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ABSTRACT: Carbon dots (C dots, size < 10 nm) have been
conventionally decorated onto semiconductor matrixes for photo-
catalytic H, evolution, but the efficiency is largely limited by the low
loading ratio of the C dots on the photocatalyst. Here, we propose
an inverse structure of Cd,:Zn,S quantum dots (QDs) loaded
onto the onionlike carbon (OLC) matrix for noble metal-free
photocatalytic H, evolution. CdysZn,S QDs (6.9 nm) were
uniformly distributed on an OLC (30 nm) matrix with both
upconverted and downconverted photoluminescence property.
Such an inverse structure allows the full optimization of the QD/
OLC interfaces for effective energy transfer and charge separation,
both of which contribute to efficient H, generation. An optimized
H, generation rate of 2018 pmol/h/g (under the irradiation of
visible light) and $8.6 ymol/h/g (under the irradiation of S50—900
nm light) was achieved in the CdysZnysS/OLC composite samples. The present work shows that using the OLC matrix in such a
reverse construction is a promising strategy for noble metal-free solar hydrogen production.
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1. INTRODUCTION Carbon dots (CDs) including nanodiamond (ND), graphene

Among the various photocatalysts for hydrogen generation,
CdysZn, S has attracted extensive attention because of its
tunable band gap (from 2.3 to 3.6 eV), high photochemical
stability, and low cost.' > An optimal Zn content of ~0.5 was
determined for the optimum photocatalytic property.”>
Unfortunately, the hydrogen production by employing
CdysZn, S alone is not satisfactory, and cocatalysts such as Pt,
CoPt, Au, and Ru$, are usually required for lowering the energy
barrier of the water reduction half reaction,®™” thus enhancing
the hydrogen production. With Au as the cocatalyst, the highest
photocatalytic H, generation achieved is ~6.3 mmol/h/ g.8
However, the noble metal components in the cocatalyst make it
expensive, limiting its potential large-scale applications in solar
fuel generation.

Much effort has been devoted to develop a noble metal-free
cocatalyst, and carbon-based materials are proposed as promising
candidates. Both reduced graphene oxide (rGO) and carbon
nanotubes are found to function as effective reservoirs and
transporters of the photoelectrons generated in the photo-
catalysts such as CdysZnysS and TiO,, which inhibits charge
recombination and enhances the photocatalytic property.'®~">
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quantum dot (GQD), carbon quantum dot (CQD), and
onionlike carbon (OLC) nanoparticles serve as another family
of cocatalyst candidates for solar hydrogen production.”~"*
Both down and upconverted photoluminescence (PL) have been
demonstrated in CDs.'”"** The downconverted PL (DCPL)
property of CDs makes it possible for photocatalytic applications
if the photoexcited charge carrier can be effectively separated
before their recombination, whereas the upconverted PL
(UCPL) suggests the possibility of using CDs to absorb longer
wavelength photons and excite a photocatalyst with the band gap
energy of a shorter wavelength. In fact, increased light absorption
in both the visible and near infrared (NIR) region has been found
when CDs are coupled with photocatalysts such as TiO,,"***°
ZnIn,S,”° WO,,*” AgPW,,0,0,>° C;N,,**” and Cu,0.°"* In
all reported works, small-sized CDs (usually <10 nm) are loaded
onto a relatively large photocatalyst matrix. The low loading
capacity (CD/photocatalyst volume ratio <1:1000) greatly limits
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any possible enhancements in H, generation (maximum 1.6
mmol/h/g achieved without additional noble metal cocatalysts).
Compared with ND and CQD, the size of the OLC can be
extended to several tens of nanometers, for example, ~40
nm,”"** which makes it possible for the OLC to serve as a matrix
to load the photocatalytic QDs and allows the manipulation of
the OLC to QD ratio (and therein, the interfaces between the
two of them). Unfortunately, such a configuration has been rarely
investigated until now.

In the present work, we show that the OLC nanoparticles with
an average size of 30 nm have both DCPL and UCPL properties.
They serve as effective matrix materials for loading CdysZn, S
QDs, allowing the ratios between the OLC and the Cd,Zn, S
QDs to be systematically varied. This leads to the optimization of
the OLC to the CdysZnysS QD ratio, when effective charge
separation/transfer at the Cd, sZn, sS/OLC interface and energy
transfer from the OLC to the QDs are achieved. Photocatalytic
H, generation rates of 2018 ymol/h/g upon the irradiation of
visible light and 58.6 ymol/h/g upon the irradiation of long-
wavelength light have been demonstrated. The charge separation
and energy transfer mechanism between the OLC and the QDs
are discussed in detail based on the studies of band alignment,
loading density-dependent hydrogen evolution property, and PL
lifetime.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. All chemicals used in this study
were of reagent grade and used without further purification. Cadmium
chloride (CdCl,-2.5H,0, >99%, analytical reagent, Sinopharm), zinc
chloride (ZnCl,, >98%, analytical reagent, Sinopharm), sodium sulfide
(Na,S-9H,0, >98%, analytical reagent, Maclin), polyvinyl alcohol
([C,H,0],, 299%, Sinopharm), sodium hydroxide (NaOH, >96%,
analytical reagent, Sinopharm), hydrochloric acid (HCl, 36.5—38%,
analytical reagent, Sinopharm), and sodium sulfite anhydrous (Na,SO;,
>98%, analytical reagent, Sinopharm) were used as received. Solutions
were prepared using high purity water (Milli-Q_purification system,
resistivity > 18 MQ-cm). Fluorine-doped tin oxide (FTO) coated glass
(<14 ©Q, 20 mm X 20 mm) and platinum plate were purchased for the
experiment.

2.2. Synthesis of Catalysts. To prepare the OLC, 40 mL aqueous
solution containing 1 g sodium hydroxide and 1 g polyvinyl alcohol
(PVA, M,: 1750) was transferred to a Teflon autoclave and heated at
250 °C for 10 h. After it was naturally cooled down to room temperature,
large particles were filtered away from the obtained solution and a
transparent brown solution was left. Then, dilute hydrochloric acid was
added in the brown solution to remove the byproducts and centrifuged
at 6000 rpm for S min to obtain the OLC nanoparticles, after which the
nanoparticles were dissolved in 10 mL ethanol for further synthesis of
the nanocomposites.

To synthesize the Cdy5Zn,S/OLC nanocomposites that are named
Cd,sZnysS/xC samples (x = 1, 2, 3, 4, 5), x mL OLC nanoparticles
solution was added to a 20 mL ethylene glycol solution containing 272.6
mg ZnCl, and 456.7 mg CdCl,-2.5H, 0. The mixed solution was stirred
continuously under the protection of nitrogen and heated to 170 °C, and
then, 20 mL ethylene glycol solution dissolving 960.7 mg Na,S-9H,0
was quickly added. The solution was heated to 180 °C and held for 1 h
for the growth of CdysZnysS QDs on the OLC. The Cd,sZnyS/xC
composites were collected by centrifugation, washed using ethanol and
deionized water 3 times, and dried in a vacuum oven at 70 °C for 12 h.
For pure CdysZnysS QDs, the method is similar to that of the
composites except for the addition of the OLC.

2.3. Material Characterization. The microstructure and composi-
tional distribution of the samples were studied by a transmission
electron microscope (TEM, FEI Tecnai 20) equipped with scanning
transmission electron microscopy (STEM), energy-dispersive X-ray
spectroscopy (EDS), and electron energy loss spectroscopy (EELS).
The crystallinity was characterized by X-ray diffraction (XRD, Bruker
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D8). The element composition, chemical states, and valence states were
studied by (valence band, VB) X-ray photoelectron spectroscopy (XPS)
measurements (ESCALAB 250Xi) with Al Ka radiation. The detailed
functional groups of the samples were studied by a Fourier transform
infrared (FTIR) spectrometer (Thermo-Nicolet Nexus 670). The
absorption property was studied by an UV—vis spectrophotometer
equipped with an integrating sphere device (UV-3600, Shimadzu).
Fluorescence measurements were performed by a 7000 FL spectropho-
tometer (Hitachi, F7000). The PL lifetime measurements were carried
out by open- and closed-aperture Z-scan techniques, in which a
Ti:sapphire laser (Coherent, Mira 900) with the pulse duration of 130 fs
and the repetition rate of 76 MHz was used as the laser source. The
Raman spectra were recorded with a spectral resolution of 0.5 cm™
using a Raman system (JY, HR-800) at a power of 0.1 mW, and the 532
nm line of a Nd**:YAG laser was used for excitation.

2.4. Photoelectrochemical and Electrochemical Character-
izations. Mott—Schottky measurements were conducted in 0.5 M
Na,S0, electrolyte (pH = 6.8) in an electrochemical work station (CHI
760E, CH Instruments) with a typical three-electrode configuration. A
Pt foil and saturated Ag/AgCl were used as the counter and reference
electrodes. The working electrode was fabricated by spreading the paste
of 2 mg sample and 1 mg polyethylene glycol (M = 20000) in 1 mL
ethanol onto 1 cm? area of the FTO substrate, then annealed at 450 °C
for 30 min. The potentials were converted to those versus reversible
hydrogen electrode (RHE) via the equation E (vs RHE) = E (vs Ag/
AGCl) + Epg g (ref) +0.0591V X pH, where [Exg/aqq (ref) =0.1976 V
vs normal hydrogen electrode at 25 °C]. Transient photocurrent on—off
cycles were carried out in the similar three-electrode system except for
the electrolyte that was composed of 0.35 M Na,SO; and 0.25 M Na,S
aqueous solution. In the transient photocurrent measurements, the
working electrode was applied at a bias of 0.5 Vgyg, AM 1.5G light
(CEL-HXF300) with an AM 1.5G filter was used as the illumination
source, and the incident power was maintained at 100 mW/ cm?.
Electrochemical impedance spectra (EIS) were measured at a bias of 0.5
Vi in the dark with an amplitude of S mV in a frequency range from
0.1 Hz to 100 kHz.

The Mott—Schottky relationship is derived by solving Poisson’s
equation for a depleted semiconductor space-charge layer with the
imposition of many assumptions and simplifications, which can be
expressed as C2 = (2/e€geNA?)-(E — Eg — kT/e), where C is the space-
charge capacitance, ¢ is the dielectric constant, & is the permittivity of
free space, e is the charge on the electron, N is the carrier density, A is the
sample area, E is the impressed voltage, Eg; is the flat band potential, T is
the temperature, and k is Boltzmann’s constant.

2.5. Photocatalytic H, Evolution. The evaluation system of
photocatalytic H, generation is shown in Figure S1. First, 0.1 g sample
dispersed in 100 mL aqueous solution of 0.35 M Na,SO; and 0.25 M
Na,S was kept under continuous mechanical stirring and was degassed
by N, for 30 min to remove the remnant air (Figure S1a), and the flask
reactor had a volume of 150 mL. Then, the hydrogen evolution
experiments were performed under the visible light irradiation of a 300
W Xe lamp (CEAULIGHT) with a long-pass filter (420 nm, Newport)
and incident power of 300 mW/ cm?, in which the distance between the
radiation source and the reactor was kept 30 cm (Figure S1b). For
contrast, the hydrogen evolution under 420—550 and 550—900 nm
region light was carried out via different edge filters while keeping other
conditions unchanged; then, an incident power of ~160 and ~80 mW/
cm? was realized for 420—550 and 550—900 nm range light, respectively.
The hydrogen generation was analyzed using a gas chromatograph (GC-
2018, Shimadzu, Japan, TCD, Figure S1c), which adopts N, as a carrier.
The apparent quantum efficiency (AQE) was evaluated at 420 nm using
the following equation*

ber of reacted elect
number of reacted electrons o

AQE (%)

number of incident photons

2 X number of evolvedH, molecules
= X 100%

number of incident photons
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3. RESULTS AND DISCUSSIONS

3.1. Morphology, Structure, and Surface Chemical
States. Before loading CdysZnysS QDs onto the OLC
nanoparticles, the morphologies of each of them were studied
by TEM, as shown in Figure 1. The OLC nanoparticles with an

Figure 1. Microstructure and elemental composition of pure OLC and
Cdy5ZnsS QDs. (a) Low-magnification and (b) high-resolution TEM
images of the OLC. (c) Low-magnification and (d) high-resolution
TEM images of pure CdysZnysS QDs (inset: SAED pattern and EDS
spectrum), and the yellow and red marks correspond to (100) and (002)
planes, respectively.

average diameter of ~30 nm are shown in Figure 1a. The high-
resolution TEM images (Figure 1b) show that the “onions” are
defective and disordered, consisting of concentric multiple shells.
The separation between the shells is ~0.41 nm, slightly larger
than that of the bulk graphite. Figure 1¢,d shows the TEM images
of pure Cd, sZn, sS QDs. These QDs have an average diameter of

6.7 = 0.9 nm with a very narrow distribution (5—9 nm) as
presented in Figure S2. The observed lattice spacings of 0.32 and
0.35 nm are consistent with the respective interlayer distance of
(002) and (100) planes of the hexagonal Cd,Zn,sS (PDF no.
89-2943, Figure S3). This agrees with the selected area electron
diffraction (SAED) patterns shown in the inset of Figure lc. The
EDS spectrum indicates a molar ratio of 1:1:2 for Cd/Zn/S. It is
noticeable that the surface of the QD is sharp without any
amorphous layers.

CdysZny S QDs are loaded onto the OLCs to form the
CdysZnyS/OLC composition with different Cd,sZn,S/OLC
ratios (see Methods). These samples have similar morphologies
and structures, and Figure 2 shows a representative example of
sample Cd,sZn,S/3C. Figure 2a—c show the TEM images of
discrete CdysZnyS QDs uniformly distributed on the OLC
particles at different magnifications. The OLCs maintain the
onionlike skeleton, whereas the CdjZn;S QDs remain
hexagonal, which is consistent with the XRD results (Figure
$3). From Figure 2c, though most of the OLC surfaces have been
covered by QDs, a few graphitelike layers can be distinguished at
the outer boundary of the QDs. Unlike their freestanding
counterparts, the CdysZn, ;S QDs are no longer in close contact
with each other after being loaded onto the OLC. That is to say,
the interface between the individual QDs are now replaced by
interfaces between the QDs and the OLCs. Little diffraction
signal is obtained for the OLC in the XRD, suggesting its poor
crystalline quality. The uniform distribution of the CdysZn,sS
QDs and the OLC is suggested by the EELS mappings of C, Cd,
Zn, and S (Figure 2d—h).

The OLC is known for its rich surface functional groups. XPS
taken from the pure OLC sample is shown in Figure 3a. Fitting of
the XPS data suggests the presence of a few peaks at 284.6, 285.4,
286.2,286.8,288.7,and 289.3 eV, corresponding to the bondings
of sp* C=C, sp®* C—C, C—H, C—0, C=0, and COOH,
respectively, indicating the presence of various oxygenated
chemical functional groups.””**** The coexistence of sp and sp*
is consistent with the onionlike structure as shown in the TEM
pictures, in which the onion shells agree well with the graphitelike
structure of sp”> C, whereas the numerous defects indicate the
formation of sp® C. The presence of C=0, C—OH, and C—H
functional groups in the OLC are further confirmed by the FTIR

Figure 2. Microstructure and elemental composition of CdysZn,sS/OLC composites. (a—c) Different magnified TEM image, (d) high-angle annular
dark field (HAADF)-STEM image, and (e—h) the corresponding EELS mappings of CdgsZn,sS/OLC composites.
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Figure 3. Valence state of C evolved with the composition with Cd, 5Zn, sS QDs and the Raman shift of the QDs before and after the loading onto OLC.
(a) XPS fine scans of C 2p from pure OLC and (b) CdysZn,S/OLC composites. (c) Raman spectra of pure CdysZnsS and the Cd,sZn,sS/3C
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Figure 4. Photocatalytic property of the samples. (a) UV—vis absorption spectra of the OLC, Cd, sZn, S, and Cd, sZn, sS/OLC nanocomposites. (b,c)
Time-dependent H, evolution rate under the irradiation of visible and different range of light. (d) Cycling tests of CdgsZnysS/OLC nanocomposites

under the irradiation of visible light.

spectrum (Figure S4a). Obvious vibrations of surface hydroxyl
functional groups (~3436 cm™"), oxygenated functional groups
including C=0 (1714, 1625 cm™"), C—O—C (1199 and 1100
cm™"), C—O—H bonds (1163 and 1263 cm™"), and CH, groups
such as sp>-CH,, sp>-CH,, and sp>-CH have been detected. After
loading Cd, sZn, sS QDs onto the OLC, strong Cd—S and Zn—S
bond vibrations can be detected in the low-frequency region of
FTIR (Figure S4b), which reduce the relative absorption of the
OLC. From the fine XPS of the CdysZn;sS/3C composite
(Figure 3b), besides the vibration peaks of the functional groups,
it is worth mentioning that the sp> C—C content (285.4 €V)
slightly decreases compared with the sp> C—C bonds (284.6 eV)
after the loading of CdsZn,sS QDs, suggesting the QDs tend to
occupy the C sites with sp® hybridization. The interaction of the
OLC with CdysZn,sS QDs can also be reflected by the Raman
shift as presented in Figure 3c. The LO phonon mode of pure
CdysZnysS QDs at 313.0 cm™ will shift to a lower energy of
309.4 cm™! after the QDs are loaded onto the OLC,* indicating
the existence of the strain induced by the CdysZn,sS/OLC
interface. It is noticeable that the typical Raman signal of carbon
(D and G modes) at a higher energy side for both the OLC and
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the CdysZnyS/OLC composite cannot be distinguished
because of the strong fluorescence from the OLC. The
fluorescence can also be reflected at the lower energy region
(180—280 cm™) in Figure 3c.

3.2. Absorption and Photocatalytic Property. The
coupling of CdysZn,sS and the OLC in the composite leads to
changes in the absorption property (Figure 4a). Pure OLC has an
obvious peak appearing at ~330 nm (Figure 4a and inset)
because of the n—7* transition of C=0 bonds.* Its absorption
quickly decays at alonger wavelength with a cut-off value of ~500
nm. Pure CdysZnysS QDs have a typical absorption edge at
~506 nm, corresponding to an optical band gap of 2.45 eV, as
estimated from the Tauc plot as shown in Figure SS. After
forming Cd, sZn, sS/OLC nanocomposites, the absorption edge
gradually shifts to a longer wavelength of 530 nm, and an obvious
absorption tail extending to a longer wavelength region (510—
850 nm) can be found, suggesting the enhanced absorption of
the composite in the visible and the NIR range.

The photocatalytic hydrogen evolution of such a sample is
investigated upon light irradiation at three different wavelength
ranges (i.e., >420,420—550, and 550—900 nm). Figure 4b shows
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Figure S. PL characterization before and after the composition of the OLC and Cd,sZn,sS QDs. (a,b) Fluorescence of pure OLCs excited by various
wavelength light. (c,d) PL spectra and lifetime measurement of pure OLC, Cd,sZnysS QDs, and Cd,sZn, sS/OLC composites under excitation light of

380 nm.

the hydrogen generation of CdysZnysS QDs and Cd,sZn,sS/
OLC nanocomposites under light irradiation of wavelength
>420 nm powered at 300 mW/cm? The amount of hydrogen
generated from both Cd;sZnysS/OLC composites and pure
QDs linearly increases with the illumination time, and perform-
ance enhancement is found in the composite sample. A hydrogen
evolution reaction (HER) rate of 2018 pmol/h/g is achieved for
the CdysZn,sS/3C nanocomposites, which is about threefold
that of pure CdysZn5S (732 pmol/h/g). On the other hand, the
OLC alone does not produce an appreciable amount of hydrogen
under the same conditions, which might be caused by the fast
recombination of the photoexcited electrons and holes via the
defect levels, very similar to the behavior of pure nano-
diamonds.*” It is important to note that the Cd,sZn,sS/OLC
sample exhibits an obvious photoresponse in the longer
wavelength range (Figure 4c). A HER rate of 58.6 ymol/h/ g is
observed when irradiated under 550—900 nm light for S h.
Although such a rate is much lower than that obtained under the
irradiation of the 420—550 nm wavelength light (881.4 ymol/h/
g), the appreciable response to long-wavelength light suggests its
possible correlation with the improved absorption of the
composition in the NIR region. As a comparison, the HER
generation is negligible for pure Cd,sZng S under the 550—900
nm light irradiation. Furthermore, the recycling HER test for the
nanocomposites in Figure 3d shows little deterioration in the
HER behavior after five cycles, suggesting a high photostability
for potential applications. The apparent quantum yield at 420 nm
of pure Cdj sZn, ;S QDs is ~17.3%, which is increased to ~43.2%
after the QDs are loaded onto the OLC (Cd,Zn,S/3C). Such
an efficiency is superior than that of Pt/Cd,_,Zn,S/ZnO/
Zn(OH), (12.4%), CdSe/CdS—Au (25. 4%), Pt/CdS (31.5%),
and MoS,/CdS (41.4%) heterostructures.””*

3.3. PL Property. Generally speaking, the photon-induced
charge-carrier generation, separation, transfer, and recombina-
tion processes are critical in determining the photocatalytic H,
generation. In this regard, we first studied the PL of the OLC,
CdysZnysS QDs, and the CdysZnysS/3C composite samples.

22564

Pure OLC nanoparticles show excitation wavelength-dependent
luminescence (Figure Sa,b). Little emission is detectable for
excitation wavelength (4.,) < 300 nm. A red shift in the emission
wavelength (4,,,) of the OLC from 452 to 568 nm is observed as
the /A, increases from 340 to 540 nm. The emission peaks are
wide and a maximum intensity is reached at ., & 380 nm. On the
other hand, the OLC nanoparticles show typical UCPL property.
Short wavelength emissions ranging from 448 to 534 nm are
collected when the excitation wavelength varies from 700 to 900
nm. The emission wavelength partially overlaps with the
absorption range of CdysZn,sS QDs, making it possible for
the OLC emission to serve as the secondary excitation source for
QDs, leading to additional charge-carrier generation. Given that
the wavelength-tunable emission of most CDs can be
contributed to the intrinsic band gap emission because of the
sp® conjugation in the cores and extrinsic fluorescence from the
surface states,”’ ~* the hybridization of the OLC carbon
backbone and adherent surface functional groups may introduce
surface states that serve as emissive traps, thus resulting in the
wavelength variable emissions as shown in Figure S.

PL quenching appears after loading the Cdy sZn, S QDs onto
the OLC (Figure Sc). Compared with the strong emissions at
476 and 530 nm, respectively, for pure OLC and CdysZn,sS
QDs, the composites only show a weak emission at 530 nm when
excited at 380 nm, corresponding to the band—band emission of
CdysZnysS. The significant depression of the CdysZnysS
emission and the quenching of the OLC emission suggest that
charge separation occurs at the Cdy5Zn, ;S/OLC interfaces. This
can be further confirmed by the extended radiation lifetime of the
CdysZnysS/OLC composites compared with those of pure
CdysZn,ysS QDs and pure OLCs (Figure 5d). Compared with
1.83 ns of pure Cd, sZny 5S, the composite has a longer lifetime of
1.88 ns.

3.4. Band Diagram and Mechanism Discussions. To
examine this, the band diagram of the Cd,sZn,sS/OLC
nanocomposite was studied by VB XPS and Mott—Schottky
curve (Figures S6 and S7). For pure individual CdysZn,sS and
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Figure 6. Schematic band diagram, charge, and energy transfer of Cd,sZn,sS/OLC nanocomposite under light irradiation with different wavelength.
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Figure 7. OLC content-dependent photocatalytic property. (a,b) H, evolution of CdysZnysS/xC (x = 1—5) nanocomposites under the irradiation of
visible light (300 mW/cm?). (c) Photocurrent response of the samples with different content of the OLC under the irradiation of visible light in a three-
electrode system. (d) EIS spectra of the samples with different content of the OLC, and the inset shows the equivalent circuit.

the OLC before they are in contact with each other in the
composite, the flat band potential (the difference between Fermi
level and water reduction potential) can be estimated as —0.40
and —0.05 V versus RHE. The VB maximum of Cd,sZn, ;S and
the highest occupied molecular orbital (HOMO) level of the
OLC are estimated to be 1.41 and 2.27 V (vs RHE), respectively.
On the basis of the band gap of 2.45 eV obtained from the Tauc
plot in Figure SS, the conduction band minimum (CBM) of
CdysZn sS can be estimated as —1.04 V versus RHE. Taking the
PL emission at 452 nm (4., = 340 nm) as the nearest band—band
transition of 2.74 eV for the OLC, the lowest unoccupied
molecular orbital (LUMO) level of the OLC can be estimated as
—0.47 V versus RHE, which is consistent with the reported
results.'#* After the QD/OLC composite is formed, the Fermi
levels of CdysZn, sS and the OLC are flattened and form a type-II
band alignment at the CdysZn,S/C interface (Figures S7b and
6), and an obvious down shift in the energy levels of Cd,sZn,sS
occurs once CdysZn, S contacts with the OLC. Between the
HOMO and LUMO levels of the OLC, many trap levels are

known to exist as induced by the surface functional groups.”' ~*
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Given the type-II band alignment between Cd, sZn, S and the
OLC, the enhanced photocatalytic response of the CdysZn,sS/
OLC composite compared with pure CdysZnysS can be
attributed to the two processes (Figure 6) occurred under the
respective illumination of visible and NIR light. The first process
is illustrated in the left panel of Figure 6. When the composite is
excited by light photon of 4., < 530 nm, the photogenerated
electron is driven from the CBM of QDs to the LUMO or trap
levels of the OLC in the composite (step 1), whereas the
photogenerated hole from the OLC nanoparticles can be
reversely transferred to nearby QDs (step 2). Meanwhile, the
recombination of the photogenerated carriers in the OLC may
also occur, after which the emission energy can be further
absorbed by the adjacent QDs (step 3). Because steps 1 and 2 can
help prolong the radiation lifetime and depress the emission
intensity, and the energy transfer step 3 may consume the
fluorescence intensity and benefit to utilize the light preferably
for charge-carrier generation in the QDs; these steps finally result
in the depression of the fluorescence and extended lifetime of
charge carrier in the QDs. However, nonradiative recombination
induced by defect states at the CdysZn,sS/OLC interfaces
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cannot be completely excluded. On the other hand, there is
another energy transfer process that accounts for the photo-
catalytic H, evolution in the NIR region. As shown by the right
panel in Figure 6, when excited by the light of 4 > 700 nm, the
OLC will emit a short wavelength light of 4., < 530 nm because
of the UCPL property, which can be readily absorbed by the
neighboring CdysZn,sS QDs, then generating electrons and
holes for the HER behavior upon the NIR region light.

3.5. Performance Dependence on the Ratio between
the OLC and Cd 5Zn 5S. The effect of the OLC-to-Cd, sZn, S
ratio on the photocatalytic H, generation property was studied
systematically. As shown in Figure 7a,b, the hydrogen evolution
rate first increases, then decreases with the OLC content x
increasing from 1 to 5, and achieves an optimum rate of 2018
umol/h/g at x of 3. The trend remains the same as the transient
current evolution presented in Figure 7c. At the same time, the
EIS result (Figure 7d) suggests that the charge-transfer resistance
(R.) first decreases, then increases with the OLC, and reaches
the lowest value at x = 3. Higher x value means more OLCs were
introduced into the composites (Figure S8). Given that once the
surface of the Cd, sZn, sS QDs starts to be wrapped by the OLCs,
both the photon energy transfer from the OLCs to the QDs and
charge separation at the OLC/QD interface can be satisfied. This
will increase the light utilization and decrease the carrier
recombination and thus promote the photocatalytic H, evolution
and transient current accordingly. However, the defective nature
of the OLCs, particularly those at the QD/OLC interfaces, may
become nonradiative recombination centers for the photo-
generated carriers in the QDs. The experimental results suggest
that an optimized interface is formed between the QD and the
OLC at x = 3.

4. CONCLUSIONS

The OLC nanoparticles of ~30 nm with both UCPL and DCPL
characters were adopted as matrixes for loading 6.9 nm-sized
CdysZny S QDs for noble metal-free photocatalytic H,
generation. Besides the enhanced absorption over the visible
and NIR range light (compared with pure CdysZn,sS), the
charge separation, transfer, and energy transfer mechanisms are
disclosed for the CdysZn,sS/OLC composites based on the
type-II band alignment between the CdysZn,sS and OLC. By
tuning the ratio between the OLCs and Cd,sZn,sS QDs, an
optimum photon energy transfer from the OLCs to QDs and
charge separation at the OLC/QD interface can be achieved,
leading to a maximum H, generation rate of 2018 umol/h/g
upon visible light and appreciable H, evolution rate of 58.6
umol/h/g upon the NIR light. The CdysZngsS QDs-on-OLC
structure allows the manipulation of the QD/OLC interface for
efficient light utilization and photon-generated charge-carrier
separation, serving as a promising strategy for developing noble
metal-free photocatalysts with a high-efficiency H, evolution.
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