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Abstract Production of hydrogen and/or electricity by

photocatalytic treatment of aqueous ethanol solutions has

been investigated in a two compartment chemically biased

photoelectrochemical cell, employing commercial nano-

crystalline Titania as photoanode and Pt as cathode. Results

show that hydrogen is produced during photooxidation of

ethanol by cathode reduction and by means of a flow of

external electric current. The performance of the cell

decreased after several hours of operation, most possibly

due to the formation of hydrocarbons of higher molecular

weight. This is contrary to simple photocatalytic ethanol

oxidation where complete mineralization of alcohol is

observed.
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1 Introduction

Photocatalytic decomposition of aqueous solutions of

organic substances under anaerobic conditions can lead to

production of hydrogen. The process can be simply

described as follows: a semiconductor photocatalyst is

excited by absorption of photons generating electron–hole

pairs. Holes oxidize organic substrates liberating hydrogen

ions, among other oxidation products. Hydrogen ions are in

turn reduced by excited electrons, producing hydrogen

molecules. This simple and straight forward process has to

compete with electron–hole recombination. To suppress

recombination, several techniques have been devised, most

popular among them being the so-called photocatalytic

(PC) process [1–13] and the photoelectrochemical (PEC)

process [14–16]. In the PC case, noble metal nanoparticles

are deposited on the nanostructured semiconductor. The

metal nanoparticles act as electron traps, which impede

recombination and facilitate transfer of electrons to reduce

hydrogen ions, thereby decreasing the overpotential for H2

evolution. In the PEC case, the nanocrystalline semicon-

ductor is deposited on an electrode, which acts as the

anode. The cathode is made of a high work function metal;

typically Pt. Excited electrons are channeled through an

external circuit to the cathode. Hydrogen ions are then

reduced at the cathode producing molecular hydrogen. In

the present work, photocatalytic oxidation of ethanol has

been studied by employing the PEC operation.

Both PC and PEC process lead to the same result, that is,

oxidation of the target substance and production of

hydrogen. PC process is more efficient, since it operates at

the nanoscale, where one semiconductor nanoparticles with

a deposited metal nanoparticle operates as a nanoreactor.

The PEC process, however, has other advantages, the most

notable being the fact that production of hydrogen is

accompanied by electric current flow. If the anode and

cathode are placed in two separate compartments com-

municating with a proton-transfer membrane (for example,

Nafion), it is possible to run the cathode compartment

under aerobic conditions, where hydrogen generates water

and the cell then operates as a photo-fuel cell [14]. The

photo-fuel cell can be used to produce electricity by con-

suming surplus waste materials or water pollutants [14].
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Such a cell is also studied in the present work, employing

ethanol as model target substrate.

Production of hydrogen by photocatalytic treatment of

aqueous solutions of ethanol (EtOH) is being studied for

several decades [1–13]. A revived interest has been

recently demonstrated [8–13, 17] owing to the pressing

need for renewable energy resources. It has thus been

shown that photocatalytic treatment of EtOH under

unaerated conditions proceeds in steps that can be sum-

marized by the following photoreforming reaction [9–11]:

C2H5OH þ 3H2O! 2CO2 þ 6H2: ð1Þ

According to Reaction (1), ethanol is completely

mineralized in the presence of water, producing CO2 and

H2. Thus, photoreforming is realized by oxidation of the

substrate towards compounds of progressively lower

molecular weight, as it will be discussed later. However,

during PEC operation, we realized that this might not be

exactly the case, when the photoelectrochemical route is

actually chosen. We have then decided to analyze the

oxidation products during a PEC oxidation of ethanol to

make the situation more clear. Subsequently, the present

work focuses attention on the progress of EtOH oxidation

in a two compartment PEC cell.

2 Experimental

2.1 Materials

The nanocrystalline Titania used in the present work was

commercial Degussa P25, which consists of 25–30 nm

nanoparticles. All other reagents were obtained from

Aldrich and Merck, while Millipore water was used in all

experiments. SnO2:F transparent electrodes (resistance

8 X/square) were purchased from Hartford, USA.

2.2 Preparation of Nanocrystalline Titania Films and

Anode Electrodes

Nanocrystalline Degussa P25 was dispersed in aqueous

Carbowax solution [18], as previously described [15]. Car-

bowax solution was prepared according to the following

recipe: 8.5 mL of water were mixed with 10.5 mL of EtOH.

To this mixture we added 0.8 mL of a concentrated poly-

ethylene glycol (PEG) 2000 aqueous solution made of 30 g

PEG 2000 and 30 g water. Degussa P25 was dispersed in this

aqueous Carbowax solution by mixing 0.3 g Degussa with

3 mL of the solution. The resulting material was a white

paste, which can be easily cast on any solid substrate. Films

were thus made by casting the paste on SnO2:F transparent

electrodes. After casting, the films were calcined at 550 �C.

This relatively high temperature was necessary to assure that

all organic templates were destroyed and removed from the

photocatalyst surface. High calcination temperature

adversely affects the conductivity of the transparent con-

ductive electrode. This problem is less pronounced when

SnO2:F is used, as in the present case (compared, for

example, to indium–tin-oxide, ITO, electrodes). The proce-

dure was repeated once more in order to increase the amount

of deposited photocatalyst. The final quantity of Titania on

the support was 25 mg, while the geometrical dimension of

the film was 4 9 2.5 = 10 cm2. Thanks to the high calci-

nation temperature, the film adhered well on the support and

withstood the hard alkaline conditions applied during PEC

operation. A photograph of a film thus prepared is shown in

Fig. 1a, depicting also the wire connection, which was made

by means of a copper ribbon attached on the uncovered part

of the SnO2:F electrode.

2.3 Description of the Reactor

The PEC cell was a two compartment (H-shaped) reactor

made of Pyrex glass, schematically shown in Fig. 1b. The

anode was made of one single SnO2:F electrode with

deposited nanocrystalline Titania, while the cathode was a

Pt wire. The electrolyte of the anode compartment con-

tained 1.0 mol L-1 NaOH and that of the cathode contained

1.0 mol L-1 H2SO4. These different electrolytes were used

to apply a chemical forward bias between anode and cath-

ode. The cathode compartment was either continuously

TiO2

Pt

hv

Nafion

b

a

Fig. 1 a Photograph of the anode assembly depicting transparent

conductive electrode, Titania film and wire connection; b schematic

representation of the H-shaped PEC reactor
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supplied with air by means of a small pump to run under

aerobic conditions or with Ar gas to produce hydrogen

under anaerobic conditions. In the latter case, Ar also served

as a means of carrying product gases to a gas chromato-

graph for on-line analysis.

Exciting radiation was generated by a homemade lamp

housing employing Black Light tubes with their spectral

maximum located at around 360 nm [13]. Four tubes of

4 W nominal power each were symmetrically placed inside

a cylindrical cavity with reflective wall. The intensity of

incident radiation at the position of the film was measured

with the use of a radiant power meter facing a single Black

Light tube and was found to be 0.80 mW/cm2. Since the

photoanode can absorb light from all four tubes, we

roughly estimate that the total light intensity incident on

the photoanode was 4 9 0.80 = 3.2 mW/cm2.

2.4 Measurements

UV–Vis absorption measurements were carried out with

the use of a Cary 1E spectrophotometer. The intensity of

radiation at the position of the catalyst was measured with a

radiant power/energy meter (Oriel-70260). Electrical

measurements were made with a Keithley 196 multimeter.

Detection of product hydrogen was made online by using

an SRI 8610C gas-chromatograph equipped with a

molecular sieve 5A column and a TCD detector. The car-

rier gas was high purity Ar (99.999%). Samples were

periodically collected via an automatic gas sampling valve

and the concentration of H2 present in the reactor effluent

was determined as a function of time of irradiation. Cali-

bration of the GC signal was accomplished with the use of

a standard mixture of 0.25% H2 in Ar. Reaction products in

solution were identified with the use of a gas chromatog-

raphy-mass spectrometry (GC/MS) system. The GC

(Hewlett Packard 6890) was equipped with an HP-1MS

capillary column (30 m 9 0.25 mm 9 1.0 lm film thick-

ness) and was interfaced directly to the MS (HP 5973) used

as detector [19]. Analysis was performed at a constant oven

temperature of 40 �C. Identification of the GC/MS spectral

features has been achieved with the use of a build-in

library.

3 Results and Discussion

3.1 Photoelectrochemical Treatment of a Water–

Ethanol Mixture

The above described PEC reactor was used to photocata-

lytically treat a 50%v. water–ethanol mixture. This mixture

approximately corresponds to the molar ratio of ethanol/

water involved in the photoreforming Reaction (1). As

already said, the anode compartment also contained

1.0 mol L-1 NaOH and the cathode compartment

1.0 mol L-1 H2SO4. Alcohol was introduced in the anode

compartment, in the presence of the nanocrystalline Titania

electrode. The pH in the cathode compartment was 1.2 and

in the anode compartment 13.6. The difference

DpH = 12.4 corresponds to a forward bias of 732 mV,

according the rule: DV = 0.059�DpH [16]. In a typical

experiment, the photoanode was continuously illuminated

for a period of 20 h.

Several separate experiments were run by setting the

anode or the cathode compartment under aerobic or

anaerobic conditions. When the cathode was run under

anaerobic conditions, both electric current and hydrogen

evolution was monitored during operation. When the

cathode was run under aerobic condition, only the electric

current was monitored. In contrast, results obtained under

different cathode conditions were not detectably affected

by the conditions under which the photoanode was run

(aerobic or anaerobic).

Figure 2 shows the evolution of the short-circuit current

and the hydrogen production rate recorded during anaero-

bic operation of the (dark) cathode. Data have been

collected by passing an Ar stream through the cathode

compartment and through the on-line gas chromatograph.

The photoanode and the dark cathode were simply short-

circuited through the current-measuring multimeter. First

interesting finding extracted from Fig. 2 are that a sub-

stantial quantity of hydrogen was indeed produced by the

above PEC operation. When the cell was run in the absence

of EtOH or any other additive, both current and hydrogen

evolution rate were one order of magnitude lower [15].

Once more, it is thus verified that the oxidation of the

organic sacrificial agent present in the photoanode is

mainly responsible for the cell performance [15]. Second

interesting finding was that curves corresponding to short-
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Fig. 2 Hydrogen production rate 1 and short-circuit current 2 in a

two compartment PEC cell containing 1.0 mol L-1 NaOH ? 50%v.

EtOH in the anode compartment and 1.0 mol L-1 H2SO4 in the

cathode compartment (run in an Ar flow)
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circuit current and hydrogen production rate go in parallel,

i.e., they exhibit a qualitatively similar dependence on

irradiation time. This justifies the above assertion that

molecular hydrogen is generated by reduction of hydrogen

ions by electrons photogenerated at the photoanode and

channeled through the external circuit to the dark cathode.

Figure 2 also shows that both current and hydrogen evo-

lution rates progressively decrease in the course of the 20 h

that this experiment lasted. The reason for the observed

deterioration of cell performance with time is not clear, and

could be due to the effect of several parameters. One

obvious reason is the progressive consumption of the acidic

content of the cathode compartment. This has been con-

firmed by the fact that both current and hydrogen evolution

rate increased when the electrolyte of the cathode com-

partment was renewed by a fresh solution. However, the

initial conditions were not recovered. We believe that one

main cause for the deterioration of the cell performance is

the progressive evolution of the electrolyte content in the

anode compartment. For this reason, the following analysis

has been performed.

3.2 Identification of Reaction Intermediates in Solution

After several hours of UV treatment, the electrolyte in the

anode compartment obtained a pale yellow color, which

was obviously due to a species being formed during

treatment. This species absorbed light in the UV–Vis

spectral region, as can be seen in Fig. 3. In order to identify

species present in the anode compartment, the obtained

solution was then concentrated in a rotary evaporator and

analyzed by means of GC/MS. Chromatograms obtained

from this concentrated solution were characterized by an

intense peak (at t = 1.3 min) due to unreacted ethanol

(C2H5OH) and a peak of similar intensity (at t = 1.1 min)

due to acetaldehyde (CH3CHO). Two more peaks of sub-

stantially lower intensity (less than 10% of that of ethanol

and acetaldehyde), located at t = 1.5 and 3.3 min, have

been assigned with certainty to acetone (C3H6O) and 2-

butenal (crotonaldehyde, C4H6O), respectively. Two addi-

tional chromatographic peaks could be observed at higher

retention times, which correspond to compounds of higher

molecular weight. However, these compounds could not be

identified with certainty under the present experimental

conditions. For this, a more detailed investigation is nec-

essary, which is beyond the scope of the present study.

3.3 Proposed Reactant Pathway

Results of our recent studies obtained over irradiated aque-

ous Pt/TiO2 suspensions [9–11] have shown that

photocatalytic treatment of organic compounds in solution

results in the progressive oxidation of the organic substrate

by photogenerated holes (h?) toward CO2, which is

accompanied by reduction of water by photogenerated

electrons (e-) and evolution of hydrogen. The overall reac-

tion, termed as photoreforming, has been found to be non-

selective with respect to the organic substrate employed and,

therefore, practically all organic compounds in solution or in

suspension may be used as feedstock for hydrogen produc-

tion, including organic pollutants and biomass-derived

components and derivatives [9–11]. For ethanol, the overall

photoreforming reaction is expressed by Reaction (1).

Results of the present study show that photocatalytic

treatment of aqueous solutions of ethanol does not result

only in oxidation of the substrate toward compounds of

progressively lower molecular weight (e.g., acetaldehyde)

and, eventually, CO2 but also to the production of com-

pounds of higher molecular weight (e.g., acetone and

crotonaldehyde). The reason for this is obviously related

with the setup and the experimental conditions valid with

the present PEC operation. Based on results of our present

and previous studies [9–11], and taking into account results

of relevant investigations reported in the literature [3, 8,

20–25], a possible reaction pathway is proposed to explain

the presence of the various intermediates and final products

identified in the gas and liquid phase, which is summarized

in Fig. 4. According to this scheme, acetaldehyde is pro-

duced by dehydrogenation of ethanol, following donation

of electrons in the VB of the semiconductor [1, 8]:

C2H5OH! CH3CHOþ H2: ð2Þ
Acetaldehyde may then be photoreformed to CO2 and

H2 (Eq. 3) or converted to acetic acid (Eq. 4), as has been

proposed in the literature [1]:

CH3CHO þ 3H2O! 5H2 þ 2CO2 ð3Þ
CH3CHO þ H2O! CH3COOHþ H2: ð4Þ

Interestingly, acetic acid has not been detected by

GC/MS in the present study. A possible explanation is that
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Fig. 3 Absorption spectrum of the solution obtained after 20 h PEC

treatment of the 1.0 mol L-1 NaOH ? 50%v. EtOH electrolyte
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it was evaporated during Rotavapor condensation. It is also

possible that under the present experimental conditions,

i.e., in the presence of NaOH, acetic acid is present in the

form of sodium acetate and hence not detected.

Nevertheless, its intermediate formation should not be

excluded from the reaction pathway. Sakata and Kawai [1],

who investigated the present system with the use of

Pt/TiO2 photocatalyst suspensions, considered intermediate

formation of acetic acid as the most probable path for the

production of gas phase CH4 and CO2, observed in their

experiments. It is well known that in the absence of oxygen

and in mixed aqueous/organic solutions, aliphatic

carboxylic acids are decarboxylated to the corresponding

reduced hydrocarbon dimers [20]. For acetic acid, these

reactions should result in the production of methane and

CO2 (Eq. 5) as well as hydrogen and ethane (Eq. 6) [21]:

CH3COOH! CH4 þ CO2 ð5Þ
2CH3COOH! CH3�H3 þ H2 þ 2CO2: ð6Þ

Under the present conditions, we were not able to detect

methane or ethane in the gas phase, which is often the case

in similar studies [1, 3, 21]. This may be due to the fact that

production of methane by photocatalytic decomposition of

acetic acid (Eq. 5) depends strongly on solution pH [22]. In

particular, it has been reported that the rate of methane

evolution decreases sharply with increasing solution pH

and ceases above ca. pH 8 where hydrogen evolves, almost

exclusively, at the expense of methane [22]. Thus, under

the present experimental conditions (solution pH 13.6) the

major products formed from acetic acid should be H2 and

CO2, according to the following Reaction (7), the validity

of which has been proven in our previous study [10].

CH3COOHþ 2H2O! 2CO2 þ 4H2 ð7Þ

It should be noted that Eqs. 1–7 correspond to the

overall reactions that take place in the present system.

Oxidation reactions occur on TiO2 electrode and utilize the

strong oxidation potential of photogenerated holes to

produce oxidized species, reactive radicals and protons

(e.g., Eqs. 8–11).

hþ þ H2O ! �OH + Hþ ð8Þ

2hþ þ CH3CH2OH! CH3CHO þ 2Hþ ð9Þ

2hþ þ CH3CHO þ H2O! CH3COOHþ 2Hþ ð10Þ

2hþ þ CH3COO� ! CO2 þ� CH3 ð11Þ

Hydrogen production takes place on the Pt electrode and

involves reduction of protons by photogenerated electrons

according to the following equation:

2e� þ 2Hþ ! H2: ð12Þ

Reduction of water is therefore aided by the reducing

power of ethanol and reaction intermediates.

So far, discussion has been restricted to photoreforming

reactions, which are known to lead, eventually, to pro-

duction of H2 and CO2 [9–11]. However, production of

compounds of higher molecular weight than that of reac-

tant ethanol (e.g., acetone and crotonaldehyde) shows that,

under the present experimental conditions, reactions rele-

vant to organic synthesis are also operable. It is well known

Acetaldehyde
(CH3CHO)

Acetone
(C3H6O)

2-butenal
(C4H6O)

Ethanol
(CH3CH2OH)

Higher carbon 
chain lengths

Acetic acid
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•

OH

O

O
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Fig. 4 Proposed reaction

pathway
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that several organic reactions can take place in semicon-

ductor-mediated photocatalysis including selective

oxidation, dimerization, isomerization, hydrogenation,

cycloreversion, etc., [23–25]. Thus, detection of acetone,

crotonaldehyde and other high molecular weight products

under the present conditions is not surprising. A possible

route for the production of 2-butenal (crotonaldehyde) is

aldol condensation of acetaldehyde:

2CH3CHO! CH3CH=CHCHOþ H2O: ð13Þ

The reaction may proceed with intermediate formation

of �CH3CHO radicals. Similarly, acetone can be produced

by interaction of acetaldehyde (or acetic acid) with �CH3

radicals.

CH3CHO (or CH3COOH) �!
�CH3

CH3COCH3: ð14Þ

Interaction of organic radicals (�CxHy) with the various

intermediates and products present on the photocatalyst

surface and/or in solution may lead to the production of

molecules with progressively higher carbon chain lengths

and thus explain the presence of unidentified high

molecular weight organic compounds detected in the

present study. These high molecular weight intermediates

are most probably responsible for the pale yellow color that

the photooxidized solution obtained. In particular,

crotonaldehyde presents a strong p?p* absorption at

about 217–227 nm and a weak n?p* absorption in the

UVA spectral region, strongly affected by the nature of the

solvent [26]. Such behavior could justify the absorption

spectrum of Fig. 3, not excluding absorption by other non-

identified species.

4 Conclusion

The generally accepted scheme of photocatalytic ethanol

oxidation is the step by step creation of products of pro-

gressively lower molecular weight until complete

mineralization, according to the photoreforming Reaction

(1), which leads solely to the production of hydrogen and

carbon dioxide. This is true for the purely PC operation.

However, in a PEC operation in a strongly alkaline envi-

ronment in the photoanode compartment, substances of

high molecular weight might be synthesized. These sub-

stances may be more resistant to photooxidation and this

will make the process slower and the cell efficiency lower.
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