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Abstract Electrodes modified with iron porphyrin and car-
bon nanotubes (FeP—CNTs) were prepared and used for CO,
electroreduction. The adsorption of iron porphyrin onto the
multiwalled carbon nanotubes was characterized by scanning
electron microscopy and ultraviolet and visible spectroscopy.
The electrochemical properties of the modified electrodes for
CO, reduction were investigated by cyclic voltammetry and
CO, electrolysis. The FeP-CNT electrodes exhibited less
negative cathode potential and higher reaction rate than the
electrodes modified only with iron porphyrin or carbon nano-
tubes. A mechanism of the synergistic catalysis was proposed
and studied by electrochemical impedance spectroscopy and
electron paramagnetic resonance. The direct electron transfer
between iron porphyrin and carbon nanotubes was examined.
The current study shed light on the mechanism of synergistic
catalysis between CNTs and metalloporphyrin, and the iron
porphyrin—-CNT-modified electrodes showed great potential
in the efficient CO, electroreduction.

Keywords Iron porphyrin - Multiwalled carbon nanotube -
CO;, reduction

Introduction

Carbon nanotubes (CNTs) have been extensively investigat-

ed because of their fascinating nanosized structures, unique
properties, and potential electronic, optical, thermal, and
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mechanical applications [1, 2]. Metalloporphyrin is a kind
of aromatic compound with a large plane conjugated struc-
ture and a metal ion in the center, which finds many uses as
homogeneous catalysts in a variety of oxidation and reduc-
tion reactions with good biocompatibility. Since porphyrin—
CNT nanocomposites formed by van der Waals forces was
first reported by Murakami et al. [3], many studies where
porphyrin—CNT composites exhibiting good electrochemi-
cal properties have been reported [4—6]. Meanwhile, por-
phyrin—CNT-modified electrodes have been studied for
applications in oxygen reduction [5, 6] and sensors [7—11].
It is concluded that combining the two kinds of materials in
the electrode surface improves the electrochemical activity,
reduces the electrode overpotential, and enables the electro-
des to be further modified with bioactive substances such as
enzymes. Despite these studies, the mechanism of the syn-
ergistic interaction between porphyrin and CNTs remains
unclear. It is speculated that there are mutually interacting m
systems in porphyrin—CNT nanohybrids [12] or that nano-
tubes form a conduction passage for the electron transfer
reaction between the metalloporphyrin and the electrode
[13]. Although light-induced electron transfer and photoin-
duced charge separation in porphyrin—CNT nanohybrids
have been found in photoinduced processes [14, 15], how-
ever, to the best of our knowledge, little is still known of the
evidence of electron transfer between metalloporphyrin and
CNTs in general electrochemical processes.

As a leading cause of global warming, carbon dioxide
(CO,) is easily formed during combustion or respiration, but
it is difficult to reduce. Electrochemical reduction of CO,
has been investigated intensively as a promising approach to
convert waste CO, to useful products [16, 17]. Catalysts
containing transition metals are at the forefront of potential
CO, electroreduction research because they feature multiple
and accessible redox states that have proven to promote
multiple electron transfer reactivity [18]. Metalloporphyrin
was used to catalyze CO, electroreduction [19, 20], but
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electrodes modified with physically adsorbed layers of por-
phyrins showed poor catalytic response toward the electro-
reduction of CO, [21]. Among the porphyrin complexes
studied, iron porphyrins have been demonstrated to be the
most efficient homogeneous catalyst in the electrochemical
reduction of CO, to CO [22]. Thus, iron porphyrin—CNT
composites would have shown great catalytic potential for
CO, reduction according to the excellent electrochemical
activity of porphyrin—-CNT composites mentioned earlier,
but related study is still lacking.

In the present work, we modified glassy carbon (GC)
electrodes and carbon felt (CF) electrodes with iron porphy-
rin and multiwalled carbon nanotubes (MWCNTs). The
adsorption of iron porphyrin onto MWCNTs was character-
ized by scanning electron microscopy (SEM) and ultraviolet
and visible spectroscopy (UV—vis). The electrochemical
properties of the modified electrodes for CO, reduction
were investigated by cyclic voltammetry (CV) and CO,
electrolysis. The synergistic electrocatalysis mechanism
was also proposed and discussed with electrochemical im-
pedance spectroscopy (EIS) and electron paramagnetic res-
onance (EPR). The results shed light on the mechanism of
coactions between CNTs and metalloporphyrin and will
extend the scope of their applications.

Materials and methods
Chemicals and materials

MWCNTs (95 %, 10-20-nm diameter) were purchased from
Shenzhen Nanotech Port Co. Ltd., People’s Republic of China.
Before use, MWCNTs were purified and activated with a
mixture of concentrated sulfuric acid-nitric acid (3:1v/v) to
introduce carboxyl groups onto MWCNTSs [1]. Formic dehy-
drogenase (FDH; Sigma Co., USA) and 5,10,15,20-tetraphenyl
ferric(Ill) chloride porphyrin (FeTPPCI; Sigma Co., USA)
were used as received. All other chemicals were of analytical
grade, and all solutions were prepared with ultra-pure water
obtained from a Millipore-MilliQ system with a resistivity of
18 MQcm. A phosphate buffer solution (PBS; 20 mM, pH6.9)
was prepared from Na,HPO, (55 %) and NaH,PO, (45 %)
with ultra-pure water.

A GC electrode (¢ 4 mm; Tianjin Aidahengsheng
Technology Co. Ltd., People’s Republic of China) was
polished sequentially with 1.5 pm «-Al,O5 and 0.5 pm oc-
Al,Oj3 to a mirror finish and washed with ultra-pure water in
an ultrasonic bath for 3 min. A CF electrode (3.0x3.0 cm?,
Beijing Feichilvneng Co. Ltd., People’s Republic of China)
was washed with ultra-pure water and dried before use. The
electrodes modified with GC as the substrate electrode were
used for structure characterization and electrochemical
behaviors, while the electrodes modified with CF as the
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substrate electrode were used to study the electrolysis
performance.

Preparation of FeP-CNT composites

FeTPPCI was deposited electrostatically onto the carboxyl-
ated MWCNTs by stirring MWCNTs (1.0 mg) and FeTPPCl
(10.0 mg) in PBS (1.0 mL, pH6.9) at 4 °C for 12 h.
Subsequently, the mixture was centrifuged thoroughly, and
the mixture of FeTPPCl and MWCNTs (denoted hereafter
by FeP-CNTs) was collected after carefully removing the
supernatant. Final FeP-CNTs were washed with ultra-pure
water to remove loosely adsorbed FeTPPCIl molecules and
lyophilized. UV and EPR spectroscopy were used to char-
acterize FeP—CNTs.

Preparation of modified electrodes

FeTPPCl and MWCNTs were immobilized both individual-
ly and jointly onto the GC electrodes using the following
procedure: MWCNTs were randomly deposited onto the
surface of a bare GC electrode by dropping 20 puL of well-
dispersed suspension of MWCNTs (0.2 mgmL ™" in metha-
nol, sonicated for 1 h before use) onto the electrode surface.
The electrode was subsequently dried at room temperature.
The electrode without further treatment was denoted by
CNT/GC hereafter. A 20 uL of FeTPPCI suspension
(1.0 mgmL ™" in methanol, sonicated for 1 h before use)
was deposited onto the GC and CNT/GC surfaces before
they were dried at room temperature, which were denoted
hereafter by FeP/GC and FeP-CNT/GC, respectively.

The CF electrodes modified with FeTPPCl and MWCNTs
both individually and jointly were prepared with a similar
procedure as follows: MWCNTs were randomly deposited
onto both sides of CF by dropping 1.0 mL of well-dispersed
suspension of MWCNTSs (1.0 mgmL ™" in methanol, sonicated
for 1 h before use) onto each side of the electrodes, and the
electrodes were subsequently dried under an infrared lamp.
The electrode without further treatment was denoted by
CNT/CF hereafter. A 0.5 mL of FeTPPCI suspension
(1.0 mgmL™" in methanol, sonicated for 1 h before use) was
deposited onto the CF and CNT/CF surfaces before they were
dried at room temperature, which were denoted hereafter by
FeP/CF and FeP—CNT/CF, respectively.

CO, electrolysis

An H-type reactor (0.5 L) shown in Scheme 1 was used as the
electrolytic cell, and its electric power was supplied by a power
source (DH1718E-5, Peking University Experimental
Electronic Instrument Plant, China). The two compartments
of the electrolytic cell were separated by a proton exchange
membrane (PEM; Nafion117, 5-cm diameter, DuPont, USA).
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The PEM was sequentially boiled in H,O, (30 %), deionized
water, an H,SO, solution (0.5 M), and again in deionized water
(each for 1 h) before it was immersed in deionized water for
use. A bare CF electrode was used as the anode, while different
modified CF electrodes, namely CF, FeP/CF, CNT/CF, and
FeP-CNT/CF, were separately employed as the cathode with
Ag/AgCl electrode as a reference electrode. A 0.1 M KHCO;
solution was always used as the supporting electrolyte. In order
to reduce CO, to formic acid, methyl viologen (10.0 mg,
0.20 mM), NADH (7.0 mg, 0.05 mM), and FDH (3.0 mg,
15 unitsL ") were added to the electrolyte. The electrolysis
was performed potentiostatically by holding the cathodic po-
tential at a certain value (—1.6 or —1.4 V) vs. Ag/AgCl refer-
ence electrode for 4 h, and the electrolyte was continuously
aerated with CO, during the whole process. The sampling for
formic acid detection was set at 1, 2, 3, and 4 h from the start of
electrolysis. All potentials are given vs. Ag/AgCl electrode as
the reference electrode.

Analytical methods

The surface morphology of the modified GC electrodes was
investigated by SEM (NOVA NANOSEM 430, FEI), and
UV-vis absorption spectra were recorded on a UV—vis—NIR
spectrometer (UV 3100, Shimadzu). CV measurements
were carried out in an undivided conventional three-
electrode cell with 0.5 M NaHCOj electrolyte, connected
to an electrochemical workstation (Par 283, USA). GC,
FeP/GC, CNT/GC, and FeP-CNT/GC electrodes were each
served as a working electrode. A Pt electrode (Shanghai
Precision and Scientific Instrument Co. Ltd., People’s
Republic of China) and an Ag/AgCl electrode (sat. KCI)
were chosen as the counter and reference electrodes, respec-
tively. All potential values are in reference to Ag/AgCl
unless otherwise noted, and all cyclic voltammograms were
recorded in the potential range of 0 to 1,600 mV with a scan
rate of 50 mV's ! at ambient temperature.

Formic acid produced in the cathodic solution during the
electrolysis was analyzed by ion chromatography (ICS-900
Dionex). The conditions for formic acid detection were as
follows: analytical column, AS23; mobile phase, 4.5 mM
Na,C0;/0.80 mM NaHCOs; rate of flow, 1.0 mLmin '; sup-
pressor type, ASPS 4 mm; and suppressor current, 25 mA.

EIS were performed with the apparatus as used for CV in
0.2 M PBS electrolyte. FeP/GC and FeP-CNT/GC electro-
des were each served as the working electrode. A frequency
range of 100 kHz to 1 mHz was employed. The AC voltage
amplitude used was 10 mV. The impedance diagram was
presented in the form of a Nyquist plot.

EPR spectra were recorded on a Brucker EMX spectrom-
eter. The conditions for EPR measurements were as follows:
frequency, 9.6 GHz; power, 3 mW; modulation amplitude,
10 G; modulation frequency, 100 kHz; and temperature,

293 K. The environmental information of the electron was
deduced from the position (described by the g value) and
shape of the absorption line.

Results and discussion
Interaction between FeTPPCl and MWCNTs
SEM

As shown in the SEM images, the adsorbed MWCNTs are
evenly distributed on the bare GC electrode surface (Fig. 1a),
while the FeTPPCIl molecules form clusters on the bare GC
electrode surface, leading to uneven distribution of the
modified layer (Fig. 1b). The FeTPPCI molecules are much
more scattered on the MWCNT-modified GC electrode
(Fig. 1c) than those on the bare electrode. FeTPPCls are
tightly attached to the MWCNT-modified layer, as shown in
the highly magnified image (Fig. 1d). The complicated mesh-
work of MWCNTs not only enlarges the adsorption surface
but also wraps FeTPPCls, which favors a strong and even
fixation of the FeTPPCl-modified layer.

UV—vis spectra

The UV—vis absorption spectra of FeTPPCl and FeP/CNT are
presented in Fig. 2. FeP-CNTs exhibit characteristic absorp-
tion peaks at the same wavelengths as FeTPPCls, with a Soret
band at 370 nm and several stronger absorptions (Q bands) at
longer wavelengths (from 450 to 600 nm). It is demonstrated
that the structure of FeTPPCI remains the same after being
adsorbed by the MWCNTs. Compared to FeTPPCls, the
absorbance of FeP-CNTs decreases markedly after their ad-
sorption onto MWCNTs, indicating the strong adsorption of
FeTPPCl onto MWCNTs [6].

CO, electroreduction
cv

CV was used to study the electrochemical behavior of the
GC electrode modified with MWCNTs and FeTPPCI in a
CO,-saturated 0.5 M NaHCOs; solution (Fig. 3). The CV
curve of FeP-CNT/GC in an N, atmosphere was used for
comparison (Fig. 3a). There are two peaks in both curves as
shown in Fig. 3a: peak I corresponds to the Fe'/Fe' redox
couple, while peak II is attributed to the oxidation of a
porphyrin ring. Similar behavior was observed for iron
porphyrin immobilized on SiO,/Al,05 surface [23].
Compared with the CV curve of FeP-CNT/GC in an N,
atmosphere, an obvious positive shift in peak II is observed
in the case of CO, reduction, and this positive shift is
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Scheme 1 Schematic diagram
of CO, electrolysis device

attributed to the catalytic current of CO, electroreduction.
The results suggest that CO, can be catalytically electro-
reduced by FeP-CNT/GC. Peak II is selected as a CO,
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Figure 3b presents the evolution of the cyclic voltammo-
grams for GC, CNT/GC, FeP/GC, and FeP-CNT/GC in a
CO,-saturated 0.5 M NaHCOj solution. No peak corresponding

to CO, reduction is observed on the bare GC electrode,

Fig. 1 SEM images of CNT/GC (x10,000) (a), FeP/GC (x10,000) (b), FeP-CNT/GC (x8,000) (c), and FeP-CNT/GC (x60,000) (d)
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Fig. 2 UV-vis spectra of FeTPPCI before and after being adsorbed on
the MWCNTs

demonstrating that the applied cathode potential is not low
enough to reduce CO, using the GC electrode. The peak current
of FeP/GC is too small to be analyzed. Combining SEM results,
the small current is attributed to the uneven distribution and
weak adsorption of FeTPPCI on the GC electrode. For the
CNT/GC electrode, CO, reduction peak appears near —1.5 V.
After the introduction of FETPPCls (FeP-CNT/GC), the peak
potential for CO, reduction is shifted positively from 0.1
to —1.4 V, and the peak current also increases markedly.
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Fig. 3 Cyclic voltammograms of FeP-CNT/GC in a 0.5 M NaHCO;

solution saturated with CO, and N, (a) and different modified electrodes in
a0.5 M NaHCOj; solution saturated with CO, (b) (electrode area 0.13 cm?)

As a result, the presence of FeTPPCI prompts the electron
transfer of dissolved CO, on the electrode surface and cata-
lyzes its reduction, leading to a lower overpotential. Like the
interaction between phthalocyanine and carbon nanotubes
[24, 25], the m— interaction between the porphyrin ring and
sidewalls of MWCNTs reduces the electron density around
the Fe nuclei in FeTPPCI, which expands the macrocyclic
conjugated structure of FeTPPCI and further increases the
potential for CO, reduction. The apparent surface of the
modified electrode becomes larger due to the presence of
FeP-CNT composite [26]. Meanwhile, the electron transfer
is improved in the modified electrode films because of the
excellent electrical conductivity of MWCNTs [27]. As a re-
sult, the peak current for CO, reduction increases markedly.

CO; electrolysis

Formic acid has been reported to be the only product of CO,
reduction in the presence of FDH, NADH, and methyl viol-
ogen [28]. Similarly in the present work, only the formation of
formic acid is detected by ion chromatography, and it is used to
demonstrate the CO, electroreduction effect with different
modified electrodes. According to the CO, reduction potential
recorded by CV, the cathode potentials of the electrolysis cell
are set at —1.6 and —1.4 V, and the variations in the concentra-
tion of formic acid produced at different electrolysis times at
each cathode potential are showed in Fig. 4. CO, is success-
fully reduced to formic acid at all four modified electrodes
when the cathode potential is set at —1.6 V (Fig. 4a). However,
when the cathode potential is increased to —1.4 V, no formic
acid is detected at CF and CNT/CF. In contrast, the formic acid
formation at FeP-CNT/CF is only slightly influenced by the
potential increase. The concentration of formic acid formed at
FeP-CNT/CF is higher than that formed at the other two
modified electrodes in the following order: FeP-CNT/CF>
FeP/CF>CNT/CF, demonstrating that FeP-CNT/CF has
higher electrocatalysis efficiency than the other two. Such
efficient electrocatalysis by FeP-CNT/CF can be owed to
two factors. First, the interaction between MWCNTs and
FeTPPCI decreases the overpotential of reducing CO, to for-
mic acid. Second, the excellent electrical conductivity of
MWCNTs improved the electron transfer between CO, and
the active sites in FeTPPCI, and thereby increasing formic acid
formation. This result is in accordance with the CV results and
would be further confirmed by EIS and EPR.

Mechanism of the synergistic electrocatalysis between
FeTPPCl and MWCNTs

EIS

Figure 5 shows the Nyquist diagrams for FeP-CNT/GC and
FeP/GC. The diagram of FeP/GC exhibits a typical shape of

@ Springer



J Solid State Electrochem (2013) 17:1657-1664

1662
a
- m
' 5 —0O0—CF
> —X— CNT/CF o
£ 4] -—O—FePICF /
~
c —m— FeP-CNT/CF ]
Ke) O
g 3 / X
8 " _—
a ‘] /O (]
T
Q 1 '/x D/
(@] O/ /
o X/D
Tol o
1 2 3 4
Time/h
b
5
i —O-CF
-
o 4] —X—CNT/CF
£ —O— FeP/CF
—m— FeP-CNT/CF o
.5 N e -/
B ="
=}
3 -/
o 24 _—o0
s l/
T
o111 ©
O
(®)
T 0 X X 4 |
1 2 3 4
Time/h

Fig. 4 Variations in the concentration of formic acid produced at differ-
ent electrolysis times at the cathode potential of —1.6 V (a) and —1.4 V (b)
vs. Ag/AgCl (electrode area 9 cm?)

electrochemical impedance, including a semicircle region
lying on the Z'-axis followed by a straight line. The semi-
circle portion, at higher frequencies, corresponds to the
electron transfer kinetics of the redox probe at the electrode
interface, whereas the linear part at the lower frequency
range is characteristic of diffusion-limited electron transfer
processes [29]. Specifically, the complex impedance Z can
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Fig. 5 Nyquist diagram of FeP/GC and FeP-CNT/GC (the inset
represents the magnification of the high range in the Nyquist diagram)
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Scheme 2 Equivalent circuits compatible with the Nyquist diagram in
Fig. 5

be presented by the Randle’s equivalent circuit, as shown in
Scheme 2. The total impedance is determined by several
parameters [30]: the double layer capacitance (Cy) at the
modified electrode—solution interface, charge transfer resis-
tance R, corresponding to the modified layer charge trans-
fer process, Warburg impedance (Z,,) resulting from the
diffusion of charged species from the bulk of the electrolytic
solution to the interface and through the interface layer, and
ohmic bulk electrolyte solution resistance (R;).

The diameter of the semicircle corresponds to R [8]. Here,
R ofthe FeP/GC cathode is estimated to be larger than 200 €2,
whereas that of the FeP-CNT/GC electrode is too low to be
recorded by the EIS spectrum that exhibits a straight line at all
frequencies, as shown clearly in the inset of Fig. 5. It is known
that the standard heterogeneous electron transfer constant k& is
inversely proportional to the electron transfer resistance R
[31]. Here, a prominent reduction in R for the FeP—-CNT/GC
electrode is observed, which implies that the reaction rate of
CO, reduction in the CNT-containing cathode is much faster
than that in the FeP/CNT electrode, indicating higher catalytic
efficiency of FeP-CNT/GC than FeP/GC.

EPR spectroscopy

As shown in Fig. 6, there is a well-defined resonance ab-
sorption centered at g=6.41 in the spectrum of FeTPPCI,
which can be seen as an indicator for the electron spin state
and coordinate state of the intrinsic FeTPPCI molecules. In
the spectrum of FeP-CNT, a much weaker resonance ab-
sorption centered at g=6.41 is observed compared with that
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Fig. 6 EPR spectra of ferriporphyrin before and after being adsorbed
on carbon nanotubes
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of FeTPPCI. Meanwhile, there are a broad resonance ab-
sorption that can be superposition of several signals, and a
weak signal centered at g=2.22 appeared.

The resonance absorptions at g=6.41 in the two spectra
demonstrate that part of the electrons in FeP—CNT retains the
same electron spin state and coordinate state as those in
FeTPPCI, and the weaker signal may be attributed to a lower
spin density on the central Fe ion in FeP-CNT [32]. The
newly appeared resonance absorptions for FeP-CNT are clos-
er to that of free electron (g=2.0023) compared with those in
FeTPPClI, indicating that part of the electrons are at higher
spin states. This phenomenon is caused by two reasons. First,
the interaction between MWCNTs and FeTPPCls has weak-
ened the coupling between the electron-spin motion and
molecule-orbit motion among the FeTPPCI molecules [33].
Second, some electrons at freer spin and coordinate states are
introduced by the MWCNTs. X-ray structures of model com-
pounds and proteins have shown that the high-spin iron atom
is located about 0.5 A out of the porphyrin plane, while the
low-spin iron is in plane [34, 35]. Accordingly, electrons at
high spin states have a relatively high energy and provide a
more open microenvironment for electron transfer than low
spin states. As a result, direct electron transfer between
MWCNTs and FeTPPCI can be achieved and enhanced.

Conclusions

Electrodes modified with iron porphyrin and carbon nanotubes
have been successfully prepared and applied to CO, electro-
reduction. The results show that iron porphyrin and CNTs can
be immobilized on the surface of carbon electrodes through
strong adsorption. Efficient synergistic electrocatalysis can be
achieved by FeP-CNT-modified electrodes. It is demonstrated
that direct electron transfer takes place between MWCNTs and
iron porphyrin. Together with the increased apparent surface
area and excellent electrical conductivity of MWCNTs, the
electrode interface resistance greatly decreases. As a result,
the overpotential for CO, reduction decreases and the reaction
rate increases. The results demonstrate the great potential for
iron porphyrin-CNT-modified electrodes in the efficient and
energy-saving CO, electroreduction.
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