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Abstract

Intact cells of Rhodopseudomonas capsulata, as photocatalyst for hydrogen production using light of l)400 nm, were
added to a slurry of naked or sensitized TiO semiconductor containing MV2q as an electron relay. It is discussed that the2

nitrogenase enzyme of the bacterial cells is responsible for catalyzing hydrogen production. Sensitization of TiO was2
Ž . Ž . Ž . Ž .performed in three ways: 1 using organic dyes, 2 using Cu II ion doping, 3 loading with low-band gap semiconductors

Ž . 2qCdS . In the four components, i.e., TiO rMV relectron donorrbacterial cells, each of the last three components has its2

own specific function and each facilitates the others’ role, thereby enhancing the yield of hydrogen production. It was found
that with sensitized TiO , there is a higher amount of hydrogen production than with the naked TiO . Among the sensitizers2 2

Ž .2qused, Rhodamine B and Ru bpy exhibited higher efficiencies compared with other sensitizers, as well as other method of3
Ž . Ž 2q 2q 2q.sensitization 2 and 3 . The effects of electron donors, divalent metal ions Mn , Mg and Ca to the above system

were also studied. Suitable mechanisms and schematic models are proposed, in accordance with the observations, for the
different kinds of catalytic systems employed in the present study. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogen can be generated from water pho-
tocatalytically, photobiologically, and photo-
electrochemically. Photobiocatalytic method is a
novel method of hydrogen production by cou-
pling inorganic semiconductor with bacterial en-
zyme. We have reported on photocatalytic hy-

Ž . w xdrogen production with Cu II rWO 1,2 ,3
Ž . w x Ž . w xCu II rBi O 3 , Rh III rFe O 4 , PtrSnO2 3 2 3 2

) Tel.: q91-20-5439273; fax: q91-20-5443085.
Ž .E-mail address: guru@cmetp.ernet.in K. Gurunathan .

w x5 using methyl viologen. We have reported
photobiocatalytic hydrogen production using
undopedrdoped Bi O coupled with photosyn-2 3

w xthetic bacteria 6 .
Since oxide semiconductors generally have a

wide band gap, they absorb only very little part
of light in the visible region and this drawback
could be overcome by sensitization. We have
already reported about the use of the first type

w x w xof sensitization for WO 7 . Dobestani et al. 83

have achieved sensitization of TiO and SrTiO2 3

electrodes by using the photosensitizers Ruthe-
Ž . Ž X Xnium II tris 2,2 -bipyridine-4,4 -dicarboxylic

. Žacid and Zinc tetrakis 4-carboxyphenyl por-
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.phyrin . They also sensitized TiO by CdS-load-2

ing and this effect was ascribed to more effi-
cient charge separation caused by an inter-par-
ticle electron transfer from the excited CdS
either to the conduction band of TiO or di-2

w xrectly to the redox catalyst 9 . The CdSrTiO2

system exemplifies the third type of sensitiza-
tion.

Another requirement for the photoproduction
of hydrogen using a semiconductor is the need
for a hydrogen evolution catalyst on semicon-
ductor surface as reported by many research

w xgroups 10 . We have also investigated the role
of Pt, Pd and Rh on WO for the photocatalytic3

production of hydrogen from aqueous methyl
w xviologen 11 . Similar to metal, metal oxide,

e.g., RuO can also serve as the catalyst for2
w xhydrogen production 12 . But a better catalyst

has the origin in biology, i.e, bacterial enzyme
w xwhich catalyses the hydrogen evolution 13 .

w xNikandrov et al. 14 coupled bacterial enzyme
from Thiocapsa roseopersina to TiO and ob-2

served an efficient photobiocatalytic hydrogen
production.

In the present study, TiO was sensitized2

individually in all three ways and coupled to
intact bacterial cells of Rhodopseudomonas
capsulata species. The semiconductor-bacterial
cells system is then subjected to hydrogen in
aqueous solution under visible light using MV 2q

as an electron relay with or without electron
donor.

2. Experimental

2.1. Materials

Ž .CdS semiconductor grade 99.99% was from
Koch-Light Laboratories, England. Semiconduc-

Ž .tor grade TiO 99.999% and methyl viologen2
Ž X X .1,1 -dimethyl-4,4 -bipyridinium dichloride

Ž .were from Aldrich, USA. Ru bpy Cl was pre-3 2
w xpared by standard procedure 15 . Rose Bengal,

Eosine Blue and other chemicals used were of
research grade.

2.2. Strain and cultiÕation

R. capsulata strain 11166 was a kind gift
from Dr. T.M. Vathsala, Deputy Director, Sri
A.M.M. Murugappa Chettiar Research Centre,
Madras, India. This bacteria is photosynthetic
and has both nitrogenase and hydrogenase en-
zymes. For our studies, a hydrogen evolving

Ž .enzyme nitrogenase is present in the above
bacteria and it exhibited the fastest growth rates
under photoautotrophic conditions. The bacte-
rial cells were grown under standard photosyn-

w xthetic conditions 16 .

2.3. Sensitization of TiO2

TiO was sensitized in three ways. It was2
Ž . Ž .doped with Cu II ion 4 at.% using the method

w xof Dimetrijevic et al. 17 . Another portion of
Žthe TiO was loaded with CdS powder 10%2

.wrw by mechanical mixing and sintering at
3008C under argon atmosphere for 8 h. Naked
TiO was employed along with inorganic2

Ž .2qRu bpy or organic dyes as photosensitizers.3

2.4. Characterization of materials

The prepared photocatalysts were character-
Žized by diffuse absorption spectra Cary 2300

.Model using BaSO as the reference and the4

difference absorption spectra of the doped TiO2

were drawn from the difference in absorption of
undoped and doped TiO .2

2.5. Procedure

In all the experiments, 80 mg of the photocat-
alyst dispersed in 80 ml of the solution contain-
ing 50 mM of MV 2q, 4 ml of intact bacterial

Žcells the estimated bacterial weight in above
.volume solution is 2.4 mgrdry weight , and

3 Ž0.01–0.1 molrdm of electron donor Tris–HCl,
.glycerol, oxalic acid and EDTA taken in a

Pyrex glass photoreactor and thermostated at
258C was irradiated with 150 W Xenon arc

Ž .lamp Applied Photophysics, London . The light
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was filtered through 380 nm filter and passed
Ž .through a water jacket to remove IR light

before falling on the photoreactor. The light
intensity was measured by potassium ferriox-

w xalate actinometry method 18 and was found to
be 0.51=10y8 einsteinsrcm2rs. The reaction
medium and the whole apparatus was flushed
with argon for 30 min before irradiation. The
evolved gas passed through 50% KOH solution

Žto absorb CO if formed due to the presence of2
.electron donor and alkaline pyrogallol solution

Žat 0–58C to remove oxygen if formed due to
.water oxidation by valence band holes and the

rest of the gas was collected in a water
manometer. The collected gas was detected as

Žhydrogen by GC Chromatography and Instru-
˚.ments, India using molecular sieves 5 A col-

umn and argon as the carrier gas.

2.6. Quantum yield

w xAs reported earlier 4 , quantum yields for
photobiocatalytic hydrogen production using
undopedrdoped TiO semiconductor coupled2

with photosynthetic bacteria were calculated by
the formula,

2=H rate MrsŽ .2
Quantum yield f s .Ž .

Photon rate EinsteinrsŽ .
1Ž .

3. Results and discussion

3.1. Characterization

In order to get an information about the
extent of the absorption of the undoped and
doped TiO in the visible region, the photocata-2

lysts were characterized by diffuse absorption
spectra. Fig. 1a,b are the diffuse absorption and
difference absorption spectra respectively of un-
doped and doped TiO . Fig. 1a shows that TiO2 2

has only 65% absorption at 400 nm, whereas
Ž .Cu II rTiO has about 80% absorption ex-2

tended to about 650 or 700 nm in visible region
and for CdSrTiO has around 65% absorption2

Ž . Ž . Ž .Fig. 1. a Diffuse absorption spectra of A undoped TiO , B2
Ž . Ž . Ž .10% wr w CdSrTiO , C 4 at.% Cu II rTiO . b Difference2 2

Ž . Ž .absorption spectra of A 10% wr w CdSrTiO , B 4 at.%2
Ž .Cu II rTiO .2

at 400 nm and another strong absorption at 500
nm due to CdS loading. Thus, the extent, as
well as the range of absorption of undoped TiO2

is greatly enhanced by the doping or loading
process, due to the phenomenon called ‘‘sensiti-

w xzation of semiconductor’’ 17 . From Fig. 1b,
we inferred that the difference in absorption is

Ž .only due to Cu II doping and CdS loading.

3.2. Hydrogen production naked TiO rMV 2qr2

Tris–HClrR. capsulata system

Hydrogen production from an aqueous sus-
Žpension containing TiO , Tris–HCl buffer pH2
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Table 1
Photobiocatalytic hydrogen production with naked TiO rMV2qrTris–HClrR. Capsulata system2
w 2qx y5 3 w x 3MV s5=10 molrdm ; Tris–HCl s0.05 molrdm ; pHs7.2; bacterial cellss4 ml.

Ž .System Volume of H evolved mlrh Quantum yield2

TiO qTris–HCl 0.0 0.02

TiO qTris–HClqR. capsulata 0.3 2.32
2qTiO rMV rTris–HCl 0.2 1.52

2qMV rTris–HClrR. capsulata 0.2 1.5
2qTiO rMV rR. capsulata 0.4 3.02
2qTiO rMV rTris–HClrR. capsulata 0.7 5.22

2q Ž .DithioniterMV rTris–HClrR. capsulata dark reaction 0.6 –

. 2qs7.2 as an electron donor, MV as an elec-
tron relay, and bacterial enzyme as hydrogen
evolution catalyst was investigated and results
are tabulated in Table 1. It was found that
hydrogen is not evolved in the absence of both

electron relay and bacterial cells and it was
observed that there is no direct electron transfer
between semiconductor and bacterial enzyme.
However, little amount of hydrogen was evolved
when anyone of them is coupled with semicon-

Scheme 1. Photobiocatalytic hydrogen production using TiO semiconductor coupled to bacterial nitrogenase.2

Scheme 2. Photobiocatalytic hydrogen production using photosensitizer sensitized TiO semiconductor coupled to bacterial nitrogenase.2

Scheme 3. Photobiocatalytic hydrogen production using CdSrTiO semiconductor coupled to bacterial nitrogenase.2
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ductorrTris–HCl. When all the four compo-
nents are present, the rate of hydrogen produc-
tion is found to be relatively high than the
system containing the absence of anyone of the
above four components. From Table 1, it is
clear that the role of MV2q as an electron relay
is more important than the role of bacterial
enzymes and if both are present, each facilitates
the others’ role.

Enzyme catalyst is more specific for hydro-
gen evolution than Pt, because the latter cataly-
ses the hydrogenation of MV 2q in addition to

w xhydrogen evolution 18 . In system containing
intact bacterial cells, their coupling to photocat-
alyst particles may proceed via reduced methyl
viologen capable of cell membrane penetration
Ž .Scheme 1

Hydrogen production by a dark reaction was
also possible when MV 2q was reduced with

w xdithionite 14 . The rate of hydrogen production
in the dark reaction is comparable with the rate
of photoinduced hydrogen production for which
the quantum yield is 5.2.

3.3. Hydrogen production with sensitized TiO r2

MV 2qrTris–HClrR. capsulata system

TiO was sensitized with inorganic2
Ž .2q Ž .Ru bpy and organic dyes sensitizers, and3

used in photobiocatalytic production of hydro-
gen from aqueous solution containing MV 2q,

Žbacterial cells, and electron donor Tris–HCl
.buffer . Table 2 presents the effect of various

sensitizers on hydrogen production efficiency.
The amount of hydrogen produced with sensi-
tized TiO is higher than that of naked TiO .2 2

This is because of the following possible mech-
anisms:

Ø direct electron transfer to the conduction band
of the semiconductor from the excited state
of the dyercomplex molecules;

Ø energy transfer from the excited state of the
dyercomplex to the surface state of the

Žsemiconductor followed by the electron or
.hole injection from the excited surface states;

and
Ø electron transfer from the excited dye to the

surface states and from the surface states to
the continuum of the semiconductor.

Among the different sensitizers used, Rho-
damine B is found to sensitize the semiconduc-
tor to the maximum extent as evidenced from

Ž .the amount of hydrogen produced 1.6 mlrh .
The efficiency of the different sensitizers in the
increasing order is as follows:

2qEosine Blue-Rose Bengal-Ru bpyŽ .3

-Rhodamine B
This observed trend may be due to the proper-
ties such as redox potentials and l of themax

sensitizers, etc. The first electron reduction po-
tential of the dyes are more negative than the
redox potential of MV 2qrMVq and the dye
injects the electron from the excited state of the

Table 2
Photobiocatalytic hydrogen production using photosensitizer sensitized TiO rMV2qrTris–HClrR. capsulata2
w 2qx y5 3 w Ž .2qx y5 3 w x 3 w x y5 3MV s5=10 molrdm ; Ru bpy s4=10 molrdm ; Tris–HCl s0.05 molrdm ; EB s3.75=10 molrdm ; pHs3

w x y5 3 w x y5 37.2; RhB s2.5=10 molrdm ; R. capsulatas4 ml; RB s2.5=10 molrdm . EBsEosine blue, RhBsRhodamine B, RBsRose
bengal, Ss Photosensitizer.

System Amount of H Quantum First e-reduction. l2 max
Ž . Ž . Ž .evolved mlrh yield potential of S V vs. SCE of S nm

2qTiO rMV rTris–HClrR. capsulata 0.7 5.2 – –2
2q 2qŽ .TiO rMV rTris–HClrR. capsulataqRu bpy 1.5 11.3 y0.860 4542 3
2qTiO rMV rTris–HClrR. capsulataqEB 1.0 7.5 y0.580 515–5182
2qTiO rMV rTris–HClrR. capsulataqRhB 1.6 12.0 y0.545 551–5532
2qTiO rMV rTris–HClrR. capsulataqRB 1.1 8.3 y0.533 5502
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dye to the conduction band of the TiO and2

easily reduces MV 2qrMVq. The combined ef-
fect of all these properties of Rhodamine B
might be well suited with the properties of TiO2
Ž .like CB level, surface states and the light
source and so the efficiency of energy transfer
might be more effective in Rhodamine B.

The Scheme 2 is proposed to explain the role
of bacterial cells, the process of dye sensitiza-
tion and the electron relay activitiy of MV2q.
During illumination, the sensitizer gets excited
and injects an electron to the conduction band
of TiO . This electron, after being carried2

through the band, is utilized for the reduction of
MV 2q that is absorbed on the surface of the
semiconductor. MVq formed on reduction pen-
etrates through the cell membrane of the intact
Rhodoseudomonas cell coupled to the semicon-
ductor and reduces Hq to H at the bacterial
nitrogenase enzyme site that favors the evolu-
tion of molecular hydrogen. Such a model has

w xalready been proposed 14 for the photobiocat-
alytic production of hydrogen. It is suggested
that the nitrogenase activity is responsible for
evolution of hydrogen in the photobiological

w xproduction of hydrogen 13,19,20 . In general,
Žtwo classes of enzymes, hydrogenase iron sul-

. Žfur protein and nitrogenase protein complexes
.containing iron sulfur and molybdenum , are

closely associated with the final hydrogen
evolving actively in photosynthetic bacteria.
Even though the primary function of the en-

Žzymes are quite different nitrogenase function
in biological nitrogen fixation and hydrogenase
catalyses hydrogen uptake or consuming reac-

.tion under certain conditions in both catalyse
hydrogen production, evolution of hydrogen in
photsynthetic bacteria is now known to be a
function of nitrogenase rather than hydrogenase
w x q13 . In the absence of nitrogen or NH , nitro-4

genase enhances the reduction of Hq to H ,2

whereas the main function of hydrogenase is to
catalyse hydrogen uptake reactions. And it is
also proved that in the case of R. capsulata,
mutants defective in nitrogenase activity do not

w xevolve hydrogen 13,21 .

( )3.4. Hydrogen production with 4 at.% Cu II r
TiO rMV 2qrelectron donorrR. capsulata2

ŽVarious electron donors Tris–HCl, oxalic
.acid, EDTA and glycerol were attempted for

photobiocatalytic hydrogen production with
Ž .Cu II rTiO . Under similar conditions, i.e., with2

Tris–HCl buffer, MV 2q bacterial cells,
Ž .Cu II TiO produced a higher amount of hydro-2
Ž . Žgen 49.06 mMrh than the naked TiO 31.222

.mMrh . This is explicable on the basis of our
w x Ž .earlier result 2 . Cu II ion is an efficient elec-

tron-trapping agent which traps the photogener-
ated ey and efficiently transfers it to MV 2q,CB

thereby preventing the ey–hq recombination, a
serious handicap in the semiconductor photo-
chemistry. MVq then relays the ey to Hq and
favors hydrogen production in the presence of
the appropriate catalyst. The following reaction
mechanism is proposed in accordance with the
observation.

hn q yTiO ™ h qe 2Ž .2 VB CB

Cu II qey
™Cu I 3Ž . Ž . Ž .CB

CuqMV 2q
™MVqqCu II 4Ž . Ž .
nitrogenase

q q 2qMV qH ™ MV q1r2 H 5Ž .2

hq qey donor™oxidized products 6Ž .VB

Fig. 2 shows the profiles of the rates of
Ž .hydrogen production with Cu II rTiO in the2

Fig. 2. Photobiocatalytic hydrogen production using various elec-
Ž . Ž .tron donors. System: 4 at.% Cu II rTiO rR. capsulata. A2

Ž . Ž . Ž . Ž .without electron donor, B glycerol 1 M , C Tris–HCl 7.2 ,
Ž . Ž . Ž . Ž .D EDTA 0.02 M , E oxalic acid 0.02 M .
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presence of different electron donors. Without
an electron donor, there is only a small amount

Ž .of hydrogen production 22.3 mMrh . But with
an electron donor, there is considerably a larger
amount, the values being 49.06, 62.40, 53.5,
and 40.14 mMrh for Tris–HCl, oxalic acid,
EDTA, and glycerol, respectively. The highest
value of oxalic acid may be due to its easy
oxidation to CO , and to the ready uptake of2

CO by the bacterial cells of photosynthesis, an2

indirect facilitation for oxalic acid oxidation.

[ ]3.4.1. Effect of oxalic acid on photobiocat-
alytic production of hydrogen

As a representation electron donor, the effect
w x 3of oxalic acid is up to 0.04 molrdm and

Ž .above that it declines Fig. 3 . This is attributed
to the fact that a higher concentration of elec-
tron donor may block the active sites of the
semiconductor, leading to a less amount of pho-
ton absorption, and hence, a decreased photocat-
alytic efficiency. Similar type of concentration
effects have already been observed and reported

w xin our earlier articles 1 . One advantage of this
type of study is to know the optimal concentra-

Ž 3.tion in the present case 0.04 molrdm for
maximum yield. There is no greater change in
the pH due to low concentration of oxalic acid
and it is not toxic to the bugs.

w xFig. 3. Oxalic acid variation on photobiocatalytic hydrogen
Ž .production using 4 at.% Cu II rTiO rR. capsulata.2

Fig. 4. The effect of metal ions adding on photobiocatalytic
Ž .hydrogen production using 4 at.% Cu II rTiO rR. capsulata.2

w x Ž . 2q Ž . Ž . 2q Ž . Ž .EDTA s0.02M. A Ca 1 mM , B Mg 1 mM , C
2q Ž .Mn 1 mM .

3.4.2. Effect of metal ions on hydrogen produc-
tion

Usually, proteins have the tendency to bind
metal ions and this binding may change the
properties of proteins. Since the bacterial cells
are made of proteineous parts, metal ion binding
to these cells is likely to affect the catalytic
activitiy of the bacterial enzyme contained in
the cells. Hence, a study was made with a view
to investigate the effect of divalent metal ions
Ž 2q 2q 2q.Mg , Mn and Ca on hydrogen produc-

Ž . 2qtion with the system Cu II rTiO rMV r2

EDTArR. capsulata. The metal ion may bind
as such or in the form of EDTA complex.
Anyhow, the catalytic activity of the enzyme is
enhanced and the inclusion of metal ions shows
an upward trend in the amount of hydrogen

Ž .production Fig. 4 , the order of the efficiencies
of the metal ions being Ca2q-Mg2q-Mn2q.
The maximum efficiency of Mn2q observed in
the present study agrees with the report of

w x 2qWilberg 22 who showed that Mn is a pro-
tein activator of the enzyme.

Having realized the effect of various metal
ions, the next step was to study the concentra-
tion effect, taking Mn2qas the representative

w 2qxcase. Fig. 5 depicts the effect of Mn on
hydrogen production. A total of 1 mM is found
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w 2q xFig. 5. Mn variation on photobiocatalytic hydrogen produc-
Ž . w xtion using 4 at.% Cu II rTiO rEDTArR. capsulata. EDTA s2

0.02 M.

to be the optimum concentration. Probably, the
activation of the enzyme gets saturated at this
concentration of Mn2q. A still higher concentra-
tion will lead only to the formation of metal-
EDTA complex, which is an unwanted effect, as
the electron donor activity of EDTA is reduced.

3.5. Hydrogen production with CdSrTiO r2

MV 2qrelectron donorrR. capsulata

TiO gets sensitized by mixing with low-band2

gap semiconductor, e.g., CdS. Hydrogen pro-
duction was attempted with CdS-loaded TiO2

Ž .and the results Fig. 6 indicate that CdS-load-
ing improves the photocatalytic efficiency of

w xTiO . This was ascribed 9 to a more efficient2

charge separation caused by the inter-particle
electron transfer from the conduction band of
excited CdS to conduction band of TiO . The2

transferred electron has sufficient energy to re-
duce MV 2q to MVq, which then undergoes the
usual process, producing hydrogen in the pres-
ence of the enzyme catalyst. Scheme 3 illus-
trates the pathway involved in hydrogen produc-
tion.

In Scheme 3, ey of CdS is utilized forCB

hydrogen production, while the hole is scav-
enged by EDTA. In this process, EDTA acts as
a hole scavenger to prevent photocorrosion of
CdS. Addition of Mn2q to the system, as be-

fore, increases the amount of hydrogen produc-
tion.

3.6. Comparison of different catalytic systems

If 1 h is considered as the unit time compari-
son, then naked TiO produced 0.7 mlrh of2

hydrogen in the presence of MV 2q, electron
donor, and bacterial cells. Under similar condi-
tions, the sensitized TiO , whatever may be the2

type of sensitization produced 1.1–1.2 mlrh of
Ž .2qhydrogen, if Ru bpy and Rhodamine B are3

excluded from the list of photosensitizers. If
these are also included, then dye-sensitized TiO2

stands first among the different types of cata-
lysts around the twofold increase in hydrogen
production.

Of all the catalyst systems investigated,
2q Ž .Mn , with Cu II rTiO , produced the highest2

Ž .amount of hydrogen 1.8 mlrh followed by
Ž .Rhodamine B sensitized TiO 1.6 mlrh . If2

Mn2q is also included in the latter system, it
may, perhaps, coincide with the efficiency of
the former. If stability, coupled with efficient
activity, is adopted as the factor for comparison,

Ž .then Cu II rTiO is a more durable system than2

others especially for continued irradiation, since
Ž .others have the possibility dyes as well as CdS

to deteriorate on long exposure to light which is
not shown in figures and tables because it is a
well known phenomena.

Fig. 6. Photobiocatalytic hydrogen production using 10% wr w
w x Ž .CdSrTiO rEDTArR. capsulata. EDTA s0.02M. A without2

2q Ž . 2qMn ion addition, B with Mn ion addition.
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