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Abstract: This study employs a simple and cost-effective technique to enhance the photoelectrochem-
ical (PEC) water-splitting performance of melamine cyanaurate microrods (M), SnO, nanostructures
(S), and melamine cyanaurate microrods decorated with SnO, quantum dots (MS) by optimizing
NaOH and Na,SOj; electrolytes. Notably, the MS electrode demonstrates a remarkable improvement
in PEC efficiency in NaySOj; solution associated with NaOH solution. Specifically, the induced
currents of the MS anode in the NaySOj3 electrolyte are approximately 6.28 mAcm 2 more than those
observed in the NaOH electrolyte solution. It is revealed that SO%‘ anions effectively consume the
holes, leading to improved separation of the generated charge pairs. This effective charge separation
mechanism significantly contributes to the enhanced PEC performance observed in Na;SO; elec-
trolytes. The findings of this study suggest a capable approach for improving the PEC activity of the
materials through the careful optimization of the supported electrolytes.

Keywords: melamine cyanaurate microrods; electrolytes; water splitting; induced current density;
impedance analysis

1. Introduction

Over the past few decades, photoelectrochemical water splitting (PWS) has been
extensively studied due to increasing concern for energy and environmental issues [1]. Pho-
tocatalyst and photoelectrochemical (PEC) cells are the main categories in water-splitting
systems. Various nanostructures based on semiconductor oxides, including ZnO, SnO,,
TiO,, V205, WO3, and Fep; O3, have been employed to enhance the PWS activity because of
their structural simplicity, flexibility, relatively narrow band gaps, higher charge transport
property, and good stability [2-6]. Among these oxides, SnO, nanostructures have several
industrial applications owing to their high surface area, strong stability, and broad bandgap.
Moreover, owing to these superior properties, SnO, nanostructures have been widely used
in a variety of technological applications, such as batteries, photocatalysis, perovskite
solar cells, sensing, and energy conversion [7-11]. Moreover, the catalytic activity of SnO,
nanostructures is limited owing to the underlying recombination rate. Hence, to improve
its PWS property, SnO, needs to be doped with metal ions or combined and decorated
with other catalysts. Based on the earlier literature that SnO, quantum dots decorated
with V05 and ZnO lead to enhance PCE efficiency [12,13], they have been extensively
utilized as catalysts [7-11] Also, many studies have reported that the efficiency of PWS can
be improved by combining various semiconductor nanomaterials, which help separate the
band structures to facilitate the absorption of light, induce the collection of photogenerated
electrons and holes on the surface, and enhance oxidation [14]. Melamine cyanurate, also
known as melamine—cyanuric acid complex, is a crystalline complex formed from a 1:1
mixture of melamine and cyanuric acid. It has effective nitrogen-based polymers used to
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prepare material with different morphologies without any hard templates, which directly
leads to boosted photocatalytic activity in diverse application scenarios [15].

To this end, SnO, QDs have been used to decorate melamine cyanurate nanostructures
because of their outstanding electrical and optical properties. Only a few studies thus far
have reported composite or heterostructured catalysts of SnO,-based catalysts, such as
TiO, /SnO; [16], Fe;03/5SnO; [17], and ZnO/SnO; [18,19]. To the best of our knowledge,
no reports have been published on melamine cyanurate microrods decorated with SnO,
quantum dots (QD), especially in the context of PWS.

In this work, melamine cyanurate microrods decorated with SnO; quantum dot (QD)
nanostructure were successfully prepared by a facile method. The experimental results
show that melamine cyanurate microrods, SnO; QDs, and melamine cyanurate microrods
decorated with SnO, quantum dot (QD) nanostructures exist mainly in a crystalline state in
the sample. The melamine cyanurate microrods decorated with SnO, quantum dots (QD)
exhibit higher PEC activity than pure SnO, QDs and pure melamine cyanurate microrods.

2. Experimental and Characterization
2.1. Synthesis of Melamine Cyanaurate Microrods

Initially, 0.5 g of melamine powder was mixed into 30 mL of deionized water, and
continuously stirred at 95 °C for 20 min, resulting in the observation of a transparent
solution. Subsequently, this liquid was poured into a 50 mL hydrothermal reactor and
subjected to 24 h of heating in an oven set at 180 °C. After cooling, the final product was
extracted, cleaned through cycles of washing with water and ethanol (repeated 3 or 4 times),
and eventually dehydrated in an oven at 80 °C for a period of 14 h.

2.2. Synthesis of Tin(IV) Oxide Nanostructures

SnCly-5H,0 of 2.5 g was transferred into 130 mL of water and continuously stirred for
10 min. Subsequently, 5.3 mL of hydrazine was added slowly into the above liquid and
continuously stirred for 40 min. Then, the temperature of the solution was raised to 115 °C
and sustained for 19 h without stirring. After this duration, the liquid was permitted to
cool and underwent extraction and purification through centrifugation, then washed 5 to
7 times with water and ethanol. The resulting product was dehydrated at 90 °C for 16 h.

2.3. Synthesis of Melamine Cyanaurate Microrods Decorated with SnO; Structures

To create moored nanostructures, 0.5 g of melamine cyanaurate microrods and 0.5 g
of SnO, nanostructure powders were separately added to 50 mL of water and probe
sonicated for 35 min. The dispersed liquid comprising the SnO, structures was then slowly
added drop by drop to the melamine solution and sonicated for an additional 1 h. The
resultant mixture of melamine cyanaurate microrods anchored with SnO; nanostructures
was extracted and subjected to a cleaning process using water and ethanol through 2 to
4 rounds of centrifugation. The final product was dried at 80 °C for 18 h.

2.4. Preparation of Electrodes

The electrodes were prepared by initially taking 1 mg of each developed nanostructure
separately to 3 mL of ethylene glycol and sonicated for a duration of 15 to 20 min. These
extremely dispersed liquids were then drop-casted onto thoroughly cleaned conductive
glass substrates, each having an area of 1 square centimeter, at a temperature of 130 °C.
Subsequently, the coated substrates were placed into an oven and maintained at 130 °C
for 48 h. Ultimately, the dried electrodes resulting from this process were employed for
electrochemical studies conducted under illumination.

2.5. Characterization Techniques

The investigation of the structure and morphology of the synthesized nanostructures
involved multiple analytical methods. X-ray diffraction (XRD) study was performed with a
PANalytical X"pert PRO system from Eindhoven, The Netherlands. Electron microscopy
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(SEM) was performed using a Hitachi S-4800 instrument from Tokyo, Japan, while high-
resolution transmission electron microscopy (HR-TEM) was carried out using a G2 F30
S-Twin instrument from the Hillsboro, OR, USA. Fourier transform infrared spectroscopy
(FTIR) was performed with a Perkin Elmer Spectrum 100 instrument from the Waltham, MA,
USA, and Raman spectroscopy analysis was performed using an XploRA Plus instrument
equipped with a 532 nm laser from Osaka, Japan. These diverse techniques collectively
provided comprehensive visions of the characteristics and properties of the nanostructures.

2.6. Photoelectrochemical Studies

The investigation encompassed kinetics, Tafel studies, and the assessment of elec-
trochemical activities. Sweep voltammetry was conducted across different cycles, while
amperometry was performed at different voltages. These analyses were carried out in
various electrolytes under both dark/light conditions. A three-electrode setup, connected
to a BioLogic potentiostat (SP-200, Seyssinet-Pariset, France), was utilized for these stud-
ies. Specifically, Pt served as the counter electrode, Ag/AgCl functioned as the reference
electrode, and the fabricated electrodes were employed as the working electrodes. For
illuminating the synthesized electrodes during the experiments, an ABET Technologies,
Inc. Model 10500 light source from Milford, CT, USA was positioned at a distance of
6 cm from the setup. This setup was maintained to ensure a consistent power density of
100 mW cm 2 on the top of the electrodes throughout the experiments.

3. Results and Discussion

The crystallographic structures of the prepared melamine cyanurate, SnO; quantum
dots, and melamine cyanaurate microrods decorated with SnO, structures were examined
using X-ray diffraction (XRD) analysis, as shown in Figure 1a. XRD pattern of melamine
cyanurate in Figure 1a shows the appearance of major characteristic peaks in the diffraction
spectra confirming that the samples were of superior crystalline nature and the peaks were
well matched with standard (JCPDS file no. 05-0127) [20]. The crystalline structure of
SnO, QDs confirms a tetragonal rutile crystal structure (JCPDS card no. 77-0450). The
corresponding characteristic peaks were observed at 25.95° (110), 34.43° (101), 52.19°
(211), and 68.37° (112) [21]. Additionally, the combination of the melamine cyanaurate
microrods anchored with SnO; quantum dots exhibited that all the XRD peak intensities
of SnO; slightly decreased and major peak intensities of melamine cyanaurate increased
due to the SnO, QD size. Moreover, SnO, QDs can improve not only the stability of
melamine cyanaurate but also enhance the crystal quality. Additionally, it was observed that
melamine cyanaurate did not change the crystal structure of SnO, QDs in the composition.
X-rays initially exposed the maximum on the surface of SnO, QDs compared to melamine
cyanaurate due to the melamine cyanaurate characteristic peak showing higher intensities
in the composition sample.

The morphologies of as-prepared melamine cyanaurate microrods, SnO, QD, and
melamine cyanaurate microrods decorated with SnO, QD are presented in Figure 1b—d.
From Figure 1b, melamine cyanaurate microrods exhibited aggregated hexagonal mi-
crorods. For these microrods, the side facets were smooth and dense. Figure 1c shows
agglomerated particles of SnO, with an irregular shape, which may be due to the reaction
condition and the absence of the capping agent. SnO, particles were well distributed on
the surface of the melamine cyanaurate hexagonal nanostructure due to the rapid nucle-
ation, as shown in Figure 1d. The EDAX mapping shows (Figure 2) the presence of the
elements in the prepared melamine cyanaurate microrods decorated with SnO, QDs. The
mapping indicates the existence of only core elements such as C, N, Sn, and O. Here, the ex-
istence of carbon and nitrogen is due to the formation of melamine cyanaurate (CsgHoN9O3
(C3HgNg-C3H3N303)) and the lack of impurities in the sample indicates the quality of the
prepared samples.
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Figure 1. (a) Phase analysis of melamine cyanaurate microrods (M), SnO, nanostructures (S), and
melamine cyanaurate microrods adorned with SnO, quantum dots (MS). Morphology images of
samples of (b) melamine cyanaurate microrods (M), (c) SnO, nanostructures (S), and (d) melamine
cyanaurate microrods adorned with SnO; quantum dots (MS).

HAADF MAG: 14.0kx HV: 200kV

Figure 2. EDAX mapping images of melamine cyanaurate microrods adorned with SnO, quan-
tum dots (MS): (a) melamine cyanaurate microrods decorated with SnO, QD morphology image,
(b) carbon mapping image, (c) nitrogen mapping image, (d) tin mapping image and (e) oxygen

mapping image.

Raman analysis was used to confirm the phase purity of synthesized nanostructures,
as shown in Figure Sla. The Raman spectra of melamine cyanaurate microrods, SnO, QDs,
and melamine cyanaurate microrods decorated with SnO, QDs were noticed in the range
of 200 to 2000 cm ~!. The spectrum of Raman for pure melamine cyanaurate displays major
peaks detectable at 525, 552, 702, 991, and 1727 cm L, respectively. These peaks could
be credited to the melamine cyanaurate, which indicates that the sample had a perfect
crystalline nature. The Raman peaks of the SnO, QDs are found at 578 cm ™!, which is
related to the size influence and the Matossi force constant model [22]. Also, the Raman
outcomes of the melamine cyanaurate microrods anchored with SnO, QDs show that peaks
at 525, 552,702,991, and 1727 cm~! for melamine cyanaurate and 578 cm™! appeared in the
spectrum. The intensity of both samples was reduced due to the size of the quantum dots.

FTIR spectra of samples of melamine cyanaurate microrods, SnO, QDs, and melamine
cyanaurate microrods decorated with SnO, QDs are shown in Figure S1b, exhibiting a
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characteristic group of peaks from 500 to 4000 cm~!. Based on crystallographic data,

melamine products often form hydrogen bonds of the types N-H---N and N-H.- - - O.
Particularly, the melamine cyanurate complex is a two-dimensional network of hydrogen
bonds between the two structures. The pure melamine cyanaurate microrods show a
broad band peak occurring at 3462 cm !, corresponding to the NH, symmetric stretching
vibrations [23]. The carbonyl group C=0 stretching vibration at 1846 cm ™! is due to cyanate
anion [24]. The medium bands at 1028 cm ™! [25], 1090 cm !, and 945 cm ! initiate from
ring breathing vibration. The peaks at 813 cm~! and 771 cm ™! are credited to ring-sextant
out-of-plane bending vibration [26], the peak at 595 cm~! is due to ring bending [27], and
the peak at 629 cm~! is due to the side chain in plane C-N bending vibration [28]. The
observed bands at 564 and 663 cm~! are related to the strong antisymmetric Sn—-O-Sn
and terminal Sn—O modes of vibration in SnO; [29]. The characteristic Sn—O-Sn bond
is recognized at 640 cm~! [30]. The signals noticed in the range of 1720-1250 cm~! may
be vibrations of the -OH, CO, and CH modes of the organic molecules, existing in the
C. The noticed band at about 3400 cm ™! resembles the hydroxyl group (—OH) stretching
vibration [31]. Furthermore, the samples of melamine cyanaurate microrods decorated
with SnO; QDs display a mixture of melamine cyanaurate microrods and SnO; bands.
The stated results indicate that the structures are fine-quality crystals and approve the
demonstration of SnO; in the crystalline structure, which is in a virtuous pact with the
XRD studies. In addition, the broadening peak at 3414 cm~! with defined intensity was
noticed, and suspected to be due to the stretching of the hydroxyl group [32]. The frequency
shift may be credited to the influence of the stress and strain that occurred throughout the
coordination bonding of the nanostructure of SnO; with melamine cyanaurate. Thus, the
FTIR examination established the coordination bonding interaction as the mode of bonding
among the melamine cyanaurate nanostructure and SnO,, as stated in Raman analysis.

XPS is a technique for investigating the chemical composition and oxidation states of
the pure melamine cyanurate, SnO; QDs, and the nanostructure of melamine cyanurate
microrods decorated with SnO, QDs. The survey spectra indicate the attendance of core
elements observed at 285 eV, 400 eV, 495.1 eV, and 510 eV link to C, N, Sn, and O, respectively,
as shown in Figure 3a. To examine the peak shift, curve fitting was achieved with the aid of
the Gaussian-Lorentzian method. Prior to the peaks fitting, a Shirley baseline correction
was done. Figure 3b shows the high-resolution Cls spectra of the melamine cyanurate
sample peak at 284 eV are related to C-C and C-H bonds. The second spectrum can
be deconvoluted into two various peaks positioned at 285.6 eV and 287.3 eV related to
various nitrogen bonding states in carbon, i.e., the N-sp? C and N-sp® C, respectively [33].
Similarly, there is no shift in the peak location but slight changes in the intensity of C-C
and C-H bonds and nitrogen bonding state in carbon in the MS sample may be due to the
incorporation of tin atoms, as shown in Figure 3c. High-resolution N1s spectra of melamine
cyanurate sample can be deconvoluted into three major peaks located at 397 eV, 398 eV, and
399 eV, corresponding to C-N, C=N, and N-O bonds, as seen in Figure 3d. Similarly, there
is a slightly difference observed in the intensity of bonds as presented in Figure 3e. The
results in Figure 3f,g show that Sn is a 4* oxidation state, confirmed due to the two main
peaks occurring at the energies of 486.7 and 495.1 eV, consistent with Sn3d5,, and Sn3d3 5,
respectively. The energy difference of Sn major peaks is 8.4 eV. There are no changes
observed in the results of the (M and MS) samples. The deconvolution of the Ols spectra
in all (M, S, and MS) samples reveals that the peak at an energy of 529.75 eV appeared
due to the lattice oxygen, and the adsorbed oxygen (O,},) peak appeared at 531.4 eV in the
samples, indicating the quality of the material, as shown in Figure 3h—j.
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Figure 3. (a) XPS survey of samples of melamine cyanaurate microrods (M), SnO, nanostructures
(S), and melamine cyanaurate microrods adorned with SnO, quantum dots (MS); (b,c) core XPS C1s
spectra; (d,e) core XPS N1s spectra; (f,g) core XPS Sn3d spectra; and (h—j) core XPS Ols spectra.

The impedance spectroscopy (EIS) was employed to discover the structure kinetics in
0.1 M NaOH and Na;SOj3 liquids in both ON and OFF states, with the resulting insights
holding considerable importance for photoelectrochemical (PEC) activity. The EIS outlines
of all meticulously developed anodes are illustrated in Figure 4a,b, and the Nyquist plots
of the structures manifest consistent tendencies in response to electrolytes and ON/OFF
modes. The observed presence of arches and an inclined line at superior and minor frequen-
cies, respectively, signify resistive and capacitive behaviors at the junction edge, attributed
to interactions between the selected supportive liquids and the developed electrodes. In the
plots, the larger semicircle at upper frequencies is indicative of anode kinetics, while the
inclined line at minor frequencies points to energetic diffusion. Noteworthy is the larger arc
diameter under dark conditions compared to light conditions for the electrodes in both elec-
trolytes, indicating a favorable response to irradiation. This suggests heightened induced
kinetics and a reduced resistance under the illuminated mode, affirming the occurrence of
charge movement at the interface during illumination. Remarkably, the MS anode exhibits
an inferior semicircle radius in both electrolytes compared to the M and S structures under
the illuminated state. To gain deeper insights into the charge passage dynamics of the
electrodes, all detailed plots were fitted with an elemental model (Figure S2), and the
consistent variables are detailed in Table 1. The fitted circuit offers intricate information on
charge transportation, deceiving, and passage at the interface junction. Variables such as
R1, R2, R3, C1, and C3 in Figure S2 denote supportive electrolyte resistance, trail resistance,
movement resistance, intact capacitance, and layered capacitance, respectively. The R1
values for all structures range between 1.36 () and 13.74 () in both liquid electrolytes under
OFF/ON modes. However, in the 0.1 M NaOH liquid, the R1 of all electrodes is marginally
more than that in the 0.1 M NapSO3 under the dark/light mode, demonstrating an inferior
resistance at the junction conducive to improved charge movement likened to the NaOH
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liquid. Particularly, the MS anode in the illuminated mode in the 0.1 M Na,SOj3 electrolyte
exhibits the lowest R1 of 1.36 (). Moreover, the ion-conducting path resistance (R2) of the
anode structure in the NaOH electrolyte surpasses that in the Na;SO; electrolyte in the
ON/OFF modes. The MS photoelectrode in the 0.1 M Na,;SOs5 electrolyte demonstrates
the lowest R2 value of 30.28 () under irradiation. Moreover, the reduced parameters of
both R1 and R2 in the 0.1 M NaySOs electrolyte signify a structure that experiences a
decrease in pair recombination rate owing to the upgraded voyage path at the junction
compared to the 0.1 M NaOH electrolyte. The transfer resistances across all structures
fall within the range of 6.92 k(2 to 0.92 k(). Notably, the R3 values in the NaySO; are
inferior to those in the NaOH in the ON/OFF modes. The MS photoelectrode exhibits the
lowermost transfer resistance of 929.71 () under light irradiation, suggesting its potential
for photoelectrochemical (PEC) activity likened to other anodes. Consequently, the MS
anode displays superior PEC activity in the irradiation mode, in conjunction with other
anodes [34]. Significant deviations in capacitances are observed in the ON/OFF modes
in both electrolytes. The C1 and C3 values of the anodes in the NaySOj3 electrolyte are
inferior to those in the NaOH electrolyte, with all electrodes varying between 258.84 nF to
2.48 nF for C1 and 14.36 mF to 7.72 mF for C3. Characteristically, a double layer forms at
the anode-electrolyte interface, isolating the energetic anode from the electrolyte with a
short-term dielectric layer that exhibits capacitive performance. This leads to the generous
accretion of electron-hole in the double layer. Moreover, the MS anode displays a more
slanted slope at lesser frequencies, representing noticeably boosted ion migration kinetics.
This suggests that the amalgamation of M and S upsurges the more energetic sites, thereby
improving mass diffusion and oxygen kinetics. Furthermore, the Bode plots of all anodes
in OFF/ON modes in both NaOH and Na;SOj are illustrated in Figure S3a,c, and they
are consigned to a mono time zone. The anodes in both electrolytes reveal comparable
tendencies in both modes. For all electrodes, the deviance of |Z| with the given frequencies
is established as a conformist line at lesser and middle frequencies. The OH™ diffusion
resistance in the electrolyte is attributed to the superior path between the counter and
junction interface [35]. Additionally, the Bode phase plots of all anodes in the OFF/ON
modes of both liquids are presented in Figure S3b,d. In both electrolytes, all developed
structures show the same tendencies in the ON/OFF modes, illustrating electron transport
and charge loss.

Table 1. Nyquist-fitted values of the electrodes under ON/OFF states in 0.1 M NaOH and Na;SO3
electrolytes.

Electrolyte Ry R, R3 C Cs

Anode oam  Owe © (©) ) (nF) (mP)
Melamine cyanaurate (M) NaOH Dark 13.33 55.05 6922.09 252.90 9.46
Light 13.29 55.04 5828.12 258.84 9.51

$nO, (9) Dark 13.74 49.88 1963.74 153.30 7.42

w2 Light 13.13 49.75 1046.42 160.20 7.72

. Dark 11.09 38.21 2074.60 123.10 13.36
Melamine cyanaurate-5nO, (MS) Light 11.08 38.19 192829 13281 13.55
Melamine cyanaurate (M) NapSOs3 Dark 5.87 36.95 1230.03 3.31 13.39
Light 5.13 36.85 1197.83 3.35 13.48

$nO, (9) Dark 7.01 39.02 1725.77 2.50 10.23

w2 Light 6.91 38.98 1732.28 2.53 10.24

Dark 1.57 30.73 975.88 2.31 14.30

Melamine cyanaurate-SnO; (MS)

Light 1.36 30.28 929.71 248 14.36
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Figure 4. (a,b) Impedance analysis of sample electrodes of melamine cyanaurate microrods (M), SnO,
nanostructures (S), and melamine cyanaurate microrods adorned with SnO; quantum dots (MS)
under dark and light conditions in 0.1 M NaOH and Na,SOj electrolytes; (c,d) Tafel analysis of sample
electrodes of melamine cyanaurate microrods (M), SnO; nanostructures (S), and melamine cyanaurate
microrods adorned with SnO, quantum dots (MS) under dark and light conditions in 0.1 M NaOH
and NaySOj electrolytes, and (e,f) linear voltammetry of sample electrodes of melamine cyanaurate
microrods (M), SnO; nanostructures (S), and melamine cyanaurate microrods adorned with SnO,
quantum dots (MS) under dark and light conditions in 0.1 M NaOH and Na,SOj3 electrolytes.

A Tafel analysis was carried out on the M, S, and MS photoelectrodes to elucidate the
H; evolution mechanism in different electrolytes in the ON/OFF modes. The logged Tafel
plots for the M, S, and MS are depicted in Figure 4c,d. During ON mode, a discernible shift
in voltage towards the anode was seen for all anodes in both solutions related to the dark
mode. This observation means that the developed anodes create an increased number of
charges, significantly contributing to the enhancement of PEC activity. Notably, a more
pronounced positive shift was noted in the Na;SOj3 electrolyte compared to the NaOH
electrolyte. Additionally, the logged Tafel plots of the developed samples under both OFF
and ON conditions in both solutions were fitted to get the Tafel slopes, with the restrictive
diffusion (Jig) and exchange (Joq) photocurrent density presented in Table 2. Normally,
an inferior Tafel slope signifies that the developed structures necessitate lower voltages
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for charge generation. J;q and J.q serve as an indicator of the diffusion coefficient and
current transfer rate of the anodes, respectively [36]. However, interpretation of the Tafel
plots requires caution, as the Tafel slope deviates intricately, contingent upon numerous
limitations, including response paths, preparation, energetic sites, and material types [37].
The Tafel slopes acquired for the developed anodes in the Na;SO; electrolyte are inferior
to those in the NaOH electrolyte in the ON/OFF modes. Moreover, these slopes exhibit
inferior values in the illuminated state compared to the dark mode for all samples in
the solutions. In either electrolyte, the Tafel slopes of the MS photoelectrode are smaller
compared to the M and S electrodes. The MS electrode demonstrates the least Tafel slope
of 47.8 mVdec~! under the ON condition in the Na,SOj electrolyte, signifying efficient
charge generation and rapid charge kinetics [38]. The different Tafel behavior of S, M, and
MS samples in NaOH and NaySO3 may be due to variations of kinetics and migration of
induced charges at the interfaces. Also, the electrode’s compatibility with the electrolytes
under test conditions is related to the resistance values of the prepared electrodes. The
Jiq and J¢q values of the samples were assessed in dark/light modes in both solutions, as
presented in Table 2. The Jig and Joq in the NapSO; are inferior to that in the NaOH in
both states. Mostly, in either electrolyte, the Jig and J.q values in OFF mode are higher
related to the ON conditions. Furthermore, the J;q and Joq values of the MS sample are
inferior to those of the M and S in the OFF/ON modes in both solutions. The MS electrode
exhibits the lowest Jiy and Joq of —4.17 and —3.30 mAcm ™2, respectively, in the ON mode
in the Na,SOs, representing an upper transmission rate and a superior diffusion coefficient.
Consequently, MS may demonstrate improved PEC activity in the illumination mode.

Table 2. Tafel-fitted analysis values of the electrodes under ON/OFF states in 0.1 M NaOH and
Na;SOj3 electrolytes.

Tafel Slopes Jid Jed
Electrolyte
0.1M Photoelectrode Dark Light Dark Light Dark Light
mVdec—1 mVdec—1 mAcm—2 mAcm—2 mAcm—2 mAcm—2
Melamine cyanaurate (M) 88.9 76.1 —-1.95 —1.94 —5.11 —4.86
NaOH ﬁ:loail(i?e 89.8 86.3 —1.39 —1.30 —3.43 —3.36
cyanaurate-5n0, (MS) 64.6 58.6 —1.98 —-1.97 —4.88 —4.81
Melamine cyanaurate (M) 63.8 59.3 -3.03 —2.04 —4.64 —4.80
NaySO; 1\?{rlloz (S) 75.3 63.6 —2.37 —2.23 —5.17 —5.07
earmimne 55.4 47.8 ~1.88 ~1.79 —417 ~3.30

cyanaurate-SnO, (MS)

To assess the generation of charge carriers through illuminated mode at the junction
interface, voltammetry (LV) analysis proves to be a suitable method for estimating the
electrochemical (EC) activity. LV analyses were conducted on all synthesized M, S, and
MS samples in 0.1 M NaySO3; and NaOH solutions in the OFF/ON modes, and the cor-
responding data is presented in Figure 4e,f. Each synthesized electrode demonstrated an
escalating photocurrent generation in response to the given voltages, with the recorded
induced currents for the samples referenced contrary to the reference electrode. With the
presence of NaOH electrolyte, the M, S, and MS photoelectrodes exhibited zero currents
until applied potentials of approximately ~0.72, ~0.78, and ~0.58 V (vs. Ag/AgCl), respec-
tively, and subsequently displayed steadily growing currents. Also, in the presence of
NaySOj; electrolyte, the M, S, and MS photoelectrodes displayed nil currents up to given
voltages of ~0.45, ~0.89, and ~0.38 V (vs. Ag/AgCl), respectively, followed by a gradual
increase in currents. Notably, the onset voltage in the NaySO; electrolyte was significantly
inferior to that in the NaOH electrolyte, indicating that the given voltages were essentially
insufficient to create currents in the Na;SOj3 electrolyte. Moreover, the MS in the NaySO3
in the illuminated mode exhibited a considerably lower onset voltage linked to the other
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samples, suggesting a difference in surface states and a reduction in recombination rate
due to interfacial interactions amid the M and S. At given sweep voltages, the overall
currents produced by all anodes in the Nay;SO; electrolyte surpassed those in the NaOH
under OFF/ON modes. The currents in the Na,SO3 were approximately ~6.28 mAcm 2
more than those in the NaOH, potentially attributed to condensed parameters of R1, R2,
and R3. Regardless of the electrolyte, the currents developed in the ON mode exceeded
those under the OFF condition. The MS electrode, particularly in Na,SO3; under the ON
state, exhibited a maximum photocurrent of 8.68 mAcm 2, possibly due to superior light
utilization activity, an increased more of energetic sites from joint constructions, and inferior
resistance and capacitance parameters. Consequently, the MS demonstrated enriched PEC
in the light mode.

Furthermore, an examination of the effects of given potential, swapping dynamics,
and solidity of the developed electrodes was conducted through amperometry in different
electrolytes. The outcomes are illustrated in Figure 5a—f. The photoelectrodes displayed
discernible variations in photocurrent generation in both electrolytes at altered given volt-
ages. Notably, the NaySOj3 electrolyte revealed higher maximum photocurrents compared
to the NaOH, attributed to enhanced interfacial interaction. The order of created currents
at different applied potentials in both electrolytes was as follows: 0.15V <0.35 V < 0.55 V.
Across all voltages, MS consistently demonstrated the highest photocurrent, surpassing
the other anodes. In particular, at 0.35 V in the Na,SOj electrolyte, the utmost induced
current of 3 mAcm ™2 was detected, outperforming other samples under varied states.
The swapping and steady performances of the samples were more pronounced in the
Na,SOs3 than in the NaOH electrolyte. In the NaOH, no switching was observed at lower
applied potentials, while at 0.35 V, switching occurred across all synthesized electrodes.
Conversely, in the Na,;SO3 electrolyte, clear switching activity was evident at lower applied
potentials owing to upgraded interfaces. MS demonstrated distinct swapping and steady
performances, coupled with the uppermost currents related to M and S. The superior
performance of MS might be attributed to its enhanced capture capacity, higher electrode
properties, Tafel slopes, established junction interface, ion-conduction paths, and inferior
resistance parameters and recombination rates.
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—Ms —wms| 00304 M
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- ~0.044 et
o o o
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Figure 5. Amperometry analysis of sample electrodes of (a—f) melamine cyanaurate microrods (M),
SnO, nanostructures (S), and melamine cyanaurate microrods adorned with SnO, quantum dots (MS)
under dark and light conditions in 0.1 M NaOH and NaySOs electrolytes at various applied potentials.

4. Conclusions

In this study, we successfully synthesized pristine melamine cyanaurate microrods (M),
5nO; nanostructures (S), and melamine cyanaurate microrods adorned with SnO, quantum
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dots (MS) using a straightforward methodology. The tailored surface modifications of
the photoelectrodes yielded a substantial impact on photoelectrochemical (PEC) activity.
The pinnacle of this influence was observed when MS revealed an outstanding current
of 8.68 mAcm 2 under illuminated conditions in a 0.1 M NaySO; liquid electrolyte. This
achievement can be attributed to the amalgamation of factors, including the heightened
light absorption capability, diminished transfer resistance, and favorable Tafel slopes inher-
ent in MS. Furthermore, we systematically investigated the impact of the electrolyte on the
developed anodes in the ON/OFF modes. Remarkably, all fabricated anodes demonstrated
superior currents in 0.1 M NaySO3; compared to the NaOH counterpart. This phenomenon
is likely attributable to the preservation of robust interfacial integrity at the junction in-
terface. Consequently, the MS configuration emerges as highly adept for utilization as
photoelectrodes in the context of hydrogen generation through photoelectrochemical (PEC)
water splitting.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ cryst14040302/s1, Figure S1: (a) Raman analysis of melamine cyanaurate
microrods (M), SnO, nanostructures (S), and melamine cyanaurate microrods adorned with SnO,
quantum dots (MS) samples, and (b) FTIR analysis of melamine cyanaurate microrods (M), SnO,
nanostructures (S), and melamine cyanaurate microrods adorned with SnO, quantum dots (MS) samples;
Figure S2: Equivalent circuit of Nyquist analysis, Figure S3: (a,b) Bode analysis of melamine cyanaurate
microrods (M), SnO, nanostructures (S), and melamine cyanaurate microrods adorned with SnO,
quantum dots (MS) samples electrodes under dark and light conditions in 0.1 M NaOH, and NaySO3
electrolytes; and (c,d) Phase analysis of of melamine cyanaurate microrods (M), SnO; nanostructures (S),
and melamine cyanaurate microrods adorned with SnO, quantum dots (MS) samples electrodes under
dark and light conditions in 0.1 M NaOH, and Na;SOj electrolytes.
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