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Facultad de Química y Biología, Departamento de Química de los Materiales, Universidad de Santiago de Chile, Av. Bernardo O′Higgins 3363, Estación
entral, Casilla 40- correo 33, Santiago, Chile
Department of Chemistry and Biochemistry, University of California San Diego, 9500 Gilman Drive MC 0358, La Jolla, CA 92093, USA
Departamento de Química Inorgánica, Facultad de Química, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna #4860, Macul, Santiago, Chile

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 29 April 2013
eceived in revised form
3 September 2013
ccepted 20 October 2013
vailable online 1 November 2013

eywords:
arbon dioxide
orphyrin
olyoxometalate
odified electrode

a  b  s  t  r  a  c  t

Electrochemical  and  photoelectrochemical  reduction  of  carbon  dioxide  was  studied  in aqueous
solution,  using  an  ITO/multilayer  modified  electrode.  The  multilayer  formation  was  carried  out
by  the  Layer-by-Layer  method  (LBL), using  a �-(meso-5,10,15,20-tetra(pirydil)porphyrin)tetrakis
{bis(bipyridine)chloride  ruthenium(II)} coordinated  with  Mn(III),  Zn(II)  and  Ni(II)  in its  central  cavity
and  an  anionic  polyoxotungstate  [SiW12O40]4−. The  multilayer  formation  was  corroborated  by electro-
chemical  methods  and  UV–visible  spectroscopy.  For  this  study,  3 multilayers  were  formed  on  the ITO
surface.  Carbon  dioxide  reduction  was  studied  by linear  sweep  voltammetry  at pseudo  stationary  state
(5  mV  s−1) in  a 0.1 M NaClO4, CO2 saturated  solution.  Photoelectrochemical  reduction  of  carbon  dioxide
was  studied  in  the  same  conditions  described  above  under  light  irradiation  at 440 nm.  In  dark  conditions,
an  enhancement  in  current  is  detected  at −0.75  V  indicating  carbon  dioxide  reduction.  Under  light irra-
diation  the  reduction  process  shifts  to  −0.60  V. Chemical  analysis  after  controlled  potential  electrolysis
lectrocatalysis
hotoelectrocatalysis

shows  that  in  dark conditions,  formic  acid,  carbon  monoxide  and  methanol  are  the  reduction  products.
Under light  irradiation  there  is a change  in  the product  distribution  and  for  some  metals;  formaldehyde
can  be  detected,  evidencing  a change  in  the  reduction  mechanism.  These  results  support  the  fact  that
[MTRP]n+/[SiW12O40]4− multilayer  modified  electrodes  act as  electrocatalysts  for  carbon  dioxide  reduc-
tion  and  that  this  activity  is  enhanced  by a combination  of  light  and  potential  where  light produces
excited  states  sites on  the  multilayer,  that  are  more  reactive  toward  carbon  dioxide  reduction.
. Introduction

The reduction of global CO2 emissions is currently an issue of
ajor concern [1,2] due to its increase in the atmospheric concen-

ration, caused by the dependence of human population on fossil
uels for energy sources, which is considered the major cause of the
reenhouse effect [3–5]. This has stimulated the development of
lectrochemical and photoelectrochemical systems able to produce
seful organic chemicals by reducing CO2 gas [6].

The electrochemical reduction of CO2 usually requires a high
verpotential of approximately −2 V vs NHE [7,8] for a one elec-

ron process. This potential can be lowered, by performing a two
lectron or proton coupled multi-electron CO2 reduction [8,9], with
he necessary CO2 activation performed with the use of a catalyst.

∗ Corresponding author. Tel.: +56 2 3544393.
E-mail address: misaacs@uc.cl (M.  Isaacs).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.10.142
© 2013 Elsevier Ltd. All rights reserved.

This suggests that a multi-electron redox system is necessary for
constructing a practical electrocatalytic system for CO2 reduction.

For the study of this reaction, a wide range of electrodes has
been used: metallic cathodes such as Cu, Hg, Au, Ag, Ni, Pt [10–13]
and semiconductors such p-CdTe, p-InP, p-GaAs [14–16]. The use
of carbon electrodes, have also been studied, but in this case, a high
overpotential is required and depending on the solvent, hydrogen
evolution can compete as a secondary reaction [17]. This prob-
lem has been solved, using different kinds of catalyst such as
transition metal complexes which can act as an electronic medi-
ator and exhibit electro and photoelectrocatalytic activity toward
CO2 reduction, in homogeneous media and confined on electrodes
[9,17–24].

Macrocyclic metal complexes, such porphyrins and pthalocya-

nines have been widely studied as electrocatalysts in solution and
forming parts of modified electrodes [21,25,26]. Results show that
the efficiency and selectivity depend on different factors, for exam-
ple the reaction media, applied potential, and microenvironment.

dx.doi.org/10.1016/j.electacta.2013.10.142
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2013.10.142&domain=pdf
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fied electrode.
The multilayer formation was monitored by cyclic voltammetry
M.  García et al. / Electrochi

Araki and coworkers synthesized a tetraruthenated
orphyrin, consisting on a free base �-{meso-5,10,15,20-
etra(pyridyl)porphyrin}tetrakis{bis(bipyridyne)chloride
uthenium (II)}(PF6)4 (TRP) and the metal complexes derivates
Co(II), Ni(II), Zn(II)) [27] These types of supramolecular complexes
ave been used in electrocatalytic studies for sulfite reduction,
itrite oxidation and reduction, oxygen reduction and carbon
ioxide reduction in solution [28–32]. Its capacity to act as an
fficient electrocatalyst is mainly due to the combination of the
atalytic and redox properties of porphyrins and the redox and
hotochemical properties of ruthenium polypyridyl complexes,
hich improve the electron transfer.

On the other hand, photoelectrochemical reduction of CO2
as been studied with mixed systems such as [Ru(bipy)3]2+ and
Ru(bipy)2(CO)2]+ [7,33]. In this system, [Ru(bipy)3]2+ acts as a pho-
osensitizer and [Ru(bipy)2(CO)2]+ as a catalyst in the presence
f a reductant such a NAD(P)H model compound. [Co(tetraaza-
acrocycles)]2+ [34] and [Ni(cyclam)]2+ [35,36] have also been

sed as catalysts in the presence of a photosensitizer obtaining CO
s a major product, however, for this type of system, the efficiency
f CO2 reduction has several drawbacks, since hydrogen evolution
rom hydride complexes forms in the catalytic cycle. Different types
f semiconductors have been used for CO2 photoelectrochemi-
al reduction [14–16,5,37] obtaining different reduction products
uch as methane, methanol, ethanol, formaldehyde and formic acid
14–16,5,37].

Polyoxometalates (POMs) are a group of early transition
etal–oxygen clusters. Their versatile nature in terms of size,

edox chemistry, structure, charge distribution and photochem-
stry means that polyoxometalate chemistry is arguably one of
he many areas in inorganic chemistry that is developing most
apidly today [38]. Thin films of POMs in combination with water
oluble cations [39], nanoparticles [40–42] and polymers [43,44]
ave been previously reported. In the last decade POMs have been
ecognized as important building blocks for highly efficient pho-
ocatalyst and photoelectrochemical devices when combined with
emiconductors and organic/inorganic molecules [45]. It has been
eported that in acid media a modified electrode with heteropoly
nd isopolyoxometalates shows high activity towards the hydro-
en evolution reaction (HER) and molecular oxygen reduction [46],
hich has also been studied for nitrite, bromate and iodate reduc-

ion [47–49]. Cationic porphyrins combined with POMs give rise
o an organic-inorganic film with very interesting electrocatalytic
ehavior for molecular oxygen reduction generating hydrogen per-
xide as the reduction product and for hydrogen evolution in the
ange of −0.4/−0.5 V [46,50–52].

To the best of our knowledge there are no studies of
arbon dioxide reduction and photoelectroreduction on mul-
imetallic porphyrins/POMs films. The present work describes
arbon dioxide reduction with an ITO/multilayer modified elec-
rode. The multilayer was generated by a combination of
ationic metal center Mn(III), Zn(II) and Ni(II) �-{meso-5, 10,
5, 20-tetra (pyridyl) porphyrin}  tetrakis {bis(bipyridine)chloride
uthenium(II)} ([Mn(III)TRP]5+, [Zn(II)TRP]4+ and [Ni(II)TRP]4+,
espectively) and an anionic polyoxotungtate [SiW12O40]4− using

 layer-by-layer method. Electroreduction and photoelectroreduc-
ion of carbon dioxide was studied in aqueous solution, by linear
weep voltammetry in the range between 0 and −0.9 V and con-
rolled potential electrolysis.

Reduction products detection was carried out by colorimetric
nd chromatographic methods. Stability of these multilayer films
as evaluated, before and after potential controlled electrolysis
xperiments.
These studies confirm the capability of these multilayer modi-

ed electrodes to act as electro and photoelectrocatalyst favoring
ingle or multiple charge transfer process.
cta 115 (2014) 146– 154 147

2. Experimental

2.1. Chemical reagents

All chemical reagents were of analytical grade. Polyoxotungstate
anion [SiW12O40]4− and ammonium hexafluorophosphate were
purchased from Fluka. Mn(III) acetate, Zn(II) acetate, Ni(II) acetate,
5,10,15,20-tetra pyridyl-21H, 23H-porphine, sodium perchlorate
and 2,2-dipyridyl were purchased from Sigma-Aldrich. Lithium
chloride was  purchased from Fisher Scientific. Ruthenium(III)
chloride trihydrate was purchased from Pressure Chemical
Co.

N,N-dimethylformamide (DMF), ethanol, methanol, acetone,
glacial acetic acid and neutral alumina were purchased from Merck.

The synthesis of the precursor complex cis-dichloro (2,2-
bipyridine) ruthenium(II) dihydrate was carried out based on a
procedure previously described in the literature [53]. Supramolec-
ular complexes [Mn(III)TRP]5+, [Zn(II)TRP]4+ and [Ni(II)TRP]4+ were
prepared by a method described by Araki et al. [30,32,54–56].
The purity of these compounds was checked by optical
absorption spectroscopy, elemental analysis and cyclic voltamme-
try.

2.2. Procedures

Electrochemical experiments were carried out in a CH Instru-
ments model 620B electrochemical workstation using a three
compartment Pyrex glass cell. An ITO electrode (Delta Technolo-
gies, USA) was  used as the working electrode with Ag/AgCl (CH
Instruments, TX, USA) as the reference electrode, and Pt wire as the
counter.

All potentials values informed in this work are quoted against
Ag/AgCl reference electrode. Photoelectrochemical experiments
were carried out using a three compartment cell with a quartz
window irradiated with light provided by a 500 W Xenon-
Mercury lamp system (Oriel Co) coupled to a monochromator
(Jarrell Ash, Czerny-turner). Controlled potential electrolysis exper-
iments were carried out on a BASI POWER MODULE PWR-3
potentiostat. The experiments were performed in a gastight
H type cell. UV–Visible data were recorded on a Shimadzu
Multispec 1501 spectrophotometer. Gas chromatography mea-
surements were carried out using a DANI Master GC with a FID
and a TCD detector. The columns used were a Supelcowax 10
(30 m × 0.32 mm × 0.25 �m film thickness) and a Supelco mol  sieve
5A◦ (30 m × 0.53 mm).

2.2.1. Preparation of the [MTRP]n+/[SiW12O40]4− multilayer film
The ITO electrode was cleaned with methanol for one hour,

and subsequently rinsed with deionized water for an additional
hour.

Multilayer formation was  carried out by a previously reported
method [57]. A cleaned ITO electrode was dipped into a 0.5 mM
methanolic solution of Ni(II), Zn(II) or Mn(III) porphyrin for 4 min.
The electrode was  rinsed with deionized water to avoid surface
excess. The layer modified ITO electrode was dipped into a 0.5 mM
water solution of [SiW12O40]4− for 4 min. The bilayer modified
ITO electrode was  rinsed and dried. The procedure was repeated
three times, obtaining a multilayer [MTRP]n+/[SiW12O40]4− modi-
and UV–Vis spectroscopy.
The stability of multilayer modified electrode was  evalu-

ated in a 0.1 M NaClO4 solution. The potential electrode was
swept during 50 continuous cycles between −0.9 V and 1.0 V
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Fig. 1. Structural representation of M(III), Ni(II) and Zn(II) �-(meso-5,10,

or [Zn(II)TRP]4+/[SiW12O40]4− and [Mn(III)TRP]5+/[SiW12O40]4−

ultilayer modified electrode and between −0.9 V and 1.2 V for
Ni(II)TRP]4+/[SiW12O40]4− multilayer modified electrode.

.2.2. Electrochemical reduction of carbon dioxide
The electroreduction process of carbon dioxide was studied

y linear sweep voltammetry (LSV) with [MTRP]n+/[SiW12O40]4−

ultilayer modified electrode, in a 0.1 M NaClO4 aqueous solution
aturated with CO2, between −0.1 V and −0.9 V at 5 mV  s−1.

.2.3. Photoelectrochemical reduction of carbon dioxide
Photoelectrochemical reduction experiments were studied by

SV in a 0.1 M NaClO4 aqueous solution saturated with CO2,
etween −0.1 V and −0.9 V at 5 mV  s−1. For this study the elec-
rode was 5 cm from the lamp where the light intensity was
0 mW cm−2.

.2.4. Controlled potential electrolysis
Controlled potential electrolysis experiments were carried out

sing a three multilayer [MTRP]n+/[SiW12O40]4− modified elec-
rode. In dark conditions the experiment was carried out for 6 h
t −0.8 V. Under light irradiation the time of electrolysis was 3 h
nd the potential was set at −0.65 V.
The analysis of aqueous products (formic acid and formalde-
yde) were carried out using previously reported methods
19,58]. Gaseous products were determined by gas chromatogra-
hy.
tetra(pirydil)porphyrin)tetrakis {bis(bipyridine)chloride ruthenium(II)}.

3. Results and discussion

3.1. Multilayer [MTRP]n+/[SiW12O40]4−

Fig. 1 presents the structure of a tetraruthenated porphyrin
consisting in a free (or metallated with M = Mn(II), Zn(II) and
Ni(II)) �-(meso-5,10,15,20-tetra(pirydil)porphyrin)tetrakis coor-
dinated to four groups {bis(bipyridine)chloride ruthenium(II)}[57].

The electronic spectra of [Mn(III)TRP]5+, [Zn(II)TRP]4+ and
[Ni(II)TRP]4+ are similar. The characteristic Soret (� → �*) and Q
(� → �*) band appears and the energy of these transitions depends
of the electronic environment caused by the metal center coor-
dinated to the porphyrin. The Soret band appear at 464, 426 and
410 nm for [Mn(III)TRP]5+, [Zn(II)TRP]4+ and [Ni(II)TRP]4+, respec-
tively. Q bands appears at 580 and 630 nm for the [Mn(III)TRP]5+,
at 560 and 603 nm for [Zn(II)TRP]4+ and in the case of [Ni(II)TRP]4+

only one Q band is observed at 530 nm.  The three metallopor-
phyrins exhibit a strong band at 292 nm which correspond to
a � → �* transition of the {Ru(bipy)2Cl}+ ligand [30,59], a band
at 355 nm,  which is assigned as a metal-to-ligand transfer band
(MLCT2) (RuII(d�)  → bipy (�2

*)) [30,59] and another band at
490 nm,  which is also assigned as a MLCT (RuII(d�)  → bipy (�1

*))
(overlapped with the Soret band) [30,59]. The polyoxotungstate

anion has only one transition at 260 nm corresponding to a W → O
charge transfer band [50].

When the multilayer formation was monitored, for the
[Mn(III)TRP]5+/[SiW12O40]4− and [Zn(II)TRP]4+/[SiW12O40]4-, the
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Table 1
Redox processes of porphyrin complexes and polyoxotungstate.

Compounds P(2−/−) P(−/0) M(3+/2+) Ru(3+/2+)

[Mn(III)TRP5+] −1.1 −0.99 −0.06 0.85
[Zn(II)TRP4+] – −1.025 – 0.808
[Ni(II)TRP]5+ –1.09 −1.01 0.27 0.75

H2PM8−/7− H2PM7−/6− H2PM6−/PM6− PM(6−/5−) PM(5−/4−)

[SiW12O40
4−] −0.9* −0.8* −0.55 −0.45 −0.2
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evaluated by studying the variation of the charge under the voltam-
metric anodic and cathodic peak of the RuIII/RuII process over
50 continuous voltammetric cycles in a 0.1 M NaClO4 solution
at 100 mV  s−1. Under these experimental conditions, the three
Redox processes associated with chemical reactions.

pectra display the [MTRP]n+ transitions describes above, and
n both cases, the absorbance of all transitions increase linearly

ith the number of multilayers deposited on the ITO surface
emonstrating an increase of the chromophore concentration on
he ITO surface [57]. It is important to mention that with each

ultilayer, the Soret band presents a slight blue shift (2 nm
or the [Mn(III)TRP]5+/[SiW12O40]4− multilayer and 5 nm for the
Zn(II)TRP]4+/[SiW12O40]4− multilayer [57]) due to aggregation
hat can occur between layers. This effect is more prevalent
ith the [Ni(II)TRP]4+/[SiW12O40]4− multilayer assembly. In this

ase, the multilayer spectra presents four transitions (see suppor-
ing information), resembling spectra in solution of [Ni(II)TRP]4+.
owever, a widening and a blue shift in all bands is appar-
nt due to the high aggregation of the porphyrin due to strong
–� interactions between the porphyrins skeleton [59–62]. It is

mportant to mention that the absorbance value of all bands,
ncrease linearly with the number of multilayer deposited on the
urface.

Cyclic voltammetry experiments of [Mn(III)TRP]5+, [Zn(II)TRP]4+

nd [Ni(II)TRP]4+ were recorded at 1 mM macrocyclic solution and
.1 M TBPA as supporting electrolyte, in DMF. For [SiW12O40]4−, the
xperiment was performed in a 1 mM polyoxotungstate solution
n a 0.5 M H2SO4 solution (supporting electrolyte). The obtained
ata are summarized in Table 1, all the redox processes were
ssigned according to literature [30,47,59,63,64]. As it can be
een, polyoxotungstate anion present five redox processes in acid
edia. Three of these processes depend on the pH of the solu-

ion. Considering that this anion presents an acid/base equilibrium,
ts stability in the working medium (pH = 5.7) was studied eval-
ating the UV–Visible spectrum of the compound after 24 and
8 h. No further changes were detected in the UV–Visible spec-
rum, corroborating the stability of this anion in the working

edia.
The multilayer formation was followed by cyclic voltammetry.

fter each multilayer deposition, a voltammogram was  recorded,
n a 0.1 M NaClO4 solution between −0.9 V and 1.0 V vs Ag/AgCl
or the [Mn(III)TRP]5+ and [Zn(II)TRP]4+ multilayers, and between
0.9 V and 1.1 V vs Ag/AgCl for the [Ni(II)TRP]4+/[SiW12O40]4− mul-

ilayer. All the experiments were recorded at 100 mV  s−1. Fig. 2a
isplays the voltammetric response of an ITO electrode after the
eposition of 1, 2 and 3 [Ni(II)TRP]4+/[SiW12O40]4− multilayers.
t positive potentials the voltammogram shows a reversible wave
orresponding to the RuIII/II process [28,57]. At negative potentials,
he voltammogram presents a single wave at −0.85 V which cor-
esponds to a reduction process of the multilayer film related to
orphyrin redox processes (see inset in Fig. 2a). This reduced mul-
ilayer film is reoxidized at 0.45 V vs Ag/AgCl where the appearance
f an oxidative peak is noticeable (see supporting information).
esults show (Fig. 2), that with the increase of each multilayer,
he charge of the RuIII/RuII process increases linearly, indicating an

ncrement of the electroactive material on the electrode surface.

ith the increased number of bilayers, this process becomes more
rreversible indicating that the electron transfer becomes slower
57].
As shown in Fig. 2b strong correlation is found between the value
of the absorbance at the Soret band and the charge of the cathodic
and anodic RuIII/RuII process with the number of multilayers.

For the [Mn(III)TRP]5+/[SiW12O40]4− and [Zn(II)TRP]4+/
[SiW12O40]4− multilayer modified electrode, the voltammo-
gram shows a similar electrochemical response, showing at
positive potentials, the RuIII/II process and at −0.7 V vs Ag/AgCl a
process which correspond to the multilayer reduction as it was
reported previously [57].

The electrochemical stability of this modified electrodes, was
Fig. 2. (a) Cyclic voltammetry of a 1, 2 and 3 [Ni(II)TRP]4+/[SiW12O40]4− multilay-
ers modified electrode. 0.1 M NaClO4 solution. Scan rate 100 mV  s−1. (b) Relation
between the absorbance at the Soret band and the charge of the cathodic and anodic
RuIII/RuII process with the number of multilayers on the ITO surface.
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Fig. 3. Linear sweep voltammogram of (a) bare ITO electrode
(b)  [Mn(III)TRP]5+/[SiW12O40]4− multilayer modified electrode (c)
[Zn(III)TRP]4+/[SiW12O40]4− modified electrode and (d) [Ni(II)TRP]4+/[SiW12O40]4−
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Fig. 4. Polarization curves of a 3[MTRP]/[SiW O ]4− multilayer modified electrode

No other products were detected by the analytical methods per-
odified electrode in presence (solid line) and absence (dash line) of CO2. 0.1 M
aClO4 solution saturated with CO2 at 5 mV s−1. Potentials are versus Ag/AgCl.

odified electrodes were stable showing no significant decrease
f the charge (less than 5%).

.2. Electrochemical reduction of CO2

Fig. 3 displays I/E curves of [MTRP]n+/[SiW12O40]4− multilayer
odified electrodes in pseudo steady state conditions recorded at

 mV s−1 in presence and absence of CO2.
As it can be seen, the three modified electrodes (Fig. 3b–d)

resent electrocatalytic activity toward the electrochemical reduc-
ion of carbon dioxide. In all cases, an increase in the cathodic
urrent can be observed.

The bare ITO electrode (Fig. 3a), shows an increase in the
athodic current around −0.6 V vs Ag/AgCl, however this current
s less than the multilayers modified electrodes.

The shape of the voltammogram under inert atmosphere,
resents different patterns for each electrode (see Fig. 4).
Mn(III)TRP]5+/[SiW12O40]4− modified electrodes show a sin-
le process at −0.8 V vs Ag/AgCl, [Zn(II)TRP]4+/[SiW12O40]4−

how two reduction process at −0.37 V and −0.67 V vs Ag/AgCl
nd [Ni(II)TRP]4+/[SiW12O40]4− show one reduction pro-
esses at −0.67 V vs Ag/AgCl. These processes correspond
o the multilayer reduction. Carbon dioxide reduction at
Mn(III)TRP]5+/[SiW12O40]4-, [Zn(II)TRP]4+/[SiW12O40]4− and
Ni(II)TRP]5+/[SiW12O40]4− multilayer modified electrode takes
lace at −0.6 V, −0.65 V and −0.6 V vs Ag/AgCl (onset poten-
ial), respectively. In all cases, the multilayer reduction process
described before) is enhanced by the presence of carbon dioxide
nd for the [Ni(II)TRP]4+/[SiW12O40]4− multilayer a new peak
ppears at −0.75 V vs Ag/AgCl which corresponds to the reduction
f an electroactive species that were not detected under inert

tmosphere, which is active toward carbon dioxide reduction. It
ould also be an adsorbed product from carbon dioxide reduction
ssisted by a ligand.
12 40

under N2 atmosphere. 0.1 M NaClO4 solution, scan rate 5 mV s−1.

Results suggest that the reduced species in the multilayers are
the active moiety in carbon dioxide reduction.

Comparing the cathodic current observed for the three modified
electrodes in presence of carbon dioxide at the same potential
(−0.8 V vs Ag/AgCl) it is clear that the [Mn(III)TRP]5+/[SiW12O40]4−

multilayer modified electrode presents the highest current
response with a value of −36.0 �A which is around nine
times higher with respect to the bare ITO electrode. The
[Zn(II)TRP]4+/[SiW12O40]4− multilayer modified electrode
shows a current increment of approximately three times and
[Ni(II)TRP]4+/[SiW12O40]4− presents a current increment of around
six times the bare ITO electrode. The current increase of the three
modified electrodes in comparison with the bare ITO electrode
confirms the catalytic activity of the multilayers arrangements
adsorbed onto the ITO surface. It can be concluded that the current
value reached for carbon dioxide reduction presents the following
trends: [Mn(III)TRP]5+/[SiW12O40]4− multilayer > [Ni(II)TRP]4+/
[SiW12O40]4− multilayer > [Zn(II)TRP]4+/[SiW12O40]4− multilayer.

3.3. Reduction products—Controlled potential electrolysis

The reduction products in the electrochemical reduction of
carbon dioxide, at [MTRP]n+/[SiW12O40]4− multilayer modified
electrodes were determined after controlled potential electroly-
sis experiments. Carbon monoxide, formic acid and methanol were
detected as the reduction products, corresponding to a transfer of
two and six electrons as it can be seen in Eqs. (1)–(3).

CO2+2H++2e− → CO+2H0 (1)

CO2+2H++2e− → HCOOH (2)

CO2+6H++6e− → CH3OH+H2O (3)
formed in this work.
The results obtained for the electrolysis experiments,

carried out for 6 h using a [Mn(III)TRP]5+/[SiW12O40]4-, a
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Table 2
potential controlled electrolysis results; after 6 h, in a 0.1 M NaClO4 solution saturated with CO2, at −0.8 V.

Multilayer Formic acid (mM)  TOF (s−1) TON Methanol (mM) TOF (s−1) TON CO (mM)  TOF (s−1) TON

[Mn(III)TRP]5+/[SiW12O40]4- 1.5 × 10−1 4.8 × 10−1 1.06 × 104 6.99 × 10−3 2.3 × 10−2 5.0 × 102 – – –
[Zn(II)TRP]4+/[SiW12O40]4- 1.8 × 10−3 3.7 × 10−3 8.3 3.8 

5

[Ni(II)TRP]5+/[SiW12O40]4- 2.6 × 10−2 8.3 × 10−2 1.8 × 103 – 

Bare ITO 9.3 × 10−4 – – 1.35 ×

Fig. 5. 1st, 25th and 50th voltammetric cycle of an
[Mn(III)TRP]5+/[SiW12O40]4-multilayer modified electrode after potential controlled
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lectrolysis experiments. 0.1 M NaClO4 solution, scan rate 100 mV s−1.

Zn(II)TRP]4+/[SiW12O40]4− and a [Ni(II)TRP]4+/[SiW12O40]4−

ultilayer modified electrode, are tabulated in Table 2.
At the working potential, higher concentrations of formic acid

re obtained with [Mn(III)TRP]5+/[SiW12O40]4− multilayer modi-
ed electrodes, and give rise to the following trend: [Mn(III)TRP]5+/
SiW12O40]4− multilayer > [Ni(II)TRP]4+/[SiW12O40]4− multi-
ayer > [Zn(II)TRP]4+/[SiW12O40]4− multilayer > bare ITO. On the
ther hand, for methanol production the trends change, with the
Zn(II)TRP]4+/[SiW12O40]4− multilayer modified electrode showing
he major activity, followed by the [Mn(III)TRP]5+/[SiW12O40]4−

ultilayer modified electrode. For the [Ni(II)TRP]4+/[SiW12O40]4−

ultilayer modified electrode no activity toward methanol
roduction is observed, but carbon monoxide was detected as a
eduction product.

TOF (turn over frequency) [65] and TON (turn over number)
66,67] values, are also presented in Table 2. TON is described as
he number of moles of product that a catalyst can produce before
ecoming inactivated and it was calculated as: moles of prod-
ct formed per mol  of catalyst. TOF values were calculated as the
urnover number per unit of time (s) and geometric area of the
lectrode (cm2). Both parameters are related with the real catalytic
ctivity of each multilayer film. An ideal catalyst will present high
ON and TOF values. As it can be seen, [Mn(III)TRP]5+/[SiW12O40]4−

ultilayer modified electrode shows the biggest TOF and TON
alues for formic acid production and [Zn(II)TRP]4+/[SiW12O40]4−

ultilayer modified electrode exhibit the biggest TOF and TON val-
es for methanol production.

The electrochemical activity of the [MTRP]n+/[SiW12O40]4−

ultilayer modified electrode, after 6 h of potential controlled
lectrolysis, was evaluated by studying the variation of the
oltammogram shape and evaluating the charge under the voltam-
etric anodic and cathodic peak of the RuIII/RuII process in a

.1 M NaClO4 solution. Fig. 5 shows the voltammetric response
f an [Mn(III)TRP]5+/[SiW12O40]4− multilayer modified electrode

fter potential controlled electrolysis experiments. The first cycle
resents a different voltammetric response, where the RuIII/RuII

rocess appears as a more irreversible couple instead of a reversible
ouple. At negative potentials, a single irreversible process is
8.2 1.76 × 10 – – –
– – 3.85 × 10−2 2.4 × 10−1 3.85 × 103

 10−2 – – – – –

observed. Two  consecutive irreversible anodic peaks appear at
0.25 V and 0.35 V vs Ag/AgCl. These processes are due to adsorbed
species from CO2 reduction products. After 50 scans the voltam-
metric response becomes stable, and the original voltammetric
response can be recovered.

The charge of the RuIII/II process for this electrode decreases 2.8%
and 31.5% for the anodic and cathodic peak, respectively.

In the case of the [Zn(II)TRP]4+/[SiW12O40]4− multilayer mod-
ified electrode, the voltammetric response after the potential
controlled electrolysis, shows a charge decrease of 21.5% for the
anodic and of 54.8% for the cathodic process of the RuIII/II couple,
however, this modified electrode present the same voltammet-
ric shape than before controlled potential electrolysis experiments
(not shown). For the [Ni(II)TRP]4+/[SiW12O40]4− a decrease of
27.8% for the anodic and 16.6% for the cathodic RuIII/II process
is observed. The voltammetric shape of this multilayer modi-
fied electrode also does not exhibit a change compared with
the voltammetric response before potential controlled electrolysis
experiments.

The difference in the electrocatalytic activity of each multi-
layer modified electrode can be attributed to the difference on
the metal ion center of the porphyrin that can influence the mor-
phological and electrochemical properties. Reported data, confirm
[57] that [Mn(III)TRP]5+/[SiW12O40]4− multilayer are thicker (ca.
218 nm)  and compact than [Zn(II)TRP]4+/[SiW12O40]4-multilayer
(ca.60.3 nm)  because the Mn(III) atom interacts strongly with
the [SiW12O40]4− anion, giving rise to a more ordered film
and thus more coverage of the electrode surface. On the other
hand, it has been reported that these porphyrins generate
non-homogenous films, giving rise to different microenviron-
ments into the multilayer structure in which active sites can
be randomly distributed, giving rise to different electrocatalytic
behavior.

[Zn(II)TRP]4+ multilayer films produce formic acid and the
biggest amount of methanol. This can be explained in terms of
the reduction processes of the film. As it can be seen in Fig. 4, this
modified electrode shows two reduction waves corresponding to
the multilayer reduction, thus at the working potential (−0.8 V vs
Ag/AgCl) there will a higher charge density on the electrode sur-
face. Even though Zn2+ does not have d orbitals available (closed
shell ion) to allow carbon dioxide coordination, there are reports of
carbon dioxide reduction catalyzed by imidazolium and pyridinium
derivatives [68,69], were the reduction takes place via coordination
to the N atom due to its acidic properties [68,69]. A higher charge
density in the [Zn(II)TRP]4+/[SiW12O40]4− multilayer film, could
allow a reduction via the N groups of the porphyrin. This behavior
is in strong agreement with the fact that after controlled potential
electrolysis experiments, the charge of the electrode decreases over
a 50% of the initial value due to film degradation.

3.4. Photoelectrochemical reduction of carbon dioxide

Taking into account that these multilayer modified electrodes

display catalytic activity for carbon dioxide reduction, and that
these multilayer films present multiple electronic transitions in the
range of visible light, the combination of applied potential and light
can be of great interest for CO2 reduction.
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Table  3
Potential controlled electrolysis under irradiation of 440 nm results; after 3 h, 0.1 M NaClO4 solutions saturated with CO2, at −0.65 V.

Multilayer Formic acid (mM)  TOF (s−1) TON Methanol (mM) TOF (s−1) TON Fornaldehyde (mM)  TOF (s−1) TON

[Mn(III)TRP]5+/[SiW12O40]4- – – – – – – 1.8 16.7 1.8 × 105

[Zn(II)TRP]4+/[SiW12O40]4- 2.3 × 10−2 1.3 × 10−1 1.4 × 103 1.26 × 10−1 7.3 × 10−1 7.9 × 103 – –
[Ni(II)TRP]5+/[SiW12O40]4- – – – – 5.5 × 10−1 1.78 3.85 × 104
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Bare ITO 1.8 × 10−2 – – 

Fig. 6 displays I/E curves of [MTRP]n+/[SiW12O40]4− multilayer
odified electrodes in pseudo steady state conditions recorded at

 mV s−1 in presence of CO2 in dark and under irradiation.
The three modified electrodes, present an increase in the cur-

ent response under irradiation with light at 440 nm. A new
eduction peak appears at approximately −0.60 V vs Ag/AgCl
or the three multilayer modified electrodes. At −0.65 V vs
g/AgCl [Mn(III)TRP]5+/[SiW12O40]4− multilayer modified elec-

rode present an increase in the current of 3.2 times compared
o its behavior in dark conditions, [Zn(II)TRP]4+/[SiW12O40]4− and
Ni(II)TRP]4+/[SiW12O40]4− multilayer modified electrode present

 current increase of 8.2 and 3.3 times respectively compared to
ark conditions. The observed current increase is due to carbon
ioxide reduction at these multilayer systems. To evaluate the
ehavior under light irradiation, potential controlled electrolysis
xperiments were carried out. The potential chosen for this exper-
ment at all electrodes was −0.65 V vs Ag/AgCl. Results obtained
or the photoelectrochemical reduction of CO2 are presented in

able 3.

Under light irradiation, there is a change in the product distribu-
ion, with formaldehyde production detected as the major product

ig. 6. Linear sweep voltammogram of (a) bare ITO electrode
b)  [Mn(III)TRP]5+/[SiW12O40]4− multilayer modified electrode (c)
Zn(II)TRP]4+/[SiW12O40]4− modified electrode and (d) [Ni(II)TRP]4+/[SiW12O40]4−

odified electrode in presence of CO2 in dark (dashed line) and under light
rradiation of 440 nm (solid line). 0.1 M NaClO4 solution saturated with CO2 at

 mV s−1. Potentials are versus Ag/AgCl.

(

(

– – –

in electrolysis results. Formaldehyde formation involves the trans-
fer of four electrons as shown in Eq. (4).

CO2+4H++4e− → HCOH+H2O (4)

In the case of [Mn(III)TRP]5+/[SiW12O40]4− multilayer elec-
trode, electrolysis result show the formation of formaldehyde
as the only product, rather than formic acid and methanol
formation in dark conditions. [Ni(II)TRP]4+/[SiW12O40]4− multi-
layer modified electrodes present a similar behavior where only
formaldehyde formation can be detected. Both results, involve a
change in the reduction mechanism of carbon dioxide under light
irradiation.

On the other hand, [Zn(II)TRP]4+/[SiW12O40]4− multilayer mod-
ified electrode shows a 12 fold increase in the amount of formic acid
produced against dark conditions, showing that under light condi-
tions, formic acid production is favored. Despite light and potential
combination, methanol production decreases approximately 30
folds. This result together with non-production of methanol with
[Mn(III)TRP]5+/[SiW12O40]4− multilayer suggests that, carbon diox-
ide reduction to methanol on this films depends strongly on the
applied potential.

Bare ITO electrode, also shows an increase of approximately 20
folds in the amount of formic acid production.

It is important to mention that for the [Mn(III)TRP]5+/
[SiW12O40]4-, [Ni(II)TRP]4+/[SiW12O40]4− multilayer modified elec-
trode, and for the bare ITO electrode, the amount of total product
obtained under light irradiation is more than that obtained in dark
conditions. For the [Zn(II)TRP]4+/[SiW12O40]4− multilayer, despite
a decrease in the total amounts of products, the formation of formic
acid increases, indicating the electrode becomes selective in these
conditions.

All results support the idea of an enhancement in the catalytic
activity of the modified electrodes and bare ITO electrode, consid-
ering that the potential was 150 mV  more positive than in dark
conditions and the electrolysis time was halved.

Based on literature reports, TRP films are known to undergo
energy transfer processes and that there are strong electronic inter-
actions between both sites of the complex, promoting an energy
transfer process from Ru(bipy)2Cl+ moieties to the porphyrin cen-
tral core [55]. In such cases, the Ru(bipy)2Cl+ moieties work as
antennae, absorbing light and transferring energy within the film.
Several other examples demonstrate that TRP films are photo-
active to electrochemical reduction of oxygen [28] or can act as
a photo-sensitizer for solar cells [70].

Based on the properties described above, we can conclude that
for the films presented in this work, light absorption leads to an
improvement in the electronic transfer, promoting

a) The reduction of carbon dioxide via four electrons, to produce
formaldehyde.

b) An increase in the electron transfer kinetics towards carbon
dioxide reduction
(c) An increase in the number of catalytic sites.

Resulting a bigger amount of the same reduction products than
in dark conditions.
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. Conclusions

Carbon dioxide reduction was studied in aqueous solution,
sing a [MTRP]/[SiW12O40]4− multilayer modified electrodes, with

 = Mn(III), Ni(II) and Zn(II). The experiments were carried in
ark and under light irradiation (440 nm). In dark conditions, the
hree modified electrodes showed electrocatalytic activity; more-
ver, carbon monoxide, formic acid and methanol production were
etected as the reduction products. The electrocatalytic activity of
he films is governed by the metal ion in the center of the porphyrin,
hich can direct the morphology and electrochemical properties.
ue to this, different microenvironments in the multilayer arrange-
ent can be found, which can then produce different reduction

roducts. The [Zn(II)TRP]4+/[SiW12O40]4− multilayer, reduces car-
on dioxide obtaining formic acid and methanol in considerable
oncentration; this effect is due to the electrochemical properties
f the film that increase the charge density on the surface.

Under light irradiation, formaldehyde appears as a new
roduct, serving as evidence of a mechanism change for car-
on dioxide reduction on [Mn(III)TRP]5+/[SiW12O40]4− and
Ni(II)TRP]4+/[SiW12O40]4− multilayer modified electrode.
Zn(II)TRP]4-/[SiW12O40]4− film, present a change in the pro-
ortion of the amount of obtained product. It was  clear, that
ethanol production depends on the applied potential in the

xperiments.
It was demonstrated that in less favorable conditions (150 mV

ess negative and half of the time, for controlled potential elec-
rolysis experiments) larger amounts of reduction products were
etected. Thus combination of potential and light, give rise to a
ynergic effect, which increases the reactivity of the film for carbon
ioxide reduction. These encouraging results; open a new possi-
ility for studies on the photoelectrochemical properties of these
ultilayer modified films toward molecules with environmental

ignificance.
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