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Carbon dioxide (CO2) emissions currently represent a major
concern.[1] Accordingly, the electrochemical reduction of CO2

is a reaction of major relevance and also of great challenges.
Considering the redox potentials required for reducing CO2,
multi-electron-transfer, multiproton reactions are the most
viable pathways for driving CO2 reduction.[2] Nonetheless,
catalysts must be employed to overcome kinetic limitations of
these processes. Molecular catalysts known to reduce CO2 are
usually monomeric metal complexes, such as ruthenium[3] and
rhenium carbonyl complexes,[4] cobalt[5] and iron porphyrins,[6]

and nickel[7] and cobalt cyclams,[8] but combinations of these
systems into bimetallic structures have also been propos-
ed.[4a, 9] More recently, the introduction of supercritical CO2

(scCO2) as a reaction medium has been investigated, as
comprehensively reviewed by Fujita and co-workers.[10]

Interestingly, it has been observed that increasing the CO2

pressure in the reaction medium usually does not provide any
advantage.[11]

Herein, water–scCO2 binary biphasic systems are evalu-
ated for reducing carbon dioxide using a well-known aqueous
cycle with (1,4,8,11-tetraazacyclotetradecane)nickel(II)
([NiIIcyclam]) as the catalytic unit, given its high affinity
towards CO2 upon reduction[12] (see the Supporting Informa-
tion, Figure S1a) and proven efficiency in aqueous media. As
for the photosensitizer (PS), an aqueous soluble salt of
tris(2,2’-bipyridyl)ruthenium(II) ([Ru(bpy)3]

2+) was chosen.
This catalytic cycle was pioneered electrochemically by
Sauvage and co-workers,[13] photochemically by Calvin and
co-workers,[12a, 14] and by Kimura et al.[9a] Based on the
reduction potentials of [NiIIcyclam] and PS, this cycle (see
the Supporting Information, Figure S1b) involves in its initial
stage the absorption of light by [Ru(bpy)3]

2+ and subsequent
reductive quenching of its excited state by ascorbate (kq = 2 �
107

m
�1 s�1).[15] Subsequent reactions between the reduced

photosensitizer and the catalyst in presence of CO2 were
shown to yield exclusively CO and H2 in aqueous media.

Over the last few years, we have shown that reactions such
as hydrogen evolution[16] or oxygen reduction[17] could be

carried out efficiently at the water–1,2-dichloroethane inter-
face at atmospheric pressure by treating aqueous protons or
oxygen with organic electron donors. Herein, we show that
the interface between an aqueous solution and supercritical
CO2 can be the locus for CO2 reduction, as depicted in
Scheme 1.

Results of comparative experiments in which the reaction
time and pressure were varied while the concentration of all
components were kept constant are summarized in Figure 1.
A seven-fold increase in the activity of the catalyst for
experiments carried out under exactly the same conditions
can be observed for a fixed reaction time of 4 h (inset
Figure 1). In a first attempt to rationalize this result, a higher
concentration of CO2 in water at elevated pressures can be
ruled out, given that the solubility of CO2 in water only

Scheme 1. Catalytic cycle proposed for the photoreduction of CO2

using [NiIIcyclam] as catalyst in a water–supercritical CO2 biphasic
system.

Figure 1. CO production as a function of irradiation time.
[PS] = 2 � 10�3

m, [[NiIIcyclam]] = 5 � 10�4
m, [Asc] = 0.5m at 313 K and

144 bar. Inset presents comparative data after 4 h of reaction at
various pressures when [PS] = 5 � 10�4

m, [[NiIIcyclam]] = 2 � 10�3
m,

[Asc] = 0.5m.
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increases by approximately 30% when the pressure is raised
from 50 to 150 bar.[18]

This finding suggests that the complexation of CO2 with
the [NiIcyclam] complex could take place at the water–scCO2

interface. Indeed, the cyclam complex is rather hydrophobic,
as demonstrated by ion-transfer voltammetry at the water–
1,2-dichloroethane interface (see the Supporting Information
for details), and is likely to adsorb at the interface, where it is
also in contact with aqueous protons. Other examples of
surface-active molecules at liquid—liquid interfaces are
macrocycles usually employed in solvent extraction of
metallic cations,[19] and cobalt porphyrins able to reduce
oxygen at the water–1,2-dichloroethane interface.[17b, 20]

Besides, protein adsorption at the water–scCO2 interface
has been reported to be a pressure-dependent process.[21]

Surface tension measurements at the air–water interface as
a function of the aqueous concentration of [NiIIcyclam] were
conducted and analyzed according to the Gibbs adsorption
equation (see the Supporting Information for details). These
measurements revealed an adsorption process that follows a
Langmuir type behavior (see the Supporting Information,
Figure S6). A standard Gibbs energy of adsorption for
[NiIIcyclam] at the air–water interface of �10 kJmol�1 is
obtained, which is in agreement with the relatively weak
adsorption of this complex. The area occupied per molecule in
a monolayer of adsorbed catalyst was also calculated and
found to be approximately 152 �2. The latter value clearly
suggests that the adsorbed catalyst assumes a planar geometry
at the interface.

A custom-built pendant drop system was used to estimate
the interfacial tension at the water–scCO2 interface. An
elongation of the aqueous droplet could be observed when
[NiIIcyclam] was added to the aqueous phase (Figure 2).

Image analysis using the methodology proposed by Girault
et al.[22] and comparison of the extracted profiles with the
theoretical profiles calculated from numerical resolution of
the Laplace equation[23] yields a decrease in the interfacial
tension of 6.7% in the presence of the catalyst. Analogously, a
decrease of 5.7% in the air–water interfacial tension is
obtained when the surface tensions of pure water and 50 mm

aqueous [NiIIcyclam] are compared (see the Supporting
Information for details). These data clearly show that
[NiIIcyclam] adsorbs at the water–scCO2 interface.

In consequence, it is reasonable to consider that in the
present system [NiIcyclam] complexes also adsorb at the
water–scCO2 interface, as they are less hydrophilic than the
[NiIIcyclam] complexes. Both complexes probably assume a
planar configuration at the interface, in accordance with the
experiments described above. The latter can have a crucial
impact on the reaction, since binding of CO2 on [NiIcyclam]
would be largely favored in a CO2-rich environment like the
water–CO2 cluster network formed at the water–scCO2

interface.[24] Additionally, adsorbed CO2–[NiIcyclam] com-
plexes can be easily protonated and reduced at the interface.
Considering that the reaction takes place under vigorous
stirring, the contact area between the two phases is optimized.

It can also be seen from Figure 1 that the production of
CO reaches a steady value after approximately 4 h of
irradiation. This decrease in activity is very likely due to the
degradation of the sensitizer, as previously reported.[14]

The influence of the pH value of the aqueous phase was
also examined, as it has been shown to significantly decrease
in the presence of pressurized CO2.

[25] However, depending on
the composition of the aqueous phase, values up to pH 6 can
be obtained (by addition of sodium bicarbonate).[26] Here, pH
spectrophotometric determinations using bromophenol blue
as indicator[27] (see the Supporting Information Figure S2)
revealed a value of 3.5 for a blank binary system formed
between pure water and supercritical CO2. In the presence of
0.5m sodium ascorbate, the aqueous pH value was measured
to be approximately 5.1, as evidenced from the visible spectra
of bromocresol purple[28] (see the Supporting Information
Figure S3). Therefore, sodium ascorbate has here a double
purpose: To act 1) as a sacrificial electron donor and 2) as a
pH buffer.

Experiments in which the pH value of the aqueous phase
at 144 bar was varied (Figure 3) showed that the amount of
CO produced increases above pH 3 but remains approxi-
mately constant above pH 4. At the same time, H2 production
was determined to reach a maximum at around pH 4, which is
in good agreement with the results found by Grant et al.[14]

Although there is some discrepancy in the published results
concerning H2 evolution, most of the reports for this catalytic
cycle in water show that H2 is produced in approximately
equal or higher amounts than CO.[9a, 14,29] In the present
biphasic system, the comparison of the amounts of H2 and CO
produced indicates clearly that the reaction proceeds more

Figure 2. Photographs of a 15 mL aqueous droplet in the a) absence
and b) presence of [NiIIcyclam] at a concentration of 50 mm immersed
in supercritical CO2 at 140 bar and 313 K.

Figure 3. CO (light gray) and H2 (dark gray) production as a function
of the aqueous pH value at 144 bar and 313 K. Irradiation time =4 h,
[PS] = 2 � 10�3

m, [[NiIIcyclam]] = 5 � 10�4
m.
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selectively towards CO2 reduction at all pH values tested, and
optimal operation conditions are attained at pH 5. Previous
reports at pH 5 estimated the CO/H2 ratio to be 0.83,[14]

whereas this ratio is determined herein to be 7.1, representing
an enhancement in the selectivity of 8.6 times.

The quantum yield (mole of CO produced per mole of
photons absorbed) for the reaction, using a monochromatic
453 nm HeCd laser, was determined to be 1.4 � 10�3, which is
low, since there are several steps involved in the global
reaction; nonetheless, it is significantly higher than the value
of 6 � 10�4 reported for this system.[12a] This finding clearly
suggests that the efficiency of the system is being enhanced,
but it still does not account for the sevenfold increase in the
production of CO. Herein, we propose that [NiIIcyclam]
adsorption at the interface, probably parallel to the interface,
implies that, upon reduction of the catalyst, CO2 would be
preferentially activated at the interface rather than water.
Additionally, it is reasonable to expect that [NiIcyclam]
adsorbs more strongly at the interface than [NiIIcyclam] given
its lower charge. Altogether, higher selectivity towards CO2

reduction at all pH values can be expected, since the binding
of CO2 does not proceed by insertion into Ni�H bonds.[12b]

Indeed, data shown in Figure 3 is in good agreement with this
hypothesis.

On the other hand, even though sodium ascorbate is an
effective reductive quencher of the metal-to-ligand charge-
transfer (MLCT) excited state of [Ru(bpy)3]

2+ in the aqueous
phase, other compounds such as tertiary amines can also be
used. Among them, triethanolamine (TEOA) has been widely
employed.[30] However, upon replacement of sodium ascor-
bate by TEOA in the present system, neither CO nor H2 can
be detected. Indeed, TEOA likely binds to the metal center,
which hinders the overall CO2 reduction process. This
hindrance confirms that the CO2 activation step is crucial.
As UV/Vis spectra of [NiIIcyclam] in the absence and
presence of TEOA showed no significant alterations, it is
likely that TEOA in excess interacts with [NiIcyclam].

Experimental results summarizing the aforementioned
discussion are presented in Table 1. According to these data,
in absence of either light, the catalyst, or a suitable sacrificial
electron donor, the reaction does not proceed (Table 1,

Exp. 6–8). When the sensitizer is in excess with respect to
the catalyst, CO production turnover numbers (mole of CO
produced per mole of catalyst for four hours of reaction) of
3.6 can be estimated (Table 1, Exp. 5). However, for experi-
ments carried out using higher ratios of catalyst and sensitizer
concentrations (4 and 0.25; Table 1, Exp. 3 and 4, respec-
tively), turnover numbers of about 0.2 (Exp. 3) and 2.1
(Exp. 4) are obtained. The latter is in agreement with the very
limited stability of [Ru(bpy)3]

2+ in aqueous media. It is then
clear how changes in concentration greatly affect the turnover
numbers, thus indicating that the photosensitization step
might be the rate-limiting step. Finally, significant H2

production is observed when either the concentration of the
catalyst is low compared to that of PS (Table 1, Exp. 5) or the
catalyst is not present at all (Table 1, Exp. 6). The latter
accounts for the formation of H2 upon irradiation of [Ru-
(bpy)3]

2+ in an ascorbate buffer solution, as reported.[31]

In summary, the present work demonstrates that it is
possible to reduce supercritical CO2 using adsorbed [Ni-
(cyclam)] catalysts and that this reduction is more selective
towards CO production than when the same reaction is
carried out simply in water. The recycling of the catalyst and
its reduction by an aqueous sensitizer occurs homogeneously,
whereas the CO2 binding process is more likely to occur at the
interface, the area of which is optimized by vigorous stirring.
This work clearly shows that the classical [Ni(cyclam)]–
[Ru(bpy)3]–ascorbic acid photocatalytic cycle becomes much
more efficient and selective when carried out at elevated
pressures, corroborating the hypothesis that the CO2 binding
step is an interfacial process. Supercritical CO2 is an interest-
ing reaction medium not only from a mechanistic point of
view but also to develop new scenarios for CO2 reduction
where water acts as both electron and proton source.[32]

Experimental Section
High-purity CO2 (99.9995%) was provided by Carbagas. Tris(2,2’-
bipyridyl)ruthenium(II) (99.9%, metal basis), 1,4,8,11-tetraazacyclo-
tetradecane (cyclam), and NiCl2 were purchased from Aldrich and
used without any further purification. Sodium ascorbate was pur-
chased from Merck. [NiIIcyclam]Cl2 and was prepared according to
literature procedures.[33] All aqueous solutions were prepared
employing deionized water (Mili-Q, 18.2 MWcm�1). All other chem-
ical reagents were analytical grade and used as received

The reactor employed for the photoreduction of CO2 consisted of
a 31 mL stainless steel cell equipped with one sapphire window.
Temperature was controlled by circulating water through a stainless
steel jacket wrapping the reactor. Pressure was monitored using a
piezoelectric pressure sensor (Swagelok). The cell employed for the
spectrophotometric measurements was equipped with three sapphire
windows (Rayotek). The chemicals in the reactor were homogenized
by magnetic stirring.

Photoinduced CO2 reduction catalyzed by [NiIIcyclam] was
studied at 25 8C using a 600 Watt Xe lamp (Oriel, Model 66021)
with a cutoff filter (l> 400 nm). In a typical experiment carried out
under supercritical conditions, suitable volumes of separate aqueous
solutions of the photosensitizer, the catalyst, and the sacrificial
electron donor were loaded into the reactor. The cell was purged with
CO2 and heated to 313 K. After reaching thermal equilibrium, CO2

was slowly loaded into the cell by a piston pump (Teledyne Isco,
model 100-DX) until a pressure of 95 bar was attained. After this step,
addition of water was carried out using a second piston pump

Table 1: Summary of photoreduction experiments; the volume of the
aqueous phase was 9.8 mL in all cases.

Exp.
No.

Pressure[a]

[bar]
[[NiIIL]]
[mm]

[PS]
[mm]

CO produced
[mmol]

H2 produced
[mmol]

1 24 2 0.5 0.7 0.3
2 44 2 0.5 0.6 0.8
3 144 2 0.5 4.2 N.D.[b]

4 144 0.5 2 10.4 1.5
5 144 0.1 5 3.6 3.0
6 144 0 2 N.D. 5.5
7[c] 144 0.5 2 N.D. N.D.
8[d] 144 0.5 2 N.D. N.D.
9[e] 144 0.5 2 3.6 1.9

10[f ] 144 0.5 2 9.7 5.2

[a] �2 bar. [b] N.D.= Not detected. [c] In the dark. [d] TEOA (0.7m) was
used instead of Asc. [e] Same as experiment 4 at pH 3. [f ] Same as
experiment 4 at pH 4.
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(Teledyne Isco, model 100-DX) until the final pressure was reached.
Quantum yield determination was carried out at 453 nm using a
HeCd continuous laser (Omnichrome, Series 43). Light intensity for
the quantum yield measurements was determined with a Gentec
model TPM-310 power meter. Pendant drop experiments under
supercritical conditions were always carried out at a constant pressure
of 140 bar, and water injection was carried out at a constant flow of
10 mLmin�1 (see the Supporting Information for further details).
Collection of the gas after reaction was followed by its injection into a
GC-TCD instrument for H2 determination. Quantification of CO was
carried out by using a GC-FID instrument (Perkin–Elmer, Clarus
500) equipped with a methanizer (see the Supporting Information for
further details). In situ spectra were recorded with a UV/Vis
spectrometer (Ocean Optics, Model ChemUSB 2000)
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