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Abstract:  

Here we report the use of cobalt and iron corrole complexes as 

catalysts of H2O reduction to generate H2. Electro and photocatalysis 

has been used in the case of dissolved corroles for water reduction 

with inspiring results. Carbon nanotubes doped with corroles were 

used as photo-electrochemical catalysts allowing getting very low 

overpotential values and increased hydrogen production, achieving 

incredibly high turnover numbers and turnover frequencies of ca. 10
7
 

and 10
5
, respectively. Through this last process we were able to 

obtain 1mmol of H2 by using minuscule amounts of catalyst, in the 

order of pictograms. The reactions can be carried out in water, 

without the need of organic solvents. Remarkably, the 

photoelectrochemical catalytic efficiency was increased by five orders 

of magnitude when adsorbing the molecular catalysts onto carbon 

nanotubes. 

Introduction 

Replacement of fossil fuels with renewable energy 

sources, such as solar or wind, requires energy storage for 

the periods were these are inactive.
[1]

 Hydrogen obtained 

from water is a candidate of great interest to replace these 

other sources of energy as it is a clean, cheap and 

renewable fuel.
[2]

 Many techniques for H2 production from 

natural gasoline, methanol, gas, biomass, and other non-

renewable materials have been studied,
[1]

 but the efficient 

generation from water still remains the crux of a hydrogen-

based economy.
[3]

 

Metallocorroles and metalloporphyrins have shown to be 

promising potential catalysts for H2 evolution in photocatalytic 

systems, in which a sensitizer mediates electron transfer 

from a sacrificial donor to the catalyst, which in turn reduces 

H
+
 to H2.

[1] 
Corroles are 18- electron tetrapyrrolic 

macrocycles containing a direct pyrrole–pyrrole bond,
[2] 

and 

have a smaller cavity and lower symmetry-C2v compared to 

porphyrins.
[3]

 Corroles have several interesting properties, 

among which is their trianionic nature upon deprotonation, 

which tend to stabilize transition metals in higher oxidation 

states compared with porphyrins.
 [4–6]

 They also have a 

higher N-H acidity and high fluorescence levels.
[7–10]

 

Efficient synthetic methods developed by Gross et 

al.
[11,12]

, Paolesse et al.
[13] 

and Gryko et al.
[14,15]

 opened the 

doors for the progress of many new studies in corrole (photo 

and electro-) chemistry, spectroscopy and applications. Later 

Spiro et al.
[16]

 have shown Co
I
 porphyrin electrocatalyzed 

formation of H2 in solution, and more recently we have 

reported hydrogen evolution using a cobalt porphyrin 

anchored on a gold electrode with a TON≈10
6
.
[17]

 

Due to the trianionic nature of free base corroles, the 

metal centers of corroles can reach oxidized states more 

easily than porphyrins. Therefore, the photoreduced Co
I
 

corroles should be more reactive towards H
+
 reduction. This 

behavior was observed by Solomon et. al,
[18]

 who studied the 

differences in energy in the oxidation state between corroles 

and porphyrins, and their interactions with metals. They 
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showed that there are more accessible states in the corrole 

which allows more accessible reduction of the metal center.  

Hydrogen obtained in photocatalytic systems is 

produced by reduction of the catalyst using electrons 

obtained from a sacrificial donor; electron transfer occurs by 

way of a photoinduced sensitizer, which is regenerated by 

the sacrificial donor.
[4]

 However; photocatalysis has not been 

used in the case of corroles for water reduction. 

 

Scheme 1. (A) Synthesized corroles. (B) Schematic representation 

of the absorbed metallocorrole on SWNT. 

 

On the other hand, fundamental progress has been 

made in developing novel material structures for gaining this 

goal. Nanomaterial composites and structures, including 

inorganic, molecular and hybrid organic/inorganic 

materials,
[19,20]

 have been explored to meet specific 

requirements such as a light-absorbing wavelength 

modification,
[21,22]

 photoinduced charge separation
[23,24]

 and a 

faster water-splitting reaction.
[25]

 A great number of catalysts 

systems for energy storage and conversion has been based 

on carbon nanotubes (CNT) as they have the capability to 

contribute not only in charge injection and extraction, but also 

they increase the direct flow of photo-generated electrons.
[26–

28]
 Recently, CNT were used in the synthesis of different 

nanomaterials in order to improve the reduction of 

oxygen
[27,29,30]

, reduction of nitric oxide 
[30]

 and oxidation of 

water.
[19,31]

 

In this work, we describe photocatalytic H2 evolution 

experiments performed using cobalt and iron corroles 

(Scheme 1A) and discuss the relation between the catalyst 

efficiencies and their electrochemical and physicochemical 

properties. Furthermore, we describe the synthesis, 

characterization and photoreactivity of carbon nanotubes 

(MWNT) doped with Co(III)-Corrole (Scheme 1B) towards 

water reduction in aqueous solution. 

Results and Discussion 

- Study of hydrogen production using corroles as 

photocatalysts.  

Free base corrole ligands were synthesized and in a 

second step were metallated with cobalt and iron. The main 

spectroscopic and electrochemical parameters of the 

obtained metallocomplexes are summarized in Table S1.  

Experiments to determine the performance and the 

catalytic parameters for H2 production for these organic 

catalysts in solution were performed using the setups shown 

in the Supporting Information (Figures S1-S4) using TEA 

(triethylamine) as sacrificial donor and TP (terphenyl) as a 

sensitizer.
[32] 

In 2002 Gross et al.
[33]

, reported a similar set up for 

catalytic reduction of CO2, and described the following 

mechanism:  

                                  𝐓𝐏
𝐡𝐯
 𝐓𝐏∗                   (1) 

                         𝐓𝐏∗ + 𝐄𝐭𝟑𝐍  𝐓𝐏•− + 𝐄𝐭𝟑𝐍
•+             (2) 

The metal center is readily reduced by the radical TP
•-
, which 

has a very negative reduction potential (-2.45 V vs SCE in 

dimethylamine).
[34]

 

                  𝐓𝐏•− +  𝐌𝐈𝐈𝐈 𝐂𝐨𝐫   𝐓𝐏 +  𝐌𝐈𝐈 𝐂𝐨𝐫  −    (3) 

                  𝐓𝐏•− +  𝐌𝐈𝐈 𝐂𝐨𝐫  −  𝐓𝐏 +  𝐌𝐈 𝐂𝐨𝐫  𝟐−  (4) 

Et3N
•+

 reacts with a molecule of TEA to form a carbon 

centered radical (E1/2= -1.12 V vs. SCE in MeCN), which 

reduces the metal center [M
III

(Cor)], but cannot reduce 

[M
II
(Cor)]

-
. 

[35]
 

              𝐄𝐭𝟑𝐍
•+ + 𝐄𝐭𝟑𝐍  𝐄𝐭𝟑𝐍𝐇+ + 𝐄𝐭𝟐𝐍𝐂 𝐇𝐂𝐇𝟑              (5) 
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𝐄𝐭𝟐𝐍𝐂 𝐇𝐂𝐇𝟑 +  𝐌𝐈𝐈𝐈 𝐂𝐨𝐫   𝐄𝐭𝟐𝐍
+ + 𝐂𝐇𝐂𝐇𝟑 +  𝐌𝐈𝐈 𝐂𝐨𝐫  −(6) 

The photochemical reduction causes the production of 

acid (as shown in reaction 7), which can protonate [M
I
(Cor)]

2-
 

and subsequently form the respective metal hydride, which 

can be protonated to form H2, or hydrogenate the macrocycle 

(as seen with porphyrins).
[32,35,36]

 

     𝐌𝐈 𝐂𝐨𝐫  𝟐− + 𝐄𝐭𝟑𝐍𝐇+  𝐇 𝐌𝐈𝐈 𝐂𝐨𝐫  − + 𝐄𝐭𝟑𝐍            (7) 

𝐇 𝐌𝐈𝐈 𝐂𝐨𝐫  − + 𝐄𝐭𝟑𝐍𝐇+   𝐌𝐈𝐈𝐈 𝐂𝐨𝐫  + 𝐇𝟐 + 𝐄𝐭𝟑𝐍         (8) 

The addition of TEA did not result in a significant 

change in the UV-Vis spectra. However TEA may replace the 

axial ligand and also reduce the metal center.
 [32,36,37] 

It is 

important to emphasize that no hydrogen is obtained under 

the present reaction conditions from TEA if the photocatalysis 

is carried out in the absence of water.  

Hydrogen production was confirmed by detecting the 

produced gas while carrying out photocatalysis experiments, 

as the reaction system was connected to a DEMS (Figure 

S4). Figure S5(A) and (B) show the identification of the gas 

generated during the photocatalysis: hydrogen (m/q = 

2);argon (m/q = 40) is used to obtain the inert atmosphere. 

Furthermore, while following the ionic current (m/q=2) in real 

time, the immediate intense bubbling (Figure S6 and 

multimedia) and formation of H2 after the addition of H2O to 

the catalyst/TP/TEA mixture can be observed. 

Table 1 summarizes the results for H2 generation for all 

the catalysts tested. The amount of H2 produced by cobalt 

and iron metallocorroles is similar, with the latter being a little 

less efficient.  

 Table 1. Results of hydrogen production.
 [a]

 

Catalyst TON TOF (min
-1
) H2 (mol) ×10

-4
 

NO2-Cor-Co 113.3±1.1 3.76±0.12 8.5±0.9 
TP-Cor-Co 80.4±0.9 1.79±0.15 6.0±1.1 
Cl2-Cor-Co 83.1±1.1 3.30±0.12 6.2±0.9 
NO2-Cor-Fe 86.3±1.2 1.9±0.8 6.5±0.8 
TP-Cor-Fe 80.0±1.1 1.8±0.6 6.0±1.2 
Cl2-Cor-Fe 83.3±1.0 3.7±0.9 6.2±0.7 

[a] All experiments were performed in triplicate. The reactions were carried 
out at r.t and with continuous UV irradiation. 7.5×10-6 mol of catalyst in 
the presence of 3 mM of TP and 5% v/v of TEA were dissolved in 10 mL 
of 1,4-dioxane. 
 

Figure 1 shows the UV-Vis spectrum changes for NO2-

Cor-Co while irradiating. After irradiating for 15 minutes the 

reduction of the metal center to Co(I) is observed (blue). 

Then, following the addition of water, the catalyst returns to 

its oxidized state (green). However, after the second addition 

of water the metallocorrole was degraded (orange). The 

volume of gas generated was measured by using the setup 

depicted in Figure S1. Figure S7 shows the gas production 

for two catalysts, NO2-Cor-Co and Cl2-Cor-Co, after the first 

addition of water. Since free radicals are formed, it is also 

possible that these free radicals intervene in chain reactions 

which regenerate the radicales and produce H2. The electron 

donor is triethylamine, as described above. Regarding the 

catalyst, It is thought that the Soret band disappears due to 

unwanted hydrogenation of the macrocycle. 

Figure 1. Time dependent traces taken from the UV-Vis spectrum 
using NO2-Cor-Co as photocatalyst. Green: before irradiation 
(Co(III)). Blue: during photocatalysis (Co(I)). Orange: degraded 
catalyst.  

 

 

The different metallocorroles show similar values for 

TON, TOF and amount of H2 generated (Table 1). This fact 

can be explained by the use of TP as a sensitizer, which 

having a very negative reduction potential is able to reduce 

all studied metallocorroles at similar rates, regardless of their 

individual redox properties. Furthermore, the TOF values are 

similar for most studied cobalt corroles, which suggests that 

the observed TOF is not a measure of the intrinsic efficiency 

of the metallocorrole, but a global TOF of the whole electron 

donor-photosensitizer-catalyst assembly. Therefore, we 

conducted several experiments where no TP was used in 

order to observe differences in the production of H2 

depending on the electron donating or withdrawing 

substituents. Some of the catalytic parameters obtained in 

the absence of TP are shown in Figure 2 and Table 2. The 

presence of an electron-attracting group such as –NO2 

increases the performance of the catalyst. 
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Figure 2. Evolution of gas formed during catalysis using NO2-Cor-Co 
catalyst in the presence and absence of TP and successive 100 μL 
H2O additions. Catalyst amount: 7.5x10

-6
 mol Temperature: 25 ºC. 

TEA: 5% v/v; TP: 3 mM 
 
 

Table 2. Results of hydrogen production in the absence of TP.
 [a]

 

Catalyst TON TOF (min
-1
) H2 (mol)×10

-4
 

NO2-Cor-Co 76.3±1.2 1.3±0.4 5.7±0.9 
TP-Cor-Co 30.0±1.1 0.5±0.1 2.3±0.8 
Cl2-Cor-Co 27.7±1.0 0.5±0.2 2.1±0.9 

[a] All experiments were performed in triplicate. The reactions were carried 
out at r.t and with continuous UV irradiation. 7.5×10-6 mol of catalyst in 
the presence of 3 mM of TP and 5% v/v of TEA were dissolved in 10 mL 
of 1,4-dioxane. 

There appears to be a correlation between the 

absorptivities of the LMCT bands in the 200-300 nm range 

for all cobalt corroles and the efficiency of H2 production in 

the absence of a second photosensitizer (TP). Since the 

lamp used in the experiments has excitation lines at 184 and 

253 nm and the line at 253 nm is absorbed by the LMCT 

band 
[38] 

(Table S1) giving raise to the excited state of the 

porphyrin/corrole, prone to reduction of the metal center. The 

absorptivities of the LMCT bands diminish in the following 

order: NO2- (28.8, 267) > Cl2- (15.7, 291) > TP (12.2, 264). 

Similarly, the TON and TOF values of hydrogen production 

catalyzed by the cobalt corroles descend in the order (TON, 

TOF in min
-1

): -NO2 (76, 1.3) > TP- (30, 0.5) > -Cl2 (28, 0.5). 

It would seem that the degree to which each cobalt corrole is 

able to absorb radiation from the lamp is correlated with its 

H2 production capacity, but the differences in TOF and TON 

are not large.  

It can be concluded that the substituents on the 

aromatic rings do not exert a major role on the efficiency of 

the catalyst, except in the modification of the absorptivities of 

the LMCT bands. This is possibly due to the fact that either 

with or without TP, the energy of the Hg lamp is so high that 

all studied systems are effectively reduced to Co
I
 or Fe

I
.  

A proposed mechanism for the catalytic reduction of 

water to hydrogen is presented in Scheme 2 which shows the 

formation of a hydride cobalt adduct which can be described 

as Co
(II)

-H or Co
(III)

-H
-
). The so formed cobalt hydride can be 

attacked by a proton to produce H2 and re-form the catalyst 

[Co-Cor
(III)

] in order to restart the catalytic cycle. This 

pathway is postulated as the main one, the difference being 

that when working with the sensitizer (TP), instead of Co
(II)

 

Co
(I)

 is obtained, as described above (see equations 1-8). 

By irradiation using a UV lamp, the reduced catalysts 

are obtained by electron donation from TEA; in some cases, 

these processes are M
III

Corr→M
II
Corr, and in others 

M
II
Corr→M

I
Corr. If M

II
-Cor is the main product, then the 

hydride can be formulated as H
•
-Co

III
-Cor, which could 

dimerize and/or liberate H
•
 to produce H2.  

This mechanism was previously proposed by Gross and 

coworkers, based on theoretical calculations. 
[39]

 

 

Scheme 2. Proposed mechanism for the photocatalytic production of 

H2 from water. 

 

The relatively low TON values observed are probably 

due to bleaching of the catalyst by the UV light and/or 

hydrogenation of the macrocycle. 

 

- Co(III)-p-nitro phenyl corrole adsorbed on carbon 

nanotubes 

We have proved that it is possible to obtain hydrogen 

from water by reducing metallocorrole catalysts by UV 

irradiation and that in the presence and absence of TP, NO2-

Cor-Co was the most effective catalyst. Therefore, we 

decided to adsorbe the Co(III)-p-nitro phenyl corrole on 

carbon nanotubes and study the catalytic performance of this 

nanocomposite.  

The MWNT were activated
[27]

 and modified with Co(III)-p-

nitro phenyl corrole (MWNT/NO2-Cor-Co). The morphology 
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and structure of the prepared nanocomposite were analyzed 

by TEM and SEM (Figure 3, S8 and S9).
[40]

 The general 

aspect of the uncoated and the functionalized nanotubes is 

similar in terms of diameter and length. However, the 

functionalized nanotubes present a thin layer of NO2-Cor-Co, 

which is exclusively located around the nanotubes surface 

and is corroborated by a more intense contrast in the TEM 

images and the different aspect of the nanomaterial on the 

SEM micrograph.
[27,41]

 The amount of adsorbed corrole on 

the nanotubes was determined to be (0.06 ± 0.02)% of the 

total weight of the nanocomposite.  

 

Figure 3. TEM image of MWNT/NO2-Cor-Co. The corrole coating 
can be observed as a shade when the image is compared with the 
TEM image of unmodified MWNTs (Figure S8). 

 

The UV-vis signals of corroles adsorbed on the nanotube 

surface are considerably broadened and red-shifted (~12 

nm), clearly indicating the formation of conjugated corrole-

MWNT with a strong - interaction (Figure S10).
[40,42–44]

 

Moreover, after sonication, the absorbance spectra of MWNT 

solutions show a maximum at 264 nm
[45–47]

 which is also red-

shifted (~30 nm) after the modification. The shift observed is 

a direct evidence of the - interaction between the nanotube 

sidewall and the corrole ring in the nanocomposite 

dispersion.
[48]

 The Resonant Raman (RR) features observed 

in the spectra given for NO2-Cor-Co mainly arise from pyrrole 

and phenyl units of the macrocycle (Figure 4 and Table 

S2).
[49–51]

 It is worth mentioning that in the nanocomposites 

some small signals in the low frequency region (380, 990, 

1074 and 1234 cm
-1

) corresponding to the corrole molecule 

can be observed.  

 

 

 

 

 

Figure 4. Raman Spectra of MWNT (A), (B) MWNT/NO2-Cor-Co and 
(C) Co-corrole (normalized). Black arrows indicate the signals due to 
the immobilized corrole. 
 

On the other hand, the characteristic Raman spectrum of 

MWNT in the range of 200–1800 cm
−1

 is dominated by two 

peaks: one at 1371 cm
−1 

and another one at 1577 cm
−1

,
[52–54]

 

which downshifts (6 cm
-1

) in the nanocomposite, suggesting 

non-covalent strong interactions, such as hydrogen bonds 

and - stacking between the corrole ring and MWNT.
[55]

  

The photocatalytic performance of the nanocomposite 

was studied by UV-Vis spectroscopy. Figure S11 depicts the 

temporary changes of the Soret band while irradiating. These 

results also evidenced in the transition Co
III
Co

II
Co

I
, 

proving that there is also a direct effect of the irradiation on 

the reduction of the metal center of the corroles present in 

the nanocomposites.  

 Hydrogen production by photocatalysis was confirmed by 

measuring the gas volume with a burette and also by 

quantifying H2 through GC-TCD analysis of the H2 peak 

(Table 3). Figure 5 shows the volume of H2 produced vs time 

measured by the gas burette using MWNT/NO2-Cor-Co. TON 

and TOF values for these experiments are shown in Table 3. 

It is worth mentioning that no gas is produced unless water is 

added. Experiments were performed with MWNT without 

metallocorrole, in which no hydrogen is obtained; this shows 

that the MWNT/NO2-Cor-Co catalyst is that it produces 

hydrogen in the presence of water. 

Table 3. Photocatalytic parameters obtained for hydrogen 
production by using MWNT/NO2-Cor-Co. 

Exp. Gas burette  GC-TCD  

Solvent dioxane
[a]

 buffer
[b]

 dioxane
[a]

 buffer
[b]

 
TON×10

5
 5.111.26 7.011.23 4.201.03 7.011.09 

TOF (min
-1
) 

×10
4
 

0.840.08 1.200.10 0.720.09 1.200.02 

[a] All experiments were performed in triplicate. The reactions were carried 
out at r.t and with continuous UV irradiation in 1,4-dioxane. 
[b] All experiments were performed in triplicate. The reactions were carried 
out at r.t and with continuous UV irradiation. 7.5×10-6 mol of catalyst in 
buffer formate. 
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Considering the above results we proceeded to study 

MWNT-NO2-Cor-Co toward H2 production at pH = 3 (formate 

buffer). A larger amount of H2 was obtained, since a higher 

concentration of H
+
 is present.

[39]
 

Figure 5. H2-production using MWNT-NO2-Cor-Co in buffer formate 
pH = 3, with the setup shown in Figure S1. 

 

The catalytic parameters obtained for the 

nanocomposites are several orders of magnitude higher than 

those obtained with the corroles in solution. Furthermore, the 

TON value is very similar to that obtained electrochemically 

with the use of metallocorroles by Gross and collaborators 

(>10
7
), although the TOF value is several orders of 

magnitude higher in our case (10
4
 versus 10), and the pH 

much less acidic (pH = 0.3 vs. pH = 3).
[39]

  

MWNTs are good electron acceptors and act as effective 

electron transfer units because of their high electrical 

conductivity and high electron storage capacity.
[56,57]

 

Therefore, in the current system the MWNT act as a photo-

activated electron acceptor and electron-storage system that 

promotes interfacial electron transfer processes towards the 

deposited metallocorroles, increasing enormously the 

reduction rate of the metal center.
[23,58]

 Moreover, the 

presence of the nanotubes in the nanocomposite can inhibit 

the recombination of photo-generated electrons, improving 

the photocatalytic activity.
[23,59]

 

The transmission stability of promoted electrons between 

the nanotubes and the conduction band is enhanced by the 

strong - interaction and intimate contact between the 

corrole ring and the surface of the nanotubes, which was 

corroborated by UV-Vis and Raman analysis. 

The nanocomposites were also studied by CV (Figure 

S12), the voltammograms show two irreversible processes, 

and a reversible one: an oxidation process (III), due to the 

Co
IV

/Co
III

 couple and two reduction processes, irreversible I 

(MWNT) and reversible II (probably Co
III

/Co
II
), respectively, 

indicating the presence of the metallocorrole. In order to 

study the photoelectrochemical performance of the 

nanocomposite, CVs between -1000 to +200 mV were 

recorded while irradiating (Figure 6A). Without irradiation, a 

reversible wave at -526 mV vs. NHE of about 3μA was 

observed, which probably corresponds to the redox couple 

Co
III

/Co
II
. But after 20 min of irradiation, an increase in the 

amplitude (8μA) and a shift of the peak to a less negative 

reduction potential (-251 mV) was detected. Not only is it 

possible to reduce the overpotential by almost 300 mV by 

irradiation, also the current -and therefore the reduction rate- 

is tripled. 

So, photoamperometric measurements were performed 

at -251 mV. The response of the current to the addition of 

water is shown in Figure 6B. The negative current increases 

with the amount of added water, with the consequent 

appearance of H2 bubbles. The volume of gas produced was 

measured by a gas burette, and 1.2 mmol of H2 were 

obtained by adding 27 mmol of water, with TON and TOF 

values of (1.0±0.3)×10
7 

and (3.4±0.1)×10
5
, respectively. Id 

est, one order of magnitude higher compared to the values 

displayed in Table 4. After 30 minutes the catalyst was 

degraded. 

 
Figure 6. (A) CV vs. NHE, of the MWNT/NO2-Cor-Co (5.8×10

-8
 M) in 

formate buffer, pH = 3, (scan rate = 100 mV/s) while irradiating: 0 
min (black), 5 min (green), 15 min (blue), 20 min (red) and 30 min 
(pink). Full scan range [-1200 to 1000 mV]. (B) Photoelectrochemical 
amperometric measurements at -251 mV vs. NHE with addition of 0, 
100, 200, 300, 400 and 500µL of water. Total range 4800 s (see 
Figure S13). 
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The amount of gas produced by photoelectrocatalysis 

increases up to thirty times (Table 4) compared to the 

amount obtained by photocatalysis (Table 2). Therefore, 

photoelectrochemical catalysis accelerates the flow of 

electrons and the catalyst metal center is reduced faster and 

easier, obtaining larger amounts of gas at higher rates. It is 

worth mentioning that in this experiment an intense bubbling 

was observed. 

 [a] Measured potentials vs. NHE. 
[b]Reference [39]. 
[c]Reference [60] 

A proposed mechanism for the photoelectrocatalytic 

reduction of water to hydrogen is presented in Scheme 3 

which shows the formation of a hydride cobalt adduct which 

can be described as Co
(II)

-H or Co
(III)

-H
-
). The formed cobalt 

hydride can be attacked by a proton to produce H2 and re-

form the catalyst [Co-Cor
(III)

] in order to restart the catalytic 

cycle. 

Scheme 3. Proposed mechanism for the photoelectrocatalytic 

production of H2 from water. 

 

Conclusions 

It is possible to obtain hydrogen from water by reducing 

metallocorrole catalysts by UV irradiation; in some cases, 

M
III

Cor→M
II
Cor processes occur, and in others, 

M
II
Cor→M

I
Cor.  

In the presence and in the absence of TP, NO2-Cor-Co 

resulted to be the most efficient catalyst, probably due to the 

electron-withdrawing effect of the –NO2 substituent. However, 

the differences in TON and TOF are not significant for 

different substituents on the aromatic rings. Therefore, we 

conclude that they do not exert a major role on the efficiency 

of the catalyst, although they do affect the reduction potential 

of the Co(II)/Co(I) redox couple. 

Spectroscopic data suggest that Co(I) and/or Co(II) is 

the active form of catalyst that generates hydrogen, which 

was also demonstrated by Gross and coworkers.
[39] 

The 

difference in catalytic efficiency between cobalt and iron 

follows the pattern shown by the ring substituents and is also 

small.  

Other catalysts that have similar structures with cobalt 

as metal center have shown production of hydrogen with a 

TON and TOF a little lower and much more severe reaction 

conditions than those used in this work.
[61]

 

Possibly, most metallocorroles could show 

photocatalytic activity for the production of hydrogen from 

water, regardless of the substituents or the metal center. 

Although the obtained photocatalytic activity in solution is 

relatively low, it can be enormously increased by 

immobilizing the catalysts on surfaces. This was shown by 

adsorbing Co(III)-p-nitro phenyl corrole on carbon nanotubes 

and studying the catalytic performance of this nanocomposite.  

The metallocorroles adsorbed on nanotubes showed a 

spectacular catalytic response. It is possible to reduce the 

overpotential to very low values (-251 mV vs. NHE) with a 

huge catalytic efficiency for hydrogen production. It can be 

said that the results achieved so far are innovative and 

powerful, since through the photoelectrochemical process it 

was possible to obtain 1 mmol of H2 by using a minuscule 

amount of catalyst, in the order of picograms. 

It is important to remember that the best catalyst should 

present high TON and TOF values and low over potentials. 

So MWNT-NO2-Cor-Co, which is comparable to that 

developed by Gross,
[39]

 shows a similar overpotential, similar 

TON values, but much higher TOF values. Moreover: our 

catalyst works at pH = 3, while Gross´s catalysts was tested 

in 0.5 M H2SO4 (pH = 0.3). With the data collected in this 

work and other recent publications, we can construct a graph 

evaluating the catalytic parameters, shown in Figure 7, 

adding the best molecular catalysts that we were able to find 

in the literature,
[17,39]

 compared to the one developed in this 

work.  

  

 

Table 4. Catalytic parameters obtained in photoelectrocatalysis and electrocatalysis 
experiments. (Figure S14 shows the curve for dioxane experiments) 

Exp. Photoelectrocatalysis Electrocatalysis Photocatalysis 

Catalyst MWNT/NO2-Cor-Co Co-F8
[b]

 Cobalaximes
[c]

 

Solvent dioxane buffer 0.5 M H2SO4 
CH3CN/H2O 

(24:1) v/v 

TON (8.051.62 )×10
6
 (1.010.33 )×10

7
 >>10

7
 2.15×10

3 

TOF (min
-1

) (2.6812)×10
5
 (3.350.1)×10

5
 10 3.6 

Potential 
(mV)

 [a]
 

-251 -251 -241 -886 

10.1002/cctc.201700349ChemCatChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

8 
 

Figure 7. Plot of the catalytic parameters obtained from the literature 

and from Tables 1. Potential reported vs. NHE. Violet (MWNT/NO2-

Cor-Co), red (CoTPP), orange (NO2-Cor-Co), pink
[39]

, black
[62]

, 

blue
[63]

 and brown
[64]

.  

 

The best catalyst in the plot would be the one located on 

the vertex (highest TON and TOF valuest, lowest 

overpotential). 

The immobilization approach without linkers reported in 

this work provides a simple and efficient methodology for the 

future study of the activity and stability of a variety of 

molecular catalysts in aqueous media. Furthermore, the 

photoelectrochemical catalytic efficiency increased 5 orders 

of magnitude when adsorbing the molecular catalysts onto 

carbon nanotubes.  

Experimental Section 

- Chemicals 

 Triethylamine (TEA), p-terphenyl (TP) and ferrocene (Fc), 

substituted benzaldehydes (p-nitrobenzaldehyde, 2,6-

dichlorobenzaldehyde and benzaldehyde), pyrrole, were purchased 

from Sigma-Aldrich. N(Bu)4PF6 and KNO3 were purchased from 

Merck. 

 Multiwalled carbon nanotubes (MWNT) (diameter 15±5 nm; 

length 1–5 µm) were purchased from Nano-Lab and were used 

without further purification. 

 Acetonitrile (MeCN), dichloromethane (DCM), 1,4-dioxane, and 

other organic solvents used were spectroscopic grade. These 

solvent were distilled from appropriate drying agents (CaH2 and 

CaCl2) under argon just prior to use. The water used in catalysis is 

grade Milli-Q.  

- Instruments 

All electrochemical measurements were performed with a TEQ 

03 potentiostat, with a standard 3-electrode set up. For cyclic 

voltammetries (CV), the organic solvents used were dichloromethane 

(DCM) and acetonitrile (MeCN). Two platinum Pt-wire was used as 

reference and counter electrode and a 3 mm glassy carbon disc was 

used as a working electrode. N(Bu)4PF6 (0.1M) was used as 

supporting electrolyte. The solutions were free of air and 

voltammetries were performed under an argon inert atmosphere. 

The pseudo-reference potential was calibrated with Fc and then 

transformed to E vs. SCE E(SCE) = E(Fc) +320 mV. 
1
H NMR spectra 

were performed on a Bruker AM-500 MHz in deuterated solvents 

obtained from Sigma-Aldrich (CDCl3 and Pyridine-d5). 

 A mercury lamp (Hg) of low pressure was used for irradiation. 

This lamp shows intense UV lines at 184 and 253 nm. The lamp was 

located at 40 cm (this distance was sufficient to prevent heating of 

the solution) of the quartz vessel used for the experiments (a round-

bottomed flask of 25 mL). The volume (mL) of the gas obtained from 

photocatalysis was quantified using a gas burette which is depicted 

in Figure S1. All volumes reported in this paper were measured at 

atmospheric pressure.  

 Mass spectrometry was accomplished for the detection of the 

gas products, using a Pfeiffer vacuum Omnistar GSD 320 gas 

analysis system with a quadrupole mass spectrometer QGM 220 

(mass range 1−200 amu, PrismaPlus) with ion gastight ion source, 

iridium-filament with secondary electron multiplier C-SEM and 

Faraday detectors. QUADERA software was used for data 

acquisition and control. The setup involves placing the gas analyzer 

capillary at one of the outputs of a booth-necked quartz flask 

containing solution of the metallocorrole. The output was free to 

perform water additions, using a micro syringe, through a septum 

closure. The gas detector was connected to the photocatalytic 

system as shown in Figure S4. 

 The UV-visible spectra were obtained using an Agilent 8453 

diode array spectrophotometer, with thermostatic bath and quartz 

cuvettes of 1 cm optical path. For sensitive measurements, Schlenk 

cuvettes and cuvettes with Teflon or silicone septa were used, 

allowing the addition of reagents by the use of syringes. In order to 

measure the UV-Vis spectra during the photocatalysis, the system 

shown in Figure S3 was designed and developed.  

 Nanotubes size and morphology were verified by TEM. MWNT 

and nanocomposites dispersed in acetonitrile were imaged in a TEM 

Zeiss EM109T Transmission Electron Microscope after placing drops 

of dispersion onto gold grids, 400 mesh (SPI, PA, USA), and 

allowing the liquid to dry in air at room temperature. The scanning 

electron micrographs were obtained using a Carl Zeiss NTS SUPRA 

40 SEM with Field Emission Gun (FEG), operated at 3 kV. 

 Raman scattering spectra were collected on a Horiba Jobin 

Yvon Dilor XY 800 confocal microspectrometer, equipped with a 

CCD detector of 1024×256 pixels, a holographic grating of 2400 

groves/mm and a 50-mW Ar laser (413 nm wavelength) as excitation 

source. Spectra were measured in the 100–1600 cm
−1 

Raman shift 
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region, at 1 cm
−1

 spectral resolution. Measurements were carried out 

in conditions of high confocality (3 pixels of the CCD detector and 20 

µm slit width) through a 100× Leica metallurgical objective 

(numerical aperture of 0.9), which limits the diameter of the laser 

beam to about 1µm. All spectra were baseline corrected. 

- Metallocorrole and metalloporphyrin synthesis 

Corroles: tris-phenyl-Corrole (TP-Cor); and tris-(2,6-dichloro-phenyl)-

Corrole, (Cl2-Cor) were synthesized by the method described by 

Gryko et al.
[14] 

While tris-(p-NO2-phenyl)-Corrole, (NO2-Cor) was 

prepared following the procedure by Paolesse et al.
[65]

 To diminish 

oxidative degradation of the corroles
[65,66]

, purification was performed 

by protecting chromatographic columns from light, and the products 

were stored under inert atmosphere. The purification step with silica 

gel column (63-200 μm and 70-230 mesh) was optimized, and the 

eluents used were: CHCl3 for TP-Cor; CH2Cl2: n-hexane (1:2) for Cl2-

Cor; and CH2Cl2 for NO2-Cor. The main spectroscopic and 

electrochemical parameters of the obtained ligands are summarized 

in Table S3. 

Cobalt-corroles: To obtain the cobalt complexes, the synthetic route 

described by Guilard et al.
[67]

 was used. Cobalt (II) acetate 

tetrahydrate and corrole were mixed in a 3:1 ratio and refluxed in a 

mixture of chloroform/methanol (7:3) for 90 min. The reaction was 

followed by UV-Vis. The obtained metallocorroles were purified with 

a basic alumina column using DCM as eluent. The main 

spectroscopic and electrochemical parameters of the obtained 

metallocomplexes are summarized in Table S1. 

Iron-corroles: These complexes were obtained by using the 

technique described by Walker et al.
[68]

 Iron (II) chloride and the 

corroles were mixed in 5:1 ratio and refluxed in dimethylformamide 

(DMF) under inert atmosphere for 45 min. The reaction was followed 

by UV-Vis. The purification was carried out performing an acid-base 

extraction, and the organic fraction was then filtered through a short 

column of neutral alumina. The elution solvent differed depending on 

the metalocorrole: for TP-Cor-Fe, CHCl3 was used and for Cl2-Cor-

Fe and NO2-Cor-Fe, pure DCM was used. The main spectroscopic 

and electrochemical parameters of the obtained metallocomplexes 

are summarized in Table S1. 

- Preparation of MWNT-corrole nanocomposites 

MWNT (10 mg) were sonicated in nitric acid (35 vol %) (25 mL) with 

a sonic bath (120 W max) (100% for 5 min and then 40% for 15 min) 

and then heated at 60°C for 12 h. The suspension was then cooled; 

vacuum filtered and washed with water. The nanotubes were 

redispersed in NaOH 2 M (100 mL) using the sonic bath (100% for 

10 min) and then filtered and washed with deionized water, and then 

HCl 1 M followed by deionized water until the filtrate was neutral. 

Secondly, the MWNT were centrifuged and redispersed by 

sonication in the corrole chloroformic solution. After 12 h the MWNT-

corrole nanocomposite was separated by centrifugation and washed 

with chloroform to remove the molecules of corrole not absorbed on 

the nanotube surface. 

- Determination of the amount of adsorbed corroles on the 

nanotubes 

The amount of adsorbed corroles on the nanotubes surface 

was measured by un-absorbing and separating the corroles from the 

nanotubes using a column of neutral alumina. Then, the obtained 

corrole solution was evaporated and the solid was dissolved in 2.5 

mL of DCM. The concentration was calculated by measuring the 

absorbance of this solution at 422 nm and using the Lambert-Beer 

law: A = ε. l. [C]. Where: ε = 98.2×10
3
 M/cm; l = 1 cm; and [C] = 

corrole molar concentration. The procedure was repeated three 

times for each nanocomposite and the average value was expressed.  

The calculated [C] was 4.73×10
-6

 M. So, for a volume of 2.5 mL, 

the amount of corrole was (1.22±0.13)×10
-10

 mol. This calculation 

was done in triplicate and the reproducibility was check. The mass of 

NO2-Cor-Co calculated was (0.84 ± 0.21)μg, representing, 

approximately the (0.06 ± 0.02) % of the total weight of the 

nanocomposite initial mass (1.4 ± 0.1) mg.  

- Photocatalytic and Photoelectrocatalytic experiments 

 Photocatalytic experiments were done with a medium pressure 

mercury (Hg) lamp. The light emitted is bluish-white color, contains 

no red radiation. Mercury lamps have various emission lines in both 

the visible and UV with considerable intensity. For this work the line 

is located at 253 nm excites the LMCT band of the corroles, located 

at ca. 200-250 nm.  

 Photoelectrocatalytic experiments were performed combining 

amperometry at -450 mV vs. Ag°/AgCl with irradiation by the Hg 

lamp. Two conditions were studied: a) deoxygenated 1,4-dioxane 

solutions containing TEA (5 vol %) and TP (3 mmol.L
-1
); and b) 

formiate buffer pH 3, 0.1 M. Blanks in all cases (with no catalyst) 

were performed and no gas formation was observed. Experiments 

were performed in triplicate. Amount of catalyst used: 1.2×10
-10

 mol.  

 Blank experiments performed with no catalyst gas production 

was not observed. Evolved H2 volume measurements were 

performed using 7.5x10
-6
 moles of catalyst and 2 successive aliquots 

of 200 µL of water. No gas production was obtained with 

experiments performed with no UV light or with filters that did not 

allow the passage of wavelength below 375 nm. 

- Measurements of H2 production  

 A Shimadzu-14A gas chromatograph with Thermal conductivity 

detector (TCD) was employed for the analytical quantification of H2. 

This was equipped with two packed columns of stainless steel, one 

internal and other external to the gas chromatograph. The output of 

the first column of 2 m long and 3 mm ID was connected to a 

channel of the detector. The second column of 0.5 m long and 3 mm 

ID, connected in series, was submerged in a bath of ethanol-liquid 
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nitrogen mix. The output was connected to the reference channel of 

the detector, previously passing through the oven to take the same 

temperature. Both columns were filled with Molecular Sieve 13X. The 

columns operating temperatures were 110 °C for the internal and -

100 °C for the external column. The detector temperature was 110 

°C. As gas carrier, nitrogen chromatographic quality was used, at a 

pressure of 2 kg/cm
2
 at the head of the column. The system for the 

introduction of sample consisted of a 6-way valve with a loop of 1 mL 

(Valco Instrument Co. Inc.) attached to a glass manometer of Hg of 

two branches. The entire system was connected, through a needle 

valve, to a vacuum pump made for LEYBOLD GmbH (model MINI A) 

working at room temperature of 24 °C. This system allows the 

transfer the gas sample in a container of fixed volume to the loop, 

and the introduction to the chromatograph. Successive injections at 

different pressures, allows the replicated of same sample. For the 

acquisition interface from Data Apex Co. (model U-PAD2 USB) was 

used with Clarity Lite Software for data analysis. Figure S2 shows 

the experimental setup for this step. Amount of catalyst used: 

1.2×10
-9
 mol. 

The gas (H2) production was determined by connecting the reaction 

cell with a gas burette (25.0  0.5 mL), which’s lower end is 

connected by a hose to an ampoule and all system is sealed with 

Hgº. All volumes reported in this paper were taken at atmospheric 

pressure as the internal pressure is equalized with the outside. 

Figure S1 shows the experimental setup for this step. Amount of 

catalyst used: 1.2×10
-10

 mol. 
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