GDCh
=

Photocatalytic H, Evolution

Research Articles

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite:
International Edition: doi.org/10.1002/anie.202301239

German Edition: doi.org/10.1002/ange.202301239

Cd/Pt Precursor Solution for Solar H, Production and in situ
Photochemical Synthesis of Pt Single-atom Decorated CdS

Nanoparticles

Pankaj Sharma,* Monika Sharma, Malcolm Dearg, Martin Wilding, Thomas J. A. Slater, and

C. Richard A. Catlow*

Abstract: Despite extensive efforts to develop high-
performance H, evolution catalysts, this remains a major
challenge. Here, we demonstrate the use of Cd/Pt
precursor solutions for significant photocatalytic H,
production (154.7 mmolg 'h™'), removing the need for a
pre-synthesized photocatalyst. In addition, we also
report simultaneous in situ synthesis of Pt single-atoms
anchored CdS nanoparticles (Ptg,-CdS;s) during photo-
irradiation. The highly dispersed in situ incorporation of
extensive Pt single atoms on CdS; enables the
enhancement of active sites and suppresses charge
recombination, which results in exceptionally high solar-
to-hydrogen conversion efficiency of ~1% and an
apparent quantum yield of over 91 % (365 nm) for H,
production. Our work not only provides a promising
strategy for maximising H, production efficiency but
also provides a green process for H, production and the
synthesis of highly photoactive Ptg,-CdSig nanoparticles.)

Introduction

Solar energy may be stored chemically as well as
electrically.'*! Harvesting solar energy in H, production will
play an essential role in solving the global energy crisis;?
and since the first report of photocatalytic hydrogen
generation by Fujishima and Honda,® solar-to-hydrogen
energy conversion using photocatalysts has attracted great
attention. Recently, H, production using a simple particulate
photochemical system has shown great potential to achieve
techno-economic viability."® For any particulate photo-
chemical system, an efficient photocatalyst is the key feature

which determines the efficiency, scalability, and cost-com-
petitiveness of the system. However, the design of an
efficient photocatalyst can be challenging,> both regard-
ing the synthesis methods and the role of co-catalysts. In
most previous studies,'*! photocatalyst synthesis proto-
cols involved solvothermal, hydrothermal, and organic
solution methods followed by multiple steps including co-
catalyst loading, surface shielding, conjugation, and hybrid-
isation. In contrast to this requirement for a pre-synthesized
photocatalyst, the direct use of a photoactive reaction
solution for solar H, production mitigates the use of multi-
step synthesis methods, high-cost organic solvents, sophisti-
cated reaction setup, additional thermal treatments and co-
catalyst loading. From the perspective of practical feasibility
and environmental impact, the elimination of separate
synthesis steps for any photocatalyst would be very desir-
able.

In this paper, we report effective solar H, production
(154.7 mmolg 'h™! from Cd-Pt,-SSs suspension) by direct
solar irradiation of an aqueous suspension of Cd (cadmium
nitrate) and Pt (chloroplatinic acid) metal precursors in
sodium sulphide (Na,S, 0.25 M) + sodium sulphite (Na,SO;,
0.35 M) solution (SSs), termed as Cd,-Pt,-SSs. Importantly,
the direct use of a precursor suspension, without using any
complex photocatalyst synthesis process and organic sol-
vents, outperforms most of the earlier reported photo-
catalysts for H, production for particulate systems that we
will show later in this paper. Furthermore, the simultaneous
in situ formation of Pt single-atoms anchored CdS nano-
particles (Ptg,-CdSs) shows the efficacy of the strategy
(Scheme 1). Thus, we demonstrate a promising, environ-
mentally benign, and cost-effective strategy for efficient H,
production, as well as for the synthesis of metal-semi-
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Scheme 1. Cooperative coupling of solar H, generation and in situ
synthesis of Pt single-atom anchored CdSs nanoparticles (Ptsy-CdS;s)
during photoirradiation. Schematic illustration highlighting the con-
current H, production and synthesis of Ptg,-CdS;s semiconductors in a
single photoinduced reaction system.

conductor heterostructures suitable for photochemical, and
possible other applications.

Results and Discussion

First, we tested the efficiency of the photoactive Cd,-Pt,-SSs
reaction suspension, obtained by simple mixing of cadmium
nitrate and chloroplatinic acid (Figure S1), for H, produc-
tion under UV/Visible light illumination by using a continu-
ous flow reaction setup connected to an online gas
chromatograph (Figure S2). To study the synergistic effect
of the presence of both metals in the suspension, the
photoactivity of single metal precursor suspensions (Cd-SSs
and Pt-SSs) were both examined (Figure S3). Next, the
photoactivity of the reaction suspensions containing both
the metal precursors (Cd,-Pt,-SSs, x=1mg in 15 mL SSs,
y=0.5 to 8.0wt.% of x) was analysed to determine the
optimal amount of Pt, while keeping the amount of Cd
constant in the suspension (Figure 1a). It was observed that
the addition of Pt to the Cd-SSs suspension increases the H,
production rate (Figures la and Figure S4). The presence of
2.0 wt.% Pt in the reaction suspension (Cd-Pt,-SSs) showed
a 4.7 fold increase (154.7 mmolg 'h™) in the H, production
rate compared to Cd-SSs suspension. A further increase in
Pt to 4wt.% (Cd-Pt,-SSs) resulted in a maximum H,
production rate of 166.7 mmolg 'h™', whereas a decrease in
H, production rate was observed for a reaction suspension
containing 8 wt.% Pt (Cd-Pts-SSs) (Figure la and Fig-
ure S4).

The Cd-SSs reaction suspension showed a high H,
production rate (32.9 mmolg 'h™') but the addition of Pt
further increased the rate of H, production. We chose
2 wt.% Pt as the optimized Pt amount in suspension because
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the increase in H, production above 2 wt.% Pt is relatively
small (<10%) and Pt use should be minimized to provide
low-cost H, production. Furthermore, Figure S5 shows the
effect of the Cd content in the reaction suspension with
2wt.% Pt (Cd,-Pt,-SSs, x=0.5, 1.0 and 2.0 mg) on the H,
production rate. Overall, 1 mg Cd to 15 mL of SSs and the
addition of 2 wt.% Pt (Cd-Pt,-SSs) is considered the optimal
reaction suspension for the present study.

Solar H, production of reaction suspensions of Cd-Pt,-
SSs and Cd-SSs under UV/Visible light, measured using the
continuous flow system, are illustrated in Figure 1b. The
results obtained were compared with the H, production
photoactivity of commercial CdS, and 2 wt.% Pt loaded
commercial CdS, (Pt@CdS,) photocatalysts. The Cd-SSs and
Cd-Pt,-SSs exhibited remarkably high H, production rates
of 32.9 and 154.7 mmolg'h~!, respectively (Figure 1b). In
contrast, the commercial CdS, and Pt@CdS, produced very
small amounts of H, that remain undetectable (Figure 1b) in
the continuous flow system used. Therefore, to estimate the
H, production from commercial CdS, and Pt@CdS,, an air-
tight cylindrical quartz reactor capped with rubber septa
(Figure S1) was used under the same conditions by dispers-
ing 1 mg of the photocatalyst in 15mL SSs containing
2wt.% Pt (relative to Cd metal). Before light irradiation,
the precursor suspension was degassed by continuous
purging of high purity Ar gas for 30 min in the dark to
remove the dissolved gases. H, production using commercial
CdS, and Pt@CdS, was then analysed by direct injection of
gases collected from the headspace (16 mL) using a gas-tight
syringe (injection volume of 250 uL) into the gas chromato-
graph. The Pt@CdS, showed a low H, production rate
(0214 mmolg 'h™') (Figure 1c, and Figure S6). The ob-
served H, production results using Cd-SSs, Cd-Pt,-SSs, and
Pt@CdS, were further compared with previously reported
photocatalytic H, production activity values of Pt-CdS® in
Figure 1c.™ It can be seen from Figure 1c that the Cd-Pt,-
SSs reaction suspension demonstrated 723 times higher solar
H, production than that of Pt@CdS, (0.214 mmolg 'h™"),
and 736 times higher than the previously reported Pt-CdS®
nanoparticulate systems (0.21 mmolg'h™!).™! Furthermore,
even without using Pt, the Cd-SSs suspension produced 154
and 157-fold higher H, production rates than the Pt@CdS,
and Pt-CdS® nanoparticles™ (Figure 1c, Note S1), respec-
tively. The real-time optical images of the solvent (SSs),
single metal precursor suspensions (Cd-SSs), and Cd-Pt,-SSs
reaction suspension before and after photoirradiation are
shown in Figure S7.

We checked the influence of the excitation wavelength
on H, production using the Cd-Pt,-SSs reaction suspension
for 4 different cut-off wavelengths (Figure 1d). These results
firmly supported the operational viability under visible light
illumination. The recorded video (Movie S1) highlighted the
release of H, bubbles from the settled down Cd-Pt,-SSs
reaction suspension in a glass test tube on irradiation with
365 nm LED light. The solar H,-production rates of the Cd-
Pt,-SSs reaction suspension under UV/Visible light irradi-
ation can be well maintained during repeated (Figure le)
and long-term (Figure S8) stability tests. The relatively small
decrease in H, production during the photocatalytic cycles is
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Figure 1. Photochemical H, production performance of Cd,-Pt,-SSs. a, H, production time profile for mixed metals precursors suspension, Cd,-Pt,-
SSs (x=1mgin 15 mL SSs, y=0.5 to 8.0 wt.% Pt of x). b, Comparison of H, production time profiles of Cd-SSs and Cd-Pt,-SSs with commercial
CdS, and 2%Pt@CdS,. (Note: H, production profile of commercial 2 %Pt@CdS, overlaps with that of CdS,). ¢, H, production rate over commercial
CdS. (this study), commercial CdS reported in the referred paper (CdS.?), and CdS nanoparticles (CdS®) reported by Bag et al.* (inset magnified
bar graph), and a comparison with Cd-SSs and Cd-Pt,-SSs reaction suspension. d, Time profile of H, production from Cd-Pt,-SSs at different cut-off
wavelengths. e, Repeated run stability analysis of Cd-Pt,-SSs. f, Apparent quantum yield as a function of the incident light wavelength, and time

profile of solar to hydrogen conversion efficiency (2H* +2e"—Hy,).

probably due to modifications in the nearby coordination
environments of active sites and some structural changes in
the photocatalysts. The stability of the solid material
collected from Cd-Pt,-SSs reaction suspension after the 5"
run of cyclic stability test has been analysed by UV/Vis
absorbance (Figure S9), Raman (Figure S10), Fourier trans-
form infrared (FTIR) (Figure S11), and N, adsorption-
desorption (Figure S12) analyses. All these studies further
confirm the structural stability of the photocatalytic system.
Also, to check the possibility of any photo-chemical
corrosion of in situ generated Ptgy-CdSy, microwave
plasma-atomic emission spectroscopy (MP-AES) (Figur-
es S13 and S14) has been used; however, the obtained results
indicate the complete absence of Cd and Pt in the solution
phase. A high AQY (=91.1% (365nm), and 61.3%
(450 nm)), and solar-to-hydrogen conversion efficiency, (n
~1.0 %) were achieved in the presence of an electron donor
(Figure 1f).

The reaction suspensions (Cd-Pt,-SSs and Cd-SSs) used
in the present study were compared with H, generating
photocatalysts (co-catalyst loaded metal oxide, metal sul-
phide, carbon-based, metal-organic framework (MOF)
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based, and MOF-metal-carbon (MOF-M-C) photocatalysts)
discussed in previous work (Table S1).2"23% Our reported
suspensions, which do not require any pre-synthesis, show
comparable H, production to the previously reported photo-
catalysts, which require a multistep synthesis process, high-
cost organic solvents, sophisticated reaction setup, additional
thermal treatments, and co-catalyst loading. We note that
even the Pt-free, Cd-SSs reaction suspension showed
remarkable H, production that is comparable to that of
single-atom metal catalyst loaded TiO,, CdS, and g-C;N,
photocatalysts. In short, the direct use of metal precursor
solutions may prove to be a novel, promising, environ-
mentally benign, and cost-effective strategy for effective H,
production.

Several studies have reported the effect of solar
radiation on the surface structure of photocatalysts during
photochemical reactions.’'*! To explore the driving force
behind the exceptional photochemical H, production per-
formances of Cd-SSs and Cd-Pt,-SSs suspensions, the
chemical, electrochemical, optical, electronic, and structural
characteristics of the suspended nanoparticles generated
during solar H, production were extensively investigated. X-
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ray diffraction (Figure S15) and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) (Figure 2a—c and Figure S16) indicated a mixture of
the zincblende and wurtzite structures for in situ synthesized
CdS;s nanoparticles in Cd-SSs suspension by photoirradia-
tion during solar H, production. Fourier transforms of the
data taken from two different nanoparticles in Figure 2a
demonstrate the presence of both wurtzite and zincblende
structures in close proximity.

As discussed earlier, the addition of a small weight
percentage of the Pt precursor (2 wt.% of Cd) to the Cd-SSs
suspension results in a nearly 4.7 fold higher H, production
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than the H, production from the Cd-SSs suspension without
Pt (Figure S4). We examined the Cd-Pt,-SSs suspension
after solar H, production to determine the nature of Pt in
the system. HAADF-STEM images (Figure 2d and Fig-
ure S17) demonstrated the in situ formation of isolated Pt
single-atoms anchored on the CdS nanoparticles (Ptgs-
CdSjs) without any noticeable atom assemblies (two-dimen-
sional “rafts” of Pt atoms) after solar H, production.
However, elemental mapping using energy dispersive X-ray
(EDX) spectroscopy found the presence of small nano-
particles of Pt, in addition to the single atoms (Figure 2e-h).
Pt could be observed on Cd-Pt,-SSs in regions without
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Figure 2. Structural evolution of photoinduced in situ synthesised Pt single-atoms anchored CdS,s semiconductor. a, HAADF-STEM image
demonstrating the atomic structure of CdS,s particles. b, The Fourier Transform of the region indicated in (a), which is indexed to a <100 >
direction in wurtzite CdS. ¢, The Fourier Transform of the region indicated in (a), which is indexed to a <110> direction in zincblende CdS.

d, HAADF-STEM image in which bright atoms (Pt) can be observed in addition to CdSs particles. A selection of bright atoms has been highlighted
with red arrows. e, HAADF-STEM image of a region corresponding to the EDX maps in f-h, where the dashed yellow box indicates the region in

which spectrum j has been extracted. f-h, Corresponding EDX maps of the full region for Cd (f), S

(g), and Pt (h). Small Pt single-atom clusters

can be observed in the Pt map. i, Sum EDX spectrum taken from the whole region shown in Figure 2e. Clear Cd and S peaks can be seen. j, EDX
spectrum taken solely from the region highlighted in yellow dotted rectangle Figure 2e, in which there are no clear Pt nanoparticles. All peaks
remain, including the Pt L peaks. Inset is a highlighted region of the spectrum specifically highlighting the presence of a small Pt La peak at

9.44 keV.
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visible nanoparticles (Figure 2j), confirming the presence of
single atoms or small clusters, which we suggest are single
atoms based on the HAADF-STEM imaging conducted. On
the other hand, the Cd-SSs suspension with 8 wt.% Pt
showed the presence of Pt atom assemblies, along with well
distributed Pt single-atoms on the CdS nanoparticles in the
Cd-Pts-SSs  suspension after solar H, production (Fig-
ure S18). The observed decrease in the H, production rate
(Figure S4) for the Cd-Ptg-SSs suspension can be expected
because high Pt loading (8 wt.%) on CdSs nanoparticles can
limit the radiation exposure of the CdS;s nanoparticles and
diminish the surface sites for the adsorption of the sacrificial
agent (SSs).”! Thus, we have achieved the in situ synthesis
of isolated Pt single-atom anchored CdS nanoparticles (Ptg-
CdSy5) without requiring any separate synthesis process.
More importantly, loading single-atom metal co-catalysts
higher than 0.5wt.% is very challenging and typically
requires a complex synthesis process;*****! our approach
yielded a highly dispersed distribution of Pt single-atoms
anchored on CdSig along with solar H, production. A high
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atomic dispersion of Pt single-atoms anchored on CdSi
nanoparticles offers robust catalytic activity, unique selectiv-
ity, and effective photoactive charge carrier utilization for
photochemical H, production.[*”!

Ex situ X-ray photoelectron spectroscopy (XPS) analysis
was performed to determine the surface chemical composi-
tion and oxidation states of Cd and Pt in powder samples
collected from Cd,-Pt,-SSs (x=1mg 15mL™", y=0, 2, 4 and
8 % of x) suspensions before and after solar H, production.
The spectra of samples collected from Cd-Pt,-SSs suspen-
sions before photoirradiation showed the presence of Cd 3d
and S 2p only (Figure S19). However, the spectra of powder
samples collected from Cd-Pt,-SSs suspensions after photo-
irradiation exhibit the presence of Cd 3d, S 2p, and Pt 4f
signals (Figures 3a-d, S20-S22, and Tables S2-S4). These
results demonstrate that simultaneous in situ photodeposi-
tion of Pt does not occur without UV/Visible light irradi-
ation. In fact, it confirms the facile synthesis of a photo-
induced Ptg,-CdS;s (Figures2a, 3d, S17, S18, S21, S22)
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Figure 3. Electronic state identification of atomically dispersed Pt atoms over an in situ generated Pts,-CdS,s photocatalyst. a, Overall XPS survey
spectrum of Ptg,-CdS;s (2 wt.%Pt of Cd). b, High-resolution XPS spectra of Cd 3d, Cd MNN (inset spectrum) and c, S 2p for Ptg,-CdS;s
photocatalyst. Deconvolution of the high-resolution XPS peaks for d, Pt 4f and e, Pt 4d showing the presence of Pt’ single atoms. Time-dependent
FTIR spectra of CO adsorbed at 293 K (0 min) followed by desorption using He gas purging (20 ccmin™') and thermal treatment at 150°C, 30 min

for f, Ptga-CdS;s and g, commercial 5 %Pt/Al,O; samples.
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alongside H, production (Figure 1) from Cd-Pt,-SSs suspen-
sions.

The high-resolution X-ray photoemission spectrum of
the Cd 3d peaks (Figure 3b) showed Cd 3d;, (411.7 ¢V) and
Cd 3ds;, (405.0 eV) peaks, which correspond to the charac-
teristic peak of the Cd** oxidation state of CdSy. The
characteristic binding energies states of S 2p,, (162.5¢eV)
and S 2p;, (161.4eV) are determined by deconvoluting
them from the main S 2p peak in Figure 3c. The observed
peaks of the S 2p states confirm the presence of S*~ in the
Ptss-CdSs.

The high-resolution XPS spectra for Pt 4f (Figure 3d)
indicated two kinds of platinum species!! with a small
change in the binding energies of Pt 4f,, and Pt 4f;,.[*!
Deconvolution analysis revealed the peaks at 72.3 and
75.6 eV with a spin-orbit split of 3.3 eV, indicating the
presence of Pt’, while the peaks at 73.4 and 76.7 eV can be
assigned to Pt?*.[**] The higher Pt’ binding energy in Ptg,-
CdS; (72.3 €V) than the standard 71.8 eV suggests stronger
electronic interaction between Ptg, and CdSy. The presence
of the well-contacted interface between Ptg, and CdSi
enhances electron mobility across the interface and reduces
the energy barriers for H, evolution.[**!

The atomic ratio Pt%:Pt*" was estimated to be high, with
Pt largely dispersed as single-atom species in the in situ
synthesized Ptg,-CdS,g photocatalyst irrespective of initial Pt
content (Tables S2-S4). Furthermore, the deconvolution of

a b
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Pt 4d XPS peaks also confirms the predominance of charge-
neutral Pt in the Ptg,-CdS;s photocatalyst (Figure 3e).*”

Site-specific analysis using CO adsorption infrared
spectroscopy (Figures 3f, and 3 g) was performed to supple-
ment the HAADF-STEM and XPS results and to provide
complementary information about the distribution of metal-
lic platinum and the presence of Pt” state in the Ptg,-CdS;g
sample. The IR absorbance spectra of adsorbed CO on Ptg,-
CdS;s showed two strong vibration bands and a weak
shoulder peak (Figure 3f). These peaks probably originate
from CO molecules adsorbed on different metal species.[*"
Furthermore, 5wt.% metallic Pt loaded AlLO; (5%Pt/
Al,O5) was used as a reference CO adsorption study. The
CO adsorption IR spectra for commercial 5 %Pt/Al,O;
(Figure 3g) are similar to that of Ptg,-CdS;, and are the
subject of further studies.

The electronic and coordination structures of Pt species
in Ptg,-CdS|s photocatalyst were further validated by X-ray
absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) analysis in compar-
ison to Pt foil and PtO, references. The normalised XANES
spectra reported in Figure 4a show that white line edge
intensity of Pt species in Ptg,-CdS;s is much lower than that
of PtO, (Pt*") and very close to the Pt foil (Pt") reference,
which confirms the existence of Pt species as single atoms in
the in situ generated Ptg,-CdS;s photocatalyst, which is
consistent with the HAADF-STEM (Figure 2), XPS (Fig-
ure 3a—¢), and site-specific CO adsorption FTIR (Fig-
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Figure 4. X-ray absorption fine structure (XAFS) measurement of Ptsy-CdS;s. a, Normalised XANES spectra of Ptg,-CdSs, and reference samples
(PtO, and Pt foil) at the Pt L; edge. b, Fourier transformed (FT) k>-weighted (k) function of the EXAFS spectra of Pts,-CdS,s, PtO, and Pt foil.

¢, Corresponding EXAFS fitting curve of Pts,-CdS;s at k. d, Possible photochemical parallel reduction reactions resulting in H, production and
synthesis of Pt single-atom decorated CdS,s semiconductor. The electron charge sharing helps in high H, production and high yield of single atom

Pt°.
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ure 3f,g) results. As shown in Figure 4b, the presence of a
prominent peak at 1.91 A attributed to the Pt-S
coordination*>5% and the absence of Pt—O (~1.63 A) and
Pt—Pt coordination (~2.5-2.8 A) peaks in the EXAFS
spectrum of Ptg,-CdS;s, and the corresponding best-fitting to
the data (Figure 4c) reinforce the conclusion that Pt
remained atomically dispersed on in situ generated
CdS;s.° Thus, Figure 4d illustrates the occurrence of two
parallel reactions: H, production and in situ formation of Pt
single-atoms anchored CdS nanoparticles (Ptg,-CdSys).

The UV-Vis absorbance spectra of the photoinduced in
situ generated CdSy, and Ptg,-CdS;s are reported in Fig-
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ure 5a. We find that both the samples exhibited significant
light absorption in the visible-light region. A small absorp-
tion band in the visible light region (550-700 nm) for Ptg,-
CdSs can be attributed to H, evolving platinum species. The
band-gap energies (Egg) calculated using the Kubelka—
Munk function, (F(R)Av)*=hv, (Figure S5a inset) for Ptg,-
CdSis (2.43eV) and CdS;s (2.46 eV) are relatively similar
and confirm that they can act as visible light absorbing
photocatalysts.

The photochemical performance of a photocatalyst also
depends on the conduction band (CB) and valence band
(VB) positions, which were calculated following the method
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Figure 5. Electronic, physiochemical, and photochemical analysis of in situ generated Pts,-CdS;s and CdSs. a, Solid-state UV/Vis absorbance spectra
and Kubelka—Munk plot (inset) for the band gap calculation. b, UPS spectra of CdS;s, and Ptg,-CdS;s. ¢, Schematic of band gap and energy level
bands with respect to vacuum level and reversible hydrogen electrode (RHE). d, Raman spectra, e, ATR-FTIR spectra, and f, N, adsorption-
desorption isotherms for CdS;s and Pt,-CdS s photocatalysts. Solar H, production, O, reduction to H,0,, and dye degradation performance of

g, Ptso-CdS;s and h, CdSis. i, A comparison of H,0, production rate over commercial CdS (CdSc, 98 % Alfa Aesar), commercial TiO,, and as-

synthesized CdS,s nanoparticles.
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reported by Liu et al..™ The valence band maximum for the
respective photocatalysts was calculated by estimating the
ionization potential (equivalent to the valence band energy
(Eyg)) by subtracting the width of the He I UPS spectrum
(Figure 5b) from the excitation energy (21.2eV). The
relative Eyp are calculated to be —6.10eV (CdS) and
—5.85eV (Ptgo-CdS;g) compared with E,,.., according to
UPS spectra (Figure 5b and c). Using the Egg values the CB
edge/energy (Eqg) of CdS;g and Ptg,-CdS;g have been
estimated to be —3.64 eV, and —3.42 eV, respectively (Fig-
ure 5¢).

Raman (Figure 5d) and FTIR (Figure Se) spectra con-
firmed the in situ crystallization of CdS;s. Raman spectra, as
presented in Figure 5d, reveal the strongest peaks at
301 cm™!, which is due to first-order longitudinal optical
(LO) phonons, and second-order LO (2LO) occurring at
~602 cm™! identified as characteristic peaks for CdS.”” In
comparison with CdSy, these peaks are relatively intense for
Ptgo-CdSyg, suggesting possible electric field enhancement
over the CdSs surface.’ The photoluminescence (PL)
emission spectra for CdS,, CdSys, and Ptgs-CdS;s recorded at
an excitation wavelength of 450 nm (Figure S23) provide
information about the effective separation of photogener-
ated charge carriers. Figure S23 highlights the suppressed
electron-hole pair recombination rate and enhanced charge
carrier separation efficiency of CdSg, and Ptg,-CdSg relative
to commercial CdS..

To explore the textural properties, and to study the
porous character of CdS;g5 and Ptg,-CdS;g nanoparticles, N,
adsorption-desorption measurements were performed at
77 K (Figure 5f, and Table S5). Furthermore, a comparison
of the textural properties of Ptg,-CdS;s nanoparticles with
commercial CdS, (Figure 5f, Table S5) highlights a larger
BET-specific surface area (Sgpr) of 151.3 m*g™" owing to the
nanostructure of CdSy, the relatively higher porosity/
mesoporous character, and atomically decorated Ptgy,,
whereas the CdS, particles have a lower Sppr (62.85 m*g™).
The nanostructure of Ptg,-CdS,s which arises from the
photoinduced controlled crystallization might contribute to
the improved surface structure and light-harvesting effi-
ciency.

The photochemical performance of both in situ gener-
ated visible-light absorbers has been comprehensively inves-
tigated under UV/Visible light for H, evolution, H,O,
production, and dye degradation (Figures5g, 5h and
Figures S24 and S25). The H, and H,0O, production profiles,
and alizarin red S (ARS) dye degradation over time for
Ptso-CdSis and CdS;s photocatalysts are reported in Fig-
ure 5g and Figure Sh, respectively. As expected, the solar H,
production over these two photocatalysts Ptg,-CdS;s and
CdS;g is similar to the photochemical H, production
performance of their mother liquids Cd-Pt,-SSs and Cd-SSs,
respectively. Interestingly, a record high solar H,O, produc-
tion of 4.91 mMh™' was recorded for CdSs in O, saturated
10 M ethanol solution (Figure S5h). In contrast, commercial
CdS, (Figure S26) and TiO, (Figure S27) photocatalysts
show low solar H,O, production under the same experimen-
tal conditions compared to that of CdS; (Figure 5i).
Furthermore, a comparison was made with previously
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reported photocatalysts for similar reaction systems, and
CdS;s shows a comparable solar H,O, production rate
(Table S6).

In this study, we report the successful synthesis of
transparent Ptg,-CdS;g and CdS;s films having exceptional
photocatalytic activity and good PEC performance. Ptg,-
CdSs, CdSys, and CdS, films were fabricated by a simple
drop-casting method on a fluorine-doped tin oxide (FTO)
glass substrate and were subsequently dried at room temper-
ature followed by vacuum drying. The top view SEM images
(Figures 6a, and b) and digital photographs (inset images) of
the Ptg,-CdS;s and CdS;g films demonstrate a uniform and
transparent film formation on the FTO substrate.

To investigate the interfacial charge separation and
transport behaviour of the samples (Ptgy-CdS;s, CdS;s and
CdS,), electrochemical impedance spectroscopy (EIS) meas-
urements were conducted under light irradiation and dark
conditions. Nyquist plots shown in Figure 6c demonstrated
that a smaller arc radius was observed for Ptg,-CdS both in
the dark and under illumination as compared to those of
CdS;s and CdS,. As arcs in the Nyquist plot reflect charge-
transfer resistance at the electrode surface, so a smaller arc
radius indicates a fast interfacial charge transfer and an
effective separation of the photogenerated electron-hole
pairs in Ptgy-CdSy. Furthermore, the photocurrent density-
potential profiles shown in Figure 6d demonstrated the PEC
performance of Ptg,-CdS;, CdS;s and CdS. photoanode
from water oxidation via front illumination. These results
clearly show a higher photocurrent response for Ptg,-CdSg
which complements the EIS results that a reduction in
recombination of electron-hole pairs increases electron
mobility.

To provide further information about the kinetics and
electron transfer number (n) involved in the oxygen
reduction reaction for H,0, production (Figure 5h), we
performed linear sweep voltammetry (LSV) experiments in
oxygen saturated 0.1 M KOH solution (Figure 6¢, and Fig-
ure S28a, and S29a). The current curves of the steady-state
diffusion platform analyzed by the Koutecky-Levich (K-L)
equation and the linearly fitted K-L plots for CdSs, Ptga-
CdSjs and CdS, are reported in Figure 6f, Figures S28b, and
S29b, respectively. The slope of these K-L plots was utilised
to evaluate the overall electron transfer number for the
ORR. The estimated electron participation in ORR corre-
sponding to different potentials in Figure 6g shows that the
average value of n is 1.96 for CdSys, confirming the selective
two-electron ORR pathway to the H,0O, production over its
surface.

Conclusion

In contrast to the usual requirement of pre-synthesized
photocatalysts for H, production, we have demonstrated a
proof-of-concept involving the direct use of metal (Cd and
Pt) precursors in (sodium sulphide + sodium sulphite)
solution as a UV/Visible light photocatalytic system and
achieved significant photocatalytic H, production activity
(154.7 mmolg™'h™' Cd-Pt,-SSs), with an apparent quantum
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o

@+Pt,,-CdS,s Dark QsPty,-CdS,q Light

o
9’.0-0..' e

s
s

. An dte
Research Articles Gitore
d
{ @-cds_ Dark QsCds, Light 50] * Cos. Light -o- CdS,_Dark
@-Cds,, Dark O+Cds,, Light ~e- CdSg Light -0 CdSg_Dark

- Ptg, CdS,g Light o

Pt;, CdS,; Da

40]
30
»
Q. (]} 20
[ ]

Photocurrent density (WA cm?)
-
=)

04
4000 8000 12000 16000 -0.45 -0.'3[! -0.15 0.00 0.15
Z(Q) Potential (V vs. Ag/AgCl)
g9
cergeetttttt | 3.0 4
-3 ?v oo"“‘.’.‘ ’ 5 ". .
ag & .
g -0.3 - .22.5
—400 — 241
< A 2.. 1106 @& «n.
: B g o *” €20 l:?f...,_!..‘. ._._.‘........
_3\_0'6 = vu ,.-coﬂ". !oq-’ .. e
G —800 | 432]g .. g-o® O 0] 2, Y i
8 o0 | E s g @@ | B -
E -0.9 ‘-ﬂ z.'--‘:::tt:'.'"“ 81_0 4---!-:1.........”".000.
£ —1200 | “24] &§-- i KV
= [&]
= —1625 L]
3 ® 046V ® 048V @ 050V | 205
O -1.24 w w
s ——2000 16]® 052V @ 051V @ 056V @ CdSc @ CdSis @ Ptsa-CdSis
; 2 0.0 ;
0.2 04 0.6 0.8 0.08 010 0.12 0.14 0.44 0.56

Potential (V vs. RHE)

m-1t‘2 (rad-1l2 s1l2)

0.48 0.52
Potential (V vs. RHE)

Figure 6. Photo-electrochemical performance. Top-view SEM image of drop cast a, Pts,-CdS;s and b, CdS;s film on conductive FTO substrate. Inset
digital photographs highlight the transparency of photoanodes. ¢, EIS Nyquist plots, and d, Photocurrent density-potential profile of Pts,-CdSis,
CdSs, and CdS.. e, Linear sweep voltammetry (LSV) of CdS;s in O, saturated 0.1 M KOH (pH 13) at different rotating speeds ranging from 400—
2500 rpm and a fixed scanning rate of 5 mVs™'. f, Koutecky—Levich (K-L) plots of CdSjs at different potentials. g, The evaluated number of electrons
participating in the ORR at corresponding potentials for CdS,, CdSs, and Pts,-CdS;s photocatalysts.

yield of over 91 % which outperforms previously reported
photochemical particulate systems. More importantly, we
have observed simultaneous photoinduced in situ synthesis
of Pt single-atom anchored on CdS nanoparticles (Ptgy-
CdSs) without utilizing any functionalized organic solvents.
We suggest the junction formed between Ptg, and CdSi,
and the excellent H, activation property of Pt are respon-
sible for the enhanced photocatalytic activity. So, the
synergistic roles of Pt and CdS lead to it being more
favourable for transferring photoexcited electrons (e~) to Pt,
while Ptg, ensures outstanding e~ mobility and offers more
active sites for reducing H* to H,. The present work
provides a promising, economical, and green strategy for H,
production along with the synthesis of metal-semiconductor
heterostructures, and offers an alternative approach to solar
H, production and catalyst synthesis. Furthermore, prelimi-
nary studies show that this strategy of the direct use of
precursor suspensions can be applied to other metal systems
and sulphide semiconductors, and will be discussed in more
detail in future work.
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This work reports the use of Cd/Pt
precursor solutions for substantially
higher photocatalytic H, production
(154.7 mmolg™"h™"), thereby eliminating
the need for pre-synthesized photocata-
lysts for H, production. Furthermore, in
parallel to H, production, a simplified
solar light-assisted in situ synthesis of
Pt single-atom anchored CdS nanopar-
ticles (Ptsa-CdSs) has also been demon-
strated.
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