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Abstract: Two types of photocatalysts, 1%Pt/Cd1−xZnxS/g-C3N4 (x = 0.2–0.3) and Cd1−xZnxS/1%
Pt/g-C3N4 (x = 0.2–0.3), were synthesized by varying the deposition order of platinum, and a solid
solution of cadmium and zinc sulfides onto the surface of g-C3N4. The characterization of photo-
catalysts showed that, for 1%Pt/Cd1−xZnxS/g-C3N4, small platinum particles were deposited onto
a solid solution of cadmium and zinc sulfides; in the case of Cd1−xZnxS/1%Pt/g-C3N4, enlarged
platinum clusters were located on the surface of graphitic carbon nitride. Based on the structure of
the photocatalysts, we assumed that, in the first case, type II heterojunctions and, in the latter case, S-
scheme heterojunctions were realized. The activity of the synthesized samples was tested in hydrogen
evolution from triethanolamine (TEOA) basic solution under visible light (λ = 450 nm). A remarkable
increase in hydrogen evolution rate compared to single-phase platinized 1%Pt/Cd1−xZnxS photocat-
alysts was observed only in the case of ternary photocatalysts with platinum located on the g-C3N4

surface, Cd1−xZnxS/1%Pt/g-C3N4. Thus, we proved using kinetic experiments and characterization
techniques that, for composite photocatalysts based on Cd1−xZnxS and g-C3N4, the formation of
the S-scheme mechanism is more favorable than that for type II heterojunction. The highest activity,
2.5 mmol H2 g−1 h−1, with an apparent quantum efficiency equal to 6.0% at a wavelength of 450 nm
was achieved by sample 20% Cd0.8Zn0.2S/1% Pt/g-C3N4.

Keywords: solar energy; photocatalytic hydrogen evolution; visible light; g-C3N4

1. Introduction

The main trend in the reduction in readily available high-quality carbon-containing
fossil fuels is the urgent need for the development of available alternative-energy sources,
particularly renewable energy. One of the most promising future energy directions may be
solar energy. Thus, the total amount of solar energy reaching Earth is 3 × 1024 J/year, which
is about 10,000 times the current total global energy consumption [1]. Photoinduced hydro-
gen production from water and aqueous solutions of inorganic and organic compounds
is the subject of investigations due to the possibility of direct conversion of solar energy
to chemical-bond energy. Works searching for efficient semiconductor photocatalysts for
water splitting and hydrogen production under light irradiation have been actively carried
out since the 1980s, when the pioneering work of Fujishima and Honda was published [2].

A new impetus to the development of methods for the synthesis of materials for
photocatalytic water splitting and hydrogen production was given by the discovery of a
previously unknown photocatalyst: polymer graphitic carbon nitride g-C3N4 [3]. This ma-
terial possesses the properties of a semiconductor with a band gap of 2.7 eV (λ = 460 nm),
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a position of valence band (VB) levels of +1.6 V vs. NHE, and conduction bands (CB) levels
of −1.1 V vs. NHE [4]. The latter value is one of the most negative for known semiconduc-
tor photocatalysts and favors the process of water reduction. In addition, g-C3N4 is stable
in both acidic and alkaline media and at thermal treatments up to 700 ◦C and may be syn-
thesized from available nitrogen-containing organics such as cyanamides, melamine, and
urea. These properties make g-C3N4 an ideal semiconductor for photocatalytic hydrogen
production, CO2 reduction, and solar-cell applications [5–7]. However, quantum efficiency
in the photocatalytic hydrogen production over pristine g-C3N4 is quite low [8].

The main problem in photocatalytic hydrogen production is a recombination of
electron-hole pairs in bulk or on the semiconductor surface [9–11]. The quantum efficiency
of photocatalytic hydrogen evolution may be sufficiently increased while ensuring the
separation of photogenerated charges in space [12]. For this purpose, composite semicon-
ductor materials that provide the stimulated spatial separation of photogenerated charges
are formed. For example, this can be performed by creating heterojunctions that ensure the
transfer of charge carriers across the semiconductor 1/semiconductor 2 interface [13–15].
For these systems, multiple pathways for photoinduced electron and hole migration may be
realized [16,17]. Recently, composite systems such as CdS/g-C3N4 [14], TiO2/g-C3N4 [15],
BiVO4/g-C3N4 [18], and CoO/g-C3N4 [19] have been proposed for photocatalytic hydro-
gen production. Photocatalysts based on g-C3N4 and CdS or Cd1−xZnxS are considered
very promising materials for the photocatalytic production of hydrogen [14,20–25], CO2
reduction, [5], and the oxidation of various organic substances [26,27], because both CdS or
Cd1−xZnxS and g-C3N4 absorb visible light and have suitable VB and CB positions to form
interfacial heterojunctions. Additionally, these composite materials can be obtained from
cheap antecedents using simple synthetic techniques. The solid solution of cadmium and
zinc sulfides is a preferable component of the composite as compared to pristine cadmium
sulfide since, in the first case, the positions of the flat bands of the Cd1−xZnxS solid solution
can be adjusted [28].

In general, heterojunctions for systems based on g-C3N4 and Cd1−xZnxS could be
divided into three main categories, namely, type II, Z-scheme, and S-scheme heterojunc-
tions [29–32]. For systems with a conventional type II heterojunction, the separation of
photogenerated charges can be achieved. However, according to the heterojunction forma-
tion mechanism, in this case, the photogenerated electrons move from the CB of g-C3N4
to the CB of the semiconductor with the less negative CB position, e.g., Cd1−xZnxS. This
results in a decrease in the reduction ability of photogenerated electrons and therefore
the quantum efficiency of hydrogen production [5,33]. From a practical point of view,
achieving efficient charge separation while maintaining high redox abilities is a challenge
for constructing g-C3N4-based photocatalysts [34,35]. Creating photocatalysts with both
Z-scheme and S-scheme heterojunctions is considered an efficient method of improving the
photocatalytic activity of g-C3N4, because in this case, electrons remain in the CB of g-C3N4,
and therefore retain their high reduction ability [32,33]. Recently, ZnxCd1−xS/Au/g-C3N4
ternary composites with a Z-scheme heterojunction with enhanced activity in hydrogen
evolution and CO2 reduction have been reported [5,20,21]. However, it has recently
been shown that for ternary photocatalysts like ZnxCd1−xS/Au/g-C3N4, all-solid-state
Z-schemes cannot be used as according to the analysis of work function and interface Fermi
level balance, because formed Schottky heterojunctions will prevent the transfer of electron
in two semiconductors; thus, the probability of S-scheme formation between ZnxCd1−xS
and g-C3N4 is higher [32,36].

At the same time, systems of a similar kind with platinum as a cocatalyst have not
been reported as Z-scheme or S-scheme, although platinum is recognized as the most
efficient cocatalyst for hydrogen production due to its high work function [9,37,38]. Only
a conventional type II heterojunction has been described for ternary Pt/CdS/g-C3N4
composites [22–25,27]. The authors of these works suggested that photogenerated electrons
pass into the conduction band of CdS and then transfer to platinum nanoparticles, which
act as a cocatalyst for the formation of hydrogen [22–25]. To the best of our knowledge,
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ternary Pt/CdS/g-C3N4 and Pt/Cd1−xZnxS/g-C3N4 systems have not been considered as
Z-scheme or S-scheme heterojunction photocatalysts.

In this work, we compared two types of photocatalysts with platinum nanoparticles
deposited on the surface of g-C3N4 (Cd1−xZnxS/Pt/g-C3N4), and those with platinum
nanoparticles deposited on the surface of a Cd1−xZnxS solid solution (Pt/Cd1−xZnxS/g-
C3N4). Thus, we aimed to understand the probable role of platinum and the mechanism of
the formation of the heterojunctions for Cd1−xZnxS/g-C3N4-based systems. The synthesis
of Cd1−xZnxS/g-C3N4 with the different locations of platinum particles and the assessment
of their photocatalytic properties was carried out for the first time. The experiments clearly
showed that photocatalysts of the Cd1−xZnxS/Pt/g-C3N4 type possessed significantly
higher activity in comparison to that of Pt/Cd1−xZnxS/g-C3N4 photocatalysts, suggesting
that the occurrence of the S-scheme is more favorable for the photocatalytic production
of hydrogen.

2. Results
2.1. Characterization of Photocatalysts Based on Cd1−xZnxS/g-C3N4

We obtained two types of photocatalysts, 1%Pt/Cd1−xZnxS/g-C3N4 (x = 0.2–0.3) and
Cd1−xZnxS/1%Pt/g-C3N4 (x = 0.2–0.3), by varying the deposition order of platinum and
a solid solution of cadmium and zinc sulfides onto the surface of g-C3N4. For Scheme 1
(Table 1), first, Cd1−xZnxS was deposited on the surface of g-C3N4, followed by metal
deposition on the composite surface. In the case of Scheme 2 (Table 1), Cd1−xZnxS was
deposited on the surface of pre-platinized Pt/g-C3N4. The abbreviation and properties of all
synthesized samples are listed in Table 1; the X-ray diffraction patterns of the photocatalysts
are shown in Figure 1.

Table 1. Abbreviations and activity of the synthesized photocatalysts in hydrogen production. Conditions:
C0(NaOH) = 0.1 M, C0(TEOA) = 10 vol%, Ccat = 0.5 g L−1; LED light source (λ = 450 nm).

Photocatalyst Composition W(H2), µmol min−1 Activity, µmol g−1 h−1 AQE, %

Cd0.8 Cd0.8Zn0.2S <0.01 <10 <0.3
Cd0.7 Cd0.7Zn0.3S <0.01 <10 <0.3

CN g-C3N4 0 0 0
Pt/Cd0.8 1%Pt/Cd0.8Zn0.2S 1.10 1310 3.2
Pt/Cd0.7 1%Pt/Cd0.7Zn0.3S 0.57 684 1.7

Pt/CN 1%Pt/g-C3N4 0.37 444 1.1

Composite samples without Pt
10Cd0.8/CN 10 wt% Cd0.8Zn0.2S/g-C3N4 0.08 96 0.24
20Cd0.8/CN 20 wt% Cd0.8Zn0.2S/g-C3N4 0.13 156 0.38
50Cd0.8/CN 50 wt% Cd0.8Zn0.2S/g-C3N4 0.10 120 0.29
10Cd0.7/CN 10 wt% Cd0.7Zn0.3S/g-C3N4 0.09 108 0.26
20Cd0.7/CN 20 wt% Cd0.7Zn0.3S/g-C3N4 0.07 84 0.21
50Cd0.7/CN 50 wt% Cd0.7Zn0.3S/g-C3N4 0.09 108 0.26

Scheme 1 (Pt-sulfide-nitride)
Pt/10Cd0.8/CN 1%Pt/10 wt% Cd0.8Zn0.2S/g-C3N4 0.19 228 0.56
Pt/20Cd0.8/CN 1%Pt/20 wt% Cd0.8Zn0.2S/g-C3N4 0.83 996 2.4
Pt/50Cd0.8/CN 1%Pt/50 wt% Cd0.8Zn0.2S/g-C3N4 0.80 960 2.4
Pt/10Cd0.7/CN 1%Pt/10 wt% Cd0.7Zn0.3S/g-C3N4 0.19 228 0.56
Pt/20Cd0.7/CN 1%Pt/20 wt% Cd0.7Zn0.3S/g-C3N4 0.41 492 1.2
Pt/50Cd0.7/CN 1%Pt/50 wt% Cd0.7Zn0.3S/g-C3N4 0.60 708 1.8

Scheme 2 (sulfide-Pt-nitride)
10Cd0.8/Pt/CN 10 wt% Cd0.8Zn0.2S/1%Pt/g-C3N4 1.50 1800 4.4
20Cd0.8/Pt/CN 20 wt% Cd0.8Zn0.2S/1%Pt/g-C3N4 2.10 2520 6.2
50Cd0.8/Pt/CN 50 wt% Cd0.8Zn0.2S/1%Pt/g-C3N4 1.60 1920 4.7
10Cd0.7/Pt/CN 10 wt% Cd0.7Zn0.3S 1%Pt/g-C3N4 1.50 1800 4.4
20Cd0.7/Pt/CN 20 wt% Cd0.7Zn0.3S/1%Pt/g-C3N4 1.90 2280 5.6
50Cd0.7/Pt/CN 50 wt% Cd0.7Zn0.3S/1%Pt/g-C3N4 1.66 1990 4.9
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Figure 1. XRD patterns of the photocatalysts based on Cd0.8Zn0.2S/g-C3N4 (a,b) and Cd0.7Zn0.3S/g-
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The pristine g-C3N4 had clear diffraction peaks at 13.0◦ and 27.5◦, which corresponded
to the (100) and (002) planes of graphitic carbon nitride [39,40]. The first peak was attributed
to in-plane repeated units of tri-s-triazine, whereas the second was related to the interlayer
packing of g-C3N4 with the (002) diffraction plane [5]. Pristine Cd0.8Zn0.2S (Figure 1a) and
Cd0.7Zn0.3S (Figure 1c) had three broad diffraction peaks located at 26.8–27.0◦, 44.2–44.4◦,
and 50.0–52.3◦, which corresponded to the (111), (220), and (311) planes, respectively, of
the Cd1−xZnxS (x = 0.2–0.3) solid solutions with a cubic structure. Impure Cd(OH)2 peaks
were also observed for the samples with Cd0.8Zn0.2S and Cd0.7Zn0.3S. The XRD patterns of
composite photocatalysts Cd0.8Zn0.2S/g-C3N4 and Cd0.7Zn0.3S/g-C3N4 contained diffrac-
tion peaks of both g-C3N4 and Cd1−xZnxS solid solutions. The relative intensity of the
(002) peak decreased with the increase in solid solution content. In the ternary composites
(Pt/Cd0.8/CN and Pt/Cd0.7/CN), very low peaks of platinum were observed at 2Θ = 40◦

and ca. 46◦, and average particle size ca. 2 nm. The average crystallite sizes of g-C3N4
calculated from diffraction peaks (100) and (002) were 11.7 nm in the plane of the layers
and 19.8 nm in the direction perpendicular to the layers, respectively, for all samples and
did not change after the deposition of Cd1−xZnxS. The average crystalline size values for
Cd1−xZnxS varied within 7.4–9.6 nm (x = 0.2) and 5.1–8.5 nm (x = 0.3). The crystalline size
grew with the increase in the amount of the corresponding solid solution of CdS and ZnS;
for pristine Cd0.8Zn0.2S and Cd0.7Zn0.3S, these values were 7.3 and 5.7 nm, respectively.
The deposition order of the photocatalyst component was not significantly implied by the
XRD patterns and values of average crystallite size.

The textural properties of the photocatalysts were also investigated (Table 2). The
specific surface area of pristine Cd0.8Zn0.2S was equal to 177 m2 g−1, whereas the surface
area of g-C3N4 did not exceed 20 m2 g−1. The formation of the hybrid composite structure
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led to an intermediate specific surface area from 34 to 68 m2 g−1, wherein the surface
increased with the content of the Cd0.8Zn0.2S solid solution in the composite.

Table 2. Textural and optical properties of the ternary composite photocatalysts, Cd0.8Zn0.2S, and g-C3N4 samples.

Photocatalyst Average Crystallite Size of Cd1−xZnxS, nm SBET, m2 g−1 Pore Volume, cm3 g−1 Band Gap, eV

Cd0.8 (Cd0.8Zn0.2S) 7.3 177 0.20 2.37
CN (g-C3N4) - 19 0.12 2.85

Pt/10Cd0.8/CN 7.4 34 0.13 2.81
Pt/20Cd0.8/CN 8.0 37 0.13 2.79
Pt/50Cd0.8/CN 9.6 68 0.14 2.75

UV–visible spectra of the g-C3N4, Cd0.8Zn0.2S photocatalysts, and ternary composites
were obtained, and the result is shown in Figure 2a,b. The spectra of the composite
samples lay between the UV–vis spectra of the g-C3N4 and Cd0.8Zn0.2S samples. Platinum
nanoparticles also decreased reflectance in the range of 500–800 nm. The absorption edges
of the composite samples and Cd0.8Zn0.2S were estimated using the Tauc function for
semiconductors with direct transitions, F(R)2(hν)2 (Figure 2c,d). For g-C3N4, the band
gap was 2.85 eV (absorption edge was 435 nm); for Cd0.8Zn0.2S, the band gap was 2.37 eV
(absorption edge was 523 nm); and the adsorption edges of the composite ternary samples
had intermediate values (Table 2). The absorption edges of two series of photocatalysts,
Pt/Cd0.8/CN (Scheme 1) and Cd0.8/Pt/CN (Scheme 2), were close to each other, and the
spectra had no remarkable differences. Altogether, all prepared samples absorbed visible
light and could be used as active photocatalysts for hydrogen photoproduction.
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The XPS method was used to study the Pt/20Cd0.8/CN and 20Cd0.8/Pt/CN samples
prepared according to Schemes 1 and 2, respectively (Figure 3). The survey spectra showed
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the presence of C, S, N, and Pt elements on the surface of ternary composites. Figure 3a
shows that C1s had two peaks with binding energies of 284.8 and 288.1 eV corresponding
to the C–C and N–C=N bonds in g-C3N4, respectively [41]. The first peak may be attributed
to the adventitious carbon [42]. For the 20Cd0.8/Pt/CN sample, the peak corresponding to
the C–C bond was higher than that for Pt/20Cd0.8/CN, and the peak corresponding to the
N–C=N bond was lower. The N1s XPS peak (Figure 3b) could be divided into three peaks
located at 404.9, 400.0, and 398.9 eV. The main peak at 398.9 eV came from sp2-bonded
nitrogen, which was included in the triazine rings C=N–C of g-C3N4, the peak at 400.4 eV
was related to the N–(C)3 bond, and the peak at 404.9 eV was probably linked to the C–N–H
bond [43]. The S2p peaks (Figure 3c) around 161.4 indicate that the state of sulfur is S2− [44].
Sulfur is partially oxidized in air to SO3

2− or SO4
2−, confirmed by the peak at 168.0 eV [45].

The content of oxidized forms of sulfur was quite low for both samples. The Pt4f peaks at
71.1 and 72.5 eV correspond to two states of platinum, Pt0 and Pt2+ (Figure 3d) [46,47].

Catalysts 2021, 11, x FOR PEER REVIEW 6 of 20 
 

 

The XPS method was used to study the Pt/20Cd0.8/CN and 20Cd0.8/Pt/CN samples 
prepared according to Schemes 1 and 2, respectively (Figure 3). The survey spectra 
showed the presence of C, S, N, and Pt elements on the surface of ternary composites. 
Figure 3a shows that C1s had two peaks with binding energies of 284.8 and 288.1 eV cor-
responding to the C–C and N–C=N bonds in g-C3N4, respectively [41]. The first peak may 
be attributed to the adventitious carbon [42]. For the 20Cd0.8/Pt/CN sample, the peak cor-
responding to the C–C bond was higher than that for Pt/20Cd0.8/CN, and the peak corre-
sponding to the N–C=N bond was lower. The N1s XPS peak (Figure 3b) could be divided 
into three peaks located at 404.9, 400.0, and 398.9 eV. The main peak at 398.9 eV came from 
sp2-bonded nitrogen, which was included in the triazine rings C=N–C of g-C3N4, the peak 
at 400.4 eV was related to the N–(C)3 bond, and the peak at 404.9 eV was probably linked 
to the C–N–H bond [43]. The S2p peaks (Figure 3c) around 161.4 indicate that the state of 
sulfur is S2− [44]. Sulfur is partially oxidized in air to SO32– or SO42–, confirmed by the peak 
at 168.0 eV [45]. The content of oxidized forms of sulfur was quite low for both samples. 
The Pt4f peaks at 71.1 and 72.5 eV correspond to two states of platinum, Pt0 and Pt2+ (Fig-
ure 3d) [46,47]. 

 
Figure 3. The C1s (a), N1s (b), S2p (c), and Pt4f (d) XPS spectra of the photocatalysts Pt/20Cd0.8/CN 
and 20Cd0.8/Pt/CN. 
Figure 3. The C1s (a), N1s (b), S2p (c), and Pt4f (d) XPS spectra of the photocatalysts Pt/20Cd0.8/CN
and 20Cd0.8/Pt/CN.



Catalysts 2021, 11, 1340 7 of 20

Table 3 represents the surface ratios of elements calculated using the XPS technique.
The main difference is the surface content of platinum. In the case of Scheme 1, when
platinum was deposited onto the surface of the Cd0.8Zn0.2S/g-C3N4 composite, the surface
ratio [Pt]/[Cd + Zn] was six times higher than that in the case of platinum deposition onto
the surface of g-C3N4 nitride, followed by sulfide solid solution deposition (Scheme 2),
at the same Pt loading, 1 wt. %, which looked quite logical from the synthesis technique,
because in the case of Scheme 2, a solid solution of cadmium and zinc sulfides is deposited
over the platinum located on the surface of g-C3N4, which can reduce the surface concentra-
tion of platinum. Additionally, later in the text, it will be shown by the TEM method that in
the case of Scheme 1, smaller platinum particles are formed. For the 20Cd0.8/Pt/CN sam-
ple, Pt existed only in metallic form, while Pt0 and Pt2+ were identified for Pt/20Cd0.8/CN.
For the sample prepared according to Scheme 2, 20Cd0.8/Pt/CN, the percentage of sulfur
in the form of sulfide was higher at 92% compared to 84% in the case of photocatalyst
Pt/20Cd0.8/CN. For Pt/Cd1−xZnxS photocatalysts, platinum in metallic state and sulfur
in S2− state are preferable for photocatalytic hydrogen production [48].

Table 3. Surface properties of the photocatalysts Pt/20Cd0.8/CN and 20Cd0.8/Pt/CN before and after the photocatalytic
hydrogen production based on XPS data.

Photocatalyst [Cd + Zn]/[C] [S]/[C] [Pt]/[C] [Pt]/[Cd + Zn]
Pt State, % S State, %

Pt0 Pt2+ S2− SOx2−

Pt/20Cd0.8/CN 0.14 0.13 0.0045 0.031 21 79 84 16
Pt/20Cd0.8/CN * 0.05 0.04 0.0036 0.070 40 60 100 0
20Cd0.8/Pt/CN 0.11 0.10 0.0006 0.005 100 0 92 8

20Cd0.8/Pt/CN * 0.07 0.06 0.0018 0.024 74 26 100 0

* after photocatalytic tests.

The composition of the Pt/20Cd0.8/CN photocatalyst (Scheme 1) was studied with
the HAADF-STEM method with EDX elemental mapping. Figure 4 confirms the presence
of Cd, Zn, Pt, C, N, and S in the tested sample. Figure 4a,f demonstrate the formation
of C3N4 material, whereas Figure 4b–d reveal the presence of the Cd1−xZnxS phase. It
was important to define the location of Pt nanoparticles in the sample. The comparison of
Figure 4b–d proves the platinization of the Cd1−xZnxS phase only because no platinum
signal was observed in the absence of Cd, S, and Zn. Figure 4g–i show that Pt nanoparticles
were uniformly distributed on the surface of the solid solution; Pt particle size did not
exceed 2 nm.

The 20Cd0.8/Pt/CN sample was studied by the HRTEM method. Figure 5a demon-
strates the formation of two particle types in the samples. The first was connected with
the layer structure identifying g-C3N4. The domains with regular structure and sizes at
about 10–15 nm may be attributed to the solid solution of CdS and ZnS. The particle sizes
were slightly higher than the calculated average crystallite sizes. Therefore, the XRD and
HRTEM data coincided with each other. Figure 5a also demonstrates good interphase
contact between Cd1−xZnxS and C3N4 and confirms the possibility of heterojunction for-
mation. The 20Cd0.8/Pt/CN photocatalyst was also investigated by the HAADF-STEM
method with EDX elemental mapping. Figure 5c–f show the elemental distribution in
the 20Cd0.8/Pt/CN sample. Figure 5e,f define the location of the Pt cocatalyst: large
elongated clusters of platinum particles were located over the surface of g-C3N4; the length
of some clusters particles reached 100 nm. The platinum clusters are shown in Figure 5b;
one can see that these clusters consisted of Pt nanoparticles with a size of 2–5 nm. The
formation of clusters can be explained by the inhomogeneity of the surface of layered
graphitic carbon nitride, on which the platinum particles were deposited. It has recently
been shown that this kind of noble metal cluster can be an effective cocatalyst for the
photocatalytic process [49]. To elucidate the location of the platinum, we summarized the
EDX local analysis data in Tables S1–S4 (Supplementary Materials). EDX data confirm that
platinum nanoparticles with a high concentration (1.3–1.7 at. %) are localized in domains
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with a dominant content of g-C3N4. For areas where both sulfide and nitride are found,
the platinum concentration does not exceed 0.2 at. %.

Catalysts 2021, 11, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 4. Elemental mapping (a–f,h,i) and HAADF STEM (g) of the photocatalyst Pt/20Cd0.8/CN. 

The 20Cd0.8/Pt/CN sample was studied by the HRTEM method. Figure 5a demon-
strates the formation of two particle types in the samples. The first was connected with 
the layer structure identifying g-C3N4. The domains with regular structure and sizes at 
about 10–15 nm may be attributed to the solid solution of CdS and ZnS. The particle sizes 
were slightly higher than the calculated average crystallite sizes. Therefore, the XRD and 
HRTEM data coincided with each other. Figure 5a also demonstrates good interphase con-
tact between Cd1-xZnxS and C3N4 and confirms the possibility of heterojunction formation. 
The 20Cd0.8/Pt/CN photocatalyst was also investigated by the HAADF-STEM method 
with EDX elemental mapping. Figure 5c–f show the elemental distribution in the 
20Cd0.8/Pt/CN sample. Figure 5e,f define the location of the Pt cocatalyst: large elongated 
clusters of platinum particles were located over the surface of g-C3N4; the length of some 
clusters particles reached 100 nm. The platinum clusters are shown in Figure 5b; one can 
see that these clusters consisted of Pt nanoparticles with a size of 2–5 nm. The formation 
of clusters can be explained by the inhomogeneity of the surface of layered graphitic car-
bon nitride, on which the platinum particles were deposited. It has recently been shown 
that this kind of noble metal cluster can be an effective cocatalyst for the photocatalytic 
process [49]. To elucidate the location of the platinum, we summarized the EDX local anal-
ysis data in Tables S1–S4 (Supporting Information). EDX data confirm that platinum na-
noparticles with a high concentration (1.3–1.7 at. %) are localized in domains with a dom-
inant content of g-C3N4. For areas where both sulfide and nitride are found, the platinum 
concentration does not exceed 0.2 at. %. 

Figure 4. Elemental mapping (a–f,h,i) and HAADF STEM (g) of the photocatalyst Pt/20Cd0.8/CN.

TEM analysis suggests that the Pt/20Cd0.8/CN (Scheme 1) and 20Cd0.8/Pt/CN
(Scheme 2) photocatalysts had fundamentally different structures: in the first case, small
platinum particles were deposited onto a surface of the solid solution of cadmium and
zinc sulfides in the Cd0.8Zn0.2S/g-C3N4 composite; in the latter case, enlarged platinum
clusters were located on the surface of graphitic carbon nitride. A similar structure was
also confirmed by XPS data, since in the second case, the surface content of platinum was
much lower. In addition, according to XPS data, in the first case, platinum was present in
oxidation states Pt0 and Pt2+, while in the latter, it was only metallic state Pt0.
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2.2. Photocatalytic Tests

Photocatalytic hydrogen evolution from aqueous solutions of TEOA was investigated
under visible light irradiation (λ = 450 nm). To facilitate the proton abstraction during
the chain process of TEOA oxidation and therefore to prevent charge recombination the
reaction was carried out in an 0.1 M NaOH aqueous solution [50]. The kinetics of hydrogen
evolution over the selected photocatalysts is shown in Figure 6a. For pristine g-C3N4,
Cd0.8Zn0.2S, and Cd0.7Zn0.3S, the hydrogen evolution rate was close to zero. The rates of
hydrogen production over samples 10–50 Cd0.8/CN and 10–50 Cd0.7/CN are shown in
Figure 6b. For the photocatalysts without platinum, the rate of hydrogen formation did not
exceed 0.13 µmol hydrogen per minute. Considering that the rates of hydrogen production
in the presence of g-C3N4, or Cd0.8Zn0.2S and Cd0.7Zn0.3S solid solutions were close to zero,
the creation of composite samples led to a remarkable increase in activity in comparison to
the pristine compounds, confirming the appearance of interphase heterojunctions between
g-C3N4 and Cd1−xZnxS.
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C3N4 (Scheme 2) (x = 0.2 (c); x = 0.3 (d)). Conditions: C0(NaOH) = 0.1 M, C0(TEOA) = 10 vol%,
Ccat = 0.5 g L−1; LED light source (λ = 450 nm).

Platinum deposition on the surface of composite samples Cd1−xZnxS/g-C3N4, g-C3N4,
and Cd1−xZnxS (x = 0.2–0.3) solid solutions led to a significant increase in activity. However,
for photocatalysts prepared according to Scheme 1, when platinum was allocated onto the
surface of solid solutions of cadmium and zinc sulfides (Pt/10–50 Cd0.8/CN and Pt/10–50
Cd0.7/CN), the activity of the ternary composite samples did not exceed the activity of
platinized single-phase sulfides, such as 1% Pt/Cd0.8Zn0.2S and 1% Pt/Cd0.7Zn0.3S. This
can be explained by the specific surface area of the samples: for Cd0.8Zn0.2S and Cd0.7Zn0.3S
solid solutions, the specific surface area was ca. 180 m2 g−1; for g-C3N4, it was about
20 m2 g−1; and for composite samples Pt/10-50 Cd0.8/CN, this value varied from 34 to
67 m2 g−1 (Figure 6c,d). The positive effect due to the formation of heterojunctions between
Cd0.8Zn0.2S and g-C3N4 did not compensate for the significant loss of specific surface area.
In contrast, a noticeable increase in activity, approximately twofold, compared with the
PtCd0.8 and Pt/Cd0.7 samples, was observed for photocatalysts prepared according to
Scheme 2 (10–50 Cd0.8/Pt/CN and 10–50 Cd0.7/Pt/CN), for which large, elongated
clusters of platinum particles were located at the interface between the Cd1−xZnxS and
g-C3N4 phases. The highest activity at the level of 2500 µmol hydrogen per gram of
photocatalyst per hour (2.1 µmol min−1) with an apparent quantum efficiency equal to
6.0% at a wavelength of 450 nm was possessed by sample 20% Cd0.8Zn0.2S/1% Pt/g-C3N4
(20 Cd0.8/Pt/CN). This value is comparable with previously published results, as shown
in Table 4.
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Table 4. Comparison of the results with previously published data.

N Photocatalyst Sacrificial Reagent Light Source W0, µmol g−1 h−1 Ref.

1 3% Pt/2% Na2Fe2Ti6O16/g-C3N4 10 vol. % TEOA Xe lamp, λ > 420 nm 389 [51]
2 g-C3N4 doped by B 10 vol. % TEOA Xe lamp, λ > 420 nm 910 [52]
3 1% Pt/W18O49/g-C3N4 10 vol. % TEOA Xe lamp, λ > 400 nm 912 [53]
4 20% g-C3N4/TiO2 10 vol. % TEOA 250 W visible light source 1042 [54]
5 Ru-CoP/g-C3N4 10 vol. % TEOA Xe lamp, λ > 400 nm 1173 [55]
6 9% Ni/porous g-C3N4 10 vol. % TEOA Xe lamp, λ > 420 nm 1274 [56]
7 CoP/B doped g-C3N4 nanodots/g-C3N4 10 vol. % TEOA Xe lamp, λ > 420 nm 1333 [57]
8 Ni/N-doped C3N4 10 vol. % TEOA Xe lamp, λ > 420 nm 1507 [58]

9 Ni-Cu/g-C3N4 15 vol. % TEOA 5W LED white-light
multi-channel 2088 [59]

10 NiS-WO3/g-C3N4 15 vol. % TEOA 5 W LED white light, λ ≥ 420 nm 2929 [60]
11 40% CdS/4% PdAg/g-C3N4 10 vol. % TEOA Xe lamp, λ > 400 nm 3098 [61]
12 LaxCo3-xO4/g-C3N4 10 vol. % TEOA Xe lamp, λ > 420 nm 3160 [62]
13 1%Pt/20 wt% Cd0.8Zn0.2S/g-C3N4 10 vol. % TEOA, 0.1 M

NaOH 450-LED 996 This
work14 20 wt% Cd0.8Zn0.2S/1%Pt/g-C3N4 2520

Thus, photocatalysts that are practically identical in chemical composition exhibit
quite different activity in the process of photocatalytic production of hydrogen because of
the different locations and shapes of the platinum nanoparticles for Pt/20Cd0.8/CN and 20
Cd0.8/Pt/CN samples. We built an energy diagram (Figure 7) for the g-C3N4/Cd0.8Zn0.2S
system. It was calculated from UV–vis spectroscopy data (Figure 2) that the band gap
was 2.8 eV for g-C3N4 and 2.4 eV for Cd0.8Zn0.2S. According to the literature data, the
CB and VB potentials of g-C3N4 were −1.1 and + 1.7 V vs. NHE, respectively [4,22]; for
the Cd0.8Zn0.2S solid solution, CB potential was equal to −0.4 V vs. NHE, and VB level
equaled +2.0 V vs. NHE [63] (Figure 7). Thus, CB level was more negative for g-C3N4, and
VB level was more positive for the sulfide solid solution.
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As was discussed above, there are three possible mechanisms for the spatial separation
of photogenerated charge carriers in the g-C3N4/Cd1−xZnxS system: conventional type II
heterojunctions, Z-scheme, and S-scheme. However, the Z-scheme photocatalyst is now
considered to be misleading by the scientific community [32]. All-solid-state Z-scheme
with platinum as a mediator has large restrictions, because if platinum nanoparticles are
located between two semiconductors, band bending arises at their interfaces, forming a
Schottky barrier, and this Schottky barrier will suppress the electron flow from semicon-
ductors to metal [36]. Additionally, as was shown in this study by TEM with EDX, in the
case of both Scheme 1 (Pt/20Cd0.8/CN) and Scheme 2 (20 Cd0.8/Pt/CN), platinum is
deposited onto individual semiconductors, Cd1−xZnxS or g-C3N4, respectively. Thus, we
will further discuss the type II heterojunction and S-scheme, and metallic platinum will
only be considered as a cocatalyst for the formation of hydrogen.

For photocatalysts synthesized according to Scheme 1, when Cd0.8Zn0.2S particles
were deposited on the surface of g-C3N4 and Pt nanoparticles were, in turn, deposited onto
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the surface of the sulfide solid solution, the formation of hydrogen is most likely localized
over sulfide particles, because it is there that the cocatalyst is deposited. The photogener-
ated electrons likely moved from the CB of g-C3N4 to the CB of Cd0.8Zn0.2S and then to
platinum particles, whereas holes from the VB of sulfide solid solution migrated to the VB
of g-C3N4 (Figure 7a). Thus, in the case of photocatalyst Pt/20Cd0.8/CN, conventional
type II heterojunctions were likely realized. This type of heterojunction has been described
for Pt/CdS/g-C3N4 systems with platinum deposited on CdS nanoparticles [22–24]. Un-
fortunately, for all samples synthesized according to Scheme 1, no increase in activity in
comparison to Pt/Cd1−xZnxS was observed. The obtained results can be explained as fol-
lows: when type II heterojunctions appeared in the Cd1−xZnxS/g-C3N4 system, the spatial
separation of photogenerated electrons and holes was observed; however, the electrons
and holes were accumulated in the CB of Cd1−xZnxS and the VB of g-C3N4, which possess
low reduction and oxidation potentials, respectively [64]. This explains the decrease in
photocatalyst activity in the hydrogen evolution from aqueous solutions of TEOA.

For the 20Cd0.8/Pt/CN photocatalyst (Scheme 2), large, elongated clusters of plat-
inum particles were located on the surface of the g-C3N4 phase (Figure 7b). In this case,
it is logical to assume that the formation of hydrogen occurs over the g-C3N4 surface.
The activity of the 20Cd0.8/Pt/CN photocatalyst was much higher than that of the Pt/20
Cd0.8/CN photocatalyst. Moreover, this pattern remained unchanged for all 10–50%
Cd1−xZnxS/g-C3N4 (x = 0.2–0.3) photocatalysts with 1 wt. % platinum. Additionally, the
activity of Scheme 2 composites is much higher than the activity of single-phase platinized
1%Pt/Cd1−xZnxS (x = 0.2–0.3) or 1%Pt/g-C3N4. It can be assumed that the formation
of heterojunctions according to the S-scheme, when electrons remain in CB of g-C3N4
(Figure 7b), whereas electrons from CB of Cd1−xZnxS and holes from VB of g-C3N4 re-
combine, occurs first, and then molecular hydrogen is formed on the platinum cocatalyst
particle. This implementation of the process leads to the highest activities in hydrogen
production. Additionally, platinum in metallic state and sulfur in S2− state, as was shown
by XPS for 20Cd0.8/Pt/CN, can lead to enhanced activity of the Scheme II photocatalysts.

The charge-transfer mechanism in an S-scheme heterojunction can be explained as
follows. When Cd0.8Zn0.2S and g-C3N4 are in intimate contact, electrons from CB of g-
C3N4 diffuse to CB of Cd0.8Zn0.2S, creating an electron depletion layer and an electron
accumulation layer near the interface of g-C3N4 and Cd0.8Zn0.2S, respectively. Thus, an
internal electric field directing from g-C3N4 to Cd0.8Zn0.2S occurs. This internal electric
field accelerates the electrons transfer from Cd0.8Zn0.2S to g-C3N4, and hole transfer from
g-C3N4 to Cd0.8Zn0.2S as shown in Figure 7b. Additionally, the band bending urges the
photogenerated electrons from the CB of Cd0.8Zn0.2S and holes from the VB of g-C3N4 at
the interface region. Thus, the photogenerated electrons in the CB of Cd0.8Zn0.2S and holes
in the VB of g-C3N4 recombine at the interface under the Coulombic attraction [32].

Thus, on the basis of the above band structure analysis, TEM and XPS analysis of the
samples, and enhanced H2 evolution activity, the formation of S-scheme heterojunctions
is more favorable than the type II heterojunction between the Cd1−xZnxS and g-C3N4
semiconductors. Note that the synthesis of Cd1−xZnxS/g-C3N4 with different locations of
platinum particles was conducted for the first time.

Figure 8a presents the normalized PL spectra of C3N4, 1% Pt/C3N4, Pt/20Cd0.8/CN,
20Cd0.8/Pt/CN, and Cd0.8Zn0.2S. The g-C3N4 photocatalyst demonstrated the most in-
tensive photoluminescence; for Cd0.8Zn0.2S, photoluminescence was not observed. The
obtained spectra for C3N4 and 1% Pt/C3N4 were similar in shape but different in intensity.
Upon photoexcitation at 380 nm, the emission was centered at 490 nm and may be attributed
to n–π* electronic transitions consisting of lone pairs of N atoms in graphitic carbon ni-
tride [65]. The deposition of Pt onto the surface g-C3N4 photocatalyst led to a decrease in the
intensity, at 2.3, which indicated a lower recombination rate of electron-hole pairs in the Pt-
containing photocatalyst. The photoluminescence of the ternary composites was also stud-
ied. Figure 8a shows that the spectra of Pt/20Cd0.8/CN and 20Cd0.8/Pt/CN were identical
in shape; the peak center was at 515 nm. The maximal intensities of Pt/20Cd0.8/CN and
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20Cd0.8/Pt/CN were 3.1 and 4 times less than that of g-C3N4, respectively. Therefore, the
efficiencies of radiative processes in the ternary composites were smaller; these samples can
possess higher photocatalytic activity. The photocatalyst prepared according to Scheme 2
also exhibited the lowest photoluminescence intensity.
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Figure 8b shows the decay curves of the PL intensities of the g-C3N4-based photo-
catalysts. All curves were almost identical. Numerical analysis showed that PL intensity
decreased by a factor of 100 during 3 ms after the start of measurements. In this case, decay
kinetics was nonexponential and could not be represented as a superposition of two or
three exponential processes. If we assumed a fast decay of the first-order kinetics, the
lifetime of such processes is τ = 120 ± 15 µs (see the dashed line in Figure 8b). The nature
of the observed behavior in the studied interval of time may be due to the phosphorescent
mechanism under the used excitation and the presence of trapping centers of separated
charge carriers, which favored photocatalytic hydrogen production.

The photoelectrochemical properties of the samples Pt/20Cd0.8/CN and 20Cd0.8/Pt/CN
were tested. Figure 8c shows that both photocatalysts possess typical photocurrent re-
sponses during on-off experiments. The photocurrent intensity is slightly higher for the
20Cd0.8/Pt/CN synthesized according to Scheme 2, which indicates more efficient charge
separation for this photocatalyst [66]. Additionally, EIS spectra were obtained for these
two samples (Figure 8d). Compared with Pt/20Cd0.8/CN photocatalyst, the Nyquist plots
of 20Cd0.8/Pt/CN sample exhibit a significantly smaller impedance arc radius. Thus, the
electrochemical experiments confirm that construction of the structure of 20Cd0.8/Pt/CN
photocatalyst with platinum deposited over g-C3N4 surface improves the interface charge
separation.

An important aspect of the study of photocatalysts is the investigation of their stability.
We tested the activity of the Pt/20Cd0.8/CN and 20Cd0.8/Pt/CN photocatalysts in four
consecutive hydrogen evolution runs (Figure 9a). Photocatalyst 20Cd0.8/Pt/CN had
greater stability than that of photocatalyst Pt/20Cd0.8/CN. We characterized samples after
the hydrogen evolution by the XPS and XRD techniques (Table 3, Figure 9b). Figure 10
shows that the bulk structure of the samples does not undergo any changes. However,
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according to XPS data (Table 3) after hydrogen evolution, the following changes took place
on the photocatalyst surface:

- Surface ratio [Cd + Zn]/[C] and [S]/[C] decreased for both photocatalysts indicating
the aggregation of Cd1−xZnxS particles; for sample 20Cd0.8/Pt/CN, it was to a
lesser extent;

- The [Pt]/[C] surface ratio decreased slightly for the Pt/20Cd0.8/CN sample, but this
ratio increased threefold for the 20Cd0.8/Pt/CN photocatalysts. This suggests that, in
the first case, the metal particles were enlarged, and in the latter, they were dispersed.
Please note that the ratio of [S]/[C] and [Cd + Zn]/[C] became smaller and simultane-
ously ratio of [Pt]/[Cd + Zn] became bigger for both samples, that is, the particles of
the solid solution of sulfide aggregated, and the size of the platinum particles either
practically did not grow (Pt/20Cd0.8/CN), or became smaller (20Cd0.8/Pt/CN).

- Sulfur in the sulfite/sulfate state on the surface completely transformed into sulfide
S2− for both samples;

- An increase in the proportion of platinum in zero oxidation state was seen for sample
Pt/20Cd0.8/CN; for sample 20Cd0.8/Pt/CN, metallic platinum partially transformed
into Pt2+.
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Among these factors, the reduction of Pt2+ into metallic platinum, the reduction of
SOx

2− anions into S2−, and a decrease in the size of platinum particles had a positive
effect on the rate of hydrogen evolution. Regarding the aggregation of both platinum
and Cd1−xZnxS solid solution particles, this led to photocatalyst deactivation. Based on
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these competing factors, the stability of the photocatalyst prepared according to Scheme 2
was much better than the stability of the photocatalyst prepared according to Scheme 1.
Thus, the use of synthetic Scheme 2 makes it possible to obtain both active and stable
photocatalysts Cd1−xZnxS/Pt/g-C3N4.

3. Materials and Methods
3.1. Photocatalyst Synthesis
3.1.1. Synthesis of g-C3N4

Melamine was chosen as a precursor. Usually, 2 g of the precursor was annealed in
a ceramic crucible with a lid at 600 ◦C with a heating rate of 5 ◦C/min for 2 h [8]. The
obtained g-C3N4 was ground in a mortar to a yellow powder. Platinum (1 wt. %) was
deposited on the surface prepared photocatalysts by impregnation with hexachloroplatinic
acid followed by reduction with a 2.5-fold excess of sodium borohydride. This method
was described in detail earlier [38]. Samples were dried at 50 ◦C for 4 h after decantation
several times.

3.1.2. Synthesis of Photocatalysts Based on Cd1−xZnxS/g-C3N4

To prepare the samples Cd0.7Zn0.3S/g-C3N4 and Cd0.8Zn0.2S/g-C3N4 with a certain
percentage of Cd1−xZnxS (10, 20, and 50%), a proper amount of 0.1 M cadmium chloride
and 0.1 M zinc nitrate were added to the suspension of g-C3N4 (Scheme 1) or 1%Pt/g-C3N4
(Scheme 2), and then the total volume of 0.1 M NaOH equal to the sum of zinc and cadmium
chloride volumes was added, and the mixture was stirred for 20 min. Then, a solution of
0.1 M Na2S with a volume 2.5 times higher than the volume of NaOH was added, and the
mixture was stirred for 60 min. The obtained suspension was placed in Teflon beakers,
centrifuged, and the precipitate was washed with distilled water. Then the precipitate was
decanted and dried for 4 h at 80 ◦C. The dried sample was ground in a mortar. In the case
of Scheme 1, 1 wt. % Pt was deposited on the prepared Cd1−xZnxS/g-C3N4 samples by the
impregnation method as described above. The composition and the abbreviations of the
samples are given in Table 1, the scheme of the synthesis is represented in Figure 10.

3.2. Photocatalysts Characterization

The photocatalysts were characterized by UV–vis optical absorption and lumines-
cence spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), high-
resolution transmission electron microscopy (HRTEM), including the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) technique, N2
low-temperature adsorption.

The diffuse reflectance UV–vis spectra were obtained using a Shimadzu UV-2501
PC spectrophotometer with an ISR-240A diffuse reflectance unit. XRD patterns were
recorded using a Bruker D8 Advance diffractometer in the 2θ range 10◦ to 80◦ using the
Cu Kα radiation. The mean sizes of crystallites were estimated from the full width at half
maximum of corresponding peaks using the Scherrer formula. The specific surface areas of
the photocatalysts were obtained from the low-temperature N2 adsorption–desorption (N2
adsorption at 77 K) using an ASAP 2400 apparatus.

X-ray photoelectron spectra were measured on a SPECS (Germany) photoelectron
spectrometer using a hemispherical PHOIBOS-150-MCD-9 analyzer and FOCUS-500 (Al
Kα radiation, hν = 1486.74 eV, 200 W) monochromator. The binding energy (BE) scale
was pre-calibrated using the positions of the peaks of Au4f7/2 (BE = 84.0 eV) and Cu2p3/2
(BE = 932.67 eV) core levels. The samples were loaded onto a conducting double-sided
copper scotch. The binding energy of peaks was calibrated by the position of the C1s
peak (BE = 284.8 eV) corresponding to the surface hydrocarbon-like deposits (C–C and
C–H bonds).

The structure and microstructure of the photocatalysts were studied by HRTEM using
a ThemisZ electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) operated
at an accelerating voltage of 200 kV. The microscope was equipped with a corrector of
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spherical aberrations, which provided a maximum lattice resolution of 0.06 nm, and a
SuperX spectrometer (TFS, Waltham, MA, USA). Images were recorded using a Ceta
16 CCD sensor (Thermo Fisher Scientific, Waltham, MA, USA). For electron microscopy
studies, samples were deposited on perforated carbon substrates attached to aluminum
grids using an ultrasonic dispersant.

Spectral and kinetic photoluminescent (PL) curves in a millisecond time window were
measured on a Perkin Elmer LS55 spectrometer at room temperature. The spectral widths
of the slits in the exciting and recording channels were 10 and 20 nm, respectively. PL
spectra were recorded in the range 400–650 nm with excitation in the 380 nm band and
a scan rate of 60 nm min−1. The experimental spectra were normalized to the maximum
PL intensity in the g-C3N4 sample. The kinetics of PL decay was recorded in the 490 nm
band upon excitation in the 380 nm band. The kinetic dependences were normalized to the
maximum value of the PL intensity in each sample.

3.3. Photocatalytic Activity Measurement

The synthesized catalysts were studied in photocatalytic hydrogen evolution from
aqueous alkaline triethanolamine (TEOA) solutions [8]. Usually, 50 mg of the photocatalyst
was suspended in a solution that contained 10 mL of triethanolamine and 90 mL of 0.11 M
NaOH. Then, the suspension was purged with argon for 30 min and illuminated with a
450-LED. The amount of evolved hydrogen was measured on a Khromos GKh-1000 gas
chromatograph (Khromos, Omsk, Russia) equipped with a zeolite column and a thermal
conductivity detector. Argon was used as a carrier gas. The photocatalytic activity of
the samples was estimated as the hydrogen evolution rate (µmol min−1). The apparent
quantum efficiency (AQE) was calculated by the following formula:

AQE =
W

Nph
× 100%, (1)

where W—reaction rate (µmol min−1), Nph—photon flux (µEinstein min−1). For all experi-
ments, Nph = 34 µEinstein min−1.

3.4. Photoelectrochemical Experiments

Photoelectrochemical experiments were conducted using a two-electrode cell. The
working electrode was FTO with the photocatalyst deposited by the drop-casting method.
The counter electrode was Cu2S/brass, the electrolyte was a solution consisting of 1 M
Na2Sn and 0.1 M NaCl. Photoelectrochemical characteristics were obtained using a
potentiostat–galvanostat P-45X (Electrochemical Instruments, Chernogolovka, Russia).
The current–time curves were registered at 0 V. The impedance data were recorded over a
frequency range of 0.8 to 105 Hz with an amplitude of 10 mV at 0.2 V. The light source was
450-LED, which was used for the photocatalytic tests. ×

4. Conclusions

In this work, a new technique for constructing efficient Cd1−xZnxS/Pt/g-C3N4 het-
erojunctions was proposed. Two groups of ternary photocatalysts based on platinized
10–50 wt. % Cd1−xZnxS/g-C3N4 (x = 0.2–0.3) were synthesized. It was shown for the
first time that, by changing the order of platinum deposition, one can obtain two types
of photocatalysts, Pt/Cd1−xZnxS/g-C3N4 and Cd1−xZnxS/Pt/g-C3N4, with a different
structure: in the first case, small platinum particles are deposited onto the surface of the
solid solution of cadmium and zinc sulfides; in the latter case, enlarged platinum clusters
are located over the surface of graphitic carbon nitride.

The rate of photocatalytic hydrogen production under visible light was much higher
in the case of using photocatalysts of the second type, Cd1−xZnxS/1 wt. % Pt/g-C3N4,
in comparison to photocatalysts of the first type, 1 wt. % Pt/Cd1−xZnxS/g-C3N4 with a
similar bulk structure of Cd1−xZnxS and g-C3N4 and equal mass fractions of components.
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Analysis of the band-gap structure of ternary samples, and TEM and XPS analyses showed
that, for more active photocatalysts, the mechanism of interphase heterojunctions according
to the S-scheme is most likely realized, while photocatalysts with low activity are character-
ized by type II heterojunctions. Moreover, S-scheme photocatalysts have greater stability
than type II heterojunction photocatalysts do. The highest activity, 2.5 mmol H2 g−1 h−1,
with an apparent quantum efficiency equal to 6.0% at a wavelength of 450 nm was per-
formed by sample 20% Cd0.8Zn0.2S/1% Pt/g-C3N4. The synthesis of Cd1−xZnxS/g-C3N4
with different locations of platinum particles and the assessment of their photocatalytic
properties was carried out for the first time.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111340/s1, Table S1: EDX data of the photocatalyst 20Cd0.8/Pt/CN; domain with
predominated g-C3N4 content; Table S2: EDX data of the photocatalyst 20Cd0.8/Pt/CN; domain
with predominated g-C3N4 content; Table S3: EDX data of the photocatalyst 20Cd0.8/Pt/CN; domain
with g-C3N4 and Cd0.8Zn0.2S; Table S4: EDX data of the photocatalyst 20Cd0.8/Pt/CN; domain with
g-C3N4 and Cd0.8Zn0.2S.
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