 
3 mg mL−1 1.20 11.58 0.58 8.02 

Figure 3. Perovskite solar cell characterization. (a) Schematic of the carbon-based all-inorganic
perovskite solar cell, (b) the chemical structure of [BMP]+[BF4]−, (c) cross-sectional SEM image of the
full device stack made from CsPbI1.2Br1.8 with 1 mg mL−1 of [BMP]+[BF4]− as the additive in the
perovskite precursor, (d) J-V characteristics of the representative pristine and 0.5, 1, 2 and 3 mg mL−1

of [BMP]+[BF4]−-modified CsPbI1.2Br1.8 devices with the best-performing targets.

Table 1. J-V parameters of the representative devices according to Figure 3d.

Devices VOC/V JSC/mA cm−2 FF PCE/%

Pristine 1.14 12.06 0.52 7.13
0.5 mg mL−1 1.13 11.97 0.54 7.36
1 mg mL−1 1.21 12.32 0.57 8.44
2 mg mL−1 1.19 11.39 0.59 8.03
3 mg mL−1 1.20 11.58 0.58 8.02

To further understand the effect of [BMP]+[BF4]− additives on the performance
of CsPbI1.2Br1.8 perovskite solar cells, the J-V curves of the pristine and 1 mg mL−1

of [BMP]+[BF4]−-modified perovskite solar cells were tested after exposure to different
light durations. Figure 4a–d shows the variations in the four normalized photovoltaic
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parameters (VOC, JSC, FF and PCE) of the different devices with respect to the light du-
ration. It can be seen that the four parameters of the pristine device show a significant
decrease with the increase in light exposure time, whereas the decrease for that of the
1 mg mL−1 [BMP]+[BF4]−-modified device is significantly slower. For example, the PCE
of the untreated device gradually decreased from an initial 6.99% to 4.04% after 30 min of
light exposure, with a decrease of about 42%, while the PCE of the [BMP]+[BF4]−-treated
device gradually decreased from an initial 7.39% to 6.95%, with a decrease of only about
6%. It can be speculated that due to the suppressive effect of the [BMP]+[BF4]− additive on
the photoinduced phase segregation phenomenon of the CsPbI1.2Br1.8 films, the stability of
the perovskite solar cells under light is increased.
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Figure 4. Evolution of the four normalized parameters obtained from the J-V curves for the represen-
tative pristine and 1 mg mL−1 of [BMP]+[BF4]−-modified CsPbI1.2Br1.8 perovskite solar cells after ex-
posure to different light durations, aged under a simulated air mass and 1.5 sunlight (400 mW cm−2)
at room temperature in ambient air: (a) VOC, (b) JSC, (c) FF and (d) PCE.

Upon irradiation, Br-mixed halogen perovskites will undergo the internal segregation
of halogen ions, resulting in the formation of structural domains that are enriched in either
bromides or iodides. To investigate the photoinduced phase separation phenomenon of
CsPbI1.2Br1.8 thin films, we prepared pristine and 1 mg mL−1 of [BMP]+[BF4]−-modified
CsPbI1.2Br1.8 perovskite films. Both films were then subjected to UV-Vis absorption spec-
troscopy after irradiation for different times using simulated sunlight at 400 mW cm-2

AM1.5G. Under this continuous irradiation, the temperature of the films is approxi-
mately 40 ◦C. From the UV-Vis absorption spectra (Figure 5a) of the pristine perovskite
film, it can be found that when the light duration was between 0 and 7 min, the intensity of
the absorption peak at the wavelength of 584 nm gradually weakened with the increase in
light duration, indicating a decrease in the mixed halide content in the perovskite films.
The intensities of the absorption peaks at 560 and 620 nm gradually increase, indicating the
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formation of Br-rich and I-rich phases. As the illumination time is further increased (10 min
and 15 min), the intensity of the absorption peaks at 584 nm gradually increases, while
the intensity of the absorption peaks at 560 and 620 nm gradually decreases (Figure 5a).
This suggests that after the film reaches the phase segregation terminal (30.42%@7 min,
Figure 5b,e), the continued strong illumination leads to the phase recovery phenomenon
of the perovskite film portion, i.e., the light-induced self-healing phenomenon, which is
consistent with a previous report [17]. Similarly, from Figure 5c–e, it can be seen that under
continuous light irradiation, the CsPbI1.2Br1.8 (treated with 1 mg mL−1 of [BMP]+[BF4]−)
film initially showed a photoinduced phase segregation phenomenon, and the continuous
light irradiation led to a photoinduced self-healing phenomenon when the duration time
exceeded the limit of the phase segregation terminal (24.29%@30 min, Figure 3d,e). In
addition, the curves representing the phase segregation rates were analyzed using a mono-
exponential decay function, as shown in Figure 5f. The phase segregation rate constant ks
of the [BMP]+[BF4]−-modified CsPbI1.2Br1.8 is 1.83 × 10−3 s−1, while that of the pristine
one is 1.53 × 10−2 s−1. There is an order of magnitude difference between the former and
the latter, suggesting that the addition of [BMP]+[BF4]− could reduce the rate of phase seg-
regation. Thus, we can conclude that under continuous light irradiation, the CsPbI1.2Br1.8
films will undergo photoinduced phase separation followed by the light-induced self-
healing phenomenon upon reaching the limit of the phase separation. And, the addition
of [BMP]+[BF4]− can inhibit the photoinduced phase separation of CsPbI1.2Br1.8 films.
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CsPbI1.2Br1.8 perovskite films recorded after different light exposure duration times
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phase segregation terminal and (f) spectra of ∆A values as a function of the light exposure
duration curves obtained from (a,c). The dashed, doted lines in (f) are linear fits to the data using
monoexponential decay.

4. Conclusions

Our study mainly focuses on the effect of [BMP]+[BF4]− additives on the performance
of CsPbI1.2Br1.8 solar cells and their impact on the phenomenon of the photoinduced phase
segregation of CsPbI1.2Br1.8 thin films, paving the way for their use as efficient and light
irradiation stable photovoltaic devices. The effects of [BMP]+[BF4]− additives on the photo-
voltaic properties and stability of the devices were investigated by preparing hole transport
layer-free carbon-based perovskite solar cells, with pristine or 0.5, 1, 2 and 3 mg mL−1 of
[BMP]+[BF4]−-modified CsPbI1.2Br1.8 films as the light harvester layers for each device.
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The results showed that the PCE of the device increases first with the increase in the doping
concentration of [BMP]+[BF4] in the perovskite film, but then it decreases gradually. The
device without the addition of [BMP]+[BF4]− additives in the perovskite shows a PCE of
7.13%, while the device shows the highest PCE of 8.44% with the doping concentration
of [BMP]+[BF4]− reaching 1 mg mL−1, and its stability under light increases substantially,
which may be related to the significant inhibition of the photoinduced phase segregation
process. The impact of the [BMP]+[BF4]− additive on the photoinduced phase separation of
CsPbI1.2Br1.8 films is investigated using UV-Vis absorption spectra and the corresponding
difference in absorption spectra as a function of the light exposure time at room temperature.
The photoinduced phase segregation limit time of the CsPbI1.2Br1.8 films increased from 7
to 30 min after the addition of 1 mg mL−1 of the [BMP]+[BF4]− additive. This indicates that
the [BMP]+[BF4]− additive could effectively reduce the phase segregation phenomenon of
the CsPbI1.2Br1.8 films. The photoinduced phase segregation phenomenon of CsPbI1.2Br1.8
films is suppressed by the [BMP]+[BF4]− additive.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29071476/s1, Figure S1. Normalized XRD patterns of
pristine CsPbI1.2Br1.8 and CsPbI1.2Br1.8 films doped with different mass concentrations (0.5, 1, 2
and 3 mg mL-1) of [BMP]+[BF4]-.
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Abstract: Herein, activated red mud particles are used as adsorbents for phosphorus adsorption.
HCl solutions with different concentrations and deionized water are employed for desorption
tests, and the desorption mechanism under the following optimal conditions is investigated: HCl
concentration = 0.2 mol/L, desorbent dosage = 0.15 L/g, desorption temperature = 35 ◦C, and des-
orption time = 12 h. Under these conditions, the phosphate desorption rate and amount reach 99.11%
and 11.29 mg/g, respectively. Notably, the Langmuir isothermal and pseudo-second-order kinetic
linear models exhibit consistent results: monomolecular-layer surface desorption is dominant, and
chemical desorption limits the rate of surface desorption. Thermodynamic analysis indicates that
phosphorus desorption by the desorbents is spontaneous and that high temperatures promote such
desorption. Moreover, an intraparticle diffusion model demonstrates that the removal of phosphorus
in the form of precipitation from the surface of an activated hematite particle adsorbent primarily
occurs via a chemical reaction, and surface micromorphological analysis indicates that desorption
is primarily accompanied by Ca dissolution, followed by Al and Fe dissolutions. The desorbents
react with the active elements in red mud, and the vibrations of the [SiO4]4− functional groups
of calcium–iron garnet and calcite or aragonite disappear. Further, in Fourier-transform infrared
spectra, the intensities of the peaks corresponding to the PO4

3− group considerably decrease. Thus,
desorption primarily involves monomolecular-layer chemical desorption.

Keywords: red mud; granular adsorbent; desorption mechanism; regeneration

1. Introduction

Red mud is a porous, alkaline solid material synthesized during alumina production;
it exhibits a satisfactory particle size distribution, an average particle size of <0.1 mm,
and a specific surface area of ~10–25 m2/g [1]. Red mud has satisfactory adsorption
characteristics; in particular, it exhibits excellent phosphate adsorption characteristics [2,3].
However, red mud has not been industrially employed for phosphorus adsorption from
water, primarily owing to the difficulty involved in phosphorus desorption from red mud
particle adsorbents (hereinafter called “red mud adsorbents”), hindering the regeneration
and subsequent reuse of the adsorbents. Notably, besides regenerating red mud adsorbents,
desorption can also be used for recycling phosphorus resources. Phosphate desorption
generally involves using acid, alkali, and salt leaching for phosphate recovery. Simple
low-cost salts, such as NaCl and KCl, can be only employed to desorb phosphate from
adsorbents exhibiting weak adsorption strengths and nonspecific adsorption [4,5]. High
concentrations of such salts generally result in effective desorption [6]; owing to the risk
of high salinity, this approach can be problematic if the desorbed phosphate is to be used
in crop fertilization and irrigation [5]. Simple salts are ineffective in desorbing phosphate
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from adsorbents that strongly adsorb phosphate through specific adsorption mechanisms
(e.g., ligand exchange and inner-sphere complexation) [7].

As phosphorus adsorption occurs at pH values below 3–4 and above 8–10, acids and
bases can be used to specifically and nonspecifically desorb the adsorbed phosphate [8]. At
pH values below 3–4, the phosphate adsorption capacity of an adsorbent is low because, at
low pH values, phosphate primarily exists as H3PO4, which is very weakly adsorbed. At
pH values above 8–10, adsorbents and the phosphate species in the considered solutions
carry highly negative charges (HPO4

2− and PO4
3−), providing unfavorable adsorption

conditions. In addition, the increase in the concentration of OH− with increasing pH
increases the competition between phosphate and OH− for adsorption, reducing the
phosphate adsorption capacity. If phosphate removal occurs through precipitation at high
pH values, as when using Ca and Mg carbonates, then high-pH bases may not desorb
phosphate [7,9]. Urano et al. [10] employed activated alumina and Al2(SO4)3 as adsorbents
to remove phosphate from water; the adsorbed phosphate was desorbed using NaOH.
NaOH treatment resulted in some sulfate desorption and some aluminum dissolution.
Therefore, the desorbed adsorbents could not be reused and had to be regenerated by
recirculating a solution of Al2(SO4)3 and hydrochloric acid. After alkaline-NaCl treatment,
Kuzawa et al. [11–14] regenerated the adsorbent using 25% (wt%) MgCl2 to rebuild the
adsorbent structure and restore the adsorption capacity.

In mechanistic studies on phosphorus desorption from red mud adsorbents, acids
desorbed phosphorus and concomitantly degraded the adsorbent surface structure, bases
reduced the adsorbent adsorption capacity, and salts desorbed phosphate through ion
exchange [15–17]. Commonly used salts for phosphorus desorption include sodium and
potassium chlorides; however, special salts (e.g., NaCl) are sometimes employed to restore
the adsorbent structure degraded during desorption. Yaqin et al. [12] studied phosphorus
desorption from calcined red mud and reported that the calcination temperature does not
substantially affect phosphate desorption. In addition, they reported that the efficiency
of phosphorus desorption from the red mud particles was lower in NaOH solutions than
in HCl solutions because desorption causes no notable mass loss in the case of alkaline
desorbents. However, this mass loss is slightly higher than in the case of deionized water.
This is because when using deionized water, compared to physical adsorption, <1% basic
desorption occurs and, presumably, because of the involved reverse process of phosphate
adsorption [18,19]. For phosphorus adsorption, Mingyang prepared microwave-roasted
red mud–fly ash–cement composite granules (85:10:5 mass ratio) using an HCl solution
under the following conditions: microwave power = 700 W, roasting duration = 15 min,
and roasting temperature = 800 ◦C. Moreover, they employed a low-concentration NaOH
solution for subsequent desorption. Notably, a low-concentration HCI solution is consid-
ered a better desorbent, as acids result in the unclogging of adsorbent particles, exposing
the effective particle sites for better resorption [20].

Although both acids and alkalis are good desorption agents, the final comprehen-
sive applicability of the employed adsorbent (i.e., after desorption) must be considered
to maximize material usage. The results of the present study indicate that, because red
mud is alkaline, its desorption using a base increases the risk of introducing high alka-
linity in the downstream industrial applications of red mud adsorbents that require a
low pH, especially concrete processes. Meanwhile, red mud adsorbents desorbed using
acids reduce the adsorbent alkalinity, thus minimally impacting concrete processes. With
regard to engineering applications, HCI exhibits good phosphorus desorption from red
mud adsorbents; however, the involved desorption mechanism has been little studied.
Moreover, if hydrochloric acid is to be used in substantial quantities for such desorption,
the involved hydrochloric acid–adsorbent surface interactions and desorption mechanism
need to be clarified. Further, the conditions required for optimal desorption (including the
hydrochloric acid concentration) must be investigated. The present study is an attempt to
address these issues.
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Herein, red mud is employed as the primary raw material, sintering-modified charcoal
powder is employed as a pore-making agent, and silica sol is employed as a bonding
agent. Sintering is used to modify red mud, and static adsorption and desorption tests
with HCl solutions of varying concentrations and deionized water are conducted. Finally,
surface micromorphological analysis, energy-dispersive X-ray spectroscopy (EDS), mineral
composition analysis, Fourier-transform infrared spectroscopy, and fittings of desorption
kinetics and thermodynamics are performed to determine the desorption mechanism.

2. Results and Discussion
2.1. Influence of Different Desorbents on Phosphorus Desorption

Alkali (NaOH), acid (HCl), salt (NaCl), and deionized water were used to investigate
the influence of different adsorbents on phosphorus desorption at a liquid–solid ratio
of 0.15 L/g at 35 ◦C for 18 h. Figure 1 shows phosphorus desorption from activated
red mud particles after adsorption. The results indicate that, after 3 h of desorption
in deionized water and a NaCl solution, the desorption rate of phosphorus is <10%,
which is much lower than those for HCl and NaOH solutions under the same desorption
conditions. The phosphorus desorption rate is in the following order: HCl solution > NaOH
solution > NaCl solution > deionized water. However, the desorption of the 1.0 mol/L
NaOH solution is inconsiderable, which may be due to the insufficient desorption time or
desorbent concentration.
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Figure 1. The desorption of phosphorus by alkali (NaOH), acid (HCl), salt (NaCl), and deionized
water solutions.

2.2. Readsorption Performance of Activated Red Mud Adsorbents

The activated red mud adsorbents after phosphorus desorption were used to readsorb
phosphorus. Notably, 25 g/L of activated red mud adsorbents were injected into a 40 mL
conical flask in a phosphorus-containing 300 mg/L solution at a constant temperature of
35 ◦C to undergo static adsorption for 1, 2, 3, 6, 12, 18, and 24 h. The concentration of
phosphorus contained in the solution supernatant was determined through inductively
coupled plasma (ICP) emission spectrometry. Figure 2 shows phosphorus resorption by the
adsorbent after desorption. The resorption performances for deionized water and 0.2 and
0.5 mol/L HCl solutions are considerably better than those for a low-concentration HCl
solution and any concentration of a NaOH solution. Figure 2 shows that 0.2–0.5 mol/L
HCl does not destroy the particle structure and even dredges the particle pores, thereby
exposing the effective sites inside the particles. This explains why the 0.2–0.5 mol/L HCl
solution is better than deionized water. By combining desorption–readsorption and the
loss of particles, a 0.2 mol/L HCl solution can serve as a desorbent for desorption and
subsequent phosphorus readsorption studies of activated red mud adsorbents.
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2.3. Effect of Desorbent Dosage on Phosphorus Desorption

With the HCl desorbent concentration of 0.2 mol/L, phosphorus-containing wastew-
ater at an initial concentration of 300 mg/L was adsorbed by the activated red mud
adsorbents, which were then dried at 105 ◦C for 2 h. The liquid-to-solid ratios of the
adsorbents were 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 0.4 L/g, and static desorption was
performed at 35 ◦C for 12 h. The test was performed at the same time in a conical flask
with a liquid-to-solid ratio 1:3 of the adsorbent. The phosphorus concentration in the super-
natant of the solution was determined via ICP after the test, and the results were expressed
in terms of the amount and rate of phosphorus desorption (Figure 3). The desorption rate
and amount of the resorbent leveled off after the liquid–solid ratio exceeded 0.15 L/g. The
desorption rate increased to 94.54%, and the desorption amount increased to 11.29 mg/g.
The optimal desorbent dosage (0.15 L/g) was employed for phosphorous desorption.
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2.4. Effect of Initial Adsorption on Phosphorus Desorption

Here, we discuss the adsorption at the initial concentrations of 200, 250, 300, 400, 500,
600, 700, 900, and 1200 mg/L of activated red mud adsorbents (105 ◦C for 2 h) and the static
desorption of 0.2 mol/L HCl with a desorbent and adsorbent liquid–solid ratio of 0.15 L/g
(35 ◦C in a conical flask for 12 h). Once the phosphorous concentration in the solution
supernatant is determined through ICP, the results are based on the amount of desorbed
phosphorus. After the test, the phosphorus concentration in the solution supernatant was
determined via ICP; the results are expressed in terms of the amount of phosphorus des-
orbed and the desorption rate in Figure 4. With increasing initial phosphorus concentration,
the desorption of the desorbent for the phosphorus adsorbed by the adsorbents increased.
The phosphorus desorption was 7.98 mg/g for an initial concentration of 200 mg/L, with
a desorption rate of 99.57%, which was primarily attributed to the high adsorption rate.
The main reason for this result is that high adsorption rates drove the desorption of the
desorbent to the adsorbent, increasing the number of adsorption sites used on the particle
surfaces and leading to better desorption. The desorption rate decreased with increasing
initial phosphorus concentration, which was consistent with adsorption. The particles
presented in Figure 4 show that the desorption rate of phosphorus adsorbed by the adsor-
bents exceeded 99% when the initial concentration was <300 mg/L. Thus, high-efficiency
phosphorus removal was realized.
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2.5. Effect of the Reaction Time on Phosphorous Desorption

The reaction time is also an important factor affecting the desorption effect of the
desorbent on pollutants. We use activated red mud adsorbent for adsorption at 105 ◦C
(drying for 2 h), a desorbent and adsorbent liquid–solid ratio of 0.15 L/g, and the initial
concentrations of 200, 300, and 500 mg/L of the desorbent solution at 35 ◦C in a conical
flask to conduct static desorption for 1, 2, 3, 6, 12, 18, and 24 h. The tests were performed
via ICP to determine the effect of phosphorus desorption. After each test, the phosphorus
concentration in the supernatant of the solution was determined via ICP, with the results
expressed in terms of the amount of phosphorus desorbed (Figure 5).

The trend of the desorption amount of phosphorus adsorbed by the desorbent for
the activated red mud adsorbent remained consistent for different initial phosphorus
concentrations, and the increase in the desorption amount of the desorbent for an initial
solution of 200 mg/L was considerably less than that for the initial concentrations of
300 and 500 mg/L for the first 12 h of the reaction. This result is attributable to the
low concentration of phosphorus in the initial phosphorus solution of 200 mg/L, which
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resulted in less phosphorus adsorbed by the activated red mud adsorbent, in turn increasing
the desorption rate. The desorption was lower when phosphorus was adsorbed by the
adsorbent and desorbed after 12 h of the reaction under the condition of a low concentration.
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2.6. Effect of the Reaction Temperature on Phosphorous Desorption

The reaction temperature is also an important factor affecting the desorption effect
of the desorbent on pollutants. Figure 6 presents the results in terms of the phosphorus
desorption rate. The desorption rate and the amount of desorbent desorbed for a liquid–
solid ratio of 0.15 L/g, the initial concentration of 300 mg/L of a 150 mL desorbent solution
at 15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, and 35 ◦C for static desorption, and the static desorption in
a conical flask for 12 h were determined by employing ICP to obtain the concentration
of phosphorus in the solution supernatant. The phosphorus desorption rate increased
with increasing reaction temperatures. At 35 ◦C, the phosphorus desorption rate was
99.11%, and the desorption rate stabilized above 25 ◦C, indicating that desorption was heat
absorbing. The increase in temperature accelerated the intermolecular thermal motion and
the diffusion of phosphorus because adsorption and desorption are constantly converted
for the reaction to occur. Moreover, desorption is a chemical reaction process in which
HCl and the adsorbent surface of phosphate dissolve the other ions while sparing the HCl
action channel. This increases the contact area of the reaction and temperature, elevating
the chemical reaction rate and, thus, the desorption rate. In addition, according to the
previous adsorption behavior study, phosphorus adsorbed on the adsorbent of red mud
particles is an attached state, with only hydrogen bonding forces and van der Waals forces
acting on it. Consequently, the rate at which phosphate escapes the system will increase as
a result of the temperature increase intensifying the molecular movement.

2.7. Desorption Isotherm

Adsorption by activated red mud adsorbent was conducted for the initial concentra-
tions of 200, 250, 300, 400, 500, 600, 700, 900, and 1200 mg/L, and adsorption after drying
at 105 ◦C for 2 h and the desorption of a 0.2 mol/L HCl desorbent were performed at
a desorbent and adsorbent solid–liquid ratio of 0.15 L/g and constant temperatures of
15 ◦C, 25 ◦C, and 35 ◦C. Static desorption was performed in a conical flask for 18 h. The
desorption effect of the desorbent on phosphorus was investigated at different ambient
temperatures, with the results expressed as the desorption rate of phosphorus (Figure 7).
The experimental results fit with Langmuir and Freundlich isotherms and a D–R model,
and the results of the fits are presented in Figure 8 and Table 1. The Freundlich model
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explains multimolecular-layer surface desorption, and the Langmuir model describes ho-
mogeneous desorption, wherein pollutants are desorbed as a monomolecular layer with
homogeneous active sites on the desorbent surface [21].
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Table 1. Desorption isotherm parameters.

Desorption Isotherm
Constants

308 K 298 K 288 K

Langmuir
R = 0.9947

a (mg/g) = 19.4175
b (L/mg) = 1.8392

R = 0.9946
a (mg/g) = 19.3798
b (L/mg) = 1.0639

R = 0.9950
a (mg/g) = 19.3050
b (L/mg) = 0.7674

Freundlich

D–R

R = 0.9400
N = 4.7393

KF (mg1−n/g Ln) = 12.0637
R = 0.9916

qm (mmol/L) = 0.03255
k (mol2/kJ2) = 0.0005

E (kJ/mol) = −31.6228

R = 0.9118
n = 4.8852

KF/(mg1−n/g Ln) = 10.8038

R = 0.9438
n = 5.0684

KF/(mg1−n/g Ln) = 10.1808

Desorption is primarily affected by the Langmuir adsorption isotherm model, indicat-
ing that monomolecular-layer phosphorus desorption occurs on the surfaces of the red mud
particles activated by HCl. The average adsorption free energy |E| obtained using the D–R
model is 31.62 kJ/mol, which exceeds 16 kJ/mol, indicating that desorption is chemical.

2.8. Desorption Thermodynamic Analysis

To further investigate the effect of temperature on phosphorus desorption, thermody-
namic parameters were utilized to reflect the desorption characteristics. The desorption
thermodynamic curves of lnKd versus 1

T were numerically fitted using Equations (9)–(12)
(Figure 9 and Table 2).
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Figure 9. The thermodynamic curves of phosphorus desorption from activated red mud
particle sorbents.

Table 2. The thermodynamic parameters of phosphorus desorption from activated red mud
particle sorbents.

T (K) ∆Gθ (kJ/mol) ∆Hθ (kJ/mol) ∆Sθ (J/(mol·K)) R2

288 −14.4085
298 −16.0027 42.7173 197.9314 0.9755
308 −18.3846

In Table 2, ∆Gθ is <0, indicating that hydrochloric acid is favorable for phosphorus
desorption and desorption is spontaneous. Moreover, ∆Hθ is >0, indicating that phos-
phorus desorption using hydrochloric acid is a heat-absorbing reaction, suggesting that
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high temperatures are favorable for desorption. Further, ∆Sθ is >0, suggesting that the
solid–liquid interface degree of freedom of desorption increases.

Notably, ∆Gθ is −400–−80 kJ/mol for chemical desorption and −20–0 kJ/mol for
physical desorption, with ∆Hθ being >40 kJ/mol for chemical desorption and <40 kJ/mol
for physical desorption. In the above three temperature conditions, the effects of hy-
drochloric acid on phosphorus desorption, the ∆Gθ of physical adsorption, and the ∆Hθ of
chemical adsorption indicate that there is a chemical desorption of the desorption agent on
the phosphorus of chemical and physical desorptions.

2.9. Desorption Kinetics

This study employs a pseudo-first-order kinetic linear model, a pseudo-second-order
kinetic linear model, and an intraparticle diffusion model to fit the phosphorus kinetic
properties of adsorption by the desorbent desorption of activated red mud adsorbents.
After adsorption with the different initial concentrations of 200, 300, and 500 mg/L, the
activated red mud adsorbents were dried at 105 ◦C for 2 h. The desorbent was 0.2 mol/L
HCl, and the desorbent and adsorbent solid–liquid ratio was 0.15 L/g. Static desorption
was conducted at a constant temperature of 35 ◦C in conical flasks for 1, 2, 3, 6, 12, 18, and
24 h. The fitting results are presented in Figure 10 and Table 3.

Molecules 2024, 29, x FOR PEER REVIEW 10 of 20 

of chemical adsorption indicate that there is a chemical desorption of the desorption agent 

on the phosphorus of chemical and physical desorptions.

2.9. Desorption Kinetics 

This study employs a pseudo-first-order kinetic linear model, a pseudo-second-order 

kinetic linear model, and an intraparticle diffusion model to fit the phosphorus kinetic 

properties of adsorption by the desorbent desorption of activated red mud adsorbents. 

After adsorption with the different initial concentrations of 200, 300, and 500 mg/L, the 

activated red mud adsorbents were dried at 105 °C for 2 h. The desorbent was 0.2 mol/L 

HCl, and the desorbent and adsorbent solid–liquid ratio was 0.15 L/g. Static desorption 

was conducted at a constant temperature of 35 °C in conical flasks for 1, 2, 3, 6, 12, 18, and 

24 h. The fitting results are presented in Figure 10 and Table 3. 

0 5 10 15 20 25

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20 25
-3

-2

-1

0

1

2

 200 mg/L

 300 mg/L

 500 mg/L

t/
q

t

t/h

b 200 mg/L

 300 mg/L

 500 mg/L

ln
(q

e
-q

t)

t/h

a

1 2 3 4 5
4

6

8

10

12

14

16

q
t

tÙ0.5

 200 mg/L

 300 mg/L

 500 mg/L

c

Figure 10. The fits of three desorption kinetic models: (a) the pseudo-first-order model, (b) the 

pseudo-second-order model, and (c) the intraparticle diffusion model. 

Figure 10. The fits of three desorption kinetic models: (a) the pseudo-first-order model, (b) the
pseudo-second-order model, and (c) the intraparticle diffusion model.

Based on the correlation coefficient R2, the pseudo-second-order kinetic model ex-
hibited better fitting for the phosphorus adsorption kinetics than the pseudo-first-order
kinetic model, and the theoretical equilibrium detachment amounts were 15.073 mg/g at a
concentration of 500 mg/L, 11.898 mg/g at a concentration of 300 mg/L, and 8.102 mg/g
at a concentration of 200 mg/L. The theoretical equilibrium detachment amounts obtained
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are close to the experimental result qe, indicating that the chemical reaction limits the rate
of surface desorption. The calculated qe is greater than the actual desorption maximum,
which is also related to precipitation arising from the chemical reaction on the red mud
surface. According to the intraparticle diffusion model, three main stages are observed:
the first stage is the rapid desorption stage, which is primarily manifested in the form of
the chemical precipitation of metal ions and phosphorus and the reaction occurring in the
desorption agent. The second stage is slower and primarily involves the activation of the
well-developed pore structure of the red mud to perform desorption. In the third stage,
which is the slowest desorption, a relative equilibrium is gradually achieved. Because the
internal diffusion curve of the particles does not pass through the origin of the coordinates,
a high-concentration results in a greater deviation of the curve from the origin, indicating
that internal diffusion is not the main mechanism of phosphorus desorption. Rather, des-
orption is dominated by the chemical reaction, in which phosphorus is removed through
precipitation on the adsorbent surface of the activated red mud particles.

Table 3. Desorption kinetic parameters.

Adsorption Kinetics Constant 500 mg/L 300 mg/L 200 mg/L

Pseudo-first-order dynamic
linear model

qe (mg/g) 5.9817 3.8551 2.0100
k1 (1/h) 0.1554 0.1734 0.1427

R2 0.9438 0.9537 0.9433

Pseudo-second-order
dynamic linear model

qe (mg/g) 15.5763 12.2549 8.1499
k2 (1/h) 0.0613 0.1102 0.2221

R2 0.9998 0.9999 0.9999

Intraparticle diffusion model

Phase I
ki (mg/g h1/2) 3.9826 1.7320 3.2657

C (mg/g) 4.2189 3.8600 4.0257
R2 0.9978 0.9984 0.9929

Phase II
ki (mg/g·h1/2) 1.9701 0.5040 1.0750

C (mg/g) 7.9605 6.0442 8.0460
R2 0.9462 0.9889 0.9525

Phase III
ki (mg/g·h1/2) 0.2629 0.1053 0.1749

C (mg/g) 13.6168 7.4382 11.0230
R2 0.9138 0.8535 0.9120

2.10. Surface Morphology Analysis after Desorption

Scanning electron microscopy (SEM) was used to observe the surface morphology of
the activated particle adsorbents before (Figure 11a) and after (Figure 11b) desorption at
10,000× magnification and as well as before (Figure 11c) and after (Figure 11d) desorption at
25,000× magnification. The pores on the surface of the activated red mud adsorbent before
desorption are covered by the precipitate, showing crystallization, multilayer adsorption
on the surface of the activated red mud adsorbent, and precipitation products covering the
material surface. The surface of the adsorbent after the desorption of the red mud adsorbent
revealed notable corrosion after the destruction of the particle structure. To a certain extent,
owing to the acid making the particles sparse in the pores, the effective points inside the
particle pores were exposed. Figure 11c,d shows that the surface after desorption by the
desorbent exhibits a laminated structure, which indicates surface disintegration, suggesting
that the desorption of phosphorus is primarily caused by the particles disintegrating easily
under the strong acid conditions of the desorbent.

Comparing the EDS measurements before and after the desorption of the activated
red mud adsorbents reveals that the desorbent may have led to the disintegration of the
adsorbent, as observed through SEM imaging. To explore the changes of the surface
elements, EDS analyses were performed before and after desorption of the activated red
mud adsorbents, and the surface of the particulate adsorbent before and after desorption
was subjected to a narrow sweep of elements such as O, Ca, Al, Na, Si, Fe, and P (Figure 12).
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Figure 12a presents the narrow sweep of EDS before desorption, and Figure 12b shows this
after desorption.
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A comparison between Figure 12a,b and Table 4 shows that the elemental phosphorus
on the surface of the adsorbent decreases after desorption, which is consistent with the SEM
surface images presented in Figure 11. Less elemental calcium appeared on the surface
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of the granular adsorbents after desorption than before desorption, indicating that the
dissolution of Ca in the activated red mud adsorbents under acidic conditions was linked
to the reaction between the desorbent and the (Ca)3(PO4)2 precipitation on the adsorbent
surface, causing certain phosphorus desorption. In addition, the specific surface elements
before and after the desorption of phosphorus from the adsorbent were measured, with the
results expressed in terms of elemental mass. The phosphorus adsorbed by the adsorbent on
activated red mud particles after desorption decreased from 4.84% to 0.84%, Ca decreased
from 15.54% to 8.97%, Al decreased from 6.47% to 5.48%, and Fe decreased from 13.65% to
12.65%, which also demonstrated that the desorbent reacted with the reactive elements in
the red mud to cause the adsorption of the adsorbent on the surface by the active elements
on the adsorbent surface. This result indicated that the desorbent reacted with the active
elements in red mud, removing phosphorus originally adsorbed on the adsorbent surface.
This was especially the case for the considerable reduction in Ca, which may react with
the Cl− in the desorbent to form water-soluble CaCl2. The corrosive effect caused these
elements to detach from the surface of the activated red mud particles dissolved in the
water and accompanied by phosphorus desorption.

Table 4. The elemental composition mass fraction (%) of activated red mud adsorbents before and
after desorption.

Element Before Desorption (%) After Desorption (%)

O 51.04 61.03
Na 2.21 3.84
Al 6.47 5.48
Si 6.25 7.22
P 4.84 0.84

Ca 15.54 8.97
Fe 13.65 12.62

Total 100.00 100.00

2.11. Analysis of Morphological Changes

Figure 13 shows the mineral composition of the activated red mud adsorbent before
and after desorption. With desorption, the intensities of the characteristic peaks of the
chalcopyrite, calcium chalcopyrite, and calcium–iron garnet considerably decreased. This
result is related to the disintegration and dissolution of elements such as Ca, Fe, and
Si during phosphorus desorption in water. Variations in the crystal type and mineral
composition are inconsiderable, indicating that the activated red mud adsorbents can
continue to adsorb phosphorus after desorption. Thus, the adsorbents may be reused.
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2.12. Fourier-Transform Infrared Spectroscopy Analysis

Fourier-transform infrared spectroscopy was conducted to examine the changes in
the structure and chemical groups of the activated red mud adsorbent with desorption.
The goal was to verify the phosphorus fugacity state on the activated hematite particulate
adsorbent from 400 to 1500 cm−1. Figure 14 presents the spectral maps before and after
desorption. After desorption, the peaks at 992 cm−1 were considerably strengthened
primarily by the Si(AlIV)–O telescopic vibration as shelly silicate or chalcocite, which
was consistent with the increase in the Si content (EDS results). The peaks at 814, 874.76,
and 1463 cm−1 disappeared, the main desorption agent led to the dissociation of Ca and
Fe, and the vibrations of the [SiO4]4− functional groups of the calcium–iron garnet and
calcite or aragonite basically disappeared. The peaks at 3600–3000 cm−1 were due to water
crystallization, indicating that desorption was accompanied by water desorption. Overall,
the material changes before and after desorption were clearer than before desorption,
especially for Ca and Fe compounds. After desorption, the intensities of the strong peaks
for PO4

3− groups at 1087.03 and 572 cm−1 substantially decreased [22], indicating that the
desorption of phosphorus from the activated red mud adsorbents was accompanied by a
chemical reaction.
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3. Materials and Methods
3.1. Materials

The raw materials for preparing modified red mud adsorbents primarily included
red mud, charcoal powder, and silica sol. Red mud was procured from Guizhou Huajin
Aluminum Co., Ltd., Guiyang, China, with the water content being 30%. It was dried
at 50 ◦C for 12 h and then passed through a 0.075 mm sieve after grinding in a ball mill.
Charcoal powder was procured from Henan Xingnuo Environmental Protection Materials
Co., Ltd. (Changge, China), and silica sol was purchased from Wuhan Jiye Sheng Chemical
Co. (Wuhan, China). The chemical components of the red mud were Fe2O3 (21.94%),
Al2O3 (21.04%), SiO2 (19.05%), CaO (17.95%), Na2O (8.96%), and others (11.06%). The used
phosphorus-containing wastewater was return water from a phosphorous-ore-dressing
plant in Guizhou, China, and contained flotation tailings. Red mud particles were activated
for use as adsorbents by mixing red mud, charcoal powder, and silica sol in a preset mass
ratio of 92:5:3 by employing a disk granulator for granulation; the water–ash ratio was
1:2. These particles of 1–2 mm diameter were sintered in a muffle furnace at 700 ◦C for
30 min. The primary elements in the wastewater were P (1278.0 mg/L), Ca (213.15 mg/L),
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Mg (401.40 mg/L), Al (0.25 mg/L), Fe (0.02 mg/L), Cr (0.04 mg/L), K (66.35 mg/L), and
Na (0.25 mg/L). The wastewater was weakly acidic (pH = 3–4); phosphorus was primarily
present in the form of H2PO4

2−, which could be diluted to the required concentration by
adding deionized water.

3.2. Test Methods for Phosphorus Adsorption and Desorption Using and from, Respectively,
Activated Red Mud Particles

The initial pH was 4. The effects of the operating and environmental conditions on
the adsorption of the adsorbents were investigated as functions of the adsorbent dosage,
adsorption time, and adsorption temperature to obtain the optimal adsorption conditions.

The initial phosphorus concentrations were 200, 250, 300, 400, 500, 600, 700, 900, and
1200 mg/L, the adsorption temperatures were 15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, and 35 ◦C, and the
adsorption times were 1, 2, 3, 6, 12, 18, and 24 h. Further, 40 mL of phosphorus-containing
wastewater was poured into a conical flask, and 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 2.2, and 2.4 g of
granular adsorbents were added for static adsorption. The test was conducted thrice using
a model ICP-7400 inductively coupled plasma emission spectrometer and a yttrium internal
standard to measure the contents of phosphorus and other ions in the supernatant. The
phosphorus removal rate (η%) and the amount of phosphorus adsorbed per unit adsorbent
mass (Q, mg/g) were calculated as follows [23]:

η =
(C0 − Ce)

C0
× 100%, (1)

Q =
V(Co − Ce)

m
× 100%, (2)

where Co (mg/L) and Ce (mg/L) are the concentrations of phosphorus in the used solution
before and after adsorption, respectively, V is the solution volume (L), and M is the mass of
the adsorbent after drying (g).

Phosphorus desorption test. Activated red mud adsorbents were removed and dried and
then added into different types of desorbents. Acid: 0.2, 0.1, and 0.05 mol/L HCl; alkali:
0.5, 1, and 2 mol/L NaOH; and salt: 1 and 2 mol/L NaCl. The desorption temperatures
were 15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, and 35 ◦C, and the desorption times were 1, 2, 3, 6, 12, 18,
and 24 h. The concentration of phosphorus desorbed from the solution was determined
at the end of the test. The amount of phosphorus desorbed per unit adsorbent mass after
adsorption (Y, mg/g) and the phosphorus desorption rate (y, %) were calculated using
Equations (4) and (5) [24]:

qe = (C0 − Ce)
V1

m1
, (3)

Y = Cp
V2

m2
, (4)

y =
Y
qe

× 100%, (5)

where qe is the amount of phosphorus adsorbed per unit adsorbent mass (mg/g), C0(mg/L)
and Ce (mg/L) are the concentrations of phosphate in the adsorption solution before
and after the test, respectively, V1 is the adsorption solution volume (L), m1 is the added
adsorbent mass (g), Cp is the concentration of phosphorus in the desorption solution
(mg/L), V2 is the volume of the desorption solution (L), and m2 is the dry weight of the
adsorbents after adsorption (g).

Phosphorus adsorption test. After desorption, the activated red mud adsorbents were
first rinsed with deionized water and then dried to be used again for phosphorus adsorption.
To obtain the optimal adsorption conditions for any other pharmaceutical compound, the
steps are the same as those for the activated red mud adsorbents.
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3.3. Characterization and Analysis Methods

The specific surface area and porosity were determined using a specific surface area
and porosity analyzer model (Micromeritics APSP 2460, Norcross, GA, USA), with a
degassing temperature of 200 ◦C, a degassing time of 8 h, and nitrogen adsorption gas.
The specific surface area and pore volume of the red mud samples were calculated before
and after activation using the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) models.

The elemental content and composition of red mud before and after the test were
analyzed using an ARL PERFORM’X X-ray (Basel, Switzerland) fluorescence spectrometer.
The red mud to be tested was dried, ground, and filtered using a 200 mesh; 4 g of the
sample was weighed and analyzed in a vacuum.

Thermogravimetric analysis was performed using synchronous PE thermogravimetry–
differential scanning calorimetry to determine the activation temperature by analyzing the
changes in the masses of the charcoal powder and red mud as functions of temperature. The
heating rate was 10 ◦C/min, the temperature range was 30 ◦C–1000 ◦C, and the atmosphere
was nitrogen.

Surface micromorphological analysis and energy spectroscopy were performed using
a TESCAN MIRA LMS scanning electron microscope (Brno, Czech Republic) to image
and analyze the surface configuration of the red mud adsorbents. The morphology was
enlarged to 2–5 µm, and the particle surfaces were scanned through EDS in the spectral
spot scanning mode to analyze the relative contents of phosphorus and other elements on
the sample surface.

Mineral composition analysis was performed using an X-ray diffractometer model
(XPert PRO MPD, Almelo, The Netherlands) to determine the mineral composition of the
samples through powder X-ray diffraction (operating parameters: Cu Kα line; 40 kV and
40 mA; scanning speed = 2◦/s; and scanning range = 10◦–80◦).

The surface functional groups were analyzed using a Fourier infrared spectrometer
model (Nicolet 670, Waltham, MA, USA). The position and intensity of the Fourier infrared
absorption peaks reflect the characteristics of the molecular structure and serve to identify
the structural composition of the unknown substance or to determine its chemical compo-
sition. For infrared analysis of the bulk, a small amount of the dried sample was mixed
with potassium bromide powder that was ground and pressed in a vacuum. The functional
groups were then identified via infrared spectral scanning from 400 to 4000 cm−1.

3.4. Kinetic and Thermodynamic Methods
3.4.1. Desorption Isotherm Analysis

Desorption curves at different temperatures are nonlinear and can, therefore, be fitted
using the Freundlich and Langmuir adsorption isotherm equations [25]. The isotherms
reveal the interaction between (i) the adsorbent and desorbent and (ii) the adsorbate at the
interface of the two phases to obtain the desorption properties and mechanism [26]. The D–
R model provides the ideal state, assuming that the adsorbent pore space is filled with solute.
The Freundlich adsorption isotherm model (Equation (6)) and the Langmuir adsorption
isotherm model (Equation (7)) were employed to analyze the adsorption isotherms.

qe = KCe
1/n, (6)

qe =
abCe

1 + bCe
, (7)

lnqe = lnqm − kε2, (8)

where K is the Freundlich constant of adsorption and desorption, the exponent 1/n is
the Freundlich affinity coefficient for the adsorption–desorption intensity, a and b are the
Langmuir adsorption–desorption capacity and binding strength, respectively, Ce is the phos-
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phate concentration at adsorption–desorption equilibrium, qe is the equilibrium adsorption
amount (mmol/g), qm is the theoretical maximum adsorption amount (mmol/g), k and ε are
constants, and E = −1/(2k)0.5.

3.4.2. Desorption Thermodynamic Analysis

Thermodynamics is employed from the energy point of view to explain a possible
desorption mechanism, explore the energy conversion law, and use thermodynamic param-
eters to understand the characteristics of the following thermodynamic equations [27]:

Kd = qe/Ce, (9)

∆Gθ = −RT ln Kd, (10)

∆Gθ = ∆Hθ − T∆Sθ , (11)

where ∆Gθ is the change in the Gibbs free energy, Kd is a thermodynamic constant, ∆Hθ is
the change in enthalpy, ∆Sθ is the change in entropy, R is the universal gas constant,
and T is the absolute temperature. Combining Equations (10) and (11) results in the
following equation:

ln Kd =
∆Sθ

R
− ∆Hθ

RT
. (12)

3.4.3. Analysis of Desorption Kinetics

Desorption kinetic models were employed to evaluate the adsorption–desorption
behavior of red mud for phosphate as a function of the reaction time [28]. Ruthven used an
adsorption dynamics model to calculate and investigate the relation between desorption
and adsorption penetration curves, indicating the difference between the two based on
the equilibrium theory applied to desorption [29]. The kinetic models used in this study
are based on a pseudo-first-order kinetic linear model (Equation (13)) [29], a pseudo-
second-order kinetic linear model (Equation (14)) [30], and an intraparticle diffusion model
(Equation (15)) [31,32] to fit the following kinetics of phosphate adsorption by activated
red mud adsorbent:

qt = qe − (qe × 10
−k1t
2.303 ), (13)

t
qt

=
1

k2qe2 +
t
qe

, (14)

qt = kit1/2 + C, (15)

where k1 and k2 are the rate constants of the pseudo-first-order and pseudo-second-order
kinetic linear models, respectively, ki is the intraparticle diffusion constant, qt is the amount
of phosphate desorbed by the adsorbent in the desorption time (h), and C is the amount
of diffusion.

4. Conclusions

(1) For static desorption, the comprehensive desorption effect may be ranked as
HCl > NaOH > NaCl > deionized water. The higher the desorbent concentration, the
greater the desorption and the better the desorption of 0.2 mol/L of HCl in resorption.
Regeneration improves owing to acids, which clean the pores of red mud particles,
thereby exposing the effective sites inside the pores.

(2) The desorption thermodynamics and kinetics show that desorption conforms to the
average-adsorption-free-energy reaction obtained by the D–R model. The desorption
isotherm correlates well with the Langmuir model, indicating that desorption is
dominated by monomolecular-layer surface desorption. The thermodynamics show
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that the desorption of phosphorus by the desorbents proceeds spontaneously, and
high temperatures promote desorption. Desorption thus includes both physical and
chemical desorptions.

(3) The kinetics indicate that desorption conforms to the pseudo-second-order kinetic
linear simulation, indicating that chemical desorption restricts the desorption rate.
The intraparticle diffusion model indicates that the desorbent removes phosphorus
in the form of precipitation from the surface of the activated red mud adsorbent
primarily through a chemical reaction.

(4) Microanalysis before and after the desorption of the desorbent and surface elemental
analysis demonstrate that P is removed and that Ca is dissolved the most, followed
by Al and Fe, indicating that the desorbents react with the active elements in red
mud. The corrosive effect leads to the disintegration and dissolution of the elements
at the surfaces of the activated red mud adsorbents in water. This is accompanied
by phosphorus desorption; hence, the characteristic peak intensities of chalcopyrite,
calcite chalcopyrite, and calcite garnet decrease more than that of the activated red
mud adsorbents. After desorption, the mineral composition remains similar because
adsorbent reuse has a negligible impact on adsorption. The vibrations of the [SiO4]4−

functional groups of calcium–iron garnet and calcite or aragonite disappear, the PO4
3−

group peak intensities substantially decrease, and the desorption of phosphorus is
accompanied by a chemical reaction.
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Abstract: The fouling of separation membranes has consistently been a primary factor contributing
to the decline in membrane performance. Enhancing the surface hydrophilicity of the membrane
proves to be an effective strategy in mitigating membrane fouling in water treatment processes.
Zwitterionic polymers (containing an equimolar number of homogeneously distributed anionic and
cationic groups on the polymer chains) have been used extensively as one of the best antifouling ma-
terials for surface modification. The conventional application of zwitterionic compounds as surface
modifiers is intricate and inefficient, adding complexity and length to the membrane preparation
process, particularly on an industrial scale. To overcome these limitations, zwitterionic polymer,
directly used as a main material, is an effective method. In this work, a novel zwitterionic polymer
(TB)—zwitterionic Tröger’s base (ZTB)—was synthesized by quaternizing Tröger’s base (TB) with
1,3-propane sultone. The obtained ZTB is blended with TB to fabricate microfiltration (MF) mem-
branes via the vapor-induced phase separation (VIPS) process, offering a strategic solution for separat-
ing emulsified oily wastewater. Atomic force microscopy (AFM), scanning electron microscopy (SEM),
water contact angle, and zeta potential measurements were employed to characterize the surface of
ZTB/TB blended membranes, assessing surface morphology, charge, and hydrophilic/hydrophobic
properties. The impact of varying ZTB levels on membrane surface morphology, hydrophilicity,
water flux, and rejection were investigated. The results showed that an increase in ZTB content
improved hydrophilicity and surface roughness, consequently enhancing water permeability. Due to
the attraction of water vapor, the enrichment of zwitterionic segments was enriched, and a stable
hydration layer was formed on the membrane surface. The hydration layer formed by zwitterions
endowed the membrane with good antifouling properties. The proposed mechanism elucidates
the membrane’s proficiency in demulsification and the reduction in irreversible fouling through
the synergistic regulation of surface charge and hydrophilicity, facilitated by electrostatic repulsion
and the formation of a hydration layer. The ZTB/TB blended membranes demonstrated superior
efficiency in oil–water separation, achieving a maximum flux of 1897.63 LMH bar−1 and an oil
rejection rate as high as 99% in the oil–water emulsion separation process. This study reveals the
migration behavior of the zwitterionic polymer in the membrane during the VIPS process. It enhances
our comprehension of the antifouling mechanism of zwitterionic membranes and provides guidance
for designing novel materials for antifouling membranes.

Keywords: zwitterionic polymer; Tröger’s base; antifouling; demulsification; microfiltration membrane

1. Introduction

In the past two decades, significant quantities of emulsified oily wastewater have
been released from petrochemical, steel, and other industrial processes in China, which
have caused severe environmental pollution in water ecosystems [1–3]. The conventional
treatment technologies for emulsified oily wastewater include chemical demulsification,
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air flocculation, and biochemical treatment methods. Microfiltration (MF) membranes are
commonly utilized for separating emulsified oily wastewater treatment due to their short
separation time, low energy consumption, high efficiency, lack of additional chemicals,
and convenient operation [4]. However, oil droplets frequently adhere to the hydrophobic
membrane surface, exacerbating membrane fouling and increasing separation difficulty [5,6].

Several studies have shown that hydrophilic and charged MF membranes can effec-
tively treat surfactant-stabilized emulsions (SSEs) [7–12]. Lin et al. [13] prepared a modified
PEI electrospun fiber membrane, and the positive potential point generates electrostatic
repulsion with the cationic surfactant molecules in the emulsion. The use of zwitterionic
polymers reduces the adhesion of the surfactant to the membrane, resulting in decreased
pollution and increased permeation flux. Zwitterionic polymers are also excellent materials
for surface hydrophilization [14–17], and previous research has indicated that negatively
charged zwitterionic-modified blended MF membranes show potential for treating SSE
with excellent separation performance [8,18–20]. Maggay et al. [21] prepared zwitteri-
onic PVDF membranes using a novel polymer made of styrene units and zwitterionic
4-vinylpyridine. The material exhibited exceptional anti-biofouling properties against vari-
ous biofoulants. Zhu et al. [22] prepared a zwitterionic PTMAO-grafted PVDF membrane
using the vapor-induced phase separation (VIPS) method. The results revealed that the
presence of zwitterionic segments on the membrane surface attracted water vapor, resulting
in a closely bound hydration layer on the membrane surface. This had led to strong oil
repellency in water [23].

Recently, it has been shown that VIPS offers significant advantages in regulating
membrane morphologies. This is due to the slower kinetics of the gaseous phase and
non-solvency during the phase separation of the membrane [24,25]. This provides control
over the phase separation process by adjusting the polymer concentration, vapor exposure
time, and temperature [26–28]. Poly(vinylidene fluoride) (PVDF) has been widely used
to prepare MFs for oil/water emulsions [29,30] due to its ability to achieve high porosity
(>70%). For example, Chen et al. [31] reported a novel approach for regulating the pore
structure of MF membranes via lowering the solution temperature. The results showed
that elevating the temperature facilitated the formation of cell-like pores, resulting in an
ultrahigh flux of 3028 LMH bar−1. Nevertheless, the use of VIPS for MF membranes still
presents practical challenges related to the regulation of pore structure, achieving optimal
demulsification efficiency, and improving antifouling performance [27].

In our previous study, we regulated the structure and performance of a UF membrane
derived from Tröger’s base (TB) by blending different contents of zwitterionic TB (ZTB).
The results suggested that the zwitterionic TB polymer enhanced the permeability and
antifouling performance of the UF membrane [32]. This work investigated the potential
applications of a TB polymer-based MF membrane via VIPS. This work explored the effects
of the molar ratio of TB and ZTB, temperature, and vapor exposure time on the membrane’s
morphology, including porosity and pore size. The surface charge and hydrophilicity
of the membrane surface were easily controlled. The hydrophilicity, surface roughness,
and morphology of the membrane surface and cross-section were studied by using water
contact angle (WCA), atomic force microscopy (AFM), and scanning electron microscopy
(SEM). The performance of surfactant-stabilized emulsions, in terms of membrane per-
meability, rejection, and antifouling performance, were also analyzed. Additionally, the
demulsification mechanism was examined. This work aims to enhance the demulsification
and antifouling performance of MF membranes by blending TB and ZTB to fabricated
zwitterionic MF membranes.

2. Results and Discussion
2.1. MF Membrane Morphology

In the VIPS method of preparation, it is notable that when the cast membrane is
exposed to controlled humidity for a specific duration, the upper surface undergoes al-
teration due to the absorption of water vapor droplets, while the integrity of the majority
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of the polymeric cast film remains unaffected. Following precipitation in a coagulation
nonsolvent bath, the changes observed extend throughout the entirety of the resulting
membrane. Thus, the precise control of the conditions during the initial phase separation in
the humid chamber impacts the formation pattern, surface pore size, and overall structure
of the membrane. Water vapor droplets in a humid environment can leave distinct marks
on soft membrane surfaces due to their high mobility and ability to deform the surface.
The intensity of these marks can result in various morphologies depending on the specific
conditions present. During VIPS membrane formation, due to the strong interactions
between the solvent (NMP) and water vapor, when the water vapor enters the polymer
solution, the surface layer of the membrane quickly precipitates. Either initial pores on the
polymeric membrane or a coagulated surface could form. A thin layer of gel then forms,
hindering the exchange of solvent and non-solvent, inhibiting the formation of macrop-
ores in the membrane and causing rough and uneven sponge-like holes to appear on the
surface [31,33–35]. Similar results have been obtained in the preparation of high-strength
PVDF porous membranes with a cellular structure via VIPS. The findings demonstrate that
the membrane’s pore size exhibits variability in response to exposure duration, temperature
fluctuations, and additional environmental parameters [36]. The surface and cross-sectional
SEM images of the M0–M7 membranes were observed and are shown in Figure 1, which
shows that the cross-section of the final MF membranes has a sponge-like structure. The
surface porosity (Ps), average surface pore size (rs), maximum surface pore size (rmax), and
top-layer thickness (T) of the membranes are summarized in Table 1. The Ps and rs of M0
(pristine TB) are 1.2% and 0.178 µm, respectively.
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Table 1. The surface porosity (Ps), average surface pore size (rs), maximum surface pore size (rmax),
and top-layer thickness (T) of the membranes.

Membranes Ps/% rs/µm rmax/µm T/µm

M0 1.2 ± 0.2 0.178 ± 0.002 0.462 ± 0.008 0.035 ± 0.004
M1 1.6 ± 0.1 0.203 ± 0.001 0.550 ± 0.039 0.030 ± 0.002
M2 2.9 ± 0.1 0.212 ± 0.008 0.660 ± 0.117 0.030 ± 0.005
M3 5.1 ± 0.1 0.247 ± 0.005 0.867 ± 0.070 0.025 ± 0.005
M4 3.9 ± 0.1 0.263 ± 0.006 0.963 ± 0.025 0.055 ± 0.011
M5 5.7 ± 0.4 0.278 ± 0.001 0.992 ± 0.209 0.036 ± 0.007
M6 4.0 ± 0.1 0.293 ± 0.001 1.311 ± 0.103 0.050 ± 0.012
M7 2.7 ± 0.1 0.214 ± 0.001 0.621 ± 0.035 0.021 ± 0.003

It was observed that the zwitterionic polymers significantly influenced the surface
porosity. The surface porosity of the M0 membrane was 1.2 ± 0.2%, while that of the
blended MF membranes gradually increased to 5.1 ± 0.1%, which was 1.4–4.4 times that
of M0. The average surface pore size of M0 was 0.178 ± 0.002 µm, and the pore size in
the blended MF membrane increased from 0.203 ± 0.001 µm to 0.247 ± 0.005 µm. This
occurred because the phase separation rate of the blended membrane was slower and the
hydrophilicity of the MF membrane gradually increased. As a result, more water vapor was
required to permeate into the membrane [32,37], and the porosity increased. The different
interactions of the hydrophilic ZTB and the hydrophobic Tröger’s base polymer during
the phase transformation led to a nanoscale microphase separation [38] and gave the MF
membranes a relatively uniform size [39]. Furthermore, Figure 2 shows AFM images of
the M0–M3 MF membrane surface, and Table 2 shows the average surface roughness (Ra)
and root mean square roughness (Rq) of the membrane surface. Ra and Rq of the blended
membranes increased with increasing numbers of ZTB polymers. Ra increased from
21.79 nm for M0 to 24.24 nm for M3, and Rq increased from 29.57 nm for M0 to 45.93 nm
for M3, which was 1.6 times that of M0. This indicates that the surface roughness of the
MF membrane gradually increased as the ZTB content increased. Previous studies have
also shown that delayed phase separation allows sufficient time for the rich/poor polymer
to grow before solidifying, resulting in a rough membrane surface [40] that improves
membrane permeability [7].
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Table 2. Average surface roughness (Ra), root mean square roughness (Rq), and interfacial free energy
(−GML).

Membranes Ra (nm) Rq (nm) −∆GML (mJ m−2)

M0 21.79 ± 2.22 29.57 ± 2.24 83.0
M1 22.38 ± 2.08 33.50 ± 3.34 95.9
M2 23.73 ± 3.35 34.76 ± 3.90 111.1
M3 24.24 ± 3.06 45.93 ± 1.25 118.1

Exposure time to solvent vapor has an important influence on membrane morphol-
ogy [35], which was investigated by comparing M2, M4, and M5 membranes. As the
te increased from 5 min to 10 min (M2), the amount of condensed water vapor on the
membrane surface increased, which decreased the mass transfer resistance (concentration
gradient) and the phase separation rate compared with the M4 membrane. Then, the pore
size became smaller, and the pore size distribution was narrow [41]. When te continued to
increase to 15 min (M5), the pores connected to each other to form larger pores. The slow
penetration of the non-solvent may have caused this, with delayed phase separation con-
trolling the lean phase of the polymer and contributing to the formation of highly porous
membranes [9]. When exposed to humid air, the polymer membrane experienced water
vapor condensation on its surface, resulting in slight phase separation. Subsequently, upon
immersion in the coagulation bath, the top layer solidified rapidly, inhibiting the exchange
of solvent and non-solvent, resulting in the disappearance of the dense top layer [25,37].
When te = 5 min (M4), there were insufficient condensed water droplets to form a gel layer,
but the absorbed water served as the foundation for pore formation, thus promoting phase
separation in the coagulation bath and the formation of macropores [42–44]. Prolonged
exposure facilitated the crystallization process, which led to the development of a porous
skin and particle morphology. This, in turn, enhanced the surface hydrophobicity [28].

M2, M6, and M7 MF membranes were compared to explore the effects of exposure
temperature. A higher temperature shortened the polymer’s gel time, preventing water
vapor from infiltrating the solution [45]. At 30 ◦C (M6), the structure of finger and sponge
pores underwent a phase transition, resulting in the formation of a thick surface layer and
large cross-section pores due to the movement rate of the water molecules. Nevertheless, the
rate of movement of the water vapor molecules accelerated when the temperature reached
50 ◦C. The formation of a gel layer on the membrane surface resulted in a decrease in the
rate of phase separation. This, in turn, led to the formation of a thin epidermal layer and a
reduction in the number of cross-section pores. At 80 ◦C (M7), the system’s thermodynamic
instability was worsened by higher temperatures, causing the phase transformation to
accelerate more than the delayed phase separation effect of the ZTB polymer. The growth
time of the polymer lean phase decreased, and the interaction time of the polymer chain also
decreased. The structure of the MF membrane transitioned from a bicontinuous sponge-like
structure to a sponge structure over time.

2.2. Hydrophilicity of MF Membrane

Previous studies have demonstrated that the hydrophilization and charge of the
membrane surface can enhance the demulsification and antifouling performance of oil-in-
water emulsions. This prevents foulants from adhering to the membrane due to significant
steric hindrance [10,46]. Therefore, the wettability of membranes used for separating oil-in-
water emulsions is a critical property [47]. The WCAs of membranes with different ZTB
polymer contents are shown in Figure 3. The results show that the static WCA of the TB
membrane (M0) was 81.1◦, while that of membranes M1–M3 decreased to 69.72◦, 54.81◦,
and 46.32◦, respectively, upon increasing the ZTB polymer content from 1.0 wt% to 3.0 wt%.
Similarly, −∆GML (Table 2) increased from 83.0 mJ m−2 for M0 to 118.1 mJ m−2 for M3.
Therefore, adding the ZTB polymer significantly improved the hydrophilicity of the MF
membrane [32].
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2.3. Zeta Potential of Oily Wastewater and MF Membrane

SDS is an anionic surfactant that exhibits a negative charge in PBS solution (pH 7.4),
resulting in a zeta potential of −55.5 mV when added to emulsified oily wastewater. The
zeta potential values of the M0–M3 MF membranes in the pH range of 3.0–10.0 are shown
in Figure 4. The hydrophilic MF membrane with zwitterionic properties displayed varying
surface zeta potential values. The M0 membrane surface exhibited a negative charge within
the pH range of 4.0–10.0 with a zeta potential of −3.1 mV to −41.3 mV because of the
protonation of the tertiary amine groups of TB under acidic conditions, which increased
the positive charge density on the membrane surface [48]. After the addition of the ZTB
polymer, the isoelectric point of the membrane gradually tended to electrical neutrality.
–SO3H remained uncharged, and the quaternary amine group showed a positive charge
(–C–N+) under acidic conditions. The –SO3H group was negatively charged, and the
quaternary amine group was neutral under alkaline conditions. The negatively charged
membrane surface indicates that the introduction of a zwitterionic polymer weakened the
electronegativity, in accordance with our previous report [14]. We also found that the zeta
potential of the M3 membrane was slightly lower than that of the M2 membrane but still
higher than that of the M0 membrane because the reaction consumed the tertiary amine
groups on the membrane surface.
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2.4. Penetration and Rejection Performance

Three cycles of membrane performance measurement experiments were conducted
using a cross-flow filtration system to assess the impact of ZTB addition, exposure time,
and temperature on the permeability and rejection performance of the MF membranes.
Figure 5 displays the flux and rejection rates of membranes fabricated using different
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parameters. The water flux of the M0 MF membrane reached 1634.34 LMH bar−1, but
after adding the ZTB polymer, the water flux gradually increased from 1703.44 LMH bar−1

for M1 to 1872.97 LMH bar−1 for M3. The membrane’s surface porosity and pore size
gradually increased, indicating that the ZTB polymer content could modulate the mem-
brane’s microstructure, which, in turn, altered its permeability. The rejection rate of M0 for
SSE was 61.47%, while that of M1–M3 was 99.67%, 99.53%, and 87.19%, respectively. The
blended MF membranes exhibited significantly improved rejection rates for emulsified oil
wastewater while maintaining high penetration. Additionally, they effectively separated
emulsified oil droplets from solutions containing surfactants.
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Figure 5. Flux and rejection rates of membranes fabricated using different parameters.

This study investigated the impact of exposure time and temperature on membrane
performance. The flux of the UF membrane (te = 0 min) was significantly lower than that of
the MF membrane. The fluxes of M4 (5 min) and M5 (15 min) were slightly higher than
that of M2 (10 min), with rejection rates of emulsified oil droplets of 53.82%, 99.53%, and
57.55%, respectively. Different exposure times led to different membrane structures, and
the pore size distribution ranges of the M4 and M5 blended MF membranes were larger
than that of the M2, but the emulsified oil droplet particle size range was between 0.171 µm
and 0.266 µm. Therefore, the oil droplets were able to pass through the membrane pores
easily, resulting in a significant reduction in the rejection rate of emulsified oil. The fluxes
of M2, M6, and M7 were 1138.76 LMH bar−1, 1748.61 LMH bar−1, and 1097.49 LMH bar−1,
respectively. The SSE rejection rates of all the membranes were above 99%. The fluxes of
the M6 and M7 membranes were lower than that of the M2, which might be due to the
higher membrane surface thickness (1.311 µm) and lower surface porosity. The water flow
through the membrane was restricted due to the large hydraulic resistance.

2.5. Antifouling Performance of Membranes

The effectiveness of membranes in separating oil-in-water emulsions depends criti-
cally on their antifouling performance [49]. FRR, Rt, Rr, and Rir are important indicators
for judging the antifouling performance of a membrane. Figures 6 and 7 illustrate the
pure water flux and antifouling performance of membranes when using emulsified oil,
respectively. The FRR value of M0 was 57.5%, while the FRR values of the M1–M3 MF
membranes exceeded that of M0. The FRR value of the M2 membrane was the highest
(76.4%). The Rir of the M1–M3 MF membranes slightly decreased upon increasing the ZTB
content, and the Rir of M2 reached the lowest value (23.6%). This demonstrates that adding
the ZTB polymer improved the hydrophilicity of the membrane surface. Therefore, the FRR
of the membrane rose significantly, and the antifouling performance was enhanced after
washing with a NaOH solution (0.05 M) and distilled water. The FRR value of the M3 MF
membrane decreased because it had the largest ZTB content, which may be due to the large
increase in surface porosity and having the largest pore diameter on the membrane surface.
During the cleaning process, it was difficult to remove blockages from the membrane
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surface due to the accumulation of large oil droplets that passed through the membrane
pores. The FRR values of the M4 and M5 MF membranes were 69.32% and 65.86%, and
their Rir values were 30.68% and 34.14%, respectively. This confirmed that the antifouling
performance of the membrane was directly related to the VIPS exposure time. At te = 0 min,
the pore size of the membrane was smaller than the emulsified oil’s particle size, resulting
in the emulsified oil forming a filter cake layer on the membrane surface. This caused a
sharp decrease in the membrane flux, an increase in irreversible fouling, and a decrease in
reversible fouling. The M2 MF membrane exhibited mainly reversible fouling because of
its small average pore size.
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The antifouling performance of the M2, M6, and M7 MF membranes was analyzed
to investigate the influence of exposure temperature. This study aimed to determine how
exposure temperature affects the performance of the membranes. The FRR value of M6
was 73.0%, which was slightly lower than that of M2. The FRR value of M7 decreased
to 2.6% due to a decrease in the resistance of water vapor diffusion into the film-forming
solution when the temperature rose to 80 ◦C. The membranes that were prepared at
higher temperatures formed cellular structures, while the polymers became denser and
finer [33,40,50]. The oil particles in the wastewater were transported by external pressure
and penetrated the support sublayer of the membrane through pores on its surface. This
internal structure of the polymer was reached by the oil particles. They partially obstructed
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the spaces between polymer chains. Therefore, when cleaning the membrane, only oil
particles on the surface layer of the membrane could be removed, while those between the
deep layers of the polymer chains could not be removed. This ultimately made it difficult
to continuously filter water, thus obtaining an extremely low FRR value and extremely
high Rr value.

2.6. Possible Antifouling and Demulsification Mechanism

The previous literature on the permeate flux and oil rejection of oil–water separation
membranes is summarized in Table 3. Generally, the pore size, surface wettability, surface
charge, and membrane structure of membrane materials play a crucial role in selective
separation and demulsification using membranes. The blended MF membranes containing
ZTB demonstrated highly effective performance in demulsifying emulsified oily wastew-
ater. The possible demulsification mechanism is suggested in Figure 8. The hydrophilic
and charged membrane surface resulted in size screening and wetting coalescence effects,
which contributed to the high separation and anti-fouling performance of the emulsified
oily wastewater [4]. The zwitterionic polymer combined with water molecules to form a
hydration layer by solvating ionic groups. As a result, the aqueous phase in the emulsified
oil wastewater wets and spreads preferentially on the membrane’s surface and pores. The
hydration layer was established by the permeation of the interior, which enhanced the
membrane’s antifouling performance. Under pressure, the aqueous phase penetrated the
membrane pores, while collisions and squeezing between oil droplets deformed them
simultaneously [51]. Moreover, the zwitterionic polymer endowed the membranes with
a surface charge that destabilized emulsified oil and prevented oil from adhering to the
membrane surface due to electrostatic repulsion. The molecules of the emulsifier at the
membrane interface were partially removed or rearranged due to electrostatic repulsion.
This facilitated the coalescence of the oil droplets. The large oil droplets in the emul-
sion underwent demulsification due to a gradual change in particle size and formed free
oil droplets.

Table 3. Previous literature on the permeate flux and oil rejection of oil–water separation membranes.

Membrane
Material/Fabrication Oil/Surfactant Content

Driving
Force
(bar)

Separation
Efficiency

(%)

Flux
(LMH bar−1)

Flux
Recovery
Rate (%)

Refs

PVDF
(VIPS + TIPS/VIPS + NIPS) SDS:oil = 1:6 (w/w) 0.2 / ~3028 ~77% [31]

PSF(VISP) SDS:oil = 1:99 (w/w) 0.2 ~98.48 ~501.89 ~49.57% [52]

PPSU/SPSf (V-LIPS) Water:oil = 1:99 (w/w) 0.2 99.5–99.5 508.4~414.1 / [53]

PVDF-co-HFP(VIPS) oil/water = 1% (v/v) 1.0 99.5% 600 / [54]

PVDF/PHEMA
(VIPS) 20 mg SDS + 10 mL oil + 990 m water 1.0 99.1%

(crude oil)
1866 ± 162
(pump oil) / [55]

zwitterionization PVDF(VIPS) oil/water = 1:99 (w/w) 0.5 99.0% 180–240 [27]

tannic acid deposited onto
PVDF MF membrane

Tween-80 +
2-dichloroethane/hexane/iso-octane and

water (v/v/v = 1:50:0.02)
0.8 98% 38 ± 13~401

± 97 84 [56]

PMCSMA grafted PES MF
membrane Span-80 (4000 mg/L) + Kerosene (50 mg/L) 0.25 99.5% 43 / [1]

Polydopamine/polyelectrolyte
co-deposited onto PP MF

membrane
SDS(1000 mg/L) + Oi/waterl (v:v = 1:5/) / 99% 0.65 / [57]

Zwitterionic Tröger’s
base/VISP SDS(50 mg/L) + Cutting oil(50 mg/L) 0.1 99% 1328 74% This

work
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3. Materials and Methods
3.1. Materials and Chemicals

Dimethoxymethane (98.0%), 3,3′-dimethylbiphenyl-4,4′-diamine (98.0%), o-xylidine
(98.0%), N-methyl-2-pyrrolidone (NMP, >99.0%), trifluoroacetic acid (TFA, 99.0%), and
1,3-propane sulfonic acid lactone (99%) were obtained from Aladdin Industrial, Co. Methanol
(CH3OH, >99.7%), ammonia (NH4OH, 25–28%), chloroform (CHCl3, >99.0%), diethyl ether
(C4H10O, >99.5%), sodium dodecyl sulfate (SDS), and sodium hydroxide (NaOH) were
purchased from Chinese Medicine Co. (Shanghai, China) The chemicals were used in their
original state without additional purification. The relative humidity (RH) during the VIPS
process was achieved by adding water vapor to the membrane formation chamber.

3.2. Preparation of MF Membranes

The synthesis and characterization of ZTB is described in our previous work [32]. All
MF membranes were prepared using the VIPS method. A typical preparation process is
illustrated in Figure 9. The compositions and preparation conditions of the casting solution
was listed in Table 4. Briefly, TB and ZTB polymers were added in a fixed molar ratio to
8.2 g NMP and stirred continuously at 25 ◦C for 12 h until dissolved completely. Then,
they were defoamed in a vacuum-drying oven at 60 ◦C for 3 h to form a uniform casting
solution. The obtained solution was poured onto a clean glass plate, and a scraper was used
to generate a film with a thickness of 200 µm at a speed of 1.5 m min−1. After exposure
to humid air for 10 s, the film was transferred to a constant temperature and humidity
chamber with a relative humidity (RH) of 90%. Then, it was placed into deionized water at
25 ◦C until completely exfoliated from the glass plate. Subsequently, the membrane was
kept in deionized water for 48 h and it was replaced regularly to completely remove any
NMP solvent remaining on the membrane.

Table 4. Compositions and preparation conditions of the casting solution (constant RH = 90%).

Membranes

Composition Temperature of VIPS Chamber Exposure Time

TB
(wt%)

ZTB
(wt%)

NMP
(wt%)

Tv
(◦C)

te
(min)

M0 18 0 82 50 10
M1 17 1 82 50 10
M2 16 2 82 50 10
M3 15 3 82 50 10
M4 16 2 82 50 5
M5 16 2 82 50 15
M6 16 2 82 30 10
M7 16 2 82 80 10
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3.3. Membrane Characterization

The hydrophilicity of the membrane surface was assessed according to its water contact
angle (WCA; OSA60, Beijing Eastern-Dataphy Instruments Co.). At ambient temperature,
5 µL water droplets were dropped onto the membrane surface. After 10 s, images of the
droplets were taken with a camera, and the WCA was calculated using imaging software.
The average value was calculated by measuring five different positions on the membrane,
and the membrane’s liquid interface’s free energy −∆GML (mJ m−2) was calculated using
the modified Young–Dupré equation to measure its surface wettability [11,58], as shown in
Formula (1).

∆GML = γL(1 +
cos θ

1 + SAD
) (1)

where γL is the surface tension of water (72.8 mJ m−2, 20 ◦C); θ is the average WCA; and
1 + SAD (a roughness area parameter) is the ratio of the actual area to the geometric area of
the membrane surface.

Atomic force microscopy (AFM; Bruker Dimension Edge) was used to measure the
surface roughness of the membrane. The average roughness (Ra) and root mean square
roughness (Rq) of the membrane were measured from the AFM images of three different
positions on the membrane surface using Gwyddion 2.48 software. The morphology and
surface and cross-sectional structures of the membranes were observed by SEM (S-4800).
Before observations, all membrane samples were sputtered with gold. The membrane
samples were frozen and made brittle using liquid nitrogen to obtain a flat membrane
cross-sectional structure. The average pore size and porosity of the membrane surface were
quantitatively calculated using ImageJ v1.48 software.

3.4. Simulated Stabilized Oil-in-Water Emulsions

Cutting oil (0.05 g) and 0.05 g anionic surfactant sodium dodecyl sulfate (SDS) were
added to a beaker and then ultrasonically mixed for 20 min. Then, the solution was stirred
for 36 h at 500 rpm until a 0.05 g L−1 uniform yellow emulsion was obtained. To avoid
suspension or separation of oil droplets during storage, the emulsions were configured
36 h before use. The size of the emulsified oil droplet was measured using a laser particle
sizer (Master 2000). The results in Figure 10 and Table 5 show that the size distribution
of the emulsified oil droplet was in the range of 0.171–0.266 µm, with a median average
particle diameter D50 of 0.209 µm. This indicated that the particle size range of the prepared
SSEW was narrow, and the overall oil droplet particle size was uniform.
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Figure 10. Particle size distribution of oil droplets in emulsions.

Table 5. Particle size distribution of emulsified oil droplets.

Emulsified Oil Droplet Size (µm) D10 D50 D90 D(3,2) D(4,3)

Feed liquid 0.171 0.209 0.266 0.208 0.214

3.5. Zeta Potential of the MF Membrane and Emulsified Oil

The zeta potential on the surface of the MF membrane was measured using a SurPASS
solid surface zeta potential meter (Malvern Zetasizer Nano ZS90, Hefei, China). At ambient
temperature, 1 mM KCl solution was employed as the electrolyte, and 5 mm HCl and
NaOH solutions were used to adjust the pH in the range of 3–10. The test pressure was
set to 30 kPa in terms of flowing current, and the two samples faced each other so that
the slit spacing was controlled to 90–110 µm. Tests were repeated twice in the left and
right directions. The zeta potential of emulsified oil wastewater was measured using a
nanoparticle size analyzer (ZS-90, Malvern, UK). A certain content of samples was dispersed
in deionized water (0.1 wt%), and ultrasonic oscillation was carried out for 20 min. The zeta
potential was measured three times. All experiments were reported as the average values of
three replicates.

3.6. Membrane Filtration and Antifouling Performance

The permeability, antifouling, and rejection performance of the MF membrane to the
emulsified oil were measured using a cross-flow filtration device. The effective membrane
area was 19 cm2. The MF membrane was pre-pressed with deionized water for 30 min at
a pressure of 0.15 MPa to obtain a stable pure water flux. Subsequently, the pressure was
reduced to 0.1 MPa, and filtration was continued for 30 min to obtain the initial pure water
flux of the membrane. Then, emulsified oil wastewater was treated as the feed liquid for
1.0 h. After that, the membrane was washed with 0.05 M NaOH solution for 5 min, and
then deionized water for 25 min to remove residual NaOH. The membrane was filtered
again with deionized water for 30 min to test the pure water flux recovered. The membrane
flux J (LMH bar−1) was calculated using Formula (2):

J =
m

ρA △ t
(2)
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where m (kg) is the mass quality of infiltration water, A (m2) is the effective membrane
surface area, ρ is the density of water (1.0 × 103 kg m−3), and ∆t (h) is the filtration time.
The BSA rejection rate R (%) of the membrane was calculated according to Formula (3):

R =

(
1 − Cp

C f

)
× 100% (3)

where Cf is the BSA concentration in the original solution, mg L−1, and Cp is the BSA con-
centration in the solution after penetration, which was measured in terms of the absorbance
at 278 nm using ultraviolet–visible (UV–vis) spectrophotometry.

The antifouling performance of the emulsified oil wastewater of the membrane was
expressed by the flux recovery rate (FRR; %), as shown in the Formula (4):

FRR =
Jwc

Jwv
× 100% (4)

where Jwv (LMH bar−1) is the initial stable pure water flux and Jwc is the recovered water
flux after filtering the emulsified oil wastewater.

The reversible fouling ratio (Rr), irreversible fouling ratio (Rir), and total fouling ratio
(Rt) were calculated using Equations (5)–(7): [59]

Rt =

(
Jwv − JF

Jwv

)
× 100% (5)

Rr =

(
Jwc − JF

Jwv

)
× 100% (6)

Rir =

(
1 − Jwc

Jwv

)
× 100% (7)

where JF is the emulsified oil solution flux.

4. Conclusions

Membranes made from various TB/ZTB ratios were prepared using VIPS and utilized
to separate emulsified oil wastewater. The relationships between membrane performance
and various preparation parameters were investigated. The blended ZTB/TB MF mem-
branes with zwitterionic properties demonstrated excellent hydrophilicity, high rejection
rates, and a high antifouling performance when used for emulsified oil wastewater treat-
ment. The hydrophilicity of the MF membrane gradually decreased upon increasing the
ZTB content. The cross-sectional structure of the MF membrane exhibited a spongy bicon-
tinuous structure resulting from the delayed phase separation mechanism during VIPS.
Additionally, the blended MF membranes exhibited a significantly greater surface porosity
and average surface pore diameter compared with the pristine TB MF membrane. Interac-
tions between foulants and the membrane surface could be fine-tuned by regulating the
surface charge and hydrophilicity in a synergistic manner, which can prevent irreversible
fouling. This study demonstrates the potential for the development of high-performance
MF membranes in the treatment of emulsified oily wastewater.
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