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Solar energy conversion to hydrogen has gained tremendous
interests due to its great potential in solving the problem of
energy crisis. Among different ways to achieve the goals of H,
photogeneration, the quantum dots (QDs)-based
multicomponent system has been proven to be one of the most
prominent methods. Although significant advances have been
made recently, the developing of a practical visible light-
driven hydrogen generation system with high efficiency and
low-cost is still challenging. In this work, we report that a
highly active catalyst could be simply obtained through the
complexing of nickel ions with S or 3-mercaptopropionic
acid, and after further combination it with the carefully
designed CdS/CdSe core/shell nanocrystals, the aqueous
system exhibits a good stability and high efficiency for the H,
photogeneration. It is expected that our findings would
provide new insights for the facile construction of highly
efficient and cost-effective solar H, generation system for
practical applications.

Hydrogen (H,) as a clean and highly efficient fuel, its production by
solar energy has been one of the most active research areas for
decades."” ? Considered as an effective route, the semiconductor
quantum dots (QDs)-based multicomponent H,-producing artificial
(HPA) system is of great interests for the efficient light-driven
reduction of proton to H, very recently.”'® Semiconductor QDs due
to its good photostability, consecutive tunable optical properties and
large cross-sections across the whole visible region have been
elected as the light absorber in these systems.>’ As a QDs-type light
absorber, the core/shell QDs is superior to the single component
QDs, since the charge recombination and trapping, considered as the
processes that will decrease catalytic activity, can be effectively
inhibited through the proper shell coating. For instance, Larsen et al.
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reported that the hydrogen generation activity of the CdSe/CdS
core/shell QDs is 10-fold higher than the CdSe QDs, and they
attributed this to the passivation of surface-deep trap states of CdSe
core by the CdS shell coating.'” Besides, the CdSe/CdS dot-in-rod
nanorods also exhibit the higher photocatalytic activity compared
with that of single component CdS nanorods, which is considered to
be due to the increase of the charge separation through the
formation of herterostructures. '* ¥ Therefore, it is expected that
the employing of proper core/shell QDs as the light absorber would
significantly enhance the activity of the HPA system.

In addition to the light absorber, the catalyst is another key
factor that would influence the overall efficiency of the HPA system,
and various catalysts have been developed for the purpose of
increasing the efficiency of the HPA system.'”?' Among of them,
the hydrogenases® ° and its mimics,'" ' and artificial molecules such
as cobaloximes® '* and nickel thiolates*  ** have gained great
interests due to their relatively high efficiency for H, evolution and
low cost. Despite of significant advances for the solar energy
conversion to H, in these works, some obstacles still exist toward the
practical applications of the QDs-based HPA systems, such as the
instability upon the light irradiation,* > ' '? the moderate conversion
efficiency,* ' 1> * and the complexity in both catalyst synthesis and
further modification onto the surface of QDs.®® 11121422 Thyg  the
development of a facile method to construct QDs-based HPA system
with high efficiency and good stability is highly desirable.

Herein, we construct a new aqueous H, production system
that uses CdS/CdSe core/shell QDs as the light absorber, an ordinary
nickel-sulfur complex simply obtained by the complexing of Ni*"
with S* (or 3-mercaptopropionic acid, 3-MPA) as the catalyst, and
ascorbic acid (AA) as the electron donor. Under optimal conditions,
the system exhibits a good stability and achieves the quantum yield
of ~ 20.6% under illumination at 520 nm. Detailed studies identify
that both nickel and sulfur are indispensable elements for the high
activity of the catalyst and the ratio of them has been demonstrated
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to significantly influence the H, production activity of the HPA

system.

As mentioned above, the activity of CdSe/CdS core/shell
QDs will be greatly enhanced compared with that of CdSe QDs.
However, it should be noted here that the CdSe/CdS core/shell QDs
is a typical type-I QDs, where the energy of the conduction band
(CB) and valence band (VB) of CdS shell is higher and lower than
that of CdSe core, respectively. Hence, the electrons and holes
generated in both CdSe and CdS will be removed away from the
surface and confined in the core, and thus the activity will be
apparently reduced though the charge carriers that could tunneling
to the surface of QDs to contribute to the proton reduction.® ' On
the contrary, CdS/CdSe core/shell QDs, known as the reverse type-I
QDs, which is with the reverse band alignment compared with that
of CdSe/CdS core/shell QDs, is considered could well solve this
problem. To test our hypothesis, we synthesized CdSe/CdS and
CdS/CdSe core/shell QDs with nearly the same core and overall
(see details in ESI and Fig. S1), and then investigated
their activity under the same conditions. For convenience, the
CdSe/CdS and CdS/CdSe core/shell QDs are denoted as the 1-QDs

sizes 2> %

and 2-QDs in our work, respectively.
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Fig. 1 a, TEM and b, HRTEM images of 2-QDs, respectively.
The inset of a is the scheme illustration of 2-QDs. ¢, TEM and d,
HRTEM images of 1-QDs, respectively. The inset of ¢ is the
scheme illustration of 1-QDs. The scale bars of TEM and
HRTRM image are 20 and 5 nm, respectively. The mean sizes of
2- and 1-QDs, calculated from the average size of more than 100
single particle in the TEM (a and b) images, are 5.5 and 5.8 nm,
respectively. e, XRD patterns of the as-prepared 2- and 1-QDs,
respectively. f, UV-Vis and PL spectra of the as-prepared 2- and

1-QDs, respectively.
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Fig. la-d represent the typical transmission electron
microscopy (TEM) and corresponding high-resolution TEM
(HRTEM) images of the organic ligands capped 2-and 1-QDs, with
a good crystallinity and the mean size of ~ 5.5 and 5.8 nm,
respectively. X-ray diffraction spectra (Fig. le) reveal that the
prepared 2- and 1-QDs are in zinc-blend and wurtzite structure,
respectively. The UV-Vis and PL spectra (Fig. 1f) indicates that the
first exciton absorption peak and emission peak of 2-QDs are 571
and 607 nm, respectively; while for that of 1-QDs are 617 and 627
nm, respectively. For the aqueous-based H, generation, two essential
points are required for QDs: one is that the QDs should be water-
dispersible; while the other is that the ligands on QDs cannot block
charge transfer out of them. The recently reported method that using
metal-free inorganic ligands to replace original organic ligands on
QDs well revolved the above mentioned problems.”*® In our work,
two types of QDs capped with different inorganic ligands were
synthesized according to that method, and for convenience, 2-QDs
capped with S and OH" is denoted as 2(S¥)- and 2(OH)-QDs,
respectively; 1-QDs capped with S* is denoted as 1(S*)-QDs. (see
details in the ESI and Fig. S2+).
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Fig. 2 a, the dependence of rn. of the system containing the same
concentration (0.075 uM) of QDs [2(S?)-, 1(S*)- and 2(OH)-QDs] with
the conditions of 0.8 M ascorbic acid (AA) at pH 5.2, on the
concentration of Ni?*. b, ri. of the system with 0.075 pM 2(OH)-QDs
(black square) and 0.075 uM 2(S*)-QDs (blue ball) under conditions
of 0.8 M AA, 100 uM Ni?* at pH 5.2 versus the concentration of S,
respectively; fi.t of the system with 0.075 uM 2(S*)-QDs (red triangle)
under conditions of 0.8 M AA, 100 uM Ni** at pH 5.2 versus the
concentration of 3-MPA. ¢, the dependence of the initial rate of H,
generation of the system on pH value with the conditions of 0.075 uM
2(S*)-QDs, 100 pM Ni**, 100 uM 3-MPA, 0.8 M AA, pH 5.2 and % >
420 nm. d, the generation of H; of the system with conditions of 0.075
uM 2(S*)-QDs, 100 uM Ni**, 100 uM 3-MPA and 0.8 M AA at pH 5.2
versus illumination time.

H, evolution experiments were performed on an airtight
inner gas circulation system connected with a gas chromatography
that could realize the online quantitative detection of H,. After
degassing process, the colloidal solution was illuminated by a Xenon
lamp equipped with the filter of A > 420 nm or A = 520 nm. The total
volume of the reaction solution in our system is 50 mL. The
conditions employed in our H, evolution experiments are 0.075 uM
QDs, 0.8 M AA, pH 5.2 unless specified. During the choice of
catalyst, as the nickel thiolates have been demonstrate to be an
effective catalyst for the QDs-based HPA system,* " # we
questioned ourselves that whether the composite only with nickel
and sulfur element could also possess the similar activity as that of
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nickel thiolates. Therefore, we simply introducing Ni** ions
(Ni(NO3),) into the system containing different types of QDs (2(S¥)-
QDs and 2(OH)-QDs) to see whether an obvious hydrogen
generation could be observed. Amazingly, as shown in Fig. 2a, under
the illumination of light (A > 420 nm), the initial H, evolution rate
(rii) of the 2(S*)-QDs system is increased as the increasing of the
concentration of Ni** ions; while for the 2(OH)-QDs system, no
obvious H, evolution is observed with the changing of Ni** ions
concentration. Besides, the employing of NiCl, could act as the
similar role as that of Ni(NO;), (data not shown). Our results clearly
demonstrate that nickel and sulfur are both essential for the catalytic
reduction of proton.

We next investigated the band alignment effect of the
core/shell QDs on the activity of H, evolution in our system. As
indicated in Fig. 2a, for both 2(S*)-QDs and 1(S*)-QDs, their
activity is both increased as the increasing of Ni** ions
concentration. However, the activity of the system with 2(S*)-QDs
(rni=3.39 mL h™" with 400 uM Ni*") is 4.7-fold higher than that
with 1(S*)-QDs (7, =0.72 mL h™' with 400 pM Ni*"). Since the
overall size of 2-QDs and 1-QDs is nearly the same, it is rational to
conclude that that the amount of S* on the surface of QDs are
approximately the same. Thus, the difference lies mainly in the
different band alignment of the two types of QDs, which results in
the carriers accumulating dominantly in the core and shell for 1(S*)-
and 2(S*)-QDs, respectively. The result therefore indicates that the
tendency of the carriers migrating to the surface of QDs is vital for
the high efficiency of QDs-based H, evolution.

We further explored the effect of the additional introduced
excess S7 ions (Na,S), besides the surface-bonded S* ions, on the
H, production activity of the system. Fig. 2b represents the activity
dependence of ry,; of the 2(S%)- and 2(OH)-QDs systems under the
conditions of 0.075 pM QDs, 100 uM Ni**, 0.8 M AA, pH 5.2 and A
> 420 nm on the concentration of additional introduced S* ions. As
clearly shown, the activity of the systems are both increased after
introducing S* ions, and the 2(S*)-QDs system exhibits the highest
Fin. Of 12.1 mL h™' with the ratio of Ni** to % (Ryig) at ~ 1:1;
whereas the 2(OH")-QDs system exhibits the highest 7, of 4.1 mL
h! with Ry;s at ~ 1:3. Assuming that the surface-bonded S* ions are
densely packed on the surface of 2(S*)-QDs, the concentration of S*
ions was calculated to be ~ 68 uM (see SI for details). The real Ry;g
of the highest ry,; for the 2(S*)-QDs system is therefore estimated to
be ~ 1:1.68. For the 2(OH")-QDs system, the riy; is 3.3 mL h™' with
Ryis at 1:2, which is only slightly lower than that with Ry;.g at 1:3.
By taking into account the experimental and calculation errors, the
optimal Ry for the highest activity of the 2-QDs systems was found
to be ~ 1:2. Further increasing the concentration of S* ions has a
negative effect on the H, production efficiency of the system. As
well known, S* ions has already been demonstrated to significantly
quench the photoluminescence of QDs;*® and the reason for this is
assumed to be caused by the introduction of surface traps by S* ions
onto the surface of QDs. In our case, when the amount of S* ions is
lower enough, it would completely complex with Ni** to form the
catalyst to effectively generate H,. However, once the amount of S*
jons exceed two times of Ni** ions in the system, the excess S* ions
would be left to act as trap centres which would compete with the
catalyst to capture the excited electrons from QDs, and therefore
results in the deficiency of the HPA system. Furthermore, our results
show that the highest ry,; of the 2(OH’)-QDs system is ~ 3 times
lower than that of the 2(S*)-QDs system. The possible hindrance of
electron transfer from QDs to the catalyst in the 2(OH")-QDs system,
caused by residual insulating organic ligands (Fig. S2ft), is
considered to response for the lower activity.

Since S* ions could complex with Ni*" ions to form the
catalyst for effective reduction of proton, one question is that
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whether other forms of sulfur precursor have the same effect as that
of free S* ions. To testify this, 3-MPA, a very common thiol, was
employed for comparison study. As shown in Fig. 2b, the addition of
3-MPA into the 2(S*)-QDs system exhibits the similar
photocatalytic H, production trend as that of S* ions. Our results
reveal that the H, production activity of the catalyst is likely
irrespective of the form of sulfur precursor, but highly dependent on
the Ry;s. The complex of nickel and sulfur with Ry;s=1:2, denoted
as Ni-28* (S*= S* or 3-MPA), exhibits the highest activity for our
QDs-based HPA system. UV-Vis results show that no obvious
change was observed before and after Ni** complexing with $* or 3-
MPA (Fig. S3), but electrochemical investigations on the solution
containing Ni** (100 pM) and 3-MPA (200 uM) exhibits a cathodic
feature at -0.87 V versus NHE (normal hydrogen electrode) upon the
addition of acid (Fig. S4%), which is comparable with the value
reported by Eisenberg and co-workers.” In their work, they reported
that the active complex of the nickel: dihydrolipoic acid ratio is
roughly 1:1, which means that the Ry;s of them is also ~1:2. This
result further supports our observation that the nickel and sulfur with
ratio at 1:2 gives the highest activity for the reduction of proton.
Despite the optimal ratio of nickel and sulfur for the highest activity
of the Ni-2S* has been identified, the real structure of Ni-2S* is hard
to be determined. Since the complex in solution is considered to be
labile in solution,” and many possible nickel-containing complex
structures may exist under the reaction conditions. This is evidenced
by the electrospray ionization mass spectrometry (ESI-MS) analysis
of the aqueous solution containing Ni** ions and 3-MPA with the
molar ratio of 1:2, where complicated peaks considered
corresponding to nickel-containing complex were observed (Fig.

S5+%).
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Fig. 3 H, generation experiments of the system with different
conditions under illumination at 520 nm. a, the generation of H; of the
system with the conditions of 0.075 uM 2(S*)-QDs, 100 uM Ni**, 100
pM 3-MPA and 0.8 M AA at pH 5.2 versus illumination time. b, the
generation of H, of separated component (QDs and residual solution)
with the same conditions as that of original reaction solution except
without added Ni**, 3-MPA or QDs, respectively, versus illumination
time. ¢, the generation of H, of separated component after adding new
100 pM Ni**, 100 pM 3-MPA and 0.075 uM 2(S?)-QDs, respectively,
versus illumination time. d, the generation of H; of the solution with
new QDs after bubbling with O, (30 mL min.") for 1h versus
illumination time.

Furthermore, the H, evolution efficiency of the QDs
system is also pH dependent with optimal pH value at 5.2 (Fig. 2c).
The system with pHs lower and higher than 5.2 would exhibit a
reduced efficiency due to the instability of QDs and the loss of donor
property of AA, respectively. The stability of the QDs-based HPA
system was evaluated under the conditions of 0.075 pM 2(S*)-QDs,
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100 uM Ni**, 100 uM 3-MPA, and 0.8 M AA, with pH 5.2 and
irradiation wavelength > 420 nm. As shown in Fig. 2d, the
generation rate of H, is slightly reduced during the first 4 h
illumination, and then kept stable at the average H, evolution rate
(Fave) Of ~ 5.4 mL h™'. The reason for the deficiency of the activity at
the initial stage is supposed as follows: for the freshly prepared QDs,
it is reasonable to conclude that there should exist some active sites
generated during the ligand exchange process which are considered
not stable enough. Thus, as the reaction proceeds, these active sites
would gradually diminish, which will result in the partial decrease of
the activity of the HPA system. After 20 h successive illumination,
the total generation volume of H, reaches 127.1 mL. Combined UV-
Vis spectra, TEM and HRTEM measurements (Fig. S6 and S7,})
reveal that the structure of 2(S*)-QDs does not undergo any
pronounced change after 20 h illumination. All above demonstrate
the good photocatalytic stability of the QDs-based HPA system.
Besides, under the same testing conditions, the H, evolution rate of
CdS/CdSe core/shell QDs is ~ 15 times higher than that of control
CdS core QDs (Fig. S8%), further demonstrating the superiority of
using core/shell QDs with the proper band alignment for H,
photogeneration than that of single component QDs.

The quantum yield (®) of H, generation was determined
from the system with the conditions of 0.075 uM 2(S*)-QDs, 100
pM Ni**, 100 uM 3-MPA, 0.8 M AA, and pH 5.2 under illumination
at 520 nm (Fig. 3a). It should be noted that the 2(S*)-QDs tend to
aggregate in the system, though it is water-dispersible, which will
apparently increase the light absorption of the system by scattering
and reflection of the incident light (not contribute to the H,
production). However, the ® (H,) of the system could still reach as
high as 20.6 + 1.1%. In addition, it was found that the H, production
efficiency of the HPA system is highly wavelength dependent, which
is well consistent with the absorption property of the CdS/CdSe QDs
(Fig. S97). This indicates that the H, evolution of the system is
indeed triggered by the light absorption of the CdS/CdSe QDs.

Potential/V (NHE)
hv

2| X e- -~ 5
—_—— i
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1 - 0.87V /

I Ni-25* \ZH*

/)] IEEEE— — - 1014V #~AA H/H,
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+2 |-

Scheme 1. Schematic illustration of the relative energy band diagram
of the CdS/CdSe core/shell (2-QDs)-based HPA system for H,
production in water. dHA represents dehydroascrorbic acid. Ni-2S*
indicates the complex of Ni?* with S* or 3-MPA. The potential value of
AA changing to dHA is obtained from reference 7.

To identify whether the catalyst is on the surface of QDs
or in solution, 2(S*)-QDs were separated from the reaction solution
by centrifugation after 5 h illumination and reused for additional
fresh H, generation reaction, in which each component was
subjected to the same conditions (0.8 M AA, pH 5.2) except without
adding new Ni**, 3-MPA or 2(S*)-QDs, respectively. As shown in
Fig. 3b, significant reduction of the activity for the H, evolution was

4| J. Name., 2012, 00, 1-3

observed for either of the two “incomplete” reaction systems
compared with that of original (complete) reaction solution. The
slightly higher activity for the reaction solution without QDs
originates from the residual QDs during the separation process.
However, their activity could be well recovered after introducing the
same concentration of new NiZ*, 3-MPA or 2(S*)-QDs as that of
original system, respectively (Fig. 3c). It can thus be deduced that
the Ni-2S* complex that generated in the solution provides the main
contribution for obtaining high photocatalytic activity of the QDs
system. Further X-ray photoelectron spectroscopy and inductively
coupled plasma measurement of the QDs after the photocatalytic
reaction indicate that no accumulation of Ni-2S* complex on the
surface of QDs after the reaction was found (Fig. S10%). Here it
should be noted that our QDs-based HPA system shows poor
resistance to O, passivation. As shown in Fig. 3d, after 1 h of O,
bubbling (30 mL min™'), the r,,. of the reaction system with new
QDs is significantly reduced from 1.72 mL h™' to 0.27 mL h™". Since
both S* and 3-MPA could be oxidized by O, to form S,0;> and
disulfides,”’ respectively, we attribute this to the possible oxidation
of the Ni-2S* complex by O,, which will destroy its photocatalytic
activity.

The band edge of CdS core and corresponding CdS/CdSe
core/shell QDs used in our work were estimated by Tauc plots.”® As
shown in Fig. S11+, the band gap energy (£,) of CdS core (3.9 nm)
is 2.85 eV which is larger than its bulk material (E, =2.4 eV? with
the energy of CB (E,,) at - 0.9 V versus NHE?%), thus E,,, would shift
more negative potentials due to the large quantum confinement
effect.’! After coating the 1.6 nm thick CdSe shell, the overall E, of
CdS/CdSe core/shell QDs became 2.02 eV which is still larger than
that of CdSe bulk material (£, =1.7 eV? with Ey at - 0.6 V versus
NHE??), therefore the negative shift of £, of CdSe would also be
expected. Since the potential to reduce protons of Ni-2S* complex is
0.87 eV versus NHE, the transfer of excited electrons of QDs to the
Ni-2S* complex is possible. Despite the accurate band positions of
CdS/CdSe core/shell QDs cannot be determined, we could still
propose the operating mechanism of our CdS/CdSe core/shell QDs-
based HPA system. As indicated in Scheme 1, upon the band gap
illumination, the photo-induced electron-hole pairs are generated
both in the CdS core and CdSe shell. Due to the energy of CB and
VB of CdSe shell lies lower and higher than that of CdS core,
respectively, the excited charge carriers of CdS core will migrate to
the CdSe shell, and subsequently, the electrons generated both by
CdS core and CdSe shell transfer to the Ni-2S* and followed by
proton reduction to H atom and finally H,; on the other hand, the
holes will oxidize AA to form dehydroascrorbic acid and protons.

Conclusions

In summary, the developing of a simple and cost-effective, but
highly efficient QDs-based HPA system for the photogeneration of
H, from water splitting is a solid step towards a green and renewable
energy. Besides the band engineering of QDs to facilitate the charge
carriers to migrate to the surface of QDs and improve the charge
separation, the exploration of ordinary catalyst without sacrificing its
activity is also crucial. We present here a significantly convenient
method to obtain a cost-effective and highly efficient catalyst for
solar H, generation from water. We have proven that not only nickel
but also sulfur is indispensable for the high activity of the QDs-
based catalyst and an optimal ratio of nickel and sulfur is required
for the highly efficient H, generation. Our results and findings
provide new insights into the photogeneration of H, of the QDs-
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based artificial photosynthesis system and are expected to accelerate
the process of its practical energy applications.
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