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Preface

Surface and interface engineering are among the most efficient strategies to develop innovative
and advanced catalytic materials. A prerequisite for this is a fundamental understanding of the
structure—performance relationships at the (near-) atomic scale; these, however, remain a formidable
challenge due to the complexity of heterogeneous catalytic processes. Recent progress in nanosynthesis
with uniform and well-defined structures, fine-tuning engineering strategies (size/shape control),
advanced characterization techniques, and theoretical calculations have offered unique opportunities
to improve the fundamental understanding of surface and interface phenomena, which in turn
could pave the way for the rational design of novel electro-catalytic systems. Herein, this Reprint
involves some comprehensive studies on surface and interface functionalization in electro-catalysis,
with an emphasis on the use of advanced synthesis/modification routes and characterization
techniques, aiming to unravel the role of surface and interface sites and the establishment of reliable

structure—property relationships.

Michalis Konsolakis and Irene Groot
Guest Editors
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Impact of Impregnation pH on NiMo Surface Species in
Al;O3-Supported Catalysts for Green Diesel Production
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and Alfredo Guevara-Lara **
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Madero, Ciudad Madero 89600, Tamaulipas, Mexico; rebeca.sr@cdmadero.tecnm.mx

*  Correspondence: aclopezb@ipn.mx (A.L.-B.); guevaraa@uaeh.edu.mx (A.G.-L.)

Abstract: Green diesel is a high-quality biofuel obtained through the transformation of
triglycerides into linear alkanes. In order to obtain green diesel, this study investigates
the impact of impregnation pH on the surface species of NiMo/Al,O3 catalysts in the
hydroprocessing of soybean oil. NiMo catalysts supported on Al,O3; were synthesized at
different pH values (pH = 7 and 9). In the oxide state, solids were characterized by UV-Vis
diffuse reflectance, Raman, and FT-IR spectroscopies, and, in the sulfide state, they were
characterized by HR-TEM. The results show that the pH of impregnation significantly
determines the surface species formed. An impregnation at pH =7 favors the formation
of Ni%* (On) and Niz+(0h_dis) interacting with non-crystalline molybdenum trioxide, while
the formation of Ni%*/Al,O3, Niy., (Oh-dis) and MoOj species is favored at pH = 9. These
surface species play a fundamental role in the hydrogenolysis and deoxygenation steps.
Catalyst impregnated at pH = 7 shows higher activity due to the formation of shorter MoS;
slabs. This study emphasized the importance of controlling impregnation conditions for
optimizing catalyst performance.

Keywords: green diesel; surface species; biodiesel; hydroprocessing; supported catalysts

1. Introduction

Biofuels represent a promising solution to meet the increasing global energy de-
mand [1]. Recently, biofuels derived from biomass have gained significant attention, as
biomass is an energy source capable of replacing fossil fuels [2,3]. Additionally, biomass is
a renewable and sustainable resource [4]. Green diesel has gained recognition as one of the
most advantageous biofuels because of its higher oxidative stability, high cetane number,
energy density, and reduced corrosiveness [5,6]. Green diesel is a mixture of hydrocarbons
that is chemically identical to petroleum diesel [7,8]. It is considered a high-value-added
product because it can exhibit similar, or even superior, properties compared to fossil
fuels [9,10].

Biofuel is typically produced through the transesterification of vegetable oils [11].
However, this process generates large amounts of glycerol, which can impact the quality
of the final product [12]. The hydroprocessing of vegetable oils (HVO) can convert the

Surfaces 2025, 8, 21 1 https://doi.org/10.3390/surfaces8020021
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oils into linear chain alkanes, similar to those found in diesel fuels [13,14]. This process is
carried out using heterogeneous catalysts (usually NiMo or CoMo), in a hydroprocessing
reactor, at high hydrogen pressures (30-80 bars) and temperatures (320-410 °C) [15,16]. The
main goal of HVO is to convert triglycerides into products compatible with fuel supply and
storage systems. HVO proceeds through two consecutive reaction mechanisms shown in
Figure 1: hydrogenolysis (k;), which transforms triglycerides into fatty acids (e.g., palmitic
linolenic, linoleic, and oleic acids), and deoxygenation (kp), which converts these fatty acids
into linear hydrocarbons such as pentadecane, hexadecane, heptadecane, and octadecane

(C15—Cig) [17].

Fatty acids (FA) .
Soybean oil /ﬁ Green Diesel
C18H3402
RFA Oleic Acid
>:() H C;3H;,0,
0 o : \_ Linoleic Acid | H:
Eg_(RFA C,5H;,0,
>: Hydrogenolysis Linolenic Acid Deoxygenation
(0]
RFA k, C,H;,0, P
2

Palmitic Acid
Triglycerides N\ A

Figure 1. Mechanism of hydroprocessing of vegetable oil.

Alumina is a material widely employed as a support for catalysts because of its tex-
tural properties, high thermal stability, and moderate Lewis acidity. Catalysts such as
NiMo/v-Al,O3 and CoMo/vy-Al,O3 have been used in HVO reactions to obtain green
diesel [12]. Green diesel has been obtained using oils from palm [18], castor [19], colza [20],
jatropha [21], sunflower [12], and soybean [22]. In this regard, high-quality diesel can be
produced from sunflower oil using a NiMoS/vy-Al,O3 catalyst, as mentioned by Huber
et al. [12]. On the other hand, Liu et al. [23] reported that sulfurized NiMo catalysts sup-
ported on S5iO,-Al,O3 can produce pentadecane, hexadecane, heptadecane, and octadecane
from Jatropha oil. However, the quality of the resulting green diesel depends on the type
of vegetable oil used and the active phases formed on the catalyst [24]. Therefore, the
development of more active catalysts able to produce high-quality green diesel is necessary.

The development of more active catalysts largely depends on the precise control of
parameters during the catalyst preparation steps. The main steps include (1) preparation of
the impregnation solution; (2) impregnation, where species are deposited onto the support;
(3) drying and calcination; and (4) sulfurization [25]. In NiMo catalysts, the structure of the
Ni-Mo oxide precursors determines the formation of active or nonactive surface species
(such as NiAl,Oy) [26,27]. For this reason, proper interaction between superficial Ni and
Mo needs to be maintained in each step of catalyst preparation. This interaction can be
influenced by factors such as additives, salts, and the pH of impregnation [28,29]. The pH
plays a critical role in determining the type of Ni-Mo species deposited on the surface [30].
Nickel nitrate and ammonium heptamolybdate are commonly used to prepare the con-
ventional impregnation solution, where Moy0y,%~ /Ni?* (On) interaction predominates at
pH = 7, while the formation of MoO4?~ /Ni** oy interaction is observed at pH = 9 [31].
These different pH values enable the study of the different surface Ni-Mo interactions. The
surface species can be further modified after their deposition onto the support and during
the drying, calcination, and sulfidation steps.

In this work, the effect of impregnation pH on the Ni and Mo species deposited on
the surface was studied by synthesizing NiMo catalysts supported on Al,O3 sol-gel at
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pH =7 and 9. The solids were characterized after the drying, calcination, and sulfidation
steps to identify the surface species deposited on the support. The as-prepared catalysts
were evaluated in a hydrotreating reactor in the hydroprocessing of soybean oil. Finally,
the hydroprocessing results were correlated with the species formed as a function of the
impregnation pH.

2. Materials and Methods
2.1. Synthesis of the Support (SG)

The Al,O3 support was obtained through the sol-gel process. To achieve this, 0.1 mol
of aluminum isopropoxide (Sigma-Aldrich, >98%, St. Louis, MO, USA) was added to 0.18 L
of 1-propanol (Sigma-Aldrich, >99.5%, St Louis, MO, USA) and stirred until dissolved.
Then, 20 mL of deionized water was added to promote the hydrolysis and obtain the
xerogel. The xerogel was thermally treated at 393 K for 720 min and then at 823 K for
300 min (5 K min~!). This support is referred to as SG.

2.2. Synthesis of the NiMo Catalyst Supported on SG

Catalysts were synthesized applying the co-impregnation technique, employing an
aqueous solution of Ni and Mo to obtain a metallic content of 14 wt% of MoOj3 and 3.1 wt%
of NiO. For the impregnation with a solution at pH = 7, ammonium heptamolybdate
tetrahydrate (Sigma-Aldrich, >99.98%, St Louis, MO, USA) and nickel nitrate hexahydrate
(J.T. Baker, >99%, Phillipsburg, NJ, USA) were dissolved in deionized water. For the
impregnation with a solution at pH = 9, a solution of NH4;OH was used to adjust the
pH. The impregnated samples were thermally treated at 373 K for 240 min, followed by
treatment at 823 K (5 K min~!) for 240 min. Catalysts were activated by sulfidation at
673 K for 240 min in a continuous reactor and a gas flow of 3.5 x 1072 L/min (Py, = 684
mmHg and Pp,5 = 76 mmHg). The catalysts were labeled NiMo/SG7 and NiMo/SG9
for the samples impregnated at pH =7 or 9, respectively. The endings -D, -C, or -S were
employed to denote dried, calcined, or sulfided samples, respectively.

2.3. Characterization Techniques

Samples were analyzed through zeta potential technique (Malvern Zeta90 instrument,
Malvern Instruments, Worcestershire, UK). For this purpose, 10 mg of catalyst was sus-
pended in 0.1 L of an aqueous electrolytic solution (0.01 mol L~ NaNO3) and treated
with ultrasound for 20 min. For N, physisorption analysis (ASAP 2020 Micromeritics
instrument, Norcross, GA, USA), samples were thermally pretreated at 573 K for 240
min under vacuum at P = 3 x 107> mm Hg. Additionally, the solids were character-
ized by UV-vis diffuse reflectance spectroscopy using an integration sphere coupled to a
spectrophotometer (Lambda 35 PerkinElmer, Waltham, MA, USA), with data presented
using the Kubelka-Munk expression as reported previously by [25]. FT-IR (PerkinElmer
frontier apparatus with ATR, Waltham, MA, USA) and Raman (BWTEK iRamanPlus
spectrometer, B&W TEK, Newark, DE, USA, equipped with an HQE-CCD detector, 532
nm laser, and microscope) spectroscopies were also conducted. Sulfided catalysts were
characterized through high resolution electronic microscopy (Thermo Fisher Tecani G2
microscope, Thermo Fisher Scientific, Eindhoven, The Netherlands, 300 kV). For statistical
analysis, 10-12 micrographs (2.356 x 101> m? each) from several regions of the samples
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(700 counted particles) were analyzed. The average stacking number was obtained by
Equation (1) and the average slab length was obtained by Equation (2) as follows:

— ZT,L n:S:

N = l;l <1 (1)
i=1Mi

= Yhiml

[ ===1"1 2

where S; represents the stacking number, /; is the length of the MoS, slab (both determined
from micrographs), and n represents the number of particles measured within a stacking
number of index i.

2.4. Catalytic Evaluation

HVO tests were performed in a microreactor of the fixed-bed type. For this, 0.1 g of
the sulfided sample was packed between two beds of inert Al,O3 (Sigma Aldrich, 99%,
St Louis, MO, USA). A liquid stream of 6.7 x 107°Ls! (10 wt% soybean oil and 0.05 wt%
dimethyl disulfide (Sigma-Aldrich, >99%, St Louis, MO, USA) dissolved in n-heptane
(Sigma-Aldrich, 99%) and a hydrogen (INFRA, 99.9%) gas stream of 5.8 x 10™* L s~ were
mixed and fed to the reactor. Catalytic evaluation was conducted at 40 bar H, and 390 °C for
720 min to achieve stable activity. Reactions aliquots were analyzed via FI-IR (PerkinElmer,
Frontier, Waltham, MA, USA) and gas chromatography (PerkinElmer, Autosystem XL,
Shelton, CT, USA). The quantification of triglyceride and fatty acid concentrations was
calculated following the procedure reported by Rivera-Guasco [17].

The hydrogenolysis constant rate (k;) was calculated using Equations (3) and (4)

as follows:
X1 = TgO B Tgx (3)
! Tgy
___k
b= =gt x) )

where x; represents the triglycerides conversion, Tgy the initial molar concentration
(mol L™1) of triglycerides, Tg, the molar concentration (mol L™1) of triglycerides, Fy
the initial molar flow (mol s~1) of triglycerides, and . the catalyst mass (g).

The deoxygenation constant (k») was determined using Equations (5) and (6) as follows:

~ FAp— FAx
Xy = Tﬁ) ®)
Fr,
ky = ——2In(1—
2 moFAq n(l—xy) (6)

where x, represents the fatty acids conversion, FAg the initial molar concentration (mol L~1)
of fatty acids, FAx the molar concentration (mol L1 of fatty acids, and Ff, the initial molar
flow (mol s~1) of fatty acids.

A commercial NiMo/Al,O3 catalyst served as the reference for catalytic activity:
MoOj3 content = 14 wt% NiO content = 3 wt%, Vp = 0.48 cm® g~1, and specific surface
area =250 m? g~ 1.

In the green diesel obtained, the selectivity of hydrocarbons (S;) was calculated as follows:

Aj

SIS YA

@)
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where A; is the area of the peak corresponding to the obtained i alkane (n-Cyg, n1-Cq7, n-Cyg,
or n-Cis).

3. Results
3.1. Surface Characterization

The Al,O5 support was characterized by using zeta potential and N, physisorption,
and the results are shown in Figure 2. The amphoteric character of the Al,O3 surface
was analyzed by the zeta potential, Figure 2a. A zeta potential value of zero indicates
equilibrium between the solution charges and the surface charge of the support [32]. At pH
values between 2 and 7, the positive zeta potential values observed indicate that the Al,O3
surface possesses a positive charge (Al-OH?*) in the presence of an acidic solution (H*). At
pH values between 8 and 12, the negative zeta potential values indicate that the surface
becomes negatively charged (AI(OH)?~ or AIOO™) due to the presence of OH™ ions from
the solution [31,32]. The net surface pH of the Al,O3 support is 7.8, as shown in Figure 2a.
This value is comparable to the one reported by [33]. Based on this, it is suggested that
in an impregnation solution at pH = 7, the Al,O3 surface is positively charged, allowing
interaction with the negative ions in the solution. In contrast, in an impregnation solution
at pH =9, the surface is negatively charged, favoring interaction with the metallic cations
in the solution.

40 1200
30 ] 1000 -
~ 20 <
> 20 ) 800 -
£ ME
= 10 1 £
2 = 600
é 0 ; =
) ] ]
& 10 ] 2 3 4 5 6 7 % 400
g pH >
N -20 - 200 -
-30 1 0 ' . ' . . ' . . ,
40 0.0 01 0.2 03 04 05 0.6 0.7 08 09 1.0
P/P°
(a) (b)

Figure 2. Al,O3 surface characterization: (a) zeta potential curve; (b) N, physisorption isotherm.

Figure 2b shows the N, physisorption results of the Al,O3 sol-gel. The isotherm
presents a type IV profile and an H1 hysteresis loop, usually associated with mesoporous
solids composed of cylindric channels or agglomerates of spheroidal particles [34]. From
the adsorption isotherm, the following textural properties were obtained: porous diameter:
18 nm, porous volume: 1.7 cm?/g, and specific surface area: 377 m?/g.

3.2. Catalyst Characterization at the Oxide State
3.2.1. UV-Vis DRS Analysis

Alumina was impregnated with two solutions at pH = 7 and 9 to examine the interac-
tions between Ni, Mo, and the alumina surface. The solution at pH = 7 mainly contains
a mixture of heptamolybdate ions (Mo0704%7) and Ni complexes with octahedral local
symmetry [Ni%*60?~], located between 650 and 756 nm, and commonly referred to as
Ni?* (on). On the other hand, in the solution at pH =9, the predominant species are MoO4*~
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and nickel with tetrahedral local symmetry [Ni2+40?%], located at 623 nm, referred to as
Ni%* (rq) [27,31].

Figure 3 shows the UV-vis DR spectra of the catalysts after the drying and calcination
steps. The alumina support shows no bands. A broad band with a maximum at 300 nm
is observed in the NiMo/SG7-D catalyst, corresponding to the O~ — Mo®* charge trans-
fer [35], Figure 3a. The band at 370 nm corresponds to the surface species [NiZ*6H,0] [36].
The 650 nm band is related to the Ni** oy, surface species. According to the zeta poten-
tial results at pH = 7, the alumina possesses a positive surface charge (+2 mV), which is
sufficient for the deposition of ions.

After calcination, the NiMo/SG7-C solid exhibits bands at 320 and 360 nm, correspond-
ing to the O~ — Mo®* charge transfer, while the band at 390 nm can be associated with the
Ni2t/Al,O4 species formed from the calcination of [Ni%*6H,0]/Al,O5 [35-37], as shown
in Figure 3a. The formation of nickel with octahedral distorted symmetry, Niz+(oh_dis), is
indicated by the presence of bands at 720 and 820 nm. These bands can be associated
with the Ni-Mo interaction [31,32]. For the impregnation at pH =9, alumina shows a zeta
potential value of —10 mV (Figure 2), indicating that the surface is negatively charged with
AI(OH)?~ or AIOO~ species.

Figure 3. UV-vis diffuse reflectance spectra of (a) NiMo/SG7; (b) NiMo/SG9 catalysts, dried and
calcined samples.

The RD-UV-vis spectrum of the NiMo/SG9-D catalyst shows a band at 290 nm due
to the O*~ — Mo®" charge transfer (Figure 3b). The band at 402 nm corresponds to the
NiZ* /Al O; spinel, which is favored by the presence of AI(OH)?~ or AIOO™~ surface species.
The band at 680 nm is associated with N12+(Oh). The calcined catalyst NiMo/SG9-C shows
an intense band with a maximum of 336 nm, as shown in Figure 3b. This band can be
attributed to both the 0>~ — Mo®" charge transfer and the Ni** / Al,O3 spinel. The bands
at 750 and 820 nm suggest that the Niz+(0h_dis) interacts with Mo species [38,39].

3.2.2. FT-IR Analysis

In the supported metal oxide catalysts, spectroscopy analysis provides complemen-
tary information regarding the surface species formed [40]. FI-IR spectroscopy allows the
analysis of the vibrational modes associated with chemical interactions within the catalyst
structures [41], particularly the vibrations of the terminal Mo=0 and bridging Mo-O-Mo.
The FT-IR spectra of the NiMo/SG7 and NiMo/SG9 catalysts after the drying and calcina-
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tion steps are shown in Figure 4. All catalysts show a band at 540 cm ™!, associated with

the vibrations of Mo-O-Mo bridges [42]. Additionally, all samples exhibit a wide band
between 820 and 1000 cm ™1, which is associated with the Mo=0 and Mo-O vibrations of
surface metal oxide species [40]. Both dried samples, NiMo/SG7-D and NiMo/SG-9-D,
exhibit two broad bands at 1320 and 1410 cm ™!, corresponding to ionic nitrates from the
precursors [43]. After calcination, these bands are no longer detected in the NiMo/SG7-C
and NiMo/SG9-C samples.

3.2.3. Raman Analysis

Catalysts were also characterized by Raman spectroscopy, as shown in Figure 5. The
NiMo/SG7-D catalyst shows a band at 942 cm~ 1, corresponding to the Mo=0Oy vibration
of the MoyO,4%~ species [27,31,44], as shown in Figure 5a. This suggests that the positive
charge of Al,O3 during the impregnation at pH = 7 facilitates the adsorption of these
species. The NiMo/SG9-D catalyst shows a band at 935 cm !, attributed to the Mo=0y
vibration of the Moy Oy,%~ species, as shown in Figure 5a. It is important to note that the
impregnation solution at pH = 9 mainly contains MoO,?~ species, which polymerize into
Mo70,4°~ species upon deposition onto the support.

100
NiMo/SG7-C
T .
NiMo/SG9-C
[Pt
~ 98
e NiMo/SG7-D
<
3 97
5 NiMo/SG9-D
p= 1410
E 96
=
g 820-1000
= 951
94 -
540
93 . . . . . ,
1800 1600 1400 1200 1000 800 600

Wavenumber (cm'l)

Figure 4. FT-IR spectra of NiMo/SG7 and NiMo/SG9 catalysts, dried and calcined samples.

Relative intensity (a.u.)

NiMo/SG7-D
NiMo/SG7-C

NiMo/SG9-C

Relative intensity (a.u.)
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Figure 5. Raman spectra of (a) NiMo/SG7; (b) NiMo/SG9 catalysts, dried and calcined samples.

1200 1100 1000 900 800 700 600 500 400 300 200



Surfaces 2025, 8, 21

After calcination, the NiMo/SG9-C sample exhibits two bands at 820 and 995 cm ™!,
which are associated with Mo-O-Mo and Mo=0; vibrations of the orthorhombic MoOj clus-
ter [44,45], as shown in Figure 5b. This result suggests that during impregnation at pH =9,
the formation of the molybdenum cluster is favored by the negative charge on the alumina
surface. The NiMo/SG7-C catalyst shows the band at 820 cm~1 which is associated with
an amorphous molybdenum trioxide cluster [46], as shown in Figure 5b. In this sample,
the band at 995 cm ™! has low intensity due to the formation of a Ni-O-Mo interaction.

Based on the UV-vis, FT-IR, and Raman results, impregnation at pH = 9 induces a
negative charge on the Al,O5 surface, resulting in the formation of Ni?* /Al O3, Ni%* (Oh-dis)s
and MoOs surface species. In contrast, impregnation at pH = 7 results in a positive charge
of the Al,O3 surface, leading to the formation of surface species such as Ni2+(0h) and
N12+(0h_dis), which interact with non-crystalline molybdenum trioxide.

3.3. Catalyst Characterization at the Sulfide State
TEM Analysis

The influence of the impregnation pH on the morphology of MoS, particles was
analyzed by TEM. Figure 6 shows the micrographs of the NiMo/SG7-S and NiMo/SG9-S
catalysts. The dispersion of MoS, particles on both catalysts is relatively homogeneous,
consisting of one to two slabs and showing the characteristic fringes of the MoS, phase.
The number of stacked particles per nm?, stacking degrees, and average slab lengths are

shown in Table 1.

20 nm
(@) (b)
Figure 6. TEM representative micrographs of (a) NiMo/SG7-S; (b) NiMo/SG9-S catalysts, sul-
fided samples.

Table 1. Density of stacks per 1000 nm?, average stacking number (N), and average stack length (L)

of catalysts.
Catalyst Stacks per 1000 nm? N L (nm)
NiMo/SG7-S 10.9 1.56 291
NiMo/SG9-S 10.0 1.54 2.79

According to TEM analysis, the number of stacks per 1000 nm? is very similar between
both samples, with values of 10.9 and 10.0 for the NiMo/SG7 and NiMo/SG9 catalysts,
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k,x10° (Ls'g")

60

respectively. This result suggests that the impregnation pH does not significantly affect the
stacking density in these catalysts. The stacking degree of MoS, particles is also not influ-
enced by the impregnation pH, remaining within a narrow range: 1.56 for NiMo/SG7-S
and 1.54 for NiMo/SG9-S. The most significant change observed is in the average slab,
where impregnation at pH = 7 favors the formation of longer slabs (2.91 nm) compared to
those formed at pH =9 (2.79 nm).

3.4. Hydroprocessing of Soybean Oil

The impact of the impregnation pH on the activity of sulfided catalysts was an-
alyzed in the hydroprocessing of soybean oil. The results for the hydrogenolysis (ki)
and deoxygenation (k) rate constants are summarized in Figure 7. In the first step, the
NiMo/SG7-S catalyst exhibits the higher hydrogenolysis rate constant (k;), with a value of
48.2 x 107> Ls!g~!, as shown in Figure 7a. This catalyst exhibits a K; value 13% higher
than the reference catalyst (42.6 Ls 'g~1). One can notice that the NiMo/SG7-S catalyst
shows a ki value 17% higher than the NiMo/SG9-S catalyst (41.1 x 107> Ls~g~1). This
result suggests that the presence of the Ni%*/Al,O3 species reduces the activity of the
NiMo/SG9-S solid. On the other hand, deoxygenation rate constants (k) exhibit values
higher than those obtained in the hydrogenolysis step, as shown in Figure 7b. These results
suggest that green diesel production is mainly controlled by the hydrogenolysis mechanism.
Figure 7b shows that the NiMo/SG7-S catalyst exhibits the highest deoxygenation rate
constant (k,), with a value of 16.3 x 10~* Ls’lg’l. This value is even higher than the one
observed for the NiMo/SG9-S catalyst (12.8 x 10~* Ls~'g~!). In the deoxygenation step,
the NiMo/SG7-S catalyst shows a k; value higher than the one observed for the reference
catalyst (11.8 x 10~ Ls"'g~!), suggesting that the NiMo/SG7-S sample has the potential
to serve as a catalyst in green diesel production.
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Figure 7. Hydroprocessing of soybean oil: (a) hydrogenolysis (k;) rare constants and (b) deoxygena-
tion (ky) rate constants for the different sulfided catalysts at 390 °C.

The green diesel yield of each catalyst is shown in Figure 8. The NiMo/SG9-S catalyst
exhibits a similar yield (27.1%) to the reference catalyst (25.4%). However, the NiMo/SG7-S
catalyst shows the highest yield value (37.1%). This result is consistent with the rate values
observed previously.
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Figure 8. Green diesel yield for the NiMo-reference, NiMo/SG7-S, and NiMo/SG9-S catalysts.

Reaction products were analyzed by gas chromatography. The selectivity results
at 390 °C are shown in Table 2. All samples exhibit very high selectivity to n-C;7, with
values of 77.3, 75.5, and 74.3 mol% for NiMo/Al,O3-S, NiMo/SG7-S, and NiMo/SG9-S
samples, respectively. Notably, both NiMo/SG7-S and NiMo/SG-9-S catalysts show higher
selectivity to n-Cyg (8.3 and 10.3% mol, respectively) compared to the reference sample
(7.3%mol). In HVO, n-Cy3g is considered the most valuable product [47]. Furthermore, the
NiMo/SG7-S sample exhibits higher selectivity to n-Cy5 (10.6%mol) than the NiMo /SG9-S
catalyst (9.2%mol).

Table 2. Hydrocarbon selectivity at 390 °C.

n-Cyg n-Cy7 n-Cyg n-Cys
Catalyst (mol%) (mol%) (mol%) (mol%)
NiMo/Al, O3-S 73 773 4.8 103
NiMo/SG7-S 8.3 75.5 5.3 10.6
NiMo/SG9-S 10.3 74.3 5.9 9.2

4. Discussion
4.1. Effect of NiMo Surface Species on the Hydroprocessing of Soybean Oil

In this work, the Ni and Mo surface species generated during the catalyst synthesis
were analyzed. Impregnations with solutions at pH =7 and 9 allowed for the identifica-
tion of the Ni-Mo-Al,Os interactions. These interactions are crucial for understanding
the behavior of the catalysts during hydroprocessing reactions. The results show that
impregnation at pH = 7 causes the Al,O3 sol-gel to become positively charged, leading to
the formation of the Ni2+(0h) /Mo70,4°~ surface species. These species are transformed
into Ni?* (o) /molybdenum trioxide (non-crystalline), after the calcination step. In con-
trast, impregnation at pH = 9 results in a negatively charged alumina surface, leading
to the formation of Ni%* (o) and Mo;0,4%~. However, after calcination, the formation of
Ni?* (op)-crystalline molybdenum trioxide and the Ni** / A1, O3 species becomes evident.

In the sulfide state, the activity of the catalysts is influenced by the formation of the
so-called NiMoS active phases [9,48], where Ni interacts with the MoS; phase. According
to HRTEM results, similar dispersion and length of the MoS, slabs were observed for
both catalysts. However, a deeper analysis of the spectroscopy results suggests that the

10
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NiMo/SG9-S catalyst exhibits the formation of the Ni?*/Al,O5 spinel after the drying and
calcination steps. These species limit the availability of Ni to form the NiMoS active phases
because the nickel interacts with the support instead of with Mo. Consequently, a decrease
in HVO activity is observed, as shown in Figure 7a.

Finally, the green diesel produced through the combination of sol-gel alumina and
impregnation at pH = 7 results in the development of a catalyst that is more active than the
reference catalyst.

4.2. Future Research Directions

The hydroprocessing of vegetable oil (HVO) is performed in a hydroprocessing unit,
which involves multiple variables. As a result, understanding and optimizing all the
parameters involved are continuous challenges. Future research should focus on several
aspects to improve efficiency:

1.  Catalyst design and optimization: A crucial aspect of improving HVO production
is the development of more efficient catalysts. This includes investigating metal
support interactions, optimizing metal loading, and exploring the use of other types
of promotors or alternative active phases.

2. Alternative feedstocks: The use of alternative feedstocks, such as canola or palm oils,
may improve the quality of green diesel. Moreover, using lignocellulosic biomass for
biofuel production offers the potential for increasing sustainability.

3. Waste feedstocks: The use of waste feedstocks, such as used cooking oils, could
provide a more cost-effective alternative for HVO.

5. Conclusions

The impact of impregnation pH on the surface species of Ni and Mo was studied
during both the catalyst synthesis and the hydroprocessing of soybean oil. Although
different types of catalysts have been used for biofuel production, this study emphasizes
that a deeper understanding of the surface species formed provides the basis for proposing
and designing strategies for catalyst optimization, favoring the efficient production of
green diesel.
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Abstract: The fabrication of metal oxide semiconductor heterostructures is a major way
to enhance their properties in photocatalytic and antibacterial applications. In the present
work, ZnO/ «-Fe, O3, In,O3/ «-Fe, O3, and SnO,/ x-Fe,O3 are chosen to create the het-
erostructure of thin films using the spray pyrolysis method. This paper compares the
experimental results of the structural and morphological properties of the prepared thin
layers using XRD, Raman and SEM. The X-ray diffraction shows that the obtained thin
film heterostructures crystallize in a hexagonal phase of ZnO, a cubic phase of In,O3 and a
tetragonal structure of SnO,, with all of the preceding phases positioned on the rhombohe-
dral phase of the hematite x-Fe,Os. In addition, the SEM study provided the morphology
and surface structure and confirmed the presence of a highly folded, rough, uneven surface
with imperfections of 20 and 65 nm for In,O3/ x-Fe; O3 and SnO; / a-Fe,O3. The photoac-
tivity of the prepared materials was tested via the photocatalytic degradation of methylene
blue (MB) dye. Consequently, our findings demonstrate that the cracked surface improves
the rapid absorption of contaminants and allows water to easily pass through the surface
of the thin layers. Finally, the antibacterial abilities of ZnO/ «-Fe;O3, Iny O3/ -Fep O3, and
SnO, / «-Fe; O3 thin films were investigated by using the agar well-diffusion technique,
comparing the results to the Gram-negative of Pseudomonas aeruginosa and Gram-positive
of Bacillus subtilis, and these thin films were found to have high antibacterial activity.

Keywords: biophysics study; chemical spray pyrolysis; structural study; photocatalytic
activity; antibacterial test

1. Introduction

Recent years have seen a significant increase in interest in thin film technology be-
cause of its many uses, including in gas sensors [1,2], energy storage [3-5], photovoltaic
solar cells [6-8], heterogeneous photocatalysis for water splitting processes [9-11], and
optoelectronic devices [12-14]. The amount of wastewater polluted with undesirable and
dangerous dye has remarkably increased. The colored dyes that are frequently employed
in the textile sector are one of the primary causes of pollution. Water’s transparency and
gas solubility can be impacted by even minute amounts of dye, which can also give the
water an incredibly vibrant color [15,16].
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As a result, it is now crucial to explore the possibility of functionalizing various surface
types without altering their optical characteristics. There exist numerous techniques for
obtaining thin films, such as electroplating [17], anodic treatment [18], chemical vapor
deposition (CVD) [19,20], atomic layer deposition (ALD) [21,22], and spin coating [23]. The
spray pyrolysis process is the most commonly used because it is a simple way to make
films with any material in any amount by adding the film to the spray precursor solution.

Owing to its low cost, small bandgap, environmental friendliness, and thermodynamic
stability, hematite (Fe,O3) is a promising semiconductor material for use as an efficient
photocatalyst under visible light irradiation. To increase the photoinduced electron—hole
separation and, consequently, the photocatalytic activity of Fe,Os, heterojunction construc-
tion is used. Because it is an environmentally beneficial technology, the photocatalytic
reduction of methylene blue has been applied extensively in a variety of semiconductor
materials, including Fe; O3, InpO3, SnO;, and ZnO, achieved via exposing them to UV and
visible light. In this context, Alofi et al. [24] describe the mechanism of photogenerating
radical species through a particulate film, such as OH® (instead of h*) and super oxide O,™*
(instead of e™) radicals. However, it is unclear why these species would not react quickly
with one another as they pass through the film from the bulk to the surface. Different kinds
of dyes are also investigated as different types of pollution; Singh et al. [25] used doped
ZnO as a photocatalyst to decompose methyl orange (MO), methylene blue (MB), and
congo red (CR), respectively. The insertion of another material into the oxide semiconduc-
tor lattice can alter its optical, morphological, and structural characteristics, among other
physical and chemical modifications. These modifications might alter the semiconductor’s
photocatalytic activities and shift them toward a visible area of the spectrum. Semicon-
ductor heterojunctions, which comprise two or more semiconductors arranged in delayed
energy bands, enable the separation of photogenerated electron-holes and the retention
of redox capacity. R. M. Mohamed et al. [26] studied the effect of increasing the solar
light-driven photocatalytic hydrogen evolution of different semiconductor photocatalysts;
this technique might be employed when using organic and non-metal-based new-age
materials, especially if combined with numerous modification procedures. The present
paper aims to provide a well-founded direct comparison of three thin film heterostructures
(ZnO/ «-Fey 03, Iny O3/ «-Fep O3, and SnO, / «-Fe,O3) prepared using a simple chemical
technique. The photodegradation of methylene bule dye MB and the antibacterial appli-
cation of the prepared materials were tested and compared. We need to point out that
no previous research has been conducted to date using this method to create these thin
film heterostructures.

2. Experimental Section
2.1. Film Preparation
2.1.1. ZnO Thin Film Preparation
Zinc acetate (C4HgO4Zn, 2H,0) was chosen as the primary precursor and was dis-
solved in isopropyl alcohol at a concentration of 1072 mol/1 to create the precursor solution.

Using the chemical spray approach, ZnO thin films were applied to a glass substrate
at 460 °C [27].

2.1.2. InyO3 Thin Film Preparation

An aqueous solution of indium chloride (InCl3) with a concentration of 0.01 M was
sprayed onto glass substrates and heated to 350 °C using a N, gas pressure of 0.5 bar to
create an Iny O3 thin layer.
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2.1.3. SnO, Thin Film Preparation

To create SnO; thin films, a precursor was obtained in a 0.05 M solution by dissolving
tin chloride pentahydrate (SnCly.5H,0) in pure ethanol (C;HsOH). This solution was
sprayed at 0.5 bar of N gas pressure onto glass substrates that were heated to 450 °C on a
hot plate.

2.1.4. ZnO/ «-Fe;O3, Iny O3/ «-Fe; O3, and SnO; / «-Fe; O3 Thin Film Preparation

To prepare ZnO/ x-Fe; O3, InyO3/ x-Fe; O3, and SnO;, / o-Fe, O3 thin film heterostruc-
tures, an aqueous solution containing iron (III) and chloride dehydrate (FeCl3.2H,0) was
utilized. After preparing this solution, we sprayed it at 350 °C onto the ZnO, In,O3, and
SnO, substrates for use as a precursor. Using a nozzle with a 0.5 mm diameter, 20 mL of the
resultant solution was sprayed at a rate of 4 mL/min. There was a 30 cm distance between
the substrate and the spray gun.

2.2. Characterization Techniques

Initially, to study the structural properties using Cu Kot radiation (A = 0.15418 nm) and
20 varying from 10° to 70°, the X-ray diffraction spectra of the produced thin films were
examined using a copper-source diffractometer (Analytical X Pert PROMP D, Sakaka, Jouf).
In addition, at room temperature, Raman scattering studies were recorded using the Jobin
Yvon Horibra LABRAM-HR micro-Raman system (Sakaka, Jouf), which was detectable
within the 200-1200 cm ! range. Subsequently, a scanning electron microscope (SEM) of
the JEOL-JSM 5400 type (Sakaka, Jouf) was used to examine the films” morphology. An
energy-dispersive X-ray (EDX) spectrometer (Sakaka, Jouf) connected to a thermal field
emission scanning electron microscope (FESEM, Sakaka, Jouf) was used to analyze the
elements with an electron gun. Electrical tests were carried out, and resistivity, hall mobility,
and carrier concentration were determined at room temperature in a light magnetic field of
around 0.554 T, using a hall measurement device that employed the van der Pauw method.

Ultimately, the rate at which the methylene blue (MB) aqueous solution degraded in
the presence of sunlight was used to evaluate the photocatalytic activity of the structures
based on the obtained thin film heterostructures. The cylindrical batch reactor used in the
research was opened to the air. For the photocatalytic tests, methylene blue MB (Aldrich)
was selected as the model molecule. A steady stream of water flowing through the reactor
maintained the MB solution at room temperature. The starting MB concentration was
4.5 mg/L. To achieve adsorption equilibrium, the MB solution was agitated at a magnetic
stirrer for one hour in the dark. Under continuous stirring, the aqueous suspension com-
prising MB and the photocatalysts of ZnO/ «-Fe;O3, InyO3/ «-Fe; O3, and SnO; / «-Fe, O3
thin films was exposed to solar radiation. Four analytical samples were taken from the
MB solution every 30 min in order to determine the impact of sunlight irradiation. Each
sample’s MB concentration was determined using a UV-Vis spectrophotometer.

Since the absorbance, A, and concentration, C, of MB are proportionate according
to the Beer—Lambert law, the efficiency of MB degradation was determined using the
following equation:

Ag—A

Degradation efficiency (%) = x 100 = Co=C x 100 (1)
Ao Co

where Ay, A and Cy, C represent the MB absorbance and concentration, respectively,
corresponding to the start time and the variable time. Lastly, counting forming unity
(CFU) was used to assess the bactericidal qualities of ZnO/ a-Fe;O3, InyO3/ a-Fey O3,
and SnO,/«-Fep;O3 thin film heterostructures. The experimental strains of the Gram-
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negative bacteria Pseudomonas aeruginosa and Gram-positive bacteria Bacillus subtilis
were employed. In Tryptic Lauria Bertani (LB) medium, the bacterial cells were cultivated
at 37 °C until they reached an optical density (OD) of 0.2 at 600 nm. During the exponential
growth phase, the culture was inoculated with 10° CFU in a fresh LB medium, and 10 uL
was placed onto the ZnO/ x-Fe; O3, InyO3/ x-FepO3, and SnO, / x-Fep O3 thin films. It was
then incubated at 37 °C for 24 h in a dark environment. An identical process was applied
to inert glasses devoid of thin coatings, which served as the control. Following incubation,
bacterial suspensions were serially diluted and plated for CFU counting on Plate Count
Agar (PCA) plates measuring 9 cm in diameter. The effect of thin films on bacterial growth
was determined by looking at the decrease in CFU/mL. The residual bacterial viability was
determined as follows:

o) s 11s CFU with thin films
Yo viability = CFU of control x 100 (2)

3. Results and Discussions
3.1. Structural Properties

XRD was used to evaluate the crystal phase of the prepared ZnO/ «-Fe;O3, InpO3/ o-Fe; O3,
and SnO,/ «-Fe,O3 thin film heterostructures. Firstly, all peaks observed in the crystal
structure of ZnO/ x-Fe,O3 (Figure 1a) were located at 26 values of 24.3°, 31.4°, 33.4°, 34.9°,
40.6°,44.5°,54.2°, and 57.7°, which are related to the (012), (100), (104), (110), (113), (024),
(110), and (122) planes, respectively. These peaks indicate the hexagonal phase of ZnO and
the rhombohedral phase of the hematite o-Fe,O3 according to the JCPDS card numbers
036-1451 and 01-1053, respectively. These findings are consistent with those of Noukelag
et al., who synthesized zincite ZnO and hematite «-Fe; O3 for the first time from an aqueous
extract of rosemary [28].

Intensity (a.u)

20 ()

Figure 1. XRD results of (a) ZnO/«-Fe;O3, (b) In,O3/x-Fe;O3, and (¢) SnO,/ x-Fep, O3 thin film
heterostructures.
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The XRD of InyO3/«-Fe; O3 is shown in Figure 1b, with the primary diffraction peaks
corresponding to the cubic phase of In,O3; (JCPDS No: 06-0416) and the rhombohedral
phase of x-Fe,O3 (JCPDS No: 01-1053). The absence of further impurity peaks or mixed
oxides suggests that the different metal oxides did not chemically interact with each
other [29].

The XRD pattern of the SnO; / x-Fe, O3 thin film is shown in Figure 1c. The patterns
reveal many peaks at (110), (101), (200), (211), and (301), which match the lattice planes
of the tetragonal structure JCPDS (no. 41-1445). In addition, weak peaks are revealed at
(012), (104), (110), (116), (214), and (300) that are compatible with the JCPDS (no. 01-1053)
associated with rhombohedral hematite «-Fe,O3 [30].

3.2. Raman Measurements

Raman spectroscopy is a dependable method for characterizing materials. It distin-
guishes various material phases using discrete vibrational modes. The phase type and
purity of the material are confirmed using the numerous unique phonon modes revealed
in the Raman spectra. Figure 2 shows the Raman spectrum analysis of the ZnO/ x-Fe;O3,
Inp O3/ x-FepO3, and SnO, / x-Fey O3 thin film heterostructures. The Eg modes of «-Fe;O3
are represented by the peaks at 243, 292, 404, and 604 cm !, whereas the Alg modes are
associated with the peak at 497 cm~!. These peaks appeared in all the different thin films.
These results enhance the production of pure hematite x-Fe,O3 [10-12].

1 —_— ZnOIFe203
SnOlee203
— ITO/Fe203

H

Raman Intensity (a.u.)

!

‘ | LIk / iy mr
LA ] R S

250 500 750 1000 1250
Raman Shift (cm'1)

Figure 2. SEM micrographs of SnO,/«-Fe;O5 thin films, InyO3/«-Fe;O5 thin films, and
ZnO/ «-Fep O3 thin films.

3.3. Morphological Properties

SEM analysis was used to evaluate the morphology of ZnO/ x-Fe;O3, InpO3/ x-Fe; O3,
and SnO; / x-Fe, O3 thin film heterostructures presented in Figure 3.
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pressure 10 pm
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Figure 3. SEM micrographs of (a) ZnO/«-Fe,Oj3 thin films, (b) InyO3/a-Fe; O3 thin films, and
(c) SnO, / x-Fep O3 thin films.
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Zn0O/FeyO3 has a homogeneous and smooth surface with a very small particle size.
However, the thin film SEM pictures of SnO, /Fe;O3 and In,O3/Fe;O3 have a completely
different shape compared to ZnO/Fe,O3. Figure 3b,c show a highly folded, rough, uneven
surface with imperfections confined between 20 and 65 nm. The elaboration process and
the formation of thin layers in the heterostructure may cause these irregularities. This
cracked surface improves the rapid absorption of contaminants and allows water to easily
pass through the surface of our thin layers.

3.4. EDX Measurments

EDX was used to support the aforementioned findings; the atomic percentages (at.%)
of Zn (from ZnO), Sn (from SnO,), In (from In,O3), and Fe (from the Fe,O3) found on thin
films are presented in Figure 4a—c, which display the corresponding mapping structure of
the obtained thin films.

Full scale counts: 100 (a) ZnO/a-Fe,0, _
Integral Counts: 84400
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0 6 7 8 9 10
kim - 20 - Ca kev
gohemen  (dsno/ereo,
Integral Counts: 22234 .
500- o

8 9 10

kim - 30 - In kev

Figure 4. EDXS spectra of (a) ZnO/«x-Fe,O3 thin films, (b) InyOs/a-Fe;O3 thin films, and
(¢) SnO, / a-Fe, O3 thin films.
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Only three components were found in the spectrum for these films: O, Fe, and Zn
for ZnO/ «-Fe,O3; O, Fe, In for In,O3/ x-Fe,O3; and O, Fe, and Sn for SnO, / x-Fe; O3. No
other elements were discovered within the apparatus’ sensitivity range, which shows the
great purity of the thin films.

On the other hand, we noted that the distribution of Fe and O signals was uniform
throughout the entire structure. Seldom were the Zn, In, and Sn signals found outside of the
core region; they were mostly found inside. The unique characteristics of the ZnO/ «-Fe; O3,
Iny O3/ o-Fep O3, and SnO, / -Fep O3 heterostructure nanocomposites were validated by
these results, which align with the findings documented in the previous literature [13,14].

3.5. Hall Effect Study

The Hall effect measurements provide important information, such as the type of
material (n-type or p-type), carrier concentration, electrical resistivity, and Hall mobility.
These findings are detailed in Table 1.

Table 1. Hall effect results of In,O3/ a-Fe, O3 and SnO, / a-Fe, O3 thin films.

Conductivity ConCc::‘lrtlriion Resistivity p Mobility n

Type (cm-3) (Q.cm) (cm?/V.S)
In,O3/x-Fe, O3 n —1.87 x 102 571 x 10~% 5.82
Sn0,/x-Fe; 03 n —1.88 x 102 1.49 x 1073 22.20

Firstly, the results indicate that the conductivity of the ZnO/x-Fe;O3, InpO3/ x-Fe; O3,
and SnO, / x-Fep O3 thin films was n-type in nature and all the information shows notable
changes between the obtained thin film heterostructures. The increase in the carrier concen-
tration and the mobility of SnO, / «-Fe; O3 can be attributed to the increase in the number of
the grain boundary on the surface of layer and the corresponding increase in the dislocation
density across the boundaries.

On the other hand, the heterostructure of the ZnO/ x-Fe,O3 thin film has a high
resistivity. Consequently, the results showed no changes.

3.6. Photocatalytic Test

Adsorption is a crucial step in every catalytic reaction process, regardless of the type
of photodegradation employed. More effective adsorption enables improved pollutant—
catalyst interactions. In this work, MB was adsorbed on the synthesized thin film het-
erostructures at room temperature, as plotted in Figure 5.

During photoelectrochemical water-splitting, the observed photocurrent is ad-
versely affected by the consumption of photoexcited electrons. Under sun irradiation,
Zn0O/ x-Fey03, InpO3/ x-Fep O3, and SnO, / x-Fey O3 are excited. The photogenerated elec-
trons quickly move from ZnO, In,O3, and SnO; CB to x-Fe;Os's VB, allowing for holes to
collect in ZnO, InyO3, and SnO; VB, and for electrons to gather in high-potential «-Fe;O3
CB, where they can reduce H" in Hj.

Morphology becomes important at this point. The photocatalyst’s precise engineering
and design may be able to solve the issues with charge carrier transit and recombina-
tion. Indeed, there are numerous indications of the existence of a relationship between
reduced-dimension structures and enhanced photocurrent density, which is linked to the
occurrence of defects in nanostructures. Under visible light irradiation, we discovered
that the concentration of MB decreases and the peak almost vanishes after six hours, but
only for SnO, / «-Fe;O3. This good response is due to the presence of a cracked surface,
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which increases the rapid absorption of contaminants and allows water to easily pass
through the surface of our thin layers. Because of its improved nanoarchitecture, which
facilitates dye molecule diffusion and oxygen species transport during the photoactivity
process, the porous sample exhibits a higher photocatalytic performance than the pure one.
Electron-hole pairs (e~, h*) are produced when photon energy (hv) is absorbed by the thin
film heterojunctions during radiation.

5
44
—a—ZnO/o—Fe,0,
. —e—1In,0,/a~Fe O,
34
‘T_! —4—8Sn0 Jo—Fe,0,
(2]
E ..
(&)
14

t(h)

Figure 5. Photocatalysis of methylene blue: normalized concentration of MB as a function of time for
7Zn0O/ «-Fe; 03, Iny O3/ «-Fe; O3, and SnO, / «-Fe, O3 thin films under solar radiation.

After photogeneration occurs close to the surface, the electrons combine with oxygen
to make superoxide ('O, ™) (Equation (3)), which then reacts with water to form hydroxyl
radicals (‘OH). In parallel with this, the water and photogenerated holes react to produce
"OH radicles.

Intermediate reactions also result in the formation of ‘OH radicals and the powerful
oxidants finally convert MB into CO, and H,O.

Oy +e — 0Oy ©)]

‘O, +H,O — OH™ + 'HO, 4)
H,O+h* — OH +H* (5)

h* + OH™ — 'OH (6)

"HO; + H,O — H,O, + 'OH (7)
H,Op +e= — 'OH + OH™ (8)
MB+ (OH + "‘O,7) — CO, + H,O 9)
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3.7. Antibacterial Activity

The antibacterial effectiveness against Gram-negative Pseudomonas aeruginosa (Pa)
and Gram-positive Bacillus subtilis (Bs) bacteria was also assessed using ZnO/ «-Fe; O3,
In, O3/ x-Fe» O3, and SnO, / &-Fe, O3 thin films. The In, O3/ «-Fe, O3 thin film demonstrated
a residual viability equal to 0.5% and 0.187% of bacterial cells against of Pa and of Bs, re-
spectively. In addition, the SnO, / x-Fe;O3 showed a viability of 0.65% and 0.62%. However,
the results of the bacteria test in the presence of ZnO/ x-Fe,O3 revealed higher values, as
illustrated in Table 2. The generation of reactive oxygen species (ROS) and the electrostatic
interaction between In,O3/ «-Fe; O3 and the absorbed OH- and H,O may be the cause of
the antibacterial action. One possible explanation for the increased antibacterial properties
of InpO3/ -Fe, O3 thin films could be their greater root mean square roughness (Rms) in
relation to that of the other thin films.

Table 2. Antibacterial activity of InyO3/«-Fe;O3, SnO, / o-Fe; O3, and ZnO/ x-Fe; O3 thin films
against Pseudomonas aeruginosa and Bacillus subtilis bacteria.

PseudO{nonas Bacillus Subtilis
Aeruginosa
O/o Via- o . ey
bility % Viability
Bacteria without sample 2 x 108 - 4 x 107 -
In,03/x-Fe; O3 10° 0.5 7.5 x 10* 0.187
Bacteria in the p 5
presence of SnO,/x-Fe, O3 2 x 10 0.65 2.5 x 10 0.625
ZnO/x-Fe;O3 1.3 x 10° 1 4 % 10° 10

The combined benefits of the photocatalytic activity and the antibacterial impact
are crucial for a variety of applications (medical, food storage, etc.). To the best of our
knowledge, thin films have never been used to deteriorate Pa and Bs.

4. Conclusions

This study presents the preparation of heterostructure ZnO/ «-Fe; O3, InpO3/ «-Fe; O3,
and SnO,/ «-Fe;O3 thin films using the spray pyrolysis method. The XRD and Raman
spectroscopy confirm the presence of a rhombohedral structure of x-Fe,O3 and hexagonal
phase of ZnO, a cubic phase of In;O3, and a tetragonal structure of SnO;. The surface mor-
phology of the obtained thin films was analyzed via scanning electron microscopy (SEM).
The results show a homogeneous and smooth surface with a very smaller particle size
for ZnO/Fe;O5. Contrarily, the thin film SEM pictures of SnO, /Fe;O3 and InyO3/Fey O3
show a highly folded, rough, uneven surface with imperfections at 20 and 65 nm. The Hall
effect indicates an increase in the carrier concentration and the mobility of SnO, / x-Fe;Os3,
which can be attributed to the increase in the number of grain boundaries on the surface
of the layer and corresponding increase in the dislocation density across the boundaries.
When the photocatalytic activity of the sprayed thin films was evaluated, it was found
that the paired In,O3/x-Fe,O3 photoatalysts had an impact on the photocatalytic activity
and degradation mechanism of the MB dye. This fractured surface enhances the speed at
which impurities are absorbed and facilitates water’s easy penetration into the surface of
the thin layers. Additionally, when a thin coating of In,O3/x-Fe,O3 was used, only 5%
of Gram-negative Pseudomonas aeruginosa (Pa) and 0.187% of Gram-positive Bacillus
subtilis (Bs) bacterial cells were still viable. As this heterostructure can be produced using
an easy spray pyrolysis approach, these results are very interesting. This study offers a path
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for additional research in the healthcare industry. The In,O3/«-Fe;O3 and SnO, / «-Fe; O3
thin films yielded the most effective combined efficiency.
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Abstract: Non-noble metal electrocatalysts for the oxygen evolution reaction (OER) have recently
gained particular attention. In the present work, a facile one-step electrodeposition method is applied
in situ to synthesize cobalt sulfide nanostructures on nickel foam (NF) electrodes. For the first time, a
systematic study is carried out on the impact of the Co/S molar ratio on the structural, morphological,
and electrochemical characteristics of Ni-based OER electrodes by employing Co(NO3),-6 H,O
and CH4N,S as Co and S precursors, respectively. The optimum performance was obtained for an
equimolar Co:S ratio (1:1), whereas sulfur-rich or Co-rich electrodes resulted in an inferior behavior.
In particular, the CoxSy@NF electrode with Co/S (1:1) exhibited the lowest overpotential value at
10 mA cm~2 (0.28 V) and a Tafel slope of 95 mV dec™!, offering, in addition, a high double-layer
capacitance (Cpr)) of 10.7 mF cm 2. Electrochemical impedance spectroscopy (EIS) measurements
confirmed the crucial effect of the Co/S ratio on the charge-transfer reaction rate, which is maximized
for a Co:S molar ratio of 1:1. Moreover, field emission scanning electron microscopy (FE-SEM), X-ray
diffraction (XRD) and X-ray fluorescence (XRF) were conducted to gain insights into the impact
of the Co/S ratio on the structural and morphological characteristics of the electrodes. Notably,
the CoxSy@NF electrocatalyst with an equimolar Co:S ratio presented a 3D flower-like nanosheet
morphology, offering an increased electrochemically active surface area (ESCA) and improved
OER kinetics.

Keywords: alkaline electrolysis; oxygen evolution reaction; electrodeposition on Ni foam; cobalt—
sulfur molar ratio; thiourea

1. Introduction

The fossil fuel crisis and global climate change have led researchers to pay increased
attention to alternative energy sources. Hydrogen has great potential to be employed as
an energy carrier for the forthcoming energy transition due to its high gravimetric energy
density and zero carbon content [1-4]. In this regard, the electrochemical splitting of water
using energy derived from intermittent renewable energy sources (green Hydrogen), such
as photocatalysis, solar thermochemical, photovoltaic electrolysis, and the supercritical
water gasification of biomass, has recently gained particular importance [5].
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The maturity of the electrochemical water splitting process will highly contribute
to the need for green hydrogen production in the years to come, which, according to
the International Energy Agency analysis, will be ~150 Mt and ~435 Mt of low-carbon
hydrogen production in 2030 and 2045, respectively [5].

However, it is well known that the efficiency of water electrolysis is associated with
the overpotentials of the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) [6,7]. The high overpotential of the OER (4OH™ — 2H,0O + 4e™ + Oy in alkaline
medium), due to the demanding transfer of four electrons in the anodic charge transfer
reaction, represents the main bottleneck for the limited efficiencies [8-11]. The state-of-the-
art electrodes used in the OER mainly comprise Ir and Ru metals; however, their scarcity
and high cost notably hinder their widespread application as electrocatalysts [12-14].

Significant research has recently been devoted to noble-metal-free and earth-abundant
transition metal electrocatalysts [15]. Various materials, such as borides, chalcogenides,
etc., have been explored for the OER. However, most of these candidates suffer from
a small active electrochemical area and low electrical conductivity, negatively affecting
OER kinetics [15]. Recently, the in situ growth of nanostructured catalytic materials on
conductive substrates, such as nickel foam (NF), has proven an efficient approach to
overcoming these obstacles [15,16].

In recent years, transition-metal-based electrocatalysts have been developed for water
splitting via various techniques, such as aerosol spray [17], photochemical metal-organic
deposition [18], hydrothermal processes [19-22], pulsed laser deposition [23], etc. Among
them, transition metal sulfides (TMSs) have been considered excellent alternatives for the
OER due to their low cost, adjustable electronic properties, and adequate conductivity,
which make them suitable alternatives to the Ru and IrO, benchmark electrodes [24-26].

Although various studies have been conducted using TMSs, especially with CoxSy
composites, there is no systematic study on the impact of the sulfur/cobalt molar ratio on
the electrochemical performance of electrocatalysts. Nonetheless, the type and concentra-
tion of the precursor compounds employed during fabrication are expected to affect the
structural, morphological, and electrochemical properties of the electrocatalysts. Further-
more, in most studies, the fabricated electrocatalysts are in the form of powders, rendering
the use of binders for the electrocatalyst’s anchor to the substate unavoidable, thus in-
creasing the contact resistance [16,27]. In this regard, developing a facile and binder-free
preparation protocol for highly efficient OER electrodes is paramount.

Motivated by the above challenges, the present work aims to investigate the effect of
the sulfur/cobalt ratio on the OER. Although several studies have been devoted to cobalt
sulfide electrocatalysts, there is no systematic study on the impact of sulfur/cobalt on their
physicochemical properties and, in turn, on their OER performance. In this regard, a facile
one-step electrodeposition method was used to fabricate CoxSy (x:y molar ratio) binary
electrodes on a nickel foam substrate (NF), employing thiourea (CH4N,S) and cobalt nitrate
hexahydrate (Co(NO3),:6 H,O) as precursors. Various Co:S molar ratios were used during
the electrodeposition process, and it was clearly disclosed that the Co:S ratio significantly
affects the morphological and structural properties of the electrode and its electrochemical
performance. Remarkably, the CoxSy@NF electrode with an equimolar Co:S ratio (1:1)
presented the lowest overpotential values at 10 mA cm~2 (0.28 V), the lowest Tafel slope
(95 mV dec™!), and the highest Cpy, (10.7 mF cm~?) and ECSA (537 cm?) values. On the
other hand, sulfur-rich or Co-rich electrodes resulted in an inferior behavior, demonstrating
the key effect of sulfur content on transition metal sulfide electrocatalysts.

2. Materials and Methods
2.1. Materials and Reagents

The chemical reagents in this work were used as received. Thiourea (98% Penta Chem-
ical, Czech Republic-Prague), KOH (technical grade, Sigma-Aldrich, USA-VT-Burlington),
ethanol (99.8%, ACROS Organics, Belgium-Antwerp), HCI (98% Sigma Aldrich), Co(NO3),-6
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H,O (Sigma-Aldrich) and nickel foam (99.8%, Beike advanced materials Store, China-
Taizhou) were used as the electrodeposition substrate.

2.2. Electrodeposition on NF Substrate

The electrodeposition process was carried out by using an electrochemical station
(Princeton Applied Research, USA-TN-Oak Ridge, VersaSTAT 4) equipped with a standard
three-electrode electrochemical cell (Palmsens, Netherlands-Utrecht). The reference elec-
trode was an Ag/AgCl electrode (3.5M KCI) (Palmsens), the counter electrode was a Pt
wire (99% Goodfellow, USA-UT-Lindon), and the working electrode was an NF substrate.

Prior to the electrodeposition, the NF substrates were ultrasonicated in 3 M HCI for
10 min to activate the substrate and remove any organic impurities. Then, it was rinsed
with deionized water, ultrasonicated again for 10 min in pure ethanol, and finally rinsed
with deionized water.

The electrodeposition for all the samples lasted 10 min at 298 K, and the applied
potential was —0.18 V vs. RHE. For the uniform deposition of the nanomaterials, a magnetic
stirrer was used. The molar ratio of the Co(NOj3),-6 H,O and thiourea (CH4N;S) precursors
during the synthesis procedure was varied in a wide range (i.e., 0:1, 1:0, 1:2, 1:1, 2:1, 4:1) to
obtain both sulfur-rich and Co-rich electrodes. The as-prepared electrodes were defined as
Co:S (xty), where x:y represents the Co:S molar ratio of the CoSy@NF composites, whereas
the bare nickel foam substrate was designated as NFE. Pure cobalt (Co:S (1:0)) and sulfur
(Co:S (0:1)) electrodes on the NF substrate (1 x 1 cm) were also fabricated for comparison
purposes. After electrodeposition, a calcination procedure was applied (at 250 °C in an
air atmosphere) in order to increase the material’s crystallinity and remove any surface
impurities.

2.3. Structural and Morphological Characterization

The morphological characterization of the fabricated electrodes was carried out with
field emission scanning electron microscopy (FE-SEM, JSM7000F, JEOL) at various magnifi-
cation scales. Also, XRD (BEDE D1 with CuKa radiation) and XRF (Amptek X-123) analyses
were conducted to gain insights into the structural features of the CoxSy@NF electrodes.

2.4. Electrochemical Evaluation of the Fabricated Electrodes

Electrochemical tests were undertaken for each developed electrode to assess its
oxygen evolution reaction kinetics and electrochemical performance under water—alkaline
electrolysis conditions. Specifically, cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and electrochemical impedance spectroscopy (EIS) measurements were carried
out, and the values of the Tafel slope, double layer capacitance (Cpy ), and ECSA were
calculated. The above studies were accomplished using the VersaSTAT 4 electrochemical
workstation, which was equipped with a Pt (99%) counter electrode and an Ag/AgCl
(3.5 M KClI) reference electrode, and each electrodeposited-fabricated NF electrode acted as
a working electrode. The alkaline electrolyte used in all tests was 1 M KOH. Before each
measurement, Ny gas was purged into the electrochemical cell to remove any amount of
dissolved oxygen gas. All the experiments were repeated at least three times to confirm the
obtained results. Moreover, the obtained potential values were converted to a reversible
hydrogen electrode (RHE), according to the following equation:

ErbEe = Eag/agar + 0.059-pH + Egag/aga 1

where Exg/agci is the potential measured with the Ag/AgCl reference electrode.

3. Results and Discussion
3.1. Electrodeposition

The electrochemical reaction rate and diffusion process are the main factors that
determine the overall electrodeposition process. Mass transport limitations control the
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overall process when the charge transfer reaction is fast. On the other hand, if the diffusion
rate is faster than the charge transfer reaction rate, the electrochemical reaction controls the
process [28].

During the electrodeposition of the precursors used in this work, the following reac-
tions are considered [29-31]:

2H,O0 +2e~ —20H™ + H, )

2Co”" +2e” — Co(OH)y(ads) (3)
Co(OH)(ags) +2¢~ — Co + 20H ™ 4)
CH4N,S + 20H™ — S$*~ + CH4N,O + H,O (5)
Co®* +S* — CoSy (ads) (6)

Moreover, recent studies have introduced a new synthetic route for metal sulfides via
the formation of an (NH,),CSs-M?*-OH ™~ complex, which decomposes to the metal sulfide
according to the following process [30,32]:

M2+ + CS(NH2)2 +20H™ 2 M(OH)QCS(NHz)z — MS + HZNCN + 2H20 (7)

3.2. Structural and Morphological Evaluation

Figure 1 presents the XRD patterns of the NF, Co:S (1:0), Co:S (0:1), Co:S (1:1), Co:S (2:1),
Co:S (1:2), Co:S (4:1) electrodes. The XRD analysis revealed three major peaks for the bare
NF electrode at the 26 angles of 45.2°, 52.5°, and 77°, which correspond to the (111), (200),
and (220) planes of crystalline Ni, respectively. On the Co-free electrode, i.e., the Co:S (0:1)
sample, there was a shift in the major peaks to 44.7°, 52.0°, and 76.5°, which are attributed
to the (102), (110), and (202) crystalline planes, respectively, of the NiS phase (JCPDS file
No. 02-1280) [33,34]. For the Co:S (x:y) electrodes, containing both Co and S, three major
features were identified: at 44.8°, attributed to the (400) plane of the face-centered cubic
Co304 structure (JCPDS No. 73-1701); 52.10°, ascribed to the (440) plane of the CogSg (PDF
No.01-086-2273); and at 76.5°, attributed to the (202) crystalline plane of NiS [34-36]. No
metallic phase of Ni was detected due to the formation of NiS or due to the low content
(undetectable) of Ni. The XRF spectra and EDS analysis (Figures S1 and S2) also revealed
the presence of sulfur, nickel, and cobalt on the as-prepared electrodes, further verifying
the successful formation of CoxSy heterostructures according to the procedure described
below (Section 2.2). These heterostructures could be responsible for the enhanced electrical
conductivity and supercapacitor performance, as further discussed below on the basis of
the electrochemical impedance spectroscopy (EIS) results and in agreement with relevant
studies [27]. Also, it is worth noticing that S-treatment (Co:S (0:1) did not result in any
structural deformation of the NF substrate, since both samples exhibited similar lattice
parameters (Table S1). However, all Co-containing samples obeyed a much higher lattice
parameter, indicating the formation of new CoxSy phases and strain in the crystal lattice.

The mean particle size for the as-prepared electrodes was calculated using the Scherrer
equation, and the obtained values are summarized in Table 1. The smallest particle size
of 27.5 nm was obtained for the Co:S (1:1) electrode. The rest of the fabricated electrodes
presented higher crystallite sizes, varying between 28 and 35 nm. Interestingly, the op-
timum electrochemical behavior (see below) was obtained for the equimolar Co:S (1:1)
electrode, probably implying a structure—performance relationship; a smaller particle size
could result in an extended active electrochemical zone, facilitating the oxygen evolution
reaction, in accordance with relevant studies [37]. This is further discussed below, based on
electrochemical and impedance spectroscopy studies.
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Figure 1. XRD patterns of the bare NF and CoxSy@NF electrodes with different Co:S molar ratios.

Table 1. Mean particle size for the NF and CoxSy@ NF electrodes with different Co:S molar ratios.

Electrode Mean Particle Size (nm)
NF 35.3

Co:S (1:0) 28.1

Co:S (0:1) 315

Co:S (1:2) 30.1

Co:S (2:1) 29.2

Co:S (4:1) 32.2

Co:S (1:1) 27.5

In Figure 2, the FE-SEM morphological analysis of the CoxSy@NF electrodes is pre-
sented. In the S-only electrode (Co:S (0:1)), no obvious modifications compared to the bare
NF substrate were obtained (Figure 2). In the Co-rich electrodes (Co:S (2:1) and Co:S (4:1)
samples), nanosheets of irregular morphology with dense agglomerations were observed
(Figure 2a,b). Similarly, where the sulfur was in excess (Figure 2c), bulky structures were ob-
tained without an apparent formation of nanosheets (Figure 2c). Efficient electro-catalysis
requires an easy flow of the involved neutral and charged species toward and from the
catalytic sites; thus, the above morphology, with the presence of agglomerates, corroborates
well with the inferior performance of the Co-rich and S-rich electrodes for the OER (see
below) [15].

Interestingly, in the case of CoxSy@NF electrodes with an equimolar Co:S ratio (Figure 2d-f),
the formation of well-tuned 3D flower-like nanosheets was observed. This distinct morphology
is most evident in higher magnification images (Figure 2e,f), where the formation of flower-
like nanosheets with a vertical orientation and a thickness of ca. 7.0 nm can be observed.
These findings imply the crucial effect of the Co:S ratio on the structural and morphological
characteristics of the as-prepared CoxSy@NF electrodes, which are expected to affect the
overall electrochemical performance. In other words, only the equimolar Co:S ratio results
in a distinct nano-architecture of 3D flower-like nanosheets without creating agglomerates,
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which can notably enhance the ESCA; the as-formed in-plain pores may bring about
additional active sites, allowing a better electrolyte flow and faster OER kinetics [37].

Figure 2. FE-SEM of the NF (a), Co:S (0:1) (b), Co:S (2:1) (c), Co:S (4:1) (d), Co:S (1:2) (e), Co:S (1:1) (f),
Co:S (1:1) higher magnification scale (g,h).
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3.3. Electrochemical Evaluation

Over the past years, several mechanisms for the OER in alkaline water electrolysis
cells have been proposed [38,39]. Generally, the OER proceeds via two different routes: (a)
nucleophilic water attack (WNA) or the adsorbate evolution mechanism (AEM), where
MOOH (M is the active site) is initially created, and the reaction proceeds via adsorp-
tion/desorption, (b) O-O coupling, followed by O, evolution from the coupling of two
metal-oxyl radicals with different variants [24,40,41].

The following reaction scheme Is usually considered for the OER (WNA) in an alkaline
medium [24]:

M+ OH™ — MOH + e~ 8)

MOH + OH™ — MO + H,O + e~ )

MO + OH™ — MOOH + e~ (WNA) (10)
MOOH +OH™ — M+ 0O, + H O+ e~ (WNA) (11)

Finally, the overall reaction can be written as follows:
40H™ — Oy +2H,0 +4e™ (12)

Furthermore, recent studies have proposed a new mechanism for the OER based on
redox chemistry, defined as a lattice oxidation mechanism (LOM). In this mechanism, the
lattice oxygen could be activated at the corresponding potential and could participate in
the formation of O-O active intermediates during the OER [42—44].

In addition, when transition metal chalcogenides (TMCs), such as S, are combined
with transition metals such as Co, a kinetic structural transformation of the CoxSy occurs
during the OER [45]. An underlying dissolution of sulfur atoms promotes the oxidation of
cobalt ions and facilitates the transformation of CoxSy nanovesicles to Co(OH), and then to
crystalline CoOOH, initiating the OER [46,47].

In order to explore the OER kinetics of as-prepared electrocatalysts (Figure 3a), the
electrochemical polarization curves were obtained in 1 M KOH, with a scan rate of 1 mV s~ !
(90% iR compensation) (Figure 3a). The obtained results, summarized in Table 2, clearly
show the significant impact of the Co:S ratio on the OER kinetics. When only S is deposited
on NF (Co:S (0:1) sample), a significant inhibition is observed, reflected in overpotential.
On the other hand, the deposition of bare cobalt over the NF substrate (Co:S (1:0) sample)
has a positive effect, resulting in a lower overpotential (Figure 3a, Table 2). Notably, the
fabricated electrodes containing both Co and S demonstrate lower overpotential values,
implying the synergistic effect of CoxSy@NF composites for an enhanced OER [48]. It is
evident that the Co:S (1:1) electrode, with an equimolar Co and S content, exhibits the
lowest overpotential value of 0.28 V at a 10 mA cm ™2 current density, Inyg !, being far
lower compared to 0.42 V of bare NF.

Table 2. Overpotential values (In;g ) and Tafel slope in 1M KOH of all the fabricated electrodes.

Electrode Ingp!l (V) Tafel Slope (mV dec—1)
NF 0.42 134 + 0.01

Co:S (1:0) 0.31 106 + 0.7

Co:S (0:1) 0.53 135+ 0.7

Co:S (1:2) 0.32 113 £ 0.6

Co:S (2:1) 0.34 110 + 0.4

Co:S (4:1) 03 127 + 0.7

Co:S (1:1) 0.28 95+ 0.3
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Figure 3. Electrochemical performance of the NF, Co:S (1:0), Co:S (0:1), Co:S (1:1), Co:S (2:1), Co:S
(1:2), Co:S (4:1) for the OER: (a) Linear sweep voltammograms (LSV) at a scan rate of 1 mV s lin1
M KOH,; (b) Tafel plots of the fabricated electrodes corresponding to the LSV curves.

At this point, it is also worth noting that the S—doped NF electrodes (Co:S (0:1)),
where NiS is mainly detected, exhibit an even inferior performance compared to bare NF,
plausibly implying the low OER reactivity of the NiS phase under the present conditions.
On the other hand, the Co:S (1:0) electrode, where CoxSy has been detected, exhibits an
adequate OER performance, most probably revealing the high reactivity of the CoxSy phase
towards the OER reaction. Although these findings cannot exclude the possibility of the
synergistic effects between the NixSx and CoxSy phases when both co-exist on the NF
surface, they imply the pivotal effect of Co and S coexistence on the improvement in OER
performance.

Afterward, the Tafel slope was determined using the linear part of the Tafel plot,
according to the following equation:

n=a+blogj (13)

where n is the overpotential value, j is the current density, a is the fitting parameter, and b
is the Tafel slope [4,16,49].

The calculated Tafel slopes of the fabricated electrodes (Figure 3b and Figure S2 and
Table 2) further strengthen the findings regarding the enhanced electrocatalytic activity of
the Co:S (1:1) electrode, presenting the lowest Tafel slope (95 mV dec™!) for the OER. The
lowest Tafel slope of the Co:S (1:1) electrode confirms its faster oxygen evolution reaction
kinetics, which could be attributed to the electrode’s distinct nano-architecture (Figure 2f),
offering the required in-plane pores for a better electrolyte flow and an extension of the
active electrocatalytic area for the OER. Moreover, the Co:S (1:1) shows excellent stability
in a 30 wt% KOH solution for more than 12 h (Figure S4), demonstrating its potential for
practical applications. In addition, the lower overpotential of the Co:S (1:1) at 50 mA cm 2
compared to the other CoxSy electrodes is obvious (Figure S4); this is due to the retainment
of flower-like nanosheets on its surface after a prolonged stability test (Figure S5). Also,
the almost unchanged XRF spectra of the Co:S (1:1) electrode, before and after the stability
test, clearly reveal the stability of the aforementioned electrode (Figure S5). These findings
demonstrate the stability of CoxSy-based electrodes in terms of their morphological and
compositional characteristics, leading to an enhanced OER performance.

The superior performance of the Co:S (1:1) electrode can be further revealed through a
comparison with state-of-the-art CoxSy-containing electrodes over NF substrates, as well
as with the benchmark Ru and Ru@IrO, electrodes used for the OER (Table 3). It is evident
that the as-prepared CoxSy@NF electrodes exhibit lower values compared to the Ru and
Ru@IrO; catalysts, but are superior compared to most of the non-noble metal catalysts,
offering one of the lowest Tafel slopes despite their simpler composition (monometallic Co
electrodes) and facile fabrication procedure (one-step electrodeposition).
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Table 3. Comparison with state-of-the-art Co- and S-containing electrodes for the OER in alkaline

medium.
Electrodes Method Tafel Sl(jp € Electrolyte Reference
mV dec1

NiCo,S4/Ni3zS; Hydrothermal 137 1M KOH [50]

NiCo-LDHs Hydrothermal 118 1M KOH [51]
Hydrothermal

Co-Ni3S, /NF method-liquid-phase 176 1 M KOH [52]
vulcanization

CoNiSy/NF Sulfuration process 107 1 M KOH [53]

NiCo,S,/NF Hydrothermal 95 1M KOH [54]

Co9Sg NM /NF Hydrothermal 150 1M KOH [55]

NiCo,S4-NF Hydrothermal 91 1 M NaOH [56]

Ru nanoparticles  Laser-generated 70 0.5M H,S04 [57]

Ru@IrO, Charge redistribution 69 0.05 M H,SO4 [58]

Co:S (1:1)@NF Electrodeposition 95 1 M KOH This work

The enhanced OER kinetics of the Co:S (1:1) electrodes can be ascribed to the formation
of flower-like nanosheets over the NF substrate (Figure 2e,f); these increase the electrochem-
ically active area and are responsible for the high utilization ratio of electrocatalytic active
sites [16]. Moreover, the absence of a binder and the direct adherence of Co and S onto
the NF substrate may further account for the facile electron transportation and improved
electrical conductivity, as supported by EIS experiments (see below).

Moreover, to verify our assumption that the mean particle size is closely linked to the
Co/S molar ratio and, in turn, to the electrochemical performance, the Tafel slope and mean
grain size are plotted in Figure 4 as a function of the Co/S ratio. Notably, the mean particle
size totally coincides with the Tafel slope, implying their interrelation; the small particle
size offers more electrochemical active sites, facilitating the OER kinetics. Neither Co-rich
nor S-rich electrodes provide the optimum performance, maximized for the equimolar
Co:S ratio of 1:1; this is in perfect agreement with the electrochemical performance results
(lowest Tafel slope and overpotential values).

The double-layer capacitance (Cpy,) and electrochemical active surface area (ECSA)
were next considered in order to gain insights into the intrinsic electrocatalytic reactivity
of the as-prepared electrodes. The Cpy, obtained via the cyclic voltammetry method, is
proportional to the dependent capacitive current (Jpr ) in the following equation:

A%
JoL = CpL X A (14)

where v stands for the scan rate (V s~ 1) and A for the electrode surface (cm?) [39,59,60].
The following equation can be used to obtain the ESCA values:

ESCA = Cpp % (15)

20
The value 20 puF cm 2 is the Cpy. value of a perfectly smooth Ni electrode [61,62].
Cyclic voltammograms with scan rates of 5 to 100 mVs~! (Figure 54) were obtained
close to the open circuit potential (50 mV) of each electrode in a non-Faradaic region
to calculate the Cpy, values [63-65] (Figure 5, Table 4). Afterward, the Cpy, and the ESCA
values were calculated by plotting the average Jpy, vs. scan rate and obtaining the slope.
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Figure 4. Co:S molar ratio vs. mean particle size and Tafel slope of the Co:S (1:1), Co:S (2:1), Co:S
(1:2), Co:S (4:1) electrodes.

Table 4. Double-layer capacitance and ECSA values for the as-synthesized electrodes.

Electrode CpL. Value (mF cm—2) ECSA (cm?)
NF 0.76 + 0.13 38 +0.5
Co:S (1:0) 1.96 & 0.13 98 + 0.4
Co:S (0:1) 0.26 + 0.01 134+0.3
Co:S (1:2) 1.67 £+ 0.09 835+ 0.5
Co:S (2:1) 2.16 £0.23 108 + 0.8
Co:S (4:1) 1.78 = 0.19 89 +04
Co:S (1:1) 10.74 £+ 0.71 537 4+ 1.1

Cobalt deposition generally increases the Cpp, and ESCA values compared to the NF
reference electrode. On the other hand, sulfur deposition has a detrimental effect. Remark-
ably, the Co:S (1:1) electrode exhibits the best Cpr, (10.74 mF cm~2) and ESCA (537 cm?)
values, which are about one order of magnitude higher compared to the corresponding
values of the NF background electrode. These findings are in line with the optimum
structural (smallest particle size) and morphological (highly dispersed 3D nanosheets) char-
acteristics of the Co:S (1:1) electrode, further corroborating the close relationship between
the structural-morphological features and electrochemical performance. It is also worth
noting that the high Cp, values of the CoxSy@NF electrodes imply their potential use as
electrodes for electrochemical supercapacitors [66,67].

Electrochemical impedance spectroscopy (EIS) measurements were next carried out to
gain insights into the charge transfer and transport processes involved in the OER reaction.
EIS was applied in potentiostatic mode between frequencies ranging from 10 kHz to 0.1 Hz,
applying a sinusoidal alternating current (AC) potential of 10 mV (RMS). In Figure 6, the
Nyquist plots of the as-prepared electrodes are presented.
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Figure 5. Average absolute current density vs. scan rate for Cpy, estimation of the NF, Co:S (1:0), Co:S
(0:1), Co:S (1:1), Co:S (2:1), Co:S (1:2), and Co:S (4:1) electrodes, at scan rates of 0.005 Vs~ 1-0.1 Vs~

The intercept point on the Z real axis of the Nyquist plot (Figure 6), at high frequencies,
depicts the electrolyte and the internal electrode’s resistance (Rs) [68-70]. The gradient line
achieved in low frequencies corresponds to the diffusion resistance known as the Warburg
element, W [71]. The constant phase element (CPE) represents the double-layer capacitance
between solid and ionic solutions [72]. Also, the charge transfer resistance (R) reflects
the difficulty the charge transfer oxygen evolution reaction has in proceeding. Table 5
summarizes the Rq and Rt values of all fabricated electrodes.

Table 5. Charge transfer resistance (R.) and electronic resistance Rs of Co:S (1:0), Co:S (0:1), Co:S
(1:2), Co:S (2:1), Co:S (4:1), and Co:S (1:1) electrodes.

Electrode Rs (Q)) Ret ()
Co'S (1:0) 2.1+ 0.003 394495
Co:S (0:1) 2.8 + 0.004 155,566 + 3449
Co:S (1:2) 2.5 + 0.004 1.94+0.2
Co:S (2:1) 2 £+ 0.009 521 +7
Co:S (4:1) 2.3+ 0.01 0.75 + 0.03
Co:S (1:1) 2.2 £+ 0.008 0.000006 + 0.008

It is apparent that the Co:S (1:1) electrode provides, by far, the lower R, resulting
in an enhancement in the OER kinetics. Moreover, at higher frequencies, the Co:S (1:1)
electrode exhibits the Warburg line (Figure 6), implying a better capacity and improved
conductivity [71,73]. It should be noted, however, that no significant differences can be
observed between the R values of Co-containing samples, implying the crucial role of
the active metal phase (Co) in determining the electrode’s resistance. Hence, based on the
present results, the excellent electrochemical performance of the Co:S (1:1) electrode could
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be mainly ascribed to its low R, thereby accelerating the charge transfer oxygen evolution
reaction.
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Figure 6. Zoomed in Nyquist plot of Co:S (1:0), Co:S (0:1), Co:S (1:2), Co:S (2:1), Co:S (4:1), and Co:S
(1:1) electrodes in 1M KOH. Insets: zoomed out Nyquist plot.

4. Conclusions

The present work systematically explored the impact of the Co/S molar ratio on the
OER kinetics and electrochemical performance of CoxSy@NF electrodes. Thiourea and
cobalt nitrate precursors at different stoichiometric concentrations were used to fabricate
CoxSy@NF heterostructures through the electrodeposition method.

Notably, it was found that the Co:S ratio profoundly influenced the structure and
morphology of the as-prepared electrodes and, in turn, their OER kinetics. The CoxSy@NF
electrode with a Co:S ratio of 1:1 exhibited the lowest overpotential value at 10 mA cm 2
(0.28 V) and a Tafel slope of 95 mV dec™!, offering, in addition, a high double-layer capaci-
tance (Cpr) of 10.74 mF cm 2. Electrochemical impedance spectroscopy confirmed the key
role of the Co:S ratio on charge transfer resistance, which is substantially decreased at a
Co:S molar ratio of 1:1. Structural and morphological analysis disclosed that the CoxSy@NF
electrocatalyst with an equimolar Co:S ratio presented a 3D flower-like nanosheet morphol-
ogy, offering the smallest particle size and the highest electrochemical active area, which
are both conducive to improving the OER kinetics.

The enhanced electrocatalytic activity, stability, facile synthesis route, and free-of-
binders fabrication procedure render CoxSy@NF electrodes a promising earth-abundant,
noble metal-free, bifunctional type of electrocatalyst for the OER in alkaline water electroly-
sis cells.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/surfaces6040033/s1, Figure S1. XRF analysis of the Co:S
(1:1) electrode; Figure S2. EDS analysis of the as-prepared Co:S electrodes; Figure S3. Tafel slope
of the fabricated electrodes in 1 M KOH electrolyte; Figure S4. Stability test of all the fabricated
electrodes; Figure S5. FE-SEM of the Co:S (2:1) (a), Co:S (4:1) (b), Co:S (1:2) (c), Co:S (1:1) after
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prolonged stability tests. XRF spectra of the Co:S (1:1) electrode before and after the OER stability
test; Figure S6. Capacitance double layer measurements with cyclic voltammetry; Figure S7. Eis
fitting data and equivalent circuits for the as-prepared electrodes; Table S1. Lattice parameters of the
as-prepared electrodes.

Author Contributions: Conceptualization, L.P. and M.K.; methodology, I.P. and M.K.; validation,
LP, M.K. and N.P,; formal analysis, .., M.K.; investigation, L.P; resources, M.K., PA.L. and G.EM.;
data curation, L.P,; writing—original draft preparation, I.P,; writing—review and editing, .., M.K,,
G.E.M,; visualization, I.P. and M.K.; supervision, M.K., G.E.M. and P.A L.; project administration,
M.K,; funding acquisition, M.K., G.E.M. and P.A.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research has received funding from the European Union under grant agreement No
101099717-ECOLEFINS project. Views and opinions expressed are, however, those of the author(s)
only and do not necessarily reflect those of the European Union or European Innovation Council
and SMEs Executive Agency (EISMEA) granting authority. Neither the European Union nor the
granting authority can be held responsible for them. PL, NP acknowledge financial support from
the European Union’s Horizon 2020 research and innovation program under grant agreement no
871124 Laserlab-Europe. The authors would like to acknowledge the HELLAS-CH national infras-
tructure (MIS 5002735) implemented under “Action for Strengthening Research and Innovation
Infrastructures,” funded by the Operational Programme “Competitiveness, Entrepreneurship, and In-
novation” (NSRF 2014-2020) and co-financed by Greece and the European Union (European Regional
Development Fund).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available in the form
of Tables/Figures within the article and its Supplementary Materials. The raw data are available
from the corresponding authors upon reasonable request.

Acknowledgments: The authors want to acknowledge A. Manousaki for the field emission SEM.

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

References

1. Bockris, J.O.; Veziroglu, T.N. Estimates of the price of hydrogen as a medium for wind and solar sources. Int. J. Hydrogen Energy
2007, 32, 1605-1610. [CrossRef]

2. Guo, Y; Shang, C.; Li, J.; Wang, E. Recent development of hydrogen evolution, oxygen evolution and oxygen reduction reaction.
Sci. Sin. Chim. 2018, 48, 926-940. [CrossRef]

3. Wei, Y,; Wang, M.; Fu, W.; Wei, L.; Zhao, X.; Zhou, X.; Ni, M.; Wang, H. Highly active and durable catalyst for hydrogen generation
by the NaBH4 hydrolysis reaction: CoWB/NF nanodendrite with an acicular array structure. ]. Alloys Compd. 2020, 836, 155429.
[CrossRef]

4. Poimenidis, I.A.; Papakosta, N.; Klini, A.; Farsari, M.; Konsolakis, M.; Loukakos, P.A.; Moustaizis, S. Electrodeposited Ni foam
electrodes for increased hydrogen production in alkaline electrolysis. Fuel 2023, 342, 127798. [CrossRef]

5. Guan, D.; Wang, B.; Zhang, J.; Shi, R.; Jiao, K,; Li, L.; Wang, Y.; Xie, B.; Zhang, Q.; Yu, ].; et al. Hydrogen society: From present to
future. Energy Environ. Sci. 2023, 16, 4926-4943. [CrossRef]

6.  McCrory, C.C.L; Jung, S.; Ferrer, LM.; Chatman, S.M.; Peters, ].C.; Jaramillo, T.F. Benchmarking Hydrogen Evolving Reaction and
Oxygen Evolving Reaction Electrocatalysts for Solar Water Splitting Devices. |. Am. Chem. Soc. 2015, 137, 4347-4357. [CrossRef]

7. Han, G.-Q.; Shang, X.; Lu, S.-S.; Dong, B.; Li, X,; Liu, Y.-R.; Hu, W.; Zeng, ].-B.; Chai, Y.-M.; Liu, C.-G. Electrodeposited MoSx films
assisted by liquid crystal template with ultrahigh electrocatalytic activity for hydrogen evolution reaction. Int. |. Hydrogen Energy
2017, 42, 5132-5138. [CrossRef]

8. Wu, G.; Santandreu, A.; Kellogg, W.; Gupta, S.; Ogoke, O.; Zhang, H.; Wang, H.-L.; Dai, L. Carbon nanocomposite catalysts for
oxygen reduction and evolution reactions: From nitrogen doping to transition-metal addition. Nano Energy 2016, 29, 83-110.
[CrossRef]

9.  Kanan, M.W,; Nocera, D.G. In Situ Formation of an Oxygen-Evolving Catalyst in Neutral Water Containing Phosphate and Co?*.
Science (1979) 2008, 321, 1072-1075. [CrossRef]

10. Song, J.; Wei, C.; Huang, Z.-F; Liu, C.; Zeng, L.; Wang, X.; Xu, Z. A review on fundamentals for designing oxygen evolution

electrocatalysts. Chem. Soc. Rev. 2020, 49, 2196-2214. [CrossRef]

38



Surfaces 2023, 6

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Imran Anwar, M.; Manzoor, S.; Ma, L.; Asad, M.; Zhang, W.; Shafiq, Z.; Ashiq, M.-N.; Yang, G. Nitrogen-rich three-dimensional
metal-organic framework microrods as an efficient electrocatalyst for oxygen evolution reaction and supercapacitor applications.
Fuel 2023, 331, 125746. [CrossRef]

Jung, S.; McCrory, C.C.L.; Ferrer, LM.; Peters, ].C.; Jaramillo, T.F. Benchmarking nanoparticulate metal oxide electrocatalysts for
the alkaline water oxidation reaction. J. Mater. Chem. A Mater. 2016, 4, 3068-3076. [CrossRef]

Chi, J.-Q.; Shang, X.; Liang, F; Dong, B.; Li, X.; Liu, Y.-R.; Yan, K.-L.; Gao, W.-K,; Chai, Y.-M.; Liu, C.-G. Facile synthesis of
pyrite-type binary nickel iron diselenides as efficient electrocatalyst for oxygen evolution reaction. Appl. Surf. Sci. 2017, 401,
17-24. [CrossRef]

Sarfraz, B.; Bashir, I.; Rauf, A. CuS/NiFe-LDH/NF as a Bifunctional Electrocatalyst for Hydrogen Evolution (HER) and Oxygen
Evolution Reactions (OER). Fuel 2023, 337, 127253. [CrossRef]

Shit, S.; Chhetri, S.; Jang, W.; Murmu, N.C.; Koo, H.; Samanta, P; Kuila, T. Cobalt Sulfide/Nickel Sulfide Heterostructure Directly
Grown on Nickel Foam: An Efficient and Durable Electrocatalyst for Overall Water Splitting Application. ACS Appl. Mater.
Interfaces 2018, 10, 27712-27722. [CrossRef] [PubMed]

Kale, S.B.; Lokhande, A.C.; Pujari, R.B.; Lokhande, C.D. Cobalt sulfide thin films for electrocatalytic oxygen evolution reaction
and supercapacitor applications. J. Colloid Interface Sci. 2018, 532, 491-499. [CrossRef]

Kuai, L.; Geng, J.; Chen, C.; Kan, E; Liu, Y.; Wang, Q.; Geng, B. A Reliable Aerosol-Spray-Assisted Approach to Produce and
Optimize Amorphous Metal Oxide Catalysts for Electrochemical Water Splitting. Angew. Chem. Int. Ed. 2014, 53, 7547-7551.
[CrossRef]

Smith, R.D.L.; Prévot, M.S.; Fagan, R.D.; Zhang, Z.; Sedach, P.A ; Siu, M.K]; Trudel, S.; Berlinguette, C. Photochemical Route for
Accessing Amorphous Metal Oxide Materials for Water Oxidation Catalysis. Science 2013, 340, 60-63. [CrossRef]

Borthakur, P; Boruah, PK.; Das, M.R.; Ibrahim, M.M.; Altalhi, T.; El-Sheshtawy, H.S.; Szunerits, S.; Boukherroub, R.; Amin, M.
CoS; Nanoparticles Supported on rGO, g-C3N4, BCN, MoS;, and WS; Two-Dimensional Nanosheets with Excellent Electrocat-
alytic Performance for Overall Water Splitting: Electrochemical Studies and DFT Calculations. ACS Appl. Energy Mater. 2021, 4,
1269-1285. [CrossRef]

Poimenidis, I.A.; Lykaki, M.; Moustaizis, S.; Loukakos, P.; Konsolakis, M. One-step solvothermal growth of NiO nanoparticles on
nickel foam as a highly efficient electrocatalyst for hydrogen evolution reaction. Mater. Chem. Phys. 2023, 305, 128007. [CrossRef]
Surendran, S.; Shanmugapriya, S.; Lee, Y.S.; Sim, U.; Selvan, R.K. Carbon-Enriched Cobalt Phosphide with Assorted Nanostructure
as a Multifunctional Electrode for Energy Conversion and Storage Devices. ChemistrySelect 2018, 3, 12303-12313. [CrossRef]
Prabakaran, K.; Lokanathan, M.; Kakade, B. Three dimensional flower like cobalt sulfide (CoS)/functionalized MWCNT
composite catalyst for efficient oxygen evolution reactions. Appl. Surf. Sci. 2019, 466, 830-836. [CrossRef]

Poimenidis, I.A.; Papakosta, N.; Klini, A.; Farsari, M.; Moustaizis, S.D.; Konsolakis, M.; Loukakos, P. Ni foam electrodes decorated
with Ni nanoparticles via pulsed laser deposition for efficient hydrogen evolution reaction. Mater. Sci. Eng. B 2024, 299, 116922.
[CrossRef]

Zhao, Y.; Adiyeri Saseendran, D.P.; Huang, C.; Triana, C.A.; Marks, W.R.; Chen, H.; Zhao, H.; Patzke, G.-R. Oxygen Evolu-
tion/Reduction Reaction Catalysts: From In Situ Monitoring and Reaction Mechanisms to Rational Design. Chem. Rev. 2023, 123,
6257-6358. [CrossRef]

Wang, M.; Zhang, L.; He, Y.; Zhu, H. Recent advances in transition-metal-sulfide-based bifunctional electrocatalysts for overall
water splitting. J. Mater. Chem. A Mater. 2021, 9, 5320-5363. [CrossRef]

Zhu, Y,; Song, L.; Song, N.; Li, M.; Wang, C.; Lu, X. Bifunctional and Efficient CoS , -C@MoS ; Core-Shell Nanofiber Electrocatalyst
for Water Splitting. ACS Sustain. Chem. Eng. 2019, 7, 2899-2905. [CrossRef]

Elshahawy, A.M.; Li, X.; Zhang, H.; Hu, Y.; Ho, K.H.; Guan, C.; Wang, J. Controllable MnCo ;, S 4 nanostructures for high
performance hybrid supercapacitors. . Mater. Chem. A Mater. 2017, 5, 7494-7506. [CrossRef]

Yu, Y. Study on Electrochemistry and Nucleation Process of Nickel Electrodeposition. Int. J. Electrochem. Sci. 2017, 12, 485-495.
[CrossRef]

Shi, J.; Li, X,; He, G.; Zhang, L.; Li, M. Electrodeposition of high-capacitance 3D CoS/graphene nanosheets on nickel foam for
high-performance aqueous asymmetric supercapacitors. . Mater. Chem. A Mater. 2015, 3, 20619-20626. [CrossRef]

Sultana, UK.; He, T.; Du, A.; O'Mullane, A.P. An amorphous dual action electrocatalyst based on oxygen doped cobalt sulfide for
the hydrogen and oxygen evolution reactions. RSC Adv. 2017, 7, 54995-55004. [CrossRef]

Jiang, S.P.; Chen, Y.Z; You, J.K,; Chen, T.X,; Tseung, A.C.C. Reactive Deposition of Cobalt Electrodes: 1. Experimental. ].
Electrochem. Soc. 1990, 137, 3374-3380. [CrossRef]

Garcia-Valenzuela, J.A. Simple Thiourea Hydrolysis or Intermediate Complex Mechanism? Taking up the Formation of Metal
Sulfides from Metal-Thiourea Alkaline Solutions. Comments Inorg. Chem. 2017, 37, 99-115. [CrossRef]

Zhang, J.; Xu, C.; Zhang, D.; Zhao, ].; Zheng, S.; Su, H.; Wei, E; Yuan, B.; Fernandez, C. Facile Synthesis of a Nickel Sulfide (NiS)
Hierarchical Flower for the Electrochemical Oxidation of H,O, and the Methanol Oxidation Reaction (MOR). J. Electrochem. Soc.
2017, 164, B92-B96. [CrossRef]

Liu, S.; Shi, Q.; Tong, J.; Li, S.; Li, M. Controlled synthesis of spherical «-NiS and urchin-like 3-NiS microstructures. J. Exp.
Nanosci. 2014, 9, 475-481. [CrossRef]

39



Surfaces 2023, 6

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Yan, K.-L.; Shang, X.; Li, Z.; Dong, B.; Chi, ].-Q.; Liu, Y.-R.; Gao, W.-K_; Chai, Y.-M.; Liu, C.-G. Facile synthesis of binary NiCoS
nanorods supported on nickel foam as efficient electrocatalysts for oxygen evolution reaction. Int. |. Hydrogen Energy 2017, 42,
17129-17135. [CrossRef]

Samal, R.; Mondal, S.; Gangan, A.S.; Chakraborty, B.; Rout, C.S. Comparative electrochemical energy storage performance of
cobalt sulfide and cobalt oxide nanosheets: Experimental and theoretical insights from density functional theory simulations.
Phys. Chem. Chem. Phys. 2020, 22, 7903-7911. [CrossRef] [PubMed]

Huang, S.; He, Q.; Liu, M.; An, H.; Hou, L. Controlled synthesis of porous nanosheets-assembled peony-like cobalt nickel
selenides for triiodide reduction in dye-sensitized solar cells. J. Alloys Compd. 2020, 818, 152817. [CrossRef]

Shervedani, R.K.; Madram, A.R. Kinetics of hydrogen evolution reaction on nanocrystalline electrodeposited Nig,Fe35C3 cathode
in alkaline solution by electrochemical impedance spectroscopy. Electrochim. Acta 2007, 53, 426—433. [CrossRef]

Hosseini, M.G.; Momeni, M.M.; Faraji, M. Highly Active Nickel Nanoparticles Supported on TiO, Nanotube Electrodes for
Methanol Electrooxidation. Electroanalysis 2010, 22, 2620-2625. [CrossRef]

Shaffer, D.W.; Xie, Y.; Concepcion, ].J. O-O bond formation in ruthenium-catalyzed water oxidation: Single-site nucleophilic
attack vs. O-O radical coupling. Chem. Soc. Rev. 2017, 46, 6170-6193. [CrossRef]

Craig, M.].; Coulter, G.; Dolan, E.; Soriano-Lépez, ].; Mates-Torres, E.; Schmitt, W.; Melchor, M.-G. Universal scaling relations for
the rational design of molecular water oxidation catalysts with near-zero overpotential. Nat. Commun. 2019, 10, 4993. [CrossRef]
[PubMed]

Zhao, M.; Zheng, X.; Cao, C.; Lu, Q.; Zhang, J.; Wang, H.; Huang, Z.; Cao, Y.; Wang, Y.; Deng, Y. Lattice oxygen activation in
disordered rocksalts for boosting oxygen evolution. Phys. Chem. Chem. Phys. 2023, 25, 4113-4120. [CrossRef]

Zhu, Y.; Tahini, H.A.; Hu, Z.; Chen, Z.; Zhou, W.; Komarek, A.C.; Lin, Q.; Lin, H.-].; Chen, C.-T.; Zhong, Y.; et al. Boosting
Oxygen Evolution Reaction by Creating Both Metal Ion and Lattice-Oxygen Active Sites in a Complex Oxide. Adv. Mater. 2020,
32,1905025. [CrossRef]

Yoo, ].S.; Rong, X.; Liu, Y.; Kolpak, A.M. Role of Lattice Oxygen Participation in Understanding Trends in the Oxygen Evolution
Reaction on Perovskites. ACS Catal. 2018, 8, 4628-4636. [CrossRef]

Cao, D; Liu, D.; Chen, S.; Moses, O.A.; Chen, X.; Xu, W.; Wu, C.; Zheng, L.; Chu, S.; Jiang, H.; et al. Operando X-ray spectroscopy
visualizing the chameleon-like structural reconstruction on an oxygen evolution electrocatalyst. Energy Environ. Sci. 2021, 14,
906-915. [CrossRef]

Fan, K.; Zou, H.; Lu, Y.; Chen, H.; Li, F; Liu, J.; Sun, L.; Tong, L.; Toney, M.; Sui, M.; et al. Direct Observation of Structural
Evolution of Metal Chalcogenide in Electrocatalytic Water Oxidation. ACS Nano 2018, 12, 12369-12379. [CrossRef] [PubMed]
Wang, M.; Dong, C.-L.; Huang, Y.-C.; Shen, S. Operando Spectral and Electrochemical Investigation into the Heterophase
Stimulated Active Species Transformation in Transition-Metal Sulfides for Efficient Electrocatalytic Oxygen Evolution. ACS Catal.
2020, 10, 1855-1864. [CrossRef]

Li, M,; Xu, Z; Li, Y.; Wang, J.; Zhong, Q. In situ fabrication of cobalt/nickel sulfides nanohybrid based on various sulfur sources
as highly efficient bifunctional electrocatalysts for overall water splitting. Nano Sel. 2022, 3, 147-156. [CrossRef]

Poimenidis, I.A.; Papakosta, N.; Manousaki, A.; Klini, A.; Farsari, M.; Moustaizis, S.D.; Loukakos, P. Electrodeposited laser—
nanostructured electrodes for increased hydrogen production. Int. |. Hydrogen Energy 2022, 47, 9527-9536. [CrossRef]

Wang, Y.; Chen, N.; Du, X,; Han, X.; Zhang, X. Transition metal atoms M (M = Mn, Fe, Cu, Zn) doped nickel-cobalt sulfides on the
Ni foam for efficient oxygen evolution reaction and urea oxidation reaction. J. Alloys Compd. 2022, 893, 162269. [CrossRef]

Liu, B.; Zhang, M.; Wang, Y.; Chen, Z.; Yan, K. Facile synthesis of defect-rich ultrathin NiCo-LDHs, NiMn-LDHs and NiCoMn-
LDHs nanosheets on Ni foam for enhanced oxygen evolution reaction performance. J. Alloys Compd. 2021, 852, 156949. [CrossRef]
Qin, J.-E; Yang, M.; Hou, S.; Dong, B.; Chen, T.-S.; Ma, X.; Xie, ].-X.; Zhou, Y.-N.; Nan, J.; Chai, Y.-M. Copper and cobalt co-doped
Ni3S, grown on nickel foam for highly efficient oxygen evolution reaction. Appl. Surf. Sci. 2020, 502, 144172. [CrossRef]

Zhang, R.-L.; Duan, J.-J.; Feng, ].-].; Mei, L.-P; Zhang, Q.-L.; Wang, A.-]. Walnut kernel-like iron-cobalt-nickel sulfide nanosheets
directly grown on nickel foam: A binder-free electrocatalyst for high-efficiency oxygen evolution reaction. J. Colloid Interface Sci.
2021, 587, 141-149. [CrossRef]| [PubMed]

Min, K.; Yoo, R.; Kim, S.; Kim, H.; Shim, S.E.; Lim, D.; Baeck, S.-H. Facile synthesis of P-doped NiCo0,S,; nanoneedles supported on
Ni foam as highly efficient electrocatalysts for alkaline oxygen evolution reaction. Electrochim. Acta 2021, 396, 139236. [CrossRef]
Gao, W.-K;; Qin, J.-F,; Wang, K.; Yan, K.-L.; Liu, Z.-Z,; Lin, J.-H.; Chai, Y.-M.; Liu, C.-G.; Dong, B. Facile synthesis of Fe-doped
Cog9Sg nano-microspheres grown on nickel foam for efficient oxygen evolution reaction. Appl. Surf. Sci. 2018, 454, 46-53.
[CrossRef]

Yin, X.; Sun, G.; Wang, L.; Bai, L.; Su, L.; Wang, Y.; Du, Q.; Shao, G. 3D hierarchical network NiCo,S; nanoflakes grown on
Ni foam as efficient bifunctional electrocatalysts for both hydrogen and oxygen evolution reaction in alkaline solution. Int. |.
Hydrogen Energy 2017, 42, 25267-25276. [CrossRef]

Wang, ].-Q.; Xi, C.; Wang, M.; Shang, L.; Mao, ].; Dong, C.-K,; Liu, H.; Kulinich, S.-A.; Du, X.-W. Laser-Generated Grain Boundaries
in Ruthenium Nanoparticles for Boosting Oxygen Evolution Reaction. ACS Catal. 2020, 10, 12575-12581. [CrossRef]

Shan, J.; Guo, C; Zhu, Y.; Chen, S.; Song, L.; Jaroniec, M.; Zheng, Y.; Qiao, S.-Z. Charge-Redistribution-Enhanced Nanocrystalline
Ru@IrOx Electrocatalysts for Oxygen Evolution in Acidic Media. Chem 2019, 5, 445-459. [CrossRef]

Burke, L.D.; Twomey, T.A.M. Voltammetric behaviour of nickel in base with particular reference to thick oxide growth. J.
Electroanal. Chem. Interfacial Electrochem. 1984, 162, 101-119. [CrossRef]

40



Surfaces 2023, 6

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Chandrasekaran, P; Edison, T.N.J.IL; Sethuraman, M.G. Electrocatalytic study of carbon dots/Nickel iron layered double
hydroxide composite for oxygen evolution reaction in alkaline medium. Fuel 2022, 320, 123947. [CrossRef]

Navarro-Flores, E.; Chong, Z.; Omanovic, S. Characterization of Ni, NiMo, NiW and NiFe electroactive coatings as electrocatalysts
for hydrogen evolution in an acidic medium. J. Mol. Catal. A Chem. 2005, 226, 179-197. [CrossRef]

Li, X,; Liu, P.F; Zhang, L.; Zu, M.Y,; Yang, Y.X.; Yang, H.G. Enhancing alkaline hydrogen evolution reaction activity through
Ni-Mn304 nanocomposites. Chem. Commun. 2016, 52, 10566-10569. [CrossRef]

McCrory, C.C.L; Jung, S.; Peters, J.C.; Jaramillo, T.F. Benchmarking heterogeneous electrocatalysts for the oxygen evolution
reaction. J. Am. Chem. Soc. 2013, 135, 16977-16987. [CrossRef]

Poimenidis, I.A.; Tsanakas, M.D.; Papakosta, N.; Klini, A.; Farsari, M.; Moustaizis, S.D.; Loukakos, P.A. Enhanced hydrogen
production through alkaline electrolysis using laser-nanostructured nickel electrodes. Int. J. Hydrogen Energy 2021, 46, 37162-37173.
[CrossRef]

Symes, D.; Taylor-Cox, C.; Holyfield, L.; Al-Duri, B.; Dhir, A. Feasibility of an oxygen-getter with nickel electrodes in alkaline
electrolysers. Mater. Renew. Sustain. Energy 2014, 3, 27. [CrossRef]

Edison, T.N.J.I; Atchudan, R.; Karthik, N.; Ganesh, K; Xiong, D.; Lee, Y.R. A novel binder-free electro-synthesis of hierarchical
nickel sulfide nanostructures on nickel foam as a battery-type electrode for hybrid-capacitors. Fuel 2020, 276, 118077. [CrossRef]
Huang, H.; Deng, X.; Yan, L.; Wei, G.; Zhou, W.; Liang, X.; Guo, J. One-Step Synthesis of Self-Supported NizS, /NiS Composite
Film on Ni Foam by Electrodeposition for High-Performance Supercapacitors. Nanomaterials 2019, 9, 1718. [CrossRef]

Chen, J.; Wang, Z.; Mu, ].; Ai, B.; Zhang, T.; Ge, W.; Zhang, L. Enhanced lithium storage capability enabled by metal nickel dotted
NiO-graphene composites. J. Mater. Sci. 2019, 54, 1475-1487. [CrossRef]

Siddiqui, S.-E.-T.; Rahman, M.d.A.; Kim, J.-H.; Sharif, S.B.; Paul, S. A Review on Recent Advancements of Ni-NiO Nanocomposite
as an Anode for High-Performance Lithium-Ion Battery. Nanomaterials 2022, 12, 2930. [CrossRef]

Chia, X.; Ambrosi, A.; Sofer, Z.; Luxa, J.; Pumera, M. Catalytic and Charge Transfer Properties of Transition Metal Dichalcogenides
Arising from Electrochemical Pretreatment. ACS Nano 2015, 9, 5164-5179. [CrossRef]

Agudosi, E.S.; Abdullah, E.C.; Numan, A.; Mubarak, N.M.; Aid, S.R.; Benages-Vilau, R.; Romero, P--G.; Khalid, M.; Omar, N.
Fabrication of 3D binder-free graphene NiO electrode for highly stable supercapattery. Sci. Rep. 2020, 10, 11214. [CrossRef]
[PubMed]

Conway, B.E.; Birss, V.; Wojtowicz, J. The role and utilization of pseudocapacitance for energy storage by supercapacitors. J. Power
Source 1997, 66, 1-14. [CrossRef]

Ge, J.; Wu, J.; Fan, L.; Bao, Q.; Dong, J.; Jia, J.; Guo, Y.; Lin, J. Hydrothermal synthesis of CoM0O,/Coj_4S hybrid on Ni foam for
high-performance supercapacitors. J. Energy Chem. 2018, 27, 478-485. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

41



surfaces ﬁw\p\py

Communication

Synthesis and Properties of Novel Acrylic Fluorinated Surfactants

Chao Lin V*, Jinhua Li 2, Yejun Qin 2, Ping Xing 2 and Biao Jiang >*

1 Shanghai Fire Research Institute of MEM, Shanghai 200032, China

Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, Shanghai 200032, China;
lijinhua@mail.sioc.ac.cn (J.L.); ginyj@mail.sioc.ac.cn (Y.Q.); xingping@mail.sioc.ac.cn (P.X.)
Correspondence: linchaol6@163.com (C.L.); jiangb@mail.sioc.ac.cn (B.].)

Abstract: Branched fluorinated surfactants with creatively introduced acrylate in the hydrophilic
group were designed and prepared by adopting perfluoro-2-methyl-2-pentene as the raw substrate.
These new compounds showed excellent surface properties, and the surface tension of their aqueous
solution at 25 °C could be below 20.00 mN/m at the critical micelle concentration. Compared
with similar structures we have synthesized previously, these synthesized compounds exhibit a
great improvement with regard to their molecular arrangement at the gas-liquid interface, their
polymerizability, and the antibacterial properties of their polymer form, which can provide new ideas
in the work to replace perfluorooctane sulfonate/perfluorooctanoic acid.

Keywords: branched fluorinated surfactants; novel acrylic hydrophilic group; surface properties;
polymerizable emulsifier; emulsion polymerization

1. Introduction

Fluorinated surfactants were first developed by 3M in the US in the 1950s through
electrolytic fluorination under the trade name "Fluorad" [1]. Their unique properties, e.g.,
their high surface activity and high thermal and chemical stability at low concentrations
compare to non-fluorinated ones [2,3], means they have been widely applied in industrial
processes and for consumer uses [4-7]. The most common commercially produced fluo-
rinated surfactants are perfluorooctane sulfonate (PFOS)/perfluorooctanoic acid (PFOA)
and their derivatives. Their widespread use, disposal, and high stability (they cannot be
broken down readily either abiotically or biotically in the environment) have resulted in the
widespread presence of per- and polyfluoroalkyl substances (PFASs) in the environment.
Commercial productions have shifted toward short-chain alternatives and new fluori-
nated moieties such as per- and polyfluorinated ethers because perfluoroalkyl substances
with chain lengths of C8 or longer have shown great potential to be persistent, toxic, and
bioaccumulable [8,9].

Perflur-Cé6-based fluorine-containing additives do not contain perflur-C8 components
and have not been classified as persistent organic pollutants (POPs) previously, but their
environmental safety is still controversial. Compared with long-chain analogs, short-chain
substitutes with higher water solubility, higher saturated vapor pressure, and lower ad-
sorbability are more likely to migrate in the environment [10,11]. Perfluorohexane sulfonic
acid (PFHS) and its related compounds were submitted to the POPs review committee
as POP candidates in 2017 [12], and they are now listed in Annex A of the Stockholm
Convention without specific exemptions. Substances that potentially degrade to PFHS are
also considered as their related compounds [13].

Although other chemical structural compounds with straight-chain perfluorinated
hexyl have not been listed in Annex A of the Stockholm Convention, they are the subject
of great concern currently. Finding more suitable and reliable compounds and effec-
tive preparation methods is very urgent. Our group has carried out numerous studies
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on preparation processes, structure—activity relationships, and applications using hex-
afluoropropylene dimer as the raw material [14-16]. The surface tension of this kind
of branched fluorinated surfactant at the critical micelle concentration (CMC) is usually
around 19 mN/m-20 mN/m, while some compounds with excellent surface activity can
reduce the surface tension to below 18 mN/m [16].

To the best of our knowledge, most studies are still focused on reducing the toxi-
city of fluorinate hydrophobic fragments without paying enough attention to the inno-
vative design of hydrophilic groups. For example, the hydrophilic groups of cationic,
amphoteric, and nonionic surfactants are usually quaternary ammonium salt, betaine,
and poly-oligomeric ethoxylated alcohol, respectively [9,17]. Designing and synthesizing
suitable hydrophilic structures for specific hydrophobic groups to achieve better structural
matching are very important tasks in the future for research into PFOS/PFOA alternatives.

2. Materials and Methods

In view of the facts mentioned above, this study proposed a novel hydrophilic group
to matching the branched hydrophobic fluorinated tails (Scheme 1). The traditional hy-
drophilic group structure of quaternary ammonium salt was modified to contain an acrylate
structure using an ionic bond or a chemical bond. The existing acrylate structure connected
via an ionic bond or chemical bond causes the branched fluorinated surfactants to display
significantly different surface activities, thus demonstrating greater application prospects
than previous works [14-16], such as more stable foams in fire-fighting agents, polymeriz-
able emulsifiers in emulsion polymerization, and antibacterial additives in coatings.
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Scheme 1. Synthetic route for the branched fluorosurfactants.

Compound 1 was prepared via four steps according to the literature [15] and was
then changed into the ionic paired structural compound 3 (FIS) and the chemical bond
structural compound 5 (FBS) via two steps, respectively. For compound 3, first, quaternary
ammonium salt compound 2 underwent quaternarization with iodoethane [15]. Then,
conversion of the quaternary ammonium salt 2 into the ionic paired compound 3 was
carried out via ion exchange and esterification in turn. For compound 5, first, quaternary
ammonium salt compound 4 underwent quaternarization with bromoethanol. Then,
esterification of the alcohol 4 led to the chemical bond structural compound 5. All of the
chemicals and instruments used in this work, the experimental details, and the key spectra
are presented in the Supplementary Materials.

43



Surfaces 2024, 7

3. Results and Discussion
3.1. Surface Activities

The surface or interface tension of surfactants in individual form was tested via the
Wilhelmy plate method using a Kruss K100 tensiometer at 25 °C. All values were the
average of three measurements. The change trend of surface tension for FIS and FBS in
aqueous solutions with various concentrations is presented in Figure 1. The CMC of FIS
is 6.57 x 10~* mol/L and the surface tension at the CMC (ycmc) is 23.24 mN/m; for FBS,
these values are 1.15 x 1073 mol/L and 19.02 mN/m, respectively. The values of the
surface properties of FIS and FBS are better than that of sodium perfluorooctanoate (about
24.7 mN/m at the CMC of 3.1 x 1072 mol/L) [18].
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Figure 1. Surface tension measurements of FBS and FIS at 25 °C.

The ability to reduce surface tension is slightly different between FBS and FIS, which
can be explained by calculating the surface occupied area per molecule (Acpic). Acymc was
derived from the static surface tension vs. logc curves through the following equation [19,20]:

1

_ 1
NA Iﬂmax ( )

Acmc =

where N4 is Avogadro’s number and I'max is the surface excess concentration as defined by

1 dvy
Fmax = =5 303 RT 198c-sccue (dlgc> @

where R is a gas constant and T is the absolute temperature.
The calculated Acpc values of FBS and FIS are listed in Table 1.

Table 1. Static surface and interface properties of different water solutions at 25 °C.

Entry Systems CMC (mol/L) Ycmce (mN/m) Acmc (A2/mol)
1 FIS 6.57 x 1074 23.24 2.46
2 FBS 1.15 x 1073 19.02 1.65
32 FCS 250 x 1073 19.68 52
42 FAS 1.04 x 1074 21.39 35
5b FO1 1.73 x 1072 19.93 49
6P FO2 9.97 x 107° 19.31 27

a Values are taken from reference [15]. ® Values are taken from reference [14].

From Figure 1 and Table 1, it can be seen that FBS showed better surface activities than
FIS, caused by the chemical bond structure, which causes the compounds to have a more
stable arrangement at the air-water interface, and thus the Acyc of FBS is 1.65 A?/mol,
while the Acyic of FIS is 2.46 A% /mol.
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3.2. Foaming Properties

Comparisons of surface properties with the same hydrophobic fluorinated tail structure
compounds (see Figure 2) are summarized in Table 1. The Acyc values of FCS/FAS/FO1/FO2
were larger than those of FIS and FBS, meaning that the technique of introducing an acrylate
group into the hydrophilic head group can effectively improve the compact arrangement of
molecules at the gas-liquid interface. This causes these fluorosurfactants to have improved
application performance in fire-fighting foams.
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Figure 2. Structures of FCS/FAS/FO1/FO2.

The foaming ratio and eluting time are important indexes used to evaluate the foaming
properties of surfactants, representing the foaming ability and foam stability of surfactants,
respectively. In this work, we chose a simple method to evaluate the foam properties of
the new hydrophilic structure [21]. FCS and FIS were both prepared as 1 wt% aqueous
solutions, and 10 mL of these aqueous solutions was added to a 100 mL measuring cylinder
with a lid. Then, the cylinder was shaken violently for 20 s to cause the solution to foam
fully. From Figure 3A, it can be seen that the initial foam height (4 s after shaking) of FIS
was about 85 mL, while the initial foam height of FCS was about 80 mL. This means that the
foaming ratios of FIS and FCS are 8.5 times and 8 times, respectively. Meanwhile, the eluting
time can be assessed using the time taken for the liquid to precipitate. Figure 3B shows that,
at the bottom of both cylinders, about 8 mL of the solution is present at 135 s (after shaking
for 115 s), which means that the foam stability of FIS and FCS is almost the same. The above
test results show that the more compact arrangement of FIS molecules at the gas-liquid
interface improves the foaming ability and has no impact on the foam’s stability.

00:24.34

Figure 3. (A) Foam height after shaking for 4 s. (B) Foam height after shaking for 115 s.

3.3. Coating Applications

The introduction of an acrylate group provides these novel fluorosurfactants with
more new application possibilities compared with the traditional fluorinate surfactant. For
example, polymerizable emulsifiers are a kind of new emulsifier that do not migrate to
the film surface during the film formation process, thus avoiding deleterious effects on the
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film’s properties [22]. We used FBS as a polymerizable emulsifier to discuss its application
in the coating industry.

For emulsion 1, a polymerizable emulsifier named DNS-86 purchased from Guangzhou
Shuangjian Trading Co., Ltd, Guangzhou, China, was used as a single emulsifier. Mean-
while, for emulsion 2, FBS was used with DNS-86 with a mass radio of 1:1 as a mixed
emulsifier. The other additives and total feed weight of emulsion 1 and emulsion 2 were
kept consistent. The preparation details of the two kinds of polyacrylate emulsions and the
coating process are presented in the Supporting Information, while the general processes
are shown in Figure 4A. Transmission electron microscope (TEM) images of the latexes
were obtained by a JEOL JEM 1230 instrument operated at 80 kV. The TEM micrograph
reveals that both prepared emulsions have a good dispersity, with nanoscale sizes of less
than 100 nm (Figure 4B), indicating that small amounts of FBS did not significantly change
the micromorphology of the emulsion.

BMA, MMA

DNS-86, APS, HO

Spray

i/

Coatmg lor2

uu.{n[.:

BMA, MMA

DNS-86+FBS, APS, HO

Emulsion 2

Figure 4. (A) Fabrication process of polyacrylate emulsion coatings. (B) TEM image of emulsion 1
and emulsion 2.

The contact angle (CA) test is commonly used as a quick and precise tool for the
evaluation of the liquid repellence of a coating surface. The measurements were performed
on a contact angle goniometer (XG-CAM, Shanghai Xuanyichuangxi Industrial Equioment
Co., Ltd., Shanghai, China) by the sessile drop method with a microsyringe at room
temperature. We chose a glass slide as a template substrate to perform the water contact
angle (WCA) test and hexamethylene contact angle (HCA) test (Figure 5A,B, respectively),
and it can be observed that the WCA of the film decreased by only 1% (from 86.63° to 85.42°)
with the addition of a small amount of FBS (1.22 wt% in total). Meanwhile, the HCA of the
coating improved by over 100% (from 5.02° to 10.13°), caused by the fluorinated groups
and quaternary ammonium salt groups of the 1.22 wt% FBS, improving the oleophobic
properties of the coating together. Regarding the water repellence of the coatings, the
hydrophilic quaternary ammonium salt groups play a dominant role compared with the
hydrophobic fluorinated groups.

To assess the remarkable influence of the quaternary ammonium salt groups on the
coatings, we further conducted antibacterial tests of the two emulsions by the inhibition
zone method according to the literature [23,24]. Figure 6 shows the inhibition zone photos
of different bacteria in Petri dishes after bacterial cultures for 96 h; the larger inhibition
zone means a better ability to inhibit the corresponding bacteria. From Figure 6, it can
be found that the antibacterial zone of emulsion 2 was larger than that of emulsion 1,
meaning that the addition of FBS can greatly improve the anti-Staphylococcus aureus
activity by approximately 2 times after 96 h and improves the anti-Escherichia coli activity
by approximately 1.6 times after 96 h. Unfortunately, both of the latex emulsions showed
no anti-Aspergillus niger activity. This phenomenon is mainly due to the presence of the
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quaternary ammonium salt structure, but the relative amount of FBS in emulsion 2 was too
low (below 3 wt%.) that it has not yet acted as an inhibitor against Aspergillus niger.

(A)Emulsion 1 Emulsion 2

- Emulsion 2

Figure 5. (A) Water contact angle (WCA) images of fabricated glasses of emulsion 1 and emulsion 2.
(B) Hexamethylene contact angle (HCA) images of fabricated glasses of emulsion 1 and emulsion 2.

Figure 6. Antibacterial test images of emulsion 1 and emulsion 2 after 96 h.

4. Conclusions

In this work, we successfully synthesized two novel branched fluorosurfactants with
multi-functional groups starting from perfluoro-2-methyl-2-pentene. The introduction
of an acrylate group into the hydrophilic head group effectively promoted the compact
arrangement of molecules at the air-water interface, thus improving the foaming ability
of the molecular solutions. The as-obtained compounds not only exhibited better surface
properties than those of sodium perfluorooctanoate but also showed remarkable application
possibilities compared to the traditional fluorinate surfactant. When FBS was applied as
a polymerizable emulsifier, the as-obtained latex emulsion showed much better organic
solvent repellence, anti-Staphylococcus aureus activity, and anti-Escherichia coli activity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/surfaces7040055/s1, File S1: synthesis of FIS and FBS; preparation
of the polyacrylate emulsion; "H NMR, '°F NMR and '3C NMR spectra of FIS and FBS.
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Abstract: Accelerated synthesis of gold nanoparticles (AuNPs) in charged microdroplets produced
by electrospray ionization (ESI) was exploited to modify the surface of graphite screen-printed
electrodes (GSPEs). The deposited AuNPs were then functionalized by the charged microdroplets
deposition of 6-ferrocenyl-hexanethiol (6Fc-ht) solutions that act as reducing and stabilizing agents
and provide electrochemical properties for the modified electrodes. The morphology and composition
of the AuNPs were characterized by scanning electron microscopy (SEM). Cyclic voltammetry (CV),
differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) were used
to investigate the electrochemical behavior of the modified electrodes. The results showed that the
ESI microdroplets deposition technique produces uniform and well-dispersed AuNPs on GSPE, and
optimal conditions for deposition were identified, enhancing GSPE electrocatalytic performance.
Further functionalization by ESI microdroplets of AuNPs with 6Fc-ht demonstrated improved redox
properties compared with the conventional self-assembled monolayer (SAM) method, highlighting
the technique’s potential for the easy and fast functionalization of electrochemical sensors.

Keywords: microdroplets; ESI Z-spray; screen-printed electrodes; gold nanoparticles

1. Introduction

Electrospray ionization (ESI) is a mass spectrometric technique that allows obtaining
gaseous naked ions of nonvolatile molecules by spraying microdroplets into a high-voltage
electric field whose invention by John Fenn was awarded the Nobel Prize [1]. In recent
years, ESI microdroplets have gained additional interest in the scientific community as they
have been demonstrated to be a unique medium where ionic reactions can be accelerated
10° times with respect to the same bulk processes [2]. Starting from the first studies by
Cooks and Zare [3,4], a large variety of chemical and biological processes in solution
were demonstrated to occur in the microseconds fly-time of the microdroplets before their
Coulombic explosion into naked ions [5-15].

Furthermore, the microdroplets deposited onto a solid surface generate a thin film that
retains their peculiar, confined volume but allows for the neutral products of the reaction
to be separated and quantified [16-25]. Moreover, the thin film is continuously formed by
microdroplets deposition, thus extending the reaction time to any desired longer value with
respect to the microsecond droplet lifetime. Furthermore, several studies demonstrated
that metal nanoparticles can be efficiently deposited onto a target surface from solutions of
metal ion salts [26-28]. These unusual applications of mass spectrometry have enormously
broadened the field of its applications from a purely analytical technique to a procedure
capable of supporting or improving classic synthetic methods in solution [29,30]. Gold
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nanoparticles (AuNPs) are nanoscale gold particles with unique optical, electrical, and
catalytic properties [31]. One of the challenges in using AuNPs for various applications is
to control their size, shape, and surface chemistry. Functionalization of AuNPs with organic
molecules such as thiols can modify their surface properties and enhance their stability,
biocompatibility, and functionality. Recently, Zare and coworkers demonstrated that
AuNPs can be formed by ESI microdroplets deposition at ambient conditions by spraying
a solution containing only tetracholoroauric acid without adding reducing agents [32].

Moreover, AuNPs of less than 10 nm in diameter were generated in the microsecond
time scale. The fast formation of AuNPs was attributed to the strong electric field at the
water—air microdroplets interface. In this study, the procedure developed by Zare was
used to modify the surface of graphite screen-printed electrodes (GSPE). The morphology
of the AuNPs was characterized by scanning electron microscopy (SEM), whereas cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance
spectroscopy (EIS) were used to investigate the electrochemical behavior of the modi-
fied electrodes. Furthermore, the same deposition method was used to functionalize
the AuNPs-modified electrode surface with 6-ferrocenyl-hexanethiol (6Fc-ht) as a redox
probe. The results obtained pave the way for using this deposition technique to develop
electrochemical sensors and biosensors.

2. Materials and Methods
2.1. Reagentes and Samples

Potassium ferricyanide (K3[Fe(CN)¢]), potassium ferrocyanide (K4[Fe(CN)¢]), potas-
sium chloride (KCl), tetrachloroauric acid (HAuCly), 6-ferrocenyl-hexanethiol (6Fc-ht), and
methanol (MeOH) were purchased by Merck Life Science (Milan, Italy). All solutions used
for the electrochemical measurements were prepared using Milli-Q water (R = 18.2 M() cm
at 25 °C; TOC < 10 ug L1, Millipore, Molsheim, France). GSPE electrodes were purchased
by Metrohm Italiana S.r.L. (Origgio, Italy) K3[Fe(CN)s]/K4[Fe(CN)s] 1 mM and 5 mM
solutions were prepared in KCI 0.1 M. The 6-Ferrocenyl-hexanethiol 1 mM stock solution
used to modify GSPE electrodes via ESI and SAM methods was prepared by dissolving the
reagent in pure MeOH.

2.2. ESI Z-Spray Microdroplets Deposition Experiments

Microdroplets deposition experiments were performed by using the Z-spray ionization
(ESI) source of a quadrupole-time of flight (Q-TOF, Ultima, Micromass, Manchester, UK)
mass spectrometer suitably adapted to microdroplets reaction studies [33]. Briefly, in the ESI
Z-spray source, the microdroplets, dried by the N, desolvation gas, hit the GSPE working
surface fixed on a target plate whose distance from the exit of the ESI capillary can be varied
from 1.0 to 3.0 cm. The GSPE working surface was biased with the same voltage applied to
the ESI source cone, thus allowing the charged microdroplets stream to be selectively fo-
calized onto this part of the screen-printed electrode (supplementary materials, Figure S1).
The sprayed HAuCly water solutions were prepared daily at a total concentration of
6.4 x 1075 M. Nitrogen was used as desolvation gas at a flow rate of 200 L h~! and at
a temperature of 200 °C (corresponding to an actual microdroplets stream temperature
of 70 °C). The ESI Z-spray experiments involving HAuCly were performed in negative
ion mode. Typical source potentials were as follows: capillary —2.5 kV, cone voltage 70 V,
RF lens-1 120 V, and syringe pump flow 20 L min~!. After the AuNPs deposition, the
GSPE surfaces were treated with a spray of microdroplets containing 6Fc-ht. The 6Fc-ht
methanol solutions were prepared daily at a total concentration of 1.0 x 107> M and were
delivered to the GSPE working surface for 10 min. The 6Fc-ht deposition through the ESI
Z-spray source was performed in positive ion mode. Typical source potentials were as
follows: capillary 3.5 kV, cone 70 V, RF lens-1 120 V, desolvation gas flow rate 200 L h—1,
temperature 200 °C and syringe pump flow 20 uL min~!. In the case of H,O, oxidation
catalysis, the DPV measurements were conducted in a 5 mL solution of PBS 0.01 M and
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KCl1 0.1 M by adding increasing amounts of H,O, from a 5 mM mother solution prepared
in PBS 0.01 M.

2.3. Surface Characterization Apparatus

Scanning electron microscopy (SEM) was performed to characterize the electrode
surface morphology using a Dual Beam Auriga (Zeiss instrument, Oberkochen (Germany)
of the Sapienza Nanoscience and Nanotechnology Labs (SNN-Lab). Elemental evaluation
of the AuNPs was ascertained by energy-dispersive X-ray (EDX) analysis.

2.4. Electrochemical Measurements and Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements
were conducted in a three-electrode system consisting of a platinum wire as the counter
electrode and an Ag/AgClsat. electrode as reference. The experiments were performed
in a 10 mL solution of 1 mM Kj[Fe(CN)s]/K4[Fe(CN)g] with KC1 0.1 M as a supporting
electrolyte. Electrochemical impedance spectroscopy (EIS) measurements were carried
out using the same three-electrode setup in a 5 mM Kj[Fe(CN)4]/K4[Fe(CN)g] solution
with KCl 0.1 M as supporting electrolyte. The experiments involving 6Fc-ht, CV, and
DPV measurements were performed in 0.1 M KCI. All experiments were conducted at
room temperature.

2.5. Self-Assembled Monolayer (SAM) Formation

The procedure to provide the formation of a SAM of 6Fc-ht onto the GSPE/AuNPs
electrodes was realized by dipping the modified electrodes in a 1 mM thiol solution
in ethanol for 24 h. Afterward, the electrodes were left to dry and rinsed with water
and ethanol.

3. Results and Discussion
3.1. ESI Microdroplets Deposition Experiments

To probe the formation of gold in the Q-TOF ESI Z-spray modified source, a stream
of aqueous microdroplets from a 6.4 x 10~ M HAuCl, solution was collected in neg-
ative ion mode onto a glass slide for 1 h. The formation of a naked-eye visible gold
film clearly evidenced the capability of our systems to reproduce the Zare experiments
(Figure S1). Moreover, even the negative ion mass spectrum registered with the Q-TOF
mass-spectrometer was comparable with that reported by Zare et al., showing the signal
corresponding to AuCl, ™ and AuCl, ™ as the prevalent anionic species produced by the
complete desolvation of the ESI microdroplets. As underlined by Zare, the AuCl, ™~ species
clearly indicates that Au*3 is reduced inside the microdroplets. With the aim to promote
the deposition of gold nanoparticles with as small as a nanometric diameter, the tetra-
chloroauric acid solution was diluted ten times (6.4 x 107> M), and the reaction time was
reduced in the range of 2-10 min. The selected deposition times are considerably longer
than the millisecond interval used by Zare et al. in their experiments. This choice was
necessary to obtain intense electrochemical signals, but it led to an increase in the size
of gold nanoparticles, which underwent aggregation phenomena (vide infra). The ESI
microdroplets were collected onto the working area of a GSPE. ESI source parameters, such
as electric field polarity and spray-target distance, may strongly affect the microdroplets
deposition processes [34,35].

In a series of preliminary experiments, the distance between the ESI spray tip and
the specific portion of the GSPE that has to be modified by AuNPs was varied from
1.0 to 3.5 cm. The DPV analysis of the AuNPs modified electrodes suggests that the optimal
electrochemical signal was associated with the deposition of the ESI microdroplet stream at
a distance to the graphite electrode of 2.5 cm. This parameter was then used to modify the
working area of the GSPE electrodes with AuNPs in all the subsequent experiments. Three
experiments were conducted to determine the efficiency of the gold nanoparticle deposition
process by extending the deposition time to 150 min to reach weighable quantities of gold
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onto the GSPE surface. The modified electrodes were washed with water to remove
chloroauric acid residues and placed in an oven at 100 °C for 1 h. The measured electrode
weight increase corresponds to an average conversion of 60% of the total chloroauric acid
delivered to the surface. The AuNPs-modified electrodes were then functionalized by the
deposition of microdroplets containing 6Fc-ht as a redox mediator. The only difference in
the mass spectrometric condition used in these experiments was the ESI voltage polarity
that was switched to positive values, leading to better results in terms of DPV and CV
measurements. The positive ESI mass spectrum of 6Fc-ht is dominated by a single signal
corresponding to its molecular ion at m/z 302 (Figure S2).

3.2. SEM and Electrochemical Characterization of the AuNPs-Modified Electrodes

The morphology and distribution of AuNPs obtained through the ESI microdroplets
deposition after 2, 4 and 10 min of an HAuCly solution have been analyzed by SEM
microscopy (Figure 1). In the Supplementary Materials (Figure S3), the EDX analysis is
reported, confirming the presence of gold on the electrode surface.

Figure 1. SEM images: (a,d) 2 min of deposition; (b,e) 4 min of deposition; (c,f) 10 min of deposition.

The total amount of HAuCly delivered to the electrode surface increases by increasing
the deposition time as well (2 min: 0.00087 mg; 4 min: 0.0017 mg; 10 min: 0.0043 mg).
Between 2 and 4 min, the AuNPs number accordingly increases, and the distribution over
the surface appears homogeneous after 4 min. After 10 min of deposition, the AuNPs
start to concentrate more in specific regions (Figure la—c). The AuNPs morphology results
in large anisotropic aggregates of smaller NPs (of approximately 30 nm) that are not
completely formed at 2 min of deposition (Figure 1d and Figure S4) with the co-presence of
AuNPs of approximately 350 nm and 100 nm.

After 4 min (Figure 1e), the medium size for all the AuNPs aggregates is approximately
220 nm, and the aggregates are formed by smoother NPs (Figure S5). After 10 min of
deposition, the medium size is approximately 260 nm with more spikey morphology
(Figure 1c,f and Figure S6). In addition, the presence of random bigger aggregates suggests
the occurrence of successive nucleations during the longer deposition time.

The graphics of the statistical distribution of AuNPs content and size for three different
batches at 2, 4, and 10 min of deposition are reported in Figures S8-510.

The electrochemical characterization of GSPE/AuNPs platforms was realized using
CV, DPV, and EIS measurements. The CV curves (Figure 2a) show increasing oxidation and
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reduction peak currents for the redox couple K4[Fe(CN)g]/K3[Fe(CN)g] with increasing
HAuCly deposition time, as well as the reversibility of the reaction. These results are
consistent with the widely known property of AuNPs to promote ET efficiency, increasing
the surface-to-volume ratio, as well as the electrode conductivity [31,36].
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Figure 2. (a) CV measurements of AuNPs-GSPE surfaces modified under different deposition
times, performed in K4[Fe(CN)¢]/K3[Fe(CN)s] 1 mM, KCI 0.1 M, between —0.4 and 0.6 V vs.
Ag/AgClgst., rate = 10 mV/s. (b) EIS measurements of AuNPs-GSPE surfaces under different deposi-
tion times, performed in K4[Fe(CN)g]/K3[Fe(CN)g] 5 mM, KC10.1 M, Epc =0.215V, Epoc =0.01V,
vmax = 100,000 Hz, vmin = 0.1 Hz. The dotted lines represent experimental data, and the solid
lines represent the fit lines. Inset: Randles (R(Q[RW])) and R(QR)(Q[RW]) circuits employed for the
fitting procedure.

The EIS measurements are carried out for the same platforms, and the Nyquist plots
are reported in Figure 2b. The impedance curves are fitted using a typical Randles circuit
in the case of 0 and 2 min, while those at 10 min are fitted using an R(QR)(Q[RW]) circuit,
obtaining the characteristic system parameters reported in the Supplementary Materials
(Table S1).

All the platforms are semi-reversible systems, according to the relationship
Rer > Ry = 0/0), which is the condition for having a visible kinetic region over the
mass transfer region [37]. By increasing the deposition time, the Rct decreases and, interest-
ingly, at 4 and 10 min, an additional small semi-circle at higher frequencies (v) appears. This
resistance and capacitance are attributable to the AuNPs interface (Aul), which becomes
visible at higher AuNPs concentrations [38].

However, the presence of AuNDPs, besides increasing the electrode conductivity, con-
fers an intrinsic heterogeneity to the electrode surface, which is responsible for a non-
uniform formation of the double layer. Therefore, the capacitance contribution decreases,
as well as both the tct and 14, The Bode plots reported in Figure 3a,b show the variation
of I|Z1 and phase angle (), respectively, with increasing applied v. The plateau region
under high v in the | Z| profile results in v-independencet for all the modified electrodes,
following the typical resistive behavior under such conditions [39].

The slope relies on the system’s capacitance, which is responsible for the progressively
higher phase shift between the current signal and the applied voltage. The greater the
phase shift, the poorer the current flow through the system. After 2 min of deposition,

| Z | decreases relative to the bare electrode across the entire applied v range, and ¢pmax
decreases, shifting slightly to lower v. This indicates that the system still exhibits capacitive
dominance. With increased deposition times of 4 and 10 min, both 1Z1 and ¢ profiles
decrease in magnitude compared to the bare and 2 min electrodes and show a splitting
into two distinct phenomena, reflecting the Nyquist plot behavior. The phenomenon at
intermediate v represents the Aul contribution, while the one at lower v is related to
the double layer. After 10 min, despite the decrease in | Z| magnitude, the ¢pmax related

54



Surfaces 2024, 7

to the double-layer capacitance increases and shifts to lower v. This is likely due to
the formation of a more uniform double layer as a result of reaching a concentration of
AuNPs that promotes increased double-layer capacitance compared to the 4 min electrode.
Additionally, the increasing slope of the | Z| profile at low v is notable, which can be
attributed to the progressive decrease in tct, making diffusion the rate-limiting step of the
process [40].
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Figure 3. Bode plots (a) | Z| and (b) phase angle behavior in the function of applied v.

DPV measurements conducted under oxidation and reduction conditions (Figure 4a,b)
allowed for a better characterization of the electrochemical behavior of the modified plat-
forms. For ferrocyanide oxidation, the peak occurs at 0.22 V for the bare electrode, progres-
sively shifting to lower potentials with increasing deposition time (0.2 V at 2 min, 0.15 V at
4 and 10 min). This indicates a gradually more favorable ET process promoted by the
increasing concentration of AuNPs. The peak current also increases, reaching its highest
value at 10 min. Similar behavior is observed under reduction conditions. After 4 and
10 min, an additional ET process is evident under both oxidation and reduction conditions,
even in the absence of oxygen and ferricyanide likely due to the oxidation and reduction of
Au. The literature shows that oxidation under acidic conditions is generally not appreciable
for adsorbed spherical AuNPs [41], whereas reduction is observed in DPV at 0.45 V vs.
Ag/AgClgat. In this study, the highly anisotropic morphology of the AuNPs could account
for their particularly high reactivity. The oxidation peak appears at 0.6 V at 4 min and
shifts to 0.49 V at 10 min, with an increase in current intensity. This is probably due to the
more spiky morphology [42,43] of AuNPs obtained after 10 min of deposition (Figure le,f)
and their higher concentration. In the case of reduction, the additional ET process is less
pronounced, increasing in current with the higher AuNPs concentration.
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Figure 4. DPV measurements of AuNPs-GSPE surfaces under different deposition times, performed
in K4[Fe(CN)g]/K3[Fe(CN)g] 1 mM, KC1 0.1 M, Epc = 0.215V, Exc = 0.01 V, vmax = 100,000 Hz,
vmin = 0.1 Hz.

3.3. Functionalization of GSPE/AuNPs Platforms with 6-Ferrocenyl-Hexanethiol

Finally, the GSPE/AuNPs platforms characterized above have been functionalized
with 6Fc-ht as a redox mediator. The functionalization was realized by the conventional
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self-assembled monolayer (SAM) formation (see Section 2.5) and by the ESI microdroplets
deposition technique. In both cases, prior to the characterization, the electrodes were rinsed
with abundant water and ethanol to remove the excess of physically adsorbed 6Fc-ht.

The CV measurements have also been carried out for these systems (Figure 5a,b).
The system modified by the SAM procedure did not provide appreciable oxidation and
reduction signals for all the HAuCly deposition times. This is probably due to strongly
adsorbed redox probe molecules onto free graphite through the aliphatic chain, inducing
high capacitive current and ferrocene’s limited mobility. Consequently, only a weak fer-
rocene oxidation signal can barely be observed in Figure 5a (1, 2, 3) at higher potentials
than expected [44]. Gold broad oxidation signals are also detected in Figure 5a (4, 5) at
4 and 10 min.
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Figure 5. (a) CV measurements of GSPE surfaces functionalized with AuNPs at different HAuCly
deposition times, modified with 6Fc-ht through the SAM procedure performed in KC1 0.1 M, between
0and 0.85 V vs. Ag/AgCls,t, rate = 10 mV/s. 6Fc-ht oxidation signals (1, 2, and 3) and gold oxidation
signals (4, 5); (b) CV measurements of GSPE surfaces functionalized with AuNPs at different HAuCly
deposition times, modified with 6Fc-ht through the ESI technique performed in KC1 0.1 M between
—0.2and 0.5V vs. Ag/AgClsat., rate =10 mV/s.

On the contrary, the ESI deposition technique provided for better CV profiles (Figure 5b)
even if the electrode surface was exposed to a less concentrated 6Fc-ht microdroplets
stream for only 10 min. The oxidation and reduction peaks are detected at 0.26 and
0.22 V vs. Ag/AgClsat. respectively, and the current increases with increasing deposition
time. These results could be attributed to the peculiar properties of the thin film formed by
the charged microdroplets deposition to strongly accelerate the specific interaction between
6Fc-ht and AuNPs with respect to the bulk process. Moreover, the limited quantity of the
reagent used to functionalize the gold nanoparticles seems to avoid its physical interaction
with the free graphite. In contrast, the SAM procedure exposes the electrode surface to a
concentrated solution of 6Fc-ht during a period of 24 h and likely promotes its extensive
physical adsorption onto the free graphite.

Finally, the DPV measurements under oxidation and reduction conditions were per-
formed for the systems obtained through different modification procedures (Figure 6).

Although oxidation and reduction currents increase with deposition time for the SAM
procedure, the redox process appears irreversible when comparing current intensities.
Additionally, the oxidation and reduction potentials significantly deviate from the expected
values for ferrocene. These results are consistent with the CV data discussed earlier. In
contrast, the DPV for the platforms obtained via the ESI technique shows better reversibility.
For all deposition times, oxidation and reduction peaks appear at 0.13 V and 0.12 V
vs. Ag/AgClsat, respectively, aligning with the ferrocene redox behavior reported in the
literature under similar conditions [45]. Lastly, gold oxidation is consistently observed at
4 and 10 min of deposition, except in the reduction phase of the SAM system.
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Figure 6. DPV measurements of GSPE surfaces functionalized with AuNPs at different HAuCly
deposition times, modified with 6Fc-ht through the SAM procedure (a,b) and ESI microdroplets
deposition technique (c,d), performed in KC1 0.1 M, Epc = 0.215V, Epc = 0.01 V, vmax = 100,000 Hz,

and vmin = 0.1 Hz.

3.4. Electrochemical Detection of HyO;

The ESI GSPE/ AuNPs-6Fcht platform at 10 min of microdroplets deposition, which
provides the best electrochemical performance, was employed for the detection of HyO,.
Specifically, the catalysis of H,O, oxidation by 6Fc-ht was followed through the DPV
measurements (Figure 7), where the Fc oxidation current increases with increasing HyO,
concentration, as recently reported in the literature [46].

45
(a) . .| B, y
b T 5 -
300puM T o° .
35 - g2 °
5’15 o = -2
_ 304 0 9 g 20 i
E L P
o 100 200 300
E 254] [H,0,] (uM) E o y =0.274x + 7.374
- Pl 2 =
i . = K R?=0.993
5 = 3
154 - -2
< o
104 10 B
5 $
04
T T T T T T S T T T T T T T
-04  -02 0.0 0.2 0.4 0.6 0 10 20 30 40 5 60 70

E(V) vs. (Ag/AgCl,,) [H;0,] (kM)

Figure 7. (a) DPV curves collected in the absence and presence of increasing concentrations of HyO,
in the range 0-300 uM in PBS 0.01 M, KC1 0.1 M. In the inset are reported the Al (I-Iy) over the
analyzed HyO; concentration range; (b) sensor calibration line.

The mechanism proposed in the literature involves the oxidation of Fc to Fc* and the
catalysis of HyO, oxidation to O, by Fc*. Afterwards, Fc is oxidized back to Fc*’ increasing
the peak current proportionally to the HyO, concentration present in the working solution.
The platform exhibited an optimal response to the target, providing for a linear range
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of 5-70 uM with a limit of detection (LOD) of 0.9 uM. These results make this platform
promising for applications in reactive oxygen species (ROS) detection.

4. Conclusions

This study demonstrates the potential of the ESI-charged microdroplets deposition
technique for forming and functionalizing AuNPs on GSPEs. By optimizing deposition
parameters such as ESI voltage polarity and spray-target distance, we achieved a homoge-
nous distribution of AuNPs, verified through SEM analyses. The advantages of the ESI
microdroplets deposition technique over the common AuNPs generation methods can be
summarized as follows: (i) minor reagents consumption due to the use of HAuCly diluted
solution in the absence of reducing agents, (ii) accelerated nanoparticle formation rate,
(iii) elimination of time-intensive purification steps like centrifugation or filtration. Electro-
chemical characterization using CV, DPV, and EIS confirmed the enhanced electrocatalytic
properties of the AuNPs-modified electrodes, attributed to improved ET efficiency and
increased surface conductivity. Functionalization with 6-ferrocenyl-hexanethiol via the
same ESI microdroplets deposition technique also resulted in superior redox behavior
compared to conventional self-assembled monolayer (SAM) methods. The ESI technique
provided specific interaction between 6-ferrocenyl-hexanethiol and AuNPs, promoting
effective redox activity while minimizing non-specific adsorption. Moreover, deposition
and functionalization of the AuNPs through charged microdroplets deposition may occur
in two consecutive steps of a few minutes without any electrode surface manipulation,
saving processing time and improving the uniformity and repeatability of the modified
layer. Finally, the platform at 10 min of microdroplets deposition showing the best electro-
chemical performance was used to develop an electrochemical sensor for H,O, detection.
The device exhibited a linear range of 5-70 uM and a LOD of 0.9 uM.

These findings highlight the versatility and efficacy of ESI microdroplets deposition in
fabricating and functionalizing nanostructured electrodes, paving the way for advanced
electrochemical sensors and biosensors.
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Abstract: The optical characteristics and electrical behavior of zinc oxide nanorods (ZnO-NRs)
and silver nanoparticles (Ag-NPs) were investigated using advanced scanning probe microscopy
techniques. The study revealed that the ZnO nanorods had a length of about 350 nm, while the Ag
nanoparticles were spherical with heights ranging from 5 to 14 nm. Measurements with Kelvin probe
force microscopy (KPEM) showed that the work functions of ZnO nanorods were approximately
4.55 eV, higher than that of bulk ZnO, and the work function of Ag nanoparticles ranged from 4.54
to 4.56 eV. The electrical characterization of ZnO nanorods, silver nanoparticles, and their hybrid
was also conducted using conductive atomic force microscopy (C-AFM) to determine the local
current-voltage (I-V) characteristics, which revealed a characteristic similar to that of a Schottky
diode. The current-voltage characteristic curves of ZnO nanorods and Ag nanoparticles both showed
an increase in current at around 1V, and the hybrid ZnONRs/AgNP exhibited an increase in turn-
on voltage at around 2.5 volts. This suggested that the presence of Ag nanoparticles enhanced
the electrical properties of ZnO nanorods, improving the charge carrier mobility and conduction
mechanisms through a Schottky junction. The investigation also explored the optical properties
of ZnO-NRs, AgNPs, and their hybrid, revealing absorption bands at 3.11 eV and 3.18 eV for
ZnO-NRs and AgNPs, respectively. The hybrid material showed absorption at 3.13 eV, indicating
enhanced absorption, and the presence of AgNP affected the optical properties of ZnO-NR, resulting
in increased photoluminescence intensity and slightly changes in peak positions.

Keywords: KPFM; ZnO-NR; Ag-NP; Schottky diode; absorption; photoluminescence

1. Introduction

The intrinsic properties of ZnO, such as its wide bandgap energy, high melting point,
thermal stability, strong piezoelectric effect, hexagonal wurtzite structure, and large ex-
citon binding energy, have established it as a popular material in wide bandgap semi-
conductors [1,2]. These properties have led to its utilization in optical and optoelectronic
applications, piezoelectric nanogenerators, gas sensing, and multifunctional nanodevices.
Nevertheless, research has indicated that the closure of intrinsic defects and the shape-
dependent properties of nanorods can significantly improve their performance. This
positions ZnO as an ideal semiconductor oxide material for emerging applications and a
model material for examining the properties of low-dimensional nanostructures [3-5].

Specifically, because of ZnO’s potential practical uses and numerous reports on matrix-
doped ZnO, one of the most promising options is when ZnO is doped with silver nanopar-
ticles. This addition has been proven to significantly improve the electrical and optical
properties of ZnO nanorods, making them a desirable choice for various technological
advancements in the fields of electronics, photonics, and optoelectronics [6,7].

Silver nanoparticles (AgNPs) have exceptional optical and electrical properties that
have generated significant interest in scientific and technological fields. These unique
characteristics are due to their small size and quantum mechanical effects. Optically, silver
nanoparticles are recognized for their intense surface plasmon resonance (SPR), where
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conduction electrons on the nanoparticle surface oscillate in response to light, leading to
strong absorption and scattering of specific wavelengths and resulting in vibrant colors and
enhanced electromagnetic fields near the particle surface. Electrically, silver nanoparticles
have excellent conductivity due to their high electron mobility and large surface area-
to-volume ratio, making them ideal for use in electronics, conductive inks, and sensors.
Additionally, the quantum confinement effects in nanoparticles influence their electronic
properties, leading to discrete energy levels and potentially enhanced reactivity compared
with bulk silver [8-11].

To gain a deeper understanding and improve the properties of nanostructured mate-
rials, it is crucial to utilize advanced microscopy techniques. Popular techniques include
techniques such as Kelvin probe force microscopy (KPFM) and current mapping properties
at the nanometer scale. These methods produce clearer potential images and are essential
for determining the electrical properties of nanostructured materials, thus aiding in the
development of advanced nanotechnologies [12-14].

KPFM utilizes a dual-pass technique where a modulated voltage is applied to the
cantilever tip as the oscillation frequency, followed by a phase-sensitive detection system
to capture the frequency shift and the tip’s work function relative to the sample. The
alteration in the tip’s work function induces an AC bias potential difference between the
tip and the sample, moving toward Fermi level equalization, deduced by the thermionic
field emission effect. The rectified incremental bias AV is related to the work function
difference between the tip and the sample. This allows KPFM to study work functions on
surfaces at a high resolution, down to the nanometer scale. KPFM is versatile, accurate, and
non-destructive, making it suitable for studying electronic materials for next-generation
electronic devices [15-19].

Electricity characteristics of materials on a nanoscale can be studied using current
mapping and current-voltage (I-V) measurements with scanning probe microscopy (SPM).
In current mapping, a conductive probe moves across the material’s surface in constant
contact or tapping mode, detecting local variations in electrical conductivity. This method
offers precise spatial resolution, revealing different conductive areas and their electrical
behaviors [20]. On the other hand, I-V measurements involve applying a variable voltage
between the probe and the sample while recording the resulting current. This helps
determine important electronic properties like resistance, diode behavior, and charge
carrier mobility. When used together, current mapping and I-V measurements reveal
detailed information about electronic heterogeneity, charge transport mechanisms, and the
impact of nanostructures on material performance [21-24].

The information gathered from the samples studied, including their work function,
surface potential, current mapping, and band structure properties, allows us to gain a
deeper understanding of their physical origins.

The primary focus of this research was to understand the fundamental properties of
hybrid ZnO nanorods and silver nanoparticles. Electrical and optical characterization were
performed to verify the effectiveness of the hybrid system.

This study aimed to comprehensively explore the work function and electrostatic
force microscopy of zinc oxide (ZnO) nanorods and silver (Ag) nanoparticles. In addition
to that, we thoroughly examined the optical properties of the hybrid nanostructure of
ZnO nanorods and silver nanoparticles. Moreover, we conducted extensive investigations
into the current-voltage characteristics of both ZnO nanorods and Ag nanoparticles, as
well as the dynamic behavior of the hybrid structure, utilizing state-of-the-art current
mapping techniques.

2. Materials and Methods
2.1. ZnO Nanorods and Ag Nanoparticles Synthesis

In our previous research [25], we successfully generated ZnO nanorods by first heating
a solution containing 5.5 g of zinc acetate dehydrate (98+%, Sigma Aldrich, Taufkirchen,
Germany) in 250 mL of ethanol until it became clear. The solution was then refluxed for
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1 h, with 150 mL of the solvent removed by distillation and replaced with fresh ethanol.
Subsequently, 1.39 g of lithium hydroxide monohydrate (Aldrich) was added to the solution
in an ultrasonic bath at 0 °C and dispersed for 1 h, resulting in a transparent solution of
ZnO sol-gel nanoparticles. To create the ZnO nanorods, the solution containing ZnO
nanoparticles was heated and combined with 10% distilled water (DW) at 60 °C for 48 h,
resulting in the formation of a white powder precipitate.

In another recent work [26], silver nanoparticles were synthesized by mixing 1.18 mM
AgNO3 aqueous solutions with deionized water. Subsequently, 50 mL of Pistacia palaestina
(P. palaestina) leaf extract was added drop by drop to each 50 mL AgNOs3 solution. The
mixture was then warmed in a heating mantle, maintaining a temperature range of 80 to
84 °C for 2 h with continuous stirring. The successful formation of silver nanoparticles was
indicated by the emergence of a brownish-yellow to black color. To purify the synthesized
nanoparticles, the solution was centrifuged at 10,000 rpm for 10 min, a process that was
repeated five times to ensure the retrieval of pure silver nanoparticles. Afterward, the
hybrid composite of AgNP/ZnONR was formed by adding 10% of AgNP to ZnONR and
then exposing it to sonication for 30 min.

2.2. Deposition and Characterization Methods

We deposited ZnO nanorods and silver nanoparticles on various substrates such as
mica sheet, P-type silicon substrate, metal steel, and glass for different characterization pur-
poses. The morphology, KPFM, and current mapping characteristics of the ZnO nanorods,
silver nanoparticles, and their hybrid were evaluated using scanning probe microscopy
(SPM-9700HT, Shimadzu, Tokyo, Japan). To analyze the electrical conductivity and work
function, we utilized AFM and KPFM for these measurements. These methodologies
allowed for precise determinations of the nanoparticles” conductivity, morphology, and
surface potential. The samples were carefully placed on a piezoelectric stage for exam-
ination, and a conductive probe made of PtSi was attached to the end of the cantilever.
This setup allowed for a uniform oscillatory motion as the probe traversed the sample’s
surface, providing a comprehensive map of its topography. KPFM further enriched our
analysis by generating images of the surface potential alongside the topographic map at
each point of the scan. The interaction between the probe and the sample surface included
an electrostatic force component, originating from the contact potential difference (CPD)
between them, providing valuable data on the surface potential. Proper preparation of
the samples was crucial for precise topographic and potential mapping, with each sample
fixed to carbon tape and securely fastened to a steel disc to ensure stability during scanning.
The scanning was performed at a speed of 0.5 Hz and a resolution of 256 x 256 pixels,
delivering high-definition images, and the instrument’s spatial resolution was recorded at
0.2 nm. Localized nanoscale current mapping measurements were conducted using the
C-AFM (conductive atomic force microscopy) technique, which is widely recognized for its
high spatial resolution. To obtain the measurements, Nanoworld supplied Pt/Ir-coated tips
with a resonance frequency of 13 kHz and a force constant of 0.2 N/m, selected for their
excellent conductive properties. These tips were used as the top electrode for the purpose
of understanding the current-voltage (I-V) characteristics using the C-AFM technique. The
I-V response, which offered valuable insight into the electrical behavior of the sample, was
carefully derived from the recorded current images. This was achieved by sweeping the
bias voltage within the range of —5V to +5 V while keeping a constant sample bias of 3 V.
The X-ray diffraction analysis was conducted using a Bruker D2 PHASER (Bruker, Billerica,
MA, USA) with Cu ko radiation settings of 30 kV and 10 mA. The UV-vis absorption
spectra were acquired using a UV-2600i spectrophotometer (Shimadzu, Tokyo, Japan),
and the photoluminescence spectra were captured with an RF-6000 spectrofluorometer
(Shimadzu, Tokyo, Japan). Data collection was performed using Shimadzu LabSolutions
UV-Vis software.
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3. Results and Discussion
3.1. Morphology and Structure of ZnO-NRs and Ag-NPs

The shape, length, and height of the ZnO nanorods and Ag nanoparticles were care-
fully examined using scanning probe microscopy (SPM) topography images captured in a
non-contact dynamic mode. In order to conduct this examination, a Super Sharp Silicon
(SSS-NCH) AFM tip from Nanoworld, possessing a force constant of 42 N/m, a resonance
frequency of 320 kHz, and a tip radius of 2 nm, was utilized. As depicted in Figure la—c,
the provided atomic force microscopy (AFM) topographic representation of ZnO nanorods
on a Si substrate successfully revealed the morphology and length of the nanorods, which
were determined to be approximately 350 nm, as illustrated in Figure 1c. Moving on to
Figure 1df, it displays silver nanoparticles on a mica substrate, showcasing their spherical
morphology quite explicitly. Conducting a height analysis as shown in Figure 1f facilitated
the determination that the observed heights of these nanoparticles ranged from 5 to 14 nm.
Finally, Figure 1g—i showcases hybrid ZnO nanorods and silver nanoparticles.
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Figure 1. (a) Atomic force microscopy (AFM) topography images of ZnO nanorods on a Si substrate.
Scan sizes: (2.33 um x 2.33 um). (b) Three-dimensional projection topography of ZnO-NR. (c) Line
profiles for ZnO-NRs identified in the image in (b). (d) AFM topography image of Ag nanoparticles
on a mica substrate. Scan sizes: (4 um X 4 um). (e) Three-dimensional projection topography of
Ag-NP. (f) Line profiles for AgNP identified in the image in (e). (g) AFM topography image of hybrid
Ag NP and ZnO NR on a Si substrate. Scan sizes: (1.5 pm x 1.5 pm). (h) Three-dimensional projection
topography of hybrid Ag NP and ZnO-NR. (i) Line profiles for AgNP identified in the image in (h).
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For more details about the crystal structure of the ZnO nanorods and Ag nanoparticles,
see Figure 2, which illustrates a typical XRD pattern of the ZnO nanorods. The sharpness
of the peaks signified the high level of crystallinity of the ZnO nanorods, demonstrating
a single-phase wurtzite structure. The observed diffraction peaks were associated with
the existence of a pure hexagonal phase of ZnO with lattice constants of a = 3.251 A and
¢ =5.208 A, consistent with JCPDS card for ZnO (JCPDS, 65-3411) [27]. The crystalline
diameter of ZnO nanorods was approximated to be 20 nm, calculated employing the
Debye-Scherer formula. This formula takes into account various factors, including the
crystallite size, wavelength of the X-ray used, and the full width at half maximum (FWHM)
of the observed diffraction peak. By applying this formula, we can estimate the average
crystalline size of the ZnO nanorods, providing crucial information about their physical
properties [28]. Furthermore, the XRD patterns of silver nanoparticles revealed peaks at
20 angles of 38.4°, 44.7°, 64.6°, and 77.7°, corresponding to the (111), (200), (220), and
(311) planes, indicating the crystalline phase of silver metal with a face-centered cubic
structure, consistent with the JCPDS File No. 04-0783. These diffraction peaks allowed us
to determine the orientation and arrangement of the atoms within the silver nanoparticles,
providing valuable insights into their structural properties [29]. The average size of Ag
nanoparticles, calculated from the full width at half maximum (FWHM) of the peak for
the 111 plane, was 14.8 nm. The micro-strain (¢) for ZnO nanorods was 0.0019, while the
micro-strain (¢) for AgGNP was 0.0023. The micro-strain could be determined using the
equation ¢ = 3cos0/4, where f3 is the line broadening and 6 is the diffraction angle [28].
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Figure 2. The XRD pattern of ZnO nanorods and Ag nanoparticles.

3.2. Kelvin Probe Force Microscopy of ZnO-NRs and AgNPs

Figures 3 and 4 show the KPFM characteristics of ZnO nanorods and Ag nanoparticles
on a silicon substrate. The detailed images reveal the electrical interaction between the
probe and the sample, with high potential shown as red and low potential as yellow for
the ZnO nanorods and Ag nanoparticles. The average contact potential difference (CPD)
for ZnO nanorods with a 30 nm diameter and 400 nm length was approximately 96 mV.
Similarly, ZnO nanorods with a 20 nm diameter and 220 nm lengths had a contact potential
difference of 81 mV. In contrast, nanorods with an 8 nm diameter and 130 nm length
showed a contact potential difference of 56 mV. These results emphasized the influence of
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ZnO nanorod dimensions on the contact potential difference, as illustrated in Figure 3c,d.
The AFM topography and KPFM images of Ag nanoparticles of varying sizes are shown in
Figure 4. The average CPD for the Ag nanoparticles was 46 mV for a size of 4 nm and 70 mV
for a size of 13 nm, as illustrated in Figure 4d. Figure 5 displays the KPFM for a reference
sample of highly ordered pyrolytic graphite (HOPG), grade ZYA. This sample had a mosaic
spread of 0.4 £ 0.1° and dimensions of 10 mm by 10 mm with a thickness of 1 mm. The
average contact potential difference (CPD) for this sample was approximately 58 mV, as
shown in Figure 5b. The sample was provided by (MikroMasch, Wetzlar, Germany).
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Figure 3. (a) AFM topography images of ZnO nanorods on a Si substrate. Scan sizes: (3.5 pm x 3.5 um).
(b) Line profiles for variable size and length of ZnO-NRs identified in the image in (a). (c) Surface potential
images of ZnO NRs deposited on the silicon substrate. (d) CPD line profiles for different sizes and lengths
of ZnO NRs identified in the image in (c).
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Figure 5. (a) Surface potential of reference sample highly ordered pyrolytic graphite (HOPG) and
(b) height profile (CPD) of HOPG extract from image (a).
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The main goal of Kelvin probe force microscopy (KPFM) is to accurately measure the
work function of a specific sample. A key factor in KPFM is the surface potential, which
represents the difference in work function values between the sample surface, denoted as
$sample, and the tip of the AFM probe, represented as ¢y;p,. This difference is mathematically
defined by the following equation:

q)sample = d)tip —eVerp @

where e represents the charge of a single electron, and Vcpp is the contact potential differ-
ence between the probe tip and the sample’s surface [30]. To obtain an accurate assessment
of the work function of ZnO nanorods, it is necessary to determine the work function of
the cantilever within the apparatus. Calibration is important to ensure the reliability of
measurements and typically involves the use of a reference material with a known work
function for standardization purposes. In this study, highly oriented pyrolytic graphite
(HOPG) was used as the reference material, with a work function range of 4.5 to 5 eV,
serving as a benchmark for calibration and precision of measurements [31].

Using Equation (1), similar formulas are derived for both ZnO nanorods and HOPG
substrates. The work function of the ZnO nanorods substrate is denoted as ¢7,0_NRr/
and the specific contact potential difference for ZnO nanorods substrate is represented
as V(cpp,zno-NR)- Similarly, the work function for the HOPG substrate is ¢opg, and
its unique contact potential difference is V(cpp Hopg)- The difference between the work
functions of these two substrates can be determined using the following equations:

$zno-NrR = PHOPG € (V(CPD,HOPG) — V(CPD,ZnO-NR) ) 2)

Using the Equation (2) and CPD values from the analysis in Figures 3¢c,d and 5b and
the published values for HOPG’s work function, the work function of ZnO nanorods
was accurately estimated. For ZnO nanorods with approximately 30 nm diameter and
400 nm length, the work function was calculated to be 4.556 eV. Additionally, for ZnO
nanorods with a diameter of around 20 nm and a length of 220 nm, the work function
was estimated to be 4.527 eV. On the other hand, for ZnO nanorods with a diameter of
8 nm and a length of 130 nm, the work function was found to be 4.552 eV. Our calculation
of the work function for ZnO nanorods was approximately 4.55 eV, which was higher
than the work function of ZnO bulk, typically around 4.45 eV [32]. The difference in
work function values observed between ZnO nanorods and bulk ZnO was attributed to
various factors. Quantum confinement, influenced by the nanorods’ size, restricted electron
movement, leading to higher energy levels and an increased work function. Nanorods also
had a greater surface-to-volume ratio compared with bulk materials, leading to changes
in electronic structure and possibly increased surface energy, resulting in a higher work
function [33].

In the context of calculating the work function of silver nanoparticles, we use Equation
(1) and can also create similar equations for both Ag nanoparticles and HOPG substrates. By
representing the work function of the silver nanocluster substrate as ¢ a¢ and the specific contact
potential difference for the silver nanoparticles substrate as Vcpp, Ag), We can then denote the
work function of the HOPG substrate as ¢ppopg and its unique contact potential difference as
V(cppHopG)- The relationship between the work functions of silver and HOPG is connected
through their respective contact potential differences:

$ag = bHorc +e (V(CPD,HOPG) — V(crp,ag) ) @)

Using Equation (3) and the contact potential difference (CPD) data from Figures 4d
and 5b, along with the work function value of HOPG from the literature [32], the work
function of the AgNPs with an average diameter of 4 nm was determined to be 4.56 eV. For
nanoparticles of size 14 nm, the work function equaled 4.538 eV.
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From the literature sources, the work function of bulk silver was known to be 4.3 eV,
while the work function of the Ag nanocluster was 4.587 eV [34], and that of a vacuum-
deposited Ag electrode was 4.68 eV. The work function of the Ag nanoparticles was
estimated to be around 4.56 eV and 4.54, which aligned closely with the values reported
in the literature. The remarkable findings revealed that an increase in particle size led to
a significant decrease in work function due to the interesting isotropic surface curvature
of the symmetrical spherical shape. Equation (4) is utilized to compute the electronic
work function for a spherical particle, taking into account the work function for the plane
surface, electron charge, and the permittivity of the medium. This equation emphasizes
that the surface characteristics of a nanoparticle have a greater impact when the particle is

smaller [35,36].
S — 0 + 1 é (4)
4)E - (PE 27te \ 1,

The constant curvature of a spherical nanoparticle greatly increases its work func-
tion compared with a flat surface, requiring more energy to extract an electron from a
surface with a higher degree of positive curvature. This compelling example effectively
demonstrates the complex interaction between quantum mechanics and electrostatics on
the mesmerizing nanoscale, ultimately leading to the emergence of size-specific properties
distinct from those observed in bulk materials.

3.3. Current Mapping and I-V Measurements

We present an electrical analysis of zinc oxide (ZnO) nanorods, silver nanoparticles
(AgNPs), and a hybrid material using conductive atomic force microscopy (C-AFM). This
advanced method enabled the simultaneous recording of current maps and topography
obtained through contact mode AFM. Additionally, C-AFM allowed for the precise determi-
nation of the local current-voltage (I-V) characteristics of the top surface of ZnO nanorods,
silver nanoparticles, and the hybrid composite material as shown in Figures 6 and 7. By
applying voltage through a conductive tip in contact with the ZnO nanorods’ surfaces,
variations in electrical current could be detected, unveiling defects and surface states.
This method enabled precise control and adjustment of the electrical properties of the
Zn0O nanorods.

Distinct areas with heightened and reduced current values, depicted in Figure 6c,
pointed out significant regions such as defects or highly conducting pathways. Scattered
yet noteworthy regions of elevated current indicated localized areas of high conductivity or
possible defects, with current values equal to or exceeding 150 nA. Conversely, widespread
low-current sections covered most of the image, indicating general low conductivity or a
consistent baseline current level throughout the ZnO nanorods, with current values equal
to or less than 10 nA. Furthermore, for Ag nanoparticles, the high-current region ranged
from 120 nA to 200 nA, possibly linked to differences in their size. Similarly, for hybrid
ZnO-NR and Ag-ND, the high current region fell between 160 nA and 200 nA, as seen
in Figure 6g.

The results presented in Figure 7 show a typical I-V characteristic curve obtained
from a metallic disc as a reference sample, ZnO nanorods (ZnONRs), silver nanoparticles
(Ag-NPs), and a combination of ZnO-NR and Ag-NP samples. The findings revealed
a significant increase in current at approximately 1 V for both ZnO-NRs and Ag-NPs,
indicating turn-on voltages of around 1 V for each. When combined, there was a different
turn-on voltage around 2.5 V, suggesting a unique response to the combined effect. The
reverse bias analysis also highlighted the distinctive characteristics of the ZnONR and
Ag-NP combination, effectively blocking the current until very high negative voltages. It is
important to understand that the presence of Ag-NP significantly impacted the electrical
properties of ZnONR. The observed effects in the I-V traits for ZnO nanorods (ZnONRs),
silver nanoparticles (Ag-NPs), and their combination required a thorough understanding
of the physical and chemical interactions between these materials.
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Figure 6. (a) AFM topography images of ZnO nanorods on a metallic disc substrate. Scan sizes:
(1 pm x 1 pm). (b) Current mapping of ZnO-NR. (c) Line profiles of current for ZnO-NRs identified
in the image in (b). (d) AFM topography image of Ag nanoparticles on a metallic disc substrate.
Scan sizes: (0.5 um x 0.5 pm). (e) Current mapping of Ag-NP. (f) Line profiles of current for AgNP
identified in the image in (e). (g) AFM topography image of hybrid Ag NP and ZnO NR on a metallic
disc substrate. Scan sizes: (0.75 um X 0.75 um). (h) Current mapping of hybrid Ag NP and ZnO-NR.
(g) Line profiles of current for AgNP and ZnO-NR identified in the image in (i).

In analyzing the reasons for the increase in the current at around 2.5V, it is necessary
to consider the intrinsic characteristics of ZnO nanorods and silver nanoparticles. ZnO
is a wide-bandgap semiconductor, and in forward bias, significant current flows once
the voltage exceeds the built-in potential barrier. The presence of silver nanoparticles,
which are exceptional conductors, also aids in charge transport. The combination of
ZnONRs with Ag-NPs can create a Schottky junction, improving carrier injection at the
interface, and can slightly alter the turn-on voltage compared with individual components.
The presence of Ag-NPs can introduce new surface states and modify existing defects in
ZnONRs, impacting the overall conduction mechanism. Additionally, it can enhance the
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barrier height in reverse bias due to the Schottky effect, indicating improved stability and
robustness of the device.
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Figure 7. Local I-V characteristic of metallic disc (reference), ZnO nanorods, Ag nanoparticles, and
hybrid ZnO-NRs and Ag NPs.

Furthermore, the presence of Ag-NPs can enhance the mobility of charge carriers in
ZnONRs by providing additional pathways and reducing scattering [37]. It can also passi-
vate surface defects, reducing trap states and enhancing charge transport. The interaction
between Ag-NPs and ZnONRs can modify the band structure, leading to changes in electri-
cal properties. It is important to mention that Schottky diodes can be made with higher
threshold voltages using various semiconductor materials like silicon carbide (SiC) or
gallium nitride (GaN) [38]. Additionally, Schottky diodes made with Au NPs and n-Si have
a turn-on voltage of around 1.0 volt [39], indicating a noticeable difference in performance.
On the other hand, the turn-on voltage for the Bi2S3 nanorods and Au nanoparticles device
is approximately 0.72 volts [40], showing significant differences in voltage characteristics
between different metal systems. However, the combination of ZnO nanorods and silver
nanoparticles offers a more cost-effective synthesis option in this particular study.

3.4. Optical Properties of Hybrid of ZnO-NRs and Ag-NPs

Figure 8 illustrates the UV-Vis absorption spectra of ZnO nanorods (ZnO-NRs), silver
nanoparticles (Ag-NPs), and their composites (ZnO-NR + Ag), providing important in-
sights into their optical characteristics. The distinct absorption peak at 371 nm observed in
the ZnO nanorods was in line with the near-band-edge absorption of ZnO-NR. Meanwhile,
the silver nanoparticles showed a slightly shifted absorption peak at 371.5 nm, attributed
to the localized surface plasmon resonance (LSPR) effect. The normal LSPR peak for silver
nanoparticles is typically around 390-450 nm, so this shift to around 370 nm suggested
that multiple factors such as nanoparticle size, dielectric environment, and surface chem-
istry may have been influencing the resonance behavior. Smaller nanoparticles tend to
experience a blue shift in their plasmon resonance peaks due to quantum confinement
effects, leading to absorption moving toward shorter wavelengths. The refractive index

71



Surfaces 2024, 7

of the surrounding medium also plays a significant role, with a lower index resulting in a
similar blue shift in the absorption peak. Additionally, surface modifications like ligand
attachment or oxidation can impact the electronic properties of the nanoparticles, causing
shifts in the LSPR peak [10,41-43]. The absorption peak for the composite was at 369.5
nm, slightly blue-shifted compared with the individual ZnO-NR and Ag-NP spectra. The
analysis of energy gaps in the inset in Figure 8 shows the ZnO nanorods (ZnO-NRs), silver
nanoparticles (AgNPs), and the ZnO-NR + AgNP hybrid, as illustrated in a Tauc plot,
which plots the square root of the absorption coefficient against the photon energy. ZnO
nanorods are known for their distinct composition and structure, displaying a noticeable
absorption peak at the bandgap energy level, typically around 3.11 eV. In contrast, Ag
nanoparticles exhibit absorption traits influenced by surface plasmon resonance, with a
well-defined absorption peak near 3.18 eV [44].
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Figure 8. The absorption spectrum of ZnO nanorods, Ag nanoparticles, and hybrid ZnO-NR and
Ag NPs. Inset figure: (ahv)!/2 vs. photon energy of ZnO nanorods, Ag nanoparticles, and hybrid
ZnO-NRs and Ag NPs.

The alteration in the absorption spectrum when ZnO-NRs and AgNPs combined
to form the ZnO-NR + AgNP hybrid was of particular interest. This change signified
a close interaction between the ZnO nanorods and the Ag nanoparticles, resulting in
a synergistic effect that enhanced the overall absorption performance. Specifically, the
bandgap energy of the hybrid material experienced a slight shift, settling at approximately
3.13 eV. While seemingly small, this shift held great significance as it indicated the enhanced
absorption capabilities of the hybrid material. The slight change in bandgap energy,
approximately 3.13 eV, between the hybrid ZnO nanorods and the Ag nanoparticles was
significant for several reasons. The surface plasmon resonance effect of Ag nanoparticles
could enhance the electromagnetic field nearby and increase light absorption, impacting
the properties of the ZnO nanorod. Additionally, the interaction between the two materials
could result in charge transfer, altering the electronic structure of ZnO and causing a minor
shift in bandgap energy. The size and distribution of Ag nanoparticles could also influence
the electronic properties of ZnO, with quantum size effects coming into play due to the
confinement of charge carriers at the nanoscale [45,46].
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The photoluminescence spectra in Figure 9 show the presence of ZnO nanorods
and Ag nanoparticles, with peaks at 384 nm and 386 nm, respectively. The addition
of Ag nanoparticles at 379 nm had a significant effect on the optical characteristics of
Zn0O nanorods, resulting in increased photoluminescence intensity and changes in peak
positions. This change was likely due to the plasmonic effects of the Ag nanoparticles and
their interaction with the ZnO nanorods.
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Figure 9. The photoluminescence spectrum o of ZnO nanorods, Ag nanoparticles, and hybrid
ZnO-NRs and Ag NPs.

The addition of Ag nanoparticles caused a noticeable shift and change in intensity in
the PL spectrum, with a shift from 379 nm to 386 nm, suggesting fundamental alterations
in the electronic structure and energy states of ZnO nanorods. The heightened PL intensity
for the hybrid structures indicates improved photoluminescence as a result of the strong
interaction between ZnO nanorods and Ag nanoparticles.

One potential mechanism for the observed changes in PL intensity and peak positions
is the surface plasmon resonance (SPR) of Ag nanoparticles, which can significantly enhance
the local electromagnetic field and the PL intensity of ZnO nanorods. Another potential
mechanism is the transfer of charge between the ZnO nanorods and Ag nanoparticles,
which can affect the recombination rate of electron-hole pairs in ZnO, leading to variations
in PL intensity and peak positions [47,48].

4. Conclusions

The detailed analysis of ZnO nanorods and silver nanoparticles provided valuable
insights into their physical, structural, electrical, and optical characteristics. Utilizing
scanning probe microscopy (SPM) and X-ray diffraction (XRD), it was determined that
the ZnO nanorods exhibited a distinct shape, with lengths of around 350 nm and a highly
crystalline, single-phase wurtzite structure. The silver nanoparticles, on the other hand,
displayed a spherical shape with heights ranging from 5 to 14 nm and were confirmed to
be composed of silver metal with a face-centered cubic structure. Kelvin probe force mi-
croscopy (KPFM) measurements offered further insights into the work function and contact
potential differences (CPDs) of these nanomaterials. It was revealed that the work function
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of ZnO nanorods varied with size, ranging from approximately 4.556 eV to 4.527 eV, while
the work function of Ag nanoparticles ranged from 4.56 eV to 4.538 eV. Conductive atomic
force microscopy (C-AFM) was employed to investigate the electrical properties of these
materials, uncovering regions of both high and low current in both the ZnO nanorods and
the Ag nanoparticles. The hybrid ZnO-NR and Ag-NP material exhibited a unique electrical
response, with a combined turn-on voltage of around 2.5 V. The optical properties of the
ZnO-NR and Ag-NP hybrid were examined through absorption and photoluminescence
(PL) spectra. The hybrid material demonstrated enhanced absorption capabilities, a shift
in bandgap energy, and alterations in the photoluminescence peak and intensity. These
findings highlight the positive impact of the hybridization of ZnO-NR and Ag-NP on their
optical and electrical properties, positioning them as promising candidates for advanced
nanotechnology applications.
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Abstract: Doping titanium dioxide has become a strategy for enhancing its properties and reducing
its recombination issues, with the aim of increasing its efficiency in photocatalytic processes. In this
context, this work studied its deposition over glass substrates using a sol-gel dip coating methodology.
The effect of doping TiO, with Zirconium cations in low molar concentrations (0.01, 0.05, 0.1%) in
terms of its structural and optical properties was evaluated. The structural characterization confirmed
the formation of amorphous thin films with Zr introduced into the TiO, cell (confirmed by XPS
characterization), in addition to increasing and defining the formed particles and their size slightly.
These changes resulted in a decrease in the transmittance percentage and their energy band gap.
Otherwise, their photocatalytic properties were evaluated in hydrogen production using ethanol
as a sacrificial agent and UV irradiation. The hydrogen evolution increased as a function of the Zr
doping, the sample with the largest Zr concentration (0.1% mol) being the most efficient, evolving
38.6 mmolcm 2 of this gas. Zr doping favored the formation of defects in TiO,, being responsible for
this enhancement in photoactivity.

Keywords: TiOj; thin films; H, production; photocatalysis

1. Introduction

It is known that titanium dioxide as a photocatalyst has been widely used in different
environmental applications mainly due to its chemical stability, low cost, and its adequate
band position to perform simultaneous red-ox reactions [1]. On the other hand, some of its
optical properties make it an ideal candidate to be used as a thin film [2]. In this context,
using it as a thin film can maximize light absorption because of the maximization of the
surface area used in the material [3]. Unfortunately, one of its most common issues is the
fast recombination of photo-generated charges after its illumination. For this purpose,
many strategies have been carried out to avoid or minimize this phenomenon, improving
its physicochemical properties to enhance its reaction yields.

Metal doping has resulted as an efficient alternative to achieve these goals; moreover,
in most cases, its band gap energy can be reduced so it can be activated in the visible-light
region. Many reports have shown the effect of metal doping in photocatalytic processes,
highlighting the use of some elements such as Cu- [4,5], Ag- [6,7], Au- [8,9], Pt- [10,11]
Ni- [12,13], among others.
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In this context, Zr is a good candidate for doping TiO; lattices because both elements
are in the same group, have the same valence state, and the anatase phase supports Zr
incorporation, forming the solid solution Tij _ZryO; [14]. Some reports have studied the
effect of Zr introduction into the TiO, anatase lattice on its physicochemical properties. For
instance, Bolbol et al. [14] deposited Zr-doped TiO, thin films over glass substrates, varying
the Zr dopant concentration from 0.5 to 10% mol using the sol-gel spin coating technique.
They found changes in the structural and optical properties owing to a micro-strain increase
created by Zr addition. This feature caused a reduction in electron-hole recombination
compared to pristine TiO,. Similarly, Juma et al. [15] and Oluwabi et al. [16] explored
Zr-TiO, samples deposited by spray pyrolysis. In this context, Zr introduction in the TiO;
lattice suppressed the anatase in the rutile phase transformation process, reduced the film
roughness, decreased the film’s crystallinity, and strongly increased the dielectric constant.
In photocatalytic applications, Mbiri et al. [17] evaluated the Zr dopant content effect on
TiO; thin films in the degradation of persistent organic pollutants, such as Chlorisazon,
Phenol, and 4-Chlorophenol, finding a reduction in the recombination rate and achieving
degradation percentages higher than 80%. Similar findings were reported by degrading
formaldehyde [18], methylene blue [19-21], 4-Nitrophenol [22], bismark brown red [23],
methylene orange [24], and 4-chlorophenol [25]. On the other hand, fewer reports have
been observed in the case of hydrogen evolution; for instance, Chattopadhyay et al. [26].
prepared Ti;_,ZryO,.y nanocrystals in different Zr compositions. They found that Zrtt
incorporation into the TiO, lattice modified the surface chemistry, caused lattice strain
and increased the amount of Ti*>* species that favored the electron transference, reaching
a superior hydrogen production compared with that of pristine TiO,. Some other works
have reported the effect of Zr dopant in TiO,; however, most of them focus on the use of
powder particles [27-30].

Considering the above, this work reports the findings of the effect of Zr doping on
TiO, thin films deposited over a glass substrate by sol-gel dip coating in terms of their
optical and structural properties. Also, the impact of these changes on the photocatalytic
efficiency in the hydrogen evolution reaction using ethanol as sacrificial agent is described.

2. Materials and Methods
2.1. Thin Film Deposition

Pristine and Zr-doped TiO, thin films were deposited by the sol-gel chemical method.
In this context, a Titanium butoxide (97% Sigma Aldrich, St. Louis, MO, USA) 3 M solution
was prepared in isopropanol (DEQ), adding the appropriate %mol of Zirconium butoxide
(97% Sigma Aldrich) to obtain 0.01, 0.05, or 0.1 mol of Zr in the media. All solutions were
deposited over glass substrates (previously washed in separate isopropanol-acetone-water
washings) using a dip coating technique. For this purpose, the glass substrates were
placed vertically in the system and immersed three times into the solution at a constant
speed. After each immersion cycle, the solvent was evaporated instantly by subjecting the
substrates to a hot temperature (165 °C). Additionally, the films were calcined at 400 °C for
2 h to promote phase crystallization.

2.2. Characterization

The structural characterization of the films was evaluated using an X-ray PANana-
lytical diffractometer with Cu Ka 1.54 A radiation at a grazing incidence angle. Surface
images were taken in ASYLUM RESEARCH MFP3D-SA AFM equipment in tapping mode.
Transmittance spectra were obtained with a UV-VIS/Cary 5000, running the samples at a
200-800 nm wavelength interval, and PL spectra were measured in an Agilent Cary Eclipse
(excitation wavelength—325 nm) fluorescence spectrophotometer. XPS measurements were
analyzed using a VG Multilab 2000 (Thermo VG Scientific equipment, Waltham, MA, USA)
with a monochromatic MG-Ka (1253.6 eV) irradiation source.
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2.3. Photocatalytic Reactions

Photocatalytic hydrogen production reactions were performed under UV (254 nm)
irradiation using a cylindrical Pyrex batch reactor. Four films (30 cm? of active area) were
pasted inside the reactor, adding 200 mL of deionized water. The system was vented
with Argon for 15 min to promote an anoxic media, and then a UV lamp was immersed
through a quartz tube and turned on. Gas samples were taken every 30 min using a
syringe and injected in a gas chromatograph Varian GP-3380 with a thermal conductivity
detector using Argon as the mobile phase and RESTEK REST-19808 (RESTEK, Centre
County, PA, USA) column as a stationary phase. The acetaldehyde concentration in the
remaining reaction liquid was measured by High-Resolution Liquid Chromatography
using a Shimadzu Nexcol C18 (Shimadzu, Columbia, MD, USA) column as the stationary
phase, and a mixture of acetonitrile/water 45:55 solution as the mobile phase.

3. Results and Discussion

Figure 1 presents the XRD patterns of all the samples. As seen, the pristine TiO,
and the Zr-doped films were amorphous, and no diffraction peaks were detected. Similar
results have been reported in the literature for TiO; films [31-34], where peaks with very
low intensities or no peaks are detected in similar sol-gel deposition conditions.
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Figure 1. XRD patterns of the deposited Zr-doped TiO, thin films.

Figure 2 shows the elemental composition of the TiO, and Zr-doped TiO, films
according to the XPS spectra for the C 1s, O 1s, Ti 2p, and Zr 3d levels. The C 1s core
level has been deconvoluted into three peaks related to C-C, C-O-C, and O-C=0 bonds
(Figure 2a). On the other hand, the Ols spectra were deconvoluted into three curves
for the TiO, and 0.01 Zr films and four curves for the 0.05 Zr and 0.1 Zr films. These
curves correspond to the M-O, M-OH, C-OH, and C-O bonds [35,36], with only the 0.05 Zr
and 0.1 Zr films showing the contribution of the C-OH species [35]. Due to the Zr being
incorporated, the peak related to the M-O bond increased; likewise, the 0.01 Zr film is the
only one that has less area in the peaks related to the M-OH and C-O bonds (Figure 2b).

Additionally, the Ti2p region is contributed to by the Ti**, Ti**, and Ti(OH), (marked
with *) species [36-38], while the Zr3d core level shows the presence of Zrt species [17,36].
In this context, the binding energy values obtained in the Zr 3d spectra are slightly lower
to the ones reported in the ZrO; spectra, which suggests that the atoms are incorporated
into the TiO, structure instead of in the ZrO, phase in low proportions [15]. Additionally,
as the electronegativity of the Ti (1.54) is higher than that of the Zr (1.33), the peaks in the
Ti2p and Zr3d spectra shifted toward a lower binding energy between the samples with
Zr**, which is related to the partial substitution of Ti** by Zr** ions [15,36]. This feature
can be related to the formation of a Ti;_Zr,O; phase.
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Figure 2. XPS core levels of (a) C 1s, (b) O 1s, (¢) Ti 2p, and (d) Zr 3d.

Figure 3 presents the AFM images taken in a contact mode. As seen, all films were
deposited uniformly; however, the pristine TiO, sample presented the formation of fine
particles with the appearance of some cracks potentially generated during solvent evap-
oration. In contrast, the incorporation of Zr promoted the formation of densely packed
particles, and additionally it reduced the formation of cracks, promoting a good coverage of
the substrate. According to some authors, Zr incorporation as a dopant can retard the TiO,
densification, reducing the formation of cracks and pinholes in the layer [39,40]. On the
other hand, similarity can be seen between the TiO;, 0.01 Zr, and 0.05 Zr samples; however,
a slight reduction in the surface roughness was observed (Figure 3). Similar findings were
reported by Naumenko et al. [39], where low Zr loads promoted the formation of densely
packed particles as a result of the reduced crystallization effect that Zr promotes, or the
increase in the nucleation centers during the film growth which inhibits grain growth, as
Juma et al. mentions [15].
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Figure 3. AFM characterization of the deposited films. (a) TiO,; (b) 0.01 Zr; (c) 0.05 Zr; (d) 0.1 Zr.

On the contrary, a larger Zr concentration (0.1 Zr sample) promotes an increase in the
film surface roughness; in this context, this drastic change can be associated with the for-
mation of a more viscous sol due to the addition of a larger Zr precursor concentration [17].
An increase in the surface roughness can suggest an increase in the surface area, resulting
in the presence of more active sites to enhance their photoactivity [41].

The transmittance percentage obtained from the deposited films is presented in
Figure 4a. All the films are transparent in the visible light region (% T > 70%); however,
when the Zr** concentration increases, the transmittance percentage slightly decreases, this
behavior being related to high light dispersion over the film surface due to the increased
roughness (more remarkable in the 0.1 Zr sample) [42,43]. The optical band gap of the films
was calculated by the Tauc plot using the following equation [44]:

(ahv) = A(hv — Eg)"

where « is the absorption coefficient, hv is the photon energy, A is a proportionality constant,
n is the Tauc exponent (n = 1/2 for direct transitions and n = 2 for indirect transitions), and
Eg is the band gap of the material [44,45]. Figure 4b shows a Tauc plot, where the band
gap values slightly decrease with the incorporation of Zr (TiO; = 3.88 €V; 0.01 Zr = 3.81 eV;
0.05Zr =3.85eV; 0.1 Zr = 3.76 eV). This decrease in the band gap value is related to shifts in
the absorption edge toward a higher wavelength, which is due to an increase in the doping
carrier concentrations. These carriers interact with free carriers and ionized impurities,
causing a decrease in the band gap value [46]. In our films, as the Zr** concentration
increases, the absorption edge shifts to higher wavelengths, decreasing the band gap value
due to the increase in different impurities from the Zr**. According to Bolbol et al., this
phenomenon is known as the Burstein-Moss effect [14].
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Figure 4. Optical properties as (a) transmittance percentage, (b) band gap (Tauc plot), (c) PL spectra,
and (d) PL spectrum deconvoluted from the TiO, and Zr-doped TiO, films.

The PL spectra of the films excited with a wavelength of 320 nm are shown in Figure 4c.
As seen, all the samples presented a broad emission between 390 and 540 nm. As this
band displays a broad emission, this region could be deconvoluted into three bands, which
are related to the TiO; band gap absorption (~420 nm), self-trapped excitons in TiO;
(~450 nm), and oxygen vacancies of TiO, and of ZrO, and Zr** (~430 to 530 nm) [47-49]
(Figure 4d). On the other hand, from Figure 4c, there is an evident decrease in the PL
intensity in the samples with a larger load of Zr**; in this context, it is well known that
the PL emission reduction is associated with a minimization of the e™ /h* recombination,
which translates into a greater availability of free charges to carry out red-ox reactions [50].
Additionally, it is known that the doping process produces extra free electrons in the TiO,
lattice, which also reduces the emission efficiency by creating a non-radiative channel [14].

The photocatalytic hydrogen evolution rates obtained from the deposited films using
ethanol as a sacrificial agent are presented in Figure 5a. As seen, all the samples present
photoactivity, which is enhanced because of the increase in the Zr** concentration, reaching
almost double the TiO, production (22 mmolcm~2) in the sample loaded with 0.1%mol
of Zr (38.6 mmolcm—2). In this context, this observed improvement in the photocatalytic
activity can be related to different facts; for instance, a larger Zr concentration causes a
greater roughness on the film surface, which, as mentioned previously, increases the surface
area and the active sites where ethanol molecules can be adsorbed and react to produce
hydrogen. Additionally, the 0.1 Zr sample presented reduced electron-hole recombination,
evidenced by the PL analyses, mainly associated with the formation of energy levels below
the TiO, conduction band as self-trapped excitons, and defects such as oxygen vacancies.

Figure 5b presents the possible mechanism of hydrogen production through ethanol
oxidation. In this context, the use of this organic compound has been highlighted by
its capacity to act as an electron donor to the conduction band, enhancing the hydrogen
production compared with using pure water [29]. Additionally, the presence of the different
defects can capture light-induced electrons; for instance, in the case of oxygen vacancies,
they play an important role acting as electron (e ™) traps, which, in consequence, avoid their
recombination with the holes (h*) [51]. Moreover, Zr** doping also introduces alternative
defect levels close to the conduction band of TiO,, which also can act as electron trap
centers because the presence of Zr metal is used to produce a Schottky barrier to facilitate
electron capture [52].
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mechanism of the hydrogen evolution using Zr-doped TiO,.

On the other hand, ethanol is oxidated in the Zr-TiO, film valence band, forming
acetaldehyde. The formation of this compound was evidenced in the remaining liquid of
the reaction, detecting the following concentrations: TiO, = 750 pmol, 0.01 Zr = 627 pumol,
0.05 Zr = 612 pmol, 0.1 Zr = 530 pmol. Finally, the protons (H*) formed from ethanol oxidation
react with the electrons (e ™) accumulated in the formed defects and the conduction band to
efficiently produce hydrogen.

Finally, Table 1 presents a summary of the hydrogen evolution reaction via photocataly-
sis or photo-electrocatalysis using TiO; thin films deposited under different methodologies.
In this context, some studies focus on analyzing the different deposition conditions related
to the used methodology, while others analyze the effect of an added dopant concentration
(added in situ or as a multi-layer). As seen, the hydrogen production values obtained in this
work are comparable with those that present higher production values, which suggests that
doping TiO, with this metal (Zr) is an alternative to enhance its photocatalytic performance.

Table 1. Summary of the photocatalytic hydrogen production studies using TiO, thin films.

Photocatalyst Dopant Deposition Method Illumination Sacrificial Agent Hydrogen Production Ref
TiO, Cu-Ni Drop casting 300 W Xe lamp Methanol 25% 41,690 umol/gh [53]
TiO, -- DC sputtering UV 254 nm lamp -- 38 umol [54]
TiO, - Hydrothermal UV 254 nm lamp - 132 umol [55]
TiO, -- RF sputtering 300 W Xe lamp - 0.55 pmol/hem? [56]
TiO, Au-Pd Spin coating 300 W Xe lamp Glycerol 5% 0.014 mL/min [57]
TiO, Ag Sol-gel/dip coating 5000 W Xe lamp KOH1M 580 pmol [58]
TiO, Ag Drop casting 420 WHg lamp  Water/methanol 1:1 148 pumol/gh [59]
TiO, Cr RF sputtering 250 W W lamp NaOH 1M 24 umol/h [60]
TiO, Ag Hydrothermal 16 W Hg lamp Ethanol 10% 8.1 umol/cm? [61]
TiO, Pt Dip coating Black light lamps Ethanol 50% 9 umol/min [62]
TiO, Pt Solfgzls}';‘;tiffé‘agﬁng 250 W W lamp NaOH 1M e [63]
TiO, IEII-CN;CC)) Sol-gel/dip coating UV 254 nm lamp - 62,000 umol/g [64]
TiO, Pt Dip coating 13 W UV lamp Water/methanol 1:1 349.6 umol/gh [65]
TiO, Zr Anodization method 500 W Xe lamp 2 ;;iefzitc}iialleie‘;;c’ca)i 15 umol [30]
TiO, Zr Sol-gel/dip coating UV 254 lamp ethanol 38,600 pmol/cm? This work
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4. Conclusions

Zr-doped TiO, amorphous thin films were successfully grown over glass substrates
using the sol-gel dip coating methodology, varying the Zr concentration in the film pre-
cursor solution (0.01, 0.05 and 0.1 mol%). The incorporation of Zr** into the TiO, cell
was confirmed using XPS, which resulted in the possible formation of the Ti;_ZryO,
phase. The increase in the Zr concentration caused changes in the structural and optical
properties of the films such as an increase in the film roughness, and a slight reduction
in the transmittance percentage and their band gap. All the films exhibited photoactivity,
evolving hydrogen under UV irradiation and ethanol as a sacrificial agent, with the hydro-
gen accumulation being increased by almost double in the samples with the largest Zr load
(0.1 Zr = 38.6 mmolcm~2) compared with that of pristine TiO, film. This enhancement in
the photocatalytic activity was associated with the increase in the roughness of these films,
which resulted in an increased surface area and was favorable for the reaction, and with
the formation of different defects near to the TiO, conduction band that acted as electron
trap centers and minimized the e~ /h* recombination rate.
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Abstract: One of the most significant challenges the world is currently facing is wastewater treatment.
A substantial volume of effluents from diverse sources releases numerous pollutants into the water.
Among these contaminants, organic pollutants are particularly concerning due to the associated
risk of being released into the environment, garnering significant attention. Rapid advancements
in agriculture and industry on a global scale generate vast volumes of hazardous organic com-
pounds, which eventually find their way into natural systems. Recently, the release of industrial
wastewater has been increasing, due to the progress of numerous businesses. This poses a danger to
humans and the environment, leading to environmental contamination. The application of carbon
nanocomposites in applied nanotechnology has recently expanded due to their large surface area,
substantial pore volume, low preparation cost, and environmental resilience. Expanding the use
of nanomaterials in water treatment is essential, as magnetic carbon nanocomposites consistently
demonstrate an efficient elimination of pollutants from water solutions. In the current study, we
have highlighted the application of magnetic porous carbon nanocomposites in removing organic
pollutants from wastewater.

Keywords: magnetic carbon nanocomposites; pollutants; adsorption; wastewater

1. Introduction

Wastewater reclamation or reuse has become an imperative need in the current sce-
nario, given the rapid depletion of freshwater supplies. Agriculture alone accounts for
92% of global water usage [1-5], with approximately 70% of freshwater from rivers and
subsurface sources dedicated to irrigation. This alarming statistic raises serious concerns for
nations struggling with water scarcity [6-9]. Therefore, incorporating wastewater recycling
in agriculture emerges as a pivotal strategy to substitute the use of freshwater [10].

In general, treated wastewater finds its application in various non-potable uses, includ-
ing firefighting, vehicle washing, toilet flushing, irrigation, groundwater replenishment,
golf course irrigation, building construction [11-16], and even for cooling purposes in
thermal power plants. Both domestic water and treated wastewater contain a range of
nutrients, such as nitrogen, phosphorus, sulfur and potassium. Notably, a significant
portion of the nitrogen and phosphorus in wastewater is readily absorbable by plants,
making it a viable option for irrigation [17,18].

Currently, diverse conventional technologies for wastewater treatment have been de-
vised, including membrane filtration [19,20], flocculation [21,22], coagulation [23], Fenton
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reagent [24,25], electrolysis [26] and photocatalytic oxidation [27]. Among the various avail-
able technologies, the adsorption method is acknowledged as a more cost-effective, efficient,
practical and environmentally friendly alternative for wastewater treatment [28-30]. Various
adsorbents have been examined for their effectiveness in purifying wastewater, including
zeolites [31-33], clay minerals [34,35], kaolinite [36-38], pillared clays [39,40], silica gel [41,42],
activated carbon [43-45] and biomass [46-48]. However, many existing adsorbents exhibit
limited efficiency in removing specific contaminants in water, such as heavy metals and
oil [49,50]. Numerous studies have emphasized the capability of activated carbon as an
important adsorbent for the treatment of wastewater, owing to its significant porosity and
expansive surface area [51-53].

The increased focus on nanotechnology has sparked a notable surge in the application
of nanostructured materials across various domains, particularly in environmental remedia-
tion and wastewater treatment [54-56]. Nanostructured materials have particle sizes below
100 nm. They appear in diverse forms, including nanoparticles, nanotubes, nanowires and
nanofibers [57-59]. Nanomaterials demonstrate superior adsorption abilities for various
water contaminants when compared to larger bulk materials [60-62].

Carbon-based nanomaterials (CNMs) have garnered substantial attention as cutting-
edge materials across various applications within the spectrum of nanostructured materials.
This increased attention is due to their remarkable physical and chemical traits, alongside
outstanding thermal, mechanical and electrical conductive characteristics [63-65]. The
remarkable attributes of CNMs represent a significant advancement in technology, finding
applications in diverse fields such as biosensors [66,67], reinforcing composite materi-
als [68,69], materials with electrical conductivity [70], drug delivery [71,72], the biomedical
field [73] and catalyst support [74,75]. Additionally, CNMs are widely acknowledged for
their efficacy as superior adsorbents in wastewater pollutant removal [76-78].

Recently, there has been a growing interest in magnetic nanoparticles (NPs) in various
environmental engineering applications. Spanning sizes between 1 and 100 nm and featur-
ing a notable ratio of surface area to volume, with a capacity for carrying a high load, these
nanoparticles have shown to be efficient materials used to trap pollutants from polluted
water [79,80].

Despite the efficient adsorption capacity exhibited by carbon nanomaterials, their
practical use faces challenges due to their strong adaptability and hydrophilic nature,
complicating their retrieval and separation from water [81]. Separation using magnets
emerges as a swift and efficient post-adsorption technique, surpassing alternatives like
filtration and centrifugation [82]. Consequently, using Fe oxide nanoparticles for adsorption
has attracted considerable interest. Besides their adsorption ability, these nanomaterials are
cost effective, abundant and environmentally friendly. However, their inherent reactivity,
especially in nanoparticle form, necessitates stability achieved through surface coating [83].

Recent findings reveal that it is possible to enhance the removal of organic dyes by
coating magnetic iron oxide nanoparticles with carbon materials, facilitating easy recovery
and recycling due to the synergistic impact of Fe oxides and carbon nanomaterials [84].
These altered materials have shown effectiveness in eliminating a range of dyes, like
Rhodamine B (RhB) [85], methylene blue (MB), food yellow, and various others.

This review offers a comprehensive summary of magnetic porous carbon nanocom-
posites (magnetic fullerene, magnetic carbon dots, magnetic carbon nanotubes, magnetic
graphite, magnetic graphene, and magnetic graphene oxide) for eliminating organic pol-
lutants from wastewater. This data will contribute to advancing the rational design of
magnetic porous carbon nanocomposites for water treatment, thereby contributing to the
development of improved technologies for ensuring adequate water quality. Magnetic
porous carbon nanocomposites can also be used for the removal of heavy metals. The
interested reader should consult relevant reviews on the subject [86,87].
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2. The Application of Magnetic Porous Carbon Nanocomposites
2.1. Magnetic Fullerene Nanocomposites

Elessawy et al. obtained magnetic fullerene nanocomposites with functionalization
(FMFNC) in a simple, one-step and environmentally friendly manner. The method involved
utilizing the catalytic thermal breakdown of waste PET bottles as a starting material
and employing ferrocene both as a catalyst and as a source of magnetic nanoparticles
in combination for eliminating MB and acid blue 25 (AB25) dyes through an adsorption
process (Scheme 1). Subsequently, the composite could be effortlessly isolated using an
external magnet [88].

Funcionalized magnetic
Fullerene Nano-composites
(FMFNc)

Crushed PET . ferrocene
bottles waste

Scheme 1. Synthesis of FMFNc.

After 10 consecutive cycles, FMFNC showed impressive effectiveness in adsorbing
MB or AB25. The adsorption mechanism was verified through an examination of surface
chemistry both prior to and following adsorption. It was primarily achieved through
hydrogen bonding, -7t stacking contact, and electrostatic interaction. The advantages of
high adsorption capacity and convenient separation are combined when fullerene and
magnetic nanoparticles are used (Schemes 2 and 3).

45 min, 35°C,
FMFNc + MB >  CO,+H,0 +FMFNC

50 mg/L 99.61% adsorption

Scheme 2. Removal of methylene blue.

45 min, 35°C,
FMFNc + AB25 » €O, + H,0 + FMFNC
50mg/L  97.01% adsorption 2

Scheme 3. Removal of acid blue 25.

Elessawy et al. obtained a new, simple, single-step method employed to produce func-
tionalized magnetic fullerene nanocomposites (FMFN) by utilizing ferrocene both as a catalyst
and a precursor for magnetite, along with the thermal catalytic decomposition of discarded
poly(ethylene terephthalate) bottles as the source material [89] (Schemes 4 and 5).

PET + excess ‘ ‘ ] 800°C/1h >

Fe +H, +CH, +C;H,
Intermediate

@ [0]

\/

Fe;0, / graphene
I|=e

Fe;0, / Fullerene —= Fe;0, / graphene

Scheme 4. Synthesis of fullerene.

. . 40°C, 153 min
FMFN + Ciprofloxacin >

co, + H,0 + FMFN

Scheme 5. Removal of ciprofloxacin.

90



Surfaces 2024, 7

According to the resolved equation, achieving the complete removal of ciprofloxacin re-
quires optimal conditions: a contact time of 153 min and a ciprofloxacin amount of 65 mg/L
at 40 °C. The spontaneity, exothermicity and increased casualness of the ciprofloxacin ad-
sorption are confirmed by the negative AG and AH values, along with a positive AS value.

2.2. Magnetic Carbon-Dot Nanocomposites

Deng et al. developed a procedure for creating carbon nanotubes (CNTs) modified
with carbon dots (CMNTs) in three sequential steps: firstly, preparing magnetic carbon nan-
otubes; secondly, synthesizing carbon dots; and lastly, modifying the magnetic multiwalled
carbon nanotubes surfaces using these carbon dots for the removal of carbamazepine [90]
(Scheme 6).

) pH =7.0£0.2
MWCNTs + Carbamazepine » CO,+ H,0* MWCNTs

65 mg/g

Scheme 6. Removal of carbamazepine.

AtapH of 7.0 £ 0.2, CMNTs showed a substantial adsorption of 65 mg/g, surpassing
that of numerous previously documented adsorbents. The removal of carbamazepine by
CMNTs showed swift removal within the initial 3 h, with kinetics effectively modeled by
the HSDM and pseudo-second-order models. The simplified HSDM model effectively
characterizes the declining adsorption capacity of CMNTs over time and illustrates the
movement of carbamazepine particles within the CMNTs. The material used for adsorption
can undergo regeneration and be reused repeatedly, experiencing a capacity reduction of
less than 2.2% across six cycles.

Sun created magnetic carbon dots by combining C-dots with magnetic Fe304 nanopar-
ticles. This synthesis aimed to investigate their photocatalytic performance in the presence
of visible light and assess their recyclability in wastewater treatment. The specimens were
created using a bottom-up method at a reaction temperature (Tr) set at 140 °C and 180 °C,
with various reaction times (tr = 0-18 h). The outcomes revealed a progressive attachment
of C—dots to Fe30O4 nanoparticles as tr increased at Tr = 140 °C, while a sudden move
towards the maximum adsorption on Fe3O4 occurred at Tr = 180 °C [91] (Schemes 7 and 8).

OH OH O (0] 140-180 °C .
HOWH + AOH + Fe;0, » Magnetic C-dots
OH OH
glucose acetic acid mixture

Scheme 7. Synthesis of magnetic C-dots.

O,,OH
Magnetic C-dots + + + ic C-
g mB 30 min, » CO, H,0 Magnetic C-dots
83% degradation

Scheme 8. Removal of methylene blue.

In just half an hour of exposure to visible light, the MB amount can decrease by 83%.
The recyclability experiment distinctly indicated that the magnetic C-dots exhibited the
capability for over a tenfold increase in photocatalytic degradation.

2.3. Magnetic Carbon Nanotube Nanocomposites

Zhang et al. developed a remarkably effective Fenton-like catalyst for breaking down
organic pollutants by synthesizing MIL-88B—Fe with integrated CNTs. The latter possess
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surface oxygen functional groups rich in electrons. CNTs were integrated into the metal-
organic framework to enhance Fe(I) content, thereby improving Fenton-like behavior. The
synthesized CNT@MIL-88B-Fe (C@M) exhibited significantly enhanced catalytic capabilities.

The rate constant for the pseudo-first-order kinetics of phenol elimination using C@M
(0.32 min~!) surpassed that of MIL-88B-Fe by approximately sevenfold and rivaled or
exceeded values reported for other heterogeneous Fenton-like materials. Furthermore, the
Fenton-like system demonstrated an effective degradation of diverse persistent organic
contaminants and showcased remarkable catalytic activity across a broad pH spectrum
(4-9). XPS verified a gradual increase in the Fe(Il) amount of the catalyst with CNT
loadings [92] (Scheme 9).

OH

CNT@M'L-8SB-FE(C@M) + Phenol —MM > coz + Hzo + CNT@M|L-883-FE(C@M)

80°C
Scheme 9. Removal of phenol.

Zhang et al. successfully synthesized an adsorbent of magnetic CNTs functionalized
with polyethyleneimine (PEI@MCNTs) and thoroughly examined its adsorption capacity
to eliminate Alizarin Red S (ARS) from the dyeing effluent. PEI@MCNTs were made using
the co-precipitation technique.

ARS could be effectively extracted from an acidic aqueous solution (pH < 6.0) using
PEI@MCNTs for 40 min at an ambient temperature. Thanks to their numerous contacts and
abundance of adsorption sites, PEI@MCNTs exhibited a spontaneous adsorption process
and good selectivity towards ARS. PEI@QMCNTs had the highest adsorption capacity of
196.08 mg g~ ! for ARS, as obtained by the Langmuir isotherm. The efficiency of removing
ARS in tap, river and lake waters stayed within the range of 94.6%, 89.3%, and 91.8%,
respectively, closely resembling the efficiency observed in distilled water (96.7%). This
capacity exceeded that of conventional adsorbents currently on the market. Addition-
ally, the PEI@MCNTs were easily regenerated using a 10 mM NaOH solution after being
collected using an external magnet. The PEI@RMCNTs prepared exhibit promise as adsor-
bents for efficiently removing anthraquinone dyes in extensive wastewater treatment [93]
(Scheme 10).

pH < 6.0, 40 min
PEI@MCNTs + ARS » CO, + H,0+ PEI@MCNTs

94.6% adsorption

Scheme 10. Removal of Alizarin Red S.

Salam et al. developed a composite containing multi-walled carbon nanotubes (MWC-
NTs), magnetite and chitin, creating a magnetic nanocomposite with the purpose of effi-
ciently eliminating Rose Bengal from both authentic and simulated solutions [94]. This
magnetic nanocomposite was formed by physically combining MWCNTs with the biopoly-
mer chitin and magnetite.

Various factors influencing the removal of Rose Bengal using an MCM nanocomposite
were explored. The findings indicated that increasing the mass of MCM improved the
adsorption process, with the optimal removal of Rose Bengal being achieved using 2 mg of
MCM. Furthermore, the impact of adsorption time was investigated, revealing that equi-
librium in adsorption was obtained after 30 min. The findings suggested that adsorption
adhered to the pseudo-second-order kinetic model.

The outcomes revealed that the extraction of Rose Bengal from a water solution by an
MCM composite was physically driven and endothermic. This was clear from the increased
adsorption capability with rising solution temperature. Moreover, the negative AG, along
with the positive AH and AS values, indicate that the adsorption of Rose Bengal is driven by
entropy. When applied to remove Rose Bengal from an artificially contaminated wastewater
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sample, the MCM nanocomposite exhibited nearly 100% removal and retained its efficiency
over five consecutive cycles (Scheme 11).

30 min
MCM + RB > CO, + H,0 + MCM
100 % removal

2.0 mg

Scheme 11. Removal of Rose Bengal.

Cheng et al. developed a method to create composites of 3-cyclodextrin (CD) attached
to CNTs using cyclodextrins (CDs) and conducted reduction with the hydrazine hydrate of
oxidized CNT. The resulting reduced samples (RCNT-CD) were affixed to Fe oxide during
the creation of magnetic analogs (M-RCNT-CD).

M-RCNT-CD demonstrated a maximal adsorption of 196.5 mg/g of MB. The negative
change in AG® and the positive change in AH® indicate that adsorption is spontaneous
and endothermic, respectively; thus, the magnetic adsorbent is efficient for the removal of
organic contaminants from water solutions [95] (Scheme 12).

25°C,25h
M-RCNT-CD + MB - > CO, + H,0 + M-RCNT-CD
absorption

capacity 196.5 mg/g

Scheme 12. Removal of methylene blue.

Zhu et al. synthesized magnetic graphitized MWCNTs modified with chitosan (CS-
m-GMCNTs) using a cross-linking suspension method. The structure, form and magnetic
characteristics of the synthesized CS-m-GMCNTs were assessed through several character-
ization techniques.

The model representing second-order kinetics, exhibiting high correlation coefficients
(R? > 0.998), proved to be appropriate for characterizing the rate at which crystal violet is
adsorbed onto CS-m-GMCNTs. A color removal of up to 94.58% and 100% was attainable
within 100 min for water solutions of 10 and 60 mg L !, respectively.

Magnetic tests showed that CS-m—GMCNTs could attain a saturated magnetization of
12.27 emu g~!. Additionally, the adsorption capability of crystal violet on CS-m-GMCNTs
reached 263 mg g~ !. The thermodynamic parameter values suggested the adsorption had
a significant reliance on the temperature of the liquid phase, suggesting a spontaneous and
heat-releasing reaction.

Hence, CS—-m-GMCNTs exhibit notable advantages, including very good dispersion
in water, convenient separation and elevated adsorption capability. These characteristics
suggest the possibility of its application in the efficient elimination of other carcinogenic
and hazardous contaminants from water [96] (Scheme 13).

100 min

CS-m-GMCNTs + CV > CO, + H,O + CS-m-GMCNTs

94.56 - 100%
10-60 mg/l  removal

Scheme 13. Removal of crystal violet.

Gao et al. made a nanocomposite of magnetic polymer and MWCNTs to adsorb
anionic azo dyes from water solutions.

The capturing capability of the magnetic polymer’s multiwall carbon nanotube nanocom-
posite (MPMWCNT) was evaluated in solutions containing orange II, sunset yellow FCF and
amaranth, and proved to be higher than that of magnetic MWCNTs without PGMIC. The
adsorption capability sequence for anionic azo dyes was amaranth < orange II < sunset yellow
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FCE. As the pH increased, the adsorption progressively diminished. The highest q,, values
at 25 °C were 67.6, 85.5 and 47.4 mg g~ ! for orange II, sunset yellow FCF and amaranth,
respectively [97] (Schemes 14-16).

25°C, 6 h, pH=6.2
MPMWCNT + Orange(ll) > CO, + H,0 + MPMWCNT
absorption capacity

67.57 mg/g

Scheme 14. Removal of orange (II).

25°C, 6 h, pH=6.2
MPMWCNT + Sunset yellow FCF » CO,+ H,0 + MPMWCNT
absorption capacity

85.47 mg/g

Scheme 15. Removal of sunset yellow FCE.

MPMWCNT * Amarnath 25 C,6h, pH=6.2 €O, - H,0 + MPMWCNT

absorption capacity
47.39 mg/g

Scheme 16. Removal of amaranth.

Madrakian et al. focus on removing specific positively charged dyes from water
using MWCNTs modified with magnets. MWCNTs loaded with Fe;O4 nanoparticles
were synthesized through a straightforward solution-based approach. This involved the
dissolving of ammonium iron (II) sulfate hexahydrate in water and a hydrazine hydrate
solution (3:1 volume ratio), followed by the addition of pre-treated MWCNTs.

The best pH for eliminating all studied cationic dyes from water was 7.0. The high-
est anticipated adsorption amounts of CV, JG, Th and MB dyes were 228, 250, 36 and
48 mg g~ !, respectively. The desorption was additionally examined, employing acetonitrile
as a solvent.

The variation in adsorption capability can be ascribed to distinctions in dye structures.
JG and CV feature quaternary ammonium groups, while MB and Th are characterized
as cationic sulfide dyes. The positive charge of JG and CV is distributed throughout the
molecule, whereas in MB and Th, the positive charge accumulates around the heteroatom
ring. Consequently, the adsorption of JG and CV onto the adsorbent proves more effective
than that of MB and Th dyes. Maximum adsorption was achieved with 0.015 g of the
adsorbent, resulting in approximately 95% removal for Th and MD and complete removal
(100%) for JG and CV [98] (Schemes 17-20).

OH
MMMWCNTs + MB —> €O, + H,0 + MMMWCNTs
pH=7, 15 min

20 mg/l 95% degradation

Scheme 17. Degradation of methylene blue.

OH
MMMWCNTs+ TH > €O, + H,0 + MMMWCNTs
20 mg/l pH=7, 15 min
me 95% degradation

Scheme 18. Degradation of Thioflavin.
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OH
MMMWCNTs+ JG > CO, + H,0 + MMMWCNT
pH=7, 15 min 2 2 ®

20 mg/L 95% degradation

Scheme 19. Degradation of Janus Green.

OH
MMMWCNTs + CV > CO, + H,0 + MMMWCNTs
pH=7, 15 min
20 mg/L 100% degradation

Scheme 20. Degradation of crystal violet.

Yan et al. created magnetic carbon nanotubes modified with guar gum for the pu-
rification of wastewater. Magnetic GG-MWCNT-Fe304 was synthesized by suspending
GG-MWCNT in a solution containing FeCl3-and FeSOy at 60 °C under a N, atmosphere. A
solution of NH3 was added, adjusting the mixture’s pH between 10 and 11.

The isotherms showed that adsorption followed the Langmuir model, with GG-
MWCNT-Fe;0, exhibiting maximal adsorption of 61.9 mg g~! for MB and 89.9 mg g~ ! for
NR. The magnetic GG-MWCNT-Fe;0, demonstrates magnetic separation and adsorption
capacity properties, making it a viable choice for eliminating pollutants from aqueous
solutions [99] (Schemes 21 and 22).

OH
GG-MWCNT-Fe;0, + MR > €O, + H,0 + GG-MWCNT-Fe,0,

37.4 mg/g

Scheme 21. Degradation of methylene blue.

OH

Y

GG-MWCNT-Fe;0, + NR
28.9 mg/L

Scheme 22. Degradation of methylene blue.

Qu et al. fabricated MWCNTs filled with Fe,O3 particles to eliminate organic dyes
from contaminated water. MWCNTs loaded with y-Fe,O3 nanoparticles were synthesized
through a hydrothermal reaction involving MWCNTs in a ferric nitrate solution, followed
by calcination.

The dye adsorption test, involving neutral red (NR) and MB, reveals that equilibrium
is reached within just 60 min. At pH 6, the adsorption capacities within the tested con-
centration span are 77.5 mg/g for NR and 42.3 mg/g for MB, making magnetic MWCNTs
function as outstanding absorbents for these dyes. Unlike other materials, magnetic nan-
otubes not only demonstrate superior efficacy in dye adsorption but also offer convenient
manipulation through an external magnetic field [100] (Schemes 23 and 24).

. 60 min, pH=6
Magnetic MWCNTs+ MB P > CO, + H,0 + Magnetic MWCNTs

42.3 mg/g

Scheme 23. Removal of methylene blue.

. 60 min, pH=6 .
Magnetic MWCNTs + NR > CO, + H,0 + Magnetic MWCNTs

77.5 mg/g

Scheme 24. Removal of neutral red.
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2.4. Magnetic Graphite Nanocomposites

Ranjbar et al. synthesized magnetic graphite intercalation components as persulfate
activators for Bisphenol A elimination from wastewater at pH 7. The “molten salt method”
was employed to manufacture FeCl3—GIC followed by calcination to generate magnetic
GIC [101] (Scheme 25).

Graphite - FeCl, intercalation at 450 C= FeCl, GIC CaIC|nat|or: » Magnetic-GIC
afterwards, rinse with 500-600 C
diluted HCI, water
and ethanol

Scheme 25. Synthesis of magnetic— GIC.

With 2 g/L of catalyst and 1.2 g/L of persulfate at pH 7, the suggested method
eliminated 99.3% of BPA in 75 min. Quenching assays revealed that the catalytic activity
and removal of BPA were boosted by the production of free radicals and singlet oxygen,
occurring through radical and non-radical routes. Additionally, the potential of recycling
the manufactured catalyst was explored by its application to treated city wastewater. The
findings indicated that the catalyst was capable of breaking down BPA in the wastewater
in successive cycles, indicating its practicality (Scheme 26).

75 min, neutral pH

Magnetic-GIC +  Bjsphenol A > CO, + H,O + Magnetic GIC

o) Al o
29/l 99.3% elimination

Scheme 26. Removal of Bisphenol A.

Ruan C. P et al. developed a Co/C magnetic nanocomposite resistant to acid by employ-
ing ZIF-67 as a template and precursor [102]. It underwent carbonization in the Ar atmosphere,
followed by acid treatment. Through calcination in an inert atmosphere, Co nanoparticles
formed and were evenly enveloped by graphite layers, facilitated by the catalytic effect of the
Co-induced graphitization of carbon. These graphite layers protected against oxidation and
acidic environments for the Co particles. Consequently, an acid-resistant magnetic adsorbent
was created, suitable for application in a broad pH range (pH 1-13).

The magnetic Co/C, produced through synthesis, exhibited outstanding adsorption
performance for two common dyes (RhB and malachite green, MG) across a broad pH
spectrum, achieving a removal efficiency exceeding 99%. The adsorption behavior of
these dyes was accurately explained by the Langmuir model in the adsorption isotherms.
Notably, the maximum adsorption capacities for RhB and MG were 400.0 and 561.8 mg g~ !,
respectively, surpassing the capacities of several mentioned adsorbents. Additionally,
the adsorbent could be effortlessly regenerated through washing with ethylene glycol
(EG), indicating remarkable reusability. After undergoing five reuse cycles, there was
no observable decline in capacity. Moreover, the magnetic adsorbent demonstrated its
practical use by attaining a removal efficiency surpassing 97% in eliminating organic dyes
from household wastewater (Schemes 27 and 28).

pH=12
Magnetic Co/CNC + RhB > CO, + H,0 + Magnetic Co/C NC
>99% removal

Scheme 27. Removal of Rhodamine B.

H=7
MagneticCo/CNC + MG P > CO, + H,0 + Magnetic Co/CNC
>99% removal

Scheme 28. Removal of malachite green.
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Wang et al. produced a Fe3O4—graphite composite, which was synthesized, char-
acterized and explored as a Fenton-like heterogeneous catalyst for levofloxacin (LEV)
degradation in water. The composite was produced through a solvothermal one-step
method and displayed remarkable characteristics for the elimination of LEV, accomplishing
almost full elimination of 50 mg L~! LEV within 15 min and 48% removal of total organic
carbon in 60 min. The extensive conjugation electronic structure present in graphite might
facilitate the rapid generation of OH® radicals due to the facile reduction of Fe* to Fe?*.
Furthermore, it was noted that graphite could degrade LEV in H,O,. Hence, the combined
effects of the graphitic structure and Fe;O4 MNPs likely promote the elevated catalytic
activity of the composite. The efficiency of LEV degradation remained at ~80% during the
fifth recycle, highlighting the potential applications of the material in water treatment for
the removal of organic pollutants [103] (Scheme 29).

OH
pH =2.2, 30 C, 15 min

Scheme 29. Degradation of levofloxacin.

2.5. Magnetic Graphene Nanocomposites

Bharath et al. conducted studies focused on creating magnetite on porous graphene-
based nanocomposites for novel adsorption and electrosorption techniques aimed at re-
moving organic pollutants from wastewater. Initially, porous graphene was dispersed
in water using ultrasonication. The resulting supernatant was collected. Subsequently,
solutions of FeCl, and FeCl3 were added, maintaining a pH range of 10-11 by introducing
an ammonium hydroxide solution. After being kept at 180 °C for 12 h, it was washed with
ethanol [104] (Scheme 30).

Expansion 0°C

Graphite 180 C for 2h » KCg forizh » Graphene sheets

sonication at 10°C
for12h

Fe* and Fe3*
(1:2)
Hydrothermal

Fe,0,/Graphene =

Scheme 30. Synthesis of Fe,O4/porous graphene nanocomposites.

The adsorption capacities of dyes were notably high in the case of Fe3O4/porous
graphene nanocomposites. The adsorption of Fe304 on porous graphene was tested using
methyl violet as an adsorbate. Fe3O4/porous graphene demonstrated swift adsorption
within 5 min, possessing a high adsorption capability (Q,-60 mg/g) and facilitating conve-
nient separation and recyclability. This is ascribed to the elevated surface area resulting
from the porosity of graphene and the strong magnetic properties of Fe3O4 (Scheme 31).

Fe,0,/graphene . ., > min —> €O, + H,0 + Fe,0,/graphene
nanocomposite 460 mg/g absorption nanocomposite
capacity

Scheme 31. Removal of methyl violet.
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Yu et al. developed a magnetic sponge of graphene (Fe304—GS) designed for the
elimination of MB. Fe3O4—GS was synthesized through lyophilization to facilitate the ad-
sorption of dyes. Fe304~GS showed impressive adsorption of 526 mg/g for MB, exceeding
the values reported for magnetic carbon nano-adsorbents in the existing literature. The
kinetics of the adsorption of MB on Fe;04—GS displayed a rapid rate, amenable to analysis
through the pseudo-second-order and intraparticle diffusion models. The thermodynamic
parameters indicate that, when feasible, the adsorption of MB on Fe30,4—GS should be
conducted at elevated temperatures.

The thermodynamic investigation unveiled that the adsorption process was motivated
by enhanced interface randomness. Additionally, both pH and ionic strength significantly
impacted the adsorption capability of Fe304—GS [105] (Scheme 32).

5h
absorption capacity

526 mg/g

Scheme 32. Removal of methyl blue.

Zhao et al. synthesized a novel magnetic photocatalyst of graphene with Fe304 and
NiO (GNs/Fe304/NiO), through a straightforward method. Three types of nanocomp-sites
were produced with varying NiO contents: 50% (S1), 67% (S2) and 75% (S3), by weight.

The resulting mixture of GNs/FezOy4, NiO MNPs and dodecyl benzene sulfonic acid
sodium (SDBS) were sonicated in ethylene glycol and stirred at 25 °C in Ny for 24 h, after
which the product was isolated from the solution using a magnetic field. After washing
with ethanol, GNs/Fe304/NiO nanocomposites were obtained [106] (Scheme 33).

CeHsO, stirred 80°C, 1 h NiCl,.6H,0, EG, SDES, sonication
GO » Fe;0,
autoclave, 200°C, 12 h

tube furnace, Ar, 5°C min-1,500°C, 3 h

GNs/Fe;0,/NiO
nanocomposites

Scheme 33. Synthesis of GNs/Fe;O4/NiO nanocomposites.

The experimental findings indicated a notable improvement in both magnetic and
adsorption performance for magnetic GNs/Fe30,/NiO nanocomposites. The saturation mag-
netizations for the three types of nanocomposites, GNs/Fe304/NiO (S1), GNs/Fe30,4/NiO
(52) and GNs/Fe304/NiO (S3), were approximately 63.1, 43.3 and 22.4 emu g_l, respectively.

The nanocomposites demonstrated elevated photocatalytic ability towards p—nitrophenol
and RhB. Additionally, the degradation rate of S3 nanocomposites for p-nitrophenol and RhB
were approximately 94.1% and 86.7%, respectively. Even after three uses, the degradation rate
of S3 for p—nitrophenol and RhB remained above 90% and 84%, respectively. This suggests that
the nanocomposites exhibit robust photocat-lytic performance and hold significant potential
for future applications in the field of photocatalysis (Schemes 34 and 35).

. OH .
GNS/FEZO4/NIO + p-nitrophenol > (€O, + H,0 + GNS/FeZO4/NIO

nanocomposites 94.1% degradation nanocomposites

Scheme 34. Degradation of p—nitrophenol.
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GNs/Fe,0,/NiO . png o ~ €O, + H,0 + GNs/Fe,0,/NiO

nanocomposites 86.7 % degradation nanocomposites

Scheme 35. Degradation of Rhodamine B.

Yang et al. synthesized super adsorbents by creating reduced graphene oxide (GO)
on Fe oxide (GO/FeOeFe,03) for the adsorption of 1-naphthylamine, 1-naphthol and
naphthalene with distinct polarities. GO was produced using a modified Hummers method
from graphite flakes. Magnetic composites were formed through co-precipitation involving
ferrous and ferric ions on the surfaces of GO or MWCNTs.

The adsorption followed the following order: 1-naphthylamine > 1-naphthol > naph-
thalene. The mechanism proposed was the electron donor-acceptor (EDA) interaction,
with the adsorptive capability rising with an increase in dipole moment. In contrast to
the combination of MWCNTs and iron oxide (MWCNTs/FeOeFe,03), we observed that
the structure of the adsorbents significantly influenced the adsorption of these aromatic
compounds [107] (Schemes 36-38).

283.15 K, pH=7.0% 1

GO/FeO Fe,0; + 1-napthylamine > (0, + H,0 + GO/FeO Fe,0,

Scheme 36. Removal of 1-napthylamine.

Scheme 37. Removal of 1-napthol.

GO/FeO Fe,0; + Naphthalene—22:12 KPH=7.QE 1 g o 10 + GO/FeO Fe,04

Scheme 38. Removal of naphthalene.

The synthesis procedure for the magnetic composite Fe;0,@graphene (FGC) involved
the following steps: GO was dispersed in water through sonication to convert carboxylic
acid groups into carboxylate anions. Subsequently, a solution of FeCls-and FeCl,-was
added to the GO suspension at 25 °C under N, with stirring. Following the ion exchange
process, an ammonia solution was introduced dropwise to adjust the solution’s pH to 10
for the synthesis of magnetite Fe3O4 nanoparticles [108] (Scheme 39).

3* Fe2t NH5.H,0
GO layer i» GO-Fe3* Fe?* 3 2° . Fe,0,@GO
R.T heated

heated N,H.H,0

FGC

Scheme 39. Synthesis of FGC.
The adsorption of MB and Congo Red (CR) on the Fe304@graphene composite (FGC)
was studied in batch. FGC demonstrated maximum adsorption capacities of 45.3 mg/g for

MB) and 33.7 mg/g for CR. The sorption kinetics were represented by the second-order
kinetic equation (Schemes 40 and 41).
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25°C
FGC + MB ; — > CO, + H,0 + FGC
absorption capicity
45.27 mg/g

Scheme 40. Removal of methylene blue.

25°C
FGC + CR ; —. > CO, + H,0 + FGC
absorption capicity
33.66 mg/g

Scheme 41. Removal of Congo Red.

Lietal. obtained nanocomposites of magnetic CoFe,O4 functionalized graphene sheets
(CoFep04—FGS) hydrothermally treating inorganic salts and thermally exfoliating graphene
sheets. For studying the adsorption of CoFe,O4—FGS, the model compound chosen was the
common contaminant methyl orange (MO). The CoFe,O4—FGS with magnetic separation
capability showed significant adsorption ability (71.54 mg g~!) for MO molecules, starting
from 10 ppm. This suggests that CoFe,O4—FGS could be advantageous for applications
related to separation and purification [109] (Scheme 42).

300K
COF,0,-FCS + WMB > CO, + H.,O + i
2 absorption capacity 2 2 COF,0,-FCS

10ppm 71,54 mg/g

Scheme 42. Removal of methyl blue.

Wang et al. produced a graphene-based magnetic nanocomposite (G/Fe3O4) and
utilized it to eliminate dye from water solutions. The synthesis of G/Fe;0, involved the
co-precipitation of Fe?* and Fe®* in alkaline conditions with graphene.

The adsorption process is rapid, achieving equilibrium within 30 min. The kinetic
data were effectively modeled using a pseudo-second-order approach. Both Freundlich
and Langmuir models were employed to analyze the isotherms. The collected data fitted a
pseudo-second-order method. Even after undergoing five regenerations, the maximum
amount of fuchsine that G/Fe3;04 can adsorb did not exhibit a notable decrease [110]

(Scheme 43).
25°C, 30 min
G/Fe;ONC + Fuchsine . —> CO, + H,0 + G/Fe;ONC
absorption capacity
89.4 mg/g

Scheme 43. Removal of fuchsine.

2.6. Magnetic Graphene Oxide Nanocomposites

Islam et al. introduced an innovative approach to creating a magnetic CNT-reduced
GO (rGO) Ag nanocomposite. The Ag-rGO-PD-MCNT nanocomposite was created by
reducing AgNO3 in a rtGO-PD-MCNT suspension using sodium citrate (Scheme 44).
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260°C Tris-buffer
CNT + Fe(acac); > MCNT » PD-MCNT + GO
EG
Na-citrate 8h
Ag-rGO-PD-MCNT —= rGO-PD-MCNT = ;
AgNO; 180 C

Scheme 44. Synthesis of Ag-rGO-PD-MCNT composite.

The synthesized nanocomposites exhibited significant catalytic efficacy alongside
rapid and efficient adsorption, demonstrated across various pH levels during the elimi-
nation of a model 4-nitrophenol, MB and an aromatic nitro compound, toxic dye. Within
4 min, the absorbance at both wavelengths reached saturation and the distinctive yellow
color of 4-nitrophenol almost completely disappeared, signifying an approximate 84%
reduction. In the presence of the nanocomposites, the reduction of MB reached up to 96%
within 10 min, resulting in the emergence of a colorless solution. The nanocomposites were
magnetically isolatable, easily restored by desorption with water and ethanol, enabling
their repeated use for over 15 cycles due to high recyclability [111] (Schemes 45 and 46).

10 min
84% reduction

\J

Ag-rGO-PD-MCNT + 4-NP CO, + H,0 + Ag-rGO-PD-MCNT

Scheme 45. Removal of 4-nitrophenol.

10 min
96% reduction

Ag-rGO-PD-MCNT + B > CO, + H,0 + Ag-rGO-PD-MCNT

Scheme 46. Removal of methylene blue.

Chang et al. synthesized magnetic CoFe;O4/GO through a straightforward hydrother-
mal procedure. The structure, morphology and magnetic properties of the resulting materi-
als were characterized using several techniques.

The CoFe;O,4/GO composites were employed for removing RhB, MB and methyl orange
(MO). Remarkably, there was minimal detection of adsorption for these three dyes on the ini-
tially synthesized CoFe,Oy, validating that the adsorption capability of dyes on CoFe;O4/GO
mainly arises from the presence and contribution of GO. A clear selective adsorption is ob-
served, with the order being MO < RhB > MN. The Langmuir model reveals a remarkable
adsorption of 355.9 mg/g for MB, 284.9 mg/g for RhB and 53.0 mg/g for MO. The presence
of oxygenated groups in GO significantly influences its adsorption ability. The adsorption
capacity is higher for carboxyl (<COOH) modifications on the GO surface compared to epoxy
(—CH(O)CH—-) or hydroxyl (-OH) species. This insight opens up a new avenue for designing
adsorbent materials based on graphene oxide [112] (Schemes 47—49).

7 h

CoFe204/'G0 + MB > €O, + H,0 + CoFe,0,/GO
composite 355.9 mg/g absorption composite

Scheme 47. Removal of methylene blue.
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7h

CoFe,0,/GO + RhB —= €O, + H,0 + CoFe,0,/GO
composite 284.9 mg/g absorption composite
100 m it
30 mg Capacity
Scheme 48. Removal of Rhodanine B.
7h
CoFe,0,/GO + MO —> €O, + H,0 + CoFe,0,/GO
composite 53.0 mg/g absorption composite
capacity

30 mg

Scheme 49. Removal of methyl orange.

Chen et al. developed an innovative hybrid, Mn-doped Fe3O4 hollow microspheres
on rGO (Mn-Fe304/rGO), using a simple solvothermal method. This was followed by
reducing GO through NaBH4 [113] (Scheme 50).

FeCl;.6H,0 Solvothermal
200 C, 18h Mn-Fe;04/ RGO
Mncl, GO suspension
NaBHg4
EDA

Scheme 50. Synthesis of Mn-Fe3O4/RGO.

The Mn-Fe304/RGO hybrid, produced in this manner, serves as a photo-Fenton
material for RhB degradation, achieving a remarkable 96.4% efficiency with a minimal
catalyst amount of 0.2 g/L. This happens when exposed to UV-visible light and with the
presence of HyO, at the ambient pH of around 6.5, all within an 80 min timeframe. Notably,
removal efficiencies of 91% and 85% are observed at pH 11 and 2, respectively. Moreover,
this innovative photo-Fenton material maintains a robust degradation of approximately
90% even after undergoing ten cycles (Scheme 51).

pH=6.5, 80 min

MnFe,0,/RGO + RhB > €O, + H,0 + MnFe,0,/RGO

0.2g/L 96.4% degradation

Scheme 51. Degradation of Rhodamine B.

Mishra and Mohanty synthesized GO sheets decorated with Fe3O4 nanoparticles for
the purpose of removing organic pollutants. Fe30,@GO nanocomposites were prepared
by incorporating GO into double-distilled water through sonication. Subsequently, FezO4
powder was introduced into the solution, succeeded by ultrasonication. Ultimately, hy-
drazine hydrate was introduced into the blend, and then sonicated before undergoing
centrifugation and subsequent washing [114] (Scheme 52).

Solution Blending
GO + Fe,0,4 >  Fe,0,@0G0

Scheme 52. Synthesis of Fe,0,@GO.

The Fe304@GO nanocomposites exhibit superparamagnetic behavior, characterized
by a magnetic saturation (MS) of 30.6 emu/g. Different concentrations of Fe30,@GO
nanocomposites were used to remove R6G from a water-based solution. Achieving a
removal of 89%, these results hold significance for environmental considerations, demon-
strating that Fe304@GO nanocomposites can effectively eliminate organic pollutants from
water (Scheme 53).
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RT
Fe,0,@GO + RgG > CO, + H,0 + Fe,0,@GO
89% removal

Scheme 53. Removal of Rhodamine 6G.

Bai et al. introduced a single-pot solvothermal technique for crafting hybrids that
incorporate reduced ferrite (MFe;O4, M = Co, Mn, Ni, Zn) and rGO. The process involved
utilizing metal and graphite oxide and ions (M?* and Fe3") as initial components [115]

(Scheme 54).
FeCl;.6 H,0 , MCl,.nH,0
M + GO » RGO-MFe,0,
(Mn,Zn,Co,Ni) NaAc EG/PEG

200°C, 10 h
Scheme 54. Synthesis of RGO-MFe;Oy.

The hybrids exhibit substantial saturation magnetization, along with reduced rema-
nence and coercivity. Notably, these hybrids prove to be efficient adsorbents for eliminating

dye pollutants. This shows that the hybrids can eliminate over 100% of MB and 92% of RhB
with (5 mg/L) in 2 min, provided the hybrid concentration is 0.6 g/L (Schemes 55 and 56).

2 min

100% elimination

Y

0.6 g/L 5 mg/L

Scheme 55. Elimination of methylene blue.

-~
RGO-MFe,0,+ MB mn > CO, + H,0 + RGO-MFe,0,

0.6 g/L 5 mg/L 92% elimination

Scheme 56. Elimination of Rhodamine B.

Song et al. employed a single-step solvothermal technique to effectively create
nanocomposites containing CoFe,Oy4 and reduced graphene oxide (CFG).

Due to favorable electrostatic interactions, CFG exhibits a significantly greater ad-
sorption amount for anionic dyes in comparison to cationic dyes. The adsorption capacity
for MO reaches a notable 263 mg g~ ! at 25 °C, with the isotherms conforming to the
Langmuir model. Additionally, CFG exhibits a specific saturation magnetization (Ms) of
32.8 emu g~ !, and the nanocomposites are quickly isolated using a magnetic field following
the adsorption process. These results highlight the considerable promise of CFG in the
treatment of real industrially used wastewater [116] (Scheme 57).

298 K
CoFe,0,@GO + MO > CO, + H,O0 + CoFe;04@GO
absorption 263 mg/g

Scheme 57. Removal of methyl orange.

In summary, the efficiency of a variety of carbon-based nanoparticles and their com-
posites towards the removal of various organic pollutants has been represented in Table 1.
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Table 1. Efficiency of carbon-based nanoparticles/composites.

Type of Organic Absorption/
Type Nanoparticles/Composites yp 8 Time Elimination Efficiency Ref.
Pollutants i
of Nanomaterial
. . . . Methylene Blue 45 min 99.6%
Magnetic fullerene Functionalized Magnetic Fullerene Nanocomposites Acid Blue 25 45 min 97.01% [88]
nanocomposites Functionalized Magnetic Fullerene Nanocomposites Ciprofloxacin 153 min 65 mg/L [89]
Carbon-dot and magnetite-modified magnetic .
Magnetic Carbon-dot carbon nanotubes Carbamazepine 3h 65mg/g [90]
Nanocomposites Magnetic C-Dots Methylene Blue 30 min 83% [91]
Carbon nanotubes-incorporated MIL-88B-Fe Phenol 30 min 55% [93]
Magnetic CNTs functionalized Alizarin Red S 40 min 94.6% [95]
with polyethyleneimine
Multiwalled carbon nanotubes Rose Bengal 30 min 100% [94]
Magnetic Carbon-nanotube—
Cyclodextrin composite Methylene Blue 25h 196.5mg/g [95]
Magnetic graphitized MWCNTs modified Crystal Violet 100 min 94.56-100% [96]
. with Chitosan
Magnetic Carbon
nanotube . . Orange (II) 6h 67.57mg/g
nanocomposites Magnetic ptO lgmers multlwal'l tcarbon Sunset yellow FCF 6h 85.47mg/g [97]
nanotube nanocomposite Amarnath 6h 4739 mg/g
Methylene Blue 15 min 95%
. - . Thioflavin 15 min 95%
Magnetic-modified multiwalled carbon nanotubes Janus Green 15 min 95% [98]
Crystal Violet 15 min 100%
Magnetic carbon nanotubes modified with guar Methylene Blue 120 min 374mg/L [99]
gum GG-MWCNT-Fe;04 Neutral Red 20 min 289 mg/L
. . Methylene Blue 60 min 423 mg/g
Magnetic multiwalled carbon nanotubes Nettral Red 60 min 775mg/g [100]
Magnetic graphite mtercalgtlon compounds as Bisphenol A 75 min 99.3% [101]
persulfate activators
Magnetic Graphite i i 0
Nanocomposites Acid-resistant Magnetic Co/C nanocomposite MRakllaoiai::lgerzeZn gg Eig ;ggo//: [102]
Magnetic Fe;O4—graphite composite Levofloxacin 15 min 80% [103]
Fe, 04/ porous graphene nanocomposite Methyl Violet 5 min 460 mg/g [104]
Magnetic sponge of graphene (FezO4-GS) Methyl blue 5h 526 mg/g [105]
Magnetic photocatalyst of graphene with Fe3O, and p-Nitrophenol 20 min 94.1% [106]
NiO GNs/Fe304/NiO nanocomposite Rhodamine B 86.7%
. . 1-Naphthylamine 1.45 mmol/g
Magnetic Graphene Reduced grap{ggl;zlgg %2 (80)) on Fe oxide 1-Napthol 1.13 mmol/g [107]
Nanocomposites s Napthalene 1.05 mmol/g
. . Methylene Blue 30 min 4527 mg/g
Magnetic composite Fe30,@graphene Congo Red 30 min 33.66 mg/g [108]
Nanocomposites of magnetic CoFe; Oy .
functionalized graphene sheets (CoFe;O4-FGS) Methyl Orange 60 min 71.54mg/g [109]
Graphene-based magnetic nanocomposite . .
(G/Fes04) Fuchsine 30 min 89.4mg/g [110]
. 4-Nitrophenol 10 min 84%
Magnetic RCNT-CD Methylene Blue 10 min 96% (1]
Methylene Blue 7h 355.9mg/g
Magnetic CoFe;O4/GO Rhodamine B 7h 2849 mg/g [112]
Methyl Orange 7h 53.0mg/g
Magnetic graphene Mn-doped Fe3O4 hollow microspheres on rGO Rhodamine B 80 min 96.4% [113]
oxide nanocomposites
GO sheets with Fe304 nanoparticles Rhodamine 6G 5 min 89% [114]
Reduced graphene oxide (RGO)-supported ferrite Methylene Blue 2 min 100% [115]
(MFe;O4, M = Mn, Zn, Co, Ni) Rhodamine B 2 min 92%
Nanocomposite containing CoFe,Oy4 and reduced Methyl Orange 2h 263 mg/g [116]

graphene oxide

3. Conclusions and Perspectives

A comprehensive examination of carbon nano-adsorbents, including graphene, graphene

oxide, fullerene, carbon dots, graphite and carbon nanotubes has demonstrated their re-
markable ability to eliminate organic pollutants, making them an excellent choice for
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environmental clean-up. The effectiveness of removing organic pollutants using these
materials is attributed to their recyclable nature, low cytotoxicity, homogeneous nanopar-
ticle deposition, and environmentally friendly procedures. While these materials have
found extensive use in practical applications for eliminating organic contaminants from
wastewater, the cost of carbon nanocomposites and the uncertainty regarding the potential
hazards of nanosized carbon compounds persist in environmental systems. Despite the
significant impact that these materials can have, there is a need for the development of
more green synthesis methods and economical techniques for characterizing them. In the
current scenario, the scientific community should shift its focus towards the creation of
effective methods utilizing biological agents such as microbes and enzymes. These agents
have the potential to break down a variety of organic pollutants and could offer more
sustainable solutions.
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Abstract: In this paper, we discuss options for the synthesis of granular free-binder ZSM-
5 zeolites using synthetic aluminosilicates prepared by sol-gel technology with organic
and inorganic silicon sources. It has been shown that the properties of the amorphous
aluminosilicate used to prepare the initial granules influence the crystallization conditions,
as well as the morphology and size of the crystals formed from granular ZSM-5 zeolite.
The granular free-binder Pt/ZSM-5 with a developed secondary porous structure showed
higher activity in the hydrocracking of hexadecane than the granular binder Pt/ZSM-5. At
a reaction temperature of 220 °C, the conversion of n-hexadecane in the granular free-binder
sample was 59.1%. At the same time, the selectivity for hexadecane isomers was 15.7%.

Keywords: ZSM-5 zeolite; amorphous aluminosilicate; secondary porosity; granular zeo-
lite; hydrocracking of n-paraffins

1. Introduction

Currently, zeolites are widely used in the production of modern adsorbents and cata-
lysts for the petrochemical and oil refining industries due to their successful combination of
microporous structures, strong acid sites, molecular sieving effects, and high hydrothermal
and thermal stability [1,2]. Among the various types of molecular sieves, ZSM-5 zeolite is
the most widely used in catalytic systems. It belongs to the MFI structural type and has a
three-dimensional porous structure consisting of rectangular and elliptical channels with
dimensions of 5.3 x 5.6 A and 5.1 x 5.5 A, respectively [3].

The main efforts of researchers in the field of ZSM-5 zeolite synthesis have focused
on the development of methods for the preparation of nanoscale and hierarchical crystals
in order to overcome the diffusion limitations in their micropores [4-10]. It has been
demonstrated that catalytic systems based on nanoscale and hierarchical ZSM-5 zeolite
crystal structures exhibit high activity, selectivity, and stability in several industrially
important catalytic processes [11-15].

One of these important processes is the hydroconversion of n-alkanes to produce
high-quality fuel and oil. This process proceeds in a hydrogen medium by a bifunctional
mechanism that requires a catalyst, which is an acid support on which acid center isomer-
ization and cracking take place, with metal nanoparticles (usually Pt or Pd) providing the
hydrogenation-dehydrogenation stages [16,17].
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The selectivity of ZSM-5 for the hydroisomerization of n-alkanes is rather low com-
pared to that of other zeolites whose micropores consist of 10R rings, such as MCM-22 and
ZSM-23 [18,19]; the main reaction in this case is hydrocracking. However, catalysts based
on ZSM-5 zeolite have been successfully used in the industrial process of dewaxing diesel
fuel to improve its low-temperature properties [16].

It has been shown [20] that on ZSM-5 zeolite with a developed secondary porous
structure, it is possible to achieve higher activity values in the conversion of hexadecane
and a slight increase in selectivity for hexadecane isomers compared to conventional
microporous ZSM-5 due to the reduction of the diffusion path length.

Unfortunately, most methods for synthesizing these materials rely on the use of crystal
growth modifiers and pore-forming templates. However, the main drawback of these
methods for producing nanoscale and hierarchical zeolite crystals, such as ZSM-5 zeolite,
is their high cost, which makes them unsuitable for large-scale industrial production.

In industrial processes, zeolite-based catalysts, such as ZSM-5, are used in granular
form. These granules are produced by mixing and pelletizing powdered zeolite with
boehmite, followed by drying at temperatures between 120 and 150 °C, and calcining at
temperatures between 500 and 650 °C. During this process, boehmite is transformed into
v-Al,O3 [21,22]. During granulation, the pores of the zeolite crystals may be partially
blocked by a binder. The amount of binder used depends on the amount of Al,O3 present
in the mixture [21,22].

In [23], a method for the preparation of granular ZSM-5 zeolite without the use of
binders was proposed. This method involves crystallizing the granules at 180 °C for 24 h in
a 0.01 M NaOH solution, using dried aluminosilicate gel granules prepared with sodium
silicate as a temporary binder. It has been shown that this approach allows for the synthesis
of granular ZSM-5 zeolite without the use of binders. However, it should be noted that this
study does not provide information on the mechanical strength of the granules, which is a
critical parameter for industrial catalysts.

In [24], a method was proposed for the synthesis of granular zeolite Na-Y with
a developed secondary porous structure. The method involves the crystallization of
granules consisting of Y zeolite and metakaolin (SiO;, /Al,O3 = 2.0-2.21), which, during
the crystallization process, are transformed into individual clusters of crystals, including
nanoscale crystals. This approach has made it possible to obtain granular materials with
a high degree of crystallinity without binders and with a developed secondary (micro-,
meso-, and macroporous) porous structure. However, the use of kaolin for the preparation
of zeolites with a molar SiO, /Al,Os3 ratio higher than 30 is not promising due to its low
silicon content.

Therefore, the aim of this study was to develop a method for the synthesis of granular
binder-free ZSM-5 zeolites using amorphous aluminosilicates obtained by the sol-gel
process as a temporary binder.

2. Materials and Methods
2.1. Materials

The following reagents were used in this work: sodium aluminate (NayO(Al,O3)x
xH»O, 99%, No. CAS 11138-49-1) and ground silica gel (SiO,, No. CAS 112926-00-8),
tetrabutylammonium bromide (TBABr, No. CAS 1643-19-2), ethanol (C;H50H, 99%, No.
CAS 64-17-5), tetraethyl orthosilicate (TEOS, 99%, No. CAS 78-10-4), aluminum nitrate
(AI(NO3)3*9H,0, 98%, No. CAS 7784-27-2), ammonia (NH4OH, 30%, No. CAS 1336-21-6),
polyvinyl alcohol (PVA, 99%, No. CAS 9002-89-5), ammonium nitrate (NH;NO3, 98%, No.
CAS 6484-52-2), HyPtClg x 6H,0 (99%, Ne CAS 26023-84-7) purchased from Sigma-Aldrich
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(Saint Louis, MO, USA); sodium silicate (Na,O(SiO,)x xH,O, 99%, No. CAS 6834-92-0),
aluminum sulfate (Aly(SOy4)3*18H,0, 99%, No. CAS 7784-31-8), n-hexadecane (g-CigHsg,
99%, No. CAS 26023-84-7) purchased from Acros Organics (Geel, Belgium); boehmite
(AIO(OH), 78% Al,O3, No. CAS 1318-23-6) purchased from Sasol (Hamburg, Germany);
nitric acid (HNOj3, 67%, No. CAS 7697-37-2) purchased from Reachem (Moscow, Russia).

2.2. Synthesis of Powdered ZSM-5 Zeolite

Highly dispersed Na-ZSM-5 zeolite with a 5iO, / Al O3 ratio of 50 was obtained by hy-
drothermal crystallization in Teflon-coated autoclaves at 160 °C for 48 h from an amorphous
alkaline aluminosilicate with the following composition: 0.03NazO-0.04TBABr-0.02A1,03-
1.00Si0,-16.00H;O, prepared by mixing solutions of sodium silicate and sodium aluminate,
ground silica gel, and an organic template—tetrabutylammonium bromide.

The crystallization products were separated by centrifugation and washed with dis-
tilled water until the pH was neutral. They were then dried at 150 °C for 8-10 h. The
resulting powdered zeolite was named the Na-ZSM-5 sample.

2.3. Synthesis of Amorphous Aluminosilicates

Amorphous aluminosilicate (molar ratio of SiO,/Al,O3 = 50) was synthesized using
an organic silicon source by a two-step sol-gel method following the procedure described
in [25]. In the first stage, calculated amounts of distilled water and ethanol were added to
tetraethyl orthosilicate under intensive stirring. Aluminum nitrate was then added to the
resulting solution. The resulting solution, with a pH of approximately 3, was then kept in a
thermostat at 60 °C for 25 h until the gelation point was reached. An aqueous solution of
ammonia was then added to the resulting gel with vigorous stirring until a pH of 10 was
reached. The mixture was then aged at 25 °C for a further 24 h. Finally, the gel was dried at
120 °C for 5 h to obtain the final product. The resulting amorphous aluminosilicate was
named the ASM-1 sample.

An amorphous aluminosilicate with a molar ratio of SiO, /Al,O3 = 50 was synthesized
using an inorganic silicon source. The synthesis process involved mixing aqueous solutions
of sodium silicate and aluminum sulfate to form a gel. The gel was then aged for 24 h at
25 °C, filtered, and washed with distilled water to remove impurities. After this washing
step, the amorphous aluminosilicate was dried at 120 °C for 5 h. The final product of this
process, called the ASM-2 sample, is an amorphous material with the desired molar ratio.

2.4. Preparation of Granules Containing Zeolite ZSM-5 and Amorphous Aluminosilicates

The initial granules were prepared by combining powdered Na-ZSM-5 zeolite and
amorphous aluminosilicates in a mixer (VINCI Technologies MX 0.4). The resulting mixture
was moistened with a solution of polyvinyl alcohol to form granules with a diameter of
1.4-1.6 mm and a length of 5-6 mm. The granules were then formed on an extruder (VINCI
Technologies VTEL).

The contents of powdered ZSM-5 zeolite and amorphous aluminosilicate in the gran-
ules were 60% and 40% by weight, respectively. The granules obtained using amorphous
aluminosilicates ASM-1 and ASM-2 were designated as Na-ZSM-5-ASM-1 and Na-ZSM-5-
ASM-2 zeolites, respectively.

2.5. Preparation of Granules Containing ZSM-5 Zeolite and Boehmite

Granular ZSM-5 zeolite in the Na form, with a binder, was prepared as follows: The Na-
ZSM-5 sample and boehmite were thoroughly mixed in a mixer to obtain a homogeneous
mixture. The content of boehmite in the granules, expressed as Al,O3, was 30% by weight.

113



Surfaces 2025, 8, 12

The resulting mixture was wetted with a 5% nitric acid solution and extruded into
granules (diameter: 1.4-1.6 mm, length: 5-6 mm) using an extruder. The granules were
then dried at 150 °C for 24 h and calcined at 500-600 °C for 6 h to convert boehmite to
v-Al;O3. The sample obtained by this method was designated as Na-ZSM-5-BD.

2.6. Preparation of Granular Binder-Free ZSM-5 Zeolites

Granular Na-ZSM-5-ASM-1 and Na-ZSM-5-ASM-2 zeolites were crystallized in a
solution of sodium silicate. The concentrations of sodium and silicon were chosen on
the basis of the composition of the reaction mixture (RM): 2.3R: 3.2NayO: Al,O3: 60SiO;:
550H,0 (R—organic template, tetrabutylammonium bromide).

The granules were stored at room temperature for 1-32 h prior to crystallization. Crys-
tallization was performed in a Teflon-lined autoclave. The temperature for crystallization
was 160 °C, and the duration was 48 h. After the crystallization process, the samples were
washed to remove any residual components from the mother liquor, dried at 120 °C for
5-6 h, and finally calcined at 600 °C for 3—4 h to remove the template.

The samples obtained by crystallization of Na-ZSM-5-ASM-1 and Na-ZSM-5-ASM-2
were designated as Na-ZSM-5-WB-1 and Na-ZSM-5-WB-2, respectively.

2.7. Preparation of H-Form Zeolites

The H-form of the powder and granular samples was obtained after crystallization by
ion exchange of Na* cations with NH,* cations in an aqueous solution of ammonium nitrate
at 70 °C for 1 h with stirring. The granules were then dried at 120 °C and calcined at 550 °C
for 4 h in air. The ion exchange process was performed three times. The residual sodium
(NayO) content was less than 0.003%. The H-form samples were assigned an H-index.

2.8. Preparation of a Bifunctional Catalyst

Fractions of 0.1 to 0.5 mm were obtained from H-ZSM-5-WB-1, H-ZSM-5-WB-2, and
H-ZSM-5-BD samples by grinding and passing through sieves. This material was then
heat-treated at 350 °C for 6 h in air. The catalyst was then impregnated with an aqueous
solution of HyPtClg x 6H,O at a concentration of 0.5 wt. % of Pt per support weight.
The catalyst was then dried at 100 °C for 24 h and calcined at 550 °C for 5 h. Prior to
the reaction, the catalyst was reduced under a hydrogen atmosphere at 400 °C for 5 h.
Samples containing 0.5% Pt were designated as Pt/ZSM-5-WB-1, Pt/ZSM-5-WB-2, and
Pt/ZSM-5-BD.

2.9. Zeolite Research Methods

The chemical composition of the samples was determined using a Shimadzu EDX-
7000P spectrometer manufactured by Shimadzu Corporation.

The phase composition and crystallinity of the samples were determined by X-ray
diffraction using a Shimadzu XRD 7000 diffractometer with CuKo radiation. Scanning
was performed in the range of angles 20 from 5° to 40° with increments of 1°/min. The
X-ray images were analyzed using the Shimadzu PC XRD software (version 7.04) and
the PDF2 database (version 2.2201). Crystallinity was calculated using the Shimadzu
Crystallinity software (version 7.04), taking into account the halo in the range of 15-30°,
which is characteristic of the amorphous phase.

The morphology and crystal size of the samples were analyzed by scanning electron
microscopy (SEM) using a Hitachi Regulus SU8220 microscope. Images were taken in the
secondary electron mode with an acceleration voltage of 5 kV. Prior to imaging, the samples
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were positioned on a 25 mm diameter aluminum stage and secured with conductive
carbon tape.

A target-oriented approach was used to optimize the analytical measurements [26].
Prior to the measurements, the samples were deposited on 3 mm carbon-coated copper
grids from an isopropanol suspension. Observations were carried out using a Hitachi
Regulus8230 field-emission scanning electron microscope (FE-SEM). Images were taken in
the transmitted electron mode at an acceleration voltage of 30 kV.

The characteristics of the porous structure, including the BET-specific surface area
and the volume of micro-, meso-, and macropores, were measured using low-temperature
N, adsorption—desorption on a Quantachrome Nova 1200e sorption meter and mercury
porosimetry using a Carlo Erba Porosimeter-2000.

The volume of micropores in the presence of mesopores was calculated using the
t-plot method. The pore size distribution was determined using the BJH model (Halenda).
Mercury porosimetry was used to determine the volume of the macropores. Mercury
penetration into pores with radii ranging from 30 to 10,000 A was carried out under
pressures ranging from 0.1 to 200 MPa. During data processing, differential curves were
obtained for the distribution of pores over radii, from which the contributions of pores of
different sizes to the total volume of the porous space of the catalyst were determined.

The acid site types and concentrations were determined by IR spectroscopy after
pyridine adsorption (IR-Py). IR spectra of the adsorbed pyridine were recorded using
a Bruker Vertex-70V IR spectrometer (Bruker Optic GmbH, Ettlingen, Germany) with a
resolution of 4 cm~!. The samples were precalcined at 450 °C for 2 h in a 102 Pa vacuum.
Pyridine was adsorbed onto the molecular sieve samples at 150 °C for 30 min. Pyridine
was desorbed at 150 °C, 250 °C, and 350 °C. The number of Breonsted and Lewis acid
sites was determined by integrating the bands in the ranges 1570-1510 and 1475-1410,
respectively. The average molar extinction coefficients from references [27] were used to
calculate the concentrations.

The mechanical strength of the granular samples was tested on a LinteL PC-21 machine
under static conditions using the compression method. Cylindrical granules with a length of
5-6 mm and a diameter of 1.4-1.6 mm were tested according to the ASTM D6175 standard.

2.10. Methods for Testing Catalysts

The catalytic transformations of n-hexadecane were studied in a flow reactor at temper-
atures between 220 and 260 °C and a pressure of 3 MPa. A molar ratio of Hy /5-C16Hsz4 = 10
was used, and the mass feed rate was 2 h™!. The reaction products were analyzed by
gas-liquid chromatography on a Chromatek-Crystal 5000 chromatograph with a flame ion-
ization detector and a glass capillary column (50 m, HP-1). Chromato-mass spectrometry
was also used with a Shimadzu instrument whose chromatograph was equipped with a
DB-5 column (50 m).

3. Results and Discussion

The catalytic properties of ZSM-5 zeolite depended on the degree of crystallinity and
the presence of impurity phases. Figure 1 shows the X-ray diffraction patterns of amor-
phous aluminosilicates, initial powdered ZSM-5 zeolite, granules containing amorphous
aluminosilicates and boehmite, and granules of ZSM-5 zeolite without a binder.

It can be seen from the X-ray diffraction pattern of the Na-ZSM-5 zeolite powder
sample (Figure 1c) that there are several intense signals at specific angles: 7.92°, 8.94°,
23.04°, 23.38°, and 23.94° degrees 26. These specific angles are characteristic of the MFI
crystal structure with high phase purity (PDFNe00-037-0390).
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Amorphous aluminosilicates (Figure 1a,b) show a strong diffraction peak in the 20
angle range of 15-30°, regardless of the silicon source used. Granular samples containing
ZSM-5 zeolite and amorphous aluminosilicates (Figure 1d,e) show a well-defined diffrac-
tion peak in the 20-30° angle range, with a degree of crystallinity that does not exceed 70%

for these granules.
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Figure 1. X-ray diffraction patterns of powdered and granular samples: (a)—ASM-1; (b)—ASM-2;
(¢)—Na-ZSM-5; (d)—Na-ZSM-5-ASM-1; (e)—Na-ZSM-5-ASM-2; (f)—Na-ZSM-5-WB-1; (g)—Na-
ZSM-5-WB-2; and (h)—Na-ZSM-5-BD.

After crystallization, the amorphous phase in the granules transforms into ZSM-5
zeolite with a high degree of purity and a crystallinity of at least 95% (Figure 1f,g). These
results indicate that the granular sample has a similar level of crystallinity to that of
powdered ZSM-5 zeolite.

Table 1 shows the results of the study of the chemical composition of amorphous
aluminosilicates and powdered and granular ZSM-5 zeolites. The SiO,/Al,O3 ratio in
powdered Na-ZSM-5 zeolite was found to be slightly lower than that in the reaction mixture
due to incomplete aluminum incorporation during crystallization. This is in contrast to
amorphous aluminosilicates, where the S5iO; / Al,O3 ratio was closer to the calculated value.

In granular samples, the SiO, / Al,O3 ratios are also similar before and after crystal-
lization, indicating that the SiO, /Al,O3 ratio of amorphous aluminosilicates and zeolite
ZSM-5 crystals remains constant during synthesis. However, in the granular sample of
Na-ZSM-5-BD zeolite, there is a decrease in the SiO, / Al,O3 ratio due to the addition of
boehmite to the granules.

The morphology and size of zeolite crystals is also one of the key factors affecting
their catalytic properties [28]. Figure 2 shows scanning transmission electron microscope
(STEM) images of amorphous aluminum silicates obtained using different silicon sources.
These images show that amorphous aluminosilicates are xerogels composed of spherical
particles. ASM-1 aluminosilicate, obtained using TEOS, has particles with sizes between 5
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and 10 nm, whereas ASM-2, obtained using an inorganic silicon source, is characterized by
larger particles with sizes between 10 and 20 nm.

Table 1. Chemical composition of amorphous aluminosilicates, powdered, and granular ZSM-

5 zeolites.
Chemical Composition, wt. %
Sample : SiO,/Al, O35 Molar Ratio
NaZO A1203 5102
ASM-1 0 5.6 94.4 29
ASM-2 3.2 5.3 91.5 29
Na-ZSM-5 2.0 3.3 94.7 49
Na-ZSM-5-ASM-1 1.2 4.2 94.6 38
Na-ZSM-5-ASM-2 2.5 4.0 93.5 39
Na-ZSM-5-WB-1 2.0 34 94.6 47
Na-ZSM-5-WB-2 2.0 34 94.6 47
Na-ZSM-5-BD 1.5 22.7 75.8 6

o

Figure 2. STEM images of samples of amorphous aluminosilicates: (a)—ASM-1 and (b)—ASM-2.

According to the SEM data (Figure 3), the powdered Na-ZSM-5 sample consists of
crystals in the form of fused prisms with sizes ranging from 300 to 500 nm. The Na-
ZSM-5-ASM-1 and Na-ZSM-5-ASM-2 granules produced from the Na-ZSM-5 sample are
composite materials composed of Na-ZSM-5 molecular sieve crystals with sizes ranging
from 300 to 500 nm and highly dispersed particles of amorphous aluminosilicate filling
the spaces between the crystals. The granules of the Na-ZSM-5-WB-1 and Na-ZSM-5-
WB-2 zeolite samples are composed of clusters of crystals with different morphologies.
These crystals can be cubic in shape with sizes between 50 and 200 nm or elongated
prismatic in shape with sizes between 300 and 500 nm. It is worth noting that the Na-
ZSM-5-WB-1 zeolite sample contains crystals that are smaller in size compared to those
in the Na-ZSM-5-WB-2 zeolite sample. The results obtained can be explained by the fact
that during the crystallization of granules containing ASM-1 aluminosilicate, a higher
degree of supersaturation of crystal nuclei is created compared to the crystallization of
granules containing ASM-2 aluminosilicate. This results in the formation of more finely
dispersed crystals.

The Na-ZSM-5-BD zeolite sample consists of ZSM-5 molecular sieve crystals, with
crystal sizes ranging from 300 to 500 nm, and highly dispersed aluminum oxide particles
filling the spaces between the crystals.

Figure 4 shows photographs of the granules both before and after the crystallization
process. It is clear that crystallization had little or no effect on the appearance or size of
the granules.

117



Surfaces 2025, 8, 12

Granular industrial catalysts based on ZSM-5 zeolite require high mechanical strength,
as large amounts of catalyst in the reactor can cause the lower layers to collapse under the
pressure of their own weight.

Figure 3. SEM images of samples of powdered and granular ZSM-5 zeolites: (a)—Na-ZSM-5;
(b)—Na-ZSM-5-ASM-1; (c)—Na-ZSM-5-ASM-2; (d)—Na-ZSM-5-WB-1; (e)—Na-ZSM-5-WB-2; and
(f)—Na-ZSM-5-BD.

Figure 4. Photographs of granules before and after crystallization: (a)—Na-ZSM-5-ASM-1; (b)—Na-
ZSM-5-WB-1.
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Table 2 presents the data on the mechanical strength of ZSM-5 zeolite granules after the
crystallization process. The strength of the granules increased 2-3 times after crystallization
compared to granules with amorphous aluminosilicates. This is due to the fusion of zeolite
crystals from the initial granules with crystals formed during the crystallization of the
amorphous component in the granules. As we mentioned previously, these granular
materials form a single structure of fused crystals [24]. The Na-ZSM-5-WB-1 sample has a
higher mechanical strength than the Na-ZSM-5-WB-2 sample due to the fact that its initial
granules contain aluminosilicates with a more uniform particle distribution. This leads to
an increase in the contact surface area and denser crystal fusion, resulting in an increase
in strength.

Table 2. Mechanical strength of granular ZSM-5 zeolite samples.

S ) Mechanical Crushing Strength (Radial) Mechanical Crushing
ample N/Pellet N/mm? Strength (Uniaxial), N/mm?
Na-ZSM-5-ASM-1 194 441 5+1
Na-ZSM-5-ASM-2 17 £3 3+1 4+1
Na-ZSM-5-WB-1 60 - 14 11£3 12 £3
Na-ZSM-5-WB-2 58 13 9+2 10+2
Na-ZSM-5-BD 43+9 7£1 8§+2

Results are shown as the mean + standard deviation, SD (n = 24).

Comparing the mechanical strength of the Na-ZSM-5-WB and Na-ZSM-5-BD granules,
it can be observed that the strength of the samples with a developed secondary porous
structure is approximately 20% higher due to the unique formation process.

Figure 5 shows the nitrogen adsorption—desorption isotherms and pore size distri-
bution for all samples. It can be seen that all isotherms are close to type IV, with a sharp
increase in the low-pressure region and a hysteresis loop of type H3 between 0.8 and
1.0 pressure. This type of isotherm is typical for micro-mesoporous materials. The for-
mation of mesopores in Na-ZSM-5 is due to the partial melting of nanoscale crystals into
prism-like structures, as can be clearly seen from the SEM images (Figure 3).

Table 3 shows the characteristics of the porous structure of the powdered zeolite and
the granules made from it. It can be seen that the introduction of ~40% by weight of
amorphous aluminosilicate into the granules (Na-ZSM-5-ASM-1 zeolite sample) results
in a decrease of about 30% in the volume of micropores and an increase in the volume
of mesopores. This decrease in micropore volume and increase in mesopore volume is
due to the addition of mesoporous amorphous aluminosilicate to the composition. The
Na-ZSM-5-ASM-1 sample has a higher specific surface area and mesopore volume than
the Na-ZSM-5-ASM-2 sample. This is because the former contains an aluminosilicate with
a smaller particle size. After crystallization, granular samples experience an increase in
micropore volume due to the formation of ZSM-5 zeolite crystals.

The specific surface area and volume of mesopores in the Na-ZSM-5-WB-1 sample are
higher than those in the Na-ZSM-5-WB-2 sample due to the smaller crystals formed in its
granules. In a granular sample containing a boehmite-based binder, there is a decrease in
the specific surface area and volume of micropores due to the presence of the binder in
the granules.

A higher volume of macropores was observed in the Na-ZSM-5-WB-2 zeolite sample
than that in the Na-ZSM-5-WB-1 sample. This is due to the presence of larger crystals in the
granules of the Na-ZSM-5-WB2 sample. Among the granular samples, the ZSM-5 samples
without binders were characterized by the highest volume of macropores. Therefore,
granular samples without binders can be considered as materials with secondary porosity,
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in which a well-developed secondary porous structure consisting of meso- and macropores

has formed.
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Figure 5. Nitrogen adsorption—desorption isotherms and pore size distribution of (BJH) for granular
and powdered zeolite samples of ZSM-5: (a)}—Na-ZSM-5; (b)—Na-ZSM-5-ASM-1; (c)—Na-ZSM-5-
ASM-2; (d)—Na-ZSM-5-WB-1; (e)—Na-ZSM-5-WB-2; (f)—Na-ZSM-5-BD.

Table 3. Characteristics of the porous structure of granular and powdered ZSM-5 zeolite samples.

Sample SBET, m2/g Vmicror cm3/g Vmesor cm3/g HgVZ, cm3/g
Na-ZSM-5 285 0.12 0.01 -
Na-ZSM-5-ASM-1 363 0.06 0.37 0.35
Na-ZSM-5-ASM-2 353 0.06 0.30 0.30
Na-ZSM-5-WB-1 347 0.11 0.28 0.27
Na-ZSM-5-WB-2 329 0.11 0.20 0.21
Na-ZSM-5-BD 276 0.07 0.09 0.28

SpeT—specific surface area according to BET. V icro—specific volume of micropores. Vieso—specific volume of
mesopores. H8Vy—total pore volume (meso + macropores).
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The acidic properties of the H-ZSM-5 zeolite samples were investigated by IR spec-
troscopy of pyridine adsorption (Figure 6). The bands at 1636 and 1546 cm~! correspond
to pyridine adsorbed on Brensted acid sites (BAS). The bands at 1623 and 1454 cm~! in
H-ZSM-5-WB-1 (Figure 6b), H-ZSM-5-WB-2 (Figure 6¢), and H-ZSM-5-BD-1 (Figure 6d)
zeolite samples correspond to pyridine adsorbed on Lewis acid sites in zeolite (LAS). Sam-
ples H-ZSM-5-WB-1, H-ZSM-5-WB-2, and H-ZSM-5-BD show bands at 1614, 1601, and
1447 em ™1, respectively, which are associated with adsorption on weak Lewis acid sites on
extraframework aluminum. The band at 1490 cm ! is attributed to both BAS and LAS.

- 1490
| 16361623 1546
3 1254 (@)
©
G 1
o 1614
€ ] 1447 (b)
e}
[
5
2 1601 1447 (c)
< |
. ML/\(d)
i L} L} T L] T
1650 1600 1550 1500 1450

Wavenumber, cm™

Figure 6. IR spectra of adsorbed pyridine for granular and powdered ZSM-5 zeolite samples: (a) H-
ZSM-5, (b) H-ZSM-5-WB-1, (c) H-ZSM-5-WB-2, and (d) H-ZSM-5-BD.

The sample based on the original powdered ZSM-5 in H-form is mainly characterized
by the presence of Bronsted acidity. Table 4 shows that the BAS content is 295 pmol/g, and
the LAS content is 39 umol/g. The total BAS concentration of the H-ZSM-5-WB-1 zeolite is
higher than that of the original H-ZSM-5 powder at 318 umol/g. However, the amount of
strong BAS (desorption at 350 °C) is the same. This can be explained by the fact that the
H-ZSM-5-WB-1 granular sample has a higher crystal dispersion-specific surface area and a
higher concentration of acid sites.

Table 4. Concentrations of acid sites in granular and powdered ZSM-5 zeolite samples according to
IR spectroscopy data with pyridine adsorption.

Acidity (umol/g)
Sample BAS LAS
150 °C 250 °C 350 °C 150 °C 250 °C 350 °C
H-ZSM-5 295 256 223 39 25 24
H-ZSM-5-WB-1 318 278 224 59 27 16
H-ZSM-5-WB-2 206 173 132 90 34 15
H-ZSM-5-BD 148 124 99 106 39 17

The H-ZSM-5-WB-2 zeolite sample shows a decrease in the number of BAS to
206 umol/g and an increase in the number of LAS to 90 pmol/g. The majority of these are
weak Lewis acid sites (desorbing up to 250 °C). It is likely that there is more amorphous
aluminosilicate present in the composition of H-ZSM-5-WB-2 than in H-ZSM-5-WB-1, as
almost all of the amorphous component has crystallized in the latter.

Similarly, an even greater decrease in BAS concentration to 148 pmol/g in the H-ZSM-
5-BD granular sample is associated with the dilution of the ZSM-5 zeolite by y-Al,Os.
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Apparently, y-Al,O3 simultaneously acts as a source of weak LAS, and therefore, an
increase in the LAS concentration to 106 umol/g is observed.

As a result of testing the catalytic properties of Pt/ZSM-5 zeolite samples in the
hydroconversion of n-hexadecane, we found that the highest activity was exhibited by the
Pt/ZSM-5-WB-1 sample with the highest BAS concentration (Table 4) and specific surface
area. The Pt/ZSM-5-BD sample with the lowest BAS concentration and specific surface area
(Table 3) was the least active for hexadecane hydroconversion. At 220 °C, the hexadecane
conversions were 59.1%, 50.2%, and 31.5% for the Pt/ZSM-5-WB-1, Pt/ ZSM-5-WB-2, and
Pt/ZSM-5-BD zeolite samples, respectively.

Although the Pt/ZSM-5-WB-1 and Pt/ZSM-5-WB-2 samples have the same
510,/ Al O3 values (Table 1), Pt/ ZSM-5-WB-1 is characterized by a higher concentration
of Bronsted acid sites, which play a significant role in the bifunctional mechanism of
hydroconversion at the isomerization/cracking stage [20], and a higher specific surface
area and thus better accessibility of acid sites for hexadecane molecules. Therefore,
the granular binder-free Pt/ZSM-5-WB-1 sample is more active in the conversion of
hexadecane. The Pt/ZSM-5-BD sample showed even lower activity because the binder
in its composition led to a decrease in the content of H-ZSM-5 as the active component
and probably a decrease in the availability of active sites due to partial pore blocking.

It has been found that the main reaction pathway for the conversion of hexadecane
over Pt/ZSM-5 catalysts is hydrocracking (Figure 7), which produces hydrocarbons with
carbon numbers ranging from 5 to 10 as the main products (Table 5). As the reaction
temperature is increased from 220 to 260 °C, the yield of gaseous C,—C4 hydrocarbons
increases, while the content of C1;—C13 hydrocarbons decreases. At the same time, there is
a decrease in the concentration of normal-structure hydrocarbons relative to iso-structure
hydrocarbons (i/n ratio).
=1 (c)

1004 (@) 1004 (b)

@
=3

@
=3

—&— Pt/ZSM-5-WB-1
—&— Pt/IZSM-5-WB-2
—A— Pt/IZSM-5-BD

—&— Pt/ZSM-5-WB-1
—&— Pt/ZSM-5-WB-2
—A— Pt/ZSM-5-BD

—&— Pt/IZSM-5-WB-1
—8— Pt/ZSM-5-WB-2
—A— Pt/IZSM-5-BD

Yield, %

8
Selectivity, %
s

Conversion, %

N
o
N
=)

220 240 260 220 240 260 220 240 260
Temperature, °C Temperature, °C Temperature, °C
Figure 7. Catalytic transformations of n-hexadecane on Pt/ZSM-5 zeolite samples: (a)—Dependence
of the conversion of n-hexadecane on the reaction temperature; (b)—Dependence of the yield of
cracking products on the reaction temperature; (c)—Dependence of the selectivity for the formation
of hexadecane isomers on the reaction temperature.

Another direction of hexadecane conversion using Pt/ZSM-5 catalyst samples is
hydroisomerization (Figure 7). The Pt/ZSM-5-WB-1 sample, which has a higher crystal
dispersion, shows the highest selectivity for hexadecane isomers. At 220 °C, the selectivities
for hexadecane isomer formation on the Pt/ZSM-5-BD, Pt/ ZSM-5-WB-2, and Pt/ZSM-5-
WB-1 samples were 13.6%, 14.8%, and 15.7%, respectively.

The low activity in the hydroisomerization reaction compared to hydrocracking is
due to the peculiarities of the structure of zeolite ZSM-5 [18]. The three-dimensional
channel microporous structure of this zeolite allows the conversion of n-paraffins into
highly branched isomers. The isomers can experience stronger diffusion difficulties in the
micropores formed by the 10R rings. This leads to their further destruction. The formation
of transport pores leads to improved diffusion. Although, with increasing mesopore
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volume (Table 3), an almost indistinguishable increase in selectivity for hexadecane isomers
is observed in samples of the Pt/ZSM-5-BD, Pt/ZSM-5-WB-2, and Pt/ZSM-5-WB-1 series.

Table 5. Yield of n-hexadecane hydrocracking products on Pt/ZSM-5 samples and the ratio of normal
and isoparaffins with a carbon chain length between 5 and 13 carbon atoms (i/n).

Yield, wt. %

Sample Temperature, °C iln
C-Cy C5-Cqo C11—-C13

220 13.8 32.7 3.6 0.9

Pt/ZSM-5-WB-1 240 29.7 64.1 2.2 1.2

260 34.1 62.2 1.2 1.8

220 11.5 28.1 3.2 0.7

Pt/ZSM-5-WB-2 240 31.6 60.5 1.9 1.0

260 35.5 59.9 1.0 15

220 8.4 11.9 2.6 0.4

Pt/ZSM-5-BD 240 323 54.0 1.5 0.8

260 379 56.6 0.8 1.3

4. Conclusions

The physicochemical properties of the products of crystallization of granules (containing
60% by weight of powdered ZSM-5 and 40% by weight of a temporary binder) into granular
zeolite using the “less-bind” technology were studied using XRD, XRF, SEM, N, adsorption-
desorption, mercury porosimetry, and IR spectroscopy with pyridine adsorption.

Two amorphous aluminosilicates with a SiO, /Al,O3 molar ratio of 50 were used as
temporary binders. One was prepared from tetraethyl orthosilicate and aluminum nitrate
by a two-step sol-gel process, while the other was prepared from aqueous solutions of
sodium silicate and aluminum sulfate.

It was found that during the crystallization process, granules prepared using amor-
phous aluminosilicates as a temporary binder yielded granular ZSM-5 zeolites (d = 1.5 mm,
1 = 5 mm) with high phase purity and a developed secondary porous structure. The specific
surface area of these granules was found to be between 330 and 350 m?/g, with meso-
pore volumes between 0.20 and 0.28 cm®/g and macropore volumes between 0.20 and
0.30 cm?/g.

It has been found that during the crystallization of granules containing amorphous
aluminosilicate with a larger specific surface area and smaller particle size, nanoscale
crystals of ZSM-5 zeolite are formed, which are smaller in size.

It has been shown that granular ZSM-5 zeolites with high phase purity and a devel-
oped secondary porous structure outperform granular ZSM-5 zeolites with an aluminum
oxide binder in terms of mechanical strength.

It was found that a bifunctional catalyst is formed on the H-form of granular ZSM-5
zeolite with a high degree of crystallinity and a developed secondary porous structure
when 0.5 wt. % Pt is added. This catalyst exhibits higher activity in the hydroconversion of
n-hexadecane (particularly hydrocracking) compared to a catalyst prepared using granular
ZSM-5 zeolite with a binder.
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