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Abstract: Abundant and toxic hydrogen sulfide (H2S) from
industry and nature has been traditionally considered a liability.
However, it represents a potential resource if valuable H2 and
elemental sulfur can be simultaneously extracted through a H2S
splitting reaction. Herein a photochemical-chemical loop
linked by redox couples such as Fe2+/Fe3+ and I�/I3

� for
photoelectrochemical H2 production and H2S chemical
absorption redox reactions are reported. Using functionalized
Si as photoelectrodes, H2S was successfully split into elemental
sulfur and H2 with high stability and selectivity under simulated
solar light. This new conceptual design will not only provide
a possible route for using solar energy to convert H2S into
valuable resources, but also sheds light on some challenging
photochemical reactions such as CH4 activation and CO2

reduction.

Hydrogen sulfide (H2S) is an abundant chemical produced
by industry and occurring in nature. Although H2S represents
potential resources of two elements which individually have
significant economic value, its potential has been hardly
realized by community because of its extremely toxic and
irritating nature and existing treating techniques. However,
there is an increasing recognition that H2S could become
a potentially valuable chemical if a process that can simulta-
neously extract H2 and elemental sulfur (S) from H2S was
developed.[1] At present, H2S is primarily treated with Claus
process wherein it is partially oxidized to yield elemental S
and water.[2] Although S can be extracted from H2S with this
approach, one of the disadvantages is the loss of H2 in H2S
during the conversion. Therefore, it is highly desirable to
develop a sustainable and cost-effective process to simulta-
neously recover H2 and S from H2S.

The H2S splitting reaction (DG0 = 33 kJmol�1) is thermo-
dynamically less stringent compared with the H2O splitting
reaction (DG0 = 273 kJ mol�1).[3] To date, different
approaches including thermal,[4] thermochemical,[5] electro-
chemical,[6] photochemical,[7] and plasmochemical[8] decom-
position methods have been investigated for H2S splitting.
Among these approaches, photochemical splitting of H2S is
attractive because of its potential of using abundant solar
energy.[9] The prevalent reaction scheme for photochemical
H2S splitting is shown in Scheme 1 a. In the first step, H2S is
chemically absorbed in alkali solution (such as NaOH
solution) to generate S2�. In the second step, S2� is oxidized
by photogenerated holes to polysulfide and protons are
reduced to H2. Although H2 can be extracted from H2S using
this approach, it is difficult to recover S because of the highly
basic nature of the absorption solution.[10] Moreover, the
generation of polysulfide by-products and the shielding of
light by the polysulfide ions inevitably introduce new environ-
mental and technical challenges, which makes this method
less appealing. So far, the development of a sustainable and
economically viable photochemical approach that can split
H2S to produce H2 and S simultaneously still remains
a challenging task.

Herein we report an innovative approach that can
simultaneously extract H2 and S from toxic H2S by using
solar energy. Through the integration of photoelectrochem-
ical and chemical reactions linked by I�/I3

� or Fe2+/Fe3+ redox
couples, H2S can be successfully split into S and H2 with high
stability and selectivity. To our knowledge, this is the first
reported photoelectrochemical process for overall splitting of
H2S without the necessity of post-treating sulfur-based
aqueous solution. This conceptually provides an alternative
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approach for converting abundant and toxic H2S to valuable
chemicals using solar energy.

Our process of converting H2S to H2 and S consists of two
integrated reactions as schematically shown in Scheme 1b
and Scheme S1 in the Supporting Information. The first
reaction is a simple chemical reaction (reaction 1) that can
efficiently trap and selectively convert H2S to S and protons
by the oxidation state of redox couples(I�/I3

� or Fe2+/Fe3+).
The second reaction is a photoelectrochemical reaction
(reaction 2) that can reduce protons to generate H2. In the
meantime, the reduction state of the redox couples is restored
to the initial oxidation state by the photogenerated holes.
Thus with the link of the redox couples, the net reaction is the
overall splitting of H2S to produce both H2 and S using solar
energy.

As a proof of concept study, we first investigated the
photoelectrochemical and chemical reactions, respectively
(experimental details are given in the Supporting Informa-
tion). Functionalized p-type Si (p-Si) and n-type Si (n-Si) were
used for the photoelectrochemical measurements (Figure S1).
(3,4-ethylenedioxythiophene) (PEDOT) was coated on n-Si
because of its functionality of stabilizing inorganic photo-
anodes against photochemical corrosion in corrosive electro-
lytes.[11] As shown in Figure 1a, n-Si coated with PEDOT
delivered a photocurrent of about 35 mA cm�2 at an applied
potential of 0.8 V vs. the reversible hydrogen electrode
(RHE) in an acidic FeSO4 electrolyte. A photocurrent of
a similar level was also obtained when using an acidic KI
electrolyte (Figure S2). However, when H2SO4 solution was
used, only a negligible photocurrent of about 0.5 mAcm�2

was obtained at the same applied potential (Figure 1b). These

results are easy to understand considering that the oxidation
of Fe2+ to Fe3+ (or I� to I3

�) is kinetically favorable. Therefore,
it is reasonable to conclude that most of the anodic photo-
current is ascribed to the photooxidation of Fe2+ to Fe3+ (or I�

to I3
�). Photoelectrochemical measurements were also con-

ducted on p-Si photocathode with electrodeposited Pt
catalyst. As shown in Figure 1c, the p-Si cathode delivered
a photocurrent of about 17.0 mAcm�2 at an applied potential
of�0.8 V vs. RHE in the H2SO4 electrolyte. At the same time,
vigorous bubbles of H2 were observed on the surface of the p-
Si electrode and the KI electrolyte in the anodic compartment
rapidly turned red with prolonged testing, indicating the
generation of I3

� .
To confirm the nature and amount of the evolved gases,

we purged the gases in the two compartments, respectively,
into gas chromatography (GC) for analysis. Because of the
better stability of the p-Si photocathode compared with that
of the PEDOT/n-Si photoanode in this study (Figure S2b, S4,
S5a), we used a p-Si photocathode for this long-term
investigation. H2 was identified to be the only gaseous
product in the cathodic compartment. The rate of H2

evolution decreased gradually with prolonged irradiation
and was estimated to be about 90–120 mmolh�1 (Figure 1 d).
Because of the relatively large dead volume of the reactors,
only part of the H2 gas in the reactor can be sampled into GC
for analysis. Therefore, the rate of H2 evolution calculated
from the GC analysis was a little lower than that calculated
based on the photocurrent. However, this result does provide
clear evidence for the hydrogen produced. We also analyzed
the gas in the anodic compartment while no signals (such as
O2 or N2) were observed (Figure S3b), testifying that Fe3+ (or
I�) instead of O2 was produced. This result was further
confirmed by enhanced UV/Vis absorption ascribed to the
increased generation of Fe3+ (Figure S5b). Because of the
presence of the Nafion membrane sandwiched between the

Scheme 1. a) Conventional photoelectrochemical approach, and b) pro-
posed photoelectrochemical–chemical loop for H2S splitting on a n-
type photoelectrode linked with redox couples.

Figure 1. a–c) Current–potential curves of a) n-Si electrode with
PEDOT coating in 0.2m FeSO4 acidic solution, b) n-Si electrode with
PEDOT coating in 0.5m H2SO4 solution, c) p-Si electrode with Pt
catalyst with 0.2m FeSO4 acidic solution in the counter compartment,
and d) the rate of H2 evolution measured based on GC analysis. Light
source: AM1.5G, 100 mWcm�2.
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two compartments, the production of Fe3+ (or I3
�) is

anticipated to be confined in the compartment where photo-
oxidation reaction takes place (Figure 2a). This design will
prohibit the backward reaction of Fe3+ to Fe2+ (or I3

� to I�) on
the photocathode and ensure that most of the Fe3+ or I3

�

could be used for the subsequent chemical reactions.
After confirming that H2 can be produced with the

simultaneous generation of Fe3+ or I3
� , we then proceeded

with the second step of our design by slowly bubbling H2S into
the electrolytes containing Fe3+ or I3

� . Figure 2b shows that
after bubbling H2S into the electrolytes containing I3

� , the
bright red solution turned yellow turbid. The X-ray diffrac-
tion (XRD) peaks of the yellowish (Figure 2 c) can be indexed
to a-S and match well with those of commercial S (Figure S6),
indicating the successful production of S by chemically
treating H2S with the solution obtained in the photochemical
reactions. Similarly, a-S can also be obtained when trapping
H2S with electrolyte that contains Fe3+. Therefore, the
chemical energy stored in the form of Fe3+ or I3

� can be
liberated to oxidize H2S chemically to produce S and protons
according to Scheme 1b. Consequently, Fe3+ or I3

� ions were
restored to their reduced state to close the loop. Thus by
repeating the photoelectrochemical and chemical reactions
linked by the redox couples, H2S can be directly split into H2

and S continuously.
To achieve sustainable H2S splitting, it is crucial to find

a robust photoelectrode that could sustain photochemical and
chemical corrosions. The PEDOT/n-Si electrode degraded
either in FeSO4 or KI electrolytes with prolonged irradiation
(Figures S2b and S4a). A similar trend was observed for the p-
Si photocathode (Figure S5a). For n-Si, it is possible to further
improve its performance by a structural modification tech-

nique or by optimizing the coating process.[12] For the p-Si
photocathode, its performance and stability property can be
greatly improved by achieving a thin surface n+ doping,
depositing protective TiO2/Ti coating and loading H2-evolu-
tion catalysts.[13] We then systematically investigated the
performance of the Pt/TiO2/Ti/n+p-Si photocathode. As
shown in Figure 3a, the onset potential of the Pt/TiO2/Ti/
n+p-Si photocathode was drastically reduced to about 0.5 V
vs. RHE. Moreover, a saturation photocurrent of 24 mAcm�2

was obtained at an applied potential of as low as 0 V vs. RHE.
Chronoamperometric scans showed that the Pt/TiO2/Ti/n+p-
Si electrode showed a quite stable cathodic photocurrent
compared with the p-Si electrode (Figure 3b). Owning to the
stable and excellent performance of the present electrode, we
can quantitatively measure the amount of the gas products
using a simple water displacement method in an air-tight
reactor. Figure 3c shows the time course of H2 evolution on
Pt/TiO2/Ti/n+p-Si at an applied potential of 0.2 V vs. RHE. As
expected, steady H2 evolution was achieved and a total
amount of 8.3 mL of H2 gas was obtained during the three
hour duration of the reaction. The volume of H2 gas measured
with the water displacement method is slightly higher than
that calculated (7.9 mL) based upon the photocurrent shown
in Figure 3b. The UV/Vis absorption analysis of the aqueous
solution in the counter electrode compartment indicated that
Fe3+ ions were produced with a steady rate and a total amount
of 590 mmol Fe3+ produced in three hours. This value is about
80% of the theoretical value, which is possibly because of the
resistive losses in the electrolyte and Nafion membrane.
Similar results were obtained when using KI as the electrolyte
for the durability test (Figure S4). Elemental sulfur may play

Figure 2. a) Picture showing the generations of I3
� after chronoam-

perometric test on p-Si photocathode. Photocathode is located in the
left compartment and the counter electrode in the right compartment.
b) Picture showing the generation of yellowish turbid in the right
cuvette after bubbling H2S gas into aqueous solution containing I3

� in
the left cuvette. C) XRD pattern of the yellowish S powder. D) The
picture of the resultant yellowish S powder.

Figure 3. a) Current–potential curves, and b) chronoamperometry of
the Pt/TiO2/Ti/n+p-Si electrode at an applied potential of 0.2 V vs.
RHE in a three-electrode system. c) The amount of gas evolved from
the photocathode compartment. & represents the values measured
and * represents the values calculated from the photocurrent. d) The
rate of Fe3+ generation based upon the UV/Vis absorption spectra
analysis. Electrolyte: 0.2m FeSO4 acidic solution. Light source:
AM1.5G, 100 mWcm�2.
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a role in contributing to the photocurrent observed.[14]

However, as the photoactivity of the sulfur electrode is
normally much smaller than that of the Si electrode, the
influence should be negligible.

In the above study, we investigated the photochemical and
chemical reactions respectively to verify our conceptual
design. However, it still remains a question whether the two
reactions can be integrated to achieve a loop. We then carried
out photoelectrochemical measurements on the Pt/TiO2/Ti/
n+p-Si electrode with simultaneous bubbling H2S gas into the
anodic compartment. As shown in Figure 4a, the Pt/TiO2/Ti/

n+p-Si electrode showed a very stable cathodic photocurrent
for generating H2. Meanwhile, the clear solution in the anodic
compartment rapidly turned to a turbid yellowish upon
simultaneous injection of H2S gas (compartment (1) in Fig-
ure 4b). However, the anodic compartment still retained the
characteristic color of I3

� without bubbling H2S gas (compart-
ment (3) in Figure 4c). Therefore, the photogenerated I3

� can
rapidly react with H2S to produce S in an in situ manner in the
counter electrode compartment. Because of the separation of
the Nafion membrane, H2 and S can be produced in the two
compartments, respectively, while protons can transfer
through the Nafion membrane to achieve equilibrium for
the proton reduction reaction in the cathodic compartment.
We also conducted control experiments by directly splitting
H2S on the photoelectrode in acidic solution without the use
of the redox couples. However, this approach was unsuccess-

ful because of the very low solubility of H2S in acidic solution.
On this basis, the present design apparently has the advan-
tages over other photochemical methods for H2S splitting in
terms of the effectiveness and the appreciable nature of the
end products. However, to make it viable commercially, we
should not underestimate the technological challenges such as
the separation and purification of S from the aqueous
solution.

In summary, we demonstrated an effective route of using
solar energy to convert abundant and toxic H2S to valuable
chemical resources in a proof of concept study. With the link
of redox couples such as Fe2+/Fe3+ and I�/I3

� , the reaction
loop for H2S splitting was realized by coupling photoelec-
trochemical H2 production and H2S absorption chemical
redox reactions. This design of converting hazardous “waste”
into valuable chemicals also provides useful insights into
some challenging reactions such as photochemical CO2

reduction and CH4 activation.
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