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Abstract: The goal of this research is to fabricate a novel type of highly active porous electrode
material, based on stainless steel and dedicated to water electrolyzers. The main novelty of the
presented work is the innovative application of the molten salts treatment, which allows the design of
a highly developed porous structure, which characterizes significantly higher catalytic activity than
untreated steel substrates. The equimolar mixture of NaCl and KCl with 3.5 mol% AlF3 was used
as the molten salt. The surface modification procedure includes the deposition of an Al layer with
application at the potential of —1.8 V and following dissolution at —0.9 V, to create a porous alloy
surface. The cathodic polarization measurements of the prepared porous stainless steel electrodes
were measured in a 10 mass% KOH solution. Moreover, the amount of hydrogen generated during
constant voltage electrolysis with a hydrogen sensor in situ was also measured. The porous stainless
steel alloy showed higher current density at lower potentials in the cathodic polarization compared
to untreated stainless steel. The cathodic polarization measurements in alkaline solution showed that
the porous 304 stainless steel alloy is an excellent cathode material.

Keywords: molten salts modification; porous electrodes; stainless steel; hydrogen production;

gas sensor

1. Introduction

The use of fossil fuels generates greenhouse gases, contributing to global warming, a
major problem. Consequently, efforts are underway to mitigate greenhouse gas emissions.
Hydrogen energy, which does not emit greenhouse gases, is gaining attention [1,2]. Alkaline
water electrolysis, using renewable energy, is a method for producing this hydrogen, termed
green hydrogen. However, production costs are high, necessitating cost-effective methods
for alkaline water electrolysis. Therefore, there is a need to produce hydrogen efficiently
and at a low cost.

Cathode electrodes have been developed to achieve high-efficiency hydrogen gen-
eration [3-20]. Historically, Ni alloys were predominantly used due to their corrosion
resistance in alkaline water [8-19]. However, stainless steel has replaced Ni alloys [21-25].
The reason for this is that Ni is an expensive material, is provided a stable supply, and is
difficult to process, so there is a need to develop inexpensive materials for electrodes used
in alkaline water electrolysis. Therefore, stainless steel, which exhibits high corrosion resis-
tance even in aqueous alkaline solutions, is being used. P.A. Selembo et al. are developing
a low-cost cathode electrode made of stainless steel. The results show that stainless steel
has higher hydrogen generation performance than Pt [21]. Y. Zhang et al. also investigated
the hydrogen generation amount of stainless steel cathode electrodes and showed that
stainless steel mesh gave good results [22]. Therefore, to enhance the properties of this
stainless steel alloy, it is necessary to make it porous.

Coatings 2024, 14, 796. https:/ /doi.org/10.3390/ coatings14070796 1 https://www.mdpi.com/journal/coatings
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The authors have successfully generated porous surface layers of various alloys using
an ionic liquid, molten salt [26,27]. In this study, Al was electrodeposited, as in previous
studies by the authors, and aluminide was formed on the stainless steel surface. Therefore,
we will investigate the hydrogen generation behavior of the porous stainless steel surface
layer in an alkaline aqueous solution by dissolving Al after Al electrodeposition. However,
in situ measurement of hydrogen generated by alkaline water electrolysis is challenging.
The authors previously conducted in situ measurements of hydrogen generated by steam
oxidation of metals using a proton conductor—a solid electrolyte—and the results showed
accurate determination of trace amounts of hydrogen generated during the tests [28].
Moreover, this type of electrode can be successfully applied as a highly active material for
oxidation of organic compounds [29]. In this study, we fabricated porous stainless steel
using Al electrodeposition and Al dissolution in molten salt, aiming to evaluate its cathode
performance. The surface and cross section of the fabricated samples were observed using
SEM. To assess cathode performance, we measured the cathode polarization curve in 10
mass% KOH and the amount of hydrogen generated in situ using a hydrogen sensor
fabricated with a solid electrolyte. We also elucidated the relationship between the amount
of hydrogen generated and the porous stainless steel.

2. Experimental Section

SUS304 and SUS316 (The Nilaco Corporation, Tokyo, Japan) were utilized as base
material samples. Table 1 displays the composition of each alloy. The sample surface was
polished with emery paper up to #800 grit and subsequently cleaned using ultrasonic
cleaning in acetone. The surface area of the sample is approximately 2 cm?.

Table 1. Chemical composition of SUS304 and SUS316L (mass%).

Cr Ni Mn Si Mo Fe
SUS304 17%-19% 8%—-11% <2% <1% Balance
SUS316L 16%-18% 10%-14% <2% <1% 2%-3% Balance

Figure 1 shows the formation procedure of porous stainless steel. After the deposition
of aluminum (Al), a porous layer is created by selectively dissolving only Al. Aluminum
electrodeposition cannot be conducted in an aqueous solution, therefore a molten salt
was selected as the medium. For the electrolytic bath, an equimolar NaCl-KCI mixed salt
containing 3.5 mol% AlF3 was used. Following Al electrodeposition, only Al was dissolved
in the same molten salt to generate a porous surface.

Al Mutual Aluminide Al
Deposition Diffusion Formation Dissolution

&= AR |— A3+

& AR A3+

AR I>AR*

Porous
Stainless
Steel

Figure 1. Schematic diagram of the formation procedure of porous stainless steel.
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The electrolysis cell employed in this experiment is detailed in a previous report [24].
The reference electrode was a mullite tube with an outer diameter of 6 mm and a length of
500 mm, housing NaCl-KCI-AgCl (45:45:10 mol%) mixed salt with an immersed Ag wire.
The melt temperature during Al electrodeposition and Al dissolution was maintained at
750 °C. Throughout the experiment, argon (Ar) gas was introduced into the cell at a flow
rate of 200 cc min~ 1.

Al deposition was executed at —1.8 V for 60 min using constant potential electrolysis.
Subsequently, Al dissolution occurred at —0.9 V in all samples. The dissolution time
continued until the current density reached zero. Post-treatment, the sample was removed
from the bath, and salts that adhered to the sample surface were removed by washing
with water.

The cross section of the treated sample underwent observation and analysis using a
scanning electron microscope (SEM, Tokyo, Japan) and an X-ray micro-analyzer (Electron
Probe Micro-Analyzer: EPMA, Tokyo, Japan). Furthermore, the deposits were identified
using X-ray diffraction, with CuK« rays employed as the X-ray source.

To evaluate the hydrogen generation behavior of the sample after treatment, the ca-
thodic polarization measurements were performed in a 10 mass% KOH solution. The
potential sweep rate was 100 mV min~!, and the temperature of the solution was main-
tained at 30 °C. The potential was swept in the cathode direction from the open circuit
potential, which stabilized after immersion in solution, and measurements were taken until
the potential reached —1.25 V.

Furthermore, the amount of hydrogen generated during electrolysis was measured
in situ using a gas sensor. The measuring device and principle are detailed in a previous
report [28]. Electrolysis was performed by applying the voltage equal 4.0 V in a 10 mass%
KOH aqueous solution. Then, the amount of hydrogen generated at the cathode was
measured by a carrier gas (Ar gas) and a gas sensor.

The amount of hydrogen generated was then calculated from the measured hydrogen
partial pressure. If it is assumed that the measurement gas is an ideal gas and that Charles’s
law holds true, then Equation (1) holds true.

Pio(dVr/dt) = (dn/df)RTr )

where Py is the measured hydrogen pressure, Vr is the gas flow rate measured at the
temperature Tt, n is the amount of gas generated, and Tr is the temperature at which the
flow rate was measured. In this study, the temperature was 25 °C. The amount of hydrogen
generated per unit time was calculated, and the total amount of hydrogen generated was
calculated at each temperature.

3. Results and Discussion
3.1. Anodic Polarization Curves of Various Metals

Figure 2 illustrates the anodic polarization curves of various metals, measured in
NaCl-KClI-3.5 mol% AlF; molten salt at 750 °C. Concerning aluminum (Al), experiments
were conducted using samples where Al was electrodeposited on stainless steel. The
obtained data reveal that Al dissolves at the lowest potential, while Ni dissolves at the
highest potential. To induce the dissolution reaction of Al selectively, constant polarization
at —0.9 V seems to be effective. In the case of chromium (Cr), an increase in anodic current,
indicating the dissolution process, was observed from around —0.85 V. Additionally, for
iron (Fe), an increase in anodic current was noted from around —0.75 V. These findings
underscore that Al exhibits the highest solubility, whereas Ni exhibits the highest resistance
for electrochemical dissolution in molten salts mixture.
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Figure 2. Anodic polarization curves of various metals in the 50 mol%NaCl-50 mol%KCI molten salt
at 750 °C.

3.2. Current Density-Time Curve during Al Deposition and Al Dissolution onto SUS304 and
SUS316L Stainless Steel Substrates

Figure 3 shows the current density—time curves during both Al electrodeposition and
Al dissolution. Al was deposited at —1.8 V for 1 h in NaCl-KCI-3.5 mol% AlF; molten
salt at 750 °C. Subsequently, only Al was dissolved at —0.9 V. The figures illustrate that
a cathodic current flows during electrodeposition, while an anodic current flows during
dissolution. Notably, the experiment was sustained until the dissolution current reached
zero, indicating the complete dissolution of all Al. During electrodeposition, an initially
high cathode current is evident, followed by a stabilization around —120 mA cm 2 at
60 min for SUS304 and around —150 mA cm™~2 at 60 min for 316L. The dissolution current
exhibited an initial peak, followed by a rapid decline. Subsequently, the dissolution reaction
of Al occurred at a consistent rate until the current value reached zero.

. (a) SUS304 (b) SUS316L
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Figure 3. Time dependence of current by the constant potential polarization at 750 °C in the
48.25 mol%NaCl-48.25 mol%KCI-3.5 mol%AlF; molten salt. (a) SUS304; (b) SUS316L.
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3.3. Morphology of Stainless Steel Samples after Al Molten Salts Electrodeposition

Figure 4 displays scanning electron microscope (SEM) images revealing the surface
characteristics of the samples subsequent to the electrodeposition of aluminum (Al) at
750 °C and —1.8 V in NaCl-KCl-3.5 mol% AlF; molten salt. Two types of stainless steel,
SUS304 and SUS316L, were employed in this process, and the outcomes are detailed below.

Before Al Deposition SUS304 SUS316L

1 0pm

Figure 4. Morphology of sample surface after Al electrodeposition with constant potential polariza-
tion at —1.8 V at 750 °C for 1 h.

Following the Al electrodeposition, the samples were cleaned via ultrasonic cleaning in
water to eliminate any molten salt residues adhering to the surface. The samples were dried
and then used for observation. Numerous irregularities were observed on the surfaces of
both SUS304 and SUS316L samples. Importantly, no defects such as voids or empty spaces
were detected. Moreover, it is evident that the surface has acquired a solidified structure
due to the electrodeposition of liquid Al. This observation confirms that no voids or empty
spaces were present on the sample surface after the Al electrodeposition process.

Figure 5 presents scanning electron microscope (SEM) images captured using backscat-
tered electron mode, shows the cross-sectional views of two stainless steel samples after the
deposition of aluminum (Al) at —1.8 V in NaCI-KCI-3.5 mol% AlF3; molten salt at 750 °C. In
both samples, an Al-rich Fe aluminide layer was observed on the surface. This occurrence
is related to the electrodeposited Al being in a liquid state and diffusing into the substrate.
Furthermore, a substantial deposited layer was formed in the 316L sample. This layer
had an approximate thickness of 60 um, exhibited good adhesion to the stainless steel,
and presented a uniform deposition across the sample surface. The cross-sectional views
provide valuable insights into the structural changes induced by the Al deposition process
in the stainless steel samples.

SUS304 SUS316L

Fe-Al alloy
Substrate

Al

<—>
[

o

- .- B i‘

Figure 5. Cross section of microstructure after Al electrodeposition with constant potential polariza-
tion at —1.8 V at 750 °C for 1 h.
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SUS304
Porous Layer

3.4. Morphology and Composition of Porous Steel Samples after Molten Salts Treatment and
Dissolution of Al

Figure 6 illustrates the surface morphology of two different steel samples subjected
to molten salts treatment by the electrodeposition and dissolution of aluminum. The Al
deposition conditions were set at —1.8 V for 60 min, and the Al dissolution conditions were
maintained at —0.9 V for both samples. On the surface, many voids were observed with
irregular shape. Finer voids were registered for SUS304, while in 316L, the voids exhibited
a more complex structure. The porous morphology is strongly dependent on the type of
stainless steel used for molten salt treatment.

SUS316

SUS304
“ N:,#?

Figure 6. Morphology of sample surface after Al electrodeposition and dissolution with constant
potential polarization at —1.8 V to —0.9 V at 750 °C.

In Figure 7, the cross-sectional structure of the two porous samples after treatment by
the electrodeposition and dissolution of Al is presented. A fine porous layer is evident in
both samples, with a thickness of approximately 50 mm in each case. Analysis revealed
no presence of Al in the porous layer, indicating complete dissolution and removal of
the electrodeposited Al. The obtained microstructure of the steel-based samples seems
to be more suitable and compact than in other types of molten salt-modified materials
obtained in our previous studies: Co-Ni, Ni, and Ni-Pt. This outcome can be related with
the presence of different microstructural carbides and intermetallics, typical for steel, which
are highly resistant to phase formation with molten Al and the further dealloying process.

SUS316L
Porous Layer

Figure 7. Cross-sectional microstructure of sample after Al electrodeposition and dissolution with
constant potential polarization at —1.8 V to —0.9 V at 750 °C. 1 Top Part, 2 Middle Part, 3 Under Part.

Table 2 displays point analysis results of the cross section shown in Figure 7. In
SUS304 steel, at point 1, Cr concentration was 6.81 at.%, Fe was 21.9 at.%, and Ni was
71.29 at.%, indicating a concentration of Ni on the surface. Moreover, point 2 on the
substrate side, Cr concentration was 13.2 at.%, Fe was 55.4 at.%, and Ni was 26.4 at.%,
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with the Ni concentration decreasing rapidly. This observation suggests an increase in Ni
concentration on the surface of SUS304 with porous treatment. In case of SUS316L, the
point 1, Cr was 1.78 at.%, Fe was 11.09 at.%, and Ni was 87.14 at.%, revealing a higher Ni
concentration than in SUS304. At point 2 on the substrate side, Cr was 10.86 at.%, Fe was
53.51 at.%, and Ni was 35.63 at.%, with a rapid decrease in Ni concentration. The surface
Ni concentration varied depending on the type of stainless steel, potentially influencing
the behavior of hydrogen generation.

Table 2. Point analysis results at each point in Figure 7.

SUS304 (at.%) SUS316L (at.%)

Cr Fe Ni Cr Fe Ni
1 6.81 21.90 71.29 1 1.78 11.09 87.14
2 13.2 55.4 26.4 2 10.86 53.51 35.63
3 13.91 58.38 27.70 3 14.96 72.31 12.73
Figure 8 presents the XRD diffraction patterns obtained for samples after Al electrode-
position and dissolution of the porous-treated sample. The formation of the Fe-Al phase
occurred during Al deposition at —1.8 V and 750 °C for 60 min in both samples. The
subsequent dissolution of Al and the porous treatment resulted in a profile similar to that
of the substrate material, indicating that the formation of the porosity in the material is not
changing the original crystalline structure even after treatment in molten salt at 750 °C.
-+ T
:'é‘ A % A
35 | Al Deposition A4 A [
[Sra A A A "
> I 2 LAl Deposition A N -
Substrate ® .
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Figure 8. X-ray diffraction patterns registered for substrate, Al-deposited, and porous samples
obtained for SUS304 (left) and SUS316L (right) stainless steel.

3.5. Electrochemical Activity Evaluation of Porous Stainless Steel Electrodes Obtained by Molten
Salts Treatment in Hydrogen Evolution Reaction

Figure 9 presents the results of cathodic polarization scans measured in a 10 mass%
KOH solution for both samples: untreated substrate and stainless steel after molten salts
treatment. It should be noted that the cathodic current density registered in polarization
scans differs significantly between the porous samples and the non-treated substrate. In
untreated SUS304, an increase in cathodic current was observed when the voltage was
below —1.4 V. Conversely, with porous treatment, a rise in cathodic current was noted
from —1.1 V. Similarly, in untreated SUS316L, an increase in cathode current occurred
from around —1.35 V, while porous treatment led to an increase from around —1.1 V. Both
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Current Density, // mA cm-2

porous-treated samples reach a cathode current of 60 mA cm~2 at —1.4 V for SUS304 and
—1.44 V for SUS316L, indicating that porous SUS304 achieves this current at —1.4 V. This
highlights a substantial change in the catalytic activity for hydrogen evolution, which

can be observed under more positive potential values than in the case of non-treated
steel substrates.

(a) SUS304 (b) SUS316L

Figure 9. Cathodic polarization scans registered for different types of steel substrates and porous
samples in 10 mass% KOH solution. (a) SUS304; (b) SUS316L.

Figure 10 presents the hydrogen partial pressure (Figure 10a) measured with a hy-
drogen sensor and the hydrogen partial pressure calculated using the ideal gas equation
for hydrogen generated at the cathode electrode during electrolysis at 4.0 V in 10 mass%
KOH, showing the amount of hydrogen generated (Figure 10b). Equation (1) was used to
calculate the amount of hydrogen generated from the hydrogen partial pressure, as shown
in the experimental method section. In Figure 10a, the untreated sample exhibited a low
hydrogen partial pressure, but this pressure increased significantly with porous treatment.
Particularly, a rapid rise in hydrogen partial pressure was observed initially in SUS304
steel, indicating that porous treatment enhances the amount of hydrogen generated during
electrolysis. It was also evident that hydrogen was rapidly generated in the initial stage of
treated SUS304 steel. However, the temporal change in the amount of hydrogen generated,
calculated from the hydrogen partial pressure, revealed that the amount of hydrogen
generated was lower for both samples than in the untreated sample. Nevertheless, it is
evident that the amount of hydrogen generated increases significantly through treatment.
By integrating Figure 10b, the total amount of hydrogen generated can be calculated. As a
result, it was revealed that the untreated SUS304, which showed the lowest value, had a
value of 1.8 x 10~ mL, but with treatment, it reached 4.0 x 10~ mL, more than double
the initial amount. Comparing the overvoltage (10 mA cm~2) in past papers, the sample
created in this research has an overvoltage of 80 mV, which is considered a good result [30].
These findings highlight the successful fabrication of a porous stainless steel surface and the
consequential improvements in cathode performance and hydrogen generation efficiency.
The observed characteristics indicate the potential applications of porous stainless steel in
efficient hydrogen production processes.

-60 - -60
\ \ o
|
50 | \ | % -50 | |
i i PorousTreatment <
| i / = Porous Treatment
-40 | \ | 40 | / |
\ =
30| \ 4 | 2 a0l ]
\ \E 7))
\ \ S
Y (O]
20 | \ 1 O 20} :
e
c
(O]
-0 | 1 & 10} |
-}
No treatment O No treatment
O | | | | | I L 0 | | | L L
-18 1.7 16 -15 14 13 1.2 11 -1 -1.8 1.7 16 -15 14 -1.3 -1.2 -1
Potential, E/V vs. SCE Potential, E/ V vs. SCE



Coatings 2024, 14, 796

—~
Q

~
—_
O
~

4v

l¢ q| - 4v al
e ha ! oFf
1 | e [ 1
| o 1
<—SUS304 Treatment " o |
— | — |
e [ SUS316L Treatmentl = <+——SUS304 Treatment |
= 1350 1 ] - 110-14 | ]
@© [ l
- = i
o\ c 1
T ()
Q T o SUS316L Treatment :
~ r I 'E L 1 i
(@)] r > 5 | i
o M suss4 | | I 5107 ]
- SUS316L ! 5
I c
| =4 ]
| g I-IT—“I ]
st B ] susaer susaos A
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time, t/ min Time, t/ min

Figure 10. Time dependence of hydrogen partial pressure (a) and amount of hydrogen generated
(b) during electrolysis at 4 V.

4. Conclusions

Two types of stainless steel were employed as substrates where aluminum was de-
posited from a molten salt electrolyte to create a layer of Fe-Al alloy. Subsequently, the
deposited Al was liquefied under high-temperature conditions, resulting in the penetra-
tion into the stainless steel substrate. The solid-state reaction between Al and Fe led to
formation of a mixture of intermetallic phases. Obtained Al-rich phases were electrochemi-
cally dissolved with the application of —0.9 V potential, revealing a porous stainless steel
alloy layer.

Furthermore, the cathodic performance of the prepared porous stainless steel alloy
surface layer was tested and compared with untreated stainless steel substrates. Addition-
ally, the amount of hydrogen generated during constant voltage electrolysis in a 10 mass%
KOH solution was quantified using a hydrogen gas sensor. The obtained results of the
conducted study can be summarized as follows:

e A porous stainless steel surface was successfully fabricated through Al electrodeposi-
tion and Al dissolution experiments.

e It was observed that porous treatment allows to obtain a compact surface with numer-
ous voids.

e The porous stainless steel alloy exhibited a higher current density at lower potentials
in the cathodic polarization curve compared to the untreated sample

e In a hydrogen generation experiment using constant voltage electrolysis, the steel
samples after porous treatment produced more hydrogen, especially SUS304 which
generated the highest amount of hydrogen and produced 4 x 10~!! mL of hydrogen
on a surface area of 2 cm? in 1 h of electrolysis time.
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Abstract: With a band gap of 2.4 eV, CdS has been extensively explored for photocatalytic applications
under visible light irradiation. In this study, CdS nanoparticles have been investigated for the
tribocatalytic degradation of concentrated Rhodamine B (RhB) and methyl orange (MO) solutions.
For CdS nanoparticles in a glass beaker, 78.9% of 50 mg/L RhB and 69.8% of 20 mg/L MO solutions
were degraded after 8 h and 24 h of magnetic stirring using Teflon magnetic rotary disks, respectively.
While for CdS nanoparticles in a beaker with Al,O3 coated on its bottom, 99.8% of the RhB solution
was degraded after 8 h of magnetic stirring and 95.6% of the MO solution was degraded after 12 h
of magnetic stirring. Moreover, another contrast was observed between the two beaker bottoms—a
new peak at 250 nm in UV-visible absorption spectra was only observed for the MO degradation
by CdS in the as-received glass beaker, which indicates that MO molecules were only broken into
smaller organic molecules in that case. These findings are meaningful for expanding the catalytic
applications of CdS and for achieving a better understanding of tribocatalysis as well.

Keywords: tribocatalysis; dye degradation; CdS; coating; Al,O3

1. Introduction

With the development of science and technology, the discharge of pollutants from all
walks of life is constantly damaging the water resources on the earth [1]. The composition
of polluted water is very complicated, often containing plastics, antibiotics, organic dyes,
etc. [2-6]. Organic dyes not only destroy the ecosystem, but also are toxic to humans,
leading to skin diseases, such as dermatitis and psoriasis, and even inducing malignant
lesions, causing great negative effects [7]. Therefore, it is urgent to find simple, effective,
and low-cost methods to treat polluted water and improve the living environment.

There exists a huge amount of clean energy in nature in the forms of solar energy [8],
wind energy [9], geothermal energy [10], ocean energy [11], and so on. Presently, these
forms of clean energy are mainly obtained from the environment and are converted into
chemical energy and electricity [12]. Photocatalysis is a mainstream method for water pol-
lution control by using solar energy as clean energy [13]. Electrons and holes are generated
in photocatalysts by light irradiation, and the electrons and holes further participate in
the REDOX reaction to decompose harmful substances in wastewater [14]. Although pho-
tocatalysis is a mature water remediation method, which has undergone several decades
of development, it still faces some challenges and obstacles in practical application, in-
cluding a high photogenic carrier recombination rate and a low visible light utilization
rate [15-17]. Obviously, other forms of clean energy should be harnessed more to fill the
gap of photocatalytic reactions in environmental remediation.

As mechanical energy is abundant and widely available in the ambient environment,
it has received more and more attention to be collected through some catalytic technologies
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in recent years. In this context, tribocatalysis has emerged as an appealing technology
in environmental remediation in recent years. In fact, the terminology of tribocatalysis
was proposed decades ago. Heinicke et al. first defined tribocatalysis as a branch of tribo-
chemistry, whose subject is the change in catalytic properties of solids under the action of
mechanical energy [18]. Since then, tribocatalysis has been mostly studied for the promo-
tion of tribochemical reactions, reducing friction, and achieving super lubrication [19-21].
In 2019, Li et al. first reported the tribocatalytic degradation of organic pollutant dyes
by Bag 7551025 TiO3 nanoparticles [22], in which Bay 7551 25TiO3 nanoparticles degraded
organic pollutants into pollution-free small molecules by collecting mechanical energy
under the condition of magnetic stirring. Very quickly, tribocatalysis has also been reported
for some materials to absorb mechanical energy via friction for the conversion of H,O and
CO, into flammable gasses [23,24]. Obviously, the scope of tribocatalysis has been extended
from tribochemical reactions to the collection and conversion of mechanical energy.

Up to now, many materials investigated in tribocatalytic environmental remediation
possess a semiconductor-type band gap, such as CaCu3TisO1p (CCTO) [25], BaTiO3 [26],
TiO, [27], Si [28], Bi,WOg [29], ZnO [30], SrTiO5 [31], and CoFe,O4 [32]. Based on the
excitation of electron-hole pairs in semiconductors by mechanical energy absorbed through
friction, a mechanism has been established for tribocatalysis [23,24]. This mechanism is not
only very similar to that of photocatalysis, but also suggests that those materials with out-
standing photocatalytic properties may also be promising for tribocatalytic environmental
remediation. It is well known that CdS is an important semiconductor material with a band
gap of 2.4 eV, which is resistant to optical and chemical corrosion, absorbs a wide range
of electromagnetic waves, and has been widely studied as a visible light photocatalyst to
convert toxic chemicals into nontoxic small molecules through photocatalysis [33-35]. As a
matter of fact, CdS is also among the earliest semiconductors that were investigated for tri-
bocatalytic environmental remediation [36]. Nevertheless, CdS has only been investigated
for the tribocatalytic degradation of rhodamine B (RhB) of a low concentration (5 mg/L)
up to now; this is much easier to be degraded than many dye solutions that have appeared
in tribocatalytic investigations. In this study, we have further explored the potential of
CdS nanoparticles in the tribocatalytic degradation of some much more stubborn organic
pollutants, including 50 mg/L RhB and 20 mg/L methyl orange (MO) solutions. Though it
is quite challenging for CdS nanoparticles to degrade them through magnetic stirring in a
normal way, degradation is found to be surprisingly enhanced through an Al,O3 coating
on the beaker bottoms. Especially for the 20 mg/L MO solution, an Al,O3 coating not only
dramatically increases the degradation speed, but also changes the degradation mode from
a partial degradation to a full one. These results are important not only for tribocatalytic
environmental remediation, but also for achieving a better understanding of tribocatalysis
as a whole.

2. Materials and Methods
2.1. Materials and Characterization

Commercial CdS nanoparticles with a nominal purity of 99.99 wt% were used in this
study, which were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). The crystal structure of the CdS powder was measured through an X-ray
diffractometer (XRD, SmartLab SE, Rigaku, Tokyo, Japan) using Cu K« radiation. The mor-
phology of the CdS powder was observed through a scanning electron microscope (SEM,
Zeiss GeminiSEM 500, Oberkochen, Germany), and the microstructure was analyzed. X-ray
photoelectron spectroscopy (XPS, Thermo escalab 250XI, Waltham Massachusetts, USA)
was used to analyze the elemental composition and chemical state of CdS nanoparticles,
and electron binding energies were calibrated using the reference peak of C 1s (284.6 eV).

2.2. Coating Al,O3 Ceramic Disks on the Bottoms of Glass Beakers

Commercial flat-bottomed glass beakers, ¢ 45 mm x 60 mm, were divided into two
groups in this study. In the first group, the glass beakers were used directly; in the other
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group, Al,O3 ceramic disks of ¢ 40 mm x 1 mm were pasted on their bottoms using a
strong glue (deli super glue 502) before they were used. In this way, we had two kinds of
glass beakers with glass and Al,O3 bottoms, respectively.

2.3. Tribocatalytic Degradation of RhB and MO Solutions

For solutions of organic dyes, the higher the concentration, the more difficult it is to
be degraded. In this study, relatively concentrated RhB (50 mg/L) and MO (20 mg/L)
solutions were adopted to increase their degradation difficulty. In a typical experiment,
0.30 g of CdS nanoparticles were dispersed in a glass beaker containing 30 mL of either
50 mg/L RhB or 20 mg/L MO solution. A homemade Teflon magnetic rotary disk, which
was described in detail in a previous paper [7], was used to magnetically stir the suspension
at 400 rpm. The room temperature was kept at 25 °C, and the beaker was kept in the dark.
During the test, 1 mL of the solution was taken at regular intervals and was centrifuged
at 8000 rpm for 5 min to remove CdS nanoparticles. The absorbance of the solutions was
measured through a UV-visible spectrometer (UV-2550; Shimadzu, Kyoto, Japan) over the
range of 200-650 nm.

2.4. Detection of Radical Species

For hydroxyl radical detection, 10 mL of deionized water, 50 uL of 5, 5-dimethyl-1-
pyrrolin-n-oxide (DMPO), and 0.15 g of CdS nanoparticles were added to two glass beakers
(e 45 mm x 60 mm) with either a glass or Al,O3 bottom, respectively. For the detection of
superoxide radicals, 10 mL of methanol, 50 pL of 5, 5-dimethyl-1-pyrrolin-n-oxide (DMPO),
and 0.15 g of CdS nanoparticles were added to two glass beakers with either a glass or
Aly,O3 bottom, respectively. A Teflon magnetic rotary disk was used in every beaker to stir
the suspension in it at 400 rpm for 15 min in the dark at room temperature. An electron
paramagnetic resonance (EPR) spectrometer (A300-10/12, Bruker, Berlin, Germany) was
used to separately detect hydroxyl radicals and superoxide radicals.

3. Results and Discussion

The XRD pattern of the CdS nanoparticles used in this study is shown in Figure 1.
According to the standard diffraction card PDF# 41-1049 of wurtzite CdS, all significant
peaks can be indexed as those of wurtzite CdS, as shown in the figure. However, there is a
very weak peak at 30.6°, which could be from an impurity phase.

CdS PDF#41-1049

(101)

Intensity (a.u.)

‘ 1 i | 1 n h|| PR | P Y T Y

20 30 40 50 60 70 80
2 Theta (degree)

Figure 1. X-ray diffraction pattern of CdS powder used in this study.
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Figure 2 presents the XP spectrum of the CdS nanoparticles. Besides the lines for Cd
and S [37], only two lines for C 1s and O 1s, separately, can be observed. C impurity is
well known for XPS analyses, while O 1s at 532.5 eV is most probably representative of
chemisorbed oxygen [38]. Generally speaking, the CdS powder used in this study was of a

high purity.
Cd3d,, CdS
;-\ Cd3d,,
<
= Ccd3 Cd3p,,
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Figure 2. XP spectrum of CdS powder used in this study.

Figure 3 shows two representative SEM images obtained for the CdS powder in this
study. From Figure 3a, it can be seen that the CdS particles are quite non-uniform in
size, with large ones around 300 nm and small ones smaller than 50 nm. In addition, the
CdS particles are of quite irregular shapes with clear edges, as shown in Figure 3b, which
indicates a high degree of crystallinity [30].

100'nm
=

Figure 3. SEM images of CdS powder: (a) at a relatively small magnification; (b) at a larger
magnification.

For the 50 mg/L RhB solution suspended with CdS in a glass-bottomed beaker, the
absorption peak at 554 nm in the UV-VIS absorption spectrum decreased steadily with
increasing stirring time, as shown in Figure 4a. The degradation efficiency of an organic dye
is usually quantified using the formula D =1 — A/A,, where A and A represent the initial
and sustained intensity of the dye’s characteristic absorption peak. After 8 h of magnetic
stirring, the degradation efficiency was 78.9%. Due to its rather high initial concentration,
the solution still exhibited a bright color, though its absorption peak had substantially
decreased after 8 h of magnetic stirring, as shown in the inset of Figure 4a. In contrast, for

15



Coatings 2024, 14, 1057

the 50 mg/L RhB solution suspended with CdS in an Al,O3-bottomed beaker, after 8 h of
magnetic stirring, the solution became colorless and its absorption peak at 554 nm in the
UV-VIS absorption spectrum almost disappeared, as shown in Figure 4b. Obviously, the
AlyO3 coating had imposed a remarkable enhancement on the tribocatalytic degradation of
RhB by the CdS nanoparticles. Figure 4c compares the degradation efficiency of the RhB
solution by CdS nanoparticles over time between the two kinds of beakers. On this basis,
the pseudo-primary kinetics fit to the degradation efficiency of the RhB solution was further
carried out, as shown in Figure 4d. The degradation rate constants of the CdS nanoparticles
rubbed on glass and Al,O3 bottoms were 0.176 h~! and 0.773 h~?, respectively. The Al,O3
coating had increased the degradation rate constant of CdS nanoparticles by 4.38 times.
It is worthy to mention that in a previous related investigation [36], 97.0% and 98.0% of
5 mg/L RhB were degraded by CdS nanowires after 14 h of magnetic stirring in a glass
container and after 7 h of magnetic stirring in a polypropylene (PP) container, respectively.
It is clear that PP also showed an enhancement on the tribocatalytic degradation of organic
dyes by CdS, while its enhancement was smaller than that of Al,Os.

- Stirring ti (T T 'Stirring time(h
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Figure 4. UV-VIS absorption spectra of RhB (50 mg/L) solutions mediated by CdS nanoparticles
rubbing on different materials (Inset: color change in solutions): (a) glass; (b) Al,O3; (c) C/Cq vs.
stirring time under magnetic stirring with glass and Al,O3 bottoms; (d) kinetic curves.

For the 20 mg/L MO solution suspended with CdS in a glass-bottomed beaker, the
absorption peak at 464 nm in the UV-VIS absorption spectrum decreased rather slowly
with increasing stirring time, as shown in Figure 5a. After 24 h of magnetic stirring, the
degradation efficiency was only 69.8% and the solution was still yellowish, as shown in the
inset of Figure 5a. Moreover, as the absorption peak at 464 nm decreased, a new absorption
peak at 250 nm appeared in the ultraviolet region. The same result had been observed in
previous studies [39,40], which actually indicates that MO molecules were only broken
into smaller organic molecules like benzoic acid, succinic acid, and p-phenol, according to
mass spectrometry tests [28]. As a matter of fact, due to the presence of high-energy bonds
(C=N and N=N) in its molecules, MO is relatively rather difficult to degrade among various
common organic dyes, and this relatively slow degradation of 20 mg/L MO by CdS is
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rather usual for MO. To our great surprise, a different result was observed for the 20 mg/L
MO solution suspended with CdS in the Al,Os-bottomed beaker. As shown in Figure 5b,
after 12 h of magnetic stirring, the solution became colorless and its absorption peak at
464 nm in the UV-VIS absorption spectrum almost disappeared, and no new absorption
peak was generated at 250 nm. This suggests that for the tribocatalytic degradation
of MO by CdS nanoparticles, the Al,O3 coating not only significantly accelerated the
speed, but also upgraded the degradation mode from a partial one to a complete one.
Figure 5¢ compares the degradation efficiency of the MO solution by CdS nanoparticles
over time between the two kinds of beakers, and Figure 5d presents the pseudo-primary
kinetic fit to the degradation efficiency of the MO solution. The degradation rate constants
of the CdS nanoparticles rubbed on the glass and Al,O3 coatings were 0.046 h~! and
0.272 h~!, respectively. The Al,O3 coating increased the degradation rate constant of CdS
nanoparticles by 5.87 times.
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Figure 5. UV-VIS absorption spectra of MO (20 mg/L) solutions mediated by CdS nanoparticles
rubbing on different materials (Inset: color change in solutions): (a) glass; (b) Al;O3; (c) C/Cq vs.
stirring time under magnetic stirring with glass and Al,O3 bottoms; (d) kinetic curves.

In order to examine the cycle stability of CdS, a cycle experiment of CdS nanoparticles
was carried out, in which a 50 mg/L RhB solution suspended with CdS nanoparticles was
degraded repeatedly via magnetic stirring. After 8 h of tribocatalysis, a small amount of
a highly concentrated RhB dye solution was added to the degraded solution so that the
solution concentration in the beaker was restored to 50 mg/L for a subsequent cycle. The
degradation rate of the 50 mg/L RhB solution after 8 h of magnetic stirring was measured
for every cycle, which was 99.9%, 100.0%, 99.9%, and 99.9% for the 1st, 2nd, 3rd, and 4th
cycles, respectively. Obviously, CdS nanoparticles have an excellent cyclic stability and a
great potential to degrade organic pollutants.

For both the tribocatalytic degradation of organic pollutants and the tribocatalytic
conversion of HyO and CO,, coating materials on the bottoms of beakers/reactors has
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been found to be a convenient and effective method to enhance or regulate catalytic
reactions [23,41-43]. The effects of the coatings are generally believed to result from the
dynamic frictions between the coatings and the catalysts. As for the enhanced degradation
of organic dyes observed for CdS nanoparticles in Al,Oz-bottomed beakers in this study,
the dynamic friction between Al,O3; and CdS nanoparticles must have played a vital role,
as shown in a schematic drawing for the tribocatalytic process in Figure 6 [44].

Dye decomposition

Figure 6. A schematic drawing for the enhanced tribocatalytic degradation of organic dyes by CdS
nanoparticles in Al;Oz-bottomed beakers.

According to the electronic transition mechanism for tribocatalysis [23], electron-hole
pairs are excited in CdS by the mechanical energy absorbed through friction, which can be

expressed as:
Friction energy
—>

Cds CdS+e +h™ (1)

Electrons further react with oxygen to form superoxide radicals, while holes react with
hydroxide to form hydroxyl radicals, as follows:

OH +ht — -OH @)

Oy +e” — 05 3)

Hydroxyl radicals and superoxide radicals further react with organic dyestuffs, in
which organic dyestuffs are degraded and become pollution-free small molecules:

OH (or -Oy ) + Dye — Decomposition (4)

Hydroxyl radicals and superoxide radicals generated by CdS nanoparticles under
magnetic stirring were detected through EPR, and the results are shown in Figure 7.
Obviously, for CdS nanoparticles in beakers with both glass and Al,O3 bottoms, four
distinct characteristic peaks of hydroxyl radicals with a ratio of (1:2:2:1) [45] were observed
after the nanoparticles were stimulated via magnetic stirring for 15 min in deionized water
(Figure 7a), and four characteristic peaks of superoxide radicals with a ratio of (1:1:1:1) [46]
were detected after the nanoparticles were stimulated in methanol (Figure 7b). In addition,
it can be seen that the peaks of both hydroxyl and superoxide radicals are stronger for
the Al,Os-bottomed than for the glass-bottomed beaker, which would suggest that more
radicals are generated for the Al,O3 ceramic bottom.

For catalysts in photocatalysis, various techniques have been adopted to modify
them to improve their catalytic performances. For example, for titanium dioxide-bronze
nanosheets, surface-exposed defect sites were formed through light illumination, which
greatly enhanced their photocatalytic H production rate [47]. For catalysts in tribocatalysis,
similar techniques can also be adopted to reform them. For tribocatalysis, besides the
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modification of catalysts, coating materials on the bottoms of beakers is another convenient
and effective method to enhance the catalytic effect. It is well known that Al;O3 ceramics
are cheap, robust, and of extremely high chemical stability. Up to now, they have been
employed as coatings in several tribocatalytic investigations and some highly surprising
effects, including the ones observed in this study, have been revealed [24,43,48]. Presently,
these effects cannot be satisfactorily understood. Further studies are highly desirable,
which are important for the practical development and for achieving a better understanding
of tribocatalysis.
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Figure 7. EPR spectra for CdS nanoparticles magnetically stirred in glass- and Al,O3-bottomed
beakers containing: (a) deionized water with DMPO as the spin trapping agent; (b) methanol with
DMPO as the spin trapping agent.

4. Conclusions

CdS nanoparticles have been employed to degrade 50 mg/L RhB and 20 mg/L MO
solutions through magnetic stirring. With a Teflon magnetic rotary disk used to magnet-
ically stir CdS nanoparticles in a glass beaker, 78.9% of the RhB and 69.8% of the MO
solutions were degraded after 8 h and 24 h of magnetic stirring, respectively. With other
conditions unchanged, the degradations were surprisingly enhanced through placing an
Al,O3 disk on the beaker bottom—as much as 99.8% of the RhB and 95.6% of the MO
solutions were degraded after 8 h and 12 h of magnetic stirring, respectively. In addition,
for the degradation of MO by CdS nanoparticles in the glass beaker, a new peak appeared
in the UV-visible absorption spectrum at 250 nm, indicating that the MO molecules are
only decomposed into smaller organic molecules, such as benzoic acid, succinate, and
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p-phenol. However, with the Al,O3 coating, such a peak did not appear, indicating that the
MO molecules are degraded mostly into H,O and CO;,. These findings indicate that CdS
has a great potential in the field of tribocatalysis and demonstrates that coating materials
on vessel bottoms is a convenient and effective method for tribocatalysis enhancement.
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Abstract: BiMoOg (BMO) is a typical bismuth-based semiconductor material, and its unique Aurivil-
lius structure provides a broad space for electron delocalization. In this study, a new type of bismuth
molybdate Cd/Er-BMO photocatalytic material was prepared by co-doping Er3* and Cd?*, and the
performance of the photocatalytic degradation of sulfamethoxazole (SMZ) was systematically studied.
The research results showed that the efficiency of SMZ degradation by Cd/Er-BMO was significantly
improved after doping Er’* and Cd?* ions, reflecting the synergistic catalytic effect of Cd** and Er3*
co-doping. Cd/Er-BMO doped with 6% Cd had the highest degradation efficiency (93.89%) of SMZ
under visible light irradiation. The material revealed excellent stability and reusability in repeated
degradation experiments. In addition, 6% Cd/Er-BMO had a smaller particle size and a larger
specific surface area, which is conducive to improving the generation efficiency of its photogenerated
electron-hole pairs and reducing the recombination rate, significantly enhancing the photocatalysis
of the material. This study not only provides an effective photocatalyst for degrading environmental
pollutants such as SMZ, but also provides an important scientific basis and new ideas for the future
development of efficient and stable photocatalytic materials.

Keywords: photocatalysis; BiMoOg; hydrothermal method; co-doping

1. Introduction

With the development of global industrialization, the human living environment has
gradually deteriorated, and a large amount of waste has been discharged. Water pollution
is particularly prominent among many pollution problems as it contains a large amount of
organic pollutants, many of which are difficult to degrade, such as phenols, polychlorinated
biphenyls, and polycyclic aromatic hydrocarbons. These organic pollutants possess a rela-
tively high biological toxicity, which seriously threatens human health and life. According
to the survey, a large number of additives that pollute the environment and are harmful
to the human body are used in the process of textile printing and dyeing. Most of these
additives are discharged into the water environment, resulting in water pollution. In
addition, upon the increase in the use of antibiotics in human society, antibiotics inevitably
enter the water environment. Among them, sulfamethoxazole (SMZ) is an organic com-
pound that is mainly used to treat diseases such as urinary tract infections and respiratory
system infections that are caused by sensitive bacteria. It has shown strong antibacterial
properties in clinical practise. However, studies have shown that 45%-90% will be directly
excreted in the form of metabolites through urine and feces and enter the environment [1].
Conventional methods, such as physical adsorption and Fenton methods, are difficult
to effectively degrade these compounds, leading to the long-term deterioration of water
quality, which, in turn, affects the virtuous cycle of the ecosystem. Moreover, sulfonamides
are degraded slowly after entering the environment and are likely to remain for a long
time, which will eventually result in an adverse impact on human health. As such, the
degradation treatment of this type of wastewater is of great importance [2].
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In order to remove harmful pollutants from the water environment, photocatalytic
degradation was adopted in this work. Photocatalysis is a pollutant degradation tech-
nology that makes use of radiation, usually in the UV and visible range, in the presence
of an adequate catalyst to produce highly reactive oxidizing species. It is a promising
environmental technology due to its high efficiency, environmental friendliness, and energy
saving characteristics. It can remove reluctant-to-degrade organic pollutants in wastewater
at a low cost [3]. This method can decompose organic substances that are harmful to the
human body and the environment without causing a waste of resources or producing
secondary pollutants. A large number of studies have shown that organic pollutants can be
effectively photocatalytically degraded, decolorized, and mineralized into small inorganic
molecules, thereby eliminating pollution to the environment. Photocatalysts have also
attracted much attention given their strong redox ability, good stability, low pollution,
and easy recycling properties. UV-excited TiO,-based photocatalysts have been widely
studied [4]. The principle of this technology is to use TiO, to generate active free radicals,
thereby achieving the photocatalytic degradation of organic pollutants and generating
CO,, Hy0O, and simple inorganic substances. However, as a result of the wide band gap of
TiO; (3.2 V), it can only absorb ultraviolet light and does not have good catalytic activity
in the visible light range, which greatly limits the practical application of such catalysts.
Studies have shown that the properties of titanium dioxide can be changed by making
composite materials [5-7]. In addition, in-depth research on semiconductor materials such
as CdS [8,9], ZrO, [10,11], and SnO; [12,13] has been widely conducted, and has achieved
remarkable results. However, the photogenerated electrons and holes in CdS are easy to
recombine, which reduces its photocatalytic efficiency. The wide band gap energy of ZrO,
results in less light absorption and its photocatalytic activity is limited by the high charge
carrier recombination efficiency. The inherent defects of SnO, in photocatalysis, such as
structural design and morphology control, have been widely documented, which can affect
its photocatalytic performance.

In view of the above shortcomings of photocatalytic materials, more scholars have
begun to study new ones in recent years. Bismuth-based semiconductor materials have
attracted extensive attention worldwide as a result of their easy regulatory morphology,
good photochemical stability, and unique electronic band structure [14]. Bismuth molyb-
date (BixMoOg) is a compound with remarkable photocatalytic properties and is one of the
most important members of the Aurivillius oxide materials family [15], with its structure
providing sufficient space for electron delocalization, thereby facilitating catalytic reac-
tions [16]. However, the practical application of the BipMoOg monomer is severely limited
given its poor photocarrier separation, high recombination rate, and narrow photoresponse
range [17]. To overcome these limitations, a variety of modifications have been made in
recent years. Current modification methods mainly focus on doping with non-metallic
ions, transition metals, and rare earth metals [18]. Wang et al. [19] synthesized Cu-doped
BiMoQg using a simple solvothermal method. Cu doping reduces the work function and
improves the charge separation efficiency, which is considered to be the main reason for
the enhanced photoactivity. In addition, Cu doping has little effect on the morphology of
Bi;MoQOg, though it has a greater effect on the energy band structure, which makes the
reducibility of Cu-doped BipMoQg stronger. As such, Cu-Bi;MoOg exhibits a higher pho-
tocatalytic efficiency than pure Bi;MoOg. Meng et al. [20] prepared an efficient Bi,MoOg
nitrogen-fixing photocatalyst using iron as the medium. The Fe-induced reduction in the
surface work function facilitates charge transport to the catalyst surface. In addition, Fe
doping can also improve charge collection through the Fe3* /Fe?* redox pathway and can
become an active site for nitrogen reduction. Given the above advantages, Fe-mediated
BiMoOg significantly enhances the photocatalytic activity of nitrogen fixation driven by
visible light. Li et al. [21] prepared Eu®**-doped bismuth molybdate phosphor using the
sol-gel method, studied the effect of different calcination temperatures on BMO: Eu®*, and
characterized its structure and properties. The crystal structure and related parameters
were obtained using the Rietveld method. The relationship between crystal structure and
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luminescence properties was analyzed in detail, and BMO: Eu* phosphor was applied
to the preparation of luminescent films and LED devices. As such, it is very important to
select a suitable doping atom to improve the photocatalytic degradation efficiency.

Previous studies have shown that sulfamethoxazole and rhodamine B can be pho-
tocatalytically degraded under visible light by doping y-Bi;MoOg nanomaterials with
heterovalent cadmium. Researchers have successfully synthesized a Cd-BMO photocat-
alyst with an excellent pollutant degradation efficiency through a simple hydrothermal
method [18,22]. Compared with BMO, Cd-BMO has a smaller particle size, a larger specific
surface area, a greater charge separation efficiency, and a greater electron excitation capa-
bility, thereby achieving a higher degradability of pollutants. The latest research indicates
that the co-doping of multiple elements can lead to more effective photocatalysts through
the synergistic interaction between multiple ions. For example, Li et al. [23] used a hy-
drothermal method to synthesize a new type of Gd/Er/Lu-doped Bi;MoOg¢ photocatalyst
for the degradation of rhodamine B (RhB) and tetrachlorophenol, significantly enhancing
the photocatalytic degradation performance. Specifically, after doping with Gd>*, hydroxyl
radicals were generated to improve the oxidation efficiency of BiMoQg. The introduction
of Er** provided an energy upconversion centre, thereby improving light absorption. After
doping with Lu3* ions, abundant oxygen vacancies were generated in the Bi;MoOg crystal,
thereby promoting carrier separation. Wang et al. [24] used the citric acid complexation
method to prepare Eu** and Fe** co-doped bismuth molybdate to improve its photocat-
alytic performance. The results indicated that Eu** and Fe®* co-doped bismuth molybdate
achieved the highest photocatalytic activity. The synergistic effect of the two ions resulted
in a 94.1% degradation of the sample within 50 min, and the photocatalytic activity of
Eu/Fe-BMO was not simply the sum of the photocatalytic properties of the Eu-BMO and
Fe-BMO catalysts. Inspired by the synergistic effect of co-doping, this study used a hy-
drothermal method to prepare Er** and Cd?* co-doped photocatalytic materials. Through
material characterization and photocatalytic degradation experiments, the synergistic effect
of the two doping ions was studied to further modify the intrinsic material and improve its
photocatalytic performance.

2. Materials and Methods
2.1. The Preparation of the Catalyst

Er-BMO and Cd/Er-BMO materials were prepared using the hydrothermal method.
The chemical reagents used in the preparation process were not purified. The detailed
preparation process is as follows: Bi(NO3)3-5H,0 (4 mmol) was dissolved in 10 mL HNOs3
(2 mol-L™1) to obtain solution A, and (NH4)sMoyOs4-4H,0 (0.2857 mmol) was dissolved
in 10 mL NaOH (1 mol-L~!) to obtain solution B. Solution B was slowly added to solution
A and was stirred continuously for 20 min to obtain solution C, before a certain amount
of Er(NOj3)3-5H,0 (0.12 mmol) was added. Then, solid Cd(NOj3),-4H,O (0.08, 0.16, 0.24,
0.32, and 0.4 mmol) was weighed and added while continuously stirring until uniform.
The pH of the solution was adjusted to 8 with ammonia solution. Finally, the precursor
solution was transferred to a 100 mL polytetrafluoroethylene liner, kept at 180 °C for 12 h,
and was cooled naturally to room temperature. The samples were washed with deionized
water and anhydrous ethanol, respectively, and were dried at 80 °C for 12 h. The samples
were labelled as X Cd/Er-BMO (X = 2%, 4%, 6%, 8%, and 10%). In addition, the y-Bi,Mo0Og
sample containing only Er®* was prepared using the same method and was labelled
as Er-BMO.

2.2. Characterization

The crystal structure of the samples was analyzed using X-ray diffraction (XRD), in
the range of 5-90°, at a scanning rate of 2°/min and a step size of 0.02°. The samples
were studied using scanning electron microscopy (SEM) at a working voltage of 15 kV to
reveal the morphology of the samples. The microstructure of the samples was analyzed
using transmission electron microscopy (TEM) at 250 kV. The specific surface area of the
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samples was determined using the Bruauer-Emmett-Teller (BET) method, and the average
pore size of the samples was determined using nitrogen adsorption at 77 K. The samples
were degassed under vacuum conditions at 150 °C for 6 h. The instrument used in the
measurement process was Quanta 4000 (Quanta Computer, Taoyuan, China). The elemental
valence state of the samples was analyzed using X-ray photoelectron spectroscopy (XPS)
using Moser K-ALPHA (Thermo Fisher Scientific, Waltham, MA, USA). The prepared
samples were measured using ultraviolet-visible diffuse reflectance spectroscopy (UV-
Vis DRS) using a UV/VIS/NIR Lambda 1050 (PerkinElmer, Waltham, MA, USA). The
optical response and electron transfer characteristics of the sample were analyzed by
using the transient photocurrent response. Among them, the suspension prepared using
NaySO4 was used for photocurrent tests, and the samples were tested under a 300 W
xenon light source and electrochemical workstation. Photoluminescence (PL) was used
to analyze the recombination rate of photogenerated electron-hole pairs, and the time-
resolved fluorescence data of the samples were measured using an Hitachi F-7100 (Hitachi
High-Technologies, Tokyo, Japan). The photoresponse ability of the prepared samples was
analyzed using the transient photocurrent response.

2.3. Photocatalytic Experiment

The prepared sample was placed under a long arc xenon lamp to study its photocat-
alytic degradation performance of the SMZ solution. A total of 50 mL of SMZ pollutant
solution (5 mg-L~!) and 50 mg of catalyst powder were placed in a quartz tube and were
irradiated with a 400 W xenon lamp. The solution was stirred continuously for 30 min
without visible light irradiation, and part of the suspension was taken after reaching the
adsorption-desorption equilibrium. The xenon lamp was turned on and a certain amount
of suspension (SMZ solution) was withdrawn every 45 min. It is important to use a cooling
jacket to control the temperature of the photocatalytic reaction at 15 °C. Finally, the pol-
lutant concentration was determined spectrophotometrically in the range of 190-338 nm
using a UV1901PC instrument (Unico (Shanghai) Instruments Co., Ltd., Shanghai, China).

3. Results and Discussion
3.1. Characterization of Photocatalysts

X-ray diffraction (XRD) was used to analyze and confirm the crystal structure and
phase composition of the existing catalyst (Figure 1a). As clearly shown in the figure, the
XRD pattern of the Cd/Er-BMO sample is very similar to the reference pattern JCPDS No.
21-0102 of the original BMO; the diffraction peak is sharp, indicating that the crystallinity
of the prepared sample is good [25]. In the Cd/Er-BMO sample, the 20 diffraction angles
are 11.0°, 27.2°, 28.3°, 32.5°, 33.2°, 36.1°, 46.7°, 47.1°, 55.6°, and 56.4°, respectively, corre-
sponding to the PDF card of y-Bi;MoOg (JCPDS No. 21-0102) of (020), (140), (131), (200),
(060), (151), (202), (260), (133), and (082). Among them, the most significant diffraction
peak of the sample was observed at the (131) crystal plane. Upon the addition of different
concentrations of Cd?*, the peak at (131) continued to change but no other diffraction peaks
were generated, further illustrating the successful doping of Cd?* into Er-BMO without
producing other substances [20]. Meanwhile, the resolution of the diffraction peak of the
sample was high, indicating that the crystallinity was good. In particular, note that under
different doping ratios, almost no additional diffraction peaks were revealed in the XRD
images of Cd/Er-BMO, indicating that the crystal structure of Er-BMO was not changed
after the introduction of Cd?*. The results showed that compared with Er-BMO, the (131)
diffraction peak of Cd/Er-BMO gradually increased with the increase in Cd** doping
concentration, and the highest peak appeared in the Cd/Er-BMO sample when Cd was
6%. The peak intensity increased and the shape of the diffraction peak was clear, indicating
that the formation of nanocrystals was good. However, the subsequent peak drop can be
explained by the excessive Cd** doping concentration inhibiting the growth of crystal size,
resulting in a smaller crystal size [26]. Figure 1b shows that the Cd/Er-BMO (131) diffrac-
tion peak shifts to larger diffraction angles with increasing Cd?* doping concentration and
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reaches a maximum of 28.42° at 6% Cd/Er-BMO. The shift of the diffraction peak reflects
the contraction of the crystal and the reduction in the crystal plane spacing [27]. This is
because the small ionic radius element replaces the large ionic radius element, because the
Bi®* ionic radius (1.08 A) is larger than the Cd?* ionic radius (0.97 A). The subsequent shift
to the left is due to lattice distortion caused by the high Cd?* doping concentration [18].
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Figure 1. (a) XRD patterns of BMO, Er-BMO, and Cd/Er-BMO; (b) XRD patterns containing the (131)
diffraction peak; (¢) SEM image of Er-BMO; (d) SEM image of 6% Cd/Er-BMO; (e) TEM and HRTEM
images of Er-BMO; (f) TEM and HRTEM images of 6% Cd/Er-BMO; (g-k) EDS elemental map of 6%
Cd/Er-BMO.

The morphology and particle size of the synthesized samples were observed and stud-
ied using scanning electron microscopy (SEM). No particles, cracks, or surface roughness
changes were observed in Er-BMO (Figure 1c) and 6% Cd/Er-BMO (Figure 1d). Compared
with Er-BMO materials, the size of the 6% Cd/Er-BMO nanosheets was significantly re-
duced, changing from the original sheet shape to the needle shape. The emergence of the
needle-like structure indicated that the addition of Cd?* resulted in a significant increase in
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the specific surface area of the intrinsic material and an increase in the contact area for the
reaction. The appearance of the needle-like structure may be attributable to the doping of
Cd?* ions, which affected the growth of Er-BMO [28].

The microstructure and lattice planes of Er-BMO and 6% Cd/Er-BMO were measured
using transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) (Figure 1e,f) to investigate the microstructure and properties of the
materials. Both the Er-BMO and 6% Cd/Er-BMO samples have complete morphology,
changing from an irregular flake structure to a needle-like structure. It is worth noting
that the size of 6% Cd/Er-BMO was smaller than that of Er-BMO, which is consistent with
the SEM analysis. HRTEM images showed the lattice features of Er-BMO (Figure le) and
6% Cd/Er-BMO (Figure 1f). The lattice fringes of Er-BMO and Cd/Er-BMO were clear,
corresponding to the (131) and (200) planes of the orthorhombic crystal of y-Bi;MoOg,
respectively, indicating that there was no change in the orthorhombic phase before and
after doping. The TEM and HRTEM images confirmed that the doping of Cd?* had no
significant effect on the crystal lattice and did not produce any other crystalline phase,
which is consistent with the XRD results mentioned above [23].

The specific surface area is an important parameter in the photocatalytic degradation
process that affects the performance and efficiency of the catalyst. A larger specific surface
area can increase the active sites, improve the adsorption capacity, and increase light
absorption. The specific surface area (BET) of Er-BMO and 6% Cd/Er-BMO was determined
using N, adsorption/desorption isotherms. The pore size distribution was determined
using the Barrett-Joyner-Halenda method (BJH). As shown in Figure 2a,b, in the relative
pressure range of 0.8 to 1.0, the isotherms of the two samples showed typical type IV
characteristics, namely, the adsorption amount was caused by capillary condensation [29]
and formed a hysteresis loop in the medium and high relative pressure region. The figure
shows that the 6% Cd/Er-BMO crystals had a stronger adsorption/desorption curve.
Figure 2b reveals that the pore size distribution of the sample was between 2 and 50 nm.
This pore size is between micropores and macropores, which belong to a mesoporous
structure. Mesoporous materials usually have a high specific surface area and good fluid
transport properties. The specific surface area and average pore size of the tested samples
are shown in the insert table in Figure 2. When doping with Cd?*, the specific surface area
of Er-BMO increased from 8.414 to 12.638 m?-g~!, indicating that the doping of Cd** ions
resulted in a larger specific surface area of Er-BMO, as well as more active sites. Meanwhile,
the increase in active sites equates to more catalytic active centres, which can effectively
improve the rate and efficiency of the catalytic reaction. This is consistent with the above
SEM analysis results [30]. In addition, the study also showed that the average pore size of
Cd/Er-BMO was better than that of Er-BMO, which resulted in a larger number of active
surface sites [31].

An energy spectrum (EDS) element diagram of 6% Cd/Er-BMO (Figure 1g-k) shows
that the Cd, Er, Bi, Mo, and O elements are uniformly distributed, which means that Cd%
ions are successfully doped into Er-BMO.

Analyzing the chemical state of the doped sample benefits the study of the bonding
of elements. As such, XPS analysis was used to monitor the valence state and elemental
composition of Er-BMO and Cd/Er-BMO. Prior to the analysis of the data, C 1s was used
for calibration at 284.8 eV (Figure 2c) given its stability, universality, clear peaks, and simple
electronic structure. It can be observed that the characteristic peaks of the C, Cd, Er, Bi,
Mo, and O atoms appeared in the XPS spectrum of 6% Cd/Er-BMO. Among them, the
presence of the C element is attributed to the surface contamination of carbon materials
(Figure 2d) [32], and the peak at 288.4 eV may be attributable to C-N or C-(N)3 in the
aromatic lattice [33]. As shown in Figure 2e, Cd 3d is located at 405.0 and 411.6 eV, corre-
sponding to Cd 3ds,, and Cd 3d3/, of Cd?*, respectively. Two strong peaks at 158.9 and
164.3 eV were observed in the Bi 4f XPS spectrum of 6% Cd/Er-BMO, which corresponds
to Bi 4f;/, and Bi 4f5 ,, respectively (Figure 2f), indicating that the valence state of Bi in 6%
Cd/Er-BMO is +3 [18]. Similarly, Mo 3d corresponded to the two peaks of Mo 3d5,, and
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Mo 3d3,, that were located at 232.2 and 235.3 eV, respectively (Figure 2g), indicating that
Mo exists only in the Mo®" oxidation state in 6% Cd/Er-BMO [34]. Two strong peaks at
170.2 and 169.0 eV were shown in the spectrum of Er 4d, corresponding to Er 4d;,, and
Er 4ds,,, respectively (Figure 2h). The O 1s peaks of Er-BMO and 6% Cd/Er-BMO are
shown in Figure 2i. The O 1s peak was fitted using three Gaussian superposition peaks,
corresponding to 530.0, 531.2, and 532.7 eV, respectively. The peak at 530 corresponds
to lattice oxide species, while the peak at 531.2 corresponds to surface hydroxyl groups
and the peak at 532.6 corresponds to weakly adsorbed water [35]. The comparison result
regarding the peaks of Er-BMO and Cd/Er-BMO indicated that doping Cd?* has no effect
on the valence state of Er-BMO. Cd/Er-BMO has similar peaks to Er-BMO, indicating that
their crystal structures are similar. The reduction in electron density weakens the electron
shielding effect, thereby affecting the binding energy and bonding environment. After
doping, the Gaussian peak of the Er-BMO sample shifts toward the high bond energy
direction, indicating that doping with Cd?* will change the chemical environment [36],
replacing Bi** or Er®* to form ionic bonds with oxygen atoms, or Cd?* is inserted into the
Er-BMO lattice, resulting in a decrease in the electron density of Bi**, Mo®*, and O?~ [37].
This also proves that Cd is successfully incorporated into the Er-BMO lattice [38].
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Figure 2. (a) N, adsorption/desorption isotherms of Er-BMO and 6% Cd/Er-BMO; (b) pore size
distribution of Er-BMO and 6% Cd/Er-BMO and the XPS spectra of Er-BMO and 6% Cd/Er-BMO;
(c) full spectra of Er-BMO and 6% Cd/Er-BMO; (d) C 1s; (e) Cd 3d; (f) Bi 4f; (g) Mo 3d; (h) Er 4d;
(1) O 1s.

The photocatalytic performance of materials is closely related to the recombination of
electrons and holes as the photoexcitation, generation, separation, and recombination of
electron-hole pairs have a significant impact on the efficiency of the photocatalytic reaction.

29



Coatings 2024, 14, 1112

As such, the electron-hole-related properties are analyzed by measuring the UV-visible
diffuse reflectance spectrum, transient photocurrent response, and photoluminescence
spectrum to understand the optical properties of the material in one step. As shown in
Figure 3a, the UV spectrum of Er-BMO has a band gap absorption edge near 471.23 nm.
Compared with Er-BMO, upon the increase in the Cd** doping ratio, the light absorption
range of Cd/Er-BMO in the visible light region gradually undergoes a slight red shift,
indicating that its light absorption capacity continues to increase and its photocatalytic
efficiency continues to improve. The red shift phenomenon stops at 6% Cd/Er-BMO
(493.30-513.19 nm). Upon the continued increase in the Cd?* concentration, a slight blue
shift (513.19-484.11 nm) gradually occurs. The red shift indicates that Cd** doping can
broaden the light absorption range of Er-BMO and enhance visible light absorption, which
leads to the generation of more electrons and holes and, eventually, may improve the
photocatalytic reaction efficiency [39]. The subsequent blue shift can be explained by the
increased Cd?* doping concentration. An excessive exposure resulted in a change in the Er-
BMO structure. In addition, new absorption peaks were found at 481.8 and 614.8 nm, which
can be attributed to the transition of erbium ions 4F3/; 5/, and 4Fy/, from the 41;5,, ground
state to the excited state, further confirming that Er** can provide the energy upconversion
centre and promote the transfer of electrons in the system [38]. By plotting the relationship
between (ahv)? and photon energy (hv), the band gap energy (Eg) of the Cd**-doped
Er-BMO photocatalyst can be calculated; this is shown in Figure 3b. In the figure, «, h, and
v are the absorption coefficient, Planck constant, and optical frequency, respectively. As
can be seen from Figure 3b, the band gaps of Er-BMO, 2% Cd/Er-BMO, 4% Cd/Er-BMO,
6% Cd/Er-BMO, 8% Cd/Er-BMO, and 10% Cd/Er-BMO are 2.81, 2.72, 2.63, 2.60, 2.74, and
2.78 eV, respectively. The energy band of the Cd?*-doped Er-BMO photocatalyst is reduced
in line with the trend in adsorption edge, and the minimum energy band is displayed at
6% Cd/Er-BMO. The smaller the band, the narrower the band width. The narrow band
width can improve the photocatalytic efficiency. Therefore, 6% Cd/Er-BMO showed the
largest photocatalytic activity [26].

The transient photocurrent method is a widely used characterization technique to
detect charge carrier photogeneration and extraction kinetics in optoelectronic devices.
In order to illustrate the carrier separation efficiency, the response speed [40] and the
calculated transient photocurrent response is shown in Figure 3c. As shown in Figure 3c,
the magnitude of the photoresponse intensity was 6% Cd/Er-BMO > 2% Cd/Er-BMO
> 10% Cd/Er-BMO > 8% Cd/Er-BMO > 4% Cd/Er-BMO > Er-BMO, among which the
photoresponse intensity of 6% Cd/Er-BMO was the largest. This proves that the content
of electron-hole pairs generated by its photoexcitation is the highest. Compared with
that of Er-BMO, the photoresponse intensity of Cd/Er-BMO increased to varying degrees,
indicating that Er-BMO crystals can generate more electron-hole pairs under photoexci-
tation when doped with Cd?*, thereby further promoting the photocatalytic reaction. PL
is a non-destructive and non-contact optical method for probing the electronic structure
of materials. When light hits the sample, it begins a process called photoexcitation, in
which the light is absorbed and excess energy is given to the material [41]. In addition,
photoluminescence (PL) spectroscopy can be used to further analyze the separation and
transport of photogenerated charges in materials and to further study the recombination
efficiency of photocarriers in photocatalysis [42]. This is the spectrum of the intensity or
energy distribution of light with different wavelengths formed by the recombination of
electrons and holes in the quasi-equilibrium state of the material. The higher the peak
value, the higher the electron-hole recombination efficiency of the material and the worse
the photocatalytic performance [43]. The PL spectra of Er-BMO and Cd/Er-BMO are shown
in Figure 3d. The typical response peaks are identified in the emission spectra of Er-BMO
and Cd/Er-BMO. Compared with the strong response peak of Er-BMO, Cd-BMO shows
a relatively weak peak (the intensity of 10% Cd/Er-BMO is the highest), which may be
attributable to an excessive doping concentration leading to the photoinduced recombi-
nation between electrons and holes and the subsequent increase in the PL intensity [44].
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This indicated that the appropriate amount of Cd** doping can promote the transfer of
electrons and holes. In summary, Cd/Er-BMO can effectively promote the generation of
photogenerated carriers, which inhibit and improve the recombination and separation of
electron-hole pairs by doping Cd ions in Er-BMO. In particular, 6% Cd/Er-BMO showed a
significantly improved electron excitation and transfer ability and revealed an excellent
photocatalytic degradation performance.
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Figure 3. (a) UV-Vis DRS absorption spectra of Er-BMO and Cd/Er-BMO; (b) («hv)?and hv curves;
(c) transient photocurrent response of Er-BMO and Cd/Er-BMO; (d) photoluminescence spectra of
Er-BMO and Cd/Er-BMO.

3.2. Photocatalytic Degradation

In order to explore the photocatalytic pollutant degradation ability of Er-BMO and
Cd/Er-BMO with different doping ratios, 5 mg-L~! SMZ was photocatalytically degraded
under simulated visible light radiation under a 400 W long arc xenon lamp. Meanwhile,
recycling degradation experiments and free radical capture experiments were conducted
to study the stability of bismuth molybdate materials and the free radical degradation
mechanism. For the repeatability of the experiment, we tested the irradiation intensity of
the catalyst in the experiment, which is 4.72 x 10* Lux (Err: 0.13 x 10* Lux).

Firstly, the degradation efficiency diagram of the Er-BMO and Cd/Er-BMO crystals
for the SMZ solution under simulated visible light irradiation to study the photocatalytic
degradation performance is shown in Figure 4a. The relative concentration (Cy — C/Cy)
of the SMZ solution (each point separated by 45 min) was plotted as a function of re-
action time. The concentration of pollutant solution was measured using a UV-visible
spectrophotometer, and the degradation efficiency under the visible illumination time can
be calculated according to the following formula:

Cy —C

= =0 = % 100%
| o X 100%
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Figure 4. (a) Experimental study on photocatalytic degradation of SMZ; (b) recycling and degradation
experiment of 6% Cd/Er-BMO (SMZ); (c) XRD images before and after recycling and degradation
experiment; (d) SEM images before and after degradation experiment; (e) capture experiment of 6%
Cd/Er-BMO (SMZ).

As shown in the figure, the adsorption degree of SMZ at 6% Cd/Er-MBO (more than
20%) is large, while the adsorption on Er-MBO can be ignored, which proves that the
existence of Cd?* is related to the adsorption capacity. This may be related to surface
acidity, as the addition of Cd?* leads to an increase in the number of oxygen vacancies. The
degradation efficiency of Er-BMO for SMZ was only 3.11% within the first 180 min. Other
than that, the degradation efficiency of SMZ by BMO was only 4.1% in 210 min, which
proved that pure BMO was not active in the degradation process [18]. After adding Cd?*,
the degradation efficiency was significantly improved with 6% Cd/Er-BMO revealing
the most obvious increase, which reached 93.89% degradation efficiency in 180 min. For
different contents of Cd/Er-BMO, the order of the degradation efficiencies is 6% Cd/Er-
BMO > 8% Cd/Er-BMO > 10% Cd/Er-BMO > 4% Cd/Er-BMO > 2% Cd/Er-BMO. The
results fully reflect the good photocatalytic ability of Cd/Er-BMO.

The repeated degradation experiment of 6% Cd/Er-BMO is shown in Figure 4b. Four
repeated photocatalytic experiments were carried out on 6% Cd/Er-BMO under the same
reaction conditions to investigate the degradation of SMZ. That is, after the experiment
was completed, the sample was recovered and the experiment was repeated for a total
of four times. After one experiment, the sample is usually rinsed with water and dried
before the next experiment. There will be some losses during the experiment. We will
reduce the amount of pollutant solution according to the quality of the remaining samples
in the previous proportion to compensate for the losses in repeated experiments. The
results showed that the degradation efficiencies of the four experiments were 93.89%,
91.59%, 90.03%, and 89.40%, respectively, indicating its good sustainability, durability, and
stability. In addition, the 6% Cd/Er-BMO photocatalyst after the degradation experiment
was characterized using XRD and SEM (Figure 4c,d). A comparison before and after the
experiment showed that the peaks shown in the XRD spectrum of 6% Cd/Er-BMO were
still consistent. The SEM image suggested the 6% Cd/Er-BMO maintained its morphology,
which confirmed its stability and great potential.

At the same time, ICP-MS was used to detect the concentration of ions in the so-
lution after photocatalytic degradation, and the concentration of the specified element
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was obtained using the correlation function. The test results and related functions are
shown in Table 1. Cd?* (0.0835 mg-L~!) and Bi®* (0.4839 mg-L~!) showed that there was a
small amount of ion overflow during photocatalytic degradation, but the photocatalytic
efficiency was not affected. It should be noted that the Cd?* concentration shown in the
table is 0.0835 mL-L~!, which is lower than the continuous emission concentration of the
Chinese government (0.1 mg-L~') (ref: GB 8978-1996; China National Comprehensive
sewage discharge standard). In summary, our experiments were carried out under prescribed
and reasonable conditions, which also indicated that 6% Cd/Er-BMO is an excellent photo-
catalytic material. Nevertheless, the concentration of 0.0835 mg-L ! is higher than the limit
for drinking water (0.005 mg-L.~!) and irrigation water (0.01 mg-L.~!), demonstrating that the
solution still needs further treatment before it can be used for drinking and irrigation, and
that the presence of Cd?* in the photocatalyst seems to place some limits on the application of
this catalyst.

Table 1. ICP-MS experiment.

Cd?* Concentration Bi** Concentration

Sample Cd?* Intensity Bi%* Intensity

(mg-L-1) (mg-L-1)
1mg-L~! Cd?* solution 20,414.82 1.0124 \ \
1 mg-L~! Bi®* solution \ \ 569.90 1.0357
L/ -
6% Cd/Er-BMO 1684.75 0.0835 266.90 0.4839

degradation solution

Cd* Intensity = 20,163.71 x Concentration + 1.081; Bi%* Intensity = 549.02 x Concentration + 1.227.

A capture experiment is an experimental method to detect and study particles, molecules,
ions, or reaction intermediates. Free radicals and holes play a key role in many biological
and chemical processes. Therefore, studying free radicals and holes plays an important role
in understanding these processes. As shown in Figure 4e, the formation and reaction mecha-
nism of common functional groups and holes during the degradation of SMZ solution were
studied through capture experiments. Since hydroxyl radicals (-OH), superoxide radicals
(-Oy-), and holes (h*) are the most active in photocatalysis, 1 mM isopropanol (IPA), 1 mM
sodium bicarbonate (NaHCO3), and nitrogen (N;) are used as capture agents to capture
-OH, h*, and -O,_ functional groups. In addition, nitrogen was continuously introduced
through a tube during the experiment to capture superoxide radicals. When IPA, NaHCO;3,
and N, were added to the experiment, the photocatalytic degradation performance de-
creased significantly. Compared with the reaction system without the addition of a capture
agent, the degradation effect of 6% Cd/Er-BMO decreased from 93.89% to 6.64% after
adding IPA as a capture agent during the degradation process, which seriously affected the
photocatalytic reaction activity. Secondly, the degradation effect dropped from 93.89% to
26.79% after adding nitrogen. After adding NaHCOj3, the degradation effect dropped from
93.89% to 46.43%. The results indicated that after co-doping, the -OH, h*, and -O,_ radicals
are still important active substances in the photocatalytic degradation of organic matter,
and they play an important role in the degradation of SMZ. According to previous studies,
the addition of IPA in the case of doping with only Cd?* did not significantly change the
photocatalytic degradation performance [18], which further confirmed that the doping of
Er®* benefits the formation of -OH [23].

3.3. Photocatalytic Mechanism Analysis

The photocatalytic mechanism refers to the process and principle of photocatalysts
inducing chemical reactions under light conditions, the study of which is conducive to
understanding the nature of the photocatalytic process, optimizing the design of catalysts,
and improving the efficiency of photocatalysis. Semiconductor photoexcitation as a photo-
catalytic mechanism refers to the band structure of semiconductor particles, which consists
of a low-energy valence band (VB) filled with electrons and an empty high-energy conduc-
tion band (CB) with a forbidden band between them. When a light source of appropriate
energy irradiates the semiconductor, the semiconductor will be activated as a result of the
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absorption of the energy of the photon, resulting in electron jumping from the valence band
to the conduction band, generating electron-hole pairs. The electron-hole pairs separate
and migrate to the surface of the semiconductor, and some of them recombine during
the migration process, losing their activity. As such, to improve the quantum yield of
semiconductor photocatalytic reactions, it is necessary to make the acceptor potential lower
than the semiconductor conduction band potential, as well as making the donor potential
higher than the semiconductor valence band potential, to effectively inhibit the direct
recombination of photogenerated electrons and holes.

For the co-doping system in this paper, when the sample was irradiated with light
with energy equal to or greater than the band gap energy, e~ and h* are formed and exist
in the conduction band and valence band, respectively. As Cd** was doped in Er-BMO,
especially 6% Cd/Er-BMO, the band gap was decreased, the generation of electron-hole
pairs was promoted with the direct recombination of photogenerated electrons, and the
holes were effectively suppressed. As such, a large number of e~ and h* were separated to
the appropriate position to contact the pollutants, improving the degradation efficiency.
-O,_ was developed when e~ contacts O, and then the h* and active radical (-O,_ and
-OH) were employed for the SMZ degradation based on the free radical capture experiment
results. Note that h* is mainly used directly for the degradation experiments, as opposed
to using -OH formed by h*. Thus, the possible degradation process is as follows: SMZ is
hydrolyzed during the reaction to form the product TP 1, then h* and -OH break the S-N
bond to form the products TP 2 and TP 3. Finally, all intermediate products further react
with h* and -O,_ to form smaller molecules or mineralize to CO, and H,O [2]. In addition,
in order to simplify the picture, we will replace the pollutant in the left half of Figure 5 with
R-H, which will generate HyO and simple organic matter (R-) during the reaction process.
The detailed photodegradation process is as follows:

Cd/Er — BMO + hp — Cd/Er — BMO(e cb + h'vb) (1)
e cb+0y = -0, 2)
-0,- +H,O — -OH;h"vb +H,O — -OH 3)

SMZ +h"vb + -OH — CoHgN,O3S
CyoHgN,O3S + h*vb +-OH — C3H4N,O + C¢HgO,S
C3HN,O+h™ /-0,- — HyO + CO,
C6H6028+ h* / 'Oz— — H,O 4 CO,

(4)

h*+-OH

Pl

h*+OH

Yo

=0

H,0+C0,

¢ Pollutant

sMz J

O\'\/ NH, r

H

P2 , © TP3
R_H h+and'02_
Mineralization

H,O+R-

H20+CO2

Figure 5. The mechanism of the photocatalytic degradation of Cd/Er-BMO.
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4. Conclusions

In this paper, a simple hydrothermal method was used to successfully prepare the
photocatalyst Cd/Er-BMO, which can be applied to the photocatalytic degradation of an-
tibiotics and can improve the efficiency of pollutant degradation. Compared with Er-BMO,
Cd/Er-BMO has a higher specific surface area, improved electronic properties, and a higher
catalytic activity. In addition, Cd/Er-BMO did not produce any other crystal phases during
the doping process. Through the analysis of the UV-visible diffuse reflectance spectrum,
transient photocurrent response, and photoluminescence spectrum, it is confirmed that 6%
Cd/Er-BMO can not only effectively promote the generation of photogenerated carriers,
but also inhibit the recombination of electron-hole pairs and their separation, thereby
further enhancing the photocatalytic degradation performance of Cd/Er-BMO. In repeated
degradation experiments, 6% Cd/Er-BMO showed an excellent sustainability and stability,
confirming that the material can maintain a good degradation ability during photocatalytic
degradation. Free radical capture experiments revealed that h*, -O,-, and -OH were the
main active substances for the effective degradation of SMZ, further confirming the effec-
tiveness and advantages of Cd/Er-BMO in practical applications. In summary, this study
systematically investigated the degradation process of SMZ doped with Cd** Er-BMO, and
found that 6% Cd/Er-BMO demonstrated an excellent catalytic performance. This work
identified a new effective photocatalyst for real-world degradation and provided ideas and
directions for the future research and development of more efficient photocatalysts.
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Abstract: Metal-assisted catalyzed etching (MACE) technology is convenient and efficient for fabri-
cating large-area silicon nanowires at room temperature. However, the mechanism requires further
exploration, particularly the dynamic effect of various ions in the acid-etching solution. This paper
investigated the MACE of silicon wafers predeposited with metal nanofilms in an HF-M(NO3)x-H,O
etching solution (where M(NO3)x is the nitrate of the fourth-period elements of the periodic table).
The oxidizing ability of Fe3* and NO;~ was demonstrated, and the dynamic influence of metal ions
on the etching process was discussed. The results show that the MACE of silicon can be realized
in various HF-M(NO3)x-H,O etching solutions, such as KNO3, AI(NOj3)3, Cr(NO3)3, Mn(NOs3),,
Ni(NO3),, Co(NO3),, HNOs3, and Ca(NOs),. It is confirmed that the concentration and type of
cations in the etching solution affect the etching rate and morphology of silicon. Fe** and NO3 ™~ act
as oxidants in catalytic etching. The fastest etching rate is about 5~6 um/h in Ni(NOj3),, Co(NOj3),,
and Ca(NOs); etching solutions. However, a high concentration of K* hinders silicon etching. This
study expands the application of MACE etching solution systems.

Keywords: dynamic effect; MACE; metal ions; acid solution; nitrate

1. Introduction

Silicon nanowires (SiNWs) have attracted widespread attention in the scientific com-
munity in recent decades because of their special physical and chemical properties [1-6].
There are various methods for synthesizing SINWs. In 1996, hydrothermal technology was
first used to prepare porous silicon [7,8]. The reactor was filled with the HF-Fe(NO3)3-H,O
solution and heated by a thermostat to provide high temperature and high pressure to
promote the reaction. This hydrothermal technology enables the preparation of porous
silicon without an external electric power supply. However, this method requires closed
containers like autoclaves. In 2005, K.Q. Peng deposited a Ag or Au nanoparticle layer by
electroless deposition on the surface of the silicon wafer, immersed the processed silicon
wafer in an HF-Fe(NO3)3-H;O solution at room temperature for half an hour, and success-
fully synthesized large-area SINWSs using metal-assisted catalyzed etching (MACE), which
is more orderly [9]. In addition, Peng studied the mechanism of MACE and explained the
flow of electrons and holes in the oxidation-reduction etching process of silicon driven by
galvanic cells based on band bending theory [9-11]. The contact interface between noble
metal particles and silicon can be considered a typical metal-semiconductor contact.

The technology generally adopts a two-step method to prepare nanosilicon by MACE
in a liquid system. Firstly, the surface of the cleaned silicon wafer is coated with a noble
Ag or Au nanoparticle layer [12-19]. Secondly, the noble-metal-coated silicon wafer is
immersed in an etching solution containing HF and an oxidant. The currently reported

Coatings 2024, 14, 1405. https:/ /doi.org/10.3390/ coatings14111405 38 https://www.mdpi.com/journal/coatings



Coatings 2024, 14, 1405

etching solution systems include HF-H,O,-H;O solution and HE-Fe(NO3)3-H,O solution.
Itis believed that the above-mentioned electroless deposition of the metal nanoparticle layer
and MACE of silicon are both localized microelectrochemical redox processes, including the
cathode and anode reactions [20]. Taking the electroless deposition of the silver nanoparticle
layer on the silicon wafer surface as an example, the first step of MACE in the liquid system,
when the clean silicon wafer is immersed in HF-AgNO3-H,O solution, Ag* is oxidation,
which injects holes into adjacent silicon to gain electrons, which are reduced to Ag that
gradually collects on the surface of the silicon wafer to form a uniform nanoparticle layer.
The silicon injected with holes is oxidized and highly unstable in hydrofluoric acid solution
and reacts with hydrofluoric acid to form the soluble H,SiFgs [21-24]. As the reaction
goes on, the silver particles continually grow and accumulate on the surface of the silicon
wafer. Finally, the silicon wafer in the plating solution is tightly covered by a uniform film
consisting of silver nanoparticles on the surface. The second step of MACE in the liquid
system is essentially an electrochemical etching process driven by the galvanic cell. The
dispersed Ag nanoparticles deposited on the surface of the silicon wafer combine with the
silicon substrate to form a galvanic cell. The galvanic cell can accelerate the etching of the
silicon substrate covered by the metal particles, while the uncovered part of the substrate
would be retained. Thereby, a neat array of silicon nanowires is formed on the surface.
Taking the reaction in the HF-Fe(NO3)3-H,O solution system as an example, with the
catalysis of silver nanoparticles, the Fe3* can inject a hole into the silicon, obtain electrons,
and reduce to Fe?*. As with the reaction in the deposition of the silver nanoparticle layer,
holes are injected into the silicon atoms covered by the silver nanoparticles, and the silicon
atoms are oxidized. Therefore, the location of the silicon atom at the bottom of the silver
nanoparticle becomes a small hole into which the silver nanoparticle “sinks”. As the
reaction progresses, more Fe>* ions in the solution inject holes into silicon atoms through
the silver particles. The silicon atoms are continually oxidized to SiO,, which reacts with
HF to form silicofluoride radical dissolved in solution. The pits at the bottom of the silver
nanoparticles continue to deepen, and the silver nanoparticles gradually sink into the
interior of the silicon substrate as the pits grow.

However, it is worth noting that the noble Ag nanoparticle layers are not as stable
as they are supposed to be, especially when the oxidant is strong, as there is a dynamic
equilibrium of deposition and dissolution of the noble metal particle films in the etching
solution. Furthermore, various ions lead to a complex reaction equilibrium, as the Fe3*
and the NO; ™ ions in the etching solution are also oxidizing but neglected. Focusing on
these questions, the objective of this work is to verify the role of Fe>* as the oxidant in
the MACE process and to further discuss whether NO3 ™ can inject holes into the silicon
substrate as the oxidant in MACE. This work also focuses on the influence of the dynamic
effect of metal ions in M(NOj3)x on the MACE process to further explore the mechanism of
the MACE process, which helps the expansion of the application and building of low-cost
and easy-to-operate systems to prepare large-area SINW arrays.

2. Materials and Methods

One-side-polished single crystalline N-type (100) 2-2.7 ()-cm silicon wafers were
selected and purchased from Beijing General Research Institute for Nonferrous Metals
(GRINM). CH3COCH3, CoH50H, and HF were purchased from Beijing Sinopharm Chem-
ical Reagent Co., Ltd., Beijing, China, and deionized water was prepared. The other
chemicals used were purchased from Sigma—Aldrich (St. Louis, MO, USA) and used with-
out further treatment. The silicon wafers were cut into 2 x 2 cm? and cleaned ultrasonically
in deionized (DI) water, CH3COCH3, and C,H50H for 10 min, respectively. Then, the sili-
con wafers were rinsed three times with DI water and immersed in H,SO4-H»>O, solution
at 80 °C for 30 min. Finally, enough DI water was used to clean the remaining acid on the
silicon wafers. The silicon wafers were placed in HF-AgNO3-H,O or HF-AuCl,H-H,O
solution for 2 min in a fume cupboard. Then, the silicon wafer was removed and cleaned
with DI water, and then transferred into sealed Teflon-lined autoclaves at a temperature of
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50 °C for one hour. The total volume of the etching solution used in all the experiments
in this paper was 50 mL. The concentration of HF in the etching solution was 4.6 M if not
specially stated in this paper. After the reaction, the silicon wafers were taken out, cleaned,
and dried with the SiNWs on the surface. The silicon wafers were cut into 1 x 1 cm?,
and the cross- and top-sectional morphologies were characterized by a high-resolution
field-emission scanning electron microscope (SEM, HITACHI, S-4800, Hitachi of Japan,
Tokyo, Japan). SiNWs were scraped off with a razor blade, dispersed ultrasonically in
ethanol for 10 min, and then dropped on copper mesh to dry before being characterized by
transmission electron microscopy (TEM, JEOL JEM-2100, Japan Electronics, Tokyo, Japan).
The crystal composition was investigated by X-ray diffraction (XRD, Cu kx, SmartLab SE,
Rigaku, Corporation, Tokyo, Japan).

3. Results and Discussion
3.1. Oxidation Validation of Fe’* and NO3~

Because of the catalysis of Ag (or Au and Pt), neat SINW array structures were
successfully prepared on both P-type and N-type silicon substrates, according to previous
research [25-28]. However, the etching morphology of the P-type and N-type silicon wafers
with normal doping levels in the HF-Fe(NO3)3-H,O are almost the same, and the crystal
orientations of the SINW arrays are determined by the crystal orientation of the substrates.
Therefore, an N-type (100) silicon wafer with a resistivity of 2.2 ()-cm was used as the
research object, with Ag as the catalyst. First, the cleaned silicon wafers without silver
plating were directly immersed in an etching solution consisting of 4.6 M HF and 1.5 M
FeCl; (HF-FeCl3-H,0O) and reacted at 50 °C for 30 min. As shown in Figure 1a, a porous
layer about 200 nm thick appeared on the surface of the silicon wafer. This indicates that a
redox reaction occurred, and a small amount of silicon was dissolved to form a porous layer,
which is consistent with the research results of porous silicon. Next, a silver nanoparticle
layer was coated on the surface of the cleaned silicon wafer by the electroless deposition
technique described above, and the sample was then put into the HF-FeCls-H,O solution
at 50 °C for 30 min. As shown in Figure 1b,c, there was no sign of etching on the silicon
wafer surface, but some micro- and nanospheres appeared. The surfaces of the spheres
were not smooth and seemed to have some attachments.

According to relevant reports, these spheres may be AgCl. They were formed from
silver nanoparticle layers that dissolved into Ag* and combined with CI~ in the system
to form AgCl spheres [29-32]. Then, the sample was soaked in concentrated nitric acid
for half an hour. As shown in Figure 1d,e, these small balls still existed and became
smoother. It proves that these balls were indeed AgCl balls, and the surface attachments
may be silver dissolved in concentrated nitric acid. For further verification, the crystal
composition of the samples was characterized by XRD. The clean silicon wafer coated with
a silver nanoparticle layer was directly tested. The XRD curve is shown in Figure 1f(a),
and only the characteristic peaks of silver appear around 38° and 44.5°. After the silver-
plated silicon wafer was immersed in the HF-FeCl3-H,O solution at 50 °C for 30 min, the
characteristic peaks of silver (JCPDS#: 41-1402; the grazing incidence angle was 5°) became
weak (Figure 1f(b)), indicating that most silver particles had disappeared.

Compared with the standard XRD pattern, several new characteristic peaks corre-
sponded exactly to those of AgCl (JCPDS#: 31-1238; the grazing incidence angle was 5°),
indicating that the small balls in the above pictures were AgCl. Although the silver-plated
silicon wafers did not become SiNW arrays when immersed into the HF- FeCls-H,O solu-
tion, as was initially expected, this does not prove the inability of Fe** to oxidize. It was
suspected that the primary reason for the failure of the expected effect was that silver is
unstable in the environment of Fe3* and becomes Ag* combined with Cl~. The results may
be different when changing the silver-coated silicon wafer for the gold-coated silicon wafer.
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Figure 1. SEM morphology of silicon wafer etched in etching solution of 1.5 M FeCl3 and 4.6 M HF
at 50 °C for 30 min: (a) silicon etched without silver plating, (b) silicon etched with silver plating,
(c) top view of Figure 1b, (d) sample etched with silver plating and immersed in concentrated HNO;
for 30 min, (e) cross-sectional of Figure 1d, (f) The XRD curve of the silver-coated silicon surface
(red) and silver-coated silicon wafer after reaction in FeCl3-HF solution (black), * represents silver
particles.

To verify that Fe®* ions can act as oxidants to etch silicon using electroless deposition
technology, a clean N-type silicon wafer (100) with 2-2.7 ()-cm resistivity was immersed
in a plating solution mixed with AuCl4H and HF for 1 min to plate a gold nanoparticle
layer on the surface. Then, the gold-coated silicon wafer was placed in the etching solution
mentioned above, consisting of 4.6 M HF and FeCl; etching solution with concentrations
of 0M, 1M, 1.5 M, and 2 M, respectively, and reacted at 50 °C for 30 min. As shown in
Figure 2a—d, the one-dimensional SINW array structures were successfully prepared, and
with the increase of the concentration of FeCl;, SINW array structures with different lengths
were obtained. The above results indicate that Fe>* is more electronegative than silicon and
acts as an oxidant in the HF-FeCl3-H,O system. When clean silicon wafers are immersed
in HF-AuCl4H-H,O solution, Au®* is oxidizing and able to inject holes into the adjacent
silicon to gain electrons and reduce to Au, which gradually gathers on the surface of silicon
wafers to form uniform nanoparticle layers. The silicon injected with holes is oxidized
and is extremely unstable in HF solution, reacting with HF to form soluble H,SiFq [21-24]
and resulting in the structure of SiNWs (Figure 2a). Then, the gold-plated silicon wafer
was immersed in the HF-FeCl3-H,O system. With gold particles as the reactive center, the
Fe®* ions in the solution injected holes into the silicon atoms under the gold nanoparticles,
extracted electrons, and were reduced to Fe?" ions. The silicon under the gold nanoparticles
was oxidized and quickly dissolved in HE, leaving small pits. With the continuous progress
of the etching, the small pits kept getting deeper, and the gold nanoparticles also moved to
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the inside of the silicon substrate along with the pits, leaving the uncoated silicon wafer as
a silicon wire array structure.

2pum

Figure 2. The cross-sectional view of gold-plated silicon wafer etched in 4.6 M HF and different
concentrations of FeCl; etching solution at 50 °C for 30 min: (a) 4.6 M HF and 0 M FeCl3, (b) 4.6 M
HF and 1 M FeClj3, (c) 4.6 M HF and 1.5 M FeCls, and (d) 4.6 M HF and 2 M FeClj;.

The above results fully verify that Fe>* can work as the oxidant in the MACE pro-
cess [9]. To verify the effect of NO3 ™, the silicon wafer with a deposited silver nanoparticle
layer was prepared in a solution containing 0.01 M AgNO; and 4.6 M HF, and the HF-
Fe(NO3)3-H;O etching solution system was replaced with HF-HNO3-H,O, keeping the
concentration of NO3; ™ consistent. The silicon wafer with silver coating was immersed in
two sealed Teflon-lined autoclaves containing HE-Fe(NO3)3-H,O and HF-HNO3-H,O solu-
tion, respectively, with a treatment temperature of 50 °C for one hour. The cross-sectional
SEM mages of SINW etching in HF-Fe(NO3)3-H,O and HF-HNO3-H,O solution for 1 h are
shown in Figures 3a and 3b, respectively. Figure 3a shows that the silicon wafer was exactly
etched in the HF-HNO3-H,O system. The etching rate of Si in the HF-Fe(NO3)3-H,O
solution was faster than that in the HF-HNO3-H,O solution, with a consistent molarity
of NO3 .

Figure 3. The SEM cross-section morphology of silver-plated SINWs prepared in the etching system
of 4.60 M HF and M(NO3)y: (a) 0.48 M HNO3, (b) 0.16 M Fe(NO3)3.

3.2. Metal Ions” Dynamic Effect Analysis

Based on this experimental phenomenon, it was believed that NO; ™ also had an
oxidizing effect in addition to Fe3*. To discuss the influence of metal cations and expand
the system range of the etching solution, the fourth-period element corresponding nitrate
(M(NO3)x) and HNOg in the periodic table of elements were researched in this section
in the hope that each M(NO3)x would probably represent each main group element’s
corresponding M(NO3)y. Considering the metal elements in the fourth period of the
periodic table, KNOg, AI(NO3)3, CI‘(N03)3, Mn(NO3)2, Ni(NOg)z, CO(NO3)2, HNO3, and
Ca(NOs), were finally selected to form the etching solution with HF. After the reaction was
completed, the cross-sectional morphology of the silicon wafer was observed with SEM,
and the crystal orientation of the silicon nanostructure was observed with TEM.
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The cross-sectional view of the SEM in Figure 4 shows that the silver nanoparticle
layer is the catalyst, and the etching solution containing M(NO3)yx and HF can achieve
regular SINW arrays on the surface of a single-crystal silicon wafer. Most of the arrays are
dense, one-dimensional arrays with a line diameter of 100-200 nm. However, the lengths of
the SINW arrays are different in different M(NO3) etching solutions, which means that the
etching rate of silicon is also significantly different in different M(NO3) etching solutions.
After one hour of etching reaction at 50 °C, the length of the SINW arrays prepared in
KNOj3; and AI(NOs3)3 etching solution was about 3 um (Figure 4a,b). The length of the
SiNW arrays prepared in Mn(NOs),; and Cr(NOs); etching solutions was the shortest,
about 1 um (Figure 4c,d). The lengths of the SINW arrays prepared in Ni(NO3),, Co(NO3)3,
and Ca(NO3); etching solutions were about 5-6 um (Figure 4e—g). As shown in Figure 4h,
observing the microscopic surface morphology of a single silicon wire with a high-power
TEM can find that the diameter of a single silicon wire is between 100 and 200 nm, which is
also the (100) crystal orientation.

e

Figure 4. The surface micro and nano structure morphology of the silicon wafer etched in the
M(NOs)x and 4.6 M HF etching solution for one hour: (a) 0.05 M KNO3, (b) 0.16 M AI(NOs3)3, (c)
0.24 M Mn(NO3),, (d) 0.16 M Cr(NO3)3, (e) 0.24 M Ni(NOs),, (f) 0.24 M Co(NO3),, (g) 0.24 M
Ca(NO3),, (h) TEM of one piece of silicon nanowire etched in etching solution of 0.05 M KNO3.
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The above results show that in different M(NO3) systems, the etching rate is also
different, although the NOs ™ is an oxidant that continuously promotes the etching reaction.
However, when only the types of metal ions in the M(NOj3)y are different, there are still
some differences in the SINW arrays. Therefore, metal ions are still one of the factors that
dynamically affect the etching process. Considering the strong complexing ability of F~
in the etching system, the types of ions are very complex, the toxicity of HF is strong,
and the characterization methods of ion species are limited. It was also found that cation
concentration has a great influence on the etching results. KNO3; was selected to research
the effect of metal ions on the etching reaction, and the influence of different concentrations
of KNOj on the system was also investigated.

Keeping the concentration of HF unchanged, when using 0.48 M KNOj; etching
solution, the surface of the silicon wafer was gray-white after reacting at 50 °C for three
hours, and, observed under an SEM, as shown in Figure 5a, there was a layer of granular
material attached. As shown in the cross-section shown in Figure 5b, the silicon wafer was
not etched. The essence of MACE is that the galvanic cell drives the reaction of silicon in
an HF solution system with an oxidant. The cathode and anode, the electrolyte, and the
connected circuit are indispensable. During the etching reaction, K* will combine with F~
to form an insoluble K;SiF¢ film that is closely attached to the surface of the silicon wafer,
preventing the etching solution from contacting the silicon wafer and thereby inhibiting
the occurrence of etching. With 0.05 M KNOj, after the F~ was completely complexed
with the K*, there was still a large amount of residue, which was enough to support the
occurrence of subsequent etching reactions. The SINW arrays are shown in Figure 5¢,d.
When adding 0.48 M KNOj3, most of the F~ ions in the system were complexed by K* and
formed insoluble K,SiFg, which adhered to the surface of the silicon wafer and inhibited
the occurrence of the etching reaction. To verify the crystal composition of the gray-white
substance on the surface of the silicon wafer, X-ray diffraction was used to characterize it.
As shown in Figure 5f, the positions of the peaks in the XRD pattern correspond exactly to
those of standard K,SiF; (the power diffraction file 52-1831). Therefore, the small particles
on the SiINW array side wall shown in Figure 5e are K,SiFg.

40 50
26 (degree)

Figure 5. The morphology and structure analyses of silicon wafer coated with a silver nanoparticle
layer and reacted in different concentrations of KNO3 and 4.6 M HF etching solutions: (a) 0.40 M
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KNOg;, etching for 3 h, (b) cross-sectional view of Figure 5a, (c) 0.05 M KNOj, etching for 30 min,
(d) cross-section of Figure 5c¢, (e) TEM of one silicon nanowire etched in 0.05 M KNOj3 for 30 min,
(f) XRD of sample etched in 0.05 M KNOj for 30 min.

3.3. Mechanism Analysis

Based on the above experimental results, the influence of Fe** and K* in solution is
further understood, and its mechanism is now updated. As shown in Figure 6, during the
etching process, NO3~ and Fe3* are both oxidants; as oxidated silicon is dissolved by HF,
the silver particles gradually sink as the reaction proceeds, while keeping dissolution and
deposition in balance at the same time. In the HF-KNO3-H,O system, as the concentration
of KNOj in the system increases, a layer of K,SiFg will be formed on the surface of the
silicon wafer, which hinders the continuation of the reactions. According to our previous
work [10], it is suggested that the anodic dissolution of silicon during MACE of silicon
follows both the divalent and tetravalent dissolution processes. The cathode is the reduction
of the oxidant. Although Fe®* and NO3 ™~ are cations and anions, respectively, both Fe3*
and NO3™ are oxidizing in the etching solution; as they are all reacting at the cathode, they
attack the same sections.

Figure 6. Schematic diagrams illustrating. (a) Silicon wafers coated with silver nanoparticle layer.
(b) Silicon wafer coated with silver nanoparticle layer and reacted in HF-Fe(NO3)3-H,O system.
(c) Silicon wafer coated with silver nanoparticle layer and reacted in HF-KNO3-H,O system.

In the HF-Fe(NOj3)3-H,O system, Fe®* is reduced to Fe?*, and NO;3~ is reduced to
NO; ™. In the HF-KNO3-H,O system, most of the F~ ions in the system are complexed
by K* and form insoluble K,SiF4, which adheres to the surface of the silicon wafer and
inhibits the occurrence of etching reactions. The anodic and cathodic half-cell reactions in
HEF-Fe(NOs3)3-H,O and HF-KNO3-H,O system are described as follows [20,33,34]:

In the HF-Fe(NO3)3-H,O system (as shown in Figure 6a)

Anodic:

(1) Si + 2F~ +2h* — SiF,

SiF, + 4F~ +2H* — SiF¢%~ +H,

(2) Si + 2H,0 + 4h* — SiO, + 4H*

SiO, + 6HF — 2H* + SiF¢2~ + 2H,0

Cathodic:

NO3;™ + 2H" +2¢~ — NO,™ + H,O

Fe3* + e~ — Fe?*

In the HF-KNO3-H,O system (as shown in Figure 6b)

Anodic:

(1) Si + 2F~ +2h*™ — SiF,

SiF, + 4F~ + 2K* +2H*" — K,SiFg +H,

(2) Si + 2H,0 + 4h* — SiO, + 4H*

SiO, + 2K* + 6HF — 2H* + K,SiFg + 2H,O

Cathodic:

NO3~ +2H* 42— — NO,~ + H,O
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4. Conclusions

In this paper, the oxidative roles of Fe’* and NO3~ during the MACE of silicon
were proved, and metal ions” dynamic effect on MACE of silicon in the HF-M(NO3)-
H,O etching acid solution (where M(NO3)x is: KNO3, AI(NO3)3, Cr(NO3)3, Mn(NO3),,
Ni(NO3),, Co(NO3),, HNO3, and Ca(NO3),) were discussed. The results showed that
the type of cation affects the morphology of SINW arrays and the rate of etching. Crystal
composition analysis revealed that the influence of cation type and concentration on MACE
is realized by the stability of the metal and its reaction products in the etching solutions.
In HF-KNOj3-H,O solution, the combination of K* and F~ affects the dissolution of SiO,
or directly generates an insoluble substance attached to the wafer surface, thus inhibiting
the etching of silicon. As the concentration of KNOj in the system increases, a layer of
K,SiF¢ is formed, which hinders the continuation of the etching reactions. This work
is further helpful in revealing the metal ions’ dynamic effect on MACE of silicon in the
HF-M(NO3)x-H,O etching acid solution, paves the way for further study of the mechanism
of MACE, and provides a basis for us to find convenient and low-cost MACE methods.
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Abstract: Designing and developing highly active, stable, and cost-effective hydrogen evolution
reaction (HER) catalysts is crucial in the field of water electrolysis. In this study, we utilize N-
doped porous carbon (CoNC) derived from zeolite imidazole metal-organic frameworks (ZIF-67) as
support and prepare CONC-Pt-IM-P via chemical impregnation (CoNC-Pt-IM) and plasma treatment.
Systematic analyses reveal that calcined CoNC with pyridinic nitrogen could serve as a robust support
to strongly anchor PtCo nanoclusters, while argon plasma treatment could lead to a noticeable
aggregation of Co and Pt atoms so as to alter the electronic environment and enhance intrinsic
HER catalytic activity. CoNC-Pt-IM-P could exhibit outstanding catalytic activity toward HER,
achieving an exceptionally low overpotential of 31 mV at the current density of —10 mA cm~2 and a
Tafel slope of 36 mV dec™!. At an overpotential of 50 mV, its mass activity reaches 4.90 A mgp; !,
representing enhancements of 1.5 times compared to CoNC-Pt-IM and 12.3 times compared to
commercial 20 wt% Pt/C. Furthermore, it could operate stably for over 110 h at a current density of
—10 mA cm ™2, demonstrating its exceptional durability. This work uses plasma treatment to achieve
the controllable aggregation of Co and Pt atoms to enhance their catalytic activity, which has the
advantage of avoiding excessive particle aggregation compared to the commonly used method of
high-temperature calcination.

Keywords: hydrogen evolution reaction; plasma; intermetallic compounds; controlled aggregation

1. Introduction

Hydrogen, as a clean and sustainable energy carrier, possesses the highest energy
density among known fuels [1-4]. When utilized in fuel cells, it not only offers extremely
high energy conversion efficiency but also produces water as the sole product, rendering it a
zero-pollution energy source. Therefore, the development of water electrolysis technologies
to convert renewable energy into hydrogen is crucial for achieving sustainable energy in
the future [5,6]. Significant progress has been made in hydrogen production via water
electrolysis and its conversion to electricity through fuel cells. Proton exchange membrane
water electrolysis (PEMWE) technology, in particular, stands out due to its superior current
density compared to other water electrolysis techniques [7-9]. To reduce the energy
required for hydrogen production through electrolysis, efficient and stable catalysts are
essential to lower the activation energy of the reaction. To date, noble metal catalysts,
mainly Pt-based catalysts, are the most effective for the hydrogen evolution reaction (HER)
in acidic environments [10,11]. However, state-of-the-art Pt/C catalysts, which typically
contain 20 wt% Pt, face limitations in application due to issues including the high cost
of Pt, the poor utilization efficiency of Pt, and unsatisfactory stability. Specifically, poor
stability mainly stems from Pt particle aggregation, carbon support corrosion, and Pt

Coatings 2024, 14, 1569. https:/ /doi.org/10.3390/ coatings14121569 48 https://www.mdpi.com/journal/coatings



Coatings 2024, 14, 1569

dissolution in the electrolyte. Therefore, designing and synthesizing Pt-based catalysts
with a low noble metal content, high activity, and enhanced stability is crucial. Current
optimization strategies to address these challenges include single-atom catalysts, alloying,
and combining Pt with carbon-based supports [12,13].

In recent years, metal-organic frameworks (MOFs) have garnered significant attention
due to their simple synthesis methods, large surface area, high porosity, and strong loading
capacity [14-16]. MOFs have been widely used to prepare heteroatom-doped porous
carbon as sacrificial template precursors to enhance the catalytic performance of alloy
catalysts supported on carbon [17,18]. For instance, Li et al. encapsulated Co@Ir core-shell
nanoparticles (NPs) in N-doped porous carbon derived from zeolite imidazole metal—-
organic frameworks (ZIF-67) and tested its HER activity in 1.0 M KOH. They observed
an overpotential of 121 mV at a current density of 10 mA cm~2. In their Co@Ir/NC-10%
catalyst, the Ir shell provided abundant active sites for the oxygen evolution reaction
(OER), while the Co-NC framework offered highly active sites for HER [19]. Similarly,
Yang et al. developed Co@Pd nanoclusters (NC) through the controlled pyrolysis of ZIF-67,
surpassing Pd/C as an HER catalyst and delivering a current density of 10 mA cm~2 at an
overpotential of 98 mV with a Tafel slope of 55 mV dec~!. Furthermore, they fabricated
a CoPt-platinum atomic site (PtSA)/nitrogen-doped porous carbon framework (NDPCF)
electrocatalyst, which exhibited ultralow overpotentials under both alkaline and acidic
conditions at a high current density of —200 mA cm~2 (over potential: 110 mV in acidic
conditions), demonstrating promising long-term durability for up to 100 h or 10,000 cycles.
This performance was attributed to the synergistic effects of the PtSA and CoPt alloy [20].
However, comprehensive insights into tuning the microenvironment of catalysts, such as
adjusting neighboring Pt atomic sites to enhance the electrocatalytic activity and stability
of PtCo nanoclusters, are still lacking.

This study demonstrates that plasma bombardment can effectively modulate the
electronic structure of Pt and Co atoms encapsulated within NC nanoframeworks derived
from high-temperature (800 °C) pyrolysis. This results in a stable framework with nitrogen
vacancies that could securely anchor Pt and Co atoms. After plasma treatment, the Pt
and Co atoms are more tightly bonded, while the abundant nitrogen sites provide ample
electrons, significantly enhancing the catalyst’s activity and corrosion resistance under
acidic conditions. In a 0.5 M HySOy4 solution, the CoNC-Pt-IM-P catalyst with a Pt loading
of just 2.3 wt% exhibited excellent catalytic performance with overpotentials of only 31 mV
at —10 mA cm~2 and 98 mV at —200 mA cm 2. Consequently, its mass activity at an
overpotential of 50 mV reached a value as high as 4.9 A mgPt~!. Additionally, CONC-
Pt-IM-P can stably operate for over 110 h at —10 mA cm ™2, demonstrating exceptional
catalytic stability. This work presents a simple and practical strategy for synthesizing
multi-metallic catalysts, which can be extended to the preparation of other bi-metallic or
multi-metallic catalysts, offering valuable insights for future research.

2. Experimental Procedure
2.1. Chemicals

2-methylimidazole (2-Mel, Aladdin, AR), cobalt(Il) nitrate hexahydrate (Co(NOs),-6HO,
Aladdin, Shanghai, China, AR), cobalt(II) phthalocyanine (CoPC, J&K Scientific, Beijing,
China, 92%), dicyandiamide (DCDA, Energy Chemical, Shanghai, China, 99%), chloro-
platinic acid hexahydrate (H;PtClg-6H,O, Aladdin, AR, Pt > 37.5%), isopropyl alcohol
(C3HgO, Macklin, Shanghai, China, 99.5%), Nafion (LIGE SCIENCE, Tianjin, China, 5%),
carbon paper (TGP-H-060, Sinero, Suzhou, China), Pt/C (HWRK CHEM, Beijing, China,
20 wt%), deionized water, and sulfuric acid (H,SO4, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China, 98%) were utilized in this study.

2.2. Synthesis of Electrocatalysts

First, 2.46 g of 2-methylimidazole (2-Mel) and 2.18 g of Co(NO3),-6H,O were dissolved
in 30 mL of methanol. After complete dissolution, the methanol solution of Co(NOs3), was
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slowly added to the 2-Mel solution while stirring. Once the addition was completed, the
mixture was sealed in a beaker and stirred for 12 h. The resulting mixture was then filtered,
washed three times, and dried in a vacuum oven at room temperature for 6 h, yielding a
uniform purple ZIF-67 powder.

To prepare CoNC, ZIF-67 was placed in a tubular furnace that was filled with argon as
a protective atmosphere. It was heated to 800 °C at a rate of 5 °C min~! and maintained at
this temperature for two hours. After cooling, the product was ground to obtain a fine black
powder, resulting in the N-doped porous carbon material, which was denoted as CoNC.

The preparation of CoNC-Pt-IM involved adding 100 mg of CoNC support powder
to 20 mL of deionized water, followed by the addition of 5 mL of H,PtCls-6H,O solution
(0.83 mg Pt mL’l). The mixture was stirred for 5 h and then filtered, washed three times,
and dried in a vacuum oven at room temperature for 6 h. The resulting product was ground
to obtain a uniform CoNC-Pt-IM.

The preparation of the control sample, ZIF-67-Pt, followed the same protocol used
for CoNC-Pt-IM, but the ZIF-67 was used as the support instead of CoNC, while all other
steps remained unchanged.

For the preparation of CoNC-Pt-IM-P, ZIF-67 was first calcined to obtain the support,
followed by impregnation with the Pt precursor solution. Subsequently, plasma treatment
was applied using argon plasma at a power setting of 100 W for a duration of 10 min. This
process yielded the final product, CONC-Pt-IM-P.

2.3. Characterizations

X-ray Powder Diffraction (XRD) data were collected on a Bruker D8 Advance X-ray
Polycrystalline Diffractometer at 40 kV /40 mA with Cu Ka radiation (k = 1.541874 A) in
the angular range of 5-80° for the 26 angle. X-ray photoemission spectroscopy (XPS, Al-K-
alpha, Thermo Scientific, Waltham, MA, USA) and scanning electron microscopy (SEM,
Jeol, Tokyo, Japan) were carried out on carbon tape. Transmission electron microscopy
(TEM, Jeol) measurements were completed on a carbon-coated copper TEM grid support.

2.4. Electrochemical Measurements

All tests were conducted using an Autolab (Metrohm PGSTAT302N, Herisau, Switzer-
land) electrochemical workstation in a three-electrode configuration. A carbon rod and
Hg/Hg,SO4/saturated K;SOy4 electrodes were used as the counter and reference electrodes,
respectively, and the working electrode was prepared by mixing the samples (including
CoNC, CoNC-Pt-IM, CoNC-Pt-IM-P, and commercial 20 wt%Pt/C) with Nafion and drop-
casting them onto carbon paper for testing at 25 °C. The catalyst preparation procedure
was as follows: 10 mg of catalyst powder, 100 pL of Nafion solution (5 wt%), and 900 pL of
isopropanol were mixed and sonicated for 30 min until a homogeneous suspension was
obtained; then, 100 puL of the prepared slurry was drop-cast onto a piece of carbon paper
(1 x 1.5 cm?, with a coated area of 1 x 1.cm?) and left to dry for 30 min until the solvent was
evaporated. This resulted in a uniform layer of catalyst powder that adhered to the carbon
paper with a catalyst loading of 1.0 mg cm 2. All electrochemical results were reported
with respect to the reversible hydrogen electrode (RHE). Linear sweep voltammetry (LSV)
was performed by sweeping the potential at a rate of 5 mV s~! over a range of —0.7 V to
0.0 Vin 0.5 M HySOy4. Data were collected after stable cyclic voltammetry (CV) curves were
obtained. The measured potentials against Hg/Hg»SO4 were converted to RHE using the
following equation:

E(RHE) = EHg/HgZSO4 +0.059 x pH + 0.65

where Eyg/pgos04 is the working potential. To evaluate the charge transfer properties of
the electrode material, electrochemical impedance spectroscopy (EIS) measurements were
performed. The parameters were set as follows: a frequency range from 0.01 Hz to 100 kHz
with a voltage of —0.7 V and an amplitude of 5 mV.
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3. Results and Discussion
3.1. Catalyst Morphology

The synthesis process of the samples is illustrated in Figure 1a. The porous N-doped
carbon (CoNC) was obtained by calcining ZIF-67 and then impregnating it in the Pt precur-
sor solution to yield CoNC-Pt-IM. The plasma treatment was applied to achieve the stable
anchoring of CoNC-Pt-IM-P. The morphology of the synthesized materials was examined
using scanning electron microscopy (SEM). As shown in Figure Sla,b, the synthesized
ZIF-67 exhibited a smooth surface and a dodecahedral structure with an average size of
approximately 400 nm, consistent with literature reports [21,22]. After calcination, the
obtained CoNC exhibited a rough and wrinkled surface while retaining its dodecahe-
dral shape, indicating that the carbon framework remained intact (Figures 1b,c and Slc,d).
Moreover, the CoNC-Pt-IM maintained its dodecahedral morphology after impregnation,
showing no significant changes to the rough surface compared to CoNC (Figure 1d,e) and
no observable particle loading. In contrast, after directly immersing ZIF-67 in H,PtClg
solution, ZIF-67-Pt experienced noticeable hydrolysis and structural collapse, and thus, its
morphology became irregular (Figure Sle,f). This demonstrated the superior structural
stability of the CoNC support obtained through calcination [23]. Additionally, CONC exhib-
ited distinct porous structures, which was expected to facilitate electrolyte penetration and
allow ions to interact more effectively at the solid-liquid interface. Similarly, CoNC-Pt-IM-P
retained the same configuration after the plasma treatment [24].

- e mm e e e e e e e e e e e e e e e mm e e e e e e e e e e e e =y

Mix Calcination Impregnation Plasma

ZIF-67 CoNC CoNC-Pt-IM CoNC-Pt-IM-P

Figure 1. (a) A schematic diagram of the synthesis process of CONC-Pt-IM-P. (b,c) An SEM image of
CoNC. (d,e) An SEM image of CoNC-Pt-IM. (f,g) SEM images of CoONC-Pt-IM-P.

As shown in the transmission electron microscope (TEM) images (Figure 2a,b), the
CoNC-Pt-IM support features uniformly distributed metal nanoparticles with an average
particle size of 8.86 £ 5.26 nm. Subsequent measurements of the lattice spacings of the
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supported metal particles indicate values of 0.21 nm and 0.23 nm (Figure 2c—e), corre-
sponding to the Co (111) and Pt (111) crystal planes, respectively [16,25]. This suggests
the independent presence of both Co nanoparticles and Pt nanoparticles on the support,
with a notable distance between them. High-Angle Annular Dark Field Scanning Trans-
mission Electron Microscopy (HAADF-STEM) images display the elemental distribution
(Figure S2a-d), further confirming a relatively uniform distribution of Pt atoms, which
had no significant bonding to Co atoms. In contrast, CONC-Pt-IM-P exhibits a distinct
distribution of metal nanoparticles at a larger scale (Figure 2f), and the average particle
size increases to 9.26 + 4.82 nm (Figure 2g). Figure 2h,i reveal two neighboring metal
nanoparticles with lattice spacings of 0.21 nm and 0.23 nm, corresponding to the Co (111)
and Pt (111) crystal planes. Unlike the spatial separation observed in CoNC-Pt-IM, the
CoNC-Pt-IM-P samples clearly show a closer proximity of the metal nanoparticles, indicat-
ing partial alloying. Additionally, as displayed in Figure 2j-m, compared to the uniform
distribution of Pt in CoONC-Pt-IM, the Pt atoms in CoNC-Pt-IM-P show tighter integration
with Co atoms. However, CONC-Pt-IM and CoNC-Pt-IM-P both exhibit significant nitrogen
doping with a relatively uniform distribution and no noticeable differences (Figure S3).
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Figure 2. (a) TEM image of CoNC-Pt-IM. (b) Statistical analysis of particle size distribution for
CoNC-Pt-IM. (c) Enlarged TEM image of CONC-Pt-IM. (d,e) Lattice spacing measurements obtained
from two selected areas in enlarged TEM image. (f) TEM image of CoNC-Pt-IM-P. (g) Statisti-
cal analysis of particle size distribution for CONC-Pt-IM-P. (h) Enlarged TEM image of CoNC-Pt-
IM-P. (i) Lattice spacing measurements from selected areas in enlarged image of CoNC-Pt-IM-P.
(j~m) HAADF-STEM-EDS mapping of as-synthesized CoNC-Pt-IM-P.
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3.2. Chemical Structure and Surface Composition

X-ray diffraction (XRD) data of the prepared samples are presented in Figure 3a.
The XRD characteristic peaks of the synthesized MOF material matched well with the
standard pattern of ZIF-67, confirming its successful synthesis (Figure S4a). However, after
impregnation, the hydrolysis occurring during the impregnation process could have led
to structure degradation so that the intensity of the characteristic peaks in the ZIF-67-Pt
sample decreased significantly. This is consistent with the abovementioned SEM images
(Figure Sle,f). As depicted in Figure 3a, after calcination, the characteristic peaks of ZIF-67
disappeared in the CoNC sample, with distinct diffraction peaks newly appearing at 44°,
51°, and 76°, which could be attributed to the metallic Co (PDF#15-0806), confirming the
formation of Co nanoparticles [26]. The diffraction peaks of the CONC-Pt-IM sample were
nearly identical to those of CoNC, indicating that impregnation did not significantly alter
the properties of the pristine support. This demonstrates the excellent stability of the carbon
framework. After the plasma treatment, the intensity of the metallic Co diffraction peaks
showed a significant increase in the XRD pattern of CoONC-Pt-IM-P, suggesting the growth
of Co nanoparticles. Additionally, the peak at 52° should be attributed to the Co (200) plane.
The absence of distinct crystalline peaks for Pt is likely due to the ultrasmall size and low
content of Pt particles. Meanwhile, some of the original Co diffraction peaks had a slight
shift, implying the partial alloying of PtCo.
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Figure 3. (a) The XRD pattern of the synthesized catalysts. (b) The XPS survey spectra and high-
resolution XPS spectra: (c) Pt 4f, (d) Co 2p, (e) C 1s, and (f) N 1s of CONC-Pt-IM-P, respectively.

To further elucidate the structural differences among the samples, X-ray photoelectron
spectroscopy (XPS) was employed to investigate the surface chemical composition of these
catalysts. The survey-scan XPS spectra of the catalysts (Figures 3b and S5) reveal peaks
corresponding to Co 2p, Pt 4f, C 1s, and N 1s, with an additional peak around 520 eV
attributed to O 1s from the adsorbed air on the catalyst surface. The Pt 4f spectrum of
CoNC-Pt-IM-P shows two main peaks, Pt 4f; /» (71.23 eV) and Pt 4f5, (72.45 eV), attributed
to the Pt? and Pt** oxidation states (Figure 3c) [27,28]. Compared with CONC-Pt-IM, the
proportion of Pt’ in CONC-Pt-IM-P decreased from 55.3% to 52.3%, while Pt?>* increased
from 44.6% to 47.7%, suggesting electronic transfer due to the partial alloying of PtCo. For
comparison, in the Pt 4f spectrum of ZIF-67-Pt (Figure S6, Table S1), the peaks were mainly
identified as Pt** (72.39 eV) and Pt** (75.74 eV), indicating that despite using the same
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impregnation method, the unique nature of the CoNC support was crucial for facilitating
the reduction and anchoring of Pt during the process. The lower ratio of metallic Pt may
have resulted in the decreased HER activity.

Furthermore, the high-resolution Co 2p spectra of CoONC-Pt-IM-P (Figure 3d, Table S2)
displayed peaks corresponding to Co? (778.5 eV), Co** (780.0 eV), Co®* (782.5 eV), and
Co-Ny (796.1 eV) [29,30]. This indicated that cobalt species in CoNC-Pt-IM-P predom-
inantly existed as cobalt nanoclusters featuring Co?*-N coordination states. The C 1s
spectra of CoNC-Pt-IM and CoNC-Pt-IM-P (Figures 3e and S6) both exhibited three peaks
that were associated with graphitic C-C (284.8 eV), C-N (286.0 eV), and C-O [31,32]. In
the N 1s spectra (Figure 3f), four peaks appeared at 398.2, 399.4, 401.0, and 403.5 eV,
corresponding to pyridinic N, pyrrolic N, graphitic N, and oxidized N states, respec-
tively [33]. Notably, the content of pyridinic nitrogen in CoNC-Pt-IM-P was higher than
that in CoNC-Pt-IM (Figure S7d), suggesting that the PtCo alloy may be embedded within
the CoNC framework.

3.3. Electrochemical Activity Evaluation in Acidic Media

To evaluate the hydrogen evolution reaction (HER) behavior, electrochemical tests
were conducted on CoNC, CoNC-Pt-IM, CoNC-Pt-IM-P, and commercial Pt/C (20 wt%) in
a 0.5 M H,SO4 aqueous solution. All potentials were referenced to the reversible hydrogen
electrode (RHE) and corrected for 90% iR to eliminate the ohmic drop in the electrolyte.
As shown in Figures 4a,b and S8, the HER activity of the pristine CoNC sample was poor,
exhibiting a Tafel slope of 189 mV dec! and an overpotential of 161 mV at —10 mA cm 2.
After impregnation with Pt, CONC-Pt-IM demonstrated significant improvement, with
the Tafel slope and overpotential decreasing to 66 mV dec™! and 33 mV, respectively,
indicating the effective adhesion of Pt to the CoNC nanoframe and enhanced catalytic
activity. For comparison, ZIF-67-Pt exhibited an overpotential of 109 mV at —10 mA cm 2
(Figure S7), both significantly inferior to CoNC-Pt-IM. The results highlight that the stable
CoNC nanoframe could facilitate electrolyte penetration and enhance ion transfer at the
solid-liquid interface. After subsequent plasma treatment, the HER catalytic performance
of CoNC-Pt-IM-P further improved, achieving an ultralow overpotential of 31 mV at
10 mA cm 2 and a Tafel slope of 36 mV dec™!, surpassing the commercial 20wt% Pt/C
catalyst, which displayed an overpotential of 50 mV and a Tafel slope of 39 mV. Given that
the CoONC-Pt-IM-P catalyst possessed a Pt loading of just 2.3 wt% (obtained from ICP-AES),
the mass activity of CONC-Pt-IM-P was calculated to be 4.9 A mgp, !, significantly higher
than the 0.4 A mgpt’l for Pt/C.

The plasma treatment did not significantly alter the CoNC support or Pt loading
amount, suggesting that it was the alloy formation that led to the significantly enhanced
intrinsic catalytic activity. The electrochemical active surface area (ECSA) was characterized
by measuring the double-layer capacitance (Cq;) of the catalysts within a non-Faradaic
potential range. As illustrated in Figure S9, the Cq; of CONC-Pt-IM-P (63.42 mF cm~2) was
greater than that of CoNC-Pt-IM (35.15 mF cm~2) and CoNC (24.45 mF cm—2), indicating
that CoNC-Pt-IM-P provided more HER active sites. The electrochemical impedance
spectroscopy (EIS) results (Figure 3d,e) reveal that the charge transfer resistance (Rct)
of CoNC-Pt-IM-P (0.47 Q)) was significantly lower than that of CoNC-Pt-IM (237.9 )
and CoNC (73.7 Q)), demonstrating its superior charge transfer capability. At —0.07 V,
compared to the pristine CoNC (73.7 (1), CoNC-Pt-IM-P displayed a much lower R
(0.47 Q)), indicating minimal interfacial resistance and a faster charge transfer process.
Moreover, to meet industrial application requirements, HER catalysts should not only
possess outstanding catalytic performance but also exhibit good stability. As shown
in Figure 4e, the chronoamperometric tests indicated that CoNC-Pt-IM-P could stably
operate for over 110 h at a current density of —10 mA cm 2, demonstrating its excellent
electrochemical stability [34,35].
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Figure 4. (a) LSV curves at 5 mV s~ 1in 0.5 M H,S0, of CoNC-Pt-IM-P, CoNC-Pt-IM, Pt/C, and
CoNC. (b) Tafel slopes of CoNC-Pt-IM-P, CoNC-Pt-IM, and Pt/C. (c) EIS measurement of CoNC.
(d) EIS measurement of CONC-Pt-IM-P and CoNC-Pt-IM. (e) Stability test of CONC-Pt-IM-P at current
density of —10 mA cm 2 in 0.5 M H,SOy.

4. Conclusions

In this study, we successfully synthesized a novel CoNC-Pt-IM-P electrocatalyst
through a combination of MOF template calcination and plasma treatment. Both CoNC-Pt-
IM and CoNC-Pt-IM-P could retain their dodecahedral morphology, and elemental map-
ping confirmed the uniform surface loading of Pt. Moreover, the argon plasma treatment
led to the noticeable aggregation of Co and Pt atoms so as to alter the electronic environment
and enhance the intrinsic HER catalytic activity. CoONC-Pt-IM-P exhibited excellent HER
activity, with an overpotential of only 31 mV at a current density of —10 mA cm~2, which
was lower than that of CONC-Pt-IM (33 mV) and commercial Pt/C catalysts (50 mV). Mean-
while, its mass activity reached 4.9 A mg~! Pt, which was 1.5 times that of CONC-Pt-IM and
12.2 times that of the commercial Pt/C catalyst. Furthermore, CONC-Pt-IM-P demonstrated
remarkable stability, maintaining performance with negligible voltage changes over 110 h
at a current density of —10 mA cm 2. This work successfully used plasma treatment to
achieve the controllable aggregation of Co and Pt atoms to enhance their catalytic activity,
providing significant insights for the modification of multi-metal catalysts.
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(d—f) Elemental distribution di-agrams of CoNC-Pt-IM-P; Figure S4. (a) XRD patterns of ZIF-67 and
ZIF-67-Pt. (b) Local XRD spectra of CONC-Pt-IM-P; Figure S5. (a—c) XPS survey spectra of CoONC,
CoNC-Pt-IM, and ZIF-67-Pt. (d) Atomic ratios of Pt and Co contents on catalyst surface by XPS
peak area fitting. (e,f) High-resolution scan of Pt 4f XPS spectra. (g-i) Co 2p XPS spectra of CoNC,
CoNC-Pt-IM, and ZIF-67-Pt; Figure S6. Cls XPS spectra of CoONC, CoNC-Pt-IM, and ZIF-67-Pt.
(d—f) N1s XPS spectra of CONC, CoNC-Pt-IM, and ZIF-67-Pt; Figure S7. LSV curves of CoONC-Pt-IM-P,
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CoNC; Figure S9. Cyclic voltammograms in 0.5 M of H2504 at scan of 20-100 mV s~ ! in non-faradaic
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the deconvoluted parameters of Co 2p XPS spectra in different catalysts.
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Abstract

This study calculates the electronic structure and optical properties of intrinsic BiOIO3; and
X-BiOIO3 (X = As, Se, or Te) using PBE (Perdew—-Burke-Ernzerhof) and MBJ (Modified
Becke—Johnson) functionals based on density functional theory, with MBJ showing better
correlation with experimental values. The X-BiOIO; systems exhibit relative stability under
MB]J potential and show crystal lattice distortion compared to intrinsic BiOIO3, creating
localized potential differences that enhance polarization and adjust the bandgap. Doping
reduces the bandwidth and increases energy level density, promoting electron transitions.
Consequently, based on the computational results presented in this paper, it can be inferred
that both BiOIO3 and X-BiOIO; facilitate water hydrolysis and oxygen generation due to
their favorable energy band positions. Notably, Se-BiOIO3 exhibits the highest visible light
absorption capacity, which may enhance photocatalytic efficiency by strengthening the
built-in electric field and promoting charge carrier generation.

Keywords: first principles; optical properties; electronic structure; non-metallic oxide;
BiOIO3

1. Introduction

Under specific lighting conditions, TiO, exhibits photocatalytic properties that enable
water splitting for the production of clean and sustainable hydrogen energy, thereby driv-
ing traditional photocatalysis research in the scientific community [1]. Subsequent studies
have revealed that conventional photocatalysts, such as TiO,, ZnO, and SiO,, possess the
capability to not only facilitate water decomposition but also effectively degrade various
pollutants [2]. However, the pronounced recombination rate of photo-generated electron—
hole pairs in conventional photocatalytic materials significantly hampers their practical
implementation in industrial production [3]. In recent years, the quest for novel photo-
catalytic materials [4] has emerged as a prominent trend in scientific research, garnering
significant attention from numerous scholars.

Coatings 2025, 15, 111

59

https://doi.org/10.3390/coatings15010111



Coatings 2025, 15, 111

As early as 2004, Grosso et al. [5] proposed the concept of utilizing ferroelectrics in
the realm of photocatalysis, subsequently leading to the identification of several ferroelec-
tric materials exhibiting exceptional photocatalytic activity [6,7]. Bismuth-based material
BiOIO;, as a representative ferroelectric catalyst, achieved removal efficiencies of 100%,
85.2%, and 65.2% for methyl orange, rhodamine B, and methylene blue, respectively, after
16 min of ultraviolet light exposure. Compared to commercial TiO; and other bismuth
oxides, BiOIO3; nanosheets exhibited significantly enhanced photocatalytic activity, with
the apparent reaction rate constant for methyl orange being 10.26 times higher than that of
TiO; [8]. The exceptional photocatalytic ability of BiOIO3 can be attributed to its unique
layered structure [9], comprising nested [Bi,O,]%" and [IO05] units. Notably, the latter
exhibits a triangular pyramidal configuration, as illustrated in Figure 1. Due to the asym-
metric distribution of its atoms, the separation of positive and negative charge centers gives
rise to a dipole moment in the [IO3]~ triangular pyramidal system, with a flow of negative
charge to positive charge. The polarization directions of [IO3]~ groups are systematically
aligned along the C-axis, resulting in a pronounced macroscopic polarization effect [9] in
the BiOIO3, as well as the establishment of an inherent electric field due to spontaneous
polarization. The intrinsic electric field [10] plays a pivotal role in facilitating rapid carrier
migration and suppressing electron-hole recombination, thereby significantly enhancing
the photocatalytic efficiency of BiOIOj3 [11-13]. As a result of these unique properties,
BiOIOj3 holds great potential for broad applications in the field of photocatalysis.
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Figure 1. Model diagram of BiOIO3.

Although the presence of an internal electric field in BiOIO3; enhances its photocat-
alytic performance [11], its larger band gap width of 3.3 eV hinders further improvement in
its photocatalytic ability [14]. Existing research has demonstrated that doping modification
could enhance the photocatalytic performance of BiOlOj3. In their experimental studies,
Huang et al. [15] employed BiOIO5; and N-BiOIOj as photocatalysts for the degradation of
various pollutants including Rhodamine B, bisphenol A, and tetracycline. Their findings
revealed that N-BiOlO3; demonstrated superior photocatalytic degradation efficiency com-
pared to intrinsic BiOIOs. Liu et al. [16] incorporated sulfur atoms into the oxygen sites
of BiOIO;3, resulting in a downward shift of the conduction band edge and a reduction in
the bandgap. Huang et al. [17] accomplished a visible-light photocatalytic performance in
the layered bismuth-based photocatalyst BiOIO3 through iodine ion doping. In contrast to
pure BiOIOj3, the photoresponse range of iodine-doped BiOIO3 was significantly expanded
from ultraviolet light to visible light, while attaining a tunable bandgap. The aforemen-
tioned modifications result in a reduction in the energy required for electron transition
and facilitate the process, thereby significantly enhancing its photocatalytic efficacy. The
enhancement achieved through non-metal doping demonstrates the remarkable potential
of this modification strategy to improve the photocatalytic performance of BiOIOj3. In order
to evaluate the photocatalytic performance of BiOIOj3 substitutional doped non-metallic
elements, this study employs first principles to calculate the electronic structure and optical
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properties of BiOIO3-doped X. The rationale for selecting As, Se, and Te as doping elements
lies in their classification within similar groups (Group VA and Group VIA) of the periodic
table. These elements exhibit analogous chemical and physical properties, enabling them
to form substitutional or interstitial dopants within the same host material matrix. Conse-
quently, this facilitates the effective modification of the material’s electronic properties. The
incorporation of arsenic, selenium, and tellurium can modulate the energy band structure of
materials, particularly semiconductors, thereby enhancing light absorption capabilities and
improving the separation efficiency of photo-generated carriers, which ultimately boosts
photocatalytic activity. Additionally, the introduction of As, Se, and Te atoms significantly
alters the carrier concentration of the material, thereby influencing its charge transport
properties and reactivity. The obtained calculation results will offer theoretical guidance
for the synthesis of BiOIOj3 catalysts that are modified using the doping method.

2. Materials and Methods

In this study, the crystal structure of BiOIOj3 is orthorhombic, exhibiting a space
group of Pca2; (No. 29) [11]. This non-centrosymmetric arrangement (NCS) consists of
interleaved [Bi;O,]%* and [IO3]™ units. The model of doped BiOIO3, as depicted in Figure 2,
demonstrates the utilization of one X atom being substituted for one I atom. Hence, the
doping concentration of X-BiOIOj is precisely 6.25%. The replaced position of atom I
must be excluded outside the boundaries in order to mitigate boundary effects. Moreover,
within the unit cell, any position of atom I is symmetrical and satisfies the requirements
of symmetry. Hence, the replacement position of atom I can be chosen arbitrarily within
the unit cell without impacting the final calculation results. In this study, we ultimately
selected the coordinate position of replaced atom I as (0.748, 0.366, 0.335). The electronic
configurations of the elements discussed in this article are as follows, Bi: 652 6p3 :T: 552 5p5 ;
O: 25? 2p*; As: 4s? 4p3; Se: 4s? 4p*; Te: 552 5p*.

Figure 2. Model diagram of BiOIO3 doped with non-metallic elements X. The symbols Oy, O,, O3,
and Oy represent oxygen atoms with different symmetries in the BiOIOj3 crystal lattice.

The calculations are predominantly performed using the Vienna Ab-initio Simulation
Package (VASP 6) [18], specifically employing the generalized gradient approximation
(GGA) within density functional theory (DFT) and utilizing the MBJ semi-local exchange-
correlation potential [19] for material characterization. The cut-off energy for the BiOIO3
was set at 550 eV. The K-point grid was determined according to Monkhorst’s scheme [20],
employing a 4 x 4 x 4 configuration. The convergence criterion for internal stress was
established to be no greater than 0.02 GPa, while the energy convergence threshold was
defined as being within 2 x 107¢ eV/atom. Additionally, the self-consistency iteration
convergence accuracy was specified to be 2 x 107® eV/atom, and the MB] parameter c
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value was determined to be 1.34. Due to the discrepancy between results obtained from
calculations using monoclinic cells and actual conditions, an expanded cell model was
employed to optimize computational resources while ensuring accuracy. Ultimately, a
2 x 2 x 1 BiOIOj3 supercell model was selected.

3. Results and Discussion
3.1. Geometric Optimization Results

To improve the precision of the computational results, this study conducts geometric
optimization on the systems, with the outcomes presented in Table 1. After optimization, it
is observed that the lattice constant ratio (c/a) for intrinsic BiOIOjs is 1.013, exhibiting a
negligible deviation of only 0.2% from the experimental value of 1.0159. This observation
suggests that the computational parameters employed in this study exhibit reliability
and generate precise outcomes. The volume of each doped system changes, indicating
that these systems experience lattice distortion relative to the calculated values of intrinsic
BiOIOs. Considering the inherent non-centrosymmetric (NCS) nature of BiOlO3, it naturally
induces a polarization effect. The doping further enhances this phenomenon, facilitating
the generation of localized potential differences within the systems and augmenting the
migration rate of photo-generated electron-hole pairs.

Table 1. The lattice constant and volume of each model.

Model a/nm b/nm o/nm V/nm3

BiOIO; (Experiment) [21] 0.5658 1.1039 0.5748 /
BiOIOj3 (This work) 0.5712 1.1263 0.5788 1.4898
As-BiOIO3 0.5698 1.1311 0.5779 1.4899
Se-BiOIO;3 0.5706 1.1237 0.5780 1.4826
Te-BiOIO; 0.5695 1.1272 0.5775 1.4830

3.2. Structural Stability of BiOIO3 and X-BiOIO;

To conduct a detailed investigation of the stability of the four systems, the formation
energy and binding energy are calculated for each system. The binding energy [22] and
formation energy [23] serve to characterize the stability of the system and the ease of
doping, respectively. A lower formation energy indicates a greater ease of doping, while a
lower binding energy correlates with the enhanced stability of the system. Additionally,
the doping formation energy (Ey) [24] and binding energy (Ep) [25] for different systems are
determined using Equations (1) and (2).

Ef = Expio — Epio — mpix + 1y 1

E, =1/N(Ett — Egio) (2)

In the equation, E is the total energy of all the atoms of the system in their free state.
Expio represents the total energy of the system after doping. Epjo denotes the total energy
of the BiOIOs. 11y and p denote the chemical formulas of the dopant atom X and the host
atom I, respectively. m and n denote the quantities of dopant atoms and substituted atoms,
respectively (in this study, m =n = 1). N denotes the total number of atoms present in the
system. All the calculated results are listed in Table 2. The binding energy and formation
energy of all doped systems exhibit negative values, implying that the formation of these
systems is straightforward. The As-doped BiOIO3; demonstrates optimal stability and facile
formation, as evidenced by its significantly lower binding energy and formation energy
compared to the other systems observed.
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Table 2. The total energy, binding energy, and formation energy of each model before and after doping.

Model E/eV Ep/eV E¢/eV

BiOIO; —477.2118 / /
As-BiOIO; —479.9295 —0.3186 —4.9405
Se-BiOIO; —479.3817 —0.3183 —2.1449
Te-BiOIO; —479.9295 —0.3185 —2.6956

E represents the total energy of BiOIO3 and the X-BiOIO3 systems.

3.3. Electronic Structure of BiOIO3 and X-BiOlO3

To further investigate the variations in electronic structure among different systems,
this study computes the energy band and electron state density for each system. The high
symmetry points in the Brillouin region of the BiOIOj cells are denoted by I' (0, 0, 0), M
(0.5,0,0),K(0.5,0.5,0), Z(0,0.5,0), and I' (0, 0, 0), as shown in Figure 3. The line with
zero energy is designated as the Fermi level. The density of states for intrinsic BiOIO3
is presented in Figure 3a,b, calculated using the PBE functional [26] and MB]J functional,
respectively. The results indicate that the bandgap value obtained from the PBE calculation
is 2.043 eV, which deviates by approximately 38% from the experimental value (3.3 eV) [14].
This underestimation occurs because when solving the Cohen-Shen equation, PBE does
not consider the excited states of the system, thereby leading to the underestimation of
the band gap. To solve this problem, the kinetic energy density term is added to the MB]J
function on the basis of GGA-PBE in order to improve the accuracy of energy and band
structure calculations. Therefore, the MB]J potential achieves a significantly higher accuracy
in energy and band structure calculations [27]. To enhance the accuracy of the bandgap, we
employ the MBJ functional to perform a recalculation of the band structure of materials.
The recalculated result of 3.308 eV exhibits a deviation of approximately 0.24% from the
experimental value, thereby substantiating its reliability. Consequently, we will employ the
MB]J functional approach for subsequent sections to conduct further investigations into the
electronic structure.

Energy (eV)
Energy (eV)

Figure 3. BiOIO3 band diagrams. (a) BiOIO3-PBE; (b) BiOIO3-MB]J.

The band structure of non-metallic doped materials is depicted in Figure 4. From the
figure, it can be observed that the bandgap values of As-BiOIO3, Se-BiOlO3, and Te-BiOIO3
are calculated as 2.590 eV, 3.171 eV, and 2.867 eV, respectively. These values are found
to be smaller than the intrinsic bandgap of BiOIO3 by 21.7%, 4.1%, and 13.3%, respec-
tively, facilitating an easier transition of valence band electrons to the conduction band.
Consequently, this enhances the probability of electron transition and further modulates
the optical performance of the systems. Among them, As-BiOIO3 exhibits the smallest
bandgap, accompanied by an impurity level at 2.072 eV that facilitates electron transitions

63



Coatings 2025, 15, 111

and enhances the probability of such transitions. Accordingly, doping leads to a denser
energy band structure, thereby promoting electron migration.

Energy (eV)

M K
(@

Figure 4. Band diagrams of doping systems. (a) As-BiOIO3; (b) Se-BiOIO3; (c) Te-BiOIO:s.

To further investigate the impact of doping on the electronic structure of the system,
we present herein the total and partial density of states prior to and subsequent to doping,
as visually depicted in Figure 5. Figure 5a presents the electron density of states for the
intrinsic BiOIO3. The valence band maximum (VBM) primarily originates from the 2p
orbitals of oxygen and the 6s orbitals of Bi, while the conduction band minimum (CBM)
predominantly comprises the 5p orbitals of I, along with the 6p orbitals of Bi and the 2p
orbitals of O. Figure 5b presents the electron density of states for the As-doped BiOIOs.
The VBM primarily originates from the O-2p, Bi-6s, I-5p, and I-5s orbitals, with a minor
contribution from the As-4p orbital. In contrast, the CBM is predominantly composed
of the I-5p, O-2s, Bi-6p, and O-2p orbitals, as well as including contributions from the
As-4s and As-4p orbitals. Furthermore, the introduction of an impurity element leads
to the emergence of a defect energy level, thereby contributing to a reduction in the
bandgap width within the system. The presence of this impurity level facilitates electron
transitions by serving as a “bridge”, thereby augmenting the likelihood of such transitions
and enhancing the optical performance of the system. Figure 5c illustrates the electron
density of states for Se-doped BiOIO3, demonstrating that the contributions of Bi, O, and I to
the system are largely consistent with those in intrinsic BiOlO3. However, the incorporation
of Se leads to an upward shift in the valence band, causing the Fermi level to traverse
through it and exhibit typical characteristics of a p-type semiconductor. Additionally, this
upward shift of the valence band also leads to a slight reduction in the bandgap. The
electron density of states for Te-doped BiOIO3, as shown in Figure 5d, exhibits a striking
resemblance to that of Se-doped BiOlOs. The incorporation of Te induces an upward shift
in the valence band, thereby conferring p-type semiconductor characteristics upon the
system. The conduction band also undergoes a downward shift, resulting in a significant
reduction in the width of the bandgap due to the influence exerted by the Te-5s orbital.
Consequently, the introduction of As, Se, and Te as dopants in BiOIOj3 leads to a reduction
in the energy required for electron transitions, thereby indicating an augmentation in the
optical performance of the systems.
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Figure 5. Total electron state density and partial electron state density. (a) Intrinsic BiOIOs; (b) As-
BiOIOs; (c) Se-BiOIOs; (d) Te-BiOIOs.

3.4. The Two-Dimensional Electron Density and Bader Charges of BiOIO3 and X-BiOIO3

The electron density diagrams on the (100) plane of BiOIO; before and after doping
are presented in Figure 6. It is evident that doping induces alterations in the distribution
of electron clouds within the systems, implying a modification in atomic bonding. The
introduction of an As atom into BiOIOj3 leads to a shift in the bonding between the As and O
atoms due to the deviation in atomic positions, resulting in enhanced charge delocalization
near the As atoms, as depicted in Figure 6b. Meanwhile, no significant alteration in
the electron cloud distribution is observed for the Se-BiOIO3; and Te-BiOIO3 systems,
as depicted in Figure 6¢,d. However, when compared to intrinsic BiOIO3, the Se atom
demonstrates a higher degree of delocalization while enhancing the localization of the
adjacent O atom. This suggests a transfer of electrons from the vicinity of the Se atom to
the O atom. When one Te atom replaces one I atom, the degree of electron cloud overlap
with the neighboring O atoms decreases, indicating a weakening in the bonding interaction
between Te and its adjacent O atoms. Consequently, upon the substitution of I atoms by X
atoms, the electron cloud undergoes varying degrees of changes, indicating that doping
modifies the internal electron arrangement of the system and facilitates electron transfer [22].
The observed phenomenon can potentially be attributed to the disparity in non-metallic
properties among the four atoms. In accordance with Pauling electronegativity, iodine (I)
exhibits a higher electronegativity value of 2.66 compared to arsenic (As) at 2.18, selenium
(Se) at 2.55, and tellurium (Te) at 2.1. Consequently, the non-metallic characteristics of these
atoms follow the order I > Se > As > Te. Thus, upon the substitution of iodine atoms with X
atoms, there is a reduction in electron cloud density near this position.

To further investigate the charge transfer dynamics in each system following doping,
we employed the Bader charge method to analyze the charges of the oxygen atoms adjacent
to the doping sites. The obtained results are presented in Table 3, with atomic numbers
cross-referenced in Figure 1.
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Figure 6. Two-dimensional electron density maps of plane (100). (a) Intrinsic BiOIOj3; (b) As-BiOIO3;
(c) Se-BiOIO;3; (d) Te-BiOIO3. The red area represents the region with a higher electron density, while
the blue area represents the region with a lower electron density. Yellow region represents a positive
charge area.

Table 3. Bader charge of O atom near the doping site.

The Charge of O Atoms
Model
(0J] (0)) O3 (N Average
BiOIO3 6.8260 6.9150 6.9662 6.9119 6.9048
As-BiOlO; 7.0762 7.0254 6.9087 7.1356 7.0364
Se-BiOlO; 7.0203 7.0499 6.9736 7.0125 7.0141
Te-BiOIO; 7.0304 7.1611 7.0102 7.1411 7.0857

The table demonstrates a high degree of consistency in the charges of the four nearest
oxygen atoms surrounding the I atom in intrinsic BiOlO3, implying an even distribution of
electrons among these oxygen atoms and a lack of significant distortion. Upon doping with
the non-metal X, a pronounced distortion in the charge distribution of oxygen is observed.
In comparison to the intrinsic BiOIOj3, the charges of the O atoms adjacent to the doping
sites in the doped system are all elevated due to the higher electronegativity of I compared
to that of the X atoms. This observation is consistent with electron density analysis findings.
The table further demonstrates that variations in the doping element exert a significant
influence on the dynamics of charge transfer. In As-BiOlOj3, electron transfer predominantly
occurs towards the Oy4 direction, whereas in Se-BiOlO3, there is a relatively higher electron
flux towards the O, direction; similarly, in Te-BiOIOj3, there is also a pronounced movement
of electrons towards the O, direction. The charge transfer direction in the doped system has
shifted compared to intrinsic BiOIO3, owing to an increased degree of distortion induced
by doping. This alteration in the internal charge distribution aligns with previous analytical
findings. Hence, it is evident that non-metal X doping can effectively modify the electronic
structure and enhance the distortion degree of the system, resulting in a greater deviation
between positive and negative charges. Consequently, this strengthens the polarization
field and modulates its optical properties [28].
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3.5. Optical Properties of BiOIO3 and X-BiOIO3
3.5.1. Alignment with Band Structure Edges

The photocatalyst is evaluated in accordance with the relative position of its semicon-
ductor conduction band maximum (CBM) and valence band (VBM) values in relation to
the standard hydrogen electrode minimum (NHE). The determination of the band edge
potential on the NHE scale typically relies on Equations (3) and (4) [29]. In both equations,
X represents the absolute electronegativity of the material. The energy level of the free
electron on the NHE scale, approximately 4.5 eV, is denoted as E,,.. Instead, E refers to
the band gap of a semiconductor.

Evem = X — Eeec + O'SEg (3)

Ecgm = Evpm — Eg 4)

The valence band edge potential of BiOlO3; and X-BiOIO; at the NHE scale is depicted
in Figure 7. The CBM of BiOIO; and X-BiOIO; lies above the H /H, potential, while the
VBM is beneath the O, /H,O potential, suggesting that BiOIO3; and X-BiOIO3 possess the
capability of water hydrolysis and oxygen generation. Nevertheless, due to the significant
reduction in the bandgap width when Se is doped into BiOIOj3, the energy required for
electron transition becomes smaller. Hence, it can be inferred that Se-BiOIO3 has a superior
water splitting photocatalytic activity among the four systems.
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Figure 7. The potentials of BiOIO3 and X-BiOIO3 with edge characteristics. In the diagram, the
blue dashed line represents the energy level of H* /H,, while the red dashed line corresponds to the
energy level of O,/H,0.

3.5.2. Absorption Spectrum

Doping significantly alters the optical properties of a crystal by introducing impurities
that modify the electronic states within the system, thereby enhancing its light responsive-
ness and influencing its optical characteristics. In this study, we analyze optical absorption
graphs and dielectric diagrams to investigate the changes in the optical characteristics of
the doped systems.

The optical absorption coefficient a(w) of a crystal can be determined by utilizing the
real part ¢,(w) and the imaginary part ¢;(w) of the dielectric function, as demonstrated in
Equations (5) and (6) [30].

g(w) = er(w) +iei(w) ®)

1
2

) = VE(@) |\/(w) + ) ~ )] ©)
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Theoretically, the optical absorption coefficient of X-BiOIO3 systems exhibits a remark-
able enhancement within the visible light range, as illustrated in Figure 8. In comparison
to intrinsic BiOIOj3, X-BiOIO3 systems demonstrate a significant red shift towards lower
energy levels, indicating an augmented light-responsive capacity. These findings suggest
that the introduction of As, Se, and Te can significantly enhance the optical absorption
capacity of this system. The comparative analysis reveals that among all doping systems,
Se-BiOIOj3 exhibits the highest light absorption capacity, thereby indicating its superior
photocatalytic potential.
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Figure 8. The absorption spectrum diagram of BiOIO3 and X-BiOIOj3 systems.

3.5.3. Dielectric Function

The dielectric constant characterizes the response of materials to external energy.
Figure 9a illustrates the calculated real part of the dielectric function for the four systems
both before and after doping, highlighting the trend in the dielectric constant as it varies
with incident light energy. The greater the dielectric constant, the stronger the system’s
polarization capability and internal electric field strength. When the incident light energy
approaches zero, the corresponding value on the vertical axis represents the static dielectric
constant. In the figure, the static dielectric constant of the intrinsic BiOIOj is calculated at
4.929, whereas the static dielectric constants for the X-BiOIOj3 systems are recorded as 4.8798,
7.567, and 5.938, respectively. In comparison to intrinsic BiOIOj3, the dielectric constants of
the doped systems exhibit notable variations. Specifically, the static dielectric constant of
As-BiOIO3 is lower than that of intrinsic BiOIOs, suggesting that the incorporation of As
diminishes the polarization capability of the system. However, this reduction amounts to
only 1.20% relative to intrinsic BiOIO3 and can be considered negligible. Additionally, the
dielectric constants of Se-BiOIO5; and Te-BiOIOj3 exhibit increases of 53.51% and 20.47%,
respectively, compared to the intrinsic BiOIOj3. This suggests that doping with Se and Te
alters the polarization capability of BiOIO3, leading to an enhancement in internal electric
field strength and the accelerated movement of charge carriers within the doped systems,
thereby improving charge binding capacity, which aligns with the previous analysis.
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Figure 9. BiOIO;3 and X-BiOIO; dielectric function diagrams: (a) the dielectric real part; (b) the
dielectric imaginary part.

Figure 9b illustrates the calculated imaginary part of the dielectric function before and
after doping, revealing significant variations among the three X-BiOIO3 systems within the
0—4 eV range. The imaginary part of the dielectric function represents the energy dissipated
due to the induction of a large number of electric dipoles within the system in response
to external energy stimulation. This value quantitatively reflects the degree of electronic
transition, and its peak corresponds to the strengthened inter-band electronic transition
of the system under the action of an external electric field. In addition, this value is also
related to the probability of the system absorbing external energy [31]. Notably, Se-BiOIO3
exhibits a small peak at 0.370 eV, reaching a maximum value of 2.5236 eV, attributed to
an electron transition between the 4p state of Se and the 2p state of O. At 0.592 eV, a new
peak is observed in the Te-BiOIOj3 system, attributed to the introduction of impurities that
induce orbital hybridization and coupling at this energy level. In conclusion, the peak
positions of the Se-BiOIO3 and Te-BiOIOj3 systems following doping exhibit a tendency to
shift towards the low-energy region. This observation aligns with the conclusions derived
from band structure analysis and is also associated with the impurity levels introduced by
doping. The doping of Se effectively reduces the bandgap of intrinsic BiOIO3, enhances its
light absorption coefficient, and strengthens the polarization electric field within the system.
Consequently, it can be inferred that this system exhibits superior optical performance.

4. Conclusions

The energy band of intrinsic BiOIOj3 is calculated in this study using the PBE functional
and MBJ functional based on the first principles of density functional theory. The results ob-
tained under the MBJ functional exhibit superior agreement with experimental values. The
X-BiOIO3 systems demonstrate relative stability when calculated using the MB] potential.
In comparison to intrinsic BiOlO3, the X-BiOlO3 systems exhibit crystal lattice distortion,
thereby facilitating the generation of localized potential differences within the system. The
intensification of polarization promotes the adjustment of the bandgap. The bandwidth
of X-BiOIOj3 reduces and the energy band distribution becomes denser. The diminished
bandwidth and the denser energy levels of X-BiOlO3 suggest that doping enhances the
probability of electron transitions. The CBM of BiOIO3 and X-BiOIO; lies above the H* /Hj
potential, while the VBM is beneath the O, /H;0 potential, suggesting that BiOIO3; and
X-BiOIOj possess the capability of water hydrolysis and oxygen generation. The expansion
of the light absorption range significantly enhances the optical performance of the system.
In contrast, the Se-BiOlO3 system exhibits the highest absorption coefficient within the
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visible light region, followed by that of the Te-BiOIO3 system. Furthermore, both Se and Te
doping can modify the polarization capability of BiOIO3. Based on the aforementioned
conclusions, it can be deduced that doping with the non-metallic element Se enhances
the internal electric field strength, accelerates charge carrier generation within the system,
improves charge binding capability, increases electron mobility, and ultimately elevates the
photocatalytic efficiency of BiOlO3-based materials, thereby paving a new pathway for the
development of photocatalytic materials.
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Abstract

Using a Ti6Al4V (TC4) titanium alloy plate as a substrate, micro-arc oxidation technology
was applied at an oxidation time of 3.5 min and a voltage of 480 V, 495V, and 510 V. A
TiO,—containing ceramic layer was prepared on the surface of the TC4 alloy, and the TiO,—
containing coating was doped with silver ions. The surface microstructure, phase structure,
and photocatalytic performance of ceramic coatings before and after doping with silver
ions were analyzed using instruments such as X-ray diffraction (XRD), energy dispersive
spectroscopy (EDS), and scanning electron microscopy (SEM). The results showed that
as the oxidation voltage increased, the number of large pores first decreased and then
increased. At a voltage of 495 V, the total area of various pores reached 45-50 um?. After
the voltage rose to 510 V, the maximum pore area decreased. TiO, exists in the surface pores
of the morphology in the form of rutile, and the loading of silver ions further enhances its
photocatalytic performance. The degradation rate of methyl orange by undoped silver ion
samples can reach 15.5%, and the degradation rate of methyl orange can reach about 31%
when 4 g/L Ag,0 is added to the electrolyte. Increasing the concentration of doped silver
ions can enhance the degradation rate of methyl orange.

Keywords: micro-arc oxidation; TC4; ceramic coating; photocatalysis; TiO,

1. Introduction

Photocatalytic technology is a technique that converts light energy into usable energy,
and sunlight is also infinite. Most photocatalysts developed using photocatalytic technology
are semiconductor materials, which have the advantages of a high efficiency in degrading
organic matter in wastewater, simple manufacturing process, and low cost [1]. After
Fujishima and Honda discovered the phenomenon of TiO, decomposing water under
light radiation [2], many scientists began to study in this direction. In 1976, Garey et al.
achieved the degradation of polychlorinated biphenyls in water using titanium dioxide [3].
Research on semiconductors in photocatalysis has gradually become a focus. Due to
the high efficiency and stability of semiconductor photocatalytic conversion, scientists
have begun to search for materials that can be used as photocatalysts among numerous
raw materials. Among them, TiO; itself has become a popular material for photocatalyst
research due to its excellent chemical stability, low production cost, and no toxicity [4].
Regarding research on TiO,, previously developed powdered TiO, is mainly in powder
form on photocatalysts. After use, it was found that the powder is difficult to recycle and
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can cause environmental pollution. Therefore, a reusable solid photocatalyst is sought
to meet the current high requirements. Micro-arc oxidation technology can generate thin
films on the surfaces of titanium alloys, magnesium alloys, and aluminum alloys, and
the thin films generated from titanium alloys contain TiO,, which has photocatalytic
activity [5]. TC4, as a titanium alloy, has excellent mechanical properties and can generate
TiO, coatings in situ on its surface through micro-arc oxidation and other methods. The
coating is firmly bonded to the substrate and is not easily peeled off. The energy band
of semiconductor materials consists of three parts: valence band, conduction band, and
bandgap [6]. Photocatalytic reactions can convert solar radiation into chemical energy and
have redox properties. When TiO; receives light energy greater than its bandgap energy,
electrons e in the valence band absorb light energy and transition to the conduction band,
forming electron vacancies h* in the original valence band, known as holes. After a series
of reactions, reactive oxygen species are generated on the surface of TiO, [7], which can
decompose metal ions and pollutants in wastewater into organic compounds. However,
TiO, photocatalysis also has drawbacks. Firstly, the bandgap width of TiO; is narrow.
Secondly, its photocatalytic performance is greatly influenced by the TiO, crystal type.
Studies have found that the refractive index of anatase crystals is higher than that of rutile
crystals, and the photocatalytic efficiency is higher than that of rutile crystals. However,
the stability of rutile crystals is higher than that of anatase crystals, and the anatase type
will irreversibly transform into the rutile type at high temperatures [8]. To further improve
photocatalytic performance, there are two main approaches: one is to broaden the bandgap
of TiO;, by ion doping [9-12], and the other is to achieve stable formation of rutile TiO,
through special means [13-15]. Although metal/TiO, photocatalysts have made great
progress in photocatalytic reactions, there are still some shortcomings. For example, the
preparation of metal/TiO, composite photocatalysts generally involves introducing metal
components through physical or chemical means, and then immobilizing them in the form
of clusters or nanoparticles on the surface of TiO,. However, due to the lack of effective
regulation of the surface interface structure between the metal and semiconductor during
catalyst preparation, poor interface contact between the metal and semiconductor often
occurs, seriously hindering the transfer of interface charges and weakening the promoting
effect of metal components on photocatalytic reactions, thereby affecting the activity and
stability of the catalyst [16,17].

There are various methods for TiO, modification, including metal doping, non-metal
doping, dye photosensitization, semiconductor composites, and organic metal framework
encapsulation [18]. These methods have a certain effect on improving the photocatalytic
performance of TiO,, but there are also some problems, such as poor thermal stability
of TiO, photocatalysts prepared by the metal doping method, and excessive metal ions
may become new electron hole pair recombination centers; the modification effect will
be poor if the amount of metal ions is too low. [19]. The use of non-metallic doping to
prepare photocatalysts makes it difficult for single component non-metallic doping to
simultaneously expand the photoresponse range of TiO, materials and improve quantum
efficiency. Moreover, TiO, doped with non-metallic elements has a weak oxidation ability,
making it difficult to directly mineralize the material [20]. The sensitizers introduced by dye
sensitization are mostly organic substances, which may cause secondary pollution during
application. In addition, when using TiO, for photosensitization, TiO, is prone to cause
photolysis of dyes [21]. The preparation of organic metal frameworks for photocatalysts
requires strict laboratory environments, which limits their practical applications; moreover,
its stability is poor in actual extreme environments [22]. Compared with the preparation,
doping, and composite methods of other TiO, materials, the TiO, oxide film grown directly
“In Situ” on the surface of the Ti alloy substrate by micro-arc oxidation (MAO) is firmly
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loaded, has good vibration resistance, can increase the specific surface area of the coating,
and can be used for ultrasonic catalysis and photoacoustic combined catalysis of supported
catalysts. It has strong processability and a great development space in the field of photo-
catalytic reactor design. The preparation of TiO, film by the MAO process can be directly
designed for morphology, and is easy to modify by doping, composite, etc., making it an
excellent photocatalytic material. In addition, the migration of photogenerated carriers after
the deposition of precious metals will redistribute charges on the “precious metal-TiO,”,
with negative charges distributed on the surface of the precious metal and positive charges
distributed on the surface of TiO,. The intermediate bandgap will create a Schottky energy
barrier, forming a trap for capturing electrons and preventing the recombination of electron
hole pairs. Precious metals typically deposit on the surface of TiO,, thereby modifying
semiconductors, altering charge distribution, and affecting photocatalytic performance.
Shi Hongyu et al. further enhanced the photocatalytic performance of titanium dioxide
particles by doping with Ag [23].

This study used TC4 as the substrate and Ag,O as the silver ion additive to prepare
a Ag-TiO, composite coating on the surface of the substrate using micro-arc oxidation
technology. The effect of the coating on the photocatalytic degradation of methyl orange
was explored, providing new ideas for the preparation of solid photocatalysts.

2. Materials and Methods
2.1. TC4 Titanium Alloy Pretreatment

The TC4 titanium alloy plate was pretreated into rectangular sheets with a size of
40 mm x 10 mm. The titanium alloy sheet was polished step by step with 600 grit, 800 grit,
and 1000 grit sandpaper, and then cleaned before use.

2.2. Configuration of Electrolyte

The electrolyte is a composite system composed of sodium phosphate, sodium silicate,
and sodium meta-aluminate. The formula consists of 5.5 g/L sodium silicate, 5 g/L sodium
phosphate, and 0.5 g/L sodium meta-aluminate, with the addition of 4 mL/L glycerol
as the base electrolyte. Then, 2 g/L, 3 g/L, and 4 g/L of Ag,O were added to this basic
electrolyte to prepare the silver-loaded micro-arc oxidation electrolyte.

2.3. Micro-Arc Oxidation Treatment

Using a TC4 titanium alloy sheet as an anode and a graphite sheet as a cathode,
an AIYS750-15A pulse power (Tianjin Mingruichuang Electronic Technology Co., Ltd.,
Tianjin, China) supply was used for micro-arc oxidation of TC4 titanium alloy. The fixed
current was 1 A; the duty cycle was 30%; the frequency was 500 Hz; the oxidation time
was 3.5 min; and the oxidation voltages were 480 V, 495V, and 510 V. A mixture of ice and
water was used to cool the electrolyte during micro-arc oxidation. After oxidation, the
surface was rinsed with deionized water to remove salt components from the electrolyte,
and blow-dried for later use.

2.4. Photocatalytic Experiment

The experiment of photocatalytic degradation of methyl orange was conducted in
a quartz test tube (70 mL). The light source used was a 300 W high-pressure mercury
lamp (Shanghai Yaming Lighting Factory, Shanghai, China) with a maximum emission
wavelength of 365 nm. The visible light excitation light source filtered out ultraviolet light
below 380 nm through a color filter to obtain the mercury lamp. The mercury lamp was
cooled by chilled water in a quartz jacket. The experiment used methyl orange as the
degradation object and prepared a 10 mg/mL methyl orange solution. To preparea 1 g/mL
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solution of methyl orange, weigh 0.5 g of methyl orange into a beaker; add 500 mL of
deionized water to dissolve thoroughly; and transfer to a 500 mL volumetric flask for later
use. To calculate the photocatalytic degradation rate of methyl orange, take 5 mL of 1 g/mL
methyl orange solution in a beaker; dissolve it in 500 mL deionized water; and transfer it to
a 500 mL volumetric flask. Take the 10 mg/mL methyl orange solution and measure its
absorbance, denoted as A0. Take 3 culture dishes and pour 30 mL of 10 mg/mL methyl
orange solution into each dish. Immerse the sample in the solution and place it in a visual
colorimetric box. The distance between the lamp tube and the sample is 6-8 cm. Every half
hour, use a dropper to draw a certain amount of methyl orange solution into the quartz
colorimetric dish. Use a 722S visible light spectrophotometer to measure the absorbance,
which is recorded as A, . Measure the absorbance of methyl orange solution samples taken
at each time point three times and take the average value. Calculate the degradation degree
of methyl orange based on the relationship between absorbance and concentration.

2.5. Material Characterization
2.5.1. Microscopic Morphology Observation and Analysis

The surface morphology of the micro-arc oxidation ceramic film layer was char-
acterized using a TESCAN VEGAII scanning electron microscope (TESCAN Group a.s.
Brno, Czech Republic), which was fully PC-controlled and equipped with a tungsten
heating filament.

2.5.2. Energy Dispersive Spectroscopy (EDS) Analysis

Using EDS energy spectrum analysis, points on the microscopic surface were selected
to analyze the elemental composition, and the main roles played by the elements in
combination with performance analysis were discussed.

2.5.3. XRD Phase Analysis

A DX-2700d X-ray diffractometer (Dandong Haoyuan Instrument Co., Ltd., Dandong,
China) was used to detect the phase of the film layer. The measurement parameters were
as follows: tube current 30 mA and voltage 40 kV, and a Cu K« radiation in the regular
range 10°~90° and a scanning speed of 8°/min. And the phase was analyzed using Powder
Diffraction File (PDF4-2009, International Center for diffraction Data).

2.5.4. Distribution Pattern of Pore Area Analysis

Image J 1.8.0 was used to analyzed the pore positions from the morphology map.

2.5.5. Comparison of Photocatalytic Performance

The experiment used the degradation rate of methyl orange under photocatalysis as
a control to analyze the strength of the photocatalytic performance of the sample. The
degradation rate of methyl orange can be calculated using Formula (1), and was analyzed
and discussed using Origin plot.

Ag — Ay
0

A= x 100% 1)

In the formula, A represents the degradation rate of methyl orange; A( represents the
absorbance of methyl orange before photocatalysis; and A, represents the absorbance of
methyl orange after a certain period of photocatalysis.
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3. Results and Discussion
3.1. XRD Phase Analysis Results

Figure 1 shows the X-ray diffraction patterns of the samples before and after
micro-arc oxidation.
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Figure 1. XRD patterns of samples before and after micro-arc oxidation.

The sample has already formed a coating during the micro-arc oxidation process. In
the untreated TC4 diffraction peak spectrum, the diffraction peak at 40.23° is the diffraction
peak of the titanium substrate. After micro-arc oxidation treatment, the coating is mainly
composed of rutile TiO,. The micro-arc oxidation process will undergo the following
reaction [24]:

Ti 4+ 2H,O — TiO, +4H™ +4e™ ()

The reason why the spectrum did not detect rutile is because anatase TiO, is more
easily formed at low temperatures, but rutile TiO;, has stronger thermal stability than
anatase TiO;. At a voltage of 510 V, an electric spark is generated on the surface of the
sample, causing the surrounding temperature to rise sharply to a temperature that can melt
the TC4 matrix, and causing the electrolyte to vaporize. The formed anatase TiO, gradually
transforms into rutile TiO, as the oxidation time increases and the temperature rises [25].

3.2. EDS Analysis
3.2.1. Composition of Undoped Silver Ion Coating Elements

Figure 2 shows the energy spectrum of the undoped silver ion coating.

After conducting element analysis on the selected points, a table was drawn as shown
in Table 1. Under the condition of not doping with silver ions, the basic elements on the
surface are O, Al, Si, and Ti. This indicates that O, Al, Si, and Ti are more likely to bond
with TiO, coatings during the micro-arc oxidation process, while Na has a lower bonding
force with TiO; coatings, and all elements exist in the form of oxides in the coating.
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Table 1. Mass fraction of undoped silver ion surface elements (%).

Point O Al Si Ti Na
6506 36.81 8.00 12.09 42.22 0.88
6508 49.54 6.18 13.88 26.84 4.06
6507 33.67 10.22 8.99 47.12 0
6509 43.55 9.54 8.44 38.47 0

Figure 2. Point selection of undoped silver ion energy spectrum.

3.2.2. Doping Silver Ions on the Composition of Coating Elements

A point selection analysis on the sample was performed with a voltage of 510 V and
an oxidation time of 3.5 min in an electrolyte containing 2 g/L Ag,O as shown in Figure 3.

Figure 3. Energy spectrum after doping with silver ions.

The mass of surface elements doped with silver ions is shown in Table 2. It can be seen
that Ag,0O, as a silver ion additive, was successfully doped and integrated into the TiO,
coating during the micro-arc oxidation process. This EDS analysis showed an increase in
the P element compared to undoped silver ion analysis. The reason is that the addition of
Ag,0 increases the conductivity of the electrolyte and also enhances adhesion between the
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P element and the coating. From Figure 3, it can be seen that silver ions mainly appear in
the surface particles, and their forms of existence are adsorption on the coating or doping
of silver ions into the TiO, coating, resulting in particle formation in the surface tissue.

Table 2. Mass fraction of surface elements doped with silver ions (%).

Point (0] Al Si Ti P Ag
6674 35.29 5.68 8.45 31.05 0 19.52
6675 40.66 7.03 11.52 40.79 0 0
6676 47.74 5.05 8.13 34.65 4.44 0
6677 45.15 4.68 7.88 37.24 5.05 0

3.3. Microstructure and Performance Analysis
3.3.1. Analysis of Sample Surface Morphology (SEM)

(1) Influence of voltage on the surface morphology of film layers.

Figure 4 shows the surface morphology of the samples prepared under different oxi-
dation voltages. At different voltages, it was observed that the degree of tissue unevenness
gradually became more severe as the voltage increased. The increase in voltage made the
reaction of the discharge channel more intense, and the reaction time could not bring the
resistance of each part of the tissue to a certain level, resulting in uneven tissue in different

parts, like continuous mountain peaks, with almost no flat parts.

Figure 4. Surface morphology after oxidation at different voltages of (a) 480 V, (b) 495V, and (c) 510
V.

3.3.2. Distribution Pattern of Pore Area

Figure 5 shows the distribution of the surface pore area of samples subjected to micro-
arc oxidation at different voltages. As shown in the figure, with an increase in oxidation
voltage, the number of large pores first decreases and then increases. This phenomenon
is caused by the gradual increase in voltage, and the rate of breakdown to form pores is
greater than the rate of material cooling to fill pores. The number of pores also increases
with the increase in voltage. At a voltage of 495V, the total area of various types of holes is
as high as 45-50 um?. After the voltage rises to 510 V, the maximum hole area decreases,
indicating that the rate of hole formation by breakdown and the rate of hole filling by
material cooling also increase when the voltage rises. However, the rate of hole formation
by breakdown remains higher than the rate of hole filling by material cooling.
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Figure 5. Statistics of hole area at (a) 480 V, (b) 495 V, and (c) 510 V.

3.3.3. Photocatalytic Performance

To better analyze and discuss the strength of the photocatalytic performance of the
sample, the absorbance of methyl orange degradation within 3 h was measured. The
degradation rate of methyl orange was calculated using a formula to compare and discuss
the mechanism of photocatalytic degradation of methyl orange. Figure 6 shows the trend
of the photocatalytic degradation rate of methyl orange for different samples within 3 h.
With an increase in micro-arc oxidation voltage, the photocatalytic activity of the prepared
film layer is enhanced. As the photocatalytic time progresses, the degradation rate of
methyl orange in the same sample increases. When the time is 3 h, the highest efficiency
of photocatalytic degradation of methyl orange can reach about 15.5%, and the effect
is significant. This result may be related to the membrane structure on the surface of
the sample.

The mechanism of photocatalytic degradation of methyl orange based on the pore
area in the morphology was discussed. The pore positions from the morphology map were
analyzed by Image ] software. And the results are shown in Figure 7. The red represents
the pore area and the green represents the non-pore area. Origin software (Origin 8.0) was
used to draw a table. Table 3 shows the calculated pore area statistics. The oxidation time
is 3.5 min, and the total area under different voltages is the smallest, indicating that the
formation of pores is not conducive to the progress of photocatalysis. The increase in pores
reduces the contact area between the surface of the sample and the methyl orange solution.
TiO, generates reactive oxygen species (OO%* and eOH) upon light stimulation, which
migrate to the surface of the sample instead of inside the pores. Therefore, an excessive
pore area will reduce the performance of TiO, coating in producing reactive oxygen species
and the area in contact with light.
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Figure 6. The effect of coatings prepared at different voltages on the degradation rate of
methyl orange.

Figure 7. Image J software analysis of hole location (red area for holes, green area for non-holes).

Table 3. Statistics of hole area (um?).

Voltage Total Number of Holes (N) Mean Value
480V 223 1.316
495V 186 0.884
510V 224 0.939

3.4. Influence of Doping Silver Ions on Microstructure and Properties

TiO; coating materials containing silver ions were prepared by adding 2 g/L, 3 g/L,
and 4 g/L Ag,O to the configured electrolyte, fixing the oxidation time for 3.5 min, and
applying voltages of 480 V, 495V, and 510 V, respectively.

3.4.1. Analysis of Surface Microstructure and Morphology of the Sample

Figure 8 shows the surface morphology of samples prepared at different voltages in a
Ag,0 electrolyte containing 2 g/L. Compared with the morphology formed under different
voltages, the surface tissue under 510 V voltage is smoother, with the smallest degree
of concavity and convexity, but there are still many pores. Compared with the surface
morphology of undoped Ag ions, there are more cohesive pores formed by the presence of
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small pores in the surface macropores; the most obvious of which is shown in Figure 8b
at 480 V, and the smallest degree of fluctuation in the surrounding area is also shown in
Figure 8b at 480 V. The reason for this phenomenon is that during the micro-arc oxidation
process, continuous discharge occurs under voltage, and breakdown phenomena continue
to occur, forming multiple discharge channels. The temperature of the discharge channels
increases, causing the surrounding material to become molten. The molten material and
electrolyte undergo a cooling reaction and solidify in the surface layer. Due to low voltage,
some film layers have high resistance and cannot continue to generate electricity, causing
the cooled material to push into new holes and form cohesive pores at the original hole
position. Additionally, some surface layers experience film accumulation, while others
remain unresponsive, resulting in varying degrees of unevenness. Under high voltage,
there are no cohesive pores and the degree of fluctuation is low because the continuous
breakdown of film resistance by high voltage is insufficient. In addition, after adding Ag,O
to the electrolyte, the material doped with Ag ions after cooling can quickly fill the pore
positions. Therefore, as the voltage increases, the number of large pore positions in the
morphology gradually decreases; the degree of fluctuation decreases; and the number of
cohesive pore positions also decreases.

Figure 8. SEM images of the sample surface under different micro-arc oxidation voltages, 1000 :
(a) 0V, (b) 480V, (c) 495 V, and (d) 510 V.

Figure 9 shows the morphology at 4000 times magnification. It can be seen that
compared with undoped silver ion morphology, the surface tissue after doping with silver
ions has more small granular tissue. Figure 9a shows a small amount of granular tissue,
while Figure 9¢ shows the highest and most obvious amount of granular tissue, distributed
in every position. Figure 9d shows that under a magnification of 10,000 times, the granular
structure can be more intuitively observed. Combined with energy dispersive spectroscopy
(EDS) analysis, it indicates that silver ions have been successfully doped into the TiO,
coating and exist in a granular form on the surface. The surface tissue in Figure 9a shows
the most obvious undulations, with many pores. Due to the addition of Ag,O, under
the condition of increased voltage, the undulations in Figure 9b have been improved, but
the effect is not significant, and the number of pores has decreased. The undulations
in Figure 9¢ have been significantly improved, and the number of pores has decreased
significantly compared to Figure 9a, indicating that the filling rate of pores by Ag,O
increases after the voltage is increased, and the improvement in surface tissue is successful.
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Figure 9. (a—c) show morphology images at 480 V, 495 V, and 510 V, respectively, at 4000x and
(d) 10,000 times the morphology of 510 V.

3.4.2. Distribution of Pore Area After Doping with Silver

Figure 10a shows that the maximum pore area is around 30 pm? at 480 V. Figure 10b
shows that the pore area is around 24 um? at 495 V, and Figure 10c shows that the pore area
returns to around 30 um? at 510 V. The distribution of pore area decreases from large to
small, and the number of pores decreases with an increase in voltage. The addition of Ag,O
increases the solute in the electrolyte, and the micro-arc oxidation reaction reacts violently
with the increase in voltage. The solute in the electrolyte will solidify on the surface of the
sample together with the molten material during the micro-arc oxidation process, and the
pores will be filled. Only large holes are not filled with sufficient cooling material, resulting
in irregular holes. Medium-sized holes are filled, while small holes cannot be filled with
cooling material and remain.

Table 4 shows the statistical table of pore area (um?) after doping with 2 g/L Ag,O at
different voltages. According to the table, when the oxidation voltage is 495V, the total area
of the pores is the smallest.

Table 4. Statistical table of pore area ( um?) after doping with 2 g/L Ag,O.

Voltage Total Number of Holes (N) Mean Value
480V 350 1.380
495V 320 1.421
510V 270 1.793
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Figure 10. Distribution of pore area after doping with silver ions at (a) 480 V, (b) 495V, and (c) 510 V.

3.4.3. Influence of Doping Silver Ion Concentration on Photocatalytic Performance

Figure 11 shows the degradation rate of methyl orange by samples with different
doping silver ion concentrations under different voltages. Overall, for the same sample,
as the concentration of doped silver ions increases, the photocatalytic effect is enhanced.
When the sample obtained by micro-arc oxidation in an electrolyte containing 4 g/L Ag,O
is added, the degradation efficiency of methyl orange reaches about 31%. Compared with
the blank group without doping with silver ions, the degradation rate of methyl orange
was significantly improved after doping with silver ions, most notably in the sample
containing 4 g/L.

Comparing the statistical table of pore area after doping with 2 g/L Ag,0O in Table 4,
the total pore area of the 495 V sample is the smallest, and the degradation rate of methyl
orange is also the lowest in the experimental group containing 2 g/L, indicating that the
surface pore area of the sample affects the photocatalytic efficiency of the sample.

In this study, the mechanism of analysis of methyl orange degradation is as follows:
Methyl orange adsorbed on TiO, under light irradiation absorbs visible light and is excited
to inject electrons into the conduction band of TiO,. Due to the Schottky energy barrier,
excited state electrons accumulate toward silver particles through the conduction band of
TiO, and react with adsorbed oxygen molecules on the surface of Ag to generate reactive
oxygen species such as O, ™+, HO,-, HyO,, and OH.. These reactive oxygen species then
attack the methyl orange molecules in the solution and degrade them. Silver plays a role
in enriching and transporting electrons on the surface of TiO,. Due to the effect of silver
atomic clusters, the reaction between the originally slow conduction band electrons of TiO,
and oxygen molecules has become a rapid process. The process of electron transfer from
the conduction band of titanium dioxide to silver atomic clusters and then the reaction
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with oxygen molecules is very fast, which can suppress the recombination of electrons
and methyl orange cations and significantly accelerate the oxidation degradation rate of
methyl orange.
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Figure 11. Degradation rate of methyl orange doped with Ag,O.

TiO,—coated photocatalysts loaded with silver have high stability, photocorrosion
resistance, and non-toxicity. They do not produce secondary pollution during the treatment
process and can be recycled and reused. From the perspective of material cycling, organic
pollutants can be completely degraded into inorganic substances. Therefore, the application
of TiOp—coated photocatalysts is a clean treatment technology.

4. Conclusions

A coating mainly composed of rutile TiO, was formed on the surface of TC4 by
micro-arc oxidation treatment. Voltage has the greatest impact on the film layer, and an
increase in voltage will continuously break down the film layer, forming volcanic pores
and continuous structures. The total area of pores formed with an oxidation time of 3.5 min
is the smallest, and after doping with Ag,O, the total area of pores increases. Before doping
with Ag,O, the highest photocatalytic degradation rate of methyl orange was only 15.5%.
Increasing the concentration of doped silver ions improves the degradation rate of methyl
orange. After doping with Ag,0O, the highest photocatalytic degradation rate of methyl
orange could reach about 31%, indicating that silver loading on TiO; coatings can improve
their photocatalytic performance.
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Abstract

To address mass transport limitations in carbon nanofiber membrane electrodes for overall
water splitting, a self-supporting nitrogen-doped hollow carbon nanofiber membrane em-
bedded with Co/Co,P heterojunctions (Co/Co,P-NCNFs-H) was fabricated via continuous
coaxial electrospinning. The architecture features uniform hollow channels (200-250 nm
diameter, 30-50 nm wall thickness) and a high specific surface area (254 m? g~!), as con-
firmed by SEM, TEM, and BET analysis. The Co/Co,P heterojunction was uniformly
dispersed on nitrogen-doped hollow carbon nanofibers through electrospinning, leverages
interfacial electronic synergy to accelerate charge transfer and optimize the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER). Electrochemical tests
demonstrated exceptional catalytic activity, achieving current densities of 100 mA cm~2 at
ultralow overpotentials of 405.6 mV (OER) and 247.9 mV (HER) in 1.0 M KOH—surpassing
most reported transition metal catalysts for both half-reactions. Moreover, the electrode
exhibited robust long-term stability, maintaining performance for nearly 20 h at 0.6 V
(vs. Ag/AgCl) (OER) and over 250 h at —1.5 V (vs. Ag/AgCl) (HER), attributed to the
mechanical integrity of the hollow architecture and strong metal-carbon interactions. This
work demonstrates that integrating hollow nanostructures (enhanced mass transport) and
heterojunction engineering (optimized electronic configurations) creates a scalable strategy
for designing efficient bifunctional catalysts, offering significant promise for sustainable
hydrogen production via water electrolysis.

Keywords: water electrolysis; self-supporting hollow carbon nanofibers; continuous coaxial
co-spinning; heterojunction engineering; transition metal phosphides

1. Introduction

Limited reserves of fossil fuels and their severe environmental impacts have prompted
an urgent search for clean and sustainable renewable energy alternatives [1,2]. Hydrogen en-
ergy has emerged as one of the cleanest energy carriers, attracting increasing attention due
to its environmental friendliness, high efficiency, and zero-emission characteristics [3-5].
Among various hydrogen production technologies, water electrolysis stands out as the
cleanest approach [5,6], offering high-purity hydrogen with zero carbon emissions and
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excellent compatibility with renewable energy sources such as solar and wind power.
However, the two half-reactions involved in overall water electrolysis—-the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER)—suffer from sluggish
kinetics, necessitating highly efficient catalysts to enhance the reaction rates and overall
efficiency of water electrolysis systems [7,8]. This sluggishness translates to significant
overpotentials—the extra voltage beyond the thermodynamic requirement (1.23 V vs. RHE
for overall water splitting)—needed to drive the reactions at practical current densities.
High overpotentials directly reduce the overall energy efficiency of the system [9]. For
instance, many current systems require overpotentials exceeding 300 mV for the OER and
100 mV for the HER to achieve even a modest current density of 10 mA cm ™2, a common
benchmark for initial activity assessment [8,10].

In recent years, significant efforts have been devoted to developing highly active
catalysts for HER and OER. Noble-metal-based electrocatalysts exhibit excellent activity
and durability [11]; for example, Pt-based materials remain the most effective HER catalysts,
often achieving current densities of 10 mA cm~2 at overpotentials below 50 mV [12],
and Ir/Ru oxides exhibit optimal OER performance, typically requiring overpotentials
of 250-350 mV to deliver 10 mA cm~2 [13,14]. While these materials demonstrate high
efficiency and good stability, their large-scale application is severely constrained by their
high cost and limited natural abundance [15]. This has necessitated the development of
non-noble metal catalysts, particularly cost-effective, durable bifunctional catalysts. The
goal is to identify materials that not only drive both the HER and the OER efficiently, but

2 or even

also achieve this at industrially relevant current densities (e.g., >100 mA cm™
>500 mA cm~2) while minimizing overpotential. Furthermore, long-term operational
stability, often defined as maintaining performance for hundreds or thousands of hours
without significant degradation, is a critical metric for practical viability. Such catalysts
could significantly simplify device fabrication and operation while reducing hydrogen
production costs, offering substantial commercial potential [16,17].

Recent advances have yielded numerous non-noble metal and even metal-free electro-
catalysts, including transition metal (Fe, Co, Ni, Mn, Mo, etc.) oxides/hydroxides [18,19],
carbides [20], nitrides [21], phosphides [22], and sulfides [23]. Among these, transition
metal phosphides (e.g., NiP [24], FeP [25], MoP [26], and CoP [27]), especially CoP and
Co,P, demonstrate exceptional HER/OER activity and good electrical conductivity [28].
In addition, rational design of heterointerfaces has emerged as a powerful strategy for
electrocatalyst optimization. The strong electronic coupling interactions between different
phases in these heterogeneous structures can effectively modulate electronic configurations,
reduce reaction energy barriers, and optimize interactions with reaction intermediates,
thereby promoting chemisorption of reactive species on the catalyst surface and signifi-
cantly boosting electrocatalytic activity [29-31]. Zhong et al. [31] exemplified this approach
with Co/CoP@HOMC, where interfacial charge redistribution and hierarchical porosity
synergistically achieve ultralow overpotentials (119 = 120 mV for HER/260 mV for OER) in
alkaline media. While promising, these materials often face challenges in simultaneously
achieving low overpotentials for both reactions, high current densities, and prolonged
stability. For example, many phosphides might show good HER activity but require higher
OER overpotentials, or vice versa, and stability can be compromised under harsh oxidative
conditions for OER or reductive conditions for HER over extended periods [32,33].

Furthermore, the catalytic performance of transition metal phosphides can be further
enhanced through synergistic interactions with self-supporting graphitic carbon materi-
als, which improve both electronic conductivity and structural stability [34,35]. Carbon
nanofibers have emerged as particularly promising supports due to their rapid electron
transport and excellent electrochemical stability [36]. Heteroatom doping, particularly
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nitrogen incorporation, plays a crucial role in modifying the electronic structure of carbon
supports, creating intrinsic active sites, and improving overall electrocatalytic perfor-
mance [37]. Meanwhile, nitrogen doping enhances the three-dimensional hydrophilicity
of catalyst surfaces, facilitating electrolyte—electrode contact and boosting catalytic effi-
ciency. Wei et al. [38] successfully constructed a heterostructure interface between Fe/Ni
phosphides and graphitic carbon nitride (C3Ny). The nitrogen species in C3Ny effectively
modulates the electronic structure of Fe/Ni sites and optimizes their adsorption strength
with oxygen-containing intermediates. The resulting FeNi-C3N4-P catalyst demonstrates
exceptional OER performance, achieving a current density of 100 mA cm~2 at an ultralow
overpotential of merely 235 mV. Beyond composition, nanostructural design critically
determines catalytic performance [39]. Hollow porous carbon nanofibers, with their well-
defined internal channels, high surface area, optimal aspect ratio, and superior conductivity,
provide abundant active sites while minimizing electron/mass transport distances, ac-
celerating electrolyte diffusion and gas bubble release [40,41]. These features are critical
for achieving high current densities by ensuring efficient reactant supply and product
removal and can contribute to improved stability by preventing electrode fouling or active
site blockage [42]. Core-shell nanostructures with excellent stability, functionality, and
dispersion have proven effective for enhancing electrocatalysis [43,44]. Electrospun core-
shell nanofibers offer particularly precise control over active site regulation and charge
transfer resistance reduction. Li et al. [45] developed a hybrid CoP catalyst anchored on
nitrogen-doped hollow carbon spheres supported by carbon nanofibers (CoP /NCF-200)
through controlled electrospinning followed by pyrolysis and phosphidation. This catalyst
exhibited remarkable activity, favorable kinetics, and excellent stability, attributable to both
the synergistic effects between CoP and N-doped carbon and the unique hollow spherical
architecture. Therefore, transition metal co-doped carbon catalysts are widely regarded as
promising alternatives to noble-metal-based catalysts for water electrolysis.

Several methods, including hydrothermal growth [46], templating with Metal-Organic
Frameworks (MOFs) [47], and vacuum filtration [48], have been developed to fabricate
self-supporting electrocatalysts. However, electrospinning stands out as a particularly
versatile and scalable technique for creating continuous one-dimensional (1D) nanofibrous
membranes. A key advantage of this method is the direct production of binder-free, inter-
woven 3D networks that possess both high mechanical strength and excellent electrical
conductivity pathways throughout the material [49]. Furthermore, the use of coaxial electro-
spinning provides precise control over the fabrication of complex core-shell nanostructures.
This capability is essential for rationally designing advanced architectures, such as the
hollow fibers presented in this work, where a sacrificial core material can be selectively re-
moved during post-processing to create internal channels that enhance mass transport [50].
While the process requires careful optimization of multiple parameters to achieve a desired
morphology, its ability to uniformly embed catalyst precursors within the polymer matrix
ensures homogeneous distribution of active sites, making it a superior strategy for synthe-
sizing high-performance, self-supporting electrodes compared to methods that may suffer
from particle aggregation or non-uniform growth on a substrate [49].

To address the aforementioned challenges of achieving low overpotentials, high cur-
rent densities, and robust long-term stability in bifunctional catalysts, particularly con-
cerning mass transport limitations and active site optimization, here, a self-supporting
nitrogen-doped hollow carbon nanofiber membrane embedded with Co/Co,P hetero-
junctions (Co/Co,P-NCNFs-H) was fabricated via continuous coaxial co-spinning. The
inner polymethyl methacrylate (PMMA) layer was pyrolyzed during high-temperature
carbonization, creating hollow channels that promote gas diffusion and expose abundant
active sites. The outer layer, composed of cobalt precursors and polyacrylonitrile (PAN),
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formed a conductive carbon matrix after carbonization. The Co/Co,P heterojunction lever-
ages interfacial electronic synergy to accelerate charge transfer and enhance bifunctional
catalytic activity. Electrochemical tests in 1.0 M KOH revealed exceptional performance,
achieving a high current density of 100 mA cm~?2 at competitive overpotentials of 405.6 mV
(OER) and 247.9 mV (HER) in 1.0 M KOH, alongside robust stability with continuous
operation for over 250 h. These metrics address key challenges in the field. This work
highlights the critical role of hollow nanostructures in optimizing mass transport and
heterojunction engineering in designing high-efficiency electrocatalysts, offering a scalable
strategy for advancing sustainable hydrogen production technologies.

2. Experimental Section
2.1. Materials

Polyacrylonitrile (PAN, Mw = 150,000 g mol~!, AR grade) and polymethyl methacry-
late (PMMA, AR grade) were purchased from Aladdin Reagent Inc., Shanghai, China.
Cobalt(Il) acetate tetrahydrate (Co(AC),-4H,0, 99.9%), phosphoric acid (HzPOy, 99.9%),
zinc acetate (Zn(AC),-2H0, 99.9%) and N, N-dimethylformamide (DMF, AR grade) were
purchased from Shanghai Titan Scientific Co., Ltd., Shanghai, China.

2.2. Preparation of Self-Supporting Co/CoyP-NCNFs-H Membranes

Synthesis of Co/Co,P-NCNFs-H was performed via coaxial electrospinning followed
by a multi-step heat treatment, as illustrated in Figure S1. The procedure is detailed below.

2.2.1. Preparation of Precursor Solutions

Outer Shell Solution (Solution A): First, 0.1 g of Co(AC);-4H,0 (0.4 mmol) was dis-
solved in 15 mL of N,N-dimethylformamide (DMF) and sonicated to form a homogeneous
solution. Subsequently, 0.2 g of H3PO,4 was added, followed by 1.5 g of polyacrylonitrile
(PAN). The mixture was stirred overnight to yield a uniform, pink spinning solution.

Inner Core Solution (Solution B): In a separate vessel, 0.5 g of Zn(AC),-2H,Oand 1.0 g
of polymethyl methacrylate (PMMA) were dissolved in 15 mL of DMF by stirring in a
50 °C water bath. After a homogeneous solution was formed, 1.0 g of PAN was added, and
the mixture was stirred overnight at room temperature to obtain the inner core solution.

2.2.2. Coaxial Electrospinning

The two precursor solutions were placed into separate 10 mL syringes and loaded
onto two syringe pumps. Electrospinning was performed under the following conditions:

Setup: A coaxial spinneret consisting of a 17-gauge outer needle (for Solution A) and
a 21-gauge inner needle (for Solution B).

Flow Rate (Outer Solution A): 1.0 mL h~1.

Flow Rate (Inner Solution B): 0.5 mL h~1.

Applied Voltage: 19 kV.

Collector Distance: 15 cm. The process was run for 6 h to produce a uniform nanofiber
membrane, denoted as Co/H3PO4-PAN.

2.2.3. Post-Treatment: Pre-Oxidation, Carbonization, and Activation

Pre-oxidation: The as-spun Co/H3PO4-PAN membrane was first dried in a vacuum
oven at 60 °C to remove residual DME. It was then transferred to a muffle furnace and
heated to 280 °C at a ramp rate of 1 °C min~! and held for 1 h to stabilize the fiber structure.
This yielded the pre-oxidized sample, Co/H3PO4-PAN-O.

Carbonization: The stabilized membrane was placed in a tube furnace and carbonized

under an argon atmosphere. The furnace was heated to 900 °C at a ramp rate of 5 °C min~!
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and held for 3 h. During this step, the inner PMMA and zinc components were pyrolyzed,
resulting in the formation of porous hollow carbon nanofibers.

Activation: The final carbonized sample was immersed in 0.5 M H,SO; for 2 h for
activation, then washed thoroughly with deionized water and dried. The final product was
labeled Co/Co,P-NCNFs-H.

2.3. Preparation of Control Samples

Co/CoyP-NCNFs (Solid Fibers): This control sample was fabricated using single
channel electrospinning. Only the outer shell solution (Solution A) was used, with an
injection rate of 1.0 mL h~!. All subsequent pre-oxidation and carbonization steps were
identical to those described in Section 2.2.3.

Co-NCNFs-H (Hollow, P-free Fibers): This control was prepared to investigate the
effect of phosphorus. Fabrication followed the coaxial electrospinning procedure described
in Section 2.2.2, using the same inner core solution (Solution B). However, the outer shell
solution was prepared without the addition of H3PO,. All other processing parameters
and post-treatments remained constant.

Co-NCNFs (Solid, P-free Fibers): This solid control sample was prepared by single-
channel electrospinning using the P-free outer solution described above at an injection rate
of 1.0 mL h~!. The post-treatment conditions were identical to those for the other samples.

2.4. Catalytic Activity Measurements

Electrochemical measurements were conducted using a CHI 660E electrochemi-
cal workstation (CHI Instruments, Shanghai, China) in a three-electrode setup with a
1.0 M KOH electrolyte solution at room temperature and ambient pressure. As-prepared
Co/Co,P-NCNFs-H was employed as a self-supported working electrode with an ex-
posed area of 1 cm?. An Ag/AgCl electrode and a glassy carbon electrode served as the
reference and counter electrodes, respectively. Cyclic voltammetry (CV) was performed
in the 0~1.1 V range at a scan rate of 5 mV s~ ! to evaluate water oxidation (OER). The
linear sweep voltammetry (LSV) method was applied in the —1~—2 V range to obtain the
hydrogen evolution reaction (HER) performance with a scan rate of 5 mV s~ 1. The stability
of the catalysts was assessed using the chronoamperometry technique. All potential values
were converted to the reversible hydrogen electrode according to Equation (1), and the
overpotential () was calculated according to Equation (2):

E (RHE) = E (Ag/AgCl) + 0.059 x pH + 0.197 1)

n =E([RHE) — 1.23 )

All electrochemical data were i-R corrected (0.8 iR).

ECSA evaluation was conducted using the CV method in the non-faradaic current
region at scan rates of 20, 40, 60, 80, and 100 mV s~1. The current density difference at
selected potentials was plotted versus scan rate. The resulting linear slope equaled Cg;.
ECSA was calculated according to Equation (3), using the specific capacitance (Cs) of a
standard electrode with a geometric surface area of 1 cm?. The Cs typically ranges from 20
to 60 uF cm 2. Herein, an average value of 40 uF cm ™2 was used to calculate the ECSA.

ECSA = Cg;/Cs 3)

Turnover frequency (TOF) was calculated according to Equation (4), where I is the
current density at a given overpotential (e.g., 1 = 200 mV), F is the Faraday constant
(96,485 C), and n is the molar quantity of electrochemically active sites.
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TOF =1/(4F x n) 4)

Electrochemical impedance spectroscopy (EIS) measurements were performed in the
frequency range of 100 kHz to 0.01 Hz, and OER/HER was tested at 0.6 V/—1.2 V vs.
Ag/AgCl, respectively. The relevant R values were fitted using ZView2 software. A
smaller Rt value suggested that the catalyst has a higher charge transfer rate.

3. Results and Discussion
3.1. Morphology Characterization

The morphology and microstructure of the synthesized samples were systematically
characterized. Scanning electron microscopy (SEM) was employed to analyze the fibrous
structure of the as-prepared Co/Co,P-NCNFs-H, as illustrated in Figure 1la. The SEM
images revealed a tightly interwoven three-dimensional network of nanofibers, ensur-
ing continuous conductive pathways. The fibers exhibited uniform diameters ranging
from 200 to 250 nm, with submicron-scale dimensions contributing to their exceptional
mechanical strength [51]. Cross-sectional SEM images (Figure 1b,c) confirmed the hol-
low architecture, attributed to the thermal decomposition of the polymethyl methacrylate
(PMMA) core and the phase separation between PMMA and polyacrylonitrile (PAN). The
removal of PMMA during carbonization exposed abundant active sites, thereby enhancing
catalytic performance. The dual presence of PAN in both inner and outer layers facili-
tated robust integration of active sites with the carbon shell, effectively preventing metal
particle detachment and ensuring structural stability. Notably, the fibers displayed no
observable agglomeration, with wall thicknesses uniformly maintained at 30-50 nm. The
self-supporting, three-dimensional network of nanofibers provides continuous pathways
for electron transport and ensures robust mechanical integrity. Critically, the hollow interior
of each nanofiber is intentionally designed to create channels that facilitate rapid electrolyte
diffusion to the active sites and efficient release of generated gas bubbles (O, and Hy). This
structure increases the overall specific surface area, thereby maximizing the exposure of
catalytically active sites [41].

The fine microstructure of the Co/Co,P-NCNFs-H sample was characterized by trans-
mission electron microscopy (TEM). The TEM images clearly reveal the hollow structure
of the carbon nanofibers, with no observable metal agglomeration (Figure 1d,e), demon-
strating that the N,P-doped carbon matrix effectively promotes uniform dispersion of
Co species. High-resolution TEM (HRTEM) analysis showed lattice fringes of 0.206 nm,
which belong to the (211) plane of Co,P (Figure S2) [52], but no obvious Co and C lattice is
observed, indicating the predominantly amorphous nature of the C and Co components
(Figure 1f). This may be due to the catalyst particles being too small and evenly distributed.
Furthermore, energy-dispersive X-ray spectroscopy (EDX) elemental mapping confirmed
the homogeneous distribution of multiple elements (C, N, P, O, and Co) throughout the
Co/CoyP-NCNFs-H sample (Figure 1g). The close proximity of Co and P atoms is expected
to promote formation of Co/Co,P heterojunctions, which are anticipated to lower reaction
energy barriers and accelerate charge transfer due to synergistic interfacial electronic ef-
fects [28]. Furthermore, uniform doping of nitrogen into the carbon framework is expected
to modulate the electronic structure, improve surface hydrophilicity for better electrolyte
contact, and securely anchor active species to enhance long-term stability.

SEM cross-sectional and TEM images of the control sample Co/Co,P-NCNFs are
shown in Figure S3. Unlike the Co/Co,P-NCNFs-H sample, the SEM cross-sectional image
of Co/Co,P-NCNFs can be observed as a solid carbon nanofiber structure. From the
TEM images, it can be observed that there are carbon shell-encapsulated nanoparticles
loaded onto the carbon nanofibers, and the diameter of the particles is between 10~15 nm
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(Figure S3b,c). The EDS patterns show that the elements C, N, P, O, and Co are distributed
in the nanofibers in the Co/Co,P-NCNFs, but the elements Co and P are more concentrated
in the nanoparticles, and the nanoparticles are mainly Co/Co,P heterojunctions coated by
the outer carbon shell (Figure S4). Through characterization of the microscopic morphology
of Co/CoyP-NCNFs-H and control samples, it can be proved that reasonable design of
coaxial co-spinning conditions can achieve preparation of hollow carbon nanofibers doped
with N and P elements, and that a reasonable flow rate of the inner and outer layers
of the solution can lead to more homogeneous dispersion of the Co element during the
electrospinning process.

200 nm
—

Figure 1. Morphology characterization of Co/Co,P-NCNFs-H. (a—c) SEM images of Co/Co,P-
NCNFs-H. (d,e) TEM images of Co/Co,P-NCNFs-H. (f) HRTEM images of Co/Co,P-NCNFs-H.
(g) HAADF-STEM image and EDS elemental mapping of Co/Co,P-NCNFs-H.

3.2. Composition Study of the Samples

XRD was used to characterize the degree of graphitization and crystal structure of the
catalysts. A broad peak located at 26°, representing the amorphous structure of carbon, was
detected in all four samples (Figure 2a). Three distinct sharp peaks were detected in both
the Co-NCNFs-H and Co-NCNFs samples at 44.2°, 51.5°, and 75.8°, which corresponded
to the Co(111), Co(200), and Co(220) crystallographic planes, respectively (JCPDS No. 15-
0806) [53]. There are two distinct CopP peaks in Co/CoyP-NCNFs-H and Co/Co,P-NCNFs
samples located at 43.29° and 40.72°, corresponding to the CopP (211) and Co,P (121)
crystal faces (JCPDS No. 32-0306) [54]. Also, weak peaks of Co (111), Co (200), and Co (220)
were present in the XRD pattern of the sample, representing the coexistence of metal Co
and Co,P within the carbon nanofiber matrix. The small crystallite sizes and lattice strain
likely contribute to enhanced catalytic activity via increased density of grain boundaries
and interfacial defects, which can serve as additional active sites [55].
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Figure 2. Composition study of the samples. (a) XRD patterns and (b) Raman spectra of Co-NCNFs,
Co/CoyP-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs-H. (c¢) TGA analysis of Co/Co,P-NCNFs-H.

Meanwhile, Raman spectroscopy was employed to probe the structural characteristics
and defect states of the carbon nanofiber framework (Figure 2b). All samples exhibit two
prominent peaks: the D band at ~1350 cm~ 1 attributed to disordered carbon or defects,
and the G band at ~1587 cm ™!, corresponding to graphitized carbon atoms [56]. The ratio
of the D band to the G band (Ip/Ig) is used to determine the degree of graphitization and
defectiveness of carbon materials. For Co/Co,P-NCNFs-H, the I /I ratio was found to be
1.052, which is significantly higher than that of Co-NCNFs (0.96), Co/Co,P-NCNFs (0.978),
and Co-NCNFs-H (0.982). This increase reflects N and P doping and hollow structure
lead to a large number of defects in the carbon nanofibers. These defects play a crucial
role in enhancing electrocatalytic activity by increasing the number of active sites and
facilitating electron transfer across the carbon network [57]. Moreover, the higher I /Ig
ratio is consistent with the XPS evidence of increased Co-N bonding and oxygenated
functional groups (Figure 3b), suggesting synergistic modulation of the electronic structure
through heteroatom doping and interface engineering.

The elemental content in the Co/Co,P-NCNFs-H sample was determined according
to ICP-OES, in which the percentages of the Co and P elements were 4.51 wt% and 0.8 wt%,
respectively, as shown in Table S1. Calculated from the thermogravimetric analysis results,
it can be concluded that the Co content in Co/Co,P-NCNFs-H is about 4.46 wt% (Figure 2c),
which is basically consistent with the ICP-OES results. The unit loading of elemental Co in
this catalytic material was calculated to be about 4.35 mg g~!. The water contact angles
of Co/CoyP-NCNFs-H and Co/Co,P-NCNFs samples were also tested to evaluate the
effect of the hollow carbon nanofiber structure on hydrophilicity and hydrophobicity;
the results are shown in Figures S5 and S6. The comparison shows that the Co/Co,P-
NCNFs-H samples with hollow carbon nanofiber structure have better hydrophilicity
and aerophobicity, which proves that rational regulation of fiber structure can effectively
enhance three-phase interfacial mass transfer in the process of water electrolysis, promote
contact between the active sites and the electrolyte solution, and accelerate the escape of
bubbles to enhance the catalytic rate of the electrolysis of water.

As obtained by BET nitrogen adsorption-desorption isotherm analysis, the specific
surface areas of Co/Co,P-NCNFs-H (254 m? g_l) and Co-NCNFs-H (233 m? g_l) were
significantly larger than Co-NCNFs (126 m? g~ !) and Co/Co,P-NCNFs (144 m? g~ 1),
which demonstrated that the hollow structure could significantly enhance the specific
surface area of carbon nanofibers to expose more active sites (Figure S7). The specific
surface area of Co/Co,P-NCNFs-H is slightly larger than that of Co-NCNFs-H due to the
introduction of defects by P doping in the carbon material. Moreover, the pore sizes of
Co-NCNFs and Co/CopP-NCNFs are mostly around 1 nm, whereas the hollow carbon
nanofiber material Co/CopP-NCNFs-H and Co-NCNFs-H samples also have a larger pore
distribution, at 2~3 nm (Figure S8), which may be due to the microporous structures left in
the inner wall of the hollow fibers after PMMA decomposition. The hollow and porous
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structures of Co/Co,P-NCNFs-H and Co-NCNFs-H help to promote rapid mass transfer
on the electrode surface and push the reaction forward.
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Figure 3. XPS characterization of the samples. (a) Co 2p3,,, (b) N 1s, (c) O 1s, and (d) P 2p for
Co-NCNFs, Co/Co,P-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs-H.

XPS analysis was performed to investigate the surface elemental composition, oxi-
dation states, and chemical structure of the prepared Co-NCNFs, Co/Co,P-NCNFs, Co-
NCNFs-H, and Co/Co,P-NCNFs-H. As shown in the full-scan XPS spectrum (Figure S9d),
the Co/Co,P-NCNFs-H sample contains Co, C, N, P, and O elements. The corresponding
spectra of control samples are presented in Figure S9: all samples exhibit distinct peaks
for C 1s, O 1s, and N 1s, while the signals for the Co and P elements appear relatively
weak in the full-scan spectra due to their low concentrations. The Co 2p spectrum (Fig-
ure 3a) of Co/CoyP-NCNFs-H reveals a significantly attenuated Co’ 2ps/o peak at 778.2 eV
compared to other control samples, indicating partial oxidation of metallic cobalt. Simulta-
neously, the intensity of peaks at 780.6 eV (Co®* 2p3/,) and 782.4 eV (Co?* 2p3/5) increases,
accompanied by characteristic satellite features at 786.2 and 792.0 eV, consistent with the
formation of Co-O and Co(OH); species [53]. These observations are further supported
by the O 1s spectrum (Figure 3c), where the dominant peak at 530.1 eV corresponds to
metal-oxygen bonds. The N 1s spectrum (Figure 3b) shows four deconvoluted peaks
located at 398.4 eV (pyridinic N), 399.8 eV (pyrrolic N), 400.3 eV (Co-N coordination),
and 401.1 eV (graphitic N) [58]. Among these, the Co-N component displays a signifi-
cantly higher intensity in Co/Co,P-NCNFs-H, indicating that nitrogen atoms are actively
involved in coordination with Co species. This suggests a strong electronic interaction
between N-doped carbon and cobalt, which may help stabilize active sites and modulate
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local charge density. The P 2p spectrum (Figure 3d) displays two main peaks at 129.4 eV
(2p3/2) and 130.2 eV (2p1/2), which are attributed to Co-P bonding, corresponding to the
Co,P diffraction peaks observed in XRD patterns. A broader peak at 133.5 eV corresponds
to surface-oxidized phosphorus (P-O) [28]. Notably, the intensity of the Co-P signal is
significantly higher in Co/Co,P-NCNFs-H than in Co/Co,P-NCNFs, suggesting a higher
degree of heterojunction exposure, likely enabled by the hollow and porous architecture.
This structure enlarges the interfacial contact among Co, P, and N atoms, reinforcing the
both Co-N and Co-P coordination bonds and promoting the stability of active sites [45].

3.3. OER Activity Evaluation of Co/CoyP-NCNFs-H

The OER catalytic activity and stability of the self-supporting electrodes Co-NCNFs,
Co/CoyP-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs-H were tested in an alkaline elec-
trolyte solution using a three-electrode system. First, the CV curves of the catalysts during
the OER process were measured in 1.0 M KOH solution at a scan rate of 5 mV s™!, as
shown in Figure 4a. Compared to the control samples, Co/Co,P-NCNFs-H exhibits the
highest OER activity, required an overpotential of only 405.6 mV to achieve a high current
density of 100 mA cm~2, which is much lower than Co-NCNFs (586 mV), Co/Co,P-
NCNFs (464.9 mV), and Co-NCNFs-H (488.3 mV) (Figure 4b). The Tafel slopes for Co-
NCNFs, Co/Co,yP-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs-H were 145.7 mV dec ™},
91.6 mV dec !, 1104 mV dec™!, and 76.2 mV dec ™!, respectively (Figure 4c), indicating
that Co/Co,P-NCNFs-H shows the best intrinsic OER activity and reaction kinetics in
an alkaline electrolyte solution. The comprehensive performance of Co/Co,P-NCNFs-H
outperformed some of the recently reported transition metal-based OER catalysts (Table 1).

Table 1. OER performance in 1.0 M KOH compared with other transition metal-based catalysts.

Overpotential at Tafel Slope

Catalysts 100 mA cm—2 (mV) (mV dec1) Ref.
Co/CoyP-NCNFs-H 405.6 76.2 This work
p-CooSg/NC/CF 398 75 [59]
Ni@N-HCGHF 470 63 [60]
Fe3C-Co/NC 450 - [61]
Ni, P-VP, /NF 398 56 [62]
Ni/NiFe,O, 365 86 [63]
Co-ZIF/CDs/CC 401 147 [64]
NiFe LDH/NiS, /VS, 384 99 [65]

To compare the ECSA of the prepared samples, CV curves were measured at different
scan rates (20, 40, 60, 80, and 100 mV s~ 1), and the Cyq; values of the catalysts were calculated
(Figure 5a—e). Among them, the Cy; values of Co/Co,P-NCNFs-H and Co-NCNFs-H are
similar, at 1.52 mF cm 2 and 1.48 mF/cm 2, respectively, which are significantly higher
than those of Co/Co,P-NCNFs (1.01 mF cm~2) and Co-NCNFs (0.9 mF cm™2).

The ECSA was calculated by converting the specific capacitance of a standard electrode
with an actual surface area of 1 cm? into ECSA, and the results are shown in Figure 5f. The
ECSA values of Co-NCNFs, Co/Co,P-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs-H
are 22.5, 25, 37, and 38 cm?gcsa, respectively. This demonstrates that the hollow carbon
nanofiber structure can significantly increase the electrochemical active surface area of
the catalyst, allowing the active sites to better interact with the electrolyte and improving
the utilization of active sites. Additionally, the TOF value for Co/Co,P-NCNFs-H at an
overpotential of 450 mV for OER is 27.0 s ! (Figure 4e,f), which is significantly higher than
those of the other control samples, further confirming its highest intrinsic OER activity.
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3.4. HER Activity of Co/Co,P-NCNFs-H

Similarly, in a 1.0 M KOH solution, the HER LSV curves of the catalysts were measured
at a scan rate of 5 mV/s, as shown in Figure 6a. Co/Co,P-NCNFs-H exhibited the best HER
activity. Compared to Co-NCNFs (383.8 mV), Co/CopP-NCNFs (291.7 mV), and Co-NCNFs-
H (314.5 mV), Co/Co,P-NCNFs-H required the lowest overpotential of only 247.9 mV to
reach a current density of 100 mA /cm? (Figure 6b). Additionally, the intrinsic HER kinetics
of the prepared catalysts were evaluated using the Tafel slope, as shown in Figure 6c.
Compared to Co-NCNFs (187.4 mV dec™1), Co/Co,P-NCNFs (95.4 mV dec™!), and Co-
NCNFs-H (117.3 mV dec™!), Co/Co,P-NCNFs-H exhibited the best intrinsic kinetics, with
a Tafel slope of 67.7 mV dec 1. From the electrochemical tests, it can be observed that,
compared to Co sites, the Co/Co,P heterojunction significantly enhances the catalyst’s dual-
function intrinsic OER and HER activity. Furthermore, the hollow carbon nanofibers can
increase the utilization of catalytic active centers by exposing more active sites and provide
channels for bubble transfer generated during high-current operation. Therefore, the
Co/CoyP-NCNFs-H and Co-NCNFs-H samples show better electrocatalytic performance
compared to Co/Co,P-NCNFs and Co-NCNFs. Moreover, the TOF value for Co/Co,P-
NCNFs-H at an overpotential of 400 mV for HER is 57.4 s~! (Figure 6e,f), which is also
significantly higher than those of the other control samples, further confirming its highest
intrinsic HER activity. Many transition metal-based catalysts with excellent performance
have been reported in recent years. In comparison, the comprehensive performance of
Co/Co,P-NCNFs-H has surpassed some of them (Table 2).

Table 2. HER performance in 1.0 M KOH compared with other transition metal-based catalysts.

Overpotential at Tafel Slope
Catalyst 100 ng cm 2 (mV) (mV dec*Pl) Ref.
Co/Co,yP-NCNFs-H 2479 67.7 This work
Co(OH),@NiFe/NF 311 74 [66]
Ni3zS, /Ni(OH),-5h 360 80.8 [67]
Ni(OH)z /NiC0204 189 (1’]10) 41 [68]
NiFeCrSy /NF 236 67.4 [69]
Co,P-NizS, /NF 110 114.2 [70]
ac-NiCo(OH), /NF 320 90 [71]
F-Co,P/Fe,P/1IF 151.8 115.01 [72]

Figures 4g,h and 6g,h show the polarization curves of the samples after ECSA nor-
malization, used to verify the catalytic kinetics and intrinsic active sites of the catalysts
during the OER and HER processes. By excluding the influence of surface area on the
catalyst, the performance curves of Co/CoyP-NCNFs-H and Co/Co,P-NCNFs after ECSA
normalization are nearly identical in both HER and OER and significantly better than
those of Co-NCNFs and Co-NCNFs-H. The results confirm that formation of the Co/Co,P
heterojunction plays an important role in optimizing the intrinsic kinetics of the catalytic
electrode, significantly enhancing the intrinsic activity of the catalytic processes for both
OER and HER. Among them, Co/Co,P-NCNFs-H shows the best dual-function intrinsic
activity, proving that the hollow structure also contributes to the formation and dispersion
of the Co/Co,P heterojunction.

Furthermore, to compare the resistance of the Co-NCNFs, Co/Co,P-NCNFs, Co-
NCNFs-H, and Co/Co,P-NCNFs-H samples during the HER and OER processes, EIS mea-
surements were conducted in a 1.0 M KOH solution over a frequency range of 100,000 Hz
to 0.1 Hz (Figures 4d and 6d). From the Nyquist plot, the electronic conductivity of
Co/CoyP-NCNFs-H could be enhanced with lower charge-transfer resistance (R¢t) of
650 mQ) than Co-NCNFs (3.55 Q)), Co/Co,P-NCNFs (850 mQ)), and Co-NCNFs-H (3.42 )
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in the OER. Similarly, in the HER process, Co/Co,P-NCNFs-H also exhibits the small-
est Ret of 270 mQ) compared to Co-NCNFs (520 m(2), Co/Co,P-NCNFs (300 m(}), and
Co-NCNFs-H (342 mQ)). This is likely attributed to the activation effect of nitrogen and
phosphorus doping in the carbon material and the promotion of charge transfer between
interfaces by the Co/Co,P heterojunction.

The electrochemical stability of Co/Co,P-NCNFs-H for the OER and the HER was also
tested. The self-supporting Co/Co,P-NCNFs-H electrode exhibited excellent electrochemi-
cal stability for both the OER and the HER in a 1.0 M KOH solution. It was able to stably
operate for nearly 20 h at 0.6 V (vs. Ag/AgCl) (Figure 4i) and for nearly 250 hat —1.5V
(vs. Ag/AgCl) without significant performance degradation (Figure 6i). This demon-
strates that doping of the N and P elements in the carbon material successfully anchors the
Co/Co,P heterojunction active sites, effectively preventing aggregation and detachment
of metal elements during long-term electrochemical testing, thus improving stability. The
excellent mechanical strength and stable three-dimensional structure of the hollow carbon
nanofiber structure also ensure long-term stable operation of the electrode’s active sites.

(c)

Figure 6. HER activity of the samples. (a) HER CV curves, (b) HER overpotential at 100 mA cm~2,
(c) HER Tafel slopes, (d) Nyquist plots of HER in 1.0 M KOH, (e) TOF curves, (f) TOF values
at an overpotential of 400 mV, (g) HER jgcsa curves, (h) jecsa at an overpotential of 400 mV for
Co-NCNFs, Co/Co,P-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs-H in the HER test in 1.0 M
KOH. (i) Chronoamperometry curve of Co/Co,P-NCNFs-H tested at a constant potential of —1.5 V
(vs. Ag/AgCl).
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3.5. Characterization of Co/CoyP-NCNFs-H After OER and HER Stability Tests

The microstructure of the Co/Co,P-NCNFs-H samples after stability testing, denoted
as Co/CopP-NCNFs-H-After (OER) and Co/Co,P-NCNFs-H-After (HER), was character-
ized by SEM and TEM. After a long electrochemical oxidation process (Figures 7a and 510),
the three-dimensional structure and hollow channels of the carbon nanofibers were well
preserved, with no significant change in fiber diameter. However, partial aggregation of the
metal particles encapsulated in the carbon shell was observed on the fibers, which may be
the cause of the catalyst’s performance degradation. After more than 200 h of HER testing
(Figures 7b and S11), the uniformity and continuity of the Co/Co,P-NCNFs-H-After (HER)
fibers, as well as the fiber thickness, were well maintained, and no significant aggregation
of metal elements was found on the fibers. These results collectively demonstrate that the
Co/CoyP-NCNFs-H sample has good microstructural stability and mechanical strength
during electrochemical testing.
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Figure 7. Structural stability during electrocatalysis. (a) TEM images of Co/Co,P-NCNFs-H-After
(OER). (b) TEM images of Co/Co,P-NCNFs-H-After (HER). (c¢) Raman, (d) Co 2p XPS, (e) N 1s XPS,
(f) O 1s XPS, and (g) P 2p XPS spectra of Co/Co,P-NCNFs-H-After (OER) and Co/CopP-NCNFs-H-
After (HER).

Raman analysis was also performed on the post-reaction samples, as shown in
Figure 7c. After the HER and OER reactions, the Ip/Ig ratio of the samples showed
no significant changes, indicating excellent stability of the carbon material during the
electrocatalytic process. Figure 7d—g presents the XPS characterization of the Co/Co,P-
NCNFs-H-After (OER) and Co/Co,P-NCNFs-H-After (HER) samples. The Co 2p spectrum
of Co/Co,P-NCNFs-H-After (OER) shows that the Co” peak disappears and is oxidized
to a higher Co?*/Co’" oxidation state, with a significant increase in the peak area of the
M-O coordination in the O 1s spectrum. Additionally, only the P-O coordination feature
peak remains in the P 2p spectrum, while the characteristic peaks of P bonding with Co
in the 2p; /, and 2p3,, orbitals vanish. This could be due to the strong oxidation process,
which causes the Co element to partially leach out, weakening the coordination strength
between Co and P. For the Co/Co,P-NCNFs-H-After (HER) sample, the Co 2p spectrum
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shows an increased proportion of the Co” peak, and the Co-O coordination peak in the O 1s
spectrum disappears, confirming that the metal elements are reduced to a lower oxidation
state. The P 2p spectrum shows a decrease in the intensity of the P-O coordination feature
peak, indicating a decrease in the overall oxidation state of the sample after the HER.

Future work should focus on enhancing the catalyst’s stability, particularly for the
oxygen evolution reaction (OER). While the material demonstrated excellent durability for
the hydrogen evolution reaction (HER) for over 250 h, its OER stability was shorter, due
to metal particle aggregation. Strategies like surface passivation or doping with oxophilic
elements could mitigate this oxidative degradation. A crucial next step is to evaluate
the electrode in a practical two-electrode electrolyzer to assess its performance under
industrially relevant conditions.

To deepen mechanistic understanding, in situ and operando spectroscopy combined
with density functional theory (DFT) calculations should be employed. This approach can
elucidate the precise nature of the active sites at the Co/Co,P heterojunction and clarify the
reaction pathways for both the HER and the OER. Finally, the versatility of the continuous
coaxial co-spinning method should be leveraged to synthesize other catalysts, such as
different transition metal phosphides or sulfides (e.g., Ni, Fe, Mo), to further tune catalytic
activity. A thorough techno-economic analysis is also warranted to confirm the commercial
viability of this scalable synthesis strategy for sustainable hydrogen production.

4. Conclusions

In conclusion, this work successfully demonstrates the importance and effective-
ness of synergistically combining structural and electronic design principles to create a
highly efficient and durable bifunctional electrocatalyst for overall water splitting. A
self-supporting N-doped hollow carbon nanofiber electrode anchored with Co/Co,P het-
erojunctions (Co/Co,P-NCNFs-H) was synthesized via continuous coaxial electrospinning.
The significance of this catalyst is rooted in its unique architecture, where the hollow
and porous structure provides abundant active sites and facilitates mass/gas transport,
while the Co/Co,P heterojunction interface optimizes the electronic configuration to boost
the intrinsic catalytic activity for both the HER and the OER. The material demonstrated
exceptional bifunctional electrocatalytic activity for overall water splitting in 1.0 M KOH,
achieving a current density of 100 mA cm~2 at low overpotentials of 405.6 mV for the
OER and 247.9 mV for the HER, alongside outstanding long-term stability (maintaining
operation for 20 h at 0.6 V vs. Ag/AgCl for the OER and 250 h at —1.5 V vs. Ag/AgCl for
the HER without significant degradation). Structural analyses revealed a uniform hollow
nanofiber architecture with robust mechanical stability, while BET measurements confirmed
a high specific surface area (254 m? g~!) and porous structure, facilitating abundant active
site exposure. Hydrophilic/superaerophobic properties validated by contact angle tests
enhanced electrolyte infiltration and gas dissipation at the triple-phase interface. XRD
and XPS confirmed the coexistence of metallic Co and Co,P, forming heterojunction inter-
faces that optimized electron transfer kinetics. Comparative studies with control samples
(Co-NCNFs, Co-NCNFs-H, and Co/Co,P-NCNFs) highlighted the synergistic interplay
between the hollow structure and heterojunction in boosting catalytic performance. This
work provides new ideas for the rational design and preparation of hollow carbon nanofiber
catalytic materials with large specific surface area, fast mass transfer channels, and uniform
dispersion of active sites.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ coatings15070772/s1, Figure S1. Schematic illustration of the
overall synthesis of the Co/Co,P-NCNFs-H. Figure S2. HRTEM image of nanoparticle on Co/Co,P-
NCNFs-H. Figure S3. (a) SEM images, (b) TEM image and (c) HRTEM image of nanoparticles on
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Co/CopP-NCNFs. Figure S4. HAADF-STEM image and EDS elemental maps of the Co/Co,P-NCNFs.
Figure S5. Droplet (a) and bubble (b,c) contact angles (CA) of Co/Co,P-NCNFs-H. Figure S6. Droplet
(a) and bubble (b,c) contact angles (CA) of Co/Co,P-NCNFs. Figure S7. N, adsorption-desorption
isotherms of Co/Co,P-NCNFs-H. Figure S8. Pore size distributions of Co-NCNFs, Co/Co,P-NCNFs,
Co-NCNFs-H and Co/CoyP-NCNFs-H. Figure S9. Full scan XPS spectra of Co-NCNFs, Co/Co,P-
NCNFs, Co-NCNFs-H and Co/Co,P-NCNFs-H. Figure S10. SEM image of Co/Co,P-NCNFs-H-After
(OER). Figure S11. SEM image of Co/Co,P-NCNFs-H-After (HER). Figure S12. The diagram of
overall water splitting on Co/Co,P-NCNFs-H [2,73]. Table S1. The ICP analysis results of Co/Co,P-
NCNFs-H. Table S2. The FHWM and binding energy used during XPS deconvolution.
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