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A B S T R A C T

The electrocatalytic reduction of carbon dioxide (CO2) is an attractive option to efficiently bind electrical energy
from renewable resources in artificial carbon fuels and feedstocks. The strategy is considered as crucial part in
closing the anthropogenic carbon cycle. In particular, the electrosynthetic production of C1 species such as
carbon monoxide (CO) would radiate immense power, since these building blocks offer a versatile chemistry to
higher carbon products and fuels. In the present study we report the exploration of the catalytic behavior of
semiconducting Co3O4 nanofibers for the conversion of CO2 to CO predominantly with a Faradaic efficiency of
65%. We assist the process by expanding the electrode network with nanofibrous interconnections and hence are
able to demonstrate the electrosynthesis of CO without applying any metal supplement. We use polyacrylnitrile
(PAN) as template polymer to generate highly crystalline Co3O4 fibers to expand the catalytically active surface
to volume ratio. The stability of the nanofibrous electrodes remains for 8 h at a geometric current density of
approximately 0.5 mA/cm2 on a flat surface. The ease of synthesis and the comparatively high Faradaic yield for
CO makes Co3O4 nanofibers a potential candidate for future large scale electrode utilization.

1. Introduction

The electrosynthetic recycling of CO2 in carbon capture and utili-
zation (CCU) is a growing field – anthropogenic emitted CO2 can be
used as future carbon feedstock for the conversion into useful chemical
products and synthetic fuels using renewable, CO2 free energy sources
[1]. However, the electrochemical reduction of CO2 requires a highly
negative potential of -1.9 V versus standard hydrogen electrode (SHE)
for one electron reduction [2].

In practice, these potentials are further increased due to over-
potentials and kinetic barriers at the electrodes. To overcome these
issues, powerful electrocatalysts are required which combine high
Faradaic efficiencies and energy yields as well as high turnover. This
can be realized by immobilized electrocatalysts which offer large ef-
fective surface areas [3–6].

In this work, we report that Co3O4 nanofibers work as CO2 selective
electrocatalyst on fluorine doped tin oxide (FTO) electrodes. A facile
electrospinning technique allows the deposition of high catalytic ac-
tivity Co3O4 networks. While numerous alternative activated cobalt

systems (plane Co, CoO, Co-organic complexes) have demonstrated the
catalytic conversion of CO2 into hydrocarbons, such as CH4 and similar,
CO production has been observed only in the presence of metal ad-
ditives, in particular palladium, platinum, and/or alkali promoters like
potassium [7]. In Table 1, the prior-art on cobalt catalysts in CO2 re-
duction is provided.

Recently, Co3O4 thin films were applied in electrocatalytic formate
formation from CO2 [14], however to date pristine cobalt in CO pro-
duction and thus the application of Co3O4 nanofibers in electrocatalysis
has not been explored in detail yet. Although CO itself is another im-
portant feedstock with an extended field of application, low efficiency
of CO production (∼10%) is reported with the catalytically active co-
balt intermixed with palladium and potassium [12]. Higher efficiency
(60%) for CO evolution is only observed with complex organic cobalt
compounds but with limited catalyst stability [11]. Therefore, the aim
of this study is to use pristine Co3O4, synthesized through a facile
synthesis route, in the conversion of CO2 to CO. Any comparison in
electrochemical behavior with other cobalt compounds, i.e. Co3O4 na-
noparticles are not considered in this study due to the variation in the
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electrode preparation techniques.
In general, transition metal oxides such as Co3O4 are suitable for

widespread use in heterogeneous catalysis due to their redox reactivity
properties [15]. It is a p-type semiconductor with already known ap-
plication areas of high-temperature solar selective absorbers, catalyst in
the hydrocracking processes for fuel productions, as well as pigment for
glasses and ceramics. The thermodynamic stability of the Co2+/Co3+

oxidation states allows the variation in oxidizing or reducing states at
ambient conditions. Compared to the structurally simplest rock salt
monoxide (CoO), the spinel oxide Co3O4 offers high thermodynamic
inertness at ambient temperature and at ambient oxygen partial pres-
sure. In order to investigate the electrocatalytic properties of the na-
nofibrous Co3O4 we use a versatile electrospinning technique, which
facilitates a low-cost processing [16,17]. For the electrochemical setup
we prefer non-aqueous solutions such as acetonitrile in order to in-
crease the solubility of CO2 (0.27mol/l at ambient pressure & tem-
perature). The applicable electrochemical window for Co3O4 spans
from +2200mV to −1760mV vs. NHE, which allows a detailed elu-
cidation of Co3O4 nanofiber catalytic activity [18,19]. Since the product
pathway in CO2 reduction depends on the reaction medium, namely the
electrolyte solution, small amount of water (1%vol H2O, 0.55mol L−1)
is added to acetonitrile in order to monitor the formate production as
another important by-product in addition to CO formation, considering
that Co3O4 favors formate generation in aqueous solution [14]. In terms
of reaction control, we pursue a closed electrochemical system, in
which we produce O2 at the anode, while we observe reasonable yields
of CO and formate at the cathode compartment [20]. Further, the ad-
dition of water has also the advantage to suppress the carbonate pre-
cipitation in organic, aprotic solvents and thus prevents any current and
therefore any efficiency losses [20,21]. In the absence of water, only CO
is observed as the main product with almost the same efficiency, but a
corresponding loss in current. Moreover, the overpotential for CO
evolution is calculated as 910mV vs NHE for CO as referred to the
standard potential of the CO2/CO couple (E°CO2/CO=−650mV vs
NHE) [22]. Electrochemical studies in an electrolyte solution of low
proton availability reveal high yield in CO2 reduction to CO (65%) and
formate (27%) with Co3O4 nanofiber electrodes supported by the re-
action medium. The notable performance of the nanofibrous Co3O4 is
ascribed to the ease of the electrode preparation by electrospinning.
This single-step technique enables the nano-structuring and thus gains
an increased number of the catalytically active sites introduced by the
fiber character. The nanocrystalline shaping of the oxide material to a
nanofiber network allows us to enlarge the catalytically active surface
per volume ratio, which is essential to obtain high yields in Faradaic
efficiency. Nanofiber electrodes demonstrate an electrode stability of
8 h and an overall Faradaic efficiency of ∼90% (for both CO and for-
mate).

This suggests that even without the necessity of expensive and rare
earth metals, in particular palladium, platinum, and many others [12]
pristine nanofibrous Co3O4 can catalyze the CO2 reduction towards CO
mainly, assisted only by the reaction medium.

2. Experimental

2.1. Materials

The chemicals used in the present study include cobalt (II) chloride
hexahydrate (Cl2Co.6H2O, 99%, Merck), dimethylformamide (DMF,
99%, Sigma-Aldrich), polyacrylontrile (PAN, Mw=150,000, Sigma-
Aldrich), acetonitrile (CH3CN, 99.9%, Roth, 1%vol H2O, 0.55mol L−1)
and tetrabutylammoniumhexafluorophosphate ((CH3CH2CH2CH2)4N
(PF6), 99.00%, Fluka).

2.2. Methods

The electrospinning process for the Co3O4 nanofibers was achieved
by using brand DC power supply and Kd Scientific brand syringe pump
(New Era Pump System Inc.). The syringe is fixed in front of the col-
lector at optimum conditions for electrospinning. The XRD pattern for
the Co3O4 nanofibers was tested in powder mode using a Bruker
Advance D8 XRD instrument, equipped with Cu Kα source
(λ=1.5406), while SEM (EVO LS 10, ZEISS, England) and Energy
Dispersive X-ray spectrometer (Bruker 123 eV, Germany) were applied
to analyze the morphology and elemental composition of Co3O4 na-
nofibers. The Raman study was conducted with Renishaw inVia, using a
532 nm laser. The thermogravimetric analysis (TGA) was performed
with TGA/DSC 2 STARe System between 25 °C and 550 °C in air at-
mosphere at a scan rate of 5 °C/min. The optical properties of the ob-
tained nanofibrous Co3O4 were analyzed on Biochrom Libra S22 UV–vis
spectrometer in 400–1200 nm wavelength range [23]. Electrochemical
experiments were performed using a JAISSLE Potentiostat Galvanostat
IMP 88 PC and the amount of CO was analyzed with TRACE™ Ultra Gas
Chromatograph equipped with a thermal conductivity detector (TCD)
[3,20]. The electrochemical experiments were performed in the glo-
vebox atmosphere. Furthermore, the CO2 was delivered to the glovebox
via a plastic tube from a gas cylinder which contains 99.995% pure
CO2. The compartments of the H-cell, as shown in Scheme 1, were
purged with N2 and CO2 for 30min, respectively, to have a complete
saturation of the system and to prevent possible electrolyte exchange
between the compartments, leading to a change in the CO2 con-
centration of the environment. For the analysis of the CO gas, 2 mL
samples were taken from the headspace with a gas-tight syringe and
injected manually to the Thermo Scientific Trace GC Ultra gas chro-
matography. Helium was used as the carrier gas with a flow rate of
20mLmin−1. The thermal conductivity detector (TCD) was kept at
200 °C. Capillary ion chromatography (CAP-IC) (Dionex ICS 5000,
conductivity detector, AG19, CAP, 0.4× 50mm pre-column, AS19,
CAP, 0.4× 250mm main column) with potassium hydroxide (KOH) as
eluent for isocratic chromatography was justified for the analysis of
liquid samples from the electrolyte solution before and after constant
potential electrolysis. In CAP-IC the focus for product formation re-
sulting from the CO2 reduction was given to formate mainly due to low
proton availability in the electrolyte solution. Samples were diluted
1:20 with highly purified 18MΩ water for the injection. Injection was

Table 1
State-of-the-art on cobalt electrocatalysts in CO2 reduction.

Catalyst Electrolyte solution Potential CO [%] HCOO− [%] Stability Ref.

Ag-Co bimetallic catalyst 1) 0.5M KHCO3 −2 V vs SHE 7.8 N.A. N.A. [8]
1) TBAPF6 in DMF

Molecular Co Complexes 0.1M NBu4BF4 in DMF+various w% H2O −2 V vs Fc+/0 < 1 90 ∼1 h [9]
Co3O4 single-unit-cell layer 0.1M KHCO3 −0.87 V vs SCE <10 >85 40 h [10]
Cobalt protoporphyrin 0.1M HClO4 −0.6 V vs RHE 60 N.A. 1 h [11]
Co+w% Pd+w% K N.A. N.A. < 11 N.A. N.A. [12]
Atomic Cobalt layers 0.1M Na2SO4 −0.85 V vs SCE N.A. ∼90 60 h [13]
Ultrathin Co3O4 0.1M KHCO3 −0.88 V vs SCE N.A. 60 20 h [14]
Co3O4 nanofibers 0.1M TBAPF6 in ACN+1%vol H2O −1.5 V vs NHE 65 27 8 h This work
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carried out by injecting 1ml of diluted sample with a syringe. The
thickness of the nanofiber electrodes was measured with Bruker Dek-
takXT.

2.3. Fabrication of the Co3O4 nanofiber

The solution of 2mmol cobalt (II) chloride was prepared in 12mL
DMF and was stirred for 60min to attain homogenous solution.
Subsequent addition of 0.720 g of PAN (6% w/v) into the resulting
solution at 60 °C was carried with continuous stirring for 48h in order to
make slurry appropriate for electrospinning. Later on the velocity of the
resulting homogenous solution was adjusted by the syringe pump at a
feed rate of 0.3 mL/h. The applied voltage was 15 kV. Consequently,
composite nanofibers from PAN/Cl2Co.6H2O were started to deposit on
the FTO (Fluorine doped Tin Oxide) (6×0.8 cm2) grounded square
plates. Finally, the crystalline Co3O4 nanofibers were obtained by an-
nealing at 550 °C for 30min in air. The release of water molecule from
the precursor (between 80 °C–220 °C) and the removal of the template
polymer were followed by thermogravimetric analysis (TGA). PAN is
decomposed after 450 °C into various kinds of gaseous vapors thereby
leaving the nanofiber structure (see ESI, Fig. S1) [24,25].

2.4. Electrochemistry

In order to evaluate pristine Co3O4 nanofibers electrospun on FTO
electrodes, electrochemical studies were conducted. Therefore, a stan-
dard three-electrode arrangement in a H-cell configuration was used
with Co3O4 nanofiber as the working electrode (WE), Pt as the counter
electrode (CE) and Ag/AgCl as aquasi reference electrode (QRE), all
dipped into a 0.1 M Tetrabutylammoniumhexafluorophosphate
(TBAPF6) in acetonitrile with 1% H2O added. We insert acetonitrile-
water as an electrolyte solution to avoid precipitation of carbonate and

to prevent unwanted side-reactions in the anode space. The complete
electrochemical system releases O2 at the anode and primarily CO and
formate at the cathode compartment. As shown in Scheme 1, the WE
and QRE were placed in the same compartment of the H-cell, whereas
the CE is in the second zone to avoid any back oxidation at the counter
electrode. The anode and cathode compartments were separated by a
glass frit of porosity nr.2 purchased from Labkon as the membrane
between the cells. The Ag/AgCl quasi reference electrode was cali-
brated against ferrocene/ferrocenium (Fc/Fc+) as an internal re-
ference. The half-wave potential E1/2 for Fc/Fc+ was found at 400mV
vs. QRE. The head space volume in the cell was kept constant. Before
starting each experiment the cell was flushed with N2 and then CO2 for
30min, respectively. The scheme of the used electrochemical setup is
shown in Scheme 1 [26].

3. Results and discussion

Before starting the electrochemical studies on the nanofibrous
Co3O4 in order to test the catalytic activity, the optical, structural and
elemental properties of the synthesized material were investigated by
SEM, TEM, UV–vis, XRD, EDX, TGA and RAMAN techniques, respec-
tively. In Fig. 1 the SEM images of Co3O4 nanofibers are shown before
annealing (a and b), after annealing at 550 °C (c and d) as well as after
the electrochemical studies in 0.1M TBAPF6 in acetonitrile-water
electrolyte solution (e and f).

From the SEM images it is clearly observed that miniscule changes
on the nanofiber structure of Co3O4 are found, although high tem-
perature annealing and exhaustive electrolysis are applied to the ma-
terial. After the annealing process (1c and d) the diameter of the Co3O4

nanofiber was shrinking from 220 nm to 170 nm, due to various kinds
of gaseous organic compounds, i.e. the template polymer
Polyacrylnitrile (PAN) and water vapors leaving the nanofiber [27].
Further the TEM images of the nanofibrous material are taken as shown
in Fig. 2a, indicating very smooth and uniform surface of the nanofi-
bers. Moreover, the selected area diffraction (SAED) pattern of the
nanofibers is presented in Fig. 2b which matches with the structure of
cubic Co3O4 (S.G:Fd-3 m) and demonstrates that fibers have a single
crystalline nature. Further, the energy dispersive X-ray (EDX) elemental
maps for the Co and O atoms are illustrated in Fig. 2c–e. The elemental
mapping images reveal that Co and O are homogeneously distributed
throughout the fiber.

Fig. 3a presents the UV–vis spectrum of Co3O4 nanofiber. The pro-
minent absorption from Co3O4 nanofibers in the range of 400 nm to
1200 nm are recorded. Two peaks at 450 nm and 672 nm are observed
corresponding to the band structure of Co3O4 with O (II) to Co (II) and
O (II) to Co (III) charge transfer transition, respectively. The optical
band gap is determined by using the Tauc equation which can be ex-
pressed as αhʋ=k (hʋ− Eg)n, where Eg describes the band gap, hʋ is
the photon energy, k is the constant, αis the absorption coefficient and
n is a value that depends on the nature of the transition [28,29]. In the
present case of Co3O4, n is set as ½ for direct allowed transition. Thus,
by plotting (αhʋ)2 against hʋ, the band gap can be extracted [17,30].
Consistent with the literature, two transitions with energy gap values
are estimated at 1.43 eV and 2.1 eV [16,31,32]. Further, a similar
transition is extracted from the cyclic voltammogram of Co3O4 recorded
in nitrogen atmosphere (see Fig. 4). From the calculated valence and
conduction band, electrochemical transition with the following energy
gap is determined as 1.4 eV [33]. The formula for the calculations of the
band gap can be found in the supporting information.

The structural and elemental characterization were followed by
XRD, EDX and RAMAN techniques, respectively, as shown in Fig. 3b–d.
The XRD patterns of the Co3O4 nanofibers exhibit a cubic phase
structure with the peak positions at 2θ=19.06°, 31.19°, 36.68°, 38.46°,
44.81°, 55.80°, 59.35° and 65.18°, in good agreement with JCPDS 00-
043-1003. Consistent with standard Co3O4 XRD pattern these peaks are
assigned to (111), (220), (311), (222), (400), (422), (511), and (440)

Scheme 1. Experimental setup for electrochemical studies during CO2 and N2 purging in
a standard three-electrode arrangement in H-Cell with gas inlet and outlet. Nanofibrous
Co3O4 acts as a WE, Pt as a CE and Ag/AgCl as a QRE in a 0.1M TBAPF6 in acetonitrile
with 1 vol% H2O.
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diffraction lines of cubic crystalline phase [16,34–36]. Additionally, in
Fig. 3b, the XRD pattern of the starting material cobalt (II) chloride
with the template polymer (PAN) is shown (red), demonstrating the
formation of Co3O4 upon annealing process in air for 30min (blue).

The Energy Dispersive X-Ray (EDX) spectrum of Co3O4 nanofiber is
provided in the Fig. 3c. The chemical composition of the prepared
Co3O4 nanofiber is in good agreement with the theoretical values as it is
evident from the EDX results. In order to test any degradation of the
nanofibrous transition metal oxide, all of the analytical experiments
(XRD and EDX) as well as the electrochemical investigations after the
electrolysis were conducted conscientiously (see ESI, Figs. S2 and S3)
indicating no significant differences or degradation of the nanofibrous
material.

The Raman spectrum of the Co3O4 nanofiber is visualized in Fig. 3d.
In the recorded range of the spectrum, five bands are observed, located
at 190, 470, 516, 608 and 678 cm−1 corresponding to the F2g, Eg, F2g,
F2g, and A1g Raman active modes, respectively, in agreement with the
crystalline phase of Co3O4 as reported in the literature [37–39].

Once the composition of the nanofibrous material was identified as
Co3O4 by analytical techniques, electrochemical studies were con-
ducted to test the catalytic activity of the pristine cobalt oxide towards
CO2 reduction to CO without using any metal additives, such as pla-
tinum, palladium or potassium, as previously applied [12]. Thus the
electrode fabrication was followed as described in the experimental
section. The electrochemical experiment was conducted in a H-cell
configuration in order to avoid the reoxidation on the counter elec-
trode. The cyclic voltammetry (CV) scans of Co3O4 nanofibrous elec-
trode over 40 cycles, as well as the CV as a function of the scan rate are

shown in the supporting information (see ESI, Figs. S4 and S5).
Fig. 4a shows the cyclic voltammetry responses of the FTO elec-

trodes without Co3O4 nanofibers (green and brown) in comparison with
Co3O4 nanofibers on FTO electrodes (blue and red). From the control
experiment of pristine FTO electrodes, it is clearly seen that there is a
negligible change in current of the FTO electrode after N2 and CO2

purging whereas an enhancement in current is obtained with Co3O4

nanofibers on the FTO electrodes. Thus, the reductive current indicates
the catalytic activity of Co3O4 nanofibers in a sense of reducing CO2. As
direct proof for the advancements by nanofibers we have included bulk
Co3O4 electrodes (prepared by dropcasting) in parallel to the electro-
spun fibers. We denote that material synthesis remains the same with
only the electrode preparation changed. As such, we compare the
electrodes under N2 and CO2 atmosphere (see ESI, Fig. S6). As expected,
(with and without CO2) the nanofiber electrodes have superior per-
formance (i.e. under CO2 atmosphere the reductive currents are en-
hanced a factor of 4 by nanofiber electrodes) shown in Fig. 4b. Thus, we
attribute the remarkable performance of the Co3O4 nanofibers to the
higher effective surface area introduced by the fiber character. In Fig. 5,
an outline about the electrochemical attitude towards the reduction of
CO2 by nanofibrous Co3O4 as an electrocatalyst is presented. In this
study, the Co3O4 nanofiber electrodes were examined in the electro-
reduction of CO2 to CO and formate. As shown in Fig. 5a, an increased
amount of formed products is observed by an increased electrolysis
time. After a while CO formation dominates over formate, due to the
small amount of proton existence in the electrolyte solution.This in-
sinuates that the selectivity of product formation can be conducted by
the electrolyte solution composition [40]. The optimum parameter for

Fig. 1. SEM images of Co-PAN nanofibers before annealing (a and b); after annealing at 550 °C for 30min in air (c and d); and after electrochemical investigations (e and f).
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Fig. 2. (a) TEM images taken of Co3O4 nanofibers, (b) selected area diffraction (SAED) of Co3O4 (c–e) Elemental mapping of the nanofibrous Co3O4 homogenously distributed on the
electrode surface.

Fig. 3. (a) UV–vis spectrum of Co3O4 nanofibers, (b) XRD-pattern of Co3O4 nanofiber (blue) in comparison to the starting material together with the polymer template (red), (c) Energy
Dispersive X-Ray (EDX) Spectrum of Co3O4 nanofiber, (d) RamanSpectrum of Co3O4 nanofiber sintered at 550 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the operating voltage, at which the electrolysis should be carried out, is
demonstrated in Fig. 5b in which the highest faradaic efficiency was
attained at −1560mV vs NHE for CO production. The

chronoamperometry result at a constant electrolysis potential of
−1560mV vs NHE is exhibited in Fig. 5c. Hence, it is clearly evident
that the nanofibrous Co3O4 electrodes remain working for 8 h at a

Fig. 4. (a) Cyclic voltammogramms of FTO electrodes (green and brown) and Co3O4 nanofibers deposited onto FTO electrodes (blue and red) purged with N2 and CO2 for 30min at a scan
rate 30mV s−1, (b) comparison of bulk and nanofiber electrode performance for CO2RR using Co3O4 electrocatalyst. Enhancement in reductive current is obtained only in the presence
nanofibrous Co3O4 purged with CO2 (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Study of the electroreduction of CO2 using nanofibrous Co3O4, (a) increasing amount of produced CO gas and formate as a function of time at a constant electrolysis potential of
−1560mV vs NHE, (b) examination of electrolysis voltage versus faradaic efficiency, (c) chronoamperometry results, (d) Cyclic voltammograms of the nanofiber electrode recorded
before and after electrolysis at a scan rate of 30mV s−1.
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stable current density of nearly 0.5 mA/cm2 based on the geometrical
area of the electrode. Only after 7 h of operation at a constant potential,
a slight saturation of the electrode performance is recorded, probably
due to the discontinuity of the electrolyte system. In addition, Fig. 5d
presents the cyclic voltammograms of the Co3O4 electrode measured
before and after the electrolysis for 8 h, indicating insignificant de-
gradation of the nanofiber electrodes, still stable and operational after
exhaustive conditions. The gas chromatograms at different electrolysis
times, can be found in the supporting information (see ESI, Fig. S7).

The electrocatalytic performance for the CO2 reduction of the Co3O4

nanofiber electrodes was determined by faradaic efficieny according to
the Eq. (1).

=
+

η
2 *(amount of CO in the gas phase amount of CO in solution)

number of electrons (1)

The amount of CO in the gas phase was detected by GC analysis and
the amount of CO in solution was estimated by using the Henry's law
(2).

=p k * cH (2)

In which p is the partial pressure of CO above the solution, c the con-
centration of CO in solution and kH the Henry constant
(2507 atmmolsolvent molCO) [41]. The number of electrons put into the
system during CO2 electrolysis was determined by integration of the I/t
curve over time of experiment.

Taking these considerations into account, a Faradaic efficieny for
the CO2 reduction to CO was found to be 65% with Co3O4 nanofiber
electrodes. With 27% Faradaic efficiency formate is produced as a by-
product, due to some proton coexistence in the electrolyte solution. No
other side products were detected by the applied analytical GC and
CAP-IC techniques. The capillary ion chromatography results for the
formate production are provided in the supporting information (see ESI,
Fig. S8). The control experiment with only FTO electrodes at the same
electrolysis conditions did not give detectable amounts of CO as a result
[3,42]. Furthermore, bulk electrolysis with FTO/ Co3O4 electrodes
under N2 saturation was performed as well, which lead to no mea-
sureable CO amount in the GC analysis (see ESI, Fig. S9).

Based on the literature, in Scheme 2 the proposed reaction pathway
of the CO2 reduction with Co3O4 nanofibers is illustrated. Mechanistic
insights for CO2RR on Co-based electrocatalysts have been discussed for
water-based systems [13]. CO2RR reduction mechanism is determined
by the initial electron transfer reaction i.e. CO2 activation to CO2

*− and
subsequent rate determining steps assisted by H+. The product dis-
tribution relies on competing pathways leading to the various products
(formate, CO or oxalate) in transition-metal chalcogenides and depends
preponderantly on the H+ concentration (i.e. in water, the product is
mainly formate, while in non-aqueous, but still H+-containing elec-
trolyte systems (ionic liquids-water and acetonitrile-water) CO is

dominant). The self-coupling of CO2
*− plays a subordinate role (neg-

ligible pathway for the formation of oxalate).In this particular case, it is
presumed that CO2 is first adsorbed on catalytically active Co3O4 na-
nofibers. Next, the adsorbed CO2 gains one electron from the nanofi-
brous electrode and is converted to CO2

*− at negative cathode poten-
tials. Subsequently, due to the oxygen-carbon coupling of CO2

*− with
CO2 in the organic electrolyte system, the evolution of CO is observed,
consistent with literature [21]. Moreover, the low amount of water
available in the electrolyte, causes the protonation of CO2

*− followed
by an electron transfer in the solution leads to the formation of formate
[13,21,43]. The overall reactions are summarized as the following:

CO2+ 2 H++2 e−→ CO+H2O (3)

2CO2+H2O+2e−→HCOO−+HCO3
− (4)

Although in low proton media, the competing reactions are the
oxalate formation by the self-coupling of the CO2

*− anions, carbon
monoxide and formate production, the formation of oxalate is not ob-
served after electrolysis using Co3O4 nanofibers and further the pre-
cipitation of carbonate is suppressed by the presence of water. In this
particular case of nanofibrous Co3O4 electrodes, the electrochemical
reduction of CO2 yield in 65% Faradaic efficiency of CO production and
27% Faradaic efficiency of formate. We attribute the high yield of CO
formation mainly to the polar, aprotic electrolyte solution acetonitrile.
As previously mentioned, in the absence of water, only CO is observed
as the main product, but a corresponding loss in current. Hence, we
believe that the formate production is due to the consumption of the
little proton amount in the supporting electrolyte and is therefore
considered as a valuable by-product. These results display that the
product selectivity in CO2 reduction can be influenced by the choise of
electrolyte media. Since no further side products other than CO and
formate were detected by the analytical methods, the remaining ∼8%
of the current is suggested to be consumed by the decomposition and/or
heating process of the material [14,21,44]. Accordingly, the over-
potential of the electrochemical system is determined as 910mV vs
NHE as referred to the standard potential of the CO2/CO couple (E°CO2/
CO=−650mV vs NHE) in acetonitrile-water electrolyte [22,45].

Although high current density and low overpotential are desired in
catalytic processes, the overpotential of the Co3O4 nanofiber electrodes
seems to be comparable with those of inorganic catalysts, namely me-
tals such as copper, silver and gold [46].Thus, the cobalt oxide elec-
trodes indeed reduce CO2 electrocatalytically due to the nanofibrous
nature of the active material and hence the increased amount of cata-
lytically active sites. A stable operation of the electrodes in a acetoni-
trile-water electrolyte for many hours at moderate operation voltage
and high yields in CO2 conversion make the Co3O4 nanofibers applic-
able in heterogeneous electrocatalysis.

4. Conclusion

In this study we report the main production of CO from CO2 using
Co3O4 nanofiber electrodes without any other metal additives with a
Faradaic efficiency of 65%. The residual by-product formation towards
formate (27%) is monitored by means of the electrolyte solution com-
position. The heterogenous catalysis with cobalt oxide was achieved
through the deposition of the catalytic active material by using the
electrospinning technique with a simple synthesis procedure. The ob-
tained nanofiber electrodes were firstly investigated by UV–vis, SEM,
TEM, TGA, Raman, XRD and EDX techniques in order to find out the
optical, elemental and structural properties. Later, an extended study
on Co3O4 nanofibers electrochemical behavior was conducted, de-
scribing the electrocatalytic activity of the pristine cobalt oxide without
any metal supplement, i.e palladium, platinum, etc. Additionally, the
analysis after exhaustive electrolysis showed that the nanofibers are
stable under operating conditions. It is remarkable that the catalytic
active material cobalt oxide reduces CO2 to CO primarily with such a

Scheme 2. Proposed reaction mechanism of CO2 reduction using Co3O4 nanofiber elec-
trodes in a low proton electrolyte solution.
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high Faradaic efficiency without the necessity of expensive and rare
metals at ordinary potentials and electrode stability times. Since, CO
itself is another important feedstock for many other chemical and fuel
productions, we believe reducing CO2 to CO with these nanofiber
electrodes of pristine Co3O4, without further metal additives, are em-
ployable for future large scale applications due to economic and time
saving production of the catalytic active material.
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