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ABSTRACT: A g-C;N,/CdSe quantum dot/[Fe,S,(CO)y] composite has
been successfully constructed. The structure and chemical composition of the
composite were investigated via, inter alia, transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). The ability of the assembly to act as a
photocatalyst for proton reduction to form hydrogen gas was studied. With
visible light irradiation for 4 h, the total H, production catalyzed by the g-
C;N,/CdSe quantum dot/[Fe,S,(CO),] composite was found to be 9 times
as high as a corresponding CdSe/[Fe,S,(CO),] assembly and significantly
higher than either the CdSe quantum dots or g-C;N, alone. The g-C;N,
support/matrix was found to enhance the stability and efliciency of the CdSe
quantum dot/iron carbonyl cluster assembly in the photocatalytic hydrogen evolution process. Results from recycling tests showed
that the g-C;N,/CdSe quantum dot/[Fe,S,(CO)s] composite is a sustainable and robust photocatalyst, maintaining the same
activity after three cycles. The photoinduced charge carrier transfer dynamics in the g-C;N,/CdSe quantum dot/[Fe,S,(CO);]
composite system has been investigated by transient absorption (TA) and time-resolved photoluminescence (TRPL) spectroscopies.
The spectroscopic results indicate efficient hole transfer from the valence band of the excited CdSe quantum dots to the molecular
iron carbonyl clusters and from the defect state of the quantum dots to g-C;N, in the g-C;N,/CdSe quantum dot/[Fe,S,(CO);]
composite, which significantly inhibits the recombination of photogenerated charge carriers in CdSe quantum dots and boosts the
photocatalytic activity and stability for hydrogen evolution. Energy transfer from g-C5N, to the CdSe quantum dot/[Fe,S,(CO)¢]
assembly with a time constant of 0.7 ns also contributed to the charge transfer process.

KEYWORDS: photocatalytic proton reduction, ternary composite, graphitic carbon nitride, quantum dot, iron carbonyl cluster,
charge transfer, energy transfer

B INTRODUCTION integration with co-catalysts or the formation of composites
between semiconductors and other materials.” The co-catalysts
often consist of biomimetic complexes designed to reproduce
essential features of the metal-containing active sites of
hydrogenase enzymes, proteins that can catalyze both the
forward and backward reaction 2H* + 2¢~ =2 H,.5 '
Cadmium selenide quantum dots show many advantages as
photocatalysts, such as high extinction coefficients, tunability
of size and size-dependent properties, and they may be coupled
with hydrogenase mimics to form photocatalytic assem-
blies."" ~"* Such water-soluble hybrid assemblies have the
potential to boost photocatalytic activity for hydrogen
generation (proton reduction).”>~"> However, there is a

The generation of solar fuels and energy carriers via
photocatalytic water splitting is currently subject to intense
research efforts. Photocatalysis has been widely recognized as a
potential scalable means for low-cost and environmentally
benign hydrogen production from water, converting solar
energy into a renewable green energy carrier. Since the initial
studies on photoelectrocatalytic water splitting on TiO, by
Fujishima and Honda,' ™ intensive efforts have been made to
achieve effective photocatalytic reduction of water into
hydrogen driven by sunlight.

A classical artificial photosynthetic system utilizes photo-
generated charges to drive the formation of chemical bonds.
The separation of photogenerated electron—hole pairs to
suppress char%e recombination is essential to efficient
photoreactions.” Such systems include photocatalysts that
can directly convert solar energy through photocatalytic water
splitting (water photoelectrolysis), including CdSe, ZnO, and
MoS,.° The catalytic activity of established semiconductor
photocatalysts can also be drastically improved by their
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Scheme 1. Schematic Depiction of the Synthetic Procedure for the Preparation of a g-C;N,/CdSe Quantum Dot/ [Fe,S,(CO);]
Composite (Assembly = CdSe Quantum Dot/[Fe,S,(CO)¢] Assembly'*)”
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“N.B.: the individual constituents of the composite are not depicted to scale.

considerable risk that quantum dots or quantum dot/co-
catalyst assemblies may aggregate and cause photocorrosion
under light irradiation with consequent slow kinetics of
interfacial charge transfer.'®'” Prevention of the decomposi-
tion of quantum dot/co-catalyst assemblies under light
illumination and in acidic solutions constitutes a significant
challenge.

The loading of nanoparticles into porous materials to
generate a stable heterostructure is a strategy for the
preparation of photocatal?rsts that are efficient and stable
under such conditions.'*™*" Graphitic carbon nitride (g-C;N,)
is a metal-free organic polymer semiconductor with two-
dimensional structure, a moderate band gap of 2.7—2.8 eV, and
low cost of preparation.”” These features make g-C;N,, e.g,
two-dimensional g-C3N, sheets, promising catalysts or catalyst
supports for heterogeneous hydrogen evolution. As support/
matrix, a g-C;N,-based catalytic system can provide enhanced
stability by protecting the active sites and functional groups on
the surface of the quantum dots through surface passivation.
Simultaneously, it can enable the formation of a Schottky
junction (metal/semiconductor heterostructure) or a p—n
junction (semiconductor/semiconductor heterostructure),
thus facilitating charge and energy transfer for catalysis.”*~>
For example, heterostructured hybrids such as SnO,—~ZnO/g-
C;N, and Au/TiO,—g-C;N, exhibit enhanced photocatalytic
hydrogen reduction under irradiation by visible light with
outstanding cycling stability.”**” Zhong et al. have constructed
CdSe quantum dot/g-C;N, composites that significantly
enhance photocatalytic hydrogen evolution activity compared
with pure cadmium selenide quantum dots or carbon nitride,
when a platinum complex (chloroplatinic acid [H;O,[PtCl])
was used as a co-catalyst.”® The enhanced hydrogen
production was attributed to a synergism of excellent visible
absorption and high charge separation efficiency in the CdSe
quantum dot/g-C;N, heterostructures.

Based on our previous studies of quantum dot/transition-
metal carbonyl cluster assemblies as photocatalysts for proton
reduction,'” we were interested in achieving better stability of
such assemblies through absorption/adsorption in or on a
mesoporous solid. Loading of CdSe quantum dots or CdSe
quantum dot/iron carbonyl assemblies on the carbon nitride
sheet was expected to afford a stable, efficient, and robust
nano-heterojunction structure. A two-dimensional g-C;N,
nanosheet can fix CdSe quantum dots or a corresponding
assembly and reduce agglomeration risk. Furthermore, such a
heterostructure may also enhance charge transfer between
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carbon nitride and the quantum dots and thus contribute to
improved photocatalytic hydrogen production. Here, we report
the construction of a new ternary g-C;N,/CdSe quantum dot/
iron carbonyl cluster composite for aqueous hydrogen
evolution under visible light excitation. This composite has
been shown to exhibit significant enhancement in hydrogen
evolution efficiency and stability relative to the water-soluble
CdSe quantum dot/iron carbonyl photocatalytic assembly.
Transient absorption (TA) and time-resolved photolumines-
cence (TRPL) spectroscopies have been used to investigate
the charge carrier transfer dynamics in the new composite. The
spectroscopic results indicate efficient photoinduced hole
transfer from the valence band of the excited CdSe quantum
dots to the molecular iron complex, as well as transfer to g-
C;N, through the sub-band-gap defect states. This significantly
inhibits the recombination of photogenerated charge carriers in
the CdSe quantum dots and boosts the photocatalytic activity
and stability for hydrogen production. At the same time, the
energy transfer from g-C;N, to the CdSe quantum dot/
[Fe,S,(CO)¢] assembly can also be observed to contribute to
the charge transfer process.

B EXPERIMENTAL SECTION

All chemicals were obtained from commercial suppliers and used
without further purification, unless otherwise noted. Detailed
information on instrumentation, materials, and methods is listed in
the Supporting Information.

Synthesis. CdSe quantum dots,” [Fe,S,(CO)4],*° g-C3N,
nanosheets,®"*” and CdSe quantum dot/[Fe,S,(CO)4] assemblies'”
were synthesized with slight modifications of published methods.

Synthesis of CdSe QDs. The water-soluble CdSe QDs were
synthesized according to a slight modification of a literature method
(see the Supporting Information).>

Synthesis of the CdSe Quantum Dot/[Fe,S,(CO)¢] Assembly. The
water-soluble CdSe quantum dot/[Fe,S,(CO)¢] assembly was
synthesized according to the method described by Wu and co-
workers."” [Fe,S,(CO);], which may be considered to be a molecular
mimic of the [FeFe]-hydrogenase active site, was selected as the
catalyst to interact with the surface of the CdSe quantum dots. An
interface-directed synthetic method was used to construct the
assembly.'>"® An aqueous solution of CdSe quantum dots (1.2 X
10~* M) was mixed with a dichloromethane solution of [Fe,S,(CO)]
(1.0 X 107> M) by stirring for 12 h at room temperature. The water
phase of the mixture was collected, precipitated, and rinsed several
times with propanol and water to obtain the assembly.

Preparation of g-C;N,, g-C;N,/CdSe Quantum Dot and g-C;N,/
CdSe Quantum Dot/[Fe,S,(CO)s] Composites. The g-C;N, nano-
sheets, g-C;N,/CdSe quantum dot, and g-C;N,/CdSe quantum dot/

https://doi.org/10.1021/acsanm.1c01096
ACS Appl. Nano Mater. 2021, 4, 6280—6289
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Figure 1. (a) TEM images of pure g-C3N,; (b—d) TEM images of the g-C;N,/CdSe quantum dot/[Fe,S,(CO)4] composite.
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Figure 2. (a) FTIR spectra of g-C;N, (dark yellow trace), CdSe quantum dots (red trace), g-C5N,/CdSe quantum dot (dark cyan trace), and g-
C;N,/CdSe quantum dot/[Fe,S,(CO)s] composite (blue trace) in solid state (KBr pellets). (b) Solid-state FTIR spectra of the CdSe quantum
dots (red trace), [Fe,S,(CO),] (orange trace), and CdSe quantum dots/[Fe,S,(CO);] assembly (magenta trace) in the vc_q region.”

[Fe,S,(CO)s] composites were synthesized according to the method
described by Zhou and co-workers.”® Graphitic carbon nitride (50
mg) in 10 mL of ethanol was subjected to sonication for 1 h. To the
resultant solution, 40 mL of a solution of CdSe quantum dots or CdSe
quantum dot/[Fe,S,(CO)4] assembly (0.31 mg/mL) and 100 uL of
3-mercaptopropionic acid were added and the resultant mixture was
stirred for 2 h. The suspension was centrifuged and dried to obtain
samples. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to determine the proportion of CdSe in the g-
C;N,/CdSe quantum dot/[Fe,S,(CO),] composite, which was found
to be 5% (w/w). See the Results and Discussion for the
characterization of the composite.

Photocatalysis Experiments. The photocatalytic H, evolution
experiments were performed at room temperature. A total of 2 mg of
pure CdSe quantum dots, or 2 mg of the CdSe quantum dot/
[Fe,S,(CO)q] assembly,12 or 13.5 mg g-C;N,/CdSe quantum dot or
g-C3N,/CdSe quantum dot/[Fe,S,(CO)4] assembly composite (with
a CdSe content of 0.675 mg), and 200 mg (0.125 M) ascorbic acid
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(H,A), were added into 10 mL of water in a 50 mL photocatalysis
reactor to construct the H, evolution systems. The reactions were
carried out under irradiation by a 300 W Xenon lamp. Detection of
(the photogenerated) hydrogen gas was made by gas chromatography
(GC) analysis using a molecular sieve column (5 A), a thermal
conductivity detector, and argon carrier gas.

Bl RESULTS AND DISCUSSION

Sample Characterization. The g-C;N,/CdSe quantum
dot assemblies and g-C;N,/CdSe quantum dot/[Fe,S,(CO)q]
composites were synthesized as depicted schematically in
Scheme 1. The graphitic C;N, was found to provide ideal sites
for interfacial connection with CdSe quantum dot/
[Fe,S,(CO)s] assemblies (vide infra),” resulting in the
formation of g-C;N,/CdSe quantum dot/[Fe,S,(CO)q]
composites. The structures of the composites were identified
by transmission electron microscopy (TEM). As shown in

https://doi.org/10.1021/acsanm.1c01096
ACS Appl. Nano Mater. 2021, 4, 6280—6289


https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01096?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01096?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Nano Materials

www.acsanm.org

(a) 288.0 eV C1s

284.8 eV
g-C,N /assembly

(b)

N1s

398.6 eV

3 3
s | s
2 2883 ev ! 2
@ | @
c c
2 1 | 2
£ £
| ! a-CN,
ascfnase...
292 290 288 286 284 282 280 402 400 398 396 394
Binding Energy (eV) Binding Energy (eV)
(c) asev cq3a| (d) 53.8 eV Se 3d

411.8eV

Intensity (a.u.)

CdSe QDs

Intensity (a.u.)

g-C,N /assembly

CdSe QDs

414 412 410 408 406 404 402

56

58 54 52 50
Binding Energy (eV) Binding Energy (eV)
e Fe 2p f 1616eV  S2
( ) ( ) 162.8 ev! P
712.2 e‘\{.
724.3 eV s -CN,
;:“ g-CnN‘Iasseml}v - . ;
s % | s
> >
= | | = !
2 | (2Fe2s) 72538V 711.3eV 2 |r2re2sy
8 QM 8
£ £
[
735 730 725 720 715 710 164 163 162 161 160

Binding Energy (eV)

Binding Energy (eV)

Figure 3. XPS spectra for (a) C 1s, (b) N 1s, (c) Cd 3d, (d) Se 3d, (e) Fe 2p, and (f) S 2p core levels (raw data: dotted line; fitting data: solid
line). In all six plots, the traces for the g-C;N,/CdSe quantum dot/[Fe,S,(CO),] composite are plotted as the top trace with that for the pure g-
C;N;, (a, b); pure quantum dot (c, d) (a, b) or pure [Fe,S,(CO),] cluster plotted below.

Figure 1b, a lamellar-like structure of the g-C;N,/CdSe
quantum dot/[Fe,S,(CO),] composite that resembles that of
pure g-C3N, shown in Figure 1a, indicating that the composite
is very stable. In Figure lc,d, it can be seen that small grains
with clear bright and dark stripes of sizes in the range of 2—3
nm exist in the g-C;N,/CdSe quantum dot/[Fe,S,(CO)q]
composite. The lattice fringes with a d-spacing equal to 0.35
nm are assigned to the (111) crystal plane of the CdSe
quantum dots with a zinc blende structure (Figure 1d).*®
Energy-dispersive X-ray spectroscopy (EDX) was also used to
analyze the g-C;N,/CdSe quantum dot/[Fe,S,(CO)¢] com-
posite (Figure S1). The EDX spectra indicate that the
composite mainly contains C and N, and Cd, Se, Fe, and S
evenly distributed on the g-C;N, sheet (Figure S2). The
element proportions that were found by EDX are consistent
with the ICP-OES measurements. All observations strongly
indicate that the CdSe quantum dot/[Fe,S,(CO);] assembly
was successfully adsorbed on the surface of the g-C;N, sheets.

The Fourier transform infrared (FTIR) spectra of pure g-
C;N,, pure CdSe quantum dots, g-C;N,/CdSe quantum dot
composites, and g-C;N,/CdSe quantum dot/[Fe,S,(CO)g]
composites were recorded in KBr pellets and are shown in
Figure 2a. Pure g-C;N, displays three specific absorption
regions around 3200—3400, 1200—1700, and 806 cm™},
respectively.””>* The first, broad, resonance at 3200—3400

6283

cm™' may be assigned to the stretching mode of the NH,/N—
H groups at the surface and edges of the two-dimensional g-
C;N, sheet.”” The resonances in the 1200—1700 cm ™ interval
— such as 1635, 1550, 1459, 1401, 1315, and 1237 cm™! —
are ascribed to the typical stretching modes of CN hetero-
cycles.”” The resonance at 806 cm™' belongs to the
characteristic breathing mode of the triazine units.””*> For
pure CdSe quantum dots, the broad resonance around 3450
cm™! is attributed to water adsorbed on the surfaces of the
quantum dots.”**® The characteristic region around 1557 cm™!
may be attributed to the C=O stretching of the
mercaptopropionate (MPA) caps on the quantum dots,
while the resonance at 1416 cm™" arises from CH, scissoring
next to C=0 groups.37 The characteristic resonance at 1127
cm™! may be attributed to the Cd—Se bond stretch.”” For the
g-C;N,/CdSe and g-C;N,/CdSe/[Fe,S,(CO)s] assemblies,
the IR spectra characteristic of g-C;N, and CdSe may also be
identified, confirming that the composite contains both g-C;N,,
and CdSe. While the C—O stretches of the iron carbonyl
dimers can be identified in the vibration spectra of CdSe
quantum dot/[Fe,S,(CO);] assemblies''* (Figure 2b), the
iron clusters are too disperse to be detected in the
corresponding g-C;N, composites where the resonances due
to the carbon nitride dominate (Figure 2a). Figure S3 shows
the powder X-ray diffraction (XRD) patterns of pure g-C;N,,

https://doi.org/10.1021/acsanm.1c01096
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Figure 4. (a) Photocatalytic H, evolution over different photocatalysts under light irradiation g-C;N, (dark yellow trace), CdSe quantum dots (red
trace), CdSe quantum dot/[2Fe2S] assembly (magenta trace), and g-C;N,/CdSe quantum dot/[Fe,S,(CO)¢] composite (blue trace). (b) H,
production in three repeated cycles utilizing the g-C;N,/CdSe/[Fe,S,(CO)4] composite as a photocatalyst. Error bars represent mean standard

deviations from three independent experiments.

the g-C;N,/CdSe, the g-C;N,/CdSe/[Fe,S,(CO)4] composite
and pure CdSe quantum dots. The XRD pattern of CdSe
exhibits three peaks at 26.6, 42.6, and 50.3° that are ascribed to
diffractions from the (111), (220), and (311) planes,
respectively, corresponding to the face-centered cubic (zinc
blende) crystalline structure of CdSe.”**® The g-C,N, sample
has two distinct peaks at 13.1 and 27.4°, in agreement with
literature results.”” It may be noticed that a weak intensity at
26.6° due to CdSe is found in the g-C;N,/CdSe and g-C;N,/
CdSe/[Fe,S,(CO)¢] composite, but the peak of g-C;N, at
13.1° cannot be observed due to its weak intensity (Figure S3).
Based on the powder XRD results, it may be concluded that a
g-C;N,/CdSe composite with g-C;N, and CdSe phases is
formed.

The Brunauer—Emmett—Teller (BET) surface areas and
porosities of pure g-C;N, and the g-C;N,/CdSe quantum dot/
[Fe,S,(CO)¢] composite were investigated by N, adsorption
measurements at room temperature (Figure S4). The BET
surface of g-C;N, and the g-C;N,/CdSe quantum dot/
[Fe,S,(CO)4] composite are 14.53 and 15.26 m?/g,
respectively, indicating that adhesion of the assembly does
not alter the porous properties of g-C;N,. X-ray photoelectron
spectroscopy (XPS) was employed to investigate the surface
compositions and chemical states of all related samples. As
shown in Figure SS, the full XPS spectrum of the pure g-C;N,
verified the existence of the chemical elements carbon and
nitrogen. The g-C;N,/CdSe quantum dot/[Fe,S,(CO)g]
composite shows Cd 3d, Se 3d, Fe 2p, and S 2p peaks,
indicating successful grafting of both the CdSe quantum dots
and [Fe,S,(CO)¢] or the quantum dot/cluster assembly onto
the g-C;N, sheet. The C 1s spectrum of pure g-C;N, shown in
Figure 3a reveals two peaks at 284.8 and 288.3 eV. The two
carbon peaks are ascribed to sp*-hybridized carbon in C—C
bonds and the N-containing aromatic rings (N—C=N),
respectively.”””® Regarding the g-C;N,/CdSe quantum dot/
[Fe,S,(CO)¢] composite (Figure 3a,b), C 1s peaks are found
at 284.8 and 288.0 eV and are much more dominant compared
with those of pure g-C;N,; this may be ascribed to the
electron-withdrawing effect of the CdSe/[Fe,S,(CO)]
assemblies on g-C;N,. This effect may also contribute to the
change of the N 1s energy in the g-C;N,/CdSe/[Fe,S,(CO)¢]
composite. The binding energies of the N 1s spectrum of pure
g-C;N, shown in Figure 3b can be deconvoluted into peaks at
398.9, 399.7, and 401 eV. The primary peak located at 398.9
eV can be identified as the sp>-hybridized N involved in the
triazine rings (C—N=C), while the other two weak peaks
located at 399.6 and 401 eV are assigned to the tertiary

nitrogen N—(C); groups and charging effects.””***" The
corresponding binding energies of the N 1s spectrum of the g-
C;N,/CdSe quantum dot/[Fe,S,(CO)¢] composite are
determined to be 398.6 and 399.4 (Figure 3b), which can be
identified as the sp>-hybridized N involved in the triazine rings
and the tertiary nitrogen N—(C); groups, respectively. The
new binding energies for N 1s at 397.1 and 397.8 eV may be
attributed to the existence of metal-nitrogen bond(s).** The
XPS spectrum of Cd 3d both in pure CdSe quantum dots and
the g-C;N,/CdSe quantum dot/[Fe,S,(CO)s] composite
reveals peaks at 405 and 411.8 eV that are assigned to the
binding energies of Cd 3d;/, and Cd 3d;,, (Figure 3c). Figure
3d shows similar XPS peaks for Se at 54.1 and 53.8 eV in pure
CdSe QDs and the g-C;N,/CdSe/[Fe,S,(CO)4] composite,
respectively; these peaks are attributed to Se 3d energies. The
XPS spectrum for Fe 2p may be fitted by two peaks at 711.3
eV, 725.5 €V for pure [Fe,S,(CO)¢), and 712.2 eV, 724.3 eV
for the g-C;N,/CdSe quantum dot/[Fe,S,(CO)s] composite,
respectively (Figure 3e), and are assigned to the binding
energies of Fe 2p; , and Fe 2p;/,. The XPS spectrum of S 2p is
also devolved into two peaks at 161.7 eV, 162.5 eV in pure
[Fe,S,(CO)¢] and 161.6 eV, 162.8 eV in the g-C;N,/CdSe
quantum dot/[Fe,S,(CO)4] composite, respectively (Figure
3f), and may be assigned to the binding energies of S 2p;, and
S 2py/5- The shift of Fe 2p core level to the lower binding
energy in the composite sample also indicates a change in the
coordination around Fe atoms. These results indicate strong
interaction resulting in overlap of charge-transfer states or
electron wavefunctions between the CdSe/[Fe,S,(CO)]
assembly and g-C;N,.

Photocatalytic H, Evolution Activity. In the photo-
catalytic H, production experiments, the g-C;N,/CdSe/
[Fe,S,(CO)¢] composite showed significantly enhanced
activity for hydrogen evolution relative to the related catalytic
systems (Figure 4a). For systematic comparison, all of the
systems were kept at the same concentration of CdSe quantum
dots and sacrificial electron donor H,A (ascorbic acid, 0.125
M) at pH 4.0, conditions relevant to previous related studies."
Under visible light irradiation for 4 h, the total amount of H,
production by the g-C;N,/CdSe quantum dot/[Fe,S,(CO)]
composite was 286 ymol/mg (based on CdSe quantum dots),
about 9 times as high as the CdSe/[Fe,S,(CO),] assembly in
the absence of g-C;N,, and significantly higher than either the
CdSe quantum dots or g-C;N, alone (Figure 4a). To evaluate
the stability, recycling of the g-C;N,/CdSe/[Fe,S,(CO)q]
composites, as well as a more long-term hydrogen production
experiment with the composite, have been studied under the
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Figure S. (a) UV—vis spectra of different photocatalysts. (b) Steady-state photoluminescence spectra of different photocatalysts (excitation at 350
nm), g-C;N, (dark yellow trace), CdSe quantum dots (red trace), CdSe quantum dot/[2Fe2S] assembly (magenta trace), and g-C;N,/CdSe

quantum dot/[Fe,S,(CO)4] composite (blue trace).

same conditions as the initial 4 h experiments (Figures S6 and
4b). The total amount of hydrogen production under 12 h
light irradiation by the g-C;N,/CdSe quantum dot/
[Fe,S,(CO)¢] composite was found to be 790 umol/mg
(based on CdSe quantum dots). The hydrogen production rate
of the g-C;N,/CdSe quantum dot/[Fe,S,(CO)¢] composite
during the 12 h reaction is around 66 gmol/mg/h, while the 4
h (or first 4 h) reaction is 71.5 ymol/mg/h. The consumption
of the sacrificial agent over time results in a gradual lowering of
the effective concentration of ascorbate and a slightly lower
hydrogen production rate in the long-term hydrogen
production. For the recycling experiments, the H, production
remained stable in each cycle and the H, production efficiency
remained better than 90% after three cycles. Pure CdSe
quantum dots would be expected to aggregate and become
unstable under continuous recycling'®'” due to their small size
and photocorrosion, resulting in reduced photocatalytic
activity.

To assess the integrity of the composites/catalysts after the
reaction, the composites were studied by XPS (Figure SS) and
TEM (Figure S7) after completing hydrogen evolution runs. It
was found that the CdSe quantum dot/[2Fe2S] assembly
remained intact on the g-C;N, sheet after the photocatalytic
reactions, with characteristic XPS peaks and lattice structure as
revealed by TEM. Both the long-term reaction and the
recycling experiments illustrate the excellent stability of the g-
C;N,/CdSe quantum dot/[Fe,S,(CO)4] composite in photo-
catalytic hydrogen reactions.

Optical Characterization. The optical absorption behav-
iors of the g-C;N,, g-C3N,/CdSe quantum dots, g-C3N,/CdSe
quantum dot/[Fe,S,(CO)¢] composite, CdSe quantum dots,
and the CdSe quantum dot/[Fe,S,(CO)s] assembly were
studied using UV—vis spectroscopy. As shown in Figure Sa, g-
C;N, by itself shows a fundamental absorption edge located at
approximately 460 nm that is a result of its intrinsic band gap
of 2.7 eV.*" Pristine CdSe quantum dots as wells as the
quantum dot/[Fe,S,(CO)s] assembly show the typical 'S
exciton band at around 449 nm displayed in Figure Sa, which
corresponds to an optical band gap of 2.76 eV."> The
heterostructures of the g-C;N,/CdSe quantum dot and g-
C;N,/CdSe quantum dot/[Fe,S,(CO)q] composites both
show characteristic absorption peaks of pure g-C;N, and
CdSe quantum dots, which suggest successful integration of
the CdSe quantum dots with the g-C;N, sheet. As shown in
Figures Sb and S8, the photoluminescence emission peak is
generated from intrinsic band edge emission around 450 nm
for g-C3N,, while the peaks at 500 and 625 nm for the pure
CdSe quantum dot under excitation at 350 nm, represent the
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band edge emission and defect emission, respectively.”” The g-
C;N,/CdSe quantum dot/[Fe,S,(CO)s] composite shows
peaks around 450 and 500 nm corresponding to g-CsN, and
CdSe quantum dots.

Investigation of the Photophysical Process for
Photocatalytic H, Evolution. Efficient charge transfer
between the g-C;N, and photoexcited CdSe quantum dot/
[Fe,S,(CO)¢] assembly is expected because of their intimate
contact in the hybrid heterostructure. To confirm this
assumption, the energy alignment of the g-C;N,/CdSe
quantum dot/[Fe,S,(CO)s] composite system was first
investigated by computational methods. The different energy
level positions and energy gaps of the three components have
been discussed in a number of previous studies.'”'>**~* The
calculated energy levels indicate that for photogenerated hole
transfer from CdSe quantum dots to g-C;N, or the iron
carbonyl cluster is thermodynamically favored in the g-C;N,/
CdSe quantum dot/[Fe,S,(CO)¢] composite system (Figure
6). The related potentials vs the normal hydrogen electrode

24

g-C,N, CdSeQDs  Fe,S,(CO); ] 2
—
-34 cB LUMO
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4 cB
-~ 4y — m
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Figure 6. Calculated molecular orbital/band energies (vs vacuum)
and schematic charge transfer processes in the g-C;N,/CdSe/
[Fe,S,(CO)¢] composite. g-C;N, valence band (highest occupied
molecular orbital — HOMO), —6.1 eV; conduction band (lowest
unoccupied molecular orbital — LUMO), —3.4 eV;*™* CdSe
quantum dot valence band, —6.8 eV; conduction band, —4.1
eV;' >3 [Fe,$,(CO)s] HOMO, —6.66 €V; LUMO, —2.75 eV.'?

(NHE) at pH = 4.0 are also shown in Figure 6.*7** As we have
previously emphasized,"” there is an inherent uncertainty in
the positioning of the absolute energies for the different
components in the heterostructured composite, but our
spectroscopic results (vide infra) support the qualitative
ordering that is depicted in Figure 6.

The photogenerated charge transfer process in the g-C;N,/
CdSe quantum dot/[Fe,S,(CO)s] composite system was
investigated by combined transient absorption and time-
resolved photoluminescence experiments (Figures 7a—d and
S9). The typical transient absorption spectra of three different
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Figure 7. (a) Transient absorption spectra at 10 ps after excitation pump at 400 nm, 2 X 10" ph/cm?® (b) Transient absorption kinetics at the
minimum bleach. Pure CdSe quantum dot (red trace), CdSe quantum dots/[Fe,S,(CO),] assembly (magenta trace), and g-C;N,/CdSe quantum
dots/[Fe,S,(CO)¢] composite (blue trace). (c) Time-resolved photoluminescence decay (4 > 610 nm) of pure CdSe quantum dot (red trace),
CdSe quantum dots/[Fe,S,(CO);] assembly (magenta trace), and g-C;N,/CdSe quantum dots/[Fe,S,(CO)¢] composite (blue trace). (d) Time-
resolved photoluminescence decay (470 nm < 4 < 600 nm) of pure CdSe quantum dot (red trace), CdSe quantum dots/[Fe,S,(CO),] assembly
(magenta trace), and g-C;N,/CdSe quantum dots/[Fe,S,(CO)4] composite (blue trace).

samples, namely, pure CdSe quantum dots, the CdSe quantum
dot/[Fe,S,(CO)¢] assembly, and the g-C;N,/CdSe quantum
dot/[Fe,S,(CO)¢] composite, are shown in Figure 7a. Similar
ground-state bleach (GSB) bands of the three samples are due
to population of the band edge state of the quantum dots after
excitation. We have previously reported that different kinetics
of the CdSe quantum dot ground-state bleach recovery rate
can be observed when the quantum dots interact with electron
or hole acceptors — a higher GSB recovery rate is observed for
electron acceptors while the rate remains the same for hole
acceptors."”*”*” The kinetics at the maximum bleach stay
almost constant among the pure CdSe quantum dots, the
CdSe/[Fe,S,(CO)4] assembly, and the g-C;N,/CdSe quan-
tum dot/[Fe,S,(CO)s] composite, which indicates that no
additional depopulation pathway for the excited electrons from
the CdSe quantum dots is established in the assembly or
composite (Figure 7b).

At the same, different photoluminescence decays of pure
CdSe quantum dots, the CdSe/[Fe,S,(CO)] assembly, and
the g-C3N,/CdSe quantum dot/[Fe,S,(CO),] composite can
be observed via time-resolved photoluminescence measure-
ments. As the excitation density per quantum dot (N) in our
experiment is much less than 1, any possible high-order
recombination process (e.g, Auger recombination) may be
excluded. As shown in Figure S9, the photoluminescence decay
of the pure CdSe quantum dots is slower than that of the CdSe
quantum dot/[Fe,S,(CO),] assembly, which indicates that
there are more nonradiative recombination pathways in the
CdSe quantum dot/[Fe,S,(CO);] assembly. Consistent with
our previous study and the calculated/measured relative
energies (Figure 6)," hole transfer from the excited state of
the CdSe quantum dots to the [Fe,S,(CO),] accounts for the
more rapid photoluminescence decay in the composite
compared with pure CdSe quantum dots.
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When g-C;N, is added to the system as a support/matrix,
the g-C;N,/CdSe quantum dot/[Fe,S,(CO)4] composite
displays a faster photoluminescence decay than the CdSe
quantum dot/[Fe,S,(CO)4] assembly (Figure S9). To obtain a
better understanding of the photoluminescence kinetics, we
distinguished the photoluminescence decays from the defect
emission (Figure 7c) and the intrinsic band edge emission
(Figure 7d) of CdSe quantum dots at different wavelength
regions. The kinetics of the defect emission (4 > 610 nm) in
Figure 7c can be fitted biexponentially with time constants 7, =
7.06 + 0.01 ns (67%) and 7, = 59.82 + 0.14 ns (33%) for the
pure CdSe quantum dots and 7, = 7.03 + 0.01 ns (69%) and 7,
= 60.30 + 0.15 ns (31%) in CdSe/[2Fe2S] (Table S1). The
fast component around 7 ns corresponds to the nonradiative
recombination while the slow components may be assigned to
radiative recombination, and both of these processes are
related to the charge carrier depopulation from the defect
states of the CdSe quantum dots. The almost identical
photoluminescence kinetics between the two samples indicate
the absence of charge transfer from the defect level of the CdSe
quantum dots to the iron carbonyl cluster. When g-C;N, is
added to the system, the photoluminescence kinetics of the
CdSe quantum dot defect emission decays much faster, which
can be fitted by triexponential decays with time constants 7, =
1.10 + 0.01 ns (63%), 7, = 7.30 + 0.05 ns (30%), and 75 =
59.05 + 0.36 ns (7%) for the g-C;N,/CdSe quantum dot/
[Fe,S,(CO)¢] composite (Table S1). The faster component
with a lifetime of 1.10 ns indicates charge transfer from the
defect states of the CdSe quantum dots to g-C;N,. At the
probe wavelength for the intrinsic band edge emission of CdSe
(i.e. 470 nm < 4 < 600 nm), the photoluminescence kinetics
can be fitted by triexponential decays with time constants 7, =
0.61 + 0.01 ns (47%), 7, = 492 + 0.02 ns (38%), and 7, =
40.75 + 0.14 ns (15%) for the pure CdSe quantum dots and 7,
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= 0.75 + 0.01 ns (51%), 7, = 3.72 + 0.02 ns (41%), and 7, =
38.09 + 0.36 ns (8%) for g-C3N,/CdSe/[Fe,S,(CO)¢], but 7,
= 0.33 + 0.01 ns (66%), 7, = 4.0 = 0.01 ns (26%) and 7; =
44.16 + 0.10 ns (8%) for the CdSe quantum dot/iron carbonyl
assembly (Table S2). For pure CdSe quantum dots, the fastest
component with a lifetime of 0.61 ns represents the charge
transfer from the band edge to the defect states as it is identical
to the rise of the defect emission kinetics of the same sample
(Figure S10), while the long lifetime around 40 ns refers to the
intrinsic band edge radiative recombination.”>* The middle
component with a lifetime of around 4 ns refers to the inter-
quantum dot energy transfer, which has been reported in a
previous study.”® The photoluminescence decay of the CdSe
quantum dot/[Fe,S,(CO)¢] assembly is faster than pure
quantum dots due to the hole transfer from CdSe to the iron
cluster."® Furthermore, when carbon nitride was introduced to
the system, the photoluminescence decay of the ternary system
became slower than the binary system. One possible scenario is
that the hole injection pathway to the [Fe,S,(CO)¢] complex
is blocked or restricted by g-C3N,. As indicated by the XPS
results (vide supra), the electronic interaction between CdSe
and [Fe,S,(CO)] is not affected by the g-C;N, addition and
this reason may therefore be excluded. The only remaining
interpretation is that there exists additional slow energy
transfer, with a time constant around 0.7 ns from g-C;N, to
CdSe occurs, compensating the excited state depopulation in
CdSe (Figure S11). Such energy transfer is feasible due to the
large spectral overlap between the absorption of CdSe and the
emission of g-C;N, (Figure S12). In addition, as the excited
electrons in CdSe are already long-lived, as verified by the
transient absorption kinetics remaining almost constant within
the detection window; such slow energy transfer may not cause
a pronounced change in the transient absorption kinetics of the
CdSe ground-state bleach.

Figure 8 summarizes all of the possible charge carrier
dynamics after photoexcitation in our hybrid system (see the

state

Figure 8. Recombination dynamics in the g-C;N,/CdSe/
[Fe,S,(CO)¢] hybrid system: defect recombination (blue arrows),
intrinsic recombination (black arrows), and energy transfer from g-
C;N, to CdSe quantum dots (white arrow). VB = valence band, CB =
conduction band, ET = energy transfer.

Supporting Information for more details). Based on the relative
energy levels of its individual components (vide supra, Figure
6), the g-C;N,/CdSe quantum dot/[Fe,S,(CO)] composite
corresponds to a Type II heterojunction™” and shows excellent
stability for photocatalytic hydrogen production. After all
possible charge transfer and energy transfer between the three
components in the composite, the photoexcited electrons
finally remain in the quantum dots for proton reduction. In
contrast, the roles of the iron carbonyl complex and g-C;N, are
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to mediate electron transfer from the sacrificial electron donor
to scavenge the residual holes in the valence of the quantum
dots. At the same time, the energy transfer from g-C;N, to
CdSe quantum dot/[Fe,S,(CO),] assembly also contributes to
the recombination process, i.e., g-C3N, can harvest more light
and convert it into photogenerated charge carriers.

B CONCLUSIONS

In conclusion, we have developed a new g-C;N,/CdSe
quantum dot/[Fe,S,(CO)s] composite heterostructure for
photocatalytic H, evolution in water. It exhibits better stability
and higher photocatalytic activity than the corresponding pure
CdSe quantum dots, pure g-C;N,, or the related CdSe
quantum dot/[Fe,S,(CO)¢] assembly. Photophysical studies
via transient absorption and time-resolved photoluminescence
spectroscopies clearly illustrate the charge transfer dynamics in
the g-C;N,-based composites. We found extra hole transfer
processes from the defect states of the excited CdSe quantum
dots to the g-C;N, in the ternary composites compared with
the binary system; the hole transfer significantly inhibits the
recombination of photogenerated charge carriers. Graphitic
carbon nitride can also harvest light and efficiently transfer
energy to the CdSe quantum dots to enhance the photo-
catalytic activity for hydrogen generation. The g-C;N,
support/matrix confers greater stability and efliciency to the
CdSe quantum dots/iron carbonyl cluster assembly in the
photocatalytic hydrogen evolution process.
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