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The conversion of H2S into H2 and S (H2S → H2 + S) is beneficial from both environmental and energy
standpoints. Here we report that H2S can be splitted stoichiometrically into hydrogen and sulfur on CdS-
based photocatalysts under visible light irradiation using ethanolamine as a H2S solvent and reaction
media at room temperature. Raman spectra showed that the produced sulfur existed as S2−

4 and S2−
6 after

photocatalytic reaction. The hydroxyls of the reaction media were found to be crucial for the hydrogen
production, and the rate-determining step (RDS) of photocatalytic splitting H2S in diethanolamine is
discussed. Electrochemical evaluation showed that the potential of H2S splitting in ethanolamine was
greatly lowered and the photogenerated electrons could be fully used to reduce protons for hydrogen
production. A free-radical-related one-electron electrochemical oxidation process on platinum electrode
is suggested. This work demonstrates the possibility of the direct splitting H2S into S and H2 via
photocatalysis.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen sulfide (H2S) is a toxic chemical emitted in large
quantities from both natural sources and industrial processes
[1–4]. An increasing source of H2S is produced in large quantity
from chemical industry such as natural gas utilization, hydrodesul-
furization of crude oil and coal chemistry [3,4]. Even with trace
amount, H2S has serious poisoning effect on noble metal cata-
lysts used in many industrial processes, including hydrogenation,
ammonia synthesis, and fuel cells [5,6]. Most of the current in-
dustrial technology for removing H2S is an absorption/stripping
system using aqueous solutions of ethanolamines, followed by a
Claus process to decompose H2S into water and sulfur [H2S +
(1/2)O2 → H2O + S] [7]. But this is not an economically viable
process, due to the high cost of the chemical process and the
process actually results further environmental problem [8]. More
importantly, the hydrogen (a highly in-demand raw chemical and
energy source) potentially stored in H2S is not reclaimed in the
Claus process [8,9].

Various strategies for converting H2S into hydrogen and sulfur
to resolve the environmental problems and produce hydrogen have
been proposed. For example, the thermal decomposition of H2S
into H2 and S has been well investigated [9,10]. But the equilib-
rium conversion is quite low even at high temperatures, because
the complete splitting reaction of H2S is thermodynamically un-
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favorable (�G0 = 33 kJ/mol); therefore, thermal and other con-
ventional methods to directly convert H2S require additional en-
ergy [9,10]. Scientifically, the direct decomposition of H2S into H2
and S is a very interesting chemical reaction, involving a series of
important chemical processes, including photocatalytic splitting of
H2O into H2 and O2 [11].

Growing concerns about the environment and resource utiliza-
tion have pushed the research for novel technologies to convert
H2S to S and H2 using solar energy [11,12]. Recovery of both
hydrogen and sulfur from H2S through environmentally friendly
photocatalytic technology is an ideal alternative to the Claus pro-
cess. The indirect conversion of H2S with photocatalysis has been
extensively investigated. In this process, H2S is dissolved in a ba-
sic aqueous solution, such as NaOH, to produce sulfide ions (S2−
and/or HS−), and then the sulfide ions are used as sacrificial agents
in photocatalytic hydrogen production reaction from water [13–18].
Unfortunately, additional reducing agents, such as sulfite (SO2−

3 )
or hypophosphite (H2PO−

2 ), must be used together with the sul-
fide ions to maintain the catalytic activity while producing various
byproducts (e.g., S2O2−

3 , SO2−
4 , S2O2−

6 ) in aqueous solution instead
of elemental sulfur. The diluted solution with the sulfur oxysalts
(S2O2−

3 , SO2−
4 , S2O2−

6 ) is a major source of pollutants from chemical
industry; obviously, separating and purifying such diluted byprod-
ucts is more costly and difficult than treating H2S by the conven-
tional Claus process.

Therefore, a direct splitting of H2S to produce H2 and S using
solar energy is the most promising desirable process to solve the
environmental problems and produce clean energy, H2. Here we
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found that H2S can be stoichiometrically converted to H2 and S in
ethanolamine solvent under visible light irradiation, and that the
quantum efficiency for the hydrogen production can be as high
as 30% for CdS-based semiconductor materials loaded with noble
metals as co-catalysts.

2. Experimental

2.1. Preparation and characterization of CdS

Highly crystalline CdS nanoparticles were prepared by a precip-
itation-hydrothermal process. All of the reagents were analytical
grade and used without further purification. In a typical prepara-
tion procedure, Cd(CH3COO)2·2H2O was dissolved in water with
a concentration of 0.15 mol L−1 (M) and precipitated by aqueous
Na2S solution. The yellow amorphous CdS was washed with co-
pious deionized water, followed by hydrothermal crystallization at
200 ◦C for 3 days in a Teflon-lined stainless steel autoclave. The
CdS powder was collected by filtration and washed several times
with water and ethanol. After drying at 80 ◦C in a vacuum, the fi-
nal yellow powder was obtained.

Transmission electron microscopy (TEM) (JEOL JEM-2000EX,
120 kV) images of the catalyst sample demonstrated a mean crys-
talline size of CdS particles of about 50 nm. X-ray diffraction (XRD)
(Rigaku D/max-2500 diffractometer, CuKα, 40 kV, 100 mA) and
high-resolution TEM (HRTEM) showed that the prepared CdS was
well crystallized with a pure hexagonal wurtzite structure.

2.2. Loading of M, Pt–M, MS, and Pt–MS on CdS

H2PtCl6·6H2O(99.99%) and RuCl3·xH2O were purchased from
China Medicine Shanghai Chemical Reagent Corp. PdCl2·2H2O and
RhCl3·xH2O were purchased from China Beijing Chemical Reagent
Corp. The aqueous solution of noble metal compound was pre-
pared from deionized water. All chemicals were used as received.

Noble metals (M and Pt–M) were loaded onto CdS as a co-
catalyst by in situ photochemical deposition [15–19]. Typically, the
prepared CdS powder (0.5 g) was dispersed in aqueous acetic so-
lution (150 ml 0.1 M), followed by the addition of appropriate
amount of noble metal compound solutions. Then the mixture was
irradiated under visible light (300 W Xe lamp, λ > 420 nm) in vac-
uum for 0.5 h to photoreduce the noble metal on the CdS surface.
The reacted solution was filtrated and washed with deionized wa-
ter to get an M/CdS (Pt–M/CdS) photocatalyst. Noble metal sulfide
(MS or Pt–MS) was loaded on CdS by precipitation method. Typ-
ically, the CdS (Pt/PdS) was dispersed in aqueous Na2S solution
(150 ml 0.3 M), followed by the slow addition of the corresponding
noble metal compound solution. Then, similar to the aforemen-
tioned process, the solution was irradiated in vacuum and filtrated
to produce MS/CdS (Pt–MS/CdS).

2.3. Photocatalytic reactions

Photocatalytic reaction solutions were prepared by dissolving
H2S gas (99.9%) in different amine solvents that had been pre-
viously dehydrated with molecular sieves (5-Å). The concentra-
tion of sulfide ions in solvent was determined by the titration
method [20]. The H2S-amine solution was mixed with an excess of
acidic I2–KI solution (0.05 M). The excess iodine was back-titrated
with Na2S2O3 solution (0.05 M), using starch as an indicator:

C + H2S = CI2–KI × V I2–KI/V H2S.

Photoactivities of the samples were examined in a closed gas
circulation and evacuation system [15–19]. The evolved amounts
of H2 were analyzed by online gas chromatography (TCD, molec-
ular sieve 5-Å column, and Ar carrier). The M/CdS photocatalyst
was dispersed in a Pyrex reaction cell containing 100 mL of H2S-
amine solutions. A thermostatted water jacket was set around the
reaction cell to control the reaction solution at a prespecified tem-
perature. A 300-W Xe lamp equipped with an optical cutoff filter
(λ > 420 nm) was used as the light source. A shutter window filled
with water was placed between the Xe lamp and the reaction cell
to remove infrared light illumination.

2.4. Raman spectra

Raman scattering spectra were recorded in back-scattering ge-
ometry on an Acton Raman spectrometer equipped with a liquid
nitrogen-cooled CCD detector at a resolution of 4 cm−1. A 532-
nm semiconductor laser was used as the excitation source, and the
laser power at the sample was set as 60 mW. All experiments were
performed with a quartz tube at room temperature.

2.5. Electrochemical experiments

A typical three-electrode electrochemical system was used for
linear sweep voltammetry measurements. A platinum plate was
used as the working electrode with surface area of around 6 cm2,
with another platinum plate with a much larger surface area used
as the counter-electrode and an SCE used as the reference elec-
trode. The desired solid Na2SO4 was added to the H2S–DEA or
Na2S–NaOH solution up to a concentration of 0.2 M to func-
tion as a supporting electrolyte. The scan rate was 50 mV/s, and
all measurements were carried out on an EG&G 2273A potentio-
stat/galvanostat at room temperature. The electrolyte was kept un-
der continuous magnetic stirring during the measurements.

3. Results and discussion

3.1. Photocatalytic splitting of H2S in ethanolamines

Fig. 1 shows the photocatalytic H2 evolution from H2S split-
ting on Pt/CdS catalyst in the different ethanolamine solvents
used to absorb/dissolve H2S and also as the reaction media. These
ethanolamines—monoethanolamine (MEA), H2NCH2CH2OH, dieth-
anolamine (DEA), HN(CH2CH2OH)2, and triethanolamine (TEA),
N(CH2CH2OH)3—are frequently used as absorbents in industry for
H2S absorption [21]. The Pt/CdS photocatalyst showed high activ-
ity in hydrogen production under visible light irradiation for all
the three ethanolamine solvents dissolved with H2S. Among the
three solvents tested, the highest activity was observed for DEA

Fig. 1. Photocatalytic H2 production under visible light irradiation over Pt/CdS
(0.20 wt% Pt) in different solutions. DEA: diethanolamine, TEA: triethanolamine,
MEA: monoethanolamine. Reaction conditions: volume of solution, 100 ml; concen-
tration of H2S, 0.30 M; amount of catalyst, 0.025 g; reaction temperature, 30 ◦C;
light source, 300-W Xe lamp with a cutoff filter (λ > 420 nm).
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Table 1
Photocatalytic H2 production under visible light irradiation over CdS loaded with different co-catalysts in DEA.a

Co-catalysts loaded on CdS None Ru Rh Pd Pt Ru2S3 Rh2S3 PdS Pt–Ru Pt–Rh Pt–Pd Pt–Ru2S3 Pt–Rh2S3 Pt–PdS Pt–Pt
H2 production (μmol h−1) 180 430 440 640 670 570 600 620 660 810 1070 870 710 1460 1190

a The amount of noble metals or noble metal sulfides loaded on CdS: 0.10 wt% for single metal; 0.10–0.10 wt% for double metals. Reaction conditions: volume of solution,
100 ml; concentration of H2S, 0.30 M; amount of catalyst, 0.025 g; reaction temperature, 30 ◦C; light source, 300-W Xe lamp with a cutoff filter (λ > 420 nm).
and the average hydrogen production activity can be as high as
25 ml/0.025 g/h. Fig. 1 shows that nearly no hydrogen was pro-
duced in the DEA solution with no dissolved H2S, indicating that
the hydrogen was produced only from the splitting of H2S instead
of from the reformation of DEA. No apparent deactivation of the
photocatalyst was observed for the hydrogen production from H2S
splitting in the DEA solution.

Naman et al. [22,23] reported the photocatalytic H2 production
from H2S saturated aqueous solutions of 20% MEA, DEA, and TEA
containing suspensions of TiO2, CdSe, and CdS. For these reaction
systems, the highest H2 production rate was achieved in aqueous
MEA solution using the TiO2 photocatalyst. In aqueous DEA solu-
tion, TiO2 had a slightly higher H2 production rate than CdS. In
nonaqueous ethanolamine solutions, as shown in Fig. 1, the photo-
catalytic performance of H2 production was much better in DEA
than in MEA. We compared the photocatalytic activity between
CdS and TiO2 (loading no co-catalysts) in the nonaqueous H2S–
DEA solution under UV light irradiation. The results show that the
production rate of H2 on TiO2 (P25) was only 10% that on CdS.
This implies that the photocatalytic splitting of H2S in nonaqueous
ethanolamine solution differed from that in aqueous ethanolamine
solution.

Green and Elofson [24] reported the visible light-induced addi-
tion of H2S to hept-1-ene with a major product of heptane-1-thiol
(95% ) on RuO2/CdS photocatalyst using nonaqueous acetonitrile as
solvent. However, the alkene also intercepted most of the hydro-
gen ions, resulting a low yield of H2 (the quantum yield at 447 nm
was <1%).

Table 1 displays the photocatalytic activity of hydrogen pro-
duction from H2S splitting on CdS loaded with different noble
metals and corresponding sulfides as the co-catalysts. (Noble metal
sulfides were considered because the noble metals might be par-
tially sulfided in the presence of H2S.) CdS alone showed low
photocatalytic activity in H2 production. The photocatalyst activ-
ity was enhanced significantly by loading a small amount of the
co-catalyst on CdS. The hydrogen production activity varied with
different noble metals (Pt, Pd, Ru, Rh) and noble metal sulfides
(PdS, Rh2S3, Ru2S3), with the Pt/CdS catalyst showing the greatest
activity for the single co-catalyst deposited on CdS. Co-deposition
of Pt with other noble metals or their sulfides on CdS demon-
strated further enhanced activity in hydrogen production. The ac-
tivity of Pt–PdS/CdS was even greater than that for the simple sum
of Pt/CdS and PdS/CdS, suggesting a synergistic effect between the
co-catalysts Pt and PdS [11,17,19]. The promoting effect of load-
ing noble metals on photocatalytic H2 production activity could
be explained by the fact that the two co-catalysts may facilitate
separation of the photogenerated electrons and holes on photocat-
alyst [25,26].

3.2. Characterization of S by Raman spectroscopy

Fig. 2 shows the Raman spectra of H2S–DEA solution before
and after the photocatalytic hydrogen production. The Raman spec-
tra in the range of 300–700 cm−1 were similar for DEA and DEA
dissolved with H2S. The Raman bands observed at 350, 380, 450,
and 530 cm−1 were mainly from DEA. Two additional bands at
390 and 440 cm−1 appeared after the photocatalytic reaction of
DEA dissolved with H2S, indicating the formation of sulfur-related
products. The Raman bands at 390 and 440 cm−1 can be assigned
Fig. 2. Raman spectra of DEA and H2S + DEA before and after photocatalytic re-
action, with the excitation line at 532 nm. The inset shows the powder X-ray
diffraction (XRD) patterns of the produced sulfur in H2S + DEA after the photo-
catalytic reaction. Reaction conditions: volume of solution, 100 ml; concentration of
H2S, 1.60 M; amount of catalyst, 0.025 g Pt (0.2 wt%)/CdS; reaction temperature,
50 ◦C; light source, 300-W Xe lamp with a cutoff filter (λ > 420 nm).

Fig. 3. Raman spectra of DEA, H2S–DEA and H2S–DEA with adding of solid sulfur
powder into it, recorded at room temperature, with the 532-nm excitation line.

to polysulfide species (S2−
6 and S2−

4 ) [27]. The polysulfide species
can be further confirmed through the reaction between sulfide
ions with sulfur element in basic solution [28,29]. After the ad-
dition of appropriate amount of sulfur powder into fresh H2S–DEA
solution, the sulfur was dissolved in the solution within several
minutes. Fig. 3 shows the Raman spectra of the solution recorded
with increasing sulfur addition. Two new peaks at around 400 and
440 cm−1 became increasingly dominant with an increasing S-to-
H2S ratio. The solution of H2S–DEA mixed with solid sulfur was
similar to the H2S–DEA solution after the photocatalytic reaction.
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Table 2
Photocatalytic production of H2 and S from H2S in DEA under visible light irradia-
tion.a

Amount of
the products

Runs of the reaction

1b 2b 3b 4c

H2 (mmol) 15.5 11.3 11.2 33
S (mmol) 15.1 11.0 10.8 32.5

a Reaction conditions: volume of solution, 100 ml; amount of catalyst, 0.025 g;
light source, 300-W Xe lamp with a cutoff filter (λ > 420 nm).

b Concentration of H2S 0.30 M.
c Concentration of H2S 1.60 M.

Table 3
Photocatalytic H2 production under visible light irradiation over Pt/CdS (0.20 wt%
Pt) in different solutions.a

Reaction solutions DEA + H2S DA + 2EtOH + H2S DA + H2S EtOH
H2 production (μmol h−1) 1190 660 230 5

a DEA: diethanolamine, DA: diethylamine. Reaction conditions: volume of solu-
tion, 100 ml; concentration of H2S, 0.30 M; amount of catalyst, 0.025 g; reaction
temperature, 30 ◦C; light source, 300-W Xe lamp with a cutoff filter (λ > 420 nm).

To reclaim sulfur from the H2S–DEA solution after photocatalytic
reaction, hydrochloric acid (3 M) was added to the reacted solu-
tion. A light-yellow powder was separated from the solution when
the pH value was below 6. XRD patterns (Fig. 2, inset) of the
products reclaimed from the reaction solution clearly indicate that
the solid product was mainly crystallized sulfur in orthorhombic
phase. Table 2 gives the total amount of H2 and S produced from
the H2S–DEA solution after photocatalytic reaction. For different
runs of the reaction, the molar ratio of the H2 and S produced was
close to 1:1, meaning that H2S was stoichiometrically split into H2
and S. These results demonstrate that the direct splitting of H2S
into the elements S and H2 (H2S → S + H2) was realized by the
photocatalytic reaction on M/CdS under visible light irradiation.

3.3. Influence of hydroxyls on photocatalytic reaction

The H2 production activity was found to be much lower when
the photocatalytic reaction was conducted in H2S–diethylamine
(H2S–DA) solution than in H2S–diethanolamine (H2S–DEA) solu-
tion (Table 3). The big difference between DEA and DA is that
DEA has hydroxyl groups and DA does not. Interestingly, a mix-
ture of DA and ethanol gave much higher activity in H2 production
than DA alone (Table 3). Obviously, the hydroxyl groups of the sol-
vent play an important role in the photocatalytic splitting of H2S,
and possibly the hydroxyl groups of the solvent promote proton
transportation in the reaction, because a crucial step for photo-
catalytic hydrogen production is proton transfer, which may occur
on the catalyst surface or/and through the reaction media. The hy-
droxyl groups in solution may possibly facilitate the transferring of
protons from nonactive sites to active sites on CdS and from bulk
solution to the CdS surface [26].

3.4. Rate-determining step of the photocatalytic reaction

The photocatalytic reduction of protons and oxidation of sulfide
ions must proceed simultaneously to create a balance of electrons
and holes on a semiconductor catalyst. It can be seen from Table 4
that the H2 production rate was higher in 0.5 M H2S–DEA than
in 0.3 M H2S–DEA. Adding 0.2 M H2SO4 to the 0.3 M H2S–DEA
solution to make a solution with the same number of protons as
in the 0.5 M H2S–DEA solution had no affect on the photocatalytic
H2 production rate; however, adding 0.2 M Na2S to the 0.3 M H2S–
DEA solution to make a solution with the same number of sulfide
ions as in the 0.5 M H2S–DEA solution did improve the H2 produc-
tion rate. The photocatalytic performance was nearly the same in
Table 4
Influence of different composition of reactants on H2 production rate under visible
light irradiation.

Composition of reactants H2 production (μmol h−1)

0.30 M H2S 1190
0.30 M H2S + 0.20 M H2SO4 1200
0.30 M H2S + 0.20 M Na2S 1410
0.50 M H2S 1480

Reaction conditions: reaction solution, 100 ml DEA; catalyst, 0.025 g Pt (0.2 wt%)/
CdS; reaction temperature, 30 ◦C; light source, 300-W Xe lamp with a cutoff filter
(λ > 420 nm).

Scheme 1. Photocatalytic process of splitting H2S in DEA.

Fig. 4. Dependence of H2 production rate upon reaction temperature under visible
light irradiation. Reaction conditions: reaction solution, 100 ml DEA; concentration
of H2S, 0.30 M; catalyst, 0.025 g Pt (0.2 wt%)/CdS; light source, 300-W Xe lamp with
a cutoff filter (λ > 420 nm).

the 0.2 M Na2S + 0.3 M H2S–DEA and 0.5 M H2S–DEA solutions.
These results imply that the oxidation process is the RDS in the
photocatalytic splitting of H2S.

As shown in Scheme 1, the oxidation process can be roughly
divided into three steps: (1) diffusion of sulfide ions from bulk so-
lution to the CdS surface, (2) photo-oxidation of sulfide ions to
polysulfide ions by holes on CdS, and (3) diffusion of polysulfide
ions from the CdS surface to bulk solution. Fig. 4 shows the in-
fluence of temperature on photocatalytic activity of splitting H2S
in a DEA solution. It can be seen that the H2 production rate in-
creases sharply with increasing reaction temperature from room
temperature to about 50 ◦C. The drop in the H2 production rate
above 50 ◦C was likely due to the reaction between polysulfide
(oxidant) and DEA (reductant) at high temperature. The viscosity
of DEA solution and the diffusion rate of ions in DEA are highly
temperature-dependent. Based on the dependence of H2 produc-
tion rate on reaction temperature, especially at temperatures be-
low 50 ◦C, we assume that the diffusion of sulfide or polysulfide
ions is the RDS.

Fig. 5 shows the dependence of the photocatalytic H2 produc-
tion rate on the H2S concentration in the DEA solution. CdS loaded
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Fig. 5. Dependence of H2 production rate under visible light irradiation upon
H2S concentration on Pt (0.2 wt%)/CdS, Pt–PdS (0.2–0.2 wt%)/CdS and Pt–Rh (0.2–
0.2 wt%)/CdS. Reaction conditions: reaction solution, 100 ml DEA; amount of cata-
lyst, 0.025 g; reaction temperature, 30 ◦C; light source, 300-W Xe lamp with a cutoff
filter (λ > 420 nm).

Table 5
Instantaneous photocatalytic H2 production rate under visible light irradiation over
Pt (0.2 wt%)/CdS in non-aqueous DEA + H2S and in aqueous NaOH + Na2S solu-
tion.a

H2 production
rate (μmol h−1)

Reaction time (h)

1 2 3 4 5 6

DEA + H2S 1250 1580 1010 1070 1040 1010
NaOH + H2S 490 530 130 220 80 50

a Reaction conditions: volume of solution, 100 ml; concentration of H2S, 0.30 M;
amount of catalyst, 0.025 g; reaction temperature, 30 ◦C; light source, 300-W Xe
lamp with a cutoff filter (λ > 420 nm).

with Pt, Pt–PdS, and Pt–Rh as photocatalysts were evaluated. The
photocatalytic H2 production rate was found to vary with differ-
ent noble metals and to increase linearly with H2S concentration
at an H2S concentration in DEA < 1 M. However, interestingly, the
H2 production rates appeared to level off near a similar value on
CdS loaded with Pt, Pt–PdS, and Pt–Rh when the H2S concentra-
tion was varied between 1 and 3 M. This implies that the activity
of photocatalytic splitting of H2S in DEA is not influenced by reac-
tants but is influenced by products at a higher H2S concentration.
According to the assumption of RDS mentioned above, here we
propose that the RDS of photocatalytic splitting of H2S in DEA is
the diffusion of polysulfide ions from CdS surface to bulk solution
when the photocatalytic H2 production rate reaches a constant.
With such a proposal, we can explain the experimental results
shown in Fig. 5—namely, the high production of polysulfide ions
at high H2S concentration cover the CdS surface, and the sulfide
ions (even at high quantities) must “wait” for the diffusion of poly-
sulfide ions to provide reaction sites. The quantum efficiency for
H2 production from photocatalytic splitting H2S in DEA may be as
high as 30% at 420 nm under optimal reaction conditions.

3.5. Comparison of photocatalytic H2 production between Na2S–NaOH
and H2S–DEA

As mentioned at the beginning of this paper, in basic aque-
ous solutions, the sulfide ions must be used together with sulfite
ions as sacrificial agents for photocatalytic H2 production. This is
because that the sulfide ions alone show poor stability for H2
production in an aqueous reaction system. Table 5 compares the
photocatalytic H2 production of a nonaqueous H2S–DEA solution
and an aqueous Na2S–NaOH solution (H2S dissolved in NaOH) on
a Pt/CdS catalyst. It can be seen that both the activity and sta-
Fig. 6. Linear sweep voltammetry of (A) aqueous 0.3 M Na2S + 1 M NaOH solution
and (B) 0.3 M H2S–DEA solution under a scan rate of 50 mV S−1 at room temper-
ature with platinum patch as working and counter electrode and SCE as reference.
The I–V curves are (a) fresh solution, (b) the solution of (a) containing polysulfide
produced by in situ electrochemical oxidation of sulfide ions, (c) the solution of (a)
after photocatalytic reaction. The inset shows the comparison of the linear sweep
voltammetry of fresh solutions A and B.

bility of hydrogen production were much higher in the H2S–DEA
solution than in the aqueous Na2S–NaOH solution. After 6 h of
reaction, the instantaneous H2 production rate dropped from the
starting value of 1250 μmol h−1 to 1010 μmol h−1 in the H2S–DEA
solution and from 490 μmol h−1 to 50 μmol h−1 in the aque-
ous Na2S–NaOH solution. In basic solutions, polysulfide ions have
strong absorption of UV and visible light [13,27,30,31]. In the H2S–
DEA solution, the pholysulfide ions produced during the course of
photocatalytic reaction on M/CdS act as an optical filter reducing
the light absorption of CdS. As shown in Table 5, the H2 produc-
tion rate decreased gradually as the reaction proceeded, with the
accumulation of polysulfide ions in the DEA solution.

3.6. Electrochemical evaluation

3.6.1. Electrochemical reduction of protons
To gain insight into the difference between nonaqueous H2S–

DEA and aqueous Na2S–NaOH solutions, the reduction of protons
on the Pt electrodes in the two solutions was investigated using an
electrochemical linear sweep voltammetry method. Fig. 6 shows
the reduction potential changes of the two solutions with and
without polysulfide ions. We can see that the hydrogen evolution
potential was about 0.20 V lower in the H2S–DEA solution than in
the Na2S–NaOH aqueous solution. This means that protons were
more readily reduced in DEA than in the aqueous Na2S–NaOH so-
lution. To evaluate the affect of polysulfide ions on the reduction of
protons, the I–V curves were measured for the two solutions with
equal amounts of polysulfide ions produced by in situ electrochem-
ical oxidation of sulfide ions. The results, shown in Fig. 6, clearly
show that addition of the polysulfide ions greatly increased the
current at the same voltage in the aqueous Na2S–NaOH solution,
whereas no evident change in current occurred in the H2S–DEA
solution. The H2S–DEA and Na2S–NaOH solutions with polysulfide
ions formed after the photocatalytic reactions also were investi-
gated by the electrochemical method. The curves show a same
trend in the two solutions (Fig. 6). The presence of polysulfide
in the Na2S–NaOH solution can increase the reductive current in
electrochemistry, because the polysulfide ions can be reduced on
the Pt electrodes. The electrochemical results for the Na2S–NaOH
solution can explain the poor stability for photocatalytic hydro-
gen production in this solution reported in the literature [13–15].
The consumption of photogenerated electrons on CdS photocatalyst
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Scheme 2. Different photocatalytic processes of splitting H2S in aqueous Na2S + NaOH solution and in H2S + DEA solution.
Fig. 7. Cyclic voltammetry of aqueous 0.3 M Na2S + 1 M NaOH solution and 0.3 M
H2S–DEA solution under a scan rate of 50 mV S−1 at room temperature with plat-
inum patch as working and counter electrode and SCE as reference.

by polysulfide ions reduces the amount of electrons for hydro-
gen production. The similar electrochemical reductive current after
the addition of polysulfide ions to the H2S–DEA solution explains
the relatively higher photocatalytic hydrogen production activity
and stability in the H2S–DEA solution compared with the aqueous
Na2S–NaOH solution (Table 5); in other words, the electron con-
sumption reaction by polysulfide ions was depressed in the H2S–
DEA solution, and the photogenerated electrons on the CdS pho-
tocatalyst are involved mainly in hydrogen production. Scheme 2
summarizes the different photocatalytic processes involved in the
splitting of H2S in the aqueous Na2S–NaOH and H2S–DEA solu-
tions.

3.6.2. Electrochemical oxidation of sulfide ions
Fig. 7 shows the electrochemical oxidation of sulfide ions in

the aqueous Na2S–NaOH and H2S–DEA solutions on platinum elec-
trodes. According to the literature [32,33], the anodic peak at
0.07 V in Na2S–NaOH solution is due to the passivation of sulfur
on platinum electrodes. Szynkarczuk et al. [33] even found that the
HS− ions were oxidized in two stages, (1) oxidation of the hydro-
sulfide ions into intermediate polysulfide ions and (2) the further
oxidation to elemental sulfur:

nHS− + nOH− → S2−
n + nH2O + 2(n − 1)e−, (1)

S2−
n → nS0 + 2e−. (2)

In the aqueous Na2S–NaOH solution, a white film was deposited
on the platinum electrode after several runs of electrochemical ox-
idation. In the H2S–DEA solution, as shown in Fig. 7, the oxidation
current increased linearly with increasing anodic potential, and no
peak was observed even at a high potential value. The platinum
electrodes remained clean during the oxidation of sulfide ions in
the H2S–DEA solution. This finding implies a different oxidation
mechanism from sulfide ions to polysulfide ions in the H2S–DEA
solution than that in the aqueous Na2S–NaOH solution. Here we
propose a free-radical-related one-electron electrochemical oxida-
tion process in the H2S–DEA solution:

HS− → HS· + e−. (3)

The mercapto radical (HS·) readily produces polysulfide ions (S2−
n )

or polysulfide radicals (S·−
n ) by deprotonation and/or dimerization

in basic H2S–DEA solution [34], rather than producing solid sulfur
film deposited on platinum electrodes.

The electrochemical oxidation of sulfide ions in aqueous solu-
tion using different electrodes, including Pt [32,33], Au [35], and
graphite [36], has been reported previously. But the passivation of
anode caused by sulfur deposition is inevitable, which seriously
decreases the efficiency of electrochemical decomposition of H2S.
The possible development of DEA solution as a media for electro-
chemical oxidation of sulfide ions may overcome this disadvantage.

4. Conclusion

In summary, we found that H2S can be directly split into hy-
drogen and sulfur on photocatalysts composed of CdS-based semi-
conductors loaded with noble metals and noble metal sulfides us-
ing nonaqueous ethanolamine solvent as the reaction media. The
quantum efficiency in hydrogen production can be as high as 30%
under visible light irradiation. DEA was found to be an excellent
reaction media for this reaction, possibly because it is a suitable
medium for proton transfer and also an effective solvent to keep
polysulfide ions from consuming photogenerated electrons on the
CdS photocatalysts. The diffusion of polysulfide ions from the CdS
surface to bulk solution is proposed to be the RDS in the photocat-
alytic splitting of H2S at high H2S concentrations. Electrochemical
analysis indicated that protons were more readily reduced in DEA
than in the aqueous NaOH solution and that the splitting potential
of H2S was significantly lower in DEA than in the usually studied
Na2S–NaOH aqueous solution. The deposition of sulfur on elec-
trodes during the electrochemical oxidation process was avoided
in the H2S–DEA solution, likely due to a free-radical-related one-
electron oxidation mechanism. The development of a nonaqueous
ethanolamine solution as a solvent and reaction medium provides
a new strategy for the decomposition of H2S by both photocatalytic
and electrochemical technology.
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