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We report that the internal quantum efficiency for hydrogen generation in spherical, Pt-decorated CdS nanocrystals can be
tuned by quantum confinement, resulting in higher efficiencies for smaller than for larger nanocrystals (17.3% for 2.8 nm

and 11.4% for 4.6 nm diameter nanocrystals). We attribute this to a larger driving force for electron and hole transfer in the

smaller nanocrystals. The more efficient energy conversion in smaller nanocrystals enables a novel colloidal dual-band gap

cell utilising differently sized nanocrystals and showing larger external quantum efficiencies than cells with only one size of

nanocrystals (9.4% for 2.8 nm particles only and 14.7% for 2.8 nm and 4.6 nm nanocrystals). This represents a proof-of-

principle for future colloidal tandem cell.

Introduction

Hydrogen, produced by splitting water using sun-light, is
currently considered as one component of a future sustainable
energy supply.! Colloidal, co-catalyst decorated semiconductor
nanocrystals have recently received considerable attention for
photocatalytic hydrogen generation due to their widely
tuneable optical and electronic properties.2> To generate
hydrogen photocatalytically, the colloidal semiconductor
nanocrystal (SNC) absorbs light, generating an electron hole-
pair. The photo-generated charges are then separated, as
illustrated in the inset of Fig. la, with the electron being
transferred to the co-catalyst where it reduces water to
generate hydrogen, while the hole is removed by a sacrificial
hole scavenger. Recent studies have established hole removal
and thus suppression of electron hole recombination as the
major rate limiting step for efficient hydrogen generation.®
Efficient hole removal has been demonstrated by adjusting the
hole scavenger redox potential or introducing a redox-shuttle.”8
A key parameter in the electron transfer and hole scavenging
rate is the energetic off-set between the electronic states of the
semiconductor with respect to the co-catalyst and the hole
scavenger’s redox-potential, respectively, as it defines the
driving force AG for the transfer/scavenging reaction.® In SNCs
these energetic off-sets can in principle be tuned by controlling
the SNC-size and, via quantum confinement, the optical and
electronic properties.’® Recent studies investigated the size-
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dependence of electron transfer kinetics to co-catalysts.1112
However, this strategy has not yet been used to optimise overall
hydrogen generation in co-catalyst decorated colloidal
nanocrystals. Here we show that size-controlled CdS
nanospheres  decorated with Pt-clusters exhibit internal
quantum  efficiencies for photocatalytically hydrogen
generation which monotonously increase with decreasing
particle size from 11.4% (4.6 nm nanocrystals) to 17.3% (2.8 nm
nanocrystals). We use this size-dependence to realise a colloidal
dual-band gap cell in which external quantum efficiencies
increase from 9.4% (2.8 nm particles only) to 14.7% (2.8 nm and
4.6 nm particles) under visible light illumination (350-480 nm).
Our results demonstrate that the improved efficiencies in the
dual-band gap cell originate from the smaller nanocrystals
converting photons more efficiently into hydrogen by providing
larger driving forces AG for the charge transfer reaction, while
larger nanocrystals use lower energy photons not absorbed by
the smaller nanocrystals. This prototype is a proof of principle
that is applicable to other solar fuels such as methane and
methanol derived from CO, as other
semiconductor-co-catalyst systems.?3 The dual-band gap cell

reduction as well
represents a proof-of-principle for a colloidal tandem cell in

which the two compartments would be electrically connected
through a membrane sharing the same electrolyte.
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Fig. 1 A) Schematics of the experimental configurations for single-cell and dual-band gap cell photocatalytic experiments. B) TEM image of 4.6 nm diameter CdS nanospheres along
with the size distribution as determined from TEM images. C) XRD pattern of the 4.6 nm CdS nanospheres along with reflex assignments according to CdS hexagonal wurzite phase

(JCPDS card No. 41-1049), D) Extinction spectra of the size-controlled Pt-decorated CdS nanospheres demonstrating strong quantum confinement and band gap widening with

decreasing size.

Experimental

Figure 1aillustrates the setup for photocatalytic experiments. A
colloidal aqueous suspension of the Pt-decorated SNCs (pH 9,
optical density 1.5 at first excitonic transition) was illuminated
by the filtered (350-480 nm band pass, 50 mW/cm?2 at the
sample, see supporting information for illumination spectra)
output of a Xe lamp under an Ar atmosphere in a gas-tight
cuvette in presence of sodium sulphite as hole scavenger and
triethanolamine as stabiliser.1* The photogenerated electron
transfers to the Pt clusters and reduces protons to generate
hydrogen, while the photogenerated hole oxidises the sacrificial
hole scavenger sodium sulphite. Aliquots of the gas
atmosphere were analysed in a gas chromatograph (Bruker 430-
GC Gas Chromatograph configured with a TCD detector) for
their hydrogen content after well-defined periods of
illumination. This allows precise determinations of both internal
and external quantum efficiencies. The external and internal
quantum efficiency for hydrogen generation are determined as
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the ratio of 2x number of hydrogen molecules evolved per
number of incident and absorbed photons, respectively. The
incident power is measured with a thermal power sensor
(Thorlabs S302C). The spectrum of the incident light was
measured using an Ocean optics USB4000 spectrometer.
Convoluting the absorption spectrum of the SNCs with
excitation spectrum and taking into account the illumination
power allows precise determination of the absorbed photons.
Similarly, overall illumination power in combination with the
excitation spectrum allows determining the number of incident
photons as function of wavelength. The irradiation area was 1.0
cm? and theirradiation power was 50 mW. The single-cell setup
was used to study the size dependence of hydrogen generation
efficiency which informed the choice of nanocrystal sizes for the
dual-band gap cell experiments. For the dual-band gap cell
experiments two cuvettes were placed behind each other; the
front one containing 2.8 nm diameter SNCs (i.e. large band gap)
and the rear one 4.6 nm diameter SNCs (small band gap). The
optical density (OD) at the first excitonic transition was kept
constant at 1.5 in each cuvette by adjusting the concentration
of the SNCs in suspension. Nanospheres of CdS, a widely studied
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photocatalyst,1518 of four different controlled diameters
(2.8/3.1/3.7/4.6 nm as determined from peak position of the
first excitonic transition) were synthesised and decorated with
sub-nm Pt clusters according to reported procedures.31° Figure
1b displays a transmission electron microscopy (TEM) image of
the largest SNCs prepared with a narrow size distribution
centred at around 4.7 nm. Corresponding data for the other
sizes are available in the supporting information Fig. S1. Figure
1c displays x-ray diffraction (XRD) data for 4.6 nm CdS
nanospheres revealing a hexagonal wurtzite phase of the SNCs.
It is noted that the small size of the SNCs leads to a significant
broadening of the XRD reflexes. The photodeposition employed
here results in sub-nm Pt cluster decoration of the SNCs. At this
size the Pt clusters are in the non-scalable size regime, i.e. their
optical and electronic properties are discrete and depend on
the size of the clusters. In particular, their electronic states can
be considered molecule-like in that they exhibit highest
occupied molecular and lowest unoccupied molecular orbitals
(HOMO and LUMO), respectively. This was further confirmed by
the Pt core level binding energies in x-ray photoelectron
spectroscopy (XPS, see supporting information) which are larger
than for metallic Pt. XPS also revealed the bonding of Pt to Cd in
the SNCs. The Pt decoration was kept constant at ~16wt% for
each sample as verified by inductively coupled plasma-optical
emission spectrometry (ICP-OES, see supporting information).
Figure 1d displays the extinction spectra of the four Pt-
decorated samples. A clear blue-shift of the extinction onset
and the peak position of the first excitonic transition can be
observed with decreasing SNC diameter indicating strong
quantum confinement and widening of the band gap in the
SNCs. It should be noted that the Pt co-catalyst does not
contribute significantly to the total absorption.
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Results and discussion

First, we
diameter and

investigated the relationship between SNC

internal quantum efficiency for hydrogen
generation. Figure 2a displays the internal quantum efficiency
(i.e. 2x number of H, molecules evolved/number of absorbed
photons) as a function of SNC diameter. Clearly, the internal
quantum efficiency increases with decreasing SNC diameter
from 11.4% (4.6 nm), via 13.3% (3.7 nm) and 15.0% (3.1 nm), to
17.3% (2.8 nm). As will be discussed in detail in the following we
attribute this behaviour to an increase in the energy level off-
set between SNC and the co-catalyst and hole-scavenger,
respectively, which increases the driving forces for electron
transfer and hole scavenging AG1/AG; respectively.

Figure 2b displays the hydrogen evolution as a function of
time for the colloidal dual-band gap cell geometry. It can be
clearly seen that employing 2.8 nm SNCs in the front and 4.6 nm
SNCs in the rear cuvette results in higher overall hydrogen
generation than employing the same size nanocrystals in both
cuvettes. The external quantum efficiency in this case increases
from 9.4% (2.8 nm in both front and rear cuvette;
2.8nm+2.8nm) via 11.3% (4.6nm+4.6nm) to 14.7% (2.8nm +
4.6nm). It is noted, that in the two setups with same size SNCs
in both cuvettes 4.6 nm SNCs absorb more photons than the 2.8
nm SNCs, which in the present case overcompensates the lower
IQE of the 4.6 nm particles leading to a higher EQE. During the
noticeable induction period the cysteine ligands being present
post-synthesis are being replaced by triethanolamine which
then acts as a stabiliser in the hydrogen evolution period.*
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Fig. 2 A) Internal quantum efficiency for photocatalytic hydrogen generation as function of SNC diameter in single-cell geometries. B) Hydrogen evolution as a function of time for

dual-band gap cells with 2.8 nm SNCs only (purple solid squares), 4.6 nm SNCs only (orange open circles), and 2.8 nm+4.6nm SNCs (black solid triangles). Inset: External quantum
efficiencies for photocatalytic hydrogen evolution in the same dual-band gap geometries. (In all measurements the OD of the SNC suspensions were kept at 1.5 in each cell at the

first excitonic absorption peak resulting in 26 - 53 mg/L of Pt-decorated CdS for the four sizes. Samples were excited with a power of ~50 mW/cm2 and spectral range between
350-480 nm. SNC suspension contained 0.02 M sodium sulphite as hole scavenger and 0.05 M triethanolamine as stabiliser with at a pH of 9).
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Table 1 reports alternative measures of the photocatalytic
activity of the differently sized SNCs namely the formation rate
(i.e. amount of hydrogen per hour and gram of CdS and Pt) and
turn-over-frequency (TOFs) per Pt atom. The latter have been
estimated using the elemental composition of the Pt decorated
SNCs from ICP-OES measurements. We note that this number
represents a lower limit for the TOFs of each catalytically active
site (i.e. Pt cluster). As can be seen both the formation rate and
the TOF normalised to the number of Pt atoms increase
significantly with decreasing particle size. This demonstrates
that the smaller diameter SNCs not only display larger internal
quantum efficiencies but also represent a more efficient use of
the semiconductor and co-catalyst materials.

Due to their larger band gap, the smaller SNCs absorb a
smaller portion of illumination light but convert it to hydrogen
with larger efficiency as compared to the larger SNCs. This
enables the colloidal dual-band gap cell introduced here, where
similar to a tandem solar cell cell,2%21 the larger SNCs in the rear
cuvette absorb the photons that are not used by the larger band
gap material in the front. While this reduces the internal
quantum efficiency of the dual-band gap cell compared to the
smallest SNCs, it increases the external quantum efficiency
which is a measure for the efficiency with which the incident
photons are used. This is also reflected in the corresponding
formation rates of 45.5/77.6/81.9 mmol H,/g/h for 4.6 nm+4.6
nm, 2.8 nm+2.8 nm, and 2.8 nm+4.6 nm dual-band gap cells,
respectively. We note that the internal quantum efficiency in
the rear cuvette is not affected by the presence of the front
cuvette for differently sized SNCs, i.e. it is identical to the single
cell measurements and there is no dependence of the internal
quantum efficiency on photon energy for a given size of SNCs.
For same size SNCs in both cuvettes most of the H; is generated
in the front cuvette with the same internal quantum efficiency
as the single cell experiment.

We propose here that the increase in internal quantum
efficiency with decreasing size is due to an increased driving
force AG1/AG; for both the electron transfer to the Pt and the
hole scavenging mechanism. The increase in driving forces
results directly from a larger energy level off-set between SNC
and Pt/hole scavenger due to the larger band gaps in the smaller
SNCs. To substantiate this attribution we determined a

Table 1 Internal quantum efficiency, formation rate, and turn-
over-frequency per Pt atom for the four differently sized, Pt
decorated CdS nanosphere samples.

Z'i\;iweter IQE, % Ha, TOF,
Jnm ! mmol/g(catalyst)/h H,/Pt/s
2.8 17.3 155 0.045
3.1 15.0 136 0.038
3.7 13.3 111 0.030
4.6 11.4 85.9 0.024

band diagram (Figure 3) based on XPS and optical data. The
relative off-sets of the valence band edges of the SNCs in Figure
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Fig. 3 Band diagram of the conduction and valence band edges of Pt-decorated CdS
nanospheres with diameters of 2.8 (purple)/3.1 (blue)/3.7 (green)/4.6 (orange) nm and
Pt HOMO positions as determined from XPS and extinction measurements. The Pt
LUMO is as a guide to eye only assuming a constant HOMO-LUMO-gap for the sub-nm
Pt clusters across the differently sized SNCs. The valence and conduction band edges
for bulk CdS, to which the experimental data have been aligned,?* and the redox level
of the hole scavenger at pH 0 are taken from references 7,19. Proton reduction occurs
at OV on the NHE scale. For details see text.

3 were determined from the leading edge of the XPS spectra of
Pt-decorated SNCs and undecorated SNCs, respectively. To
correct for charging and quantum confinement effects in the
XPS data??, we aligned the XPS spectra of the Pt decorated
samples at the valence band edge assuming similar energetic
positions for the highest occupied molecular orbital of the sub-
nm Pt clusters across the differently sized SNCs. The XPS spectra
of the undecorated SNCs were then aligned with respect to the
Cd 3d core levels of the decorated SNCs of the same diameter.
The relative positions of the conduction band edges were then
determined by the optical band gap obtained from
extrapolation of the absorption onset in the data displayed in
Figure 1d. Finally, the experimental XPS data were aligned to the
known CdS bulk band edges?? (with respect to the normal
hydrogen electrode (NHE) scale; H/H* redox potential at OV at
pH 0) taking into account the size-dependent band edge shifts
due to quantum confinement via AE=h2r?/2me/mR2.24

The resulting band diagram (Figure 3) clearly demonstrates
the widening band gap of the SNCs in which both conduction
and valence band edges shift away from their bulk values. Most
importantly the SNC conduction band edge shows an increased
offset with respect to the Pt LUMO.* The valence band edge,
correspondingly, shows an increased offset with respect to the
redox potential of the hole scavenger. The determined band
edge positions suggest that the driving forces for electron
transfer will increase by 90/30/40meV when comparing the
SNCs of decreasing size. The corresponding driving forces for
hole scavenging increase by 150/130/130meV, respectively.

Conclusions

In conclusion, we demonstrate a colloidal dual-band gap cell for
photocatalytic hydrogen generation using size-controlled, Pt—
decorated CdS nanospheres and report increases in external
quantum efficiency by more than 50% compared to single-size
SNC-cells. The colloidal dual-band gap cell demonstrated here is
based on the size-dependent photocatalytic activity of the SNCs

This journal is © The Royal Society of Chemistry 20xx
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where smaller SNCs convert the absorbed light more efficiently
into hydrogen. This effect is based on increased driving forces
for electron transfer and hole scavenging, respectively, which in
turn originates in the larger, quantum confinement-induced
band offsets between SNC and co-catalyst/hole scavenger,
respectively. Our results represent a proof-of-principle for
future colloidal tandem cells and will be applicable to a range of
photocatalytic reactions including CO, reduction for solar fuel
generation as well as other material systems.
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