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ABSTRACT: Hybrid porous nanowire arrays composed of strongly interacting Co3;O4 and carbon were prepared by a facile car-
bonization of the metal-organic framework grown on Cu foil. The resulting material, possessing a high surface area of 251 m? g'!
and a large carbon content of 52.1 wt.%, can be directly used as the working electrode for oxygen evolution reaction without
employing extra substrates or binders. This novel oxygen evolution electrode can smoothly operate in alkaline solutions (e.g. 0.1 M
and 1.0 M KOH), affording a low onset potential of 1.47 V (vs. reversible hydrogen electrode) and a stable current density of 10.0
mA cm?at 1.52 V in 0.1 M KOH solution for at least 30 hours, associated with a high Faradaic efficiency of 99.3%. The achieved
ultrahigh oxygen evolution activity and strong durability, superior performance as compared to the state-of-the-art noble-/transition-
metal and non-metal catalysts, are originated from the unique nanowire array electrode configuration and in situ carbon
incorporation, which lead to the large active surface area, enhanced mass/charge transport capability, easy release of oxygen gas
bubbles and strong structural stability. Furthermore, the hybrid Co3;Os-carbon porous nanowire arrays can also efficiently catalyze
oxygen reduction reaction, featuring a desirable four-electron pathway for reversible oxygen evolution and reduction, which is po-

tentially useful for rechargeable metal-air batteries, regenerative fuel cells and other important clean energy devices.

1. INTRODUCTION

Growing energy demands have stimulated a considerable in-
terest in alternative energy conversion and storage systems
such as metal-air batteries, water splitting devices and fuel
cells, which are all closely associated with a core process,
oxygen evolution reaction (OER) that is initiated at the bound-
ary of multiple phases (solid, liquid, gas).! To rationally de-
sign the reaction interface for OER, an optimal electrode struc-
ture involving high-performance catalysts is essential in reduc-
ing the overpotential, promoting the reaction kinetics and en-
hancing the specific activity for OER, thus improving the en-
ergy efficiency.? However, most of the reported OER electro-
catalysts, such as noble-metal (Ir, Ru),® transition-metal (Co,
Mn, Ni, Fe, etc.)* and non-metal catalysts (graphitic carbon
nitrides, N-doped graphitic carbons, efc.),’ are generally pre-
pared in the form of thin films or particle agglomerates coated
onto glassy carbons, nickel foams or other conductive sub-
strates. In most cases, these fabrication techniques require
time-consuming film casting or coating procedures with assis-
tance of polymeric binders, which result in uncontrolled mi-
cro-structure of the obtained electrodes featuring limited cata-
Iytically active surface areas that are unfavorable for electron
conductivity and multiphase reactant/product transport during
OER (e.g. OH in liquid phase, O, in gas phase). Also, the easy
peeling of the coated catalysts from the electrodes during evo-
Iution of a large amount of O, greatly impairs their electro-
catalytic activity and shelf life.® Thus, the development of
alternative electrode configurations for efficiently catalyzed

OER with high activity and strong long-term stability is ur-
gently needed.

Recently, the well-aligned nanowire arrays with catalytical-
ly active components directly grown on the current collectors
have been considered as a new generation of highly effective
electrodes due to their intrinsic advantages.” The open space
within nanowire arrays facilitates the electrolyte penetration
and diffusion of ionic species, allowing high utilization effi-
ciency of active species. The direct contact of nanowire arrays
with the underneath conductive current collectors and their
strong binding assure good electrical conductivity between
them, as well as high structural stability of the obtained elec-
trodes.®®*7® Thus, these electrodes show great potential for
direct use in electrochemical cells, and they are particularly
beneficial for OER that involves continuous evolution of O,
gas. 3

Nevertheless, the use of nanowire arrays for electrocatalytic
OER is still in its infancy. Only a few illustrations including
7Zn,Co03,04 and Ni,Co3.,04 nanowire arrays grown on Ti foils,’
Co304 nanowire arrays grown on the stainless steel meshes,'°
and Ni-substituted Co030O4 nanowire arrays grown on Ni
foams'! were reported, all focusing on Co3O4-based spinel
materials due to their good catalytic activity and corrosion
stability toward electrochemical OER in alkaline media.'?
Their fabrication unexceptionally involved nucleation and
growth of inorganic precursors on certain substrates, and was
limited to pure metal oxides.”!! However, the semiconducting
metal oxide nanowires having the length of several microme-
ters do not assure a continuous pathway for electron transport
along them.” Also, the mass transport and accessible catalyti-
cally active sites associated with individual nanowires are



limited due to the low porosity and relatively small surface
area of the nanowires.*!! Therefore, further improvement of
this type of electrodes is highly expected, especially through
increasing the electrical conductivity of single nanowires by
elemental doping or other methods, and through introducing
accessible pores into the nanowires.

To achieve these goals, we design the first hybrid Co3Os-
carbon porous nanowire arrays (denoted as Co304C-NA),
which are prepared by carbonization of the metal-organic
framework (MOF) directly grown on Cu foil in N, atmosphere.
The periodic arrangement of metal nodes and organic motifs
in MOF scaffolds leads to a homogeneous distribution of met-
al oxide nanoparticles and in situ formed carbon species. Our
purpose is to accomplish better catalytic performance of the
hybrid nanowire array electrode by combining distinctive
properties of metal oxide and carbon components, and taking
advantage of their uniform distribution and synergy.'* Herein,
the use of Co-based MOF as the precursor represents a facile
way of obtaining Co3;04C-NA with the high surface area and
large carbon content. Remarkably, Co3O4C-NA not only ex-
hibits better oxygen evolution activity and stronger durability
than most of the highly active noble-/transition-metal and non-
metal catalysts reported to date, but also efficiently catalyzes
the reverse oxygen reduction reaction (ORR). Its outstanding
activity can be attributed to the large active surface area, fa-
vorable charge and mass transport in the stable nanowire array
electrode structure.

2. RESULTS AND DISCUSSION
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Scheme 1. Fabrication of hybrid Co3O4-carbon porous nanowire
arrays.

The hybrid Cos3O4-carbon porous nanowire arrays were syn-
thesized from a Co-naphthalenedicarboxylate MOF with lay-
ered crystalline structure used as the precursor (Scheme 1),
which was directly grown on Cu foil through a low-
temperature (80 °C) hydrothermal process. Next, the inorganic
and organic components in the MOF were converted, respec-
tively, into Co3O4 and carbon via carbonization in N, atmos-
phere, which resulted in the formation of hybrid nanowires
with simultaneously generated pores inside.

Figure 1. (a, b) SEM, (inset in panel a) optical image, (c) TEM,
(d) HRTEM, and (e, f) EDS elemental mapping images of
Co0304C-NA.

Nanowire arrays of Co;04C-NA (scanning electron micros-
copy (SEM), Figures 1a, b), preserving the morphology of the
Co-based MOF (Figure S1, Supporting Information), grow on
the surface of Cu foil, the color of which turns to black (Fig-
ure la inset). A single nanowire with smooth surface and the
diameter of ~250 nm is observed in the transmission electron
microscopy (TEM) image (Figure 1c). Nanowires obtained
with high yield and without presence of morphologically dif-
ferent particles and their smooth surface indicate that all
Co0304 and carbon species are well integrated inside them with
negligible amount of isolated Co3O4 nanocrystals. Numerous
slit-like pores visible throughout the nanowire are preferably
generated via deterioration and carbonization of the alternating
organic naphthalene layers,'* which agrees well with the lay-
ered crystalline structure of the MOF (Figure S2). The high-
resolution transmission electron microscopy (HRTEM) image
(Figure 1d) presents apparently different domains of amor-
phous carbon and crystalline Co3;O4, with clearly identified
lattice fringe space of 2.4 A corresponding to the (311) plane
of cubic Co30; spinel-phase. Notably, Co species catalyze the
formation of partially graphitized carbon on the surface of
Co0304. The HRTEM observation is also consistent with the
uniform dispersion of Co and C elements in Co;04C-NA (en-
ergy dispersive X-ray spectroscopy (EDS) elemental mapping
image, Figures le, f), together verifying the homogeneous
distribution of closely interconnected Co3O4 and carbon spe-
cies.
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Figure 2. XRD patterns of (a) Co304C-NA and (inset in panel a)
the MOF used as the precursor. (b) N2 adsorption isotherm and
(inset in panel b) the corresponding pore size distribution of
C0304C-NA. (c¢) TG curve of Co304C-NA. (d) High-resolution
XPS spectrum of Co 2p core level and (inset in panel d) XPS
survey spectrum of Co304C-NA.

The multiple peaks on the X-ray diffraction (XRD) pattern
of the Co-based MOF used (inset in Figure 2a) well match
those of the typical crystalline  structure  of
Co(C12Hg04)(H,0)4,'* without detectable peaks from cobalt
oxides. After carbonization, Co;O0sC-NA exhibits the cubic
spinel-phase structure (JCPDS No. 43-1003) with a broad
shoulder peak in the range of 20 to 30° (26), which is originat-
ed from the amorphous carbon species homogeneously dis-
tributed in nanowires that are in situ formed during carboniza-
tion process (Figure 2a), as evidenced by HRTEM and EDS.
The N, adsorption isotherm recorded on Co304C-NA resem-
bles type IV with a H3 type hysteresis loop (Figure 2b),
commonly observed for materials with slit-like mesopores,'®
which agrees well with TEM observation and the layered crys-
talline structure of the MOF used. Correspondingly, one peak
centered at ~5 nm is found in the pore size distribution curve.
Also, Co;04C-NA displays a large surface area of 251 m? g'!,
which is much higher than that of the Co-based MOF used
(Figure S3) and other reported nanowire arrays prepared by
inorganic precursors (up to ~100 m? g!),”*!! indicating the
superiority of our proposed method for creating highly porous
hybrid nanowires from MOF via the carbonization process.

The hybrid nature of nanowire arrays was further confirmed
by thermogravimetric analysis (TG, Figure 2c¢). Besides the
3% weight loss below 200 °C due to the adsorbed water and
gases, the weight loss of 59.5% in Co304C-NA between 200 to
500 °C is ascribed to the combustion of carbon species with
some surface-bonded oxygen-containing functional groups,
which is consistent with the elemental analysis showing the
carbon content of 52.1 wt.%. X-ray photoelectron spectra
(XPS) indicate that Co304C-NA contains Co, C and O ele-
ments without other impurities, and the best deconvolution of
Co 2p profile was achieved under assumption of eight species
including two pairs of spin-orbit doublets indicating the coex-
istence of Co*" and Co*" and their four shake-up satellites (de-
noted as ‘sat’, Figure 2d).!° As compared to the XPS peak

centered at 780.1 eV assigned to Co 2ps» of pure Co30,4 (Fig-
ure S4), the shift of the corresponding peak of Co;04C-NA to
781.2 eV implies the close assembly and strong interaction
between Co304 and carbon, resulting in the impaired electron
density of Co atoms in Co;04C-NA.!” Therefore, TEM, EDS
and XPS demonstrate homogenously dispersed and well inter-
acting nanocrystalline Co304 and conductive carbon species in
Co0304C-NA, which is desired for high-performance electro-
catalysts.

2.2, OXYGEN EVOLUTION ACTIVITY
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Figure 3. (a) Polarization curves and (b) Tafel plots of Co304C-
NA, IrO2/C, Co30s4-NA, and the MOF in an O»-saturated 0.1 M
KOH solution (scan rate: 0.5 mV s™'). (Inset in panel a) An optical
image of Co304C-NA directly used as the OER electrode operat-
ing at 1.70 V with generated bubbles on the surface indicating the
formation of Oz gas. (¢) The ring current of Co304C-NA on a
RRDE (1500 rpm) in Oz-saturated 0.1 M KOH solution (ring
potential: 1.50 V). (d) The ring current of Co304C-NA on a
RRDE (1500 rpm) in Nz-saturated 0.1 M KOH solution (ring
potential: 0.40 V). (¢) Chronoamperometric response at a constant
potential of 1.52 V (Ej=10), and (inset in panel e) chronopotenti-
ometric response at a constant current density of 10.0 mA c¢cm of
C0304C-NA as compared to that of IrO2/C. (f) A plot of the cur-
rent density at 1.60 V recorded from the polarization curve of
C0304C-NA vs. the cycle number, and (inset in panel f) polariza-
tion curves of Co304C-NA before and after 3000 potential cycles
(scan rate: 100 mV s™').

Sizable and shapeable electrodes can be prepared by simply
tailoring the Cu foil, and the obtained Co3;04C-NA grown on
Cu foil can be directly used as the working electrode for OER
(Figures 3a inset, S5, Video S1) without employing extra
substrates (e.g. glassy carbon electrode) or binders (e.g.



nafion). A slow scan rate (0.5 mV s') was applied during the
OER test to minimize the capacitive current. Since Co304
nanocrystals may partially dissolve in acidic solutions such as
H,SO,, alkaline eletrolytes (0.1 M and 1.0 M KOH) are
prefered for the catalyst studied and examined in this work.
The Cu foil exhibits negligible catalytic activity as shown in
the polarization curve conducted in 0.1 M KOH solution
(Figure S6), and the Co-based MOF also displays low OER
response with a high onset potential at ~1.55 V vs. reversible
hydrogen electrode (RHE, Figure 3a); while the anodic
current recorded on Co3;O4C-NA renders a sharp onset
potential at ~1.47 V with greatly enhanced OER current,
indicating that the compositional transformation of MOF to
hybrid Co3;O4-carbon can significantly improve the catalytic
activity. Noticeably, the OER current of Co3O4C-NA largely
exceeds that of IrO,/C (coated on Cu foil with the same
loading amount and carbon content to that of Co;04C-NA, see
synthesis details in Supporting Information), despite of the
slightly lower onset potential of IrO,/C (~1.45 V), featuring
much better catalytic performance of Co3O04C-NA.

We further compared the operating potentials required for
different catalysts to deliver a 10.0 mA cm? current density
(Ei=10), which is a metric related to solar fuel synthesis.'®
Co0304C-NA affords a current density of 10.0 mA cm?at 1.52
V, lower than that of IrO,/C at 1.54 V and many other reported
noble-metal catalysts.»>! Moreover, this excellent OER
activity of Co304C-NA is not only better than that of most of
the state-of-the-art Co-based transition-metal
electrocatalysts,*¢=1741820 and non-metal catalysts,” but also
superior to that of all the nanowire array electrodes reported to
date, i.e. Zn,Co3.,O4 nanowire arrays grown on Ti foils (1.55 'V,
pH 14),” Ni,Co3.,04 nanowire arrays grown on Ti foils (~1.60
V, pH 14),°® and Ni-substituted Co;O4 nanowire arrays grown
on Ni foams (~1.60 V, pH 14)."" A detailed comparison of
different highly active OER catalyts with various electrode
configurations is shown in Table S1, further confirming the
outstanding catalytic behavior of Co0304C-NA. Also, the
catalytic kinetics for oxygen evolution was examined by Tafel
plots (Figure 3b). The Tafel slope value of Co3;04C-NA (70
mV decade™) is lower than that of the Co-based MOF (142
mV decade!) and IrO,/C (97 mV decade™, Figure S7), and
comparable to that of the previously reported highly active
OER catalyts (Table S1), suggesting its favorable reaction
kinetics.

To investigate the reaction mechanism, the rotating ring-
disk electrode (RRDE) technique was employed with a Pt ring
electrode potential of 1.50 V to oxidize the peroxide
intermediates formed at the Co3;O4C-NA surface during OER.
Co304C-NA was scraped off from Cu foil and coated on a
RRDE (see experimental details in Supporting Information).
As shown in Figure 3¢, a very low ring current (LA scale) was
detected, which is three orders of magnitude lower than that of
the disk current (mA scale), suggesting negligible hydrogen
peroxide formation and therefore a desirable four-electron
pathway for water oxidation, i.e. 4OH" 2> O, + 2H,O + 4e".
Furthermore, to confirm that the observed current originates
from water oxidation rather than other side reactions and to
calculate the Faradaic efficiency, a RRDE with the ring
potential of 0.40 V was applied to reduce the generated O,
rendering a continuous OER (disk electrode) > ORR (ring
electrode) process (Figure S8). With the disk current held
constantly at 200 pA, O, molecules generated from the
Co3;04C-NA catalyst surface on the disk electrode sweep

across the surrounding Pt ring electrode that is held at an ORR
potential, and are rapidly reduced. Consequently, a ring
current of ~39.7 pA (collection efficiency = 0.2) was detected
(Figure 3d), which verifies the observed oxidation current
catalyzed by Co304C-NA can be fully attributed to OER with
a high Faradaic efficiency of 99.3% (see detailed calculation
in Supporting Information).

Strong durability toward OER is of great significance for
energy  conversion and  storage  systems. The
chronoamperometric response demonstrates the high stability
of Co304C-NA, showing slight anodic current attenuation of
6.5% within 30 hours, whereas IrO,/C displays a 4.7 times
larger current attenuation of 30.4% (Figures 3e, S9),
indicating the apparent advantage of active materials directly
grown on conductive substrates as compared to the post-
coated catalysts on electrodes, because the latter suffer from
peeling off during the evolution of a large amount of O, gas.>”
The XRD pattern of the catalyst after 30-hour reaction shows
no phase change as compared to the fresh Co3;04C-NA
(Figure S10), which corroborates that the hybrid Co3;Os-
carbon nanowire arrays act as highly OER-active and stable
catalysts. In the chronopotentiometric response, Co3;04C-NA
affords a nearly constant operating potential of 1.52 V to
deliver a 10.0 mA cm™ current density (Figure 3e inset),
whereas the potential of IrO,/C increases for > 15 mV within
4000 s, again revealing the stronger durability of Co;04C-NA.
Further, only 3.3% anodic current loss was observed for
Co0304C-NA after 3000 continuous potential cyclings at an
accelerated scanning rate of 100 mV s' (Figure 3f),
confirming the catalyst is also highly stable to withstand
accelerated degradation.

The effective operation of electrocatalysts in concentrated
electrolytes is a critical figure of merit for practical
applications.'® In 1.0 M KOH, the high activity of Co;0sC-NA
is well preserved showing larger current density, and much
lower Tafel slope of 61 mV decade than that of IrO»/C (87
mV decade’!, Figures S1la, b), indicating the superior
reaction kinetics of Co304C-NA. Both the
chronoamperometric and chronopotentiometric responses
show much smaller OER activity attenuation of Co3O4C-NA
in comparison to that of IrO,/C (Figures Sllc, d),
demonstrating the strong durability of Co3;0sC-NA in
concentrated alkaline solutions.
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Figure 4. Polarization curve measured in Oz-saturated 0.1 M
KOH solution (scan rate: 0.5 mV s™) for Co304C-NA grown on
Cu foil (directly used as the working electrode) in the whole re-
gion of OER and ORR. (Inset in the panel) chronoamperometric
response of Co304C-NA at a constant potential of 0.78 V (E11),
with methanol addition after 25 h.

The reaction reversibility initiated on an oxygen evolution
electrode, which can also efficiently catalyze the reverse ORR



process, is of significant importance, especially for rechargea-
ble metal-air batteries and regenerated fuel cells involving
these two reactions. Thus, polarization curves were recorded
in the whole region of OER and ORR. In ORR region,
Co304C-NA exhibits a half-wave potential (E£,,) of 0.78 V
(Figure 4) and Tafel slope of 89 mV decade™! (Figure S12a).
The overall oxygen electrode activity can be evaluated by the
difference of OER and ORR metrics (AE = Ej-10—E12). The
smaller AE is, the closer the catalyst is to an ideal reversible
oxygen electrode.?! Co;04C-NA exhibits a AE value of 0.74
V, lower than that of the recently reported highly active re-
versible oxygen electrodes, e.g. CoO/N-doped graphene (AE =
0.76 V),2% Co304/N-doped carbon (AE = 0.86 V)*!* and H-
Pt/CaMnO; (AE = 1.01 V),?!® corroborating the excellent re-
versible oxygen electrode nature of Co304C-NA. Further,
combining RRDE measurements that suggest an electron
transfer number of 3.85-3.96 (from 0.40 V to 0.90 V) for the
ORR process (Figure S12b), Co3;04C-NA favors a desirable
four-electron pathway for reversible OER and ORR. Moreover,
C0304C-NA shows a strong durability for ORR as revealed by
the chronoamperometric response (Figure 4 inset), delivering
a nearly constant current density within 30 hours. Notably, the
current density of Co304C-NA shows no obvious change even
after the addition of methanol, indicating its high selectivity to
ORR with strong methanol tolerance ability, which can avoid
the poisoning cross-over effect, displaying an important quali-
ty for cathode materials in low-temperature fuel cells.

2.3. DISCCUSION

The unique hybrid nanowire composition and novel electrode
configuration endow Co3;04C-NA with much better catalytic
performance than conventional electrode materials. First, the
in situ incorporation of carbon into Co3;04C-NA assured by the
use of MOF as the precursor, leads to the structure with
strongly interacting Co3O4 and carbon species (as evidenced
by TEM, EDS and XPS), and highly improved conductivity
and charge transfer capability, which favor the high OER ac-
tivity and stability. For the purpose of comparison, a carbon-
free counterpart was prepared by calcination of Co3;04C-NA in
air to eliminate carbon species (denoted as Co304-NA, see
synthesis details in Supporting Information), which also exhib-
its porous nanowire array structure and cubic spinel phase
(Figures S3, S13), but affords higher onset potential of 1.50
V, larger operating potential of 1.64 V to deliver a 10.0 mA
cm? current density (Figure 3a), and higher Tafel slope of
123 mV decade! (Figure 3b) than those of Co;04C-NA, sug-
gesting its much lower OER activity with inferior reaction
kinetics. Also, the semicircle diameter in the electrochemical
impedance spectrum (EIS) of Co3;04-NA is much larger than
that of Co304C-NA due to smaller contact and charge transfer
impedance in Co304C-NA (Figure 5a). Notably, Co3;04C-NA
also largely exceeds the physically mixed Co304-NA and car-
bon powder in OER performance (Figure 5b, see synthesis
details in Supporting Information), which implies that the out-
standing activity of Co;04C-NA with low resistance originates
not simply from the increased electrical conductivity, but also
from a complex synergistic effect between strongly interacting
Co30s and carbon species.!” For instance, the in situ
incorporated carbon causes the impaired electron density of
Co atoms (as evidenced by XPS), which can make the
catalytically active species (i.e. Co) more electrophilic, thus
facilitating the adsorption and reaction of OH" groups with
C0304C-NA, resulting in enhanced OER activity in alkaline
solutions.?

Second, the mesoporous nanowire arrays afford a large
active surface area, which was evaluated by the
electrochemical double layer capacitance (Cq) and surface
roughness factor (Ry). By calculating the slope from the linear
relationship of the current density against the scan rate (see
calculation details in Supporting Information), Cq of Co304C-
NA is confirmed to be 209.7 mF c¢m? with a R of 3495
(Figure 5¢), which is much higher than that of IrO,/C (Caq =
22.3 mF cm?, Ry = 371, Figure S14). Since Cq and Ry are
proportional to the active surface area of electrocatalysts,”!!
the results demostrate mesoporous nanowire arrays directly
grown on Cu foil are more effective in enlarging the
catalytically active surface area as compared to conventioanl
planar catalyst films coated on electrodes; thus, better
exposure and enhanced utilization of electroactive sites (e.g.
Co species) on the large active surface of Co;O4C-NA greatly
contribute to its ultrahigh OER activity.

Third, the reaction kinetics for OER is significantly
promoted by the advanced electrode configuration. The
nanowire arrays provide smooth pathway for fast penetration
of electrolyte, while the mesopores facilitate the access of
reactants (e.g. OH) in the electrolyte to the active sites within
nanowires, as well as the fast emission of reaction products
(e.g. O2). Accordingly, Co304C-NA displays much smaller
Tafel slope than that of IrO,/C, physically mixed Co3;0s-NA
and carbon powder, and other catalysts in the control group
(Figures 3b, 5b inset, S7, S11b), indicating its more favorable
reaction kinetics. Also, its current density in OER potential
region is insusceptible to the scan rate, showing a variation of
3.5% (vs. 14.3 % of IrO,/C) with increasing the scan rate from
0.5 mV s to 50 mV s (Figure S15), due to the improved
mass transport in the mesoporous nanowire arrays.>’
Additionally, the micro-structure of nanowire arrays is
believed to promote the release of evolved O: gas bubbles
(Video S1), by effectively bursting larger O, bubbles that
commonly stick to the planar catalyst film surface, and
wicking the evolved bubbles to maintain the solid-liquid
interface.?
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Figure 5. (a) EIS of Co304C-NA and Co304-NA recorded at 1.60
V, and (inset in panel a) the corresponding equivalent circuit dia-
gram consisting of an electrolyte resistance (Rs), a charge-transfer
resistance (Rt) and a constant-phase element (CPE). (b) Polariza-



tion curves of Co304C-NA directly grown on Cu foil and physi-
cally mixed Co30s-NA and carbon powder coated on Cu foil, and
(inset in panel b) Tafel plot of the physically mixed Co30s-NA
and carbon powder. (c¢) Cyclic voltammograms (CVs) of Co304C-
NA measured at different scan rates from 2 to 10 mV s’!, and
(inset in panel c) a plot of the current density at 1.14 V vs. the
scan rate. (d) Polarization curves of Co304C-NA directly grown
on Cu foil, Co304C-NA and Co30s-NA scraped off from Cu foil
and coated on glassy carbon electrodes, and (inset in panel d) the
corresponding chronoamperometric response at a constant poten-
tial of 1.52 V.

Last but not least, the direct growth of active materials on
the conductive Cu foil can greatly enhance the electron
transport and adhesion between nanowire arrays and substrates,
promote the structural stability for long-term usage, and avoid
utilization of polymeric binders and extra conductive additives,
consequently reducing the dead volume and undesirable
interface in the electrode,’!!"'?* which is corroborated by the
much higher OER activity and stronger durability of Co;04C-
NA than those of IrO,/C coated on Cu foil (Figure 3e), and
those of C0304-NA and Co304C-NA scraped off from Cu foil
and coated on traditional glassy carbon electrodes (Figure Sd).
Also, even operating at a high potential of 1.80 V (delivering a
very large current density of ~140 mA cm?), Co;0sC-NA
shows no visible peeling from Cu foil (Video S1), suggesting
the strong stability of this type of oxygen evolution electrodes.

3. CONCLUSIONS

In summary, hybrid Co3O4-carbon porous nanowire arrays
directly grown on Cu foil exhibit higher OER activity, more
favorable kinetics and stronger durability than those of IrO,/C.
The OER performance is the best among all the reported nan-
owire array electrodes, and better than most of the highly ac-
tive noble-/transition-metal and non-metal OER catalysts,
which can be attributed to the porous nanowire array electrode
configuration and in situ carbon incorporation, leading to en-
larged active surface area, strong structural stability, and im-
proved mass/charge transport. Considering their capability for
catalyzing ORR through an efficient four-electron pathway,
these brand new reversible oxygen electrodes are promising to
be directly used in metal-air batteries, fuel cells, water split-
ting devices and other key renewable energy systems.
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