2 M processes

Article

Study of Indium Phosphide Quantum Dots/Carbon Quantum
Dots System for Enhanced Photocatalytic Hydrogen Production
from Hydrogen Sulfide

Yijiang Chen 12, Shan Yu '?*, Yungian Zhong 3(7, Yi Wang ?, Jiale Ye 2 and Ying Zhou »**

check for
updates

Citation: Chen, Y,; Yu, S.; Zhong, Y.;
Wang, Y.; Ye, J.; Zhou, Y. Study of
Indium Phosphide Quantum Dots/
Carbon Quantum Dots System for
Enhanced Photocatalytic Hydrogen
Production from Hydrogen Sulfide.
Processes 2023, 11, 3160. https://
doi.org/10.3390/pr11113160

Academic Editors: Eleonora Aneggi

and Daniele Zuccaccia

Received: 26 September 2023
Revised: 31 October 2023
Accepted: 2 November 2023
Published: 6 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University,
Chengdu 610500, China; chen18280735267@163.com

School of New Energy and Materials, Southwest Petroleum University, Chengdu 610500, China;
wangyi050011@163.com (Y.W.); yjl990213@163.com (].Y.)

Tianfu New Energy and Materials Industry Department, Meishan Vocational and Technical College,
Meishan 620000, China; zhongyunq@hotmail.com

Correspondence: yushan@swpu.edu.cn (S.Y.); yzhou@swpu.edu.cn (Y.Z.)

Abstract: Quantum dots (QDs) are promising semiconductor nanocrystals in photocatalysis due
to their unique properties and in contrast to bulk semiconductors. Different from the traditional
modification methods of indium phosphide (InP) QDs such as metal doping, shell design, and surface
ligand modification, we firstly constructed the indium phosphide quantum dot and carbon quantum
dot (InP QDs/CQDs) system and used it for the study of photocatalytic hydrogen production from
hydrogen sulfide (H,S) in this work. The photocatalytic performance tests show that the average rate
of photocatalytic decomposition of hydrogen sulfide to produce hydrogen of the InP QDs/CQDs
system increases by 2.1 times in contrast to InP QDs alone. The steady-state and time-resolved
photoluminescence spectra demonstrated that the introduction of CQDs can effectively improve the
separation efficiency of photo-generated carriers. In addition, the surface electronegativity of the InP
QDs/CQDs system is weaker than that of InP QDs, which may reduce the repulsion between the
photocatalyst and reaction substrate, promoting the surface oxidation reaction in the photocatalytic
process. This work indicates that the construction of the QDs hybrid system can improve their
photocatalytic performance, providing a way to optimize QDs in photocatalysis.

Keywords: indium phosphide (InP) quantum dots; carbon quantum dots; photocatalytic hydrogen
production; hydrogen sulfide

1. Introduction

Solar energy is the most abundant source of energy on earth, with a total of 1.5 x 10'® kWh
of solar energy reaching the surface of the earth every year which is nearly 10,000 times
the global energy consumption [1]. Therefore, solar energy shows great potential to meet
future world clean energy demands. Photocatalysis can directly convert solar energy into
chemical energy, which is of great importance for clean energy utilization. The selection of
the appropriate photocatalyst is of paramount importance in the photocatalytic reaction.
In recent years, semiconductor quantum dot (QDs) materials have attracted extensive
attention in the field of photocatalytic hydrogen production due to their adjustable band
gap, strong light absorption ability, multiple active sites, and rich surface properties [2,3].
For example, cadmium sulfide (CdS), cadmium selenide (CdSe), cadmium antimonide
(CdTe), cadmium sulfide/cadmium oxide (CdS/CdOy), and cadmium sulfide/zinc sulfide
(CdS/ZnS) QDs are used in photocatalytic hydrogen production reactions to obtain clean
energy (Hpy) [4-12]. However, the high toxicity of Cd may limit their large-scale application.
Therefore, there is an urgent need to design and develop efficient and non-toxic QDs.

Alternatively, the III-V QDs represented by indium phosphide (InP QDs) have great
potential for photocatalysis. Compared with extensively studied CdSe QDs, InP QDs have
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a narrower bandgap and a larger Bohr exciton radius, which provides InP QDs with a
wider adjustable absorption range in the visible light region [13]. Moreover, the covalent
bond property of InP QDs is stronger than CdSe QDs, resulting in weaker interactions
between electrons and holes in InP QDs, which is beneficial for the charge separation
process [14]. Benefiting from these properties, InP QDs are widely used in the fields of
solar cells, light emitting diodes (LEDs) [15,16], photocatalytic organic synthesis [17-20],
photocatalytic hydrogen production [13,21,22], etc. For instance, we have designed an
S?~ surface ligand capped on InP QDs for photocatalytic hydrogen production, proving
that the hydrogen production efficiency of InP QDs capped with S>~ can be comparable
to that of CdSe QDs for the first time [13]. Hong et al. demonstrated the potential of
Cu-doped InP/ZnS QDs as visible light-driven photocatalysts for hydrogen evolution
reactions, which exhibited excellent photocatalytic activity and stability [23]. Similarly,
Tong et al. also investigated the application of Cu-doped InP/ZnSe QDs for solar-driven
photoelectrochemical hydrogen production. In addition, InP/Cu:ZnSe QDs have excellent
photo-generated carrier separation efficiency and ultimately have outstanding hydrogen
production performance [24]. Moreover, research also suggests that InP/ZnS QDs serve as
efficient visible light photocatalysts for organic synthesis. Pillai et al. proved that InP/ZnS
QDs play a decisive role in carbon—carbon coupling reactions [17]. This indicated that InP
QDs have promising applications in photocatalysis.

Carbon quantum dots (CQDs) are increasingly used in photocatalysis due to their sim-
ple synthetic method, low cost, low toxicity, and abundant surface properties [25,26]. The
formation of composites of CQDs and other photocatalysts such as metals, semiconductors,
QDs, and other materials is an ideal way to improve photocatalytic performance. CQDs can
provide active sites due to adjustable element composition and surface functional group
and improve the visible light response of photocatalysts, leading to enhanced light absorp-
tion and surface reaction of the photocatalytic system, ultimately promoting photocatalytic
activity of photocatalytic system [25,27,28]. In addition, CQDs may also effectively improve
the separation of photo-generated carriers in composite photocatalytic systems [29-31]. For
instance, Tang et al. demonstrated that construction of CQDs/carbon nitride-like polymers
system can promote the photocatalytic reaction due to the decrease in the recombination
rate of photo-generated electrons and holes in the system [32]. Similarly, Guo et al. also
reported that the construction of a CQDs/BiOBr system can promote photocatalytic re-
action performance. They found that the introduction of CQDs can enhance visible light
absorption and the separation efficiency of photo-generated electrons and holes, thereby
improving photocatalytic activity [33].

Here, we introduce CQDs into the InP QDs system to construct an InP QDs/CQDs
system for the first time and investigate its photocatalytic performance using photocatalytic
hydrogen production from H,S as a model reaction. The introduction of CQDs can promote
the transfer of photo-generated carriers of the InP QDs/CQDs system. Moreover, the
introduction of CQDs can weaken the negative charge surface of the original InP QDs,
reducing the repulsion between the InP QDs/CQDs system and the reaction substrate
(HS™), eventually facilitating the occurrence of surface oxidation reactions. As a result, the
hydrogen production efficiency of the InP QDs/CQDs system is 2.1 times that of InP QDs,
indicating the effectiveness of modification of InP QDs by CQDs.

2. Materials and Methods
2.1. Chemicals

Indium (III) chloride tetrahydrate (99.9%), zinc chloride (98%), zinc iodide (99.999%),
oleylamine (OLA, 80-90%), tris(diethylamino)phosphine (97%), hexane (HEX, AR), N-
methylformamide (NMF, 99%), ethylenediamine (AR), tetrabutylammonium tetrafluorob-
orate (AR), potassium bromide (99%) and formamide (FA, 99%) were purchased from
Aladdin (Shanghai, China). Ethanol absolute (99.7%), sodium sulfide (NayS-9H,0O, >98%),
sodium sulfite (97%), hydrochloric acid (AR), sodium hydroxide (98%), acetone (99.5%), and
chitosan (Chi, AR) were obtained from Chron Chemicals (Chengdu, China). All reagents
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were used as received without further purification. Deionized water (18.25 M(}/cm) was
used throughout the experiments.

2.2. Synthesis of InP QDs

InP QDs capped with oleylamine (InP-OLA) were prepared following a reported
hot injection method [13]. In detail, 146 mg (0.5 mmol) InCl3-4H,0O as indium precursor,
204 mg (1.5 mmol) ZnCl,, and 160 mg (0.5 mmol) Znl, as zinc precursors, and 5.0 mL
(15 mmol) oleylamine were added to a three neck RB. The reaction mixture was then
evacuated by Schlenk techniques and kept under vacuum at 120 °C for 1 h. Afterwards, the
system was heated to 180 °C under the inert atmosphere. A total of 0.5 mL (1.8 mmol) of
tris (diethylamino)phosphine (phosphorous: indium ratio = 3.6:1) was then quickly injected
into the mixture solutions. The system was kept at 180 °C for 30 min to drive the growth of
InP-OLA QDs to completion and then cooled to room temperature. After the above, the
crude QDs solution was cooled down to room temperature, and approximately 10 mL of
ethanol was added for the precipitation of QDs. After centrifugation, the supernatant was
discarded. The precipitated QDs were further purified by dissolution in 10 mL of hexane
and subsequent precipitation in 15 mL of ethanol. Finally, the QDs were again dissolved
in 10 mL of HEX and centrifuged to remove the insoluble impurities. The prepared QDs
could be properly maintained in solution at 2-5 °C.

The water-soluble sulfide ion (S*~) ligands were then attached to the InP surface by the
ligand exchange process, in accordance with the previously reported literature [13]. Specif-
ically, 1 mL of InP-OLA QDs in HEX with an approximate concentration of 3-5 mg/mL
were mixed with 1 mL of the NayS-9H,0 solution (0.05 M) in NMF. The solution mixture
was continuously stirred at room temperature until the QDs were transferred from the
HEX phase to the NMF phase. Then the HEX solution was removed and the NMF solution
was further washed twice with HEX to remove residual non-polar organic impurities.
Subsequently, the NMF solution was precipitated with acetone to obtain the precipitate of
InP QDs capped with S>~ (herein denoted as InP QDs). The precipitate was then purified
using a small amount of FA and acetone. Finally, InP QDs were dispersed in water and
stored in an environment of 2-5 °C.

2.3. Synthesis of CQDs

CQDs were synthesized using a modified method from the literature [34]. A total
of 10 mL of deionized water and 11 mg of biomass chitosan were taken in a beaker, and
0.6 mL of HCl solutions (1 mol/L) was added with slow stirring. The insoluble chitosan
was gradually dissolved due to protonation. Subsequently, 0.8 mL of ethylenediamine was
added to the above mixed solutions and stirred for two minutes. The reaction mixture was
heated by microwave method in a 100 W microwave oven. Finally, a certain amount of
deionized water was added to the beaker to dissolve the reaction product after cooling
down to room temperature.

2.4. Preparation of InP QDs/CQDs System

The InP QDs/CQDs system was obtained by the simple magnetic stirring method.
More specifically, InP QDs solution and CQDs solution were mixed in a certain proportion,
the mixture was first sonicated for 2 min, and then stirred in the dark for 12 h. A series
of InP QDs/CQDs systems with different loading amounts of CQDs were synthesized
by varying the feeding ratio of CQDs. Notably, we directly stirred 1 mg of InP QDs and
different loading amounts of CQDs in the reactor for 12 h, then directly used them for
photocatalytic hydrogen production from HjS.

2.5. Characterization

The crystal structure and crystallinity of the samples were studied by X-ray diffraction
(XRD) with Cu Ka radiation using a Philips X'Pert diffractometer at 40 kV and 40 mA.
UV-Vis absorption spectra were recorded with a Shimadzu UV-2600 spectrophotometer.
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Steady-state photoluminescence spectra (PL) were recorded with an Edinburgh FLS1000
fluorescence spectrophotometer. The valence band of CQDs was measured by electro-
chemical cyclic voltammetry (CV, CHI760E, Chenhua Instrument, Shanghai, China). The
actual composition of InP QDs was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES, HORIBA Ultima Expert, HORIBA France SAS, Palaiseau,
France). The surface functional groups of CQDs and InP QDs/CQDs were determined
by Fourier transform infrared spectrum (FTIR, TENSOR II, Bruker, Ettlingen, Germany).
The morphologies of the sample were studied using a transmission electron microscope
(TEM, TECNAI G25-TWIN, FEI, Worcester, MA, USA). X-ray photoelectron spectra (XPS)
were obtained by Thermo Fisher Scientific (FEI, Worcester, MA, USA) ESCALAB 250Xi
X-ray photoelectron spectrometer and all of the binding energies were referenced to the
C 1s level at 284.8 eV. Zeta potential of the samples was measured by a Brookhaven Zeta
PALS/90 Plus analyzer (Brookhaven, NY, USA). Time-resolved fluorescence spectroscopy
of the sample was tested by an Edinburgh FLS1000 fluorescence spectrometer (Edinburgh,
Livingston, UK).

2.6. Photocatalytic Hydrogen Production from H)S

The photocatalytic performance evaluation of all materials for hydrogen production
was conducted at room temperature and pressure, with a 10 mL single port Pyrex tube
as the reactor. The open end of the reaction tube was sealed with a silicone rubber plug,
and the light source was a 3 W LED lamp (A = 460 nm). The system was equipped with
a circulating condensation device to avoid overheating of the light source. The specific
experimental operation was as follows: first, add 1 mL of InP QDs/CQDs solution to
the reaction tube (maintain the dosage of InP QDs at 1 mg in experiments with different
photocatalysis), seal it, and then inject argon gas to exhaust air. Then, take 4 mL of reaction
medium (reaction medium is 0.6 M Na,SOj3 solution with 2% H,S gas) and inject it into
the reaction tube. Finally, inject 1 mL of methane as the internal standard. After exposure
to light for a period of time, 0.5 mL of gas was extracted from the reaction tube using an
injection needle and injected into a gas chromatograph (TCD detector, Ar as the carrier gas,
and 5 A molecular sieve as the chromatographic column). Calculation of the hydrogen
production amount is based on the peak areas of hydrogen and methane.

3. Results and Discussion
3.1. Synthesis and Characterization of InP QDs and CQDs

Water-soluble InP QDs capped with inorganic S>~ surface ligands were synthesized
by hot injection methods, in accordance with a previous report [13]. X-ray diffraction (XRD)
measurements were employed to analyze the structure of the synthesized InP QDs, as
shown in Figure 1a. It can be seen that InP QDs have three obvious diffraction peaks at 26.3°,
43.8°, and 51.8°, respectively, corresponding to the (111), (220), and (331) diffraction crystal
planes of sphalerite-type InP (JCPDS 32-0452) [35-37]. UV-Vis absorption spectrum of InP
QDs (Figure 1d) exhibits a characteristic absorption peak at 513 nm, which is consistent with
the literature [13] and indicates the successful synthesis of InP QDs. Elemental analyses
by ICP-OES determined the actual composition of InP QDs (Table S1). Specifically, the
weight percentages of In, P, S, and Zn in InP QDs are 41.87 wt.%, 7.62 wt.%, 7.12 wt.%,
and 3.93 wt.%, respectively. Furthermore, the morphology of InP QDs was characterized
by transmission electron microscopy (TEM). Figure 1e shows that InP QDs are spherical
particles with uniform distribution, and the particle size is 2-3 nm. Moreover, the lattice of
the InP QDs could be observed with a lattice spacing of 0.29 nm, which corresponds well
with the (200) crystal plane of sphalerite type InP. Finally, for band energy structure of InP
QDs, in previous studies, we found that the valence and conduction band values of InP
QDs were 1.43 V and —0.88 V, respectively [13].
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Figure 1. Characterization results of InP QDs and CQDs. XRD patterns of (a) InP QDs, (b) CQDs and
(c) InP QDs/CQDs system. (d) UV-Vis spectrum of InP QDs and CQDs. TEM images of (e) InP QDs
and (f) CQDs.

CQDs were synthesized using the microwave method based on a modified protocol
from the literature [34]. The XRD pattern (Figure 1b) shows that the CQDs have a relatively
wide diffraction peak located at around 26 = 24°, indicating the amorphous state of the
carbon structure. Furthermore, the UV-Vis absorption spectrum of CQDs exhibits an
absorption peak at 288 nm (Figure S1), corresponding to a 7t-7* transition of C=C bond
electrons, which is similar to the previous reports [34,38,39]. This indicates that CQDs were
successfully synthesized through the microwave method. Further, we tested the Fourier
transform infrared (FTIR) spectrum of CQDs; the results are shown in the Figure S2a. The
characteristic peaks of CQDs appear at 3554-3000, 1600-1400, and 1200-900 cm ™!, corre-
sponding to the characteristic stretching vibration band of the hydroxyl group and amino
group, the asymmetric and symmetric stretching vibration of carboxylic acid groups, and C-
H stretching vibration, respectively, which are consistent with the reported literature [34,40].
This further proves the successful synthesis of CQDs using chitosan as the raw material.
The TEM of CQDs exhibits a spherical particle distribution and an average particle size of
around 4.4 nm (Figure S3). Moreover, the lattice spacing of CQDs is 0.23 nm (Figure 1f),
corresponding to the (100) graphite diffraction plane. Finally, we measured the oxidation
potential of the CQDs using CV to be 0.12 V, then obtained a valence band value of 0.12 V
(Figure S4a). Combined with UV-Vis absorption spectrum (Figure S4b), we derive that the
conduction band value of the CQDs is 2.88 V.

Compared to the InP QDs and CQDs alone, no diffraction peaks related to CQDs were
observed in the XRD pattern of the InP QD/CQD system (Figure 1c). Two possible reasons
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for the absence of CQDs diffraction peaks are: (1) The diffraction peaks of CQDs ranging
from 20 to 30° overlap with the peak of InP QDs at 26.3°; (2) The relatively low content of
CQDs in the InP QDs/CQDs system. Moreover, the diffraction peak of the InP QDs/CQDs
system shifted by approximately 0.6°, which may be due to the introduction of CQDs
(Figure 1c). However, it was found that the overall InP QDs/CQDs system still belongs
to the sphalerite-type InP, indicating that the introduction of CQDs did not change the
structure of InP QDs. Moreover, it can be seen that there are characteristic peaks (3554-3000,
1600-1400, and 1200-900 cm 1) related to CQDs in the InP QDs/CQDs system from the
FTIR spectra of CQDs and InP QDs/CQDs system (Figure S2b), indicating that CQDs are
indeed loaded on the InP QDs surface.

X-ray photoelectron spectroscopy (XPS) measurement is employed to further analyze
the element composition information of the InP QDs surface. The existence of In, P, and
S is confirmed in the survey spectrum of InP QDs. In addition, the signal of Zn could
also be observed (Figure S5a), which derives from the precursor ZnCl, and Znl, used
during the synthesis for size control of InP QDs [13,41,42]. The fine spectrum of In 3d
exhibits two peaks at 444.4 and 451.9 eV, which are assigned to In 3ds,, and In 3d3,,
with In3*, respectively (Figure S6a). Moreover, the other two peaks at 446.1 and 453.8 eV
belong to In-S; this confirms InP QDs are indeed capped with the S~ ligand [43]. The fine
spectrum of P 2p of InP QDs clearly proves the existence of two chemical environments for
P atoms (Figure S6b). The peak with low binding energies, present at 128.4 and 129.3 eV, is
characteristic of InP with P3~. The peaks with higher binding energies (132.8 and 133.7 eV)
correspond to P in an oxidation environment, which is consistent with previous reports [41].
In terms of the S element in InP QDs, it has two chemical states (Figure Sé6c). The three
bands located at 164.1, 162.8 eV, and 161.4 eV in the S 2p fine spectrum are assigned to
the hybrid chemical bond species of S~ (Figure Sé6c); this further confirms InP QDs are
indeed capped with the S>~ ligand. The other three peaks with higher binding energy
corresponded to oxidized S, which is similar to previous reports in the literature of S~
ligand-capped QDs (Figure Séc) [13,21].

As for CQDs, the survey XPS spectrum reveals the co-existence of C, N, and O elements
(Figure S5b). The fine spectrum of C 1s exhibits peaks at 284.8, 286.2, and 287.7 eV, which
correspond to C-C/C=C, C-O/C-N, and C=0 bonds, respectively (Figure S6d) [44,45].
Notably, CQDs have a high N content with a ratio of up to 30% to the C element content,
indicating CQDs are abundant with amino groups originating from the precursor chitosan
(Figure S5b). This is further demonstrated by the fine spectrum of N 1s shows that N
elements exist in the form of -NH; and C-N in CQDs (Figure S6f). In addition, a proportion
of the C-O/C-N structure is significantly higher than that of C-C/C=C, resulting in a
relatively high degree of sp? hybridization in the carbon nucleus of CQDs, ultimately
leading to a lower degree of graphitization or aromatization of CQDs, which is consistent
with the amorphous carbon structure of the CQDs revealed by XRD.

In addition, compared with the XPS spectra of individual InP QDs and CQDs, the XPS
spectra of the InP QDs/CQDs system show a shift of 0.2-0.5 eV in the peak positions of the
fine spectra of C 1s and O 1s; moreover, a new peak appeared in the fine spectrum of N 1s
at 403.9 eV, which can be attributed to the N-H bond (Figure 2d—f). These results indicate
that a certain interaction between CQDs and InP QDs occurs. The fine spectrum of P 2p of
InP QDs/CQDs system has hardly changed (Figure 2b). However, the fine spectrum of In
3d exhibits two new peaks at 448.2 and 456.1 eV; this has been observed in the fine spectra
of In 3d of the InN system previously reported, so it may be due to the interaction between
InP QDs and CQDs forming In-N or In-O bonds in this system (Figure 2a) [46]. The fine
spectrum of S 2p indicates the absence of sulfur oxide species, which may be due to the
reduction of sulfur oxide species by functional groups on the surface of CQDs (Figure 2c).
This indicates that InP QDs are combined with CQDs, rather than a simple mixture.
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Figure 2. XPS fine spectra of InP QDs/CQDs system. (a) In 3d; (b) P 2p; (c) S 2p; (d) C 1s; (e) O 1s;
(f) N 1s.

3.2. Photocatalytic Hydrogen Production

The photocatalytic hydrogen production system was built by the mixture of InP QDs
and different amounts of CQDs in the presence of 0.112 mol H,S in 0.6 M Na;SO3 aqueous
solution and a 460 nm LED light source. Specifically, we tested the photocatalytic activity
of pure CQDs, pure InP QDs, and CQDs loading amounts of 5 wt.%, 10 wt.%, 25 wt.%, and
50 wt.%, respectively, for photocatalytic hydrogen production from H,S. The photocatalytic
hydrogen production efficiency of InP QDs is 15.0 mmol g~! h~! and CQDs alone do not
have activity towards hydrogen production. With an optimal quantity of CQDs (10 wt.%),
InP QDs/CQDs system exhibits the highest photocatalytic activity with Hy formation
rate of 32.0 mmol g~! h~!, which was 2.1 times higher than of InP QDs (Figure 3). A
further increase in CQDs in the system results in a decrease in the photocatalytic hydrogen
production activity of the system, which may be caused by excessive CQDs covering the
active sites on the InP QDs surface and crowded surfaces hindering the interaction between
InP QDs and reactants. For the sources of Hy, our previous report has shown that a portion
of Hy comes from H,S. Notably, D in D,O will undergo proton exchange with H in H,S
due to the amount of D,0O in the aqueous solution being several tens of times that of H,S,
resulting in some Hj coming from D,0O [21].

a b
( )100- M 1h (b) InP QDs/CQDs
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_ [ 3n 04 Na,SO,
= 80 |
-
3 o
E
= IF =
.:.r 60 ; 240_
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Figure 3. The results of photocatalytic hydrogen production from H;S. (a) Photocatalytic hydrogen
production of InP QDs/CQDs system with different loading amount of CQDs. (b) Long-time
photocatalytic hydrogen production of InP QDs/CQDs system. Photocatalytic reaction condition:
5 mL 0.6 M Na;SO3-H,S solution with InP QDs/CQDs system illuminated by LED light (A = 460 nm);
1 mL 0.6 M Na;SOj3 solution was additionally injected into the reaction system after 5 h of illumination
in (b).
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Moreover, the photocatalytic hydrogen production rate of the InP QDs/CQDs system
decreases with increasing time, which may be due to the weakening of the interaction
between InP QDs and CQDs caused by photo-corrosion under visible light irradiation
and consumption of Nay;SOs. This indicates that the photocatalytic activity of the InP
QDs/CQDs system is enhanced, but its stability may not be excellent enough. Accordingly,
we evaluated the stability of the InP QDs/CQDs system (Figure 3b). It indicates that the
overall stability of the InP QDs/CQDs system is poor, and the photocatalytic hydrogen
production rate significantly decreases within 8 h. Notably, the hydrogen production rate
slightly increases after adding the sacrificial agent of NaySOj3 solutions, indicating the
stability of the photocatalytic reaction system is not only related to the stability of the
photocatalyst itself, but may also be related to the consumption of sacrificial agents. It
has been reported that InP is prone to oxidation to produce InPOy or Iny O3, therefore, its
stability is limited [47-49]. Subsequent research needs to strengthen the stability of InP
QDs for photocatalytic hydrogen production.

3.3. Photocatalytic Mechanism of the InP QDs/CQDs System

Photocatalysis typically involves three processes: (1) solar light absorption, (2) separa-
tion and migration of photo-generated carriers, and (3) reduction and oxidation reactions
on photocatalyst surfaces [50]. Therefore, the overall photocatalytic efficiency is strongly
dependent on the cumulative effects of the three consecutive steps of photocatalysis.

In order to clarify the photocatalytic hydrogen production mechanism of InP QDs/CQDs
system, the first process of photocatalysis is analyzed by the UV-Vis absorption spectrum
of the materials. The absorption spectrum of InP QDs exhibits the exciton absorption peak
at 513 nm and excellent visible light absorption ability (Figure 1d). Compared to InP QDs,
the light absorption performance of InP QDs/CQDs system is not enhanced (Figure S7).
This indicates that the construction of the InP QDs/CQDs system may mainly affect the
separation and migration of charge carriers and surface reactions during photocatalysis.

Notably, the PL spectrum test result (Figure 4) showed that CQDs can effectively
quench the fluorescence of InP QDs, indicating the presence of additional electron transfer
processes for the InP QDs/CQDs system in the current photocatalytic system. CQDs
may induce carrier transfer, thereby reducing the probability of radiative recombination
between photo-generated electrons and holes [25,29-31]. Therefore, in order to understand
the specific process of photo-generated carrier migration, the photoluminescence decay
curves of the samples were tested using time-resolved photoluminescence spectroscopy
(TRPL) (Figure 5). The PL kinetics were effectively fitted using a multiexponential decay
equation [22]:

f(tn)= Ay e VT4 A e V2 p o p A e Y 1)

where 1, represents the decay times of each component; the amplitudes of these decay
components are Ap; and n is the number of components in carrier recombination.

The fitted result includes two components, fast decay process 11 and slow decay
process Ty, respectively (Table 1). The lifetime 11 and T, of InP QDs are 4.7 and 33.3 ns,
respectively. The fast component 11 belongs to the process of capturing electrons by surface
defects, and the slow component T, corresponds to the process of radiation recombination of
carriers in InP QDs [51]. The fast component ratio A; and slow component ratio A, are 0.67
and 0.33, respectively, indicating that the fast process of electrons dominates fluorescence
decay. Compared to the TRPL of InP QDs, the fast component lifetime (3.9 ns) of the InP
QDs/CQDs system decreases and the fast component ratio (0.88) increases, indicating the
construction of the InP QDs/CQDs system promotes migration of photo-generated carriers,
which is consistent with the reports in the literature [28-30,52]. Therefore, the inclusion of
CQDs probably diminishes surface trap states in InP QDs. Additionally, CQDs offer an
extra pathway for charge transfer, allowing for direct charge generation between InP QDs
and CQDs.
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Figure 5. TRPL of InP QDs and InP QDs/CQDs system.

Table 1. The photoluminescence decay lifetime fitting results of InP QDs and InP QDs/CQDs system.

Sample T1 (ns) T, (ns) Aq A, Tay (NS)
InP QDs 4.7 33.3 0.67 0.33 26.9
InP QDs/CQDs 3.9 27.7 0.88 0.12 15.6

In addition, the average lifetime (Tay) of InP QDs and InP QDs/CQDs system can be
further calculated using Equation (2) [53]:

Tav= (AlT%JFAzT%) /(A T1+ArT0) )

The T,y reflects the whole charge recombination process within QDs. The average
lifetime of InP QDs/CQDs system is 15.6 ns, which is almost half of the average lifetime of
InP QDs alone. These TRPL data together strongly support that the charge recombination
loss inside the InP QDs/CQDs system is much smaller than that of InP QDs, which is con-
sistent with the experimental results observed in the steady-state PL spectrum (Figure 4).
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This is beneficial for improving the efficiency of charge separation and promoting the
performance of photocatalytic hydrogen production. Hence, one reason for the promo-
tion of photocatalytic hydrogen production performance by the construction of the InP
QDs/CQDs system should be related to the improved separation efficiency and migration
rate of photo-generated carriers.

Moreover, we tested the Zeta potentials of InP QDs, InP QDs/CQDs, and CQDs to
understand the impact of InP QDs/CQDs system construction on surface reactions during
photocatalytic reactions. The Zeta potential tests show that the Zeta potentials of InP QDs,
InP QDs/CQDs, and CQDs are —16.1, —6.3, and 7.4 mV, respectively (Figure 6). InP QDs
have a negatively charged surface due to the abundance of S?>~ present on the surface. The
CQDs have a positive charge due to the presence of amino groups on their surface. H,S
exists in the form of HS™ in NaySO3; aqueous solution [54]. Therefore, when CQDs bind to
InP QDs by the electrostatic attraction interaction [55], it can reduce the repulsion between
the InP QDs/CQDs system and the reaction substrate (H5™) due to reduction in the surface
negative charge in InP QDs/CQDs system, eventually promoting surface reactions and
achieving higher hydrogen production efficiency.

10

CQDs

InP QDs/CQDs
-10 4

Zeta potential (mV)

InP QDs

-20

Figure 6. Zeta potential of all samples.

Based on the above analysis, we speculate that the mechanism of photocatalytic
H, production from HjS in InP QDs/CQDs system is shown in Figure 7. It mainly in-
volves the harvest of sunlight (Equation (4)), charge carrier transfers, and surface reactions
(Equations (5)—-(7)). Specifically, the reaction steps for photocatalytic decomposition of H,S
to produce hydrogen in NaySOj3 solution are shown in Equations (3)—(7) [56]:

H,S+OH™ — HS™ + H,O () 3)
Photocatalyst + hv — e~ + h* 4)
2H" +2e~ — H; (g) (5)
HS™ +2h* - H" +S (6)
S + 505%™ — $,052~ @)

Moreover, for the role of CQDs in the InP QDs/CQDs system, on the one hand, there
are additional pathways in the InP QDs/CQDs system that allow the transfer of photo-
generated carriers from the InP QDs to the CQDs under visible light irradiation, improving
the separation efficiency of photo-generated carriers and providing more opportunities for
electrons to participate in reduction reactions (hydrogen production). On the other hand,
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the introduction of CQDs can alleviate the repulsive effect between InP QDs and HS™ in the
NaySO; solution, promoting the oxidation reaction of H,S. As a result, compared with InP
QDs, the charge separation efficiency and surface reaction efficiency of the InP QDs/CQDs
system were improved, ultimately achieving higher hydrogen production efficiency.

Figure 7. The schematic mechanism for the photocatalytic hydrogen production of InP QDs/
CQDs system.

4. Conclusions

In summary, CQDs with different weight percentages were successfully connected
to the surface of InP QDs to form an InP QDs/CQDs system for the first time. Experi-
mental data showed that the promotion of the photo-generated carriers transfer owing to
the formation of InP QDs/CQDs system greatly improved the photocatalytic hydrogen
production performance of InP QDs/CQDs system. Moreover, the formation of the InP
QDs/CQDs system may weaken the repulsive force between QDs and reaction substrates
(HS™), accelerating the oxidation reaction during the photocatalytic process. Therefore,
InP QDs/CQDs system exhibits a high photocatalytic hydrogen production activity of
32.0 mmol g~! h~!, which is 2.1 times higher than that of InP QDs alone. In conclusion,
compared to previous work on modifying InP QDs with metals doping and shells design,
this work firstly proposes the construction of the InP QDs/CQDs system, which can pro-
vide some guidance for the photocatalytic hydrogen production process of InP QDs and
other QDs composite systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11113160/s1, Figure S1: UV-Vis spectrum of CQDs; Figure S2:
The FTIR spectrum (a) CQDs and (b) InP QDs/CQDs system; Figure S3: The TEM image of CQDs;
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nium tetrafluoroborate (0.1 M); scan rate: 10 mV s~ L. (b) (&« h v)? and energy curve graph of CQDs;
Figure S5: The XPS survey spectra of (a) InP QDs and (b) CQDs; Figure S6: The XPS fine spectra
of InP QDs and CQDs. (a) In 3d; (b) P 2p; (c) S 2p of InP QDs. (d) C 1s; (e) Ols; (f) N 1s of CQDs;
Figure S7: UV-vis spectra of InP QDs/CQDs system; Table S1: The wt.% element composition of InP
QDs by ICP-OES measurement.
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