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bstract
Hydrogen could be produced photocatalytically from natural seawater with simple pre-treatments as demonstrated with La2Ti2O7 suspension
nder ultraviolet light, CdS/TiO2 suspension under visible light, and Fe2O3 film under photoelectrochemical conditions. In all cases, the formation
f harmful chlorine gas was not detected. The role of salts in the seawater was elucidated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Realization of hydrogen economy requires the production
f hydrogen in an economic and sustainable manner. It is the
ost ideal to produce hydrogen energy from the most abun-

ant energy source available on earth (which is the sun) and the
ost abundant natural resource on earth (which is water). The

nabling technology for this process is the photocatalytic water
plitting (PWS). Since its demonstration in 1972 by Honda and
ujishima [1], PWS has become an area of active research world-
ide, particularly due to recent surge of price and uncertainty

n the long-term supply of oil. Almost all studies of PWS so far
ave been performed in pure water (distilled water), although
ome additives such as NaOH, KOH and Na2CO3 are dissolved
nto pure water to enhance the efficiency of hydrogen production
2]. Therefore, availability of pure water is the first consideration
or the photocatalytic hydrogen production. Although water is
bundant on the earth, pure water is scarce because 93% of the
arth’s water is present in oceans and inland seas and most of
he remaining water is isolated as glacier in the polar regions

3]. Thus, it is difficult to obtain pure water from our surround-
ngs without expensive water purification processes. Seawater
s the most available water on the earth although it is not pure.

∗ Corresponding author. Tel.: +82 54 279 2266; fax: +82 54 279 5528.
E-mail address: jlee@postech.ac.kr (J.S. Lee).
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ydrogen production methods from seawater via electrolysis
r marine photosynthetic bacteria have been proposed [4]. Yet,
hese methods are disadvantageous because of harmful chlo-
ine evolution, low efficiency and high cost. Here, we report
hat hydrogen could be produced photocatalytically from natural
eawater with simple pre-treatments.

There is no unique system or photocatalyst with high effi-
iency to demonstrate PWS. Thus we employed three systems
o evaluate the photocatalytic hydrogen production from sea-
ater; La2Ti2O7 suspension under ultraviolet light, CdS/TiO2

uspension under visible light, and Fe2O3 film under photoelec-
rochemical conditions.

. Experimental

The layered-perovskite La2Ti2O7 is a typical photocatalyst
fficient under UV light irradiation and has been studied
xtensively by us for PWS and decomposition of toxic organic
ompounds such as CH3Cl [5–7]. The La2Ti2O7 photocatalyst
as synthesized by the conventional solid-state reaction
ethod. A stoichiometric mixture of La2O3 (Aldrich 99.999%)

nd anatase–TiO2 (Aldrich 99.99%) was mixed and ground
n a mortar in the presence of ethanol and dried in an oven.

elletized powders were calcined at 1323 K for 10 h in static
ir. Synthesized La2Ti2O7 was converted to the efficient
hotocatalyst (NiO/Ni/La2Ti2O7) by loading 2.0 wt.% of Ni
etal from nickel nitrate solution by the incipient-wetness

mailto:jlee@postech.ac.kr
dx.doi.org/10.1016/j.jphotochem.2007.01.011
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mpregnation method, followed by reduction in H2 at 773 K
or 2 h, and then reoxidation in air at 473 K for 1 h [5,6]. The
hotocatalytic hydrogen/oxygen production was carried out at
oom temperature in an upper-irradiation-type Pyrex-casing
eaction vessel with a Quartz-window under UV light irradiation
ith 400 W Mercury-arc lamp equipped with a liquid filter to

emove IR light. The photocatalyst (0.1 g) was suspended in
atural (or simulated) seawater (100 ml) by magnetic stirring.
he amount of hydrogen/oxygen, gaseous by-products evolved
nd chloride ion (Cl−) in a solution was determined by a
as chromatography equipped with TCD (molecular sieve
Å column, Ar carrier gas), GC–MSD system (HP GC 6890
nd 5973 Mass Selective Detector) and Ion Chromatography
DX-120, DIONEX Co.), respectively. Natural seawater (NSW)
ample was taken from the Korea’s east coast. It contained
uspended matter and planktons as well as various kinds of
onic salts (electrolytes) such as Na+, Mg2+, Cl−, SO4

2−, etc.
herefore, it was filtered through a filter paper (Whatman 40,
ore size: 4–5 �m) and a polymer membrane filter (Advantec
FS, Inc., pore size: 0.45 �m) to remove suspended matter

nd planktons, respectively [3]. For comparison, simulated
eawater (SSW) was synthesized by dissolving the chemicals
NaCl, 27.21 g; MgCl2, 3.81 g; MgSO4, 1.66 g; CaSO4, 1.404 g;

2SO4, 0.577 g; K2CO3, 0.2124 g; MgBr2, 0.08 g) in 1 L of
istilled water. We identified seven major dissolved components
hich make up 99.9% of the soluble ionic species of seawater.
he salinity of the simulated seawater was 34.95 per mill (‰),
hich is very close to the global average salinity of ca. 35‰.

. Results and discussion

Fig. 1 shows typical time courses of hydrogen/oxygen evo-
ution for the photocatalytic reduction of pure water, NSW and
SW over NiO/Ni/La2Ti2O7 under UV light irradiation. Hydro-
en and oxygen were produced steadily in a stoichiometric

atio (H2/O2 = 2:1) in all cases. Especially, hydrogen was pro-
uced continuously from both NSW (69.6 �mol/h) and SSW
59.8 �mol/h) by photocatalytic reaction, although H2 evolu-
ion rate from both seawaters was lower than that from pure

ig. 1. Time courses of H2 (solid symbols) and O2 (open symbols) evolution
rom pure water (�), natural seawater (�) and artificial seawater (�) over Ni
2.0 wt.%)/La2Ti2O7.
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ater (137.2 �mol/h). The reduction of photocatalytic hydro-
en/oxygen production from seawater should be caused by
he various dissolved ionic components of seawater [8]. In all
ases, there was no indication of catalyst deactivation during
hree runs separated by purging of the gas phase. In addition,
nother UV-light-driven photocatalyst, NiO/Ni/Sr2Nb2O7 [5],
howed the same tendency in hydrogen production from pure
ater and NSW (H2 evolution rate was 42.6 and 26.9 �mol/h,

espectively). Thus, photocatalytic H2 production from seawater
an occur independently of photocatalyst materials. Moreover,
lthough seawater is more complicated than pure water because
f various salt ions in seawater, only hydrogen and oxygen was
volved stably without any gaseous by-products or precipitates
ia photocatalytic reaction. Especially, unlike electrolysis of
eawater, the harmful chlorine gas did not evolve and the con-
entration of chloride ion in solutions (NSW and SSWs) did
ot decrease during photocatalytic reaction for 6 h as evidenced
y the analysis of evolved gases and reaction solutions. In addi-
ion, the variation of pH value of solutions after reaction for 12 h
as very small (pH = 8.5 → 8.3 at 25 ◦C). From these results, it

ould be concluded that chloride ions in NSW and SSWs are
ot oxidized under the conditions of our photocatalytic reac-
ion. The oxidation potential of chloride ion (1.397 eV) is more
ositive than that of H2O (1.23 eV). The valence band posi-
ion of La2Ti2O7 (2.714 eV) is positive enough to oxidize the
hloride ion, yet it appears that this oxidation reaction does not
ccur because of insufficient overpotential to drive this reaction
inetically.

The effect of the seven ions contained in seawater was exam-
ned by preparing SSW containing the each individual ionic
omponent and the results are summarized in Table 1. The hydro-
en evolution rate over NiO/Ni/La2Ti2O7 varied significantly
ith the nature of ionic species contained in the SSW. All the
issolved ions reduced the rate of hydrogen production, but the
xception was potassium sulfate that increased the hydrogen pro-
uction rate by ca. two times. The most detrimental component
as magnesium chloride, which decreased the evolution rate by
factor of ca. 2. This magnesium chloride solution contained
g2+ and Cl− corresponding to 73.8 and 14.7% of the amount

resent in NSW, respectively. In addition, H2 evolution rate from
SW containing six salts omitting only MgCl2 showed a much

mproved rate compared to SSW containing seven salts, and the
ate corresponded to ca. 76% of pure water. These results show
hat magnesium ion is the main culprit of decreased H2 evolution
ate from NSW. Recently, Toutianoush et al. reported that 98%
f magnesium ions can be rejected from seawater in a single step
hrough polyelectrolyte multilayer membrane of polyvinyl alco-
ol and polyvinyl sulfate [9]. It is expected that hydrogen could
e produced more efficiently from natural seawater pretreated
ith this simple ion exchange membrane.
Photocatalytic hydrogen evolution from seawaters with dif-

erent salinities was investigated. As stated above, a global
verage salinity of seawater is ca. 35‰. Salinity of prepared

SWs was varied from 35 to 3.5‰. Hydrogen evolution rate

ncreased as salt concentration (salinity) decreased. In particu-
ar, hydrogen evolution rate increased up to ca. 59.5 and 90.3%
f that from pure water when salinity of seawater was reduced
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Table 1
H2 evolution rate from pure water, NSW and several sea electrolyte solutions over Ni(2.0 wt.%)/La2Ti2O7

Solution or electrolyte Weight (mg) Concentration (mmol) Ions in solution pH at 25 ◦C H2 evolution ratea (�mol h−1)

Cation %b Anion %b

Pure Water – – – – – – – 137.2
Natural seawater – – – – – – – 69.6
NaCl 27.21 465.586 Na+ 100 Cl− 85.3 6.69 119.7
MgCl2 3.81 400.166 Mg2+ 73.8 Cl− 14.7 9.00 59.4
MgSO4 1.66 13.791 Mg2+ 25.4 SO4

2− 50.3 7.60 95.3
CaSO4 1.404 10.313 Ca2+ 100 SO4

2− 37.6 6.32 110
K2SO4 0.577 3.311 K+ 68.3 SO4

2− 12.1 7.41 282.5
K2CO3 0.2124 1.537 K+ 31.7 CO3

2− 100 10.62 99.6
MgBr 0.08 0.435 Mg2+ 0.8 Br− 100 6.76 88.3
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a Reaction conditions: photocatalyst 0.1 g; electrolyte solution 100 ml; 400 W
b The percentage of each ion in solution per total amount of each ion in natur

o 17.5 and 3.5‰, respectively. The concentration of salt ions in
eawater can be reduced easily through conventional and simple
esalination processes [10] such as reverse osmosis, electrodial-
sis, etc. Thus the activity of photocatalytic hydrogen production
rom natural seawater can be enhanced also by pretreatment of
ild desalination.
Now the photocatalytic hydrogen production was studied

nder visible light. Table 2 summarizes hydrogen evolution rates
rom pure water, NSW and SSWs with different salinity over

Pt–CdS/TiO2 nanocomposite photocatalyst [11] under vis-
ble light irradiation (λ ≥ 420 nm). The reaction solution also
ontained sulfide/sulfite as electron donors to prevent the photo-
orrosion of CdS. In dilute sulfide/sulfite solutions (1/0.2 mmol),
2 evolution rate from 3.5‰ ASW was the highest among dif-

erent electrolyte solutions, and the rate from NSW was also
igher than that from pure water. In order to elucidate the
ource of this promotional effect, we carried out an additional
ontrol experiment. Thus, we measured photocatalytic activ-
ty over Pt (1.0 wt.%)–CdS/TiO2 nanocomposite under visible
ight(λ ≥ 420 nm) with solution containing 3.5‰ of NaCl or
a2SO4 in addition to 1 mmol of Na2S and 0.2 mmol of Na2SO3.
ompared with the solution without an additional salt (NaCl or
a2SO4), the rate of hydrogen evolution was higher by 10 and
7% for electrolyte solutions with NaCl and Na2SO4, respec-

ively. This indicates that alkali salts in seawater help the function
f sulfide/sulfite solution as sacrificial agents leading to higher
ctivity. Although it is still not clear how these salts can promote
he reaction, this effect is shown not to be specific for any par-

t
w
e
s

able 2
hotoreaction activities from various electrolyte solutions over Pt (1.0 wt.%)–CdS/Ti

aterial Additive (mmol) Photoreac

Na2S Na2SO3 NSW (35

t (1.0)–CdS/TiO2 10 2 41.5a

1 0.2 93a

e2O3 NaOH 7.2b

– 13.4b

a H2 evolution rate (�mol h−1); reaction conditions: photocatalyst 0.05 g; each solut
ith cut-off filter (λ ≥ 420 nm); concentration (mmol) of Na2S and Na2SO3: 10 and
b Photocurrent (�A cm−2 min−1); PEC cell: iron oxide film(working), SCE (refere
ith or without 50 vol.% 0.1 M NaOH.
ury-arc lamp.
water.

icular ions. In contrast, with the heavy sulfide/sulfite solution
10/2 mmol), the evolution rate from NSW was much lower than
hat from pure water. It could be explained by the presence of
ulfide and sulfite ions in too high a concentration as electron
onors in seawater. It appears to induce a charge unbalance of
eawater, impedes their function as sacrificial agents resulting in
he formation of precipitates, and reduces the hydrogen evolu-
ion rate. Without sulfide/sulfite ions, no activity was observed
rom NSW and SSW of all concentration.

Finally, the performance of a photoelectrochemical (PEC)
alf-cell made of a Fe2O3 anode was evaluated in pure water,
SW, and SSW. In this system, a nanostructure film of iron
xide deposited on ITO glass was fabricated by a two-step pro-
ess. In the first step, the nanocrystals were prepared by thermal
ecomposition of iron–oleate complex at 593 K [12]. In the sec-
nd step, thus obtained nanocrystals were used to dip-coat the
TO substrate. The post-drying/annealing was carried out in a
emperature range of 473–553 K for several hours. This set up
s it is cannot produce hydrogen because there is no bias volt-
ge applied. Yet, we can evaluate its performance by measuring
hotocurrent generated from oxidation of water. The photogen-
ration of charge carriers, specifically holes (h+) at Fe2O3, can
xidize water to produce oxygen (2h+ + H2O → 1/2O2 + 2H+).
he presence of an added electrolyte (e.g. NaOH) is essential
o operate this PEC cell. But, as shown in Table 2, photocurrent
as generated from NSW and two SSWs even without added

lectrolyte under visible light irradiation (λ ≥ 420 nm). Thus it
eems that the existence of various types of metal ions probably

O2 nanocomposite or iron oxide film under visible light (λ ≥ 420 nm)

tion activity

‰) ASW (17.5‰) ASW (3.5‰) Pure water

– – 221a

97.5a 132a 83a

219b 112b 1400b

15.0b 7.6b 0b

ion 100 ml with Na2S and Na2SO3 as electron donor; 450 W Mercury-arc lamp
2, 1 and 0.2.
nce) and Pt gauze (counter); applied potential: +0.55 V vs. SCE; each solution
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avors the faster kinetics of ions transfer across the semiconduc-
or/electrolyte interface. Overall, the performance of the PEC
ell in seawater was lower than in pure water containing added
aOH.

. Conclusion

In summary, we confirmed the possibility of photocatalytic
ydrogen production from natural seawater under various con-
itions and setups. In case of UV-light-driven NiO/Ni/La2Ti2O7
hotocatalyst, the H2 evolution rate from NSW was about half
s much as that from pure water. It was shown that Mg2+ was the
ain culprit that reduced the hydrogen evolution rate from sea-
ater. Thus, the activity of photocatalytic hydrogen production

rom NSW could be enhanced by selective removal of mag-
esium ion through simple pre-treatment. Decrease in salinity
y a mild desalination could also improve the performance.
or visible-light-driven Pt–CdS/TiO2 nanocomposite photocat-
lyst in the presence of sulfide/sulfite as electron donors, H2
volution rate from NSW was much higher when a dilute sul-
de/sulfite solution was employed. The photoelectrochemical
ell with Fe2O3 film anode also demonstrated photocurrent gen-
ration in seawater under visible light, although the rate was
uch reduced from that observed in pure water. Thus, the pho-

ocatalytic H2 production from seawater could be achieved with
arious photocatalyst materials and reaction conditions. The per-
ormance in seawater is lower in general than in pure water, yet
ould be improved by simple pretreatments.
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