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Abstract

In the presence of electron donors, oxalic acid, ethanol and disodium ethylene-diamine tetraacetate (EDTA), the photocatalytic trans-
formation of rhodamine B (Rh B) and its effect on photocatalytic hydrogen evolution over Rti@i@ been examined. UV-Vis and fast
atom bombardment mass spectrometry (FABMS) evidences demonstrate that two reductive reaction paths (photocatalytic hydrogenation
and additive combination of Rh B with ethanol radical) take place over Pi/fifhe reaction system. The adsorption behavior of Rh B on
Pt/TiO, with coexisting electron donors is a key factor for the transformation. As a result of the hydrogenation and the addition of ethanol
radical, the rates of photocatalytic hydrogen generation by the donors decrease notably. A possible reaction mechanism is discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of dyes is lost during the dyeing process and released in the
textile effluentd5]. It is possible that dyes may often occur
Since Fujishima and Hondd] reported the photoelec-  in practical multipollutant wastewater. What transformation
trochemical water-splitting by a TiDelectrode, photocat- ~ will happen to these colored compounds in the multicom-
alytic production of hydrogen by water-splitting has been ponent system and what is its effect on photocatalytic
thought to be the best promising approach. However, in the hydrogen evolution, these are two issues of interest.
absence of electron donor, the efficiency of photocatalytic ~Rhodamine B (Rh B), as an important representative of
hydrogen evolution is very low and many semiconductors xanthene dyes, is famous for its good stability as dye laser
will lose their activities after long-term irradiatid@,3]. In material. Some studies on the photocatalytic degradation
order to improve the efficiency and keep the activities of of Rh B in oxidative atmosphere (e.g..Ounder UV or
semiconductors, it is necessary to add electron donors tovisible light irradiation have been report¢@-8], but no
the reaction system. But if the sacrificial donors are more photocatalytic transformation of the dye in inert (e.gz) N
expensive than the Horoduced, the use of electron donors atmosphere for hydrogen evolution has been reported. In
is clearly not of interest. In our previous work, using oxalic the present study, we choose Rh B as a probe in order to
acid as a model electron donor we have endeavored to com-demonstrate reactive behaviors of dye compounds and their
bine photocatalytic hydrogen production with elimination effects on photocatalytic hydrogen evolution.
of organic pollutantg3]. The adsorption of reactants on photocatalysts plays a very
Organic pollutants are often encountered in practice as aimportant role in photocatalys[$,10]. TiO, with deposited
multicomponent mixture. Studies on the photocatalytic hy- platinum has been considered as a very effective photocata-
drogen evolution in multicomponent systems have not beenlyst for hydrogen evolutioril1]. In the Pt/TiQ photocata-
reported. Dye pollutants from the textile industry and pho- lyst, there are two kinds of adsorption sites, namely Pt and
tographic industry are a principal source of environmental TiO> moieties. Due to the Schottky barrier of metal Pt in
contaminatiorf4]. About 15% of the total world production ~ contact with semiconductor Tisurface, after excitation of
TiO,, the electron migrates to the metal Pt where it is trapped

" Corresponding author. Tel+86-931-8277837: and reducnoni reaction takes pl_ace on Pt; whereas the hole is
fax: +86-931-8277088. then free to diffuse to the semiconductor surface where ox-
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deposited on Ti@also involves the stabilization of interme-  the catalyst was removed by centrifugation or Millipore fil-
diate M atoms as well as the catalysis of bimolecular com- ter under N atmosphere. The filtrates of Rh B suspensions
bination reaction forming bl[12]. In this paper, we studied containing oxalic acid, EDTA and ethanol, were used to
the photocatalytic transformation of Rh B in the presence monitor the changes of UV-Vis spectra of Rh B directly. The
of electron donors: disodium ethylene-diamine tetraacetatesample of the hydrogenation products in oxalic acid solution
(EDTA), ethanol and oxalic acid. We observed that Rh B for FABMS (fast atom bombardment mass spectrometry)
transformed in two reaction mechanisms (i.e., hydrogenationwas prepared as follows: after the Rh B solution contain-
and ethanol radical addition) which are dependent on the ad-ing oxalic acid in Pt/TiQ dispersion was bleached under
sorption behavior of Rh B on Pt/Tidn the presence of the irradiation, the filtrate was extracted by dichloromethane
electron donors, and that the rates of photocatalytic hydro-in the dark[14]. The samples of ethanol addition féH
gen evolution by the donors were influenced simultaneously. NMR and FABMS measurement were prepared as follows:
an aqueous dispersion (120 ml) of Rh BQk 10° M),
ethanol (10 x 102M) and 0.020g 0.3wt.% Pt/TiOwas
2. Experimental irradiated for 0 or 5.5h, and the Pt/Ti(particles were
removed by Millipore filter; the HO in samples fortH

Degussa P25 Ti©powder (70-30% anatase to rutile) MR (360ml) and FABMS (50 ml) was removed by rotary
was used. It had a negligible pore volume, a BET area of _evaporatlon (below 328 K), and the residue was dissolved

55+ 15n? gL, and an average particle size of 30nm. The N 0.5ml CDC for *H NMR and was dissolved in 0.5ml
PUTIO, photocatalyst was prepared as describef.8j by CH3zOH for FABMS. Glycerin was used as the ;gbstrate for
impregnation of Degussa P25 H@ith a required amount FABMS analysis. The sample of ethanol addmlon téc

of HyPtCls, followed by the UV illumination (250 W high NMR was pr'e'pared as follows. The 5.01 of the filtrate from
pressure Hg lamp) of the 100 ml stirred suspension under N ethanol addition reaction prepared as described above was
atmosphere at room temperature for 10 h. After washing and €Vaporated by rotary evaporation, then the residue was re-

evacuation at 393K for 10, this catalyst was used without dissolved in acetone (15mi), and then the solution was puri-
any reduction under 4 The sizes of Pt deposits observed fied by silica gel column chromatography using acetone and

by TEM were 1-2nm. All reagents were of analytic grade acetone—HO (4:1) as eluents to give unreacted Rh B and
and were used without further treatment. For reference, theh€ orange addition product solution, respectively. The sol-
structure of Rh B is shown below; the small letters labeled V€Nt Of the product solution was removed by rotary evapora-
on the carbons denote reaction positions. tion, and the residue was dissolved in CBETD;SOCD;

for 13C NMR.
) The photodecomposition of leuco Rh B was carried out
a b b a . . . .
CH,CH——N + with the same light source and reaction cell as used in the

photocatalytic reaction. The solution of leuco Rh B for pho-
todecomposition was prepared as follows: a suspension of
120ml 10 x 10~>M Rh B solution and 0.020g 1.0 wt.%
Pt/TiO, was dispersed in an ultrasonic bath and nitrogen was
bubbled through the reaction mixture for 30 min to remove
oxygen, then hydrogen was bubbled for 3 min through the
mixture and stirred for 10 min in the dark; the Pt/Bi@h
dispersion was removed by Millipore filter undep Etmo-
Rhodamine B sphere in the dark. Before irradiation, nitrogen was bubbled
through the bleached filtrate for 30 min.

The photocatalytic reaction was carried out in a Pyrex
flask of ca. 240 crhwith a flat window. The 120 ml reaction
mixtures inside the cell were maintained in suspension by 3. Results
means of a magnetic stirrer. A 250 W high pressure Hg lamp
was used as the light source. The IR fraction of the beam was3.1. Photocatalytic activities of various
removed by a water-cooling jacket outside the lamp. Prior substrates for hydrogen evolution
to irradiation, the suspension of the catalyst was dispersed
in an ultrasonic bath and nitrogen was bubbled through the Table 1shows that oxalic acid, EDTA and ethanol are
reaction mixture for 30 min to remove oxygen. The top of the good electron donors for hydrogen evolution; whereas Rh B
cell was sealed with a silicone rubber septum. Sampling washas no activity, which can be attributed to its stability. By
made intermittently through the septum during experiments. increasing the concentration.Qlx 10-3M Rh B), the rate
The reaction was carried out at room temperature. of hydrogen evolution is much smaller than that in distilled

Hydrogen was analyzed by gas chromatography (TCD, water. This fact would be explained by the fact that Rh B
N> as gas carrier, zeolite NaX column). After irradiation, screened Ti@ from the ultra-bandgap light.

L T—CmCH;
/’/ -

CH;CH, CH,CH,
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Table 1

Comparison of activities of various organic substrates in aqueous solution as electron donors for hydrogenvolution

Organic substrates Initial concentration of the substrate (M) Irradiation time (h) Amount of hydrogen evalutiol) (
H2C204 1.0x 1073 1 75

EDTA 1.0x 1073 1 72

Ethanol 10 x 1073 2 32

Rh B 10x 1073 2 Trace

Rh B 10x 107° 2 2.4

None - 2 2.3

2Conditions: 0.020g 0.3wt.% Pt/Ti) 120 ml solution.

3.2. Adsorption measurements pKa = 9[17]. The surface of TiQis amphoteric due to hy-

droxyl groupg15]. The pH of zero point of charge (pHzpc)
The degree of adsorption of Rh B onto Bi©r Pt/TiO, for Degussa P25 in water is 6.258].

was evaluated by monitoring the decrease of the concentra-___. —

tion of Rh B (AC) in the aqueous solutions containing pow- >Ti-OH +H" = >TiOH,"  atpH < 6.25

dered TiQ or PUTIO;, stirred in the dark at room temper-  >Ti_OH + OH™ < >TiO~ + H,O atpH> 6.25

ature for 30 min The concentration of Rh B was measured

spectrophotometricallyfable 2illustrates that Rh B can be  In acidic media of pH below 6.25, both Rh B and 3O

adsorbed more strongly on Pt/TiGhan on TiQ in the sin- surface are positively charged. Because of strong electro-

gle Rh B solution, whereas it exhibits different adsorption static repulsion between these similarly charged species, Rh

behaviors on Ti@ or Pt/TiO; in the presence of other so- B cannot be adsorbed easily on BiGurface. The conclu-

lutes. Because the deposited Pt particles of 1.0 wt.% P#/TiO Sion is also suitable for the adsorption of Rh B on FiO

occupy only a very small portion of TiDsurface based on ~ moiety of Pt/TiQ, because a small amount of deposited Pt

TEM analysis, it is believed that the adsorption of Rh B on hardly influences the pHz[d9]. For the adsorption of Rh

TiO> should be much stronger on Pt than on Ti®n the B on Pt moiety of PY/TiQ, oxalic acid has a small effect

presence of oxalic acid or EDTA, the competitive adsorp- On the adsorption but EDTA decreased it greatly. However,

tion between Rh B and oxalic acid or EDTA on Ti®an be still a small amount of Rh B can be adsorbed on Pt. On the

observed, while in the presence of ethanol, the adsorptionother hand, ethanol suppresses the adsorption of Rh B on Pt,

of Rh B on TiG is not influenced. Carboxylic acid under- which could be attributed to that ethanol is adsorbed more

goes inner-sphere complexation at Fi€urface sites, while ~ strongly on Pt than Rh B.

ethanol interacts with the sites via weaker hydrogen-bonding

interactiong15]. Thus, the adsorption of Rh B on Ti@ia 3.3. Effect of Rh B on photocatalytic hydrogen

carboxyl radical cannot compete with that of oxalic acid evolution and its transformation

and that of EDTA, because oxalic acid is adsorbed strongly

on TiO, [16] and EDTA is a strong chelate agent; whereas  As comparative study, in the presence of electron donors,

Rh B and ethanol can be adsorbed on different kinds of ad- oxalic acid, EDTA and ethanol, profile of the ratio of the

sorbed sites, respectively, so that the adsorption of Rh B isphotocatalytic hydrogen evolution rate with Rh B to the rate

not affected by ethanol. Electrostatic action between Rh B without Rh B as a function of illuminated time is shown in

and TiG is another reason for the decrease of the adsorptionFig. L In the presence of EDTA, Rh B decreases the rate

on TiO,. The pH of 10 x 10~3M oxalic acid and disodium  of hydrogen evolution to some extent at the first 30 min,

ethylene-diamine tetraacetate solution were 3.0 and 4.8, re-but scarcely influences the rate after that time; while in the

spectively. In the pH range of 3.0-4.8, Rh B is present as presence of oxalic acid or ethanol, Rh B decreases the rate

the cation, since the carboxy-phenyl group dissociates with to a great extent.

Table 2
Adsorption of Rh B on Pt/Ti@ and Degussa P25 TiQn various solutiond
Solution Amount of adsorbed Rh B (mol/g catalyst)

Degussa P25 Ti® 1.0wt.% PUTIQ
1.0x 10°M Rh B 55x 1077 7.6x 1077
1.0x 10°M Rh B+ 1.0 x 103 M H»Cy04 17 x 1077 4.2 x 1077
1.0x 10°M Rh B+ 1.0x 10 3M EDTA 0.63x 1077 14x 1077
1.0 x 1005M Rh B+ 1.0 x 1072 M ethanol 55 x 10~/ 49x 1077
1.0 x 10°°M Rh B+ 1.0 x 10~ M ethanol 52 x 107 48x 1077

a Adsorption conditions: 0.10 g catalyst, 10 ml solution, stirring time: 30 min, room temperature (290-295 K).
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Fig. 1. Plot of the ratio of the photocatalytic hydrogen evolution rate with Rh B to the rate without Rh B vs. irradiation time in the presence of various
electron donors. Reaction conditions: 0.020g 0.3wt.% PHTI20ml 10 x 10-3M EDTA (A), 5.0 x 10~3M oxalic acid @) and 10 x 10-2M ethanol
(M) solution containing D x 10->M Rh B, respectively.

Fig. 2a shows that in the presence of oxalic acid, the char- Similarly, Koizumi and coworker$20] reported that hy-
acteristic absorption band of Rh B at about 556 nm, which drogenation of xanthene dye can result in three separated
can be attributed to the conjugated chromophore ring struc-benzene rings as shown in formula (1). To further identify
ture, disappears quickly. The result indicates that the con-the structure of photocatalytic hydrogenation product of Rh
jugated structure of Rh B is destroyed. Control experiment B, the reaction product was analyzed by mass spectrome-
established that in the absence of oxalic acid, the absorptiontry. Fig. 3 shows the FAB mass spectrum of the bleached
of Rh B at 556 nm did not decrease markedly after 2 h irra- Rh B solution extracted by dichloromethane after irradia-
diation except for its adsorption on Pt/TiCOt can be seen  tion. The peaks atvz 445.2 and 443.2 can be attributed to
from Fig. 1that Rh B decreases the rate of the hydrogen [DH,+H]™ and [DHJ", respectively (formula (1)). The rea-
evolution, thus we can assume that the hydrogenation of Rhson for that the [DH} peak is much stronger than the peak
B takes place in the process. [DH2 + H] T is that [DH]" has a more stable conjugated

In order to confirm this assumption, we carried out the w-bonding structure. Based on the peakn#t 445.2, we
hydrogenation of Rh B over Ti©and Pt/TiQ in the dark conclude that hydrogenation reaction of one Rh B molecule
under pure H atmosphere. Rh B (@ x 10~°M) bleached with one B molecule takes place. Judging from the struc-
quickly (in 10 min) over 1.0 wt.% Pt/Ti@) whereas bleach-  ture of Rh B, we are sure that only the addition dftd the
ing of Rh B could not be observed over Ti@vithin sev- position i as shown in above formula takes place so that the
eral hours. It is well known that Pt—H formed by adsorption conjugated structure is destroyed completely. The photocat-
of Hy on Pt is responsible for the hydrogenation of unsatu- alytic hydrogenation can be attributed to that Rh B can be
rated compounds. The result shows that Rh B can undergoadsorbed strongly on Pt and there are a large amount of H
hydrogenation over Pt in the photocatalytic reaction. atoms on it.

Rh B can be reduced with zinc in acid solutifi®] to Interestingly, as shown ifrig. 2b, when the bleached
produce its leuco form. The reaction is hydrogenation and solution with Pt/TiQ was exposed to air, the color of the
can be expressed as follows:

+
. o)
(CyHs)»N: ‘ g](.CZHSb (CyHs)N
H;
_

— COOH

N(GHs),

«H' +Qr

DH* DH, (leuco Rh B, M=444) Q)
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Fig. 2. Absorption spectra of Rh B Ix 10~°M) solution containing initial ® x 10-3M oxalic acid under various conditions: (a) 1, the original
solution; 2, the filtrate of bleached suspension of 120ml 0.020g 1.0wt.% Bt@igpersion after 18 min irradiation under, Mitmosphere; (b) 1, the
original solution; 2, the filtrate of the bleached suspension after exposure to air for 16 h.
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Fig. 3. FAB mass spectrum of the leuco form of Rh B in glycerin.

solution can be resumed slowly. It can be attributed to
that the conjugatedr-bonding structure can be resumed
by oxidation or dehydrogenation because the conjugated
w-bonding molecule form is more stable, which indicates
that hydrogenation of Rh B is reversible. Compare curve 1
with curve 2 inFig. 2b, only 75% of the absorbance of Rh
B at 556 nm can be restored. We speculate that there are
three possibilities to explain this result: (1) the adsorption
of Rh B on PUTiQ; (2) incomplete oxidation of leuco
Rh B within 16 h exposure time; (3) other photocatalytic
reactions which cannot be returned reversibly by oxidation.
In the presence of EDTA, the temporal profile of the
changes in the Rh B chromophore was monitored by UV-Vis
spectroscopyKig. 4). The spectra illustrate that after 2h
irradiation there is a small decrease in the absorbance at ca.
554 nm, which can be attributed to the adsorption of Rh B
on PYTiG and the hydrogenation of Rh B. However, com-
paring the absorbance after 2 h with that after 4 h irradiation,
no apparent change can be found.
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Fig. 4. Temporal UV-Vis spectra of the changes for Rh B in the presence of EDTA at different irradiation times. Conditions: 120 10 P M Rh
B solution containing initial 0 x 1073 M EDTA and 0.020g 0.3wt.% Pt/Ti©

In our work we found that leuco Rh B solution derived consistent with the reverse reaction shown in (1) within ex-
from hydrogenation was sensitive to irradiatiéig. 5shows perimental error. If we assume that initial concentration of
that the leuco dye can return to dye form under irradiation leuco Rh B (DH) is 6.8 x 10-6M, the photodecomposi-
in N2 atmosphere and the concentration of Rh B reaches ation of leuco Rh B follows a zero-order kinetics and the rate
plateau (68 x 10-8 M) in about 30 min. The initial concen-  constant is @5 x 10~ mol =t min~1 (Fig. 5, inset).
tration of Rh B before hydrogenation wa®k 10-°M (pH If we assume that photodecomposition of leuco Rh B can
5.4). The large difference between the initial and formed compete with hydrogenation of Rh B over Pt/BiQve can
concentration would be attributed to the stronger adsorp- explain that the absorbance at 554 nm after 2 h and that after
tion ability of leuco dye on TiQ. From formula (1) we 4 h irradiation were almost the same. The reason is that in
can consider that at pH 5.4, leuco Rh B can exist as athe presence of EDTA there was only a small amount of Rh
neutral molecule or an anion (if we assume thit, f B adsorbed on Pt and the hydrogenation rate of Rh B was
carboxy-phenyl group of leuco Rh B is near tidg0of ben- slower. However, in the case of oxalic acid, due to its larger
zoic acid, 4.2). Owing to no electrostatic repulsion between adsorption amount on Pt, the rate of hydrogenation of Rh
the positively charged Ti@surface and the neutral molecule B could be much faster than that of photodecomposition of
or electrostatic attraction between the Fi€urface and the  leuco Rh B, thus the photobleaching could be observed.
anion, the adsorption ability of leuco Rh B on B much Fig. 6 shows that in the case of ethanol and Rh B, with
stronger than that of Rh B. The amount of hydrogen pro- increase of irradiation time, absorbance of the solution
duced in the process determined by gas chromatography wast ca. 554 nm decreases quickly and the absorption band

8
5
o 6T 0.4
o ~
o = 0.3 fo
o —= s |ogouo
=5 S 4t E—fo.z -
s £ S
s = o1 r
O L
Q 2 }F 0
S 0 20 40
@) t(min)

0 1 1 1 1 1

0 10 20 30 40 50 60

Irradiation time/min

Fig. 5. Photodecomposition of leuco Rh B prepared by hydrogenationOot 10~>M Rh B solution over 1.0wt.% Pt/Ti©
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Fig. 6. Temporal UV-Vis spectra of the changes for Rh B in the presence of ethanol at different irradiation times. Conditions:.A201813M Rh
B solution containing initial 0 x 10~2M ethanol and 0.020g 0.3wt.% Pt/TiO

shifts from 554 nm (0 h) to 553 nm (2.5 h), 552nm (4 h) and In view of the combination of ethanol radical with Rh B

521 nm (5.5h) in sequence. The result demonstrates thatadditively, the rate of hydrogen evolution was decreased.

some transformation of Rh B has taken place. Interestingly,

using 0.10 M instead of 0.010 M G&H,OH, we observed

that Rh B transformed from violet (absorption band at 4 piscussion

554 nm) to orange (the band at 521 nm) in 1.5h, indicating

that ethanol plays an importapt role in thi's transformation. The reaction is initiated by the photoexcitation of 3iO

In order to determine What_k'nd_ O_f reaction Rh B_under- particles, which leads to the formation of electron—hole

went, the product of 5.5h irradiation was determined by pairs:

FABMS. Fig. 7 shows that compared product of 5.5h irra-

diation with initial Rh B, a new strong peak appearsrét TiOgﬂTiOz (&b + hyp") ()

489.3 which can be attributed to [DH48,OH-+H]™ (vide

infra), demonstrating that the addition of ethanol radical is photogenerated conduction band electrggs ean be trans-

the main reaction. ferred to electron acceptorHor Rh B. With Pt on TiQ,
a-Hydrogen of ethanol can be abstracted by photogener-electrons can be trapped by Pt antlirtermediates and di-

ated hydroxyl radical on Ti@to form a-hydroxyalkyl rad-  hydrogen can be produced on[P2]. Rh B can be reduced

ical as follows[21]: by electron directly or by H atom to semireduced radical

which is a long-lived radica14]
CHzCH,OH + >TiOH* (or hyp 1)

+ — . 1
—» CH3CHOH® + >TiOH, @ e —H = gH2 onPt ()

+ — .
The rate constant for hydrogen-abstraction from an ethanol DH™ + &y — DH (6)

molecule by a free hydroxyl radical is9x 10° M~15-1 DH* 4 H* — DH® + H* )
[22]. Thus, on the surface of TiCthere would be a certain
amount of ethanol radicals. Since Rh B and ethanol can beaccording to electrochemistry, combination of twd idn

adsorbed on Ti@COﬂCUrrently, the formed ethanol radical Pt to produce ) is a rate_determining step for hydrogen

can combine with Rh B additively. evolution:
The half-wave potentidE;/, of oxidation ofa-hydroxy-
alkyl radical has been determined to £6.94V (vs. NHE Pt—-H+ Pt—H — Hj, + 2Pt (8)

at pH 7)[23]. The potential is negative enough to inject
electrons to the conduction band (current doubling) to pro- 1here should be a large amount ot in Pt. Thus, Rh B

mote hydrogen evolution. The reaction can be expressed ashould be reduced mainly by H atoms, and the reduction of
follows: Rh B by electrons could not compete with the former. The

produced free radical (DY is very stable; its structure is
CH3CHOH®* — CH3CHO+H™ + e~ 3) shown as followg14]:
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The formed DH can combine at the position i with produced

H atom on Pt
DH® +H®* — DH» (9)

The structure of the product (leuco Rh B) is the same as
what has been shown in (1).

In the presence of oxalic acid, due to the large adsorp-
tion amount of Rh B on Pt, hydrogenation could take place
quickly and the rate of photocatalytic hydrogen evolution
was decreased greatly. However, in the presence of EDTA,
owing to the adsorption behavior of Rh B, Rh B would un-
dergo the hydrogenation slowly, and as a result of the pho-
todecomposition of leuco dye, Rh B had less influence on
the rate.

Likewise, valence band hole,#t can be filled by elec-
tron donors HC,04, EDTA, CH3CH,OH and surface hy-
droxyl groups on TiQ. The oxidized EDTA undergoes a
facile, irreversible decomposition to produce formaldehyde
and ethylene-diaminBEN'-triacetic acid24]. Because of its
good stability, the oxidation of Rh B in the presence of elec-
tron donor is negligible. The formed hydroxyl radical can
continuously oxidize oxalic acid, EDTA and GBH,OH:
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OH™ + hy,© — OH® (10)
HCO4  + h\,bJr — HCy04° (12)

The potential for Rh B taking up an electron 40.75V
(vs. NHE) in aqueous alkaline solutid5]. The decom-
position product of HGO4*, CO*~ (normal potential
E%(C0O,/CO,* ) = —1.8V [26]) is also able to reduce Rh
B to DH*® or inject electron to conduction band (current
doubling):

(HsCy),N O A ANCHy), (HsCy),N
Z \/I
O COOH

CO*~ 4+ DH* - CO, + DH® (12)

COr™ - CO 46 = (13)

Since Rh B is adsorbed mainly on Pt, current doubling ef-
fect will be predominant, and H©®,* or CO;*~ has less
contribution to the reduction of Rh B.

Similarly, CH3CHOH* can also reduce Rh B to Dtbr
inject electron to conduction band as shown in (3). The

radical at positions ¢, g, and f. The UV-Vis spectroscopic
evidence established that the conjugated structure of Rh B
was not destroyed after 5h irradiation, indicating that the
addition of ethanol radical to the positions has taken place.
Since there is a larger repulsion for the addition at the po-
sitions ¢ and g, the products of addition to these positions
should be smaller or even none. Due to steric conditions
the carboxy-phenyl group remains almost perpendicular to
plane of the chromophore of Rh [B5]. The block for the
addition to the position f should be smaller. Thus, the addi-
tive reaction would take place mainly as follows:

CH,CHOH
—>

In order to confirm the proposed mechanistGC NMR
spectrum of the addition product was measured. Compared
with the two characteristic signals of two symmetrical ¢ and
g carbons for Rh B a8 = 1552 and 157.4 ppnj27], the
corresponding signals for the product shifted upfield and
four signals appeared in the range &of= 150-154 ppm,
indicating that the addition does not take place at the posi-
tions ¢ and g. The reason is that the product molecule is not
symmetrical any more after the addition. The single peak at
8 = 1569 ppm for the product can be assigned to the i car-

former also decreases the rate of photocatalytic hydrogenyy, (for Rh B the corresponding peakt= 159.1 ppm)

evolution:
CH3CHOH® + DH* — CH3CHO+ DH® + HT (14)

The produced DM can be protonated and dismutaféd]
as follows:

DH® + HT — DH** (15)
2DH*" — DHp + DH' + HT (16)

demonstrating that the addition does not take place at this
position. Based on these results, we are sure that the addi-
tion takes place at the position f.

5. Conclusions

In the presence of oxalic acid as the electron donor for

The process should undergo slowly, since in the presence ofphotocatalytic hydrogen evolution, due to the strong ad-

ethanol the hydrogenation could not be observed.

Due to the stability of DM, combination of DM with
ethanol radical should take place completely at position i.
However,'H NMR signals showed that after 5.5 h irradia-
tion, the characteristic signal of Rh B for —GHat the po-
sition b appeared &t = 3.55 ppm shifted upfield, and two
signals for —CH- of addition product appeared&at= 3.33

sorption of Rh B on Pt, the hydrogenation of Rh B takes
place quickly on Pt of Pt/Ti@ In the presence of ethanol,
since ethanol and Rh B are adsorbed onzliOncurrently,

Rh B undergoes the addition of ethanol radical. In the
two cases, the rates of photocatalytic hydrogen evolution
decrease markedly. On the other hand, in the presence of
EDTA, Rh B can only be adsorbed on Pt in a very small

and 3.42 ppm, demonstrating that symmetrical addition of amount, the rate of the hydrogenation is slow, so the rate

ethanol radical to the position i was at least not the main re-

of photodecomposition of leuco dye can compete with it.

action. The reason is that there is a large steric hindrance forln this case, notable transformation of Rh B and decrease

ethanol radical addition to the position i. According to the

in the rate of photocatalytic hydrogen evolution cannot

resonance theory, Rh B can also undergo addition of ethanolbe observed.
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