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Water treatment using nano-crystalline TiO2 electrodes
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Abstract

The photocatalytic and electrochemically assisted photocatalytic degradation of formic acid was investigated in an one-compartment
photoelectrochemical cell incorporating nano-crystalline TiO2 electrodes prepared by the immobilisation of Degussa P25 on tin oxide
coated glass. The application of+1.0 V (SCE) to the TiO2 electrode resulted in a marked increase in the rate of formic acid degradation
under anaerobic and air sparged conditions as compared to the open circuit electrode. When the solution was sparged with O2 the application
of a positive bias did not result in a major increase in the rate. A second cathode compartment was added to the cell for the simultaneous
photocatalytic oxidation of formic acid and the recovery of copper ions from solution. Formic acid was degraded at the TiO2 photoanode
and copper metal was recovered at the copper mesh cathode with a high efficiency. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of photocatalysis as an alternative or comple-
mentary technology for the treatment of polluted water has
been widely reported[1]. The use of TiO2 in suspension or
slurry type reactor requires a post-treatment catalyst recov-
ery stage. Alternatively the catalyst may be immobilised onto
a suitable solid support matrix which eliminates the need
for post-treatment removal[2]. If the supporting substrate is
electrically conducting the result is a photoanode and this
may be incorporated into an one- or two-compartment photo-
electrochemical cell (PEC) in which the oxidation and reduc-
tion sites are physically separated. In an one-compartment
cell the anode and cathode electrodes are separated only by
solution and the application of an external electrical bias
may be used to electrochemically assist the photocatalytic
oxidation of organic pollutants in water. Indeed other work-
ers have investigated electrochemically assisted photocatal-
ysis (EAP) and have reported significant increases in the
degradation efficiency of aqueous organic substances with
the application of a small positive electrical bias to the work-
ing TiO2 electrode with O2 acting as the electron accep-
tor [3–16]. In addition the electrochemical measurements in
such a system provide valuable information into the mech-
anism of the photocatalytic process.
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In one-compartment PECs the electron acceptor is nor-
mally dissolved O2. In theory, any species with a reduction
potential more positive than the flat band potential of the
TiO2 (Efb ∼ −0.7 V (SCE) at pH 7) can be reduced. In-
deed, the use of TiO2 suspension reactors has been reported
for the recovery of metals[17,18], however, this system suf-
fers from many disadvantages i.e. metal recovery necessary,
short-circuiting by oxidation of previously reduced metal
species, and screening of light from the catalyst by the de-
posited metal. If one incorporates the TiO2 anode into a
two-compartment PEC the oxidation and reduction sites are
physically separated either by a membrane, salt-bridge, or
porous frit, which prevents mixing of the solutions but which
allows the flow of electrical charge. In this system photogen-
erated electrons may move from the photoanode via an exter-
nal circuit to the cathode where a desired reduction reaction
can take place e.g. the reduction of metal ions. The feasibil-
ity of using a two-compartment PEC for the simultaneous
oxidation of organic pollutants in one-compartment and the
recovery of dissolved metal ions in a second compartment
has been demonstrated previously[19]. Mbindyo et al.[20]
reported pollutant decomposition with simultaneous genera-
tion of hydrogen at the cathode in a two-compartment PEC.

The objective of this work is to take one step further to-
ward the actual application of photoelectrochemical technol-
ogy for the treatment of polluted water. The design of any
electrolysis cell must take into account that the process re-
quires the energy intensive use of electricity. Therefore, one
must ensure that every aspect must be explored in order to
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increase the energy efficiency of the process. The cell volt-
age is a complex quantity made up of a number of terms.

ECELL = EC
e −EA

e −|ηA |−|ηC|−IRCELL − IRCIRCUIT

(1)

where EC
e and EA

e are the equilibrium potentials for the
anode and cathode reactions, respectively. In electrolytic
processes the overpotentials andIR terms represent energy
inefficiencies and hence will make the cell voltage a larger
negative value.EC

e − EA
e is the fraction of the cell voltage

which, cannot be avoided.ηA and ηC are the anode and
cathode overpotentials, respectively. In the case of a photo-
catalytic anode the overpotential required for the oxidation
of the organic pollutant is met by the energy of the absorbed
photons i.e. the reduction potential of a valence band hole
in TiO2 is +2.5 V (SCE) at pH 7. In an one-compartment
cell for electrochemically assisted photocatalytic oxidation
of organic pollutants the electron acceptor is normally dis-
solved O2. Platinum is the material of choice for O2 reduc-
tion but it is too expensive for use in large-scale applications.
Platinised titanium mesh, which is much cheaper, is used
widely in industrial electrochemical cells and therefore may
be a suitable material for use as a counter electrode (CE) for
EAP. For a PEC theIRCELL may be minimised by orientat-
ing the electrodes as close as possible with the TiO2 anode
facing the cathode. This may be accomplished by the use
of a TiO2–tin oxide glass plate electrode under back-face
illumination facing a Pt–Ti mesh CE of similar geometry.

In this work an one-compartment PEC was designed and
constructed which incorporated a nano-crystalline TiO2–tin
oxide glass electrode and a Pt–Ti mesh CE in a flat plate

Fig. 1. A schematic representation of the one-compartment flow cell.

configuration. The reactor was used to investigate rate of
degradation of formic acid with the TiO2 electrode at open
circuit (OC) and for EAP. The cell was also adapted by
the inclusion of a second (cathode) compartment separated
from the anode using an anion exchange membrane. This
two-compartment cell was used for the simultaneous pho-
tocatalytic oxidation of formic acid at the anode and the re-
covery of dissolved copper ions as copper metal at a copper
mesh CE.

2. Experimental

2.1. Preparation of TiO2 electrodes

TiO2 electrodes were prepared by the electrophoretic de-
position of Degussa P25 on indium doped tin oxide (ITO)
soda lime glass (Donnelly, USA) and fluorine doped tin ox-
ide (FTO) soda lime glass (Pilkington K glass) followed by
heat treatment at 673 K to effect particle adhesion and cohe-
sion. Details of the electrophoretic coating procedure have
been reported previously[2]. An electrical contact was made
to the surface of the ITO not coated with TiO2 using silver
loaded conducting epoxy and a copper wire. The catalyst
loading was 1.0 ± 0.2 mg cm−2.

2.2. One-compartment flow reactor

The sandwich type reactor was made from perspex which
was machined to give the required dimensions. A schematic
representation of the reactor is shown inFig. 1. The CE was
made from platinised titanium mesh (Pt–Ti mesh, PC Tita-
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nium, UK) and the reference electrode (RE) was a minia-
ture saturated calomel electrode (SCE). Stainless steel in-
let and outlet ports were set in the reactor at right angles
to each other. The inlet and outlet ports were attached to a
water-jacketed glass reservoir incorporating a sample port
and a glass frit for gas purging. The water in the reactor was
re-circulated through the reactor using a variable speed peri-
staltic pump (Watson Marlow, MHRE 200). The cell volume
was 35 cm3 with the Pt–Ti mesh CE in place. The total op-
erating volume of the reactor was 72 cm3. The temperature
of the reactor solution was thermostated to 293 K during the
experiments. Two Philips TLD 18 W/08 UVA lamps (peak
emissionλ = 370 nm) were positioned 40 mm from the glass
window. The illuminated area of the TiO2 electrode was
38 cm2 and the incident light intensity was determined by
ferrioxalate actinometry to be 2.14×10−8 einstein s−1 cm−2.

Formic acid was used as the model pollutant and was
added to the reactor at an initial concentration of 3.18 ×
10−3 mol dm−3 (pH 3.2) or 6.36×10−3 mol dm−3 (pH 3.0).
In a typical experiment 72 cm3 of formic acid solution was
added to the reactor and re-circulated through the reactor at
a flow rate of 60 cm3 min−1 in the dark for 15 min. At the
same time the lamps were switched on and allowed to warm
up. The reservoir was purged with O2, air, or oxygen free
nitrogen (OFN) during both the dark equilibration period and
for the duration of the experiment. Samples were removed
form the reservoir att = 0 min and thereafter every 15 min
for analysis. The concentration of formic acid in the samples
was determined by HPLC using an Aminex HPX-87H ion
exclusion column (300×7.8 i.d., Biorad) with guard column,
a P2000 pump, AS1000 autosampler, LIS UV/Vis detector,
and PC1000 software (Thermoquest). The HPLC conditions
were as follows: mobile phase was 10−1 mol dm−3 H2SO4 at
a flow rate of 0.8 cm3 min−1; 100�l injection loop; detection
at λ = 210 nm.

The electrode potential and short-circuit current were
recorded using a multimeter with data logging function
(Keithly). A potentiostat with PC control (Sycopel AEW2)
was used for linear sweep voltammetry (LSV), OC poten-
tial measurements, and for potentiostatic control of the cell
and current measurements in fixed potential experiments.

2.3. Two-compartment flow reactor

A second compartment was added to the one-compartment
reactor as shown inFig. 2. The working electrode was a
TiO2–FTO glass electrode which was short-circuited to the
CE electrode in the cathode compartment which was made
from four pieces of fine copper mesh with a copper wire
contact. The volume of the anode was 38 cm3 and the vol-
ume of the cathode with the copper mesh CE in place was
26 cm3. Separate reservoirs were used for the anode and
cathode compartments. The total reactor volumes of anode
and cathode half cells were 72 and 64 cm3, respectively.
The anode and cathode compartments were separated by
an anion exchange membrane (BDH). The liquid in both

Fig. 2. A schematic representation of the two-compartment flow cell.

compartments was re-circulated through the reservoirs at
the same flow rate (60 cm3 min−1) using a dual head peri-
staltic pump (Cole Palmer 7553-75). The potential of the
anode was measured against an SCE inserted in the anode
compartment and the short-circuit current was recorded
using a data logging multimeter as above. Both reservoirs
were purged with OFN prior to and during experiments.
The temperature of the reactor solutions was thermostated
to 293 K during the experiments. The UVA source was two
Philips TLD 18 W/08 lamps positioned 40 mm from the
glass window.

An amount of 72 cm3 of formic acid (6×10−3 mol dm−3,
pH 3.0) was added to the anodic half cell and 64 cm3 of
copper (II) nitrate (6×10−3 mol dm−3) was added to the ca-
thodic half cell (pH was adjusted to 3.0 using HNO3). KNO3
was present as the supporting electrolyte in both compart-
ments at 0.5 mol dm−3. The solutions were re-circulated for
15 min while the reservoirs were purged with OFN and the
lamps were allowed to warm up. A sample was then removed
from the anode reservoir att = 0 and the anode was illumi-
nated. Samples were withdrawn every 30 min thereafter for
a period of 120 min. The concentration of formic acid was
determined using the HPLC method as above. The amount
of copper recovered was determined by gravimetric analysis
of the copper mesh CE at the end of the experiment.

3. Results and discussion

3.1. Photocatalytic oxidation of formic acid

Formic acid was used as the model pollutant in this study
because: (1) it is oxidised directly to CO2 without the forma-
tion of any stable intermediate products; (2) it is an interme-
diate in the photocatalytic degradation of other larger organic
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compounds; (3) it has been used previously in photocatalytic
and EAP studies[10,11,16]. Formic acid has previously been
reported to act as a current doubling agent[21,22]on semi-
conductor electrodes, with an one electron oxidation yield-
ing a CO2

•− radical which can then inject a second electron
into the conduction band of the semiconductor. Previously
we reported that the formate ion was an efficient hole scav-
enger at the surface of illuminated nano-crystalline TiO2
electrodes where its presence resulted in large increases in
the anodic photocurrent over that for electrolyte alone[23].
Formic acid is electrochemically oxidised by a 2e− oxida-
tion to yield CO2 at a potential of+0.3 V on a smooth Pt
electrode[24].

3.2. Photoelectrochemical response of the electrode

The current–potential (I–E) response of the electrode was
measured using LSV in the presence of formic acid before
each fixed potential experiment (Fig. 3). For these electrodes
the dark current was negligible below+1.0 V, but upon
illumination there was an increase in the anodic current.
The photocurrent increased linearly with increasing positive
potential up to+2.0 V. The I–E response under illumina-
tion for the air and OFN sparged solutions is practically
the same (Fig. 3 (1) and (2)), however, the photocurrent re-
sponse in O2 saturated conditions is lower (Fig. 3 (3)) and
this is due to two main reasons: (1) O2 scavenges conduc-
tion band electrons from the nano-crystalline film before
they reach the contact electrode[25]; (2) O2 reacts with
the primary radical formed by the one electron oxidation of
formic acid [23]. In the air sparged solution the photocur-
rent quenching effect may have been balanced by a more
favourable cathodic reduction of O2 as compared to the
OFN sparged solution, thus resulting in high photocurrent.
In O2 sparged solutions the photo-quenching was much
greater.

3.3. Photocatalytic and electrochemically assisted
photocatalytic oxidation of formic acid

We have reported previously that the electrophoretic
immobilisation of Degussa P25 onto a conducting sup-
port results in electrodes which behave as microporous
nano-crystalline TiO2 electrodes[23,25]. Charge separa-
tion in nano-sized photo-active particulate films is achieved
from the differing rates of electron and hole transfer at the
solution interface[3]. Micro-porous nano-crystalline TiO2
electrodes lend themselves to environmental applications
because of the large surface area of catalyst available for
reaction. Electron transport in nano-crystalline TiO2 elec-
trodes occurs via diffusion and is not potential dependent,
however, the fermi energy level of the contact electrode is
potential dependent. The application of a positive potential
serves to lower the fermi energy level of the contact elec-
trode, increasing the efficiency of electron removal from the

illuminated particulate film, therefore increasing quantum
efficiencies.

The main objective was to determine if the application
of an external electrical bias to the photoanode resulted in
an increase in the degradation rate of formic acid in an
one-compartment cell. Gerischer and Heller[26] previously
reported that where O2 is acting as the electron acceptor the
removal of conduction band electrons may be slow therefore
resulting in greater charge carrier recombination and low
quantum efficiencies. The application of a positive electrical
bias to the photoanode should serve to remove the conduc-
tion band electrons and therefore limit undesirable recom-
bination of the charge carriers.

Fig. 4shows the degradation of formic acid with time for
an initial concentration of 3.18×10−3 mol dm−3, under con-
ditions of air and O2 sparging, with the anode operating at
OC or at+1.0 V.Table 1summarises the data giving the rate
of degradation of formic acid under the various conditions
investigated. The plot of concentration versus time (Fig. 4)
gives a straight-line fit and the reaction obeys pseudo zero
order kinetics with respect to formic acid. Under air satu-
rated conditions the application of+1.0 V gives enhanced
the efficiency of degradation by a factor of 1.3 over OC con-
ditions. In O2 saturated conditions the application of+1.0 V
increased the degradation rate by a factor of only 1.06 com-
pared to rate under OC conditions.

Fig. 5 shows the degradation of formic acid with time
for an initial concentration of 6.36× 10−3 mol dm−3 under
conditions of OFN, air, and O2 sparging, with the anode op-
erating at OC or at+1.0 V. The data for the experiments is
summarised inTable 1. In air saturated conditions the ap-
plication of+1.0 V to the anode increased the rate of degra-
dation by a factor of 1.37, while in O2 saturated conditions
the application of+1.0 V increased the rate by a factor of
only 1.09. In the OFN sparged solution (anaerobic) the ap-
plication of +1.0 V to the anode increased the degradation
rate compared to OC conditions by a factor of 4.9, however,
it must be noted that little degradation of the formic acid
occurred under OC in the OFN sparged solution.

The results are summarised inTable 1. The rate of degra-
dation decreases with decreasing O2 concentration. This
decrease on going from O2 sparging (100%) to air sparging
(20%) is more pronounced for the higher initial concentra-
tion of formic acid. This is in line with the theory that at
higher pollutant concentration O2 reduction may become
rate limiting, at lower concentrations of O2. The trend in
the effect of applied potential is similar for both concentra-
tions studied. In 100% O2 the applied bias has only a small
positive effect. The O2 in this case is acting as an efficient
electron acceptor removing conduction band electrons and
reacting with primary radicals formed by the one electron
oxidation of formic acid. Recently Hidaka et al.[12] re-
ported that the application of a positive bias of+0.3 V to
a Degussa P25-ITO electrode actually resulted in a lower
rate of degradation of sodium dodecylbenzenesulphonate
and benzenesulphonate as compared to the OC electrode.
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Fig. 4. Formic acid degradation over time for the electrode at OC and+1.0 V in air sparged and O2 sparged solutions. Initial concentration of formic
acid was 3.18× 10−3 mol dm−3.

In 20% O2 conditions the reduction of O2 is rate limit-
ing and the application of a positive bias increases the rate
more markedly. However, the rate under applied bias in air
sparged solutions remained lower than that measured under
O2 saturated conditions. In anaerobic OFN sparged condi-
tions the application of a positive bias increases the rate by
a much bigger margin and the rate was not much less than
that observed for the OC electrode in air sparged solution.
In the OFN sparged solution the electrons are passed on to
residual O2 or H+ are reduced at the CE.

Kim and Anderson[11] reported the photocatalytic
and photoelectrocatalytic degradation of formic acid using
sol-gel derived TiO2 tin oxide electrodes. They reported
an increase in the rate by a factor of 1.3 in oxygenated
solutions at a potential of+0.3 V (SCE) as compared to
the OC electrode. For OFN sparged solutions they reported
an increase in the rate by a factor of 2.8. In another study
using a similar system they reported an increase in the
degradation rate by a factor of 2 in oxygenated solutions at
+0.3 V (SCE) compared to the OC electrode[10].

Table 1
A summary of the main data from the photocatalytic and electrochemically assisted photocatalytic degradation in the one-compartment cell

Experiment Conditions [Formic acid]initial

× 103 (mol dm−3)
O2 (%) Eanode(initial)

(mV)
Ecell

(mV)
Iph,ss(initial)

(mA)
Rate
(mol dm−3 min−1)

Φapp (%)

1 Air (OC) 3.18 20 −831 NA NA 1.9E− 05 2.77
2 Air (+1.0 V) 3.18 20 1000 1.5 2.069 2.46E− 05 3.58
3 O2 (OC) 3.18 100 −642 NA NA 3.31E− 05 4.82
4 O2 (+1.0 V) 3.18 100 1000 1.205 1.682 3.52E− 05 5.12
5 OFN (OC) 6.36 1 −720 NA NA 2.42E− 06 0.35
6 OFN (+1.0 V) 6.36 1 1000 1.832 1.774 1.18E− 05 1.72
7 Air (OC) 6.36 20 −605 NA NA 2.16E− 05 3.15
8 Air (+1.0 V) 6.36 20 1000 1.565 1.77 2.97E− 05 4.32
9 O2 (OC) 6.36 100 −466 NA NA 4.59E− 05 6.68

10 O2 (+1.0 V) 6.36 100 1000 1.232 1.1 4.98E− 05 7.26

3.4. OC potential

It has been reported that removal of conduction band elec-
trons may be rate limiting[26]. This effect is illustrated in
the OC experiments where the OC potential (EOC) of the
electrode was recorded over time (Fig. 6). TheEOC in OFN
sparged solution was−723 mV and the electrode remained
negatively charged for the duration of the experiment. In-
deed, even after the lamp was switched off the electrode
remained charged. This negative charge is due to photogen-
erated electrons becoming trapped in the conduction band
in the absence of an efficient electron acceptor, therefore
raising the fermi potential (Ef ) of the TiO2 electrode. In air
sparged solution theEOC was less negative at−610 mV due
to O2 removing photogenerated electrons from the TiO2 or
reacting with primary radicals preventing electron injection
into the TiO2 conduction band. In O2 saturated conditions
the EOC was even less negative at−458 mV and became
more positive as time proceeded as the formic acid concen-
tration decreased. This negative charge build up even under
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Fig. 5. Formic acid degradation over time for the electrode at OC and+1.0 V in OFN sparged, air sparged, and O2 sparged solutions. Initial concentration
of formic acid was 6.36× 10−3 mol dm−3.

O2 saturated conditions indicates that removal of conduc-
tion band electrons is indeed slower than hole transfer to
solution as proposed by Gerischer and Heller[26].

3.5. Photocurrent

The photocurrent recorded for the experiments employ-
ing the higher initial concentration of formic acid under ap-
plied bias are shown inFig. 7. In the OFN and air sparged
solutions the photocurrent attained∼1.8 mA and remained
fairly static for the duration of the experiment. In the O2 sat-

Fig. 6. OC potential of TiO2 electrode over time. Initial concentration of formic acid was 6.36× 10−3 mol dm−3: (1) OFN sparged; (2) air sparged; (3)
O2 sparged.

urated solution however, the initial photocurrent was 1.1 mA
and dropped steadily over the duration of the experiment.
Again the lower photocurrent observed for the O2 satu-
rated experiment was due to the radical and electron scav-
enging properties of the O2 at higher concentrations. It
is misleading to report Faradaic efficiencies for this sys-
tem because of photocurrent quenching by O2 e.g. in O2
sparging experiment the ratio for measured to calculated
Faradaic conversion was 1561%, although in the OFN sys-
tem it was more reasonable at 151%. It is more appro-
priate to report the incident photon to current efficiency
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Fig. 7. Photocurrent measured during electrochemically assisted photocatalytic degradation of formic acid. Initial concentration of formic acidwas
6.36× 10−3 mol dm−3. Applied potential was+1.0 V: (1) OFN sparged; (2) air sparged; (3) O2 sparged.

(IPCE).

IPCE= j

[I0F ]
(2)

For this system the IPCE at+1.0 V was low at only 2.2%
for the OFN and air sparged solutions and 1.4% for the O2
sparged solution. The low IPCE under OFN indicates a high
recombination rate of charge carriers probably due to a rate
limiting cathodic reaction. Previously we reported an IPCE
of 10% measured on a TiO2–Ti-alloy electrode in oxalate
solution at a similar light intensity though in a different
system[25].

4. Quantum yield

The IPCE mentioned above is a measure of the quantum
yield for minority charge carriers, however, in this system
the IPCE is low due to electron and radical scavenging by
O2, and, in the absence of an efficient electron acceptor,
charge carrier recombination. The apparent quantum yield
for the degradation of formic acid was calculated as:

Φapp = rate of degradation(mol s−1 cm−2)

photon flux(einstein s−1 cm−2)
(3)

The values forΦapp are summarised inTable 1. The IPCE
value for O2 sparged solutions was low, however,Φapp is
quite high at around 7% for the higher initial concentration
of formic acid.

Candal et al.[16] recently reported a study of the degra-
dation of formic acid in a concentric tube one-compartment
PEC utilising a nano-crystalline TiO2 titanium foil electrode
under front face illumination. The CEs were three reticulated
vitreous carbon rods. They reported an increase in the rate of
degradation of formic acid (in NaCl supporting electrolyte)

by a factor of 1.3 at+1.0 V (SCE) compared to the OC elec-
trode.Φappwas found to be 3.6%. Under OFN sparged con-
ditions they were unable to apply a potential of 1.0 V to the
anode as the cell potential had increased to >31 V, the limit
of their potentiostat. When a potential of 2.0 V was applied
to the anode in oxygenated solution the cell potential was
measured at 4.4 V. In our system using a platinised titanium
CE the cell potential under OFN sparged conditions with the
anode at+1.0 V was measured to be only 1.8 V. In oxygen
sparged solution with the anode at+1.0 V the cell potential
was measured at 1.2 V (Table 1). The lower cell potentials
in our system are due to the lower overpotentials required
for O2 and H+ reduction on platinum and the lowerIR drop
across the cell as the electrodes are of similar dimensions
and in a flat plat configuration.

4.1. Simultaneous photocatalytic oxidation of formic acid
and recovery of copper in a two-compartment reactor

Previously we reported the simultaneous photocatalytic
oxidation of oxalate and the recovery of copper in a
two-compartment cell[19]. That study was carried out in a
two-compartment cell separated by a porous glass frit and
with a TiO2–titanium-alloy electrode. The current study
was designed to take the feasibility of concept one step fur-
ther by the use of anion exchange membrane to separate the
solutions, low power fluorescent lamps as the illumination
source, and TiO2–FTO glass under back-face illumination
as the photoanode.

Fig. 8 shows the concentration of formic acid in the an-
odic half cell as a function of time. The best line fit gave
a degradation rate of 2.87 × 10−5 mol dm−3 min−1 which
is similar to the rate determined in the one-compartment
cell for the air sparged 6.36× 10−3 mol dm−3 formic acid
solution with a bias of+1.0 V. Φapp for formic acid in the
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Fig. 8. Formic acid degradation on TiO2 anode short-circuited to copper CE in the two-compartment PEC with Cu2+ as the electron acceptor. The initial
concentration of formic acid was 6.0× 10−3 mol dm−3. Faradaic: the formic acid degradation as calculated using the measured short-circuit photocurrent.

two-compartment system was 3.72%, however, the initial
IPCE was 9.5%. The amount of copper recovered was de-
termined by the gravimetric analysis of the copper mesh
cathode. Following 120 min the weight of the copper cath-
ode had increased by 13.2 ± 0.2 mg which equates to a de-
crease in Cu2+ concentration by 3.25× 10−3 mol dm−3. In
the same time the formic acid concentration had decreased
by 3.82× 10−3 mol dm−3. The photocurrent was recorded
over the duration of the experiment and the Faradaic yield
was calculated where the total charge passed is given
by:

Q =
∫

Iscdt = mnF (4)

where Isc is the short-circuit photocurrent (C s−1), n the
number of electrons transferred,F the Faraday constant (96
485 C mol−1), andm the number of moles of reactant con-
sumed or product formed.

The short-circuit photocurrent in this reactor was much
larger than that observed in the one-compartment reactor
with the initial steady state current upon illumination at
∼7.6 mA. The total charge passed over the period of the ex-
periment corresponded to the removal of 2.17× 10−4 mol
assuming a 2e− oxidation/reduction. The Faradaic yield for
formic acid degradation was 126% which is rather high and
may be explained by photocurrent losses due to residual O2
in the anode. The Faradaic yield for copper recovery was
95.5% which is in good agreement with our previous study
which reported a 94% yield for copper recovery in KCl as
the supporting electrolyte[19].

The Faradaic removal as calculated is also shown in
Fig. 8 for comparison with the formic acid concentra-
tion as measured. This reactor set-up needs further ex-
perimental investigation but the positive results take the

feasibility of concept one step further towards the actual
application.

5. Conclusions

Nano-crystalline TiO2 electrodes prepared by the elec-
trophoretic immobilisation of Degussa P25 on tin oxide
glass showed high efficiencies for the degradation of formic
acid in one- and two-compartment PECs. The application of
+1.0 V to the TiO2 electrode resulted in a marked increase
in the rate of degradation of the formic acid when the con-
centration of dissolved O2 was low. There was not a marked
increase in the rate in O2 saturated solutions compared to
the OC electrode.

In a two-compartment PEC formic acid was photocatalyt-
ically degraded at the anode while Cu2+ was reduced to
Cu0 at the cathode when the illuminated TiO2 anode was
short-circuited to the copper mesh cathode. The initial IPCE
under for this system was 9.5%. Further experimentation is
required to determine if this technology would work with
‘real’ industrial effluents and solar illumination may be a
possibility.
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