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ABSTRACT

for improving the ef?ciency of a photocatalyst (a semicon
ductor photocatalyst) by tethering (depositing) a metal (e. g.,
metal ions of a late transition metal, such as nickel) to the
semiconductor (photocatalyst) surface through the use of an
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organic ligand. More speci?cally, 1,2-ethanedithiol (EDT)
functions as an excellent molecular linker (organic ligand) to
attach a transition metal complex (e.g., nickel (Ni2+ ions)) to
the semiconductor surface, Which can be in the form of a

cadmium sul?de surface. The photocatalyst has particular

utility in generating hydrogen from H28.

Patent Application Publication

Mar. 5, 2015 Sheet 1 0f 2

US 2015/0064105 A1

Fig. 1. Conceptual scheme of CdS surface modification with ethanediihiol

nickel species.
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Fig. 2. DR UV-VIS spectra of CdS, CdS-EDT-Ni and EDT-Ni polymer with CdS.
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TETHERED TRANSITION METALS
PROMOTED PHOTOCATALYTIC SYSTEM
FOR EFFICIENT HYDROGEN EVOLUTIONS
CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on and claims priority to
US. Provisional Patent Application Ser. No. 61/874,063,

?led on Sep. 5, 2013, which is hereby incorporated by refer
ence as if set forth in its entirety herein.

TECHNICAL FIELD

[0002]

The present invention relates to a photocatalyst

material (semiconductor photocatalyst) and more speci?
cally, to a process for tethering the photocatalyst surface with
a metal (e.g., nickel ions or other transition metal ions) by a

linker (organic ligand) to improve the performance of the

photocatalyst, thereby providing improved photocatalytic
systems for ef?cient hydrogen evolutions as well as other for

use in other photocatalytic applications.

cess cannot recover the energy contents of H2S and cannot

produce highly demanded H2.
[0006] Catalysis is the process in which a substance par
ticipates in modifying the rate of a chemical transformation of
the reactants without being altered or consumed in the end.
This substance is known as the catalyst which increases the
rate of a reaction by reducing the activation energy. Generally
speaking, photocatalysis is a reaction which uses light to
activate a substance which modi?es the rate of a chemical

reaction without being involved itself. The photocatalyst is
the substance which can modify the rate of chemical reaction

using light irradiation.
[0007] A semiconductor photocatalyst has an energy band
structure in which the conduction band and the valence band
structure are separated by a forbidden band. When a photo

catalyst is irradiated with light having energy equal to or
higher than a band gap, electrons in the valence band are
excited to the conduction band, while holes are generated in
the valence band. The electrons excited to the conduction

band have higher reducing power than that when the electrons
are present in the valence band, and the holes have higher

oxidizing power.
BACKGROUND

[0008]

Thus, photocatalysis can be in the form of a process

that involves light absorption by a semiconductor, particu
[0003] Natural gas operations and hydrodesulfurization
processes at re?neries produce large quantities of hydrogen

larly, in the form of particulates and generation of excitons to
be separated to make redox reactions. The process allows the

sul?de (HZS). Some sour gas wells can contain greater than

free-energy positive reaction (a thermodynamically unfa

30% of H2S. H2S is corrosive in nature and impedes the

vored reaction) to happen utilizing photon energy incident to

integrity of pipeline. H2S induces hydrate formation and
impacts gas production. H2S is toxic, environmental harmful

a reactor (device), which can be utilized for solar energy
conversion to chemical energy.

and therefore, it must be neutralized.
[0004] In the step of desulfurizing crude oil which is gen

using semiconductor powder materials has gained consider

erally conducted presently, heavy naphtha is subjected to
hydro?ning during crude oil distillation to recover all of the
sulfur ingredients contained in the crude oil as hydrogen

sul?de. Currently, the predominant process for converting
H2S into non-toxic elemental sulfur is the Claus sulphur

[0009] Photocatalytic evolution (generation) of hydrogen
able attention because of the importance of solar energy con
version or recovering energy from waste, such as biomass

related organic wastes and hydrogen sul?de. Utilizing solar
energy for photocatalysis requires not only extensive absorp
tion in visible light range but also large scale application with

recovery process. The Claus process includes a number of

low capital cost. The earth-abundant elements are therefore

different steps that are performed to neutralize the toxic H2S.

preferred to be the components of the photocatalyst materials.

First, the H2S is separated from the host gas stream using

Noble metal nanoparticles are generally good electrocatalyst

amine extraction. Then, the H2S is fed to a Claus unit, where
it is converted in the following two steps. The ?rst step is a
thermal step in which the H2S is partially oxidized with air.
This is done in a reaction furnace at high temperatures (1000
14000 C.). Sulfur is formed, but some HZS remains unreacted,
and some S02 is made. The second step is a catalytic step in
which the remaining H2S is reacted with the S02 at lower
temperatures (about ZOO-350° C.) over a catalyst to make
more sulfur. A catalyst is needed in the second step to help the

materials to reduce water/proton to generate hydrogen mol
ecules, and thus e?icient photocatalysts can include noble

components react with reasonable speed. Unfortunately, the
reaction does not go to completion even with an optimal
catalyst. For this reason, two or three stages are used, with

sulfur being removed between the stages. Inevitably, a small
amount of H2S remains in the tail gas and this residual quan

tity, together with other trace sulfur compounds, is usually
dealt with in a tail gas unit.

[0005]

While the Claus process can yield high conversion

metal nanoparticles on the surface of semiconductor materi

als. Finding the alternative of noble metals possessing high
electrocatalytic activity is still awaited and is desirable.
[0010] For high ef?cient conversion of photocatalytic
water splitting, modi?cation of the photocatalyst surface with
a cocatalyst is essential because of enhancement in the charge
separation creating new metal-semiconductor electronic

structure, and in electrocatalytic properties that catalyze the
target redox reactions. Many nanomaterials decorated (de
posited) on the photocatalyst material, such as Pt, PtiPd(S),
Au, MoSZ, and Ag2S have been reported to enhance photo
catalytic hydrogen evolution. For many years, a nickel-based
nanoparticle structure is known to be active for photocatalytic
water splitting reaction and a moderate size (typically greater
than 10 nm) of metallic nickel particles has been considered

rates, there are a number of de?ciencies associated with this

to be utilized for an active site of hydrogen evolution. A more

sulfur recovery process. In particular, the Claus process

recent study reported that nickel-thiolate complexes possibly

necessitates an enormous amount of energy because of not

work effectively as hydrogen evolution sites.
[0011] Despite these advances, there is still a need for

only the catalytic reaction of sulfurous acid gas with hydro
gen sul?de but also repetitions of heating and condensation.
The process has further problems, for example, that the man
agement of sulfurous acid gas is costly. In addition, the pro

improvements in solar-based hydrogen production technolo
gies and in particular, there is a need for an improved alter
native process for the simultaneous conversion of H2S or its
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containing gases into valuable hydrogen and sulfur. In other
words, there is a desire and need for a method for decompos

ing hydrogen sulphide with a photocatalyst to yield hydrogen
and sulfur and which can be put to practical use, thereby
making it possible to decompose hydrogen sul?de as a harm
ful substance with a smaller amount of energy to produce
hydrogen and sulfur as useful substances.
[0012] This is particularly true for industries that are

located in areas that have high annual solar irradiation, such
as Saudi Arabia.

from H2S by tethering a metal (e.g., metal ions of a late
transition metal) to the semiconductor (photocatalyst) surface
through the use of an organic ligand as described herein. The
application of the process of the present invention to the

neutralization of H2S and the resulting production of hydro
gen from the H2S is understood to be one exemplary appli
cation of the photocatalyst. Sulfur is also produced as a result

of the conversion of the H2S using the semiconductor photo
catalyst material of the present invention. Thus, it will be
appreciated and understood that the present invention has

other applications besides production of hydrogen from H2S
SUMMARY

[0013] The present invention is directed, at least in part, to
a process for improving the ef?ciency of a photocatalyst

(semiconductor photocatalyst) by tethering (depositing) a
metal (e.g., metal ions of a late transition metal, such as

nickel) to the semiconductor (photocatalyst) surface through
the use of an organic ligand as described herein. In one or

more variations, 1,2-ethanedithiol (EDT) functions as an

excellent molecular linker (e.g., organic ligand) to attach a

metal complex (e.g., nickel (Ni2+ ions)) to the semiconductor
surface, which can be in the form of a cadmium sul?de (CdS)
surface.
[0014] The photocatalyst of the present invention can be
used in a number of different applications, including for the

generation of hydro gen from HZS, water splitting, CO2 reduc
tion, etc.
BRIEF DESCRIPTION OF THE DRAWING
FIGURES

and in particular, the teachings of the present invention can be
applied to other photocatalytic applications, such as water

splitting and CO2 reduction.
[0020] Traditionally, the efficiency of photocatalysts was
enhanced by direct transition metal doping on surfaces of
semiconductors that are suitable for the intended applica
tions. However, there are limitations and de?ciencies with
such an approach. As set forth herein, one major difference
between this traditional process and the process of the present
invention is that, in accordance with the present invention, the
semiconductor does not have a dopant layer as in the tradi

tional direct doping approach.
[0021] Instead of using a conventional metal doping pro
cess to enhance the efficiency of the photocatalyst, the present
invention is directed to providing improved semiconductor
photocatalysts by modifying the semiconductor surfaces at a
molecular level. More speci?cally, a molecular linker (such
as an organic ligand) is used to attach metal complexes (e. g.,
nickel complexes) to the surface of the semiconductor pho

tocatalyst. As mentioned herein, this modi?cation, in the form
[0015] FIG. 1 shows a scheme of CdS surface modi?cation
with ethanedithiol-nickel species in accordance with one

of a tethered transition metal for example, yields an improved
photocatalyst material that is particularly suited for use in the

embodiment of the present invention; and

generation of hydrogen from H2S (however, other applica

[0016] FIG. 2 is a DR UV-VIS spectra of CdS, CdS-EDT
Ni and EDT-Ni polymer with CdS.

tions are equally possible). The process of the present inven
tion avoids charge recombination at catalytic active sites and

require much less metal, which is normally expensive, to
DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

[0017]

Accordingly, one object of the present invention is

to overcome the drawbacks of the related-art techniques

achieve the same or better conductivity (relative to traditional

methods and materials) and hence better efficiencies of pho

tocatalysis.
[0022] FIG. 1 illustrates a process for modifying the surface
of a semiconductor photocatalyst in accordance with the

described above and provide a photocatalyst which has high
catalytic activity, is nontoxic, has a long life, can utilize
visible light as it is for photocatalytic reactions, and is useful

present invention to improve the performance properties of
the photocatalyst material.

especially for hydrogen generation. Another object of the

[0023] Photocatalyst Material

present invention is to provide a process for producing the

[0024] Any number of different semiconductor photocata

photocatalyst.

lyst materials can be used in accordance with the present
invention so long as they are suitable for the intended appli
cations. For example, the semiconductor photocatalyst mate

[0018] As discussed herein, in one intended exemplary
application, the photocatalytic system in accordance with the
present invention requires the presence of nickel ions dis
solved in the solution (homogeneous phase), which changes
the oxidation state from Ni2+ to Ni+ during the photocatalysis.

rial can comprise one or more sul?des, including but not

limited to CdS, MoS2, FeS, CoS, NiS, MnS2, ZnS, ZnSZ,

Cu2S, Rh2S, Ag2S, HgS, In2S3, SnS2, PbS, SnS2, PbS, SnS,

Therefore, the nickel ion has to remain in the solution, which

TiS, and Sb2S3. In one exemplary embodiment, the semicon

makes the practical application di?icult. One objective of the

ductor photocatalyst material is in the form of a cadmium
sul?de (CdS) material. As is known, cadmium sul?de is a

present invention is thus to provide a process to effectively
stabilize these nickel complexes on a surface of a semicon

ductor photocatalyst material and thereby, substantially
improve the photocatalytic performance of the system. The
process of the present invention achieves such results by
modi?cation of the semiconductor surface as discussed

direct band gap semiconductor that functions as a semicon
ductor photocatalyst and is often used as a core component of
a solar cell, as well as other applications. The CdS material is

prepared using conventional techniques including but not
limited to synthesizing techniques that produce CdS with

high crystallinity (CdS nanocrystals).

herein.
[0019] The present invention is directed, at least in part, to
a process for improving the ef?ciency of a photocatalyst

[0025] In one or more variations, the semiconductor pho
tocatalyst material can also comprise one or more oxides,

(semiconductor photocatalyst) for production of hydrogen

including but not limited to TiO2, CoTiO3, NiTiO3, CuTiO3,
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ZnTiO3, V205, FeOZ, FeO3, CuO, NiO, CuZO, ZnO, and
SrTiO3. In at least one variation, the semiconductor photo
catalyst material can comprise one or more other semicon

treated with low quantity of EDT in step 1 (e.g., adding up to
0.01 ml of 1% EDT solution), the photocatalytic performance
monotonically increased, indicating that the EDT amount

ductor materials, including but not limited to CdSe, ZnSe,

was not saturated on the CdS surface. Applicant discovered

PbSe, Ag2Se, CuInS2, CuInGaSe2, ZnS2CdSe.
[0026] Molecular Linker/Metal Species

that adding more EDT in the solution (e. g., >0.01 ml) did not

[0027]

similar rates. This result is consistent with the irreversible and
reproducible nature of the EDT adsorption on the CdS par

The process involves the use of a molecular linker to

attach a metal (e.g., transition metal), such as nickel (a late
transition metal) to the surface of the semiconductor photo
catalyst material. Other transition metals and related metals
suitable for the intended applications of the present invention
include but are not limited to Ag, Au, Pb, Ru, Ir, Cu, Fe, Mn,

Co, and Pt/Au alloy. The present applicant discovered that
1,2-ethanedithiol (EDT) functions as an excellent molecular
linker (organic ligand) to attach a transition metal complex to

cadmium sul?de surfaces (surfaces of the semiconductor

material). 1,2-ethanedithiol (EDT) is a colorless liquid with
the formula C2H4(SH)2 and acts as an excellent ligand for

metal ions. Other organic ligands (molecular linkers) suitable
for the intended applications of the present invention include
but are not limited to 2-mercaptopropionic acid, thioglycolic

acid, 11-mercaptoundecanoic acid, mercaptosuccinic acid,
1,4 benzenedithiol, 4,4'-dimercaptostilbene, p-phenylenedi
amine, 4-mercaptobenzoic acid, sodium 2,3-dimercaptopro
panesulfonate monohydrate, 1,3,4-thiadiazole-2,5-dithiol,
trithiocyanuric acid, biphenyl-4,4-dithiol, and (3-mercapto
propyl)triethoxysilane.
[0028] Referring speci?cally to FIG. 1, after formation of
the semiconductor material, in this case synthesized CdS

improve further the photocatalytic performance, but gave
ticulates, giving subsequently the similar amount of nickel
deposition on the surface. Neither direct immersion of CdS
into the Ni solution without EDT treatment nor EDT treat

ment only without Ni immobilization gave high rate of hydro
gen evolution. Based on the foregoing, EDT was essential for
nickel immobilization, as well as the presence of nickel was

essential for high performance of the photocatalysis. In other
words, the performance of both steps (steps 1 and 2) shown in
FIG. 1 provides improved results and enhances the perfor
mance of the photocatalyst.

[0032]

FIG. 2 shows the diffuse re?ectance UV-Vis spec

trum of various species including: (1) bare CdS which shows
a characteristic absorption edge of the CdS at 550 nm; (2)
CdS-EDT-Ni (with surface modi?cation with nickel-EDT
species, this absorption edge was not affected by the presence
of the nickel-EDT species); and (3) EDT-Ni polymer with
CdS (without ?ltering of the sample from EDT solution and
adding directly the Ni source, a nickel-EDT polymer was
formed and this in turn gave additional absorption up to 1000

nanocrystals, the semiconductor material is treated in a
diluted EDT in ethanol solution. This treatment is for a pre
determined amount of time, such as about 6 hours, to ensure
saturation of the CdS surface with the EDT species. This
treatment is indicated as step 1 in FIG. 1.

nm beyond the absorption edge of CdS at 550 nm, giving the
visual green color of the powder. However, Applicant discov
ered that using this nickel-EDT polymer as a photocatalyst
material did not result in the generation of hydrogen (i.e., no
hydrogen evolution was detected). As a result, this polymer is

[0029]

not a good candidate, in and of itself, for use as a photocata

As shown in step 2 of FIG. 1, after ?ltration, the CdS

nanocrystals are suspended in a 2 M Ni2+ aqueous solution.

lyst in the conversion of H28 into hydrogen and sulfur.

This solution is agitated, as by stirring, for a predetermined

[0033] The quantum ef?ciency (QE) results are also shown
in FIG. 2. The results show relatively high QE with accor

period of time, such as about 6 hours (however, less or more

agitation time is possible). It will be understood that the
treatment time can vary depending upon the speci?c applica
tion and other operating parameters (thus, the treatment time
may be less than 6 hours or more than 6 hours).

[0030] Diffuse re?ectance Fourier-transformed infrared
(DRIFT) spectra indicates the bare CdS surface contains
remaining acetate species on the surface from the Cd precur
sor. For the CdS sample treated with EDT, the signals at 3068,

dance with the absorption edge (~540 nm), consistent with
the band gap excitation of CdS as the source of the hydrogen

evolution. The QE was found out to be high (>10%) in visible
range, with the maximum of 19.4% at 460 nm.

[0034] In a separate experiment, a sample was decorated
with 1 wt % Pd prepared by a conventional impregnation
method and this sample has a higher QE of 36% at 460 nm and

2968, 2937, 2878 cm'1 associated with asymmetric/symmet

the nickel-EDT amount required was much smaller. Based on

ric CH stretching vibration as well as 1550 and 1432 cm—1

the foregoing, this material may provide a suitable photocata
lyst material for use in certain applications.

from typical bidentate acetate species decreased and the
intensity for EDT footprints (e.g., 2922 cm“1 for CH stretch
ing) was enhanced by the EDT treatment indicative of suc
cessful modi?cation of the surface of CdS with EDT. Ni
modi?cation led to decrease in intensity of the EDT foot
prints, which is indicative of the successful decoration of Ni

species utilizing EDT functional groups. The results from
elemental analyses for C/H/N show that the presence of the
carbon was detected at low quantity, consistent with the FTIR
results. The foregoing results indicate the successful tethering
of the photocatalyst surface with nickel ions (or other metal

[0035] Applicant has thus discovered that 1,2-ethanedithiol
(EDT) functions as an excellent molecular linker to attach

nickel complex (or the like) to cadmium sul?de surface. The
Ni(EDT)2 formation constant is very high (1025) and this
permits the EDT to function as an excellent molecular linker

in the present application. The surface modi?cation through
this molecular approach is highly reproducible because the
amount of the Ni modi?er is essentially determined by the
amount of EDT deposited on the CdS surfaces. Even though

ions) by EDT (the linker).

the amount of the nickel immobilized on the surface was very

[0031]

small (e. g., ~0.1 wt %), the highly stable hydrogen evolution

Photocatalytic measurements were carried out in

0.5 M NaZS 0.5 M NaZSO3 using the samples prepared in

(TONM>8000) was achieved at high rates from sulfur-con

different EDT content (step 1 in FIG. 1) followed by immers
ing in nickel solution (step 2 in FIG. 2). For the samples

taining aqueous solution, reaching ~20% quantum ef?ciency
(QE) in a visible range.
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EXAMPLE

[0036] A photocatalyst material of the present invention is
hereinafter described further in detail by way of the follow
example(s). However, the present invention is not limited to

the following example(s).
Example 1

[0037] 1,2-ethanedithiol (EDT) and nickel(II) nitrate
hexahydrate (Ni(NO3)2.6H2O, 298.5%) were purchased
from Sigma-Aldrich. The disodium sul?de nonahydrate

(Na2S.9HZO, 298%) and cadmium (II) diacetate dehydrate
(Cd(OAc)2.9HZO, 298%) were purchased fromAcros Organ
ics. All chemicals were used without further puri?cation. The

synthesis of CdS nanocrystals involved mixing together 400
ml of Na2S (0.14 M) aqueous solution with 500 ml of

(7»:0154 nm). UV-Vis spectra were collected on JASCO

V-670 spectrophotometer equipped with an integrating
sphere. CV measurements were performed with a Bio-Logic
VMP3 electrochemical station using a three-electrode system

with an Au disk working electrode (3 mm) for RRDE-3 (ALS
Co., Ltd.), carbon paper counter electrode (Toray TGP-H

60), and Ag/AgCl (KCl saturated) reference electrode. The
measurements were conducted at a rotating speed of 1600

rpm under Ar atmosphere, in 0.5 M Na2SO4 (299.99%,

Sigma-Aldrich) with pH of 13, adjusted by NaOH (99.99%,
Sigma-Aldrich). The XPS spectra were obtained from
AMICUS KRATOS using Mg/Al anodes at 12 kV and 10
mA. TITAN ST transmission electron microscope operated at
300 kV was utilized to characterize the morphology and
particle size distribution. The DRIFTS measurements were
conducted on Thermal Scienti?c Nicolet 6700 under ?owing

Cd(OAc)2 (0.14 M) aqueous solution and the mixing
occurred under vigorous stirring. After continuous stirring for

nitrogen. The samples were pre-heated at 120-2000 C. in

approximately 24 hours, the solution was ?ltered and the
solid was washed with deionized water. This washing step
was repeated several times. The resulting yellow solid was
then dispersed in 100 ml deionized water and transferred into
a Te?on-lined stainless autoclave for hydrothermal process

change by this treatment.

attempt to remove adsorbed water, but the spectra did not

INDUSTRIAL APPLICABILITY

[0042]

It will be understood from the above disclosure that

the photocatalyst of the present invention has high catalytic

ing. After being heated at 453 K for 3 days, the yellow solid

activity, is nontoxic, can utilize visible light as it is for pho

was ?ltered again and kept under vacuum till dry. The result

tocatalytic reactions, and is useful for hydrogen generation,

ing structure was a CdS substrate.

etc.

[0038]

After sonicating a solution of CdS (100 mg) in tolu

[0043]

The present invention may be embodied in other

ene (50 mL, >99.9% Sigma-Aldrich) at room temperature,

speci?c forms without departing from its structures, methods,

various volumes of 1% (v/v) EDT solution in ethanol (abso

or other essential characteristics as broadly described herein

lute grade, Sigma-Aldrich) was added to the CdS solution.
The resulting mixture was stirred for about 6 hours and then

centrifuged. The precipitates were washed with ethanol (20
mL) 3 times, and then re-dispersed in ethanol (40 mL). To the
suspension, 5 M Ni(NO3)2 in ethanol (10 mL) was added and
stirred for about 1 hour and then centrifuged. The resulting
precipitates were washed with ethanol (20 mL) 3 times, cen
trifuged, and dried under vacuum at 50° C. resulting in a

greenish yellow solid with quantitative yield being formed.
[0039] A photocatalytic test (described herein) was carried
out using a recirculating batch reactor unit and top-irradiated
type photocatalytic reactor. The accumulated gaseous prod
ucts were analysed by using a Bruker-450 gas chromatograph
equipped with a TCD and a Molecular Sieve 5A column. The

light source used was anAsahi Spectra MAX-303 (300 W Xe
lamp) with a cold mirror and various band pass ?lters. The
photon irradiance was measured using EKO LS-100 spectro
radiometer and the photon distributions are shown in support

ing information. Typically 50 mg of photocatalyst was
immersed well by sonication in 25 ml of 0.5 M Na2S, 0.5 M
Na2SO3 (Alfa Aeser, 98%). The reactor was set to the recir
culating system and the dissolved air in the solution was
evacuated before the photocatalytic test.
[0040] The synthesized samples were characterized by

and claimed hereinafter. The described embodiments are to

be considered in all respects only as illustrative, and not
restrictive. The scope of the invention is, therefore, indicated

by the appended claims, rather than by the foregoing descrip
tion. All changes that come within the meaning and range of
equivalency of the claims are to be embraced within their
scope.
What is claimed is:

1. A process for producing a photocatalyst comprising the
steps of:
forming an initial semiconductor photocatalyst material;
exposing the initial photocatalyst material to a ?rst solution

containing an organic ligand resulting in the formation
of a photocatalyst material having the organic ligand
deposited on a surface thereof; and

suspending the photocatalyst material which has the
organic ligand deposited thereon in a metal aqueous
solution to form a photocatalyst material that has a

metal-organic ligand species deposited thereon.
2. The process of claim 1, wherein the initial photocatalyst

material comprises CdS.
3. The process of claim 2, wherein the initial CdS photo

catalyst material comprises synthesized CdS nanocrystals.
4. The process of claim 1, wherein the organic ligand

inductively coupled plasma optical emission spectrometer
(ICP-OES), elemental analysis (C, H, N), X-ray diffraction
(XRD), UV-Vis absorption spectra, cyclic voltammetry (CV),
X-ray photoelectron spectroscopy (XPS), transmission elec

comprises 1,2-ethanedithiol (EDT).

tron microscopy (TEM) and diffuse re?ectance infrared Fou

comprises Ni“.

rier transform spectra (DRIFTS).
The amounts of Ni, Cd and S were measured by

7. The process of claim 1, wherein the initial photocatalyst
material is exposed to the solution containing the organic

ICP-OES on Varian 720-ES. Elemental analysis was carried

ligand for a suf?cient period of time to ensure saturation of a

out using a Flash 2000 Thermo Scienti?c CHNS/O analyser.

surface of the photocatalyst material with the organic ligand.

[0041]

The XRD patterns of the products were collected on a Bruker

DMAX 2500 X-ray diffractometer using Cu Ka radiation

5. The process of claim 1, wherein the metal aqueous
solution comprises a transition metal.
6. The process of claim 5, wherein the transition metal

8. The process of claim 7, wherein the suf?cient period of
time is at least about 6 hours.

Mar. 5, 2015

US 2015/0064105 A1

9. The process of claim 1, wherein the ?rst solution com

forming CdS precipitates from the ?rst mixture;

prises l,2-ethanedithiol (EDT) in an ethanol solution.
10. The process of claim of claim 1, Wherein the photo

redispersing the CdS precipitates in a second solution to
form a suspension;

catalyst material having the organic ligand deposited on the
surface thereof is ?ltered prior to being suspended in the

forming a CdS photocatalyst material that has Ni-EDT

metal aqueous solution.

species attached to a surface thereof.
20. The process of claim 19, Wherein the ?rst and second

11. The process of claim 1, Wherein the step of suspending
the photocatalyst material further comprises the step of stir
ring the metal aqueous solution for a predetermined period of
time.
12. The process of claim 11, Wherein the predetermined
period of time is at least 6 hours.
13. The process of claim 1, Wherein the photocatalyst is

adding Ni(NO3)2 to the suspension; and

solutions comprise ethanol.
21 . A photocatalyst made in accordance With the process of
claim 14.

22. A photocatalyst that is capable of converting H28 into
hydrogen and sulfur and has the formula:

capable of: (1) hydrogen evolution from HZS; (2) water split
ting and (3) CO2 reduction.

S INK

14. A process for producing a photocatalyst that is capable

of converting H28 into hydrogen and sulfur comprising the
steps of:
preparing a photocatalyst material; and
using an organic ligand to attach a transition metal species
to a surface of the photocatalyst material Without the

formation of a dopant layer.
15. The process of claim 14, Wherein the photocatalyst

material comprises CdS.
16. The process of claim 14, Wherein the organic ligand

comprises 1,2-ethanedithiol (EDT).
17. The process of claim 14, Wherein the transition metal

comprises Ni2+.
18. The process of claim 14, Wherein the transition metal
species comprises a late transition metal species.
19. The process of claim 15, Wherein the step of using the
organic ligand to attach the transition metal species comprises
the steps of:
adding 1,2-ethanedithiol (EDT) to a ?rst solution contain
ing the CdS photocatalyst material to form a ?rst mix

ture;

23 . A process for hydrogen evolution from H28 comprising

the steps of:
using a photocatalyst that has a Ni-l,2-ethanedithiol
(EDT) complex deposited on a surface of a substrate of

the photocatalyst to generate hydrogen from H28.
24. The process of claim 23, Wherein the substrate com
prises a semiconductor substrate.
25. The process of claim 24, Wherein the semiconductor
substrate comprises a CdS material.
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