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ABSTRACT: We report eﬃcient electrolysis of both watersplitting half reactions in the same medium by a bifunctional
3D electrode comprising Co3O4 nanospheres nucleated on the
surface of nitrogen-doped carbon nanotubes (NCNTs) that in
turn are grown on conductive carbon paper (CP). The
resulting electrode exhibits high stability and large electrochemical activity for both oxygen and hydrogen evolution
reactions (OER and HER). We obtain a current density of 10
mA/cm2 in 0.1 M KOH solution at overpotentials of only 0.47
and 0.38 V for OER and HER, respectively. Additionally, the
experimental observations are understood and supported by
analyzing the Co3O4:NCNT and NCNT:CP interfaces by ab initio calculations. Both the experimental and the theoretical studies
indicate that ﬁrm and well-established interfaces along the electrode play a crucial role on the stability and electrochemical
activity for both OER and HER.
KEYWORDS: water splitting, bifunctional catalyst, oxygen evolution reaction, hydrogen evolution reaction, transition metal oxides,
nitrogen-doped carbon nanotubes

■

INTRODUCTION
Increasing energy demand has stimulated a growing interest in
energy conversion and storage technologies. The main concern
is to develop environmentally benign systems with high
eﬃciency and low cost.1 Hydrogen production using earthabundant catalysts for the water splitting is a viable approach to
produce clean renewable fuel in an environmentally sound
manner2 because it can be produced by either photoelectrochemical water splitting3−6 or photovoltaic-driven
water electrolysis.7−9 In the later, the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) catalyst can be
optimized separately to drive the overall process at maximum
eﬃciency. Noble metal oxides such as RuO2 and IrO2 can
eﬃciently catalyze water electrolysis in artiﬁcial photosynthesis,10−12 but because of much higher abundance (and thus
lower price), transition metal oxides containing highly oxidized
redox couples are frequently studied as alternatives.13−15 In a
water electrolysis device, the overall water-splitting reactions
should be utilized in the same electrolyte, reducing operation
costs signiﬁcantly. This is one of the challenges in electrocatalyst development due to the diﬃculty in ﬁnding earthabundant catalysts that work eﬃciently for both the OER and
the HER in the same electrolyte and under similar pH
conditions. Because of this, development of an electrocatalyst
with bifunctional activity for both water electrolysis half
reactions is speciﬁcally of high interest for large-scale device
fabrication. Co3O4 is a frequently studied electrocatalyst with
high stability for OER,16−20 but for HER in alkaline media, it
has mainly been used in composite form.21,22
© XXXX American Chemical Society

Here, we present an electroactive bifunctional 3D electrode
for both HER and OER comprising Co3O4 nanospheres
anchored on nitrogen-doped carbon nanotubes (NCNTs),
themselves grown directly on the surface of the carbon paper
(CP) that works as current collector. We constructed our
catalyst (Co3O4 nanospheres) on the backbone of NCNTs
because transition metal oxides in general suﬀer from inherently
low electron conduction;8 hence, an eﬃcient interconnection to
the current collector is desired. NCNTs were grown on CP
substrate by chemical vapor deposition similar to our previous
report.23 In the next step, Co3O4 nanospheres were nucleated
on NCNTs/CP in a hydrothermal bottom-up self-assembly
process.24 Brieﬂy, cobalt nitrate hexahydrate was dissolved in a
mixture of deionized water/ethylene glycol (1:1-volume ratio)
with a predeﬁned concentration and then poured into a 30 mL
autoclave. Then, a piece of as-synthesized NCNTs/CP was
placed vertically in the autoclave and maintained at 160 °C for
16 h. The resulting material was then washed several times and
dried at 80 °C. The as-synthesized material from the
hydrothermal process comprised cobalt carbonate hydroxide
hydrate nanospheres on NCNTs that then were transformed to
Co3O4 nanospheres by heat treating in air at 300 °C. The
details of the experimental procedures are given in
Experimental Section. The resulting Co3O4@NCNTs/CP was
used directly as electrode in a water electrolysis cell without any
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Figure 1. SEM images of Co3O4@NCNTs/CP direct electrode showing (a) high loading at 0.12 M of cobalt precursor, (b) low loading of 0.06 M
cobalt precursor, (c) nanospheres on single NCNTs, and (d) interconnection of NCNTs and Co3O4 nanospheres. (e) Typical Raman spectrum of
Co3O4@NCNTs/CP with assigned features; inset shows Raman spectrum of the as-synthesized cobalt carbonate hydroxide hydrate nanospheres on
NCNTs before heat treatment.

Figure 2. (a) OER characteristics recorded for bare carbon paper (CP), NCNTs/CP, Co3O4@NCNTs/CP compared with glassy carbon (GC),
NCNTs and Co3O4@NCNTs-modiﬁed GC electrodes in 0.1 M KOH. (b) HER characteristics of CP, NCNTs/CP, and Co3O4@NCNTs/CP in 0.1
M KOH.

are the characteristic features of the nitrogen-doped carbon
nanostructures.26,27 The features in the low-wavenumber region
of the spectrum match well with the characteristic vibrational
modes of Co3O4,28,29 which indicates the successful transformation to Co3O4 from cobalt carbonate hydroxide hydrate
displaying weak but characteristic bands of this phase (Figure
1e, inset).
Presence of cobalt along with carbon and oxygen without any
impurities was conﬁrmed by X-ray photoelectron spectroscopy
(XPS). A typical wide XPS spectrum of Co3O4@NCNTs/CP is
shown in Figure S-2. The high resolution of the Co 2p peak is
rather complex and can be deconvoluted to nine peaks (inset,
Figure S-2) conﬁrming the coexistance of Co2+ and Co3+.30
These oxidized redox couples are believed to be responsible for
the high electrocatalytic activity in transition metal oxides.
To assess the OER activity, we implemented Co3O4@
NCNTs/CP as a direct working electrode for electrochemical
testing in a three-electrode cell and compared it with Co3O4@
CP, NCNTs/CP, and bare CP electrodes. The electrodes were
used directly without any binder by attaching them to an
ordinary glass piece using double-sided tape, with a copper wire
mounted between the carbon paper and the tape.
The OER polarization curves recorded for the diﬀerent
electrodes at a scan rate of 2 mV/s in 0.1 M KOH solution are
shown in Figure 2a. Although the CP substrate exhibits a
minimal OER activity, the Co3O4 nanospheres (Co3O4@CP)

further modiﬁcation. Additionally, ab initio calculations were
carried out to obtain a better understanding of the
Co3O4:NCNT and NCNT:CP interfaces and their role on
the stability and electrochemical activity.
Figure 1a,b shows SEM images of the Co3O4@NCNTs/CP
synthesized with diﬀerent concentrations of the cobalt
precursor (0.06 and 0.12 M). The change in concentration
does not aﬀect the size of the Co3O4 nanospheres but rather
their spatial density. Repeated experiements indeed conﬁrm
that the number of spheres are strongly dependent on the
concentration of the salt precursor; lower concentration results
in lower number of Co3O4 nanospheres on the NCNTs. Figure
1c,d shows that the Co3O4 nanospheres nucleate on NCNTs in
such a way that the tubes always pass through the nanospheres,
hence providing a good interconnection between the tubes and
catalyst. A corresponding image of the material before (Figure
S-1) and after heat treatment shows that the Co 3 O 4
nanospheres morphology is somewhat altered but that a similar
diameter is observed, so the transformation from cobalt
carbonate hydroxide hydrate to cobalt oxide phase signiﬁcantly
increases the porousity of Co3O4 nanospheres, especially
considering that CO2 and H2O are both released during the
process which can enhance the catalytic performance.25 Figure
1e shows the Raman spectrum of a typical electrode material
before (inset) and after the heat treatment at 300 °C for 2 h.
The high-wavenumber region displays the D- and G-bands that
B

DOI: 10.1021/acsami.5b10118
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

Research Article

ACS Applied Materials & Interfaces
showed higher anodic current with an OER onset potential of
1.64 V vs RHE (corresponding to an overpotential of 0.41 V).
Interestingly, as shown in Figure 2a, although NCNTs/CP
exhibited a poor catalytic activity (an overpotential of 0.48 V),
the anchoring of Co3O4 to NCNTs/CP (Co3O4@NCNTs/
CP) leads to a striking reduction of the overpotential for OER
(0.33 V). This is in line with or better than previously reported
performance for metal oxide OER catalysts.1,31,32 For
comparison, the catalytic performance for OER of previously
reported Co3O4 on carbon support is summerized in Table S-1.
To estimate the eﬀect of growing the active material directly on
the current collector, a similar sample was prepared without the
CP support by instead drop-casting the sample onto a glassy
carbon (GC) electrode (Co3O4@NCNTs/GC; see Experimental Section for details). It is clear from Figure 2a that a ﬁrm
and strong attachment of NCNTs on the current collector
(Co3O4@NCNTs/CP) has several advantages over the dropcasted catalyst (Co3O4@NCNTs/GC). The latter shows both a
higher overpotential (0.39 V compared to 0.33 V) as well as a
signiﬁcantly lower current density despite the fact that the
catalyst loading on the GC-modiﬁed electrode is four times
higher than that on the Co3O4@NCNTs/CP electrode (Table
S-2).
We rationalize the higher performance of the Co3O4@
NCNTs/CP to a more eﬃcient electron transport at the
interface between the NCNTs and CP, which is attributed to
the intimate contact created by growing the nanotubes directly
on the CP. This is supported and will be further discussed
below when considering the ab initio calculations. Key
parameters for the electrochemical tests of the diﬀerent hybrid
catalysts are summarized in Table S-2. It is noteworthy that the
Co3O4@NCNTs/CP electrode shows very good performance
at relatively low KOH concentrations (0.1 M) with an
overpotential of only 0.47 V to reach 10 mA/cm2. At higher
KOH concentrations, the current density and the overpotential
is evidently improved further. The dependence of pH on the
catalytic activity is shown in Figure S-3. (The peak around 1.41
V in the polarization curve in 1 M KOH electrolyte is assigned
to Co(II)/Co(III) redox process.)
To investigate whether our electrode could exhibit bifunctional performance, we extended the potential window to test
the HER activity of Co3O4@NCNTs/CP. The linear sweep
voltamograms (LSV) in Figure 2b show an inferior HER
electrocatalytic activity of bare CP and NCNTs/CP. In
contrast, the Co3O4@NCNTs/CP displays characteristics of a
bifunctional catalyst with an onset potential for HER at −0.26
V vs RHE and an overpotential of only 0.38 V at a current
density of 10 mA/cm2.
The reaction kinetics was further investigated on the basis of
the Tafel plots. It is well-established that studying the response
of the electric current to an applied potential (Tafel slope)
provides information about the reaction mechanism and also
gives some insight into the rate-determining step. Figure S-4
shows the Tafel plots of Co3O4 catalyst loaded on diﬀerent
supports for OER. The Tafel slope for the Co3O4@NCNTs/
GC electrode is the highest among the examined electrodes
(239 mV/dec). Such a high Tafel slope could be originated
from a nonideal electron-transfer behavior at the interfaces,
leading to a low charge-transfer coeﬃcient (α) that aﬀects the
Tafel slope33(eq 1 for Tafel slope, extracted from Butler−
Volmer equation).

βA =

2.303RT
αAnF

(1)

where βA is the anodic Tafel slope, R is the universal gas
constant, F is the faraday constant, n is the number of
exchanged electrons in the reaction, and αA is the anodic
charge-transfer coeﬃcient. In contrast, for CP-based electrodes,
two distinct Tafel regions can be distinguished (not shown), as
is commonly reported for cobalt oxide electrodes.34 The Tafel
slope is higher in the lower overpotential than in the high
overpotential region and could be explained by a coverage of
the electrode with surface redox couples as reported by Kapałka
et al.35 At overpotentials above ∼0.35 V, the Tafel slopes on
Co3O4@CP and Co3O4@NCNTs/CP are close to 120 mV/
dec. Values around 120 mV/dec are reported to originate from
a situation where the surface species (i.e., surface-bound peroxo
or oxo species) is formed in the step just before the ratedetermining step.36 This value gives however no speciﬁc
information on the exact nature of the rate-determining step.
In the case of HER on Co3O4@NCNTs/CP, a Tafel slope of
∼120 mV/dec is observed that identiﬁes the Volmer step (eq
2) as the rate-determining step, although such strict
identiﬁcation has been questioned by some researchers.36
H 2O + e− + M ↔ M − H + OH−

(2)

where M is the adsorption site on the electrocatalyst surface.
Considering that all the Co3O4 nanospheres loaded on
NCNTs/CP support are involved in the reaction, we estimated
the turnover frequency (TOF) in 0.1 M KOH electrolyte
solution to be 0.031 s−1 for OER at an overpotential of 350 mV.
(See Experimental Section for details.) For HER at an
overpotential of 200 mV, a TOF of 0.027 s−1 was achieved.
Our assumption relies on the 3D nature of the electrode,
making the entire loaded porous nanospheres accessible and
involved in the reaction. With the same assumption, the TOF is
reduced to 0.01 s−1 for OER for Co3O4@NCNTs/GC under
similar conditions. This signals a striking diﬀerence in catalytic
rate for the same catalyst material depending on how it is
anchored to the current collector.
For energy conversion systems, the stability toward the
electrochemical reactions is an important factor. Chronoamperometric measurements were carried out on Co3O4@
NCNTs on both CP and GC at a constant potential of 1.74
V vs RHE in 0.1 M KOH (corresponding to overpotential of
0.51 V for OER). As shown in Figure 3, Co3O4@NCNTs/CP
shows an initial attenuation within 5000 s and then remained
stable (even showing a slight recovery) up to 10 000 s. Co3O4@

Figure 3. Chronoamperometric responses of Co3O4@NCNTs/CP
and Co3O4@NCNTs/GC at a constant potential of 1.74 V vs RHE in
0.1 M KOH.
C
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Figure 4. Co3O4 nanoparticle attached on an (a) N-doped and (b) pristine (5,5) SWCNT. (c) Schematic representation of the Co3O4@NCNTs/
CP sample. (d) Transmission functions showing the quantum conductance (G0 = 2e2/h) at zero bias of the (6,0)-SWCNT and (6,0)-SWCNT/GS
systems at three separation distances (1.4, 2.4, and 3.4 Å). (e−g) Representative transmission eigenchannel at the Fermi level for (6,0)-SWCNT/GS
systems; the colors indicate the wave function phase, and the isosurface are plotted with a value of 0.1 e Å−3.

contact maximizes the electron transfer between the catalytic
particle and the carbon substrate;44,45 additionally, the larger
Eads indicates an enhanced mechanical stability, thus minimizing
nanoparticle agglomeration and detachment during electrochemical experiments. These results are in excellent agreement
with our experimental observations.
Now, in order to elucidate the role of growing the NCNT
directly on CP, we carried out electron transport studies by the
nonequilibrium Green’s function techniques within the Keldysh
formalism on the basis of DFT as implemented in the Atomistix
ToolKit (ATK) software.46,47 We investigated the electron
transport through an interface comprising a metallic zigzag
(6,0)-SWCNT in close contact with a graphene sheet (GS)
using three diﬀerent separation distances: 1.4, 2.4, and 3.4 Å
(Figures 4 and S-6). Additionally, we calculated the transport
properties of an isolated (6,0)-SWCNT (Figure S-6). Figure 4d
illustrates the transmission function of the isolated (6,0)SWCNT and the devices comprising (6,0)-SWCNT/GS at
three separation distances.
At the charge neutrality point, the quantum conductance of
the (6,0)-SWCNT exhibits a well-known steplike behavior that
mimics its band structure. In this case, the quantum
conductance (G0 = 2e2/h) at the Fermi level (FL) is equal to
6G0, which indicates excellent electron transport properties, in
line with the well-known transport properties for metallic
carbon nanotubes.48,49 However, when creating an interface by
collocating a (6,0)-SWCNT over a graphene sheet (GS), we
observe that the electron transport is signiﬁcantly aﬀected
(Figure 4d), especially when the separation distance is ∼3.4 Å,
a typical van der Waals distance for carbon systems and in this
case representing the situation when Co3O4@NCNTs is dropcasted over the GC electrode. From Figure 4d, we observe that
the transmission function (TF) of (6,0)-SWCNT/GS systems
at a separation distances of 1.4 and 2.4 Å exhibit a small current

NCNTs/GC, in contrast, exhibits a much larger decrease,
which by considering the eﬀect of bubble formation on the
surface of electrode37 again reveals the advantage of growing
the active material directly on the current collector.
Our experimental observations clearly indicate that the
Co3O4:NCNT and NCNT:CP interfaces, both exempliﬁed in
Figure 4c, play a crucial role on the overall electrochemical
performance. To investigate this, we carried out ab initio
calculations within the framework of the density functional
theory (DFT) using the generalized gradient approximation
(GGA). First, we studied the interaction strength between
Co3O4 and NCNT. Therefore, we generated a Co3O4 cluster
containing 60 atoms, with an initial antiferromagnetic
conﬁguration. The strong on-site Coulombic interaction
present in Co 3d orbitals is described with the GGA+U
formalism as established by Dudarev et al.38 and implemented
in the Quantum Espresso code.39 An eﬀective Hubbard
correction term, Ueff, of 3 eV is used to properly describe the
electronic structure and surface reactivity of Co3O4;40 this Ueff
value leads to an electronic band gap for bulk Co3O4 of 1.43 eV
(Figure S-5), in good agreement with experimental reports
(∼1.6 eV).41 To study the NCNTs, we selected a metallic
armchair (5,5) single-walled carbon nanotube (SWCNT) with
a pyridine-like conﬁguration; also, a pristine (5,5)-SWCNT is
used for comparison. Further details are found in the
Experimental Section. The optimized structures are depicted
in Figure 4a,b. As expected, the N-doped (5,5)-SWCNT serves
as a better substrate for nanoparticle deposition, where a more
intimate contact is achieved as suggested by the smaller
separation distance (2.8 Å) and larger interaction energies (Eads
= −1.69 eV) compared with the pristine counterpart
(separation of 3.0 Å and Eads = −1.48 eV). This is well in
line with previous reports, where N-doping is eﬀectively used to
improve metal oxide nanoparticle deposition.42,43 The ﬁrm
D
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to the chamber as the catalyst for the growth of NCNTs.
Simultaneously, pyridine was injected into the reaction
chamber using a NEMSYS syringe pump and carried with the
same ﬂow of argon. After 45 min of growth, the system was
cooled to room temperature, and NCNTs were collected from
the walls of the quartz tube.
Fabrication of Hybrid Material. In the next step, 0.545 g
of cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 1.9 mM,
Sigma-Aldrich) was dissolved in 30 mL of deionized water/
ethylene glycol (1:1) mixture and then poured into a 30 mL
autoclave. In the case of the synthesis of the direct electrode, a
sheet of either CP or NCNTs/CP was placed vertically in the
autoclave and maintained at 160 °C for 16 h. For the synthesis
of the hybrid material in the powder form, a predeﬁned amount
of as-synthesized NCNTs was added to the above solution and
ultrasonicated for 30 min. The resulting dispersion was poured
in the autoclave and maintained at the same temperature for 16
h. The resulting material was washed separately with water and
ethanol several times and then dried at 80 °C overnight. Finally,
the carbon support (either CP or powder form) coated with
cobalt carbonate hydroxide hydrate was transferred to an oven
and heat-treated in air at 300 °C for 2 h. The electrode
materials were labeled as Co3O4@support (support: CP,
NCNTs or NCNTs/CP).
Characterization. Scanning electron microscopy (SEM)
was carried out using a Zeiss Merlin FEG-SEM instrument (40
kV and a beam current of 150 pA). The Raman spectroscopy
was conducted on a Renishaw InVia Raman spectrometer using
a laser excitation wavelength of 633 nm. Thermogravimetric
analysis (TGA) was carried out on Mettler Toledo equipment
(TGA/DSC 1 LF/948) at a heating rate of 5−10 °C/min up to
950 °C.
Electrochemical Testing. Pieces of diﬀerent electrode
material (CP, NCNTs/CP, Co 3 O 4 @CP, and Co 3 O 4 @
NCNTs/CP) were punched out from their respective material.
The electrode material was attached to an ordinary glass piece
using double-sided tape. A copper wire was attached in between
the carbon paper and the tape. The electrical contact and edges
of the samples were sealed by epoxy resin, and a sample area of
∼0.2 cm2 was exposed to the electrolyte. A platinum wire coiled
to a diameter of 1.5 mm and an Ag/AgCl (1 M KCl) were used
as the counter and reference electrodes in the three-electrode
electrochemical cell.
The GC-modiﬁed material was prepared as follows: (i)
Synthesized catalyst material (5 mg) was ultrasonicated in 1 mL
of deionized water/isopropanol mixture (3:1) containing 5 μL
of Naﬁon solution (5 wt %) for 30 min to generate a
homogeneous ink. (ii) Ink (8 μL) was dropped on the
electrode surface (0.2 cm2) and dried at room temperature in
air without any heating process.
Linear sweep voltammetry (LSV) was recorded at a scan rate
of 2 mV/s in 0.1 and 1 M KOH solution. Chronoamperometry
data were collected at a constant potential of 1.74 V vs RHE.
Turnover Frequency Calculation of the Catalysts. The
turnover frequency (TOF) value was calculated from eq 3:

gap (0.1 eV) and similar quantum conductance (G0 up to 0.4)
around the FL; however, when the distance is increased to 3.4
Å, the conductance around the FL is almost null (G0 < 0.02).
This decrease in conductivity is also observed by plotting the
transmission eigenchannels (Figure 4e−g) to represent the
electron pathways. We observe that the transmission
eigenchannel decay (exhibit lower amplitude) on the (6,0)SWCNT side, mainly due to the scattering at the interface. At a
separation distance of 3.4 Å, the transmission eigenchannel on
the nanotube side is basically inexistent, and its contribution to
the conductance is negligible. These results agree with our
experimental observations: when an intimate contact between
the NCNT and the current collector is made, i.e., when
NCNTs are grown directly on CP, the electrical conductance is
signiﬁcantly improved; thus, the electrocatalytic activity can be
used to its maximum eﬃciency.

■

CONCLUSIONS

We presented a bifunctional electrocatalyst for both half
reactions of water electrolysis. We demonstrated the beneﬁcial
eﬀect of directly growing the electrocatalyst material on the
surface of current collector by achieving a higher current
density, lower overpotential, larger turnover frequency, and
higher stability. The electrode, comprising Co3O4 nanospheres
nucleated on the surface of NCNTs that in turn are vertically
grown on the surface of current collector, exhibit a very high
activity for electrochemical OER and HER in the same
electrolyte of 0.1 M KOH. Only an overpotential of 0.47 V is
needed to attain a current density of 10 mA/cm2 for OER,
whereas an overpotential of 0.38 V is needed for the same
current density of HER. Both experimental and theoretical
studies indicate that ﬁrm and well-established interfaces along
the electrode play a crucial role on the stability and
electrochemical activity. Our results give important insight
into the electrode fabrication for large scale production of
photovoltaic-driven water electrolysis devices comprising earth
abundant materials.

■

EXPERIMENTAL SECTION
Synthesis of Carbon Support. Direct Electrode. Carbon
paper (CP; SIGRACETGDL 10AA from Ion power, GmbH,
∼15 mΩcm) was coated with a 10 nm buﬀer layer of titanium
and a thin catalyst ﬁlm of iron (∼5 nm) using a thermal
evaporator (Kurt J. Lesker PVD 75). NCNTs were grown on
this substrate by catalytic chemical vapor deposition (CCVD).
The system was purged with varigon (180 mL/min) and heated
up to 800 °C. When the set temperature was reached, the CP
substrate was ammonia-treated by a gas mixture of varigon (162
mL/min) and ammonia (25 mL/min) for 15 min. Then,
pyridine was injected into the reaction chamber using a
NEMSYS syringe pump (Cetoni GmbH) at a ﬂow rate of 15
μL/min for 60 min. The system was then cooled to room
temperature in an argon atmosphere, and NCNTs/CP was
stored for further use.
Powder Form. NCNTs were synthesized by ﬂoating catalyst
CVD method. A quartz boat containing 10 mg of ferrocene
(Fe(C5H5)2, Sigma-Aldrich, 98%) was placed in a horizontal
quartz tube at the entrance of furnace. System was purged with
argon (180 mL/min) and then heated up to 800 °C. When
heating the system to 800 °C, the temperature at the entrance
reached the evaporation temperature of ferrocene (around 200
°C). By decomposition of ferrocene, metallic iron was entered

TOF =

J×A
n×F×m

(3)

where J is the current density at speciﬁc overpotential, A is the
geometric area of the electrode, n is the number of evolved
electrons in the catalytic process (n = 2 for HER and 4 for
OER), F is the faraday constant, and m is the number of moles
of active electrocatalyst.
E
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Notes

Computational Details. Ab initio calculations were carried
out within the framework of DFT50 using the GGA and the
model of Perdew, Burke, and Ernzerhof51 as the exchangecorrelation term. The electronic structure was solved using
Vanderbilt ultrasoft pseudopotentials.52 The kinetic energy
cutoﬀ for wave functions was set to 35 and 300 Ry for the
charge density. A Marzari−Vanderbilt53 smearing of 0.01 Ry
was used to aid convergence. Because of the relatively large
system, the integration of the Brillouin zone was carried out by
sampling just the Γ point, unless otherwise speciﬁed. The DFT
computations were carried out using the Quantum Espresso
(QE) code.39 To take into account the strong on-site
Coulombic interaction present in d orbitals of Co, we adopted
the GGA+U formalism as described by Dudarev et al.38 An
eﬀective Hubbard correction term, Ueff, of 3 eV was used to
properly describe the electronic structure of Co3O4.40 The
adsorption energy (Eads) is deﬁned as Eads = E(CNT+Co3O4) −
E(CNT) − E(Co3O4), where E(CNT+Co3O4) is the total energy of the
Co3O4 cluster adsorbed on the carbon nanotube, and E(CNT)
(E(Co3O4)) is the total energy of the carbon nanotube (Co3O4
cluster).
The electron transport properties are investigated by the
nonequilibrium Green’s function techniques within the Keldysh
formalism on the basis of DFT as implemented in the Atomistix
ToolKit (ATK) software.46,47 A single ζ-plus-polarization basis
(SZP) set is used because previous reports indicate that carbon
systems are well-described using this basis size.54 The real-space
grid used for charge and potential integration is equivalent to a
planewave cutoﬀ energy of 200 Ry. Sampling of the 1D
Brillouin zones for the electrodes was carried out with 1 × 1 ×
301 Monkhorst−Pack grids. The quantum transport calculations are carried out by using a two-probe system, with semiinﬁnite left and right electrodes united by a scattering region.
The electrode size for the metallic zigzag (6,0)-SWCNT is
made of 2 primitive unit cells (8.53 Å in length), whereas the
scattering region contains 5 unit cells (21.31 Å).
For the (6,0)-SWCNT/GS system, the ribbon and nanotube
edges are fully passivated with hydrogen atoms. The nanotube
section from the device has identical electrode and scattering
region as the individual (6,0)-SWCNT system. In contrast, the
graphene electrode is made of 3 unit cells (7.38 Å), and the
scattering region is made of 6 unit cells. As a result, the whole
scattering region (SWCNT + GNS) is equal to 31.2 Å with an
overlapping area of ∼5 Å. The separation distance between the
SWCNT and graphene was ﬁx at 1.4, 2.4, and 3.4 Å. Because of
the 2D nature of the system, the sampling of the Brillouin
zones for both electrodes and the scattering region was carried
out with 1 × 18 × 18 Monkhorst−Pack grids.
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