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Metal (Ni, Co)-Metal Oxides/Graphene Nanocomposites as

Multifunctional Electrocatalysts

Xien Liu, Wen Liu, Minseong Ko, Minjoon Park, Min Gyu Kim, Pilgun Oh,

Sujong Chae, Suhyeon Park, Anix Casimir, Gang Wu,* and Jaephil Cho*

Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) along
with hydrogen evolution reaction (HER) have been considered critical pro-
cesses for electrochemical energy conversion and storage through metal-air
battery, fuel cell, and water electrolyzer technologies. Here, a new class of
multifunctional electrocatalysts consisting of dominant metallic Ni or Co with
small fraction of their oxides anchored onto nitrogen-doped reduced graphene
oxide (rGO) including Co-CoO/N-rGO and Ni-NiO/N-rGO are prepared

via a pyrolysis of graphene oxide and cobalt or nickel salts. Ni-NiO/N-rGO
shows the higher electrocatalytic activity for the OER in 0.1 m KOH with

a low overpotential of 0.24 V at a current density of 10 mA cm™2, which is

issues associated with energy security
and environmental pollution.l'"! Oxygen
reduction reaction (ORR), oxygen evo-
lution reaction (OER), and hydrogen
evolution reaction (HER) are the most
crucial electrochemical reactions to
realize energy storage and conversion in
these technologies. Although Pt-, Ir-, and
Ru-based materials exhibit the highest
activity for these electrochemical reac-
tions, these precious-metal catalysts
cannot be largely used for these clean
energy because of their scarcity on earth

superior to that of the commercial IrO,. In addition, it exhibits remarkable
activity for the HER, demonstrating a low overpotential of 0.16 V at a current
density of 20 mA cm2 in 1.0 v KOH. Apart from similar HER activity to the
Ni-based catalyst, Co-CoO/N-rGO displays the higher activity for the ORR,
comparable to Pt/C in zinc-air batteries. This work provides a new avenue
for the development of multifunctional electrocatalysts with optimal catalytic
activity by varying transition metals (Ni or Co) for these highly demanded

electrochemical energy technologies.

1. Introduction

Development of clean electrochemical energy conversion and
storage technologies such as fuel cells, metal-air batteries,
and water electrolyzers is highly desirable to address current
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and high cost.[%”] Therefore, high-active,
low-cost, and durable precious-metal-
free catalysts from earth-abundant ele-
ments have been attracted considerable
attention since last decade.®l Among
studied nonprecious metal catalysts,/'?!
nickel and cobalt are earth-abundant,
low-cost, and  environment-friendly
materials that have widely been explored
as electrocatalysts for the oxygen or
hydrogen reactions in energy conver-
sion and storage devices.['>*] However, the pure cobalt and
nickel oxides usually show insufficient electrical conductivity
and low reactive surface areas, resulting in limited kinetics
during these electrochemical reactions such as ORR, OER.[!%
Oppositely, standalone metallic Ni or Co has good electrical
conductivity, but is less active than Pt, because the formation
energies of Ni-H or Co-H is lower than that of Pt-H for the
HER.'] Furthermore, combining graphene with metal or
metal oxide is an effective way to improve catalytic activities
due to the high surface area and excellent electrical conduc-
tivity of graphene 1820 thereby increasing number of active
sites and promoting the charge transfer in electrodes.[?!-2%l
For example, Co;0,/graphene,** Ni/graphene film,*! and
NiO/rGO% composite catalysts have been explored showing
enhanced catalytic activity, relative to single metals or metal
oxides. Based on previous studies on the nickel or cobalt
electrocatalysts, in this work, we synthesized a new family
catalyst including Co-CoO/N-rGO and Ni-NiO/N-rGO via a
pyrolysis of graphene oxide-supported cobalt and nickel salts,
respectively. The possible synergetic effect among transi-
tion metals, metal oxides, and graphene was systematically
studied, making them simultaneously highly active for the
OER, ORR, or HER.
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2. Results and Discussion

In order to provide comprehensive structural information, the
synthesized Co-CoO/N-rGO and Ni-NiO/N-rGO catalysts were
extensively characterized by using scanning electron micros-
copy (SEM), high-resolution transmission electron microscopy
(HRTEM), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), X-ray absorption near-edge structure (XANES),
and extended X-ray absorption fine structure (EXAFS) spec-
troscopy. During the catalyst preparation, we also studied the
structural changes of precursors under different conditions.
The SEM image shows that the Co(CO3)y5(OH)-0.11H,0 pre-
cursor wrapped with rGO (Figure Sla, Supporting Informa-
tion) yields a loose and porous morphology of CoO/N-rGO
after a high-temperature treatment (Figure S1b, Supporting

O]

Figure 1. a) SEM image of Co-CoO/N-rGO.

www.MaterlalsVIews.com

Information). Figure Slc,d (Supporting Information) shows
low magnitude SEM and transmission electron microscopy
(TEM) images. The rGO remains well-dispersed morphology
even after the annealing procedure. The SEM image of Co-
CoO/N-rGO shows that the twisted and compacted nanorods
with submicrometer lengths were dominated and wrapped
with N-rGO (Figure 1a). The XRD patterns of Co-CoO/N-rGO
and Ni-NiO/N-rGO indicate the peaks at 44.3°, 51.5°, and 75.9°
belong to (111), (200), and (220) crystal planes, respectively, for
a fee-structured metallic Co or Ni (JCPDS 15-0806 and 04-0850)
(Figure 1b).127?8 Furthermore, HRTEM images (Figure 1) of
Co-CoO/N-rGO identified d-spacing values of 2.12 and 2.06 A,
corresponding to the (200) crystal planes for CoO and (111)
for Co, respectively. In addition, high-angle annular dark field
scanning transmission electron microscopy energy-dispersive

Ni-NiO/N-rGO- Co-CoO/N-rGO
CoO/N-rGO—— B-Ni(OH),/rGO
Co(CO,),4(OH).0.11H,0/rGO
has o o
A8 8.
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b) XRD spectra of the Co-CoO/N-rGO, Ni-NiO/N-rGO, CoO/N-rGO, Co(CO3)q5(OH)-0.11H,0/rGO,

and B-Ni(OH),/rGO. c) Low-magnification and d) high-magnification TEM images of CoO/Co-N-rGO-L. e,f) HAADF-STEM-EDS images of

Co-CoO/N-rGO.
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Figure 2. a) The SEM image of Ni-NiO/N-rGO. b,c) TEM images of Ni-NiO/N-rGO. d,e) HAADF-STEM-EDS images of Ni-NiO/N-rGO.

spectroscopy (HAADF-STEM-EDS) mapping was used to
examine the elemental distribution in the Co-CoO/N-rGO.
All elements including C, Co, and O are shown in Figure le,f
except for elemental N due to its low content. The carbon
distribution of Figure le was from graphene layer, instead of
lacey carbon film of TEM grids, which can be clearly observed
from the TEM image (see Figure S2, Supporting Information).
Meanwhile, the SEM and TEM images of Ni-NiO/N-rGO were
also shown in Figure 2a—e. The SEM image reveals a forma-
tion of nanoparticles with the average sizes of 100-150 nm
(Figure 2a). HRTEM clearly verifies the formation of catalyst
nanoparticles onto graphene sheets (Figure 2b,c). The lattice
fringes with widths of 2.12 and 2.05 A are assigned to (200) and
(111) crystal planes of fcc structures of NiO and Ni, respectively
(Figure 2c). HAADF and STEM coupled with EDS mapping
were used to examine elemental distribution in the Ni-NiO/N-
rGO (Figure 2d,e). The analysis of HRTEM combined with
STEM-EDS indicates that Ni-NiO/N-rGO is composed of
dominant metallic Ni with minor oxides composited with the
N-rGO. Based on these SEM images (Figures la and 2a), Co-
CoO/N-rGO nanorods and Ni-NiO/N-rGO nanoparticles were
directly anchored on reduced N-doped graphene oxide sheets,
providing enhanced electrical and chemical coupling between
the metals/oxides and N-rGO. The intimate bonding and syner-
getic coupling arisen from active nanocrystals and N-rGO were
proved to be favorable to improving electrocatalytic activity for
the ORR.* In turn, large-surface area rGO is able to well-dis-
perse metal or oxide particles and prevent their possible aggre-
gation, thereby increasing number of active sites.

The surface compositions of both catalysts are further exam-
ined by XPS, XANES, and EXAFS, which provides insightful
chemical and structural information. At first, high resolution
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XPS of Co2p for Co-CoO/N-rGO exhibits a low-energy band
(Co2ps5) and a high-energy band (Co2p, ;) at 781.0 and 796.7 eV
with two satellites at 786 and 802 eV, respectively, which both
belong to Co?" (Figure 3a).1?% In addition, a shoulder at 778.5 eV
in Co-CoO/N-rtGO suggests the presence of metallic Co in
the surface layers.?” The Ni** also was clearly identified by
the Ni2p;/, (855.7 eV) and Ni2p,,, (873.1 eV) peaks for Ni2p
of Ni-NiO/N-rGO with two satellites at 861.3 and 879.9 eV
(Figure 3b). The shoulder at 852.8 eV in Ni-NiO/N-rGO also
indicates the presence of metallic Ni.B' The full XPS spectra
of Co-CoO/N-rGO and Ni-NiO/N-rGO are compared in
Figure S3a,b (Supporting Information). High resolution XPS of
0O1s of Co-CoO/N-rGO and Ni-NiO/N-rGO also indicate the for-
mation Co-O and Ni—O bond evidenced by the peaks at 529.9 eV
(Figure S3c,d, Supporting Information). The XANES for Co
K-edge of Co(COj3)y5(0OH)-0.11H,0/rGO, CoO/N-rGO, and
Co-CoO/N-rGO are shown in Figure 3c. The peak at 7726 eV
in the spectrum of CoO/N-rGO is typically assigned to the
transition of Co?* from Co 1s to Co 4p mixed state with O 2p.
The local environment of Co at CoO/N-rGO was very similar
to that in Co0.*% In good agreement with XPS analysis, the
shoulder at 7712 eV in the spectrum of Co-CoO/N-rGO indi-
cates the presence of metallic Co species. Notable, the EXAFS
for CoO/N-rGO is very different to those of Co-CoO/N-rGO
(Figure 3d). The peak at 1.68 A for CoO/N-rGO corresponds
to Co-O interactions; the peaks at =2.6 A correspond to
Co—Co interactions. However, the strongest peaks at 2.2 A for
Co-CoO/N-rGO is attributed to Co—Co interactions from major
metallic Co part, and the weak shoulder at =2.8 A is assigned
to Co—Co interactions from minor CoO part. Other peaks
of Co-CoO/N-rGO at =3.3, 4.0, and 4.6 A are also similar to
those of Co foils. Figure 3e shows the XANES of Ni K-edge in
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Figure 3. a) XPS spectra of Co2p for Co-CoO/N-rGO in the range of 770-810 eV. b) XPS spectra of Ni2p for Ni-NiO/N-rGO in the range of 844—
884 eV. c) XANES spectra for Co K-edge of Co(COs)q5(OH)-0.11H,0/rGO, CoO/N-rGO, and Co-CoO/N-rGO. d) EXAFS spectra for Co K-edge of
Co(C0O3)5(0OH)-0.11H,0/rGO, CoO/N-rGO and Co-CoO/N-rGO. e) XANES spectra for Ni K-edge of -Ni(OH),/rGO and Ni-NiO/N-rGO. f) EXAFS

spectra for Ni K-edge of 3-Ni(OH),/rGO and Ni-NiO/N-rGO.

B-Ni(OH),/rGO and Ni-NiO/N-rGO. The peaks at 8351, 8365,
and 8398 eV in B-Ni(OH),/rGO were consistent with those of
reported B-Ni(OH),.¥l The shoulder at 8336 eV in Ni-NiO/N-
rGO indicates the presence of metallic Ni species. Meanwhile,
the EXAFS for B-Ni(OH),/rGO is also very different to those of
Ni-NiO/N-rGO (Figure 3f). The peak at 1.6 A for B-Ni(OH),/
rGO corresponds to Ni-O interactions, and the peaks at 2.7
and 5.8 A correspond to Ni-Ni interactions. The strongest peak
at 2.2 A for N-rGO/NiO-Ni is attributed to Ni-Ni interactions
from major metallic Ni part, and the weak shoulder at 2.8 A
is assigned to Ni-Ni interactions from minor NiO part. Other
peaks of Ni-NiO/N-rGO at 3.3, 4.0, and 4.7 A are also similar
to those of Ni foils, associated with metallic Ni species.?* A
composite consisting of metallic species and their oxides is
favorable to enhance electrochemical redox reaction reactivity
in the system because of the coexisting various valence state
of Ni® (Co% and Ni?* (Co?"). Such a kind of composite is able

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to yield high activity for multifunctional electrocatalysis. For
example, Ni® (Co?) is mainly contributed to HER, while Ni**
(Co?*) is beneficial to ORR or OER. Importantly, these compos-
ites containing Ni® (Co?), Ni?* (Co?"), and N-doped graphene
would yield a synergetic role to simultaneously promote the
electrocatalytic activities for the HER, ORR, or OER.

Figure 4a shows the OER linear-sweep voltammetry for Ni-
NiO/N-rGO, Co-CoO/N-rGO, and bench-mark IrO, in 0.1 m
KOH electrolyte. When catalyst loading is 0.21 mg cm™ for
the half-cell tests, a current density of 10 mA cm™ only gener-
ated an overpotential of 0.24 V on the Ni-NiO/N-rGO catalyst,
which is much smaller than overpotentials measured with IrO,
(0.33 V) and Co-CoO/N-rGO (0.39 V). Thus, the Ni-NiO/N-rGO
significantly outperforms the IrO, and Co-CoO/N-rGO for the
OER. In Figure 4b, the Tafel slopes were calculated to be 43, 68,
and 56 mV dec™! for these catalysts, respectively. Lower Tafel
slope calculated for Ni-NiO/N-rGO suggested a more favorable

Adv. Funct. Mater. 2015, 25, 5799-5808
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Figure 4. a) OER polarization curves of Ni-NiO/N-rGO, Co-CoO/N-rGO, and IrO, (glass carbon electrodes). b) OER Tafel plots obtained from the
OER polarization curves. c) HER polarization curves of Ni-NiO/N-rGO, Co-CoO/N-rGO, Pt/C, and Ni foam (scanning rate is 5 mV s, rotating rate
is 1600 rpm, and the loading is 1 mg). d) HER Tafel plots obtained from the HER polarization curves. e) OER polarization curves of CoO/N-rGO, Co-
CoO/N-rGO, Co-CoO+N-rGO, and N-rGO. f) HER polarization curves of CoO/N-rGO, Co-CoO/N-rGO, Co-CoO+N-rGO, and N-rGO on glass carbon

electrode (scanning rate: 10 mV s™

kinetic for the OER, relative to Co-CoO/N-rGO. We also com-
pared Ni-NiO/N-rGO with other reported highly efficient OER
electrocatalysts and summarized in Table S1 (Supporting Infor-
mation). Notably, Ni-NiO/N-rGO is one of the most active OER
catalysts in alkaline media.

Furthermore, HER polarization plots measured with Ni-
NiO/N-rGO/Ni foam, Co-CoO/N-rGO/Ni foam, Pt/C and Ni
foam in 1.0 M KOH are shown in Figure 4c. When a catalyst
loading is around 1.0 mg cm™2, the overpotentials measured at a
current density of 20 mA cm™ for the Ni-NiO/N-rGO/Ni foam
and Co-CoO/N-rGO/Ni foam electrodes are 0.16 and 0.17 V,
respectively. These values are the lowest among ever reported
precious-metal-free HER catalysts in alkaline solutions as com-
pared in Table S2 (Supporting Information). Although the used
bare Ni foam support is also active for the HER with an overpo-
tential of 0.26 V, incorporating such Ni- and Co-based graphene

Adv. Funct. Mater. 2015, 25, 5799-5808
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, rotating rate: 1600 rpm, and the loading is 0.21 mg cm™2).

catalysts is able to significantly reduce the overpotentials and
enhance the catalytic activity for the HER. In addition, Tafel
slopes for the HER were calculated to be 46 and 51 mV dec™ for
Ni-NiO/N-rGO/Ni foam and Co-CoO/N-rGO/Ni foam, respec-
tively (Figure 4d). Both are lower than reported precious-metal-
free HER catalysts in alkaline solutions (Table S2, Supporting
Information), indicating different rate-determined step com-
pared to other traditional transition metal catalysts. Compared
to our studied nonprecious metal catalysts, the commercial
Pt/C still exhibits the smallest overpotential of 0.06 V with the
highest activity for the HER. To elucidate the role of each com-
ponent in these composite catalysts in promoting the OER and
HER activities, CoO/N-rGO, Co-CoO+N-rGO, and N-rGO con-
trol samples (coated on glass carbon electrodes with the loading
of 0.21 mg cm™2) were studied in terms of their OER and HER
activities by measuring their linear scan voltammograms and
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compared with Co-CoO/N-rGO (Figure 4ef). Among these
cobalt-based materials, CoO/N-rGO demonstrated the highest
activity for the OER, suggesting that Co?* plays pivotal role for
the OER. Meanwhile, the CoO/N-rGO showed much smaller
charge transfer resistance (R,) (=20 Q) for the OER compared
to that of Co-CoO/N-rGO (=30 Q), indicating a fast reaction
rate (Figure S6a, Supporting Information). In addition, the
Co-CoO+N-rGO and N-rGO exhibit much lower activities than
those of CoO/N-rGO and Co-CoO/N-rGO, indicating that the
intimated interaction between metal/metal oxide and gra-
phene supports is crucial for improving the catalytic activity
(Figure 4e). HER activities of Co-CoO/N-rGO, CoO/N-rGO,
Co-CoO+N-rGO, and N-rGO were also evaluated and compared
in Figure 4f, Co-CoO/N-rGO exhibits the highest activity, supe-
rior to the physically mixtured Co-CoO+N-rGO and standalone
N-rGO. This comparison indicates that Co® is dominant active
species for the HER and CoO is necessary for further improving
the activity. Therefore, we speculate that Co® and Co?* species
may be synergistic active sites for the HER catalysis and the
possible mechanism could be described by Volmer-Tafel and
Volmer—Heyrovsky pathways in basic media.l3>3l

H,0+e” — H, +OH™ (Volmer)H 4 + H.4. — H, (Tafel) (1)

H,0+e — H, +OH™ (Volmer)H,4 + H,O+e™ —
H, + OH" (Heyrovsky) (2)

Both Volmer—Tafel and Volmer—Heyrovsky pathways involve
the absorption of H,0 molecule. Subsequently, the H,O is dis-
sociated into adsorbed H atom and OH". Finally, the OH" is
detached from the surface and the adsorbed H is transformed
into H,. Previous reports indicated that metal Co has a suit-
able binding energy for H atom (close to Pt)l3738 and CoO can
be hydroxylated to dissociation H,0.2** Thus, as for the Co-
CoO/N-rGO catalyst, the OH~ from the dissociation of H,0O
is favorable on CoO surface because Co?* species has strong
electrostatic affinity, while nearby Co sites facilitate to H atom
adsorption, yielding a synergistic effect between metal Co and
CoO for the HER. As expected, due to the presence of metallic
Co sites to provide H adsorption sites, CoO/N-rGO exhibited rel-
atively low HER activity. Also, physically mixed Co-CoO+N-rGO
was also not favorable for the HER due to that the synergistic
effect is unlikely between weakly coupling metal/metal oxides
and N-rGO. The OER and HER activities of Ni-NiO+N-rGO
and B-Ni(OH),/rGO were also compared with Ni-NiO/N-rGO
in Figure S4a,b (Supporting Information). While Ni-NiO+N-
rGO shows much higher activity than that of 3-Ni(OH),/rGO,
the Ni-NiO/N-rGO demonstrated the highest activity for both
OER and HER. We also studied he HER activities of Ni-NiO/N-
rGO and Co-CoO/N-rGO catalysts by directly coating them on
glass carbon electrodes. The measured HER activities are obvi-
ously lower than that obtained by using bare Ni foam. How-
ever, when depositing Ni-NiO/N-rGO and Co-CoO/N-rGO on
Ni form, these catalysts exhibited much enhanced HER activi-
ties relative to the Ni foam itself, indicating a possible syner-
getic effect of Ni-NiO/N-rGO and Co-CoO/N-rGO with Ni foam
(Figure S5, Supporting Information).

The ORR polarization plots for the CoO/N-rGO, Co-
CoO/N-rGO, and Pt/C were measured using a rotating-disk

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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electrode (RDE) in 0.1 m KOH (Figure 5a). The ORR data from
Ni-NiO/N-rGO did not presented because of its poor activity.
In the case of the Co-CoO/N-rGO catalyst, the measured cur-
rent density slowly increased in the range from 0.95 to 0.86 V
and rapidly increased to 0.73 V in the mixed kinetic-diffusion
control region followed by a well-defined diffusion-limiting
current density. The onset and F;, potentials measured
with the Co-CoO/N-rGO are =0.88 and 0.78 V, respectively.
In the absence of metallic Co, CoO/N-rGO sample exhibited
a lower activity, relative to the Co-CoO/N-rGO. Under iden-
tical experimental conditions, the onset potential and E;, of
Pt/C (20% Pt on Vulcan XC-72) were measured at 0.85 and
0.98 V, respectively. Although the studied Co-CoO/N-rGO is
still underperforming to the state-of-the-art Pt/C catalyst, it
is comparable to the ever reported highly efficient ORR oxide
catalysts as compared in Table S3 (Supporting Information). It
is worth noting that Co-CoO/N-rGO exhibited a similar Tafel
slope (40 mV dec™!) compared to that of Pt/C (38 mV dec™})
in the low current density region (Figure 5b), suggesting a
similar rate-determined step during the ORR. Furthermore,
the polarization plots collected at different rotating speeds
were used to analyze the ORR kinetics for the Co-CoO/N-rGO
catalyst (Figure 5c¢). The corresponding Koutecky—Levich plots
(77! vs @ /?) at different potentials were displayed in the inset
of Figure 5c, which is typical of first-order reaction kinetics
to the concentration of dissolved O, characterized by linearity
of plots. The kinetic parameters can be analyzed by the fol-
lowing equations:*?!

11,1t .1 3
j jk jl Bo'? jk ( )
B=0.2nFCo, D¢, )
Ji = nFkC, (5)

where j is the measured current density, ji and j are the kinetic
and diffusion-limiting current densities, respectively, and o is
the rotating rate of electrode (rpm). B is determined from the
slope of the Koutecky-Levich plots according to the Levich
equation. n is electron transfer number per oxygen molecule, F
is Faraday constant (96 485 C mol™!), Cp, is the bulk concentra-
tion of O, (7.8 x 107 mol cm™), and v is the kinetic viscosity
of electrolyte (0.01 cm? S7'). Do, is the diffusion coefficient
of O, in 1 M KOH (1.8 x 10~ cm? S7!). The inverse current
is a function of the inverse square root of the rotation speeds
at varied potentials. The electron transfer number (n) was cal-
culated from the slopes of K-L plots to be 3.7-3.9 at potentials
of 0.50-0.60 V, indicating a four-electron pathway during the
ORR. Hydrogen peroxide yields was also calculated by the fol-
lowing equations:*’!

I

%(HO;) =200 x —- (6)
Ii+—=
N
where I4 is disk current, I, is ring current, and the collection
efficiency (N) was determined to be 0.40 by using 10 x 1073 m

K3[Fe(CN)g]. The HO,™ yield was calculated to be =10% for
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Figure 5. a) ORR polarization curves of CoO/N-rGO, Co-CoO/N-rGO, and Pt/C (scanning rate: 10 mV s, rotating rate: 1600 rpm, and the loading is
0.21 mg cm~2). b) ORR Tafel plots obtained from the ORR polarization curves. c) ORR polarization curves of Co-CoO/N-rGO at various rates and K-L

plots (inset). d) Peroxide yields of Co-CoO/N-rGO and Pt/C.

the Co-CoO/N-rGO that is comparable to that of Pt/C in the
region from 0.20 to 0.55 V (Figure 5d). Oppositely, the CoO/N-
rGO sample generates a much higher HO,™ yield than that
of Pt/C in the same region. We also prepared N-rGO sample
under identical conditions except for omitting cobalt salt. In
Figure S4c (Supporting Information), compared to other ratios
of Co to GO, the catalytic activities of CoO/N-rGO prepared
from 100 mg GO showed the highest catalytic activities, indi-
cating proper content of rGO in catalysts is very important to
producing high activity. An increasing catalytic activity for the
ORR was obtained following this order: N-GO < CoO/N-rGO
< Co-CoO/N-rGO. The charge transfer resistances were simu-
lated by fitting Nyquise plots using an equivalent circuit. The
Co-CoO/N-rGO showed the smallest charge transfer resistance
(Rey) (=550 Q) for the ORR compared to that of CoO/N-rGO
(=1100 Q). The R can be directly correlated to the ORR reac-
tivity (Figure S6b, Supporting Information), indicating a fast
reaction kinetic on Co-CoO/N-rGO.

In order to further determine the stability of these newly
developed Ni- and Co-based catalysts during the studied elec-
trochemical reactions. At first, chronopotentiometric measure-
ment of Ni-NiO/N-rGO for the OER was conducted at a con-
stant potential of 1.50 V versus time (extending to 40 000 s)
in 0.1 m KOH (Figure 6a, top). A slight increase in the current
density is observed within 10 000 s. Subsequently, a current
density of =16 mA cm is remained up to 40 000 s. For the
HER stability of Ni-NiO/N-rGO/Ni foam (Figure 6a, bottom),
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an initial current density of =~10 mA cm™ generated at a con-
stant potential of —0.15 V versus reversible hydrogen electrode
(RHE) in 1 M KOH is slightly decreased during the long-term
stability test. To further determine the stability of Co-CoO/N-
rGO under the HER and ORR operation models, we inves-
tigated the generated current densities as a function of time
under continuous constant operation potentials up to 20 000 s.
Stable current densities of around -2.0 (Figure 6b, top) and
-10 mA cm™? (Figure 6b, bottom) were maintained at constant
potentials of 0.75 V for the ORR in 0.1 v KOH and - 0.15 V for
the HER in 1.0 m KOH, respectively.

Because the Co-CoO/N-rGO exhibited good ORR activity, we
further evaluated the performance of zinc-air batteries using
Co-CoO/N-rGO-based air cathodes. An optical photography of
zinc-air battery we designed for this experiment was shown
in Figure S7 (Supporting Information). The galvanostatic dis-
charge curves of zinc-air batteries were tested at a current den-
sity of 35 mA cm™ in a 6.0 m KOH electrolyte under ambient air
(Figure 7a). The Co-CoO/N-rGO is able to maintain an average
voltage plateau (1.08 V) that is comparable to Pt/C-based bat-
tery. A slightly potential drop was observed for each sample
after a galvanostatic discharge up to 2 h, indicating a good cata-
lytic stability for the ORR in 6.0 v KOH. Figure 7b shows the
cathodic and anodic polarization curves of Co-CoO/N-rGO- and
(Pt/C+IrO,)-based Zn-air batteries. The Co-CoO/N-rGO-based
battery showed a sum of polarization charging and discharging
overpotentials (AV = 1.26 V) at a current density of 50 mA cm™2,
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Figure 6. a) Chronopotentiometry (j-t) measurements of Ni-NiO/N-rGO for OER (top) and HER (bottom) at the constant potentials of 1.50 and
—0.15 V (vs RHE) in 0.1 and 1 m KOH, respectively. b) Chronopotentiometry (j—t) measurements of Co-CoO/N-rGO for ORR (top) and HER (bottom)
at the constant potentials of 0.7 and —0.15 V (vs RHE) in 0.1 and 1 m KOH, respectively.

which is comparable to the (Pt/C+IrO,)-based battery (AV =
1.22 V). The individual Co-CoO/N-rGO catalyst exhibited lower
activity compared to Pt/C in the RDE tests, however, in real
zinc-air battery tests, Co-CoO/N-rGO has improved perfor-
mance approaching to Pt/C+IrO, cathode. The major reason
is due to the graphene in the composite catalyst, providing
enhanced electrical conductivity and high surface area for the
Co-based catalysts. Generally, graphene can help to improve
the interaction between catalysts and gas diffusion layer with
minimized electrical contact resistance. In addition, the dis-
crepancy of activity measured from traditional rotating disk
electrode (RDE) and real metal-air battery could be due to the
different testing conditions. At first, the concentrations of KOH
for RDE and battery tests are different. We measured the ORR
using RDE with 0.1 v KOH and tested the zinc-air batteries in
6 M KOH. We used 6 M KOH in zinc-air batteries because a
high concentration of KOH is favorable to electrical conduc-
tivity in a practical device (zinc-air batteries). The structure of
air cathode is more complicated. The porous air cathodes were
fabricated by coating the catalysts on the gas diffusion layer
that was prepared by heating a mixture of the activated charcoal
and polytetrafluoroethylene (PTFE) on a nickel mesh. Thus,
although the Co-CoO/N-rGO catalyst exhibited inferior activity
in RDE test to Pt/C, lower electrical resistance, and favorable
mass transfer due to porous graphene cathode layers lead to

1.2
@ ——PUC
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<
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°
[a N
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improved performance for the Co-based catalyst in zinc-air
batteries. Thus, the Co-CoO/N-rGO catalyst is able to demon-
strate comparable performance to Pt/C+IrO, cathode, holding
promise to replace precious-metal-based catalysts for recharge-
able zinc-air batteries.

3. Conclusions

We reported a new class of composite electrocatalysts by inte-
grating metallic (Ni or Co) with their oxides (NiO or CoO),
further dispersed onto nitrogen-doped rGO, i.e., Ni-NiO/N-
rGO and Co-CoO/N-rGO. Overall, both catalysts demonstrated
multiple function to catalyze the OER, HER, or ORR in alkaline
media. In particular, both of them showed excellent HER activity
when these catalysts were coated on the Ni foam electrodes. Ni-
NiO/N-rGO outperformed most of reported precious-metal free
catalysts for the OER. Meanwhile, the Co-CoO/N-rGO exhibited
the higher ORR activity, relative to Ni-based catalysts. Its ORR
activity was further studied as air cathode in a primary zinc-air
battery, achieving comparable performance to the Pt/C cathode.
Importantly, the charging and discharging polarization tests of
Co-CoO/N-rGO indicated that the nonprecious metal cathode
is able to approach the performance of Pt/C+IrO, cathode
in rechareable zinc-air batteries. The work may open a new
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Figure 7. a) Duration measurement under constant discharge current density (35 mA cm™2) using the Co-CoO/N-rGO- and Pt/C-based air cathodes.
b) Charge and discharge polarization curves of two-electrode zinc-air full-cell batteries of the Co-CoO/N-rGO- and (Pt/C + IrO,)-based air cathodes

in 6.0 v KOH.
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avenue to prepare precious-metal-free multifunctional catalysts
to replace noble-metals-based catalysts for clean electrochem-
ical energy storage and conversion technologies.

4. Experimental Section

Reagents and Chemicals: All chemicals were purchased from Sigma-
Aldrich and used without further purification.

Synthesis: Graphene oxide (GO) was prepared from graphite
powder (Sigma, 325 mesh) following a reported procedure.*l
Co(CO3)05(OH)-0.1TH,0-rGO  was synthesized using a simple
hydrothermal route.[*’] CoO/N-rGO was prepared by following a reported
procedure.' Typically, GO (0.1 g) was first dispersed in 30 mL deionized
water in a glass vial. Then Co(NO3),-6H,0 or Ni(NO3),-6H,0 (2 mmol,
582 mg), urea (10 mmol, 600 mg), and NH,F (5 mmol, 185 mg) were
dissolved in 10 mL deionized water in another vial. After sonicating
them for 20 min, both solutions were transferred into a 50 mL Teflon-
lined stainless steel autoclave reactor that was subsequently heated
at 120 °C for 12 h. Next, the resulting dark solution was filtered,
sonicated, and centrifuged at 4000 rpm for 5 min. The collected dark
solid Co(CO3)5(OH)-0.11H,0-rGO or rGO/B-Ni(OH), was dispersed
in deionized water for lyophilization. Finally, CoO/N-rGO was obtained
from the lyophilized Co(CO3)q5(OH)-0.11H,0-rGO in a tube furnace
at 500 °C for 2 h under Ar, followed by another annealing procedure
at 200 °C for 1 h under NH; and Ar. Meanwhile, Ni-NiO/N-rGO
was obtained by the annealing of rGO/B-Ni(OH), under the same
conditions. Ni-NiO and Co-CoO were prepared using same methods but
without adding graphene oxides in starting materials.

Instrumentation: XPS was measured using an Escalab instrument
(Escalab 250 xi, Thermo Scientific, England) with a base pressure of
5 x 107 Torr using monochromatic Al Ko radiation (1486.6 eV). XRD
(D/Max2000, Rigaku) was carried out by using Cu Ka radiation. The
scanning electron microscope (S-4800, Hitachi) was operated at 10 kV,
and HRTEM (JEOL JEM-2100F) was conducted at 200 kV. Co K-edge
X-ray absorption spectra, X-ray absorption near edge structure (XANES)
spectra, and extended EXAFS spectra were tested on the BL10C beam
line using the Pohang Light Source (PLS-Il) in Korea with top-up mode
operation under a ring current of 200 mA at 3.0 G eV.

Electrochemical Measurements: The OER and ORR activities of catalysts
were measured using a standard three-electrode electrochemical cell
filled with a 0.1 m KOH electrolytes. A glassy carbon (4 mm diameter)
coated with catalyst is the working electrode. A graphite rod and
HgO/Hg electrode were used for the counter and the reference
electrodes, respectively. The electrochemical impedance spectroscopy
measurements were carried out using a CHI 660A electrochemical
workstation under the OER and ORR operation conditions. The spectra
were collected in a frequency range of 10*-0.01 Hz with an amplitude
of 5 mV. The Hg/HgO reference electrode was calibrated relative to
RHE by bubbling high-purity hydrogen in KOH solution using a Pt-black
electrode. The potentials were iR-corrected for the OER measurements
determined by using high-frequency AC impedance (typically
=50 Q). For the ORR measurements, high-purity O, gas was bubbled
into the solution =20 min before the electrochemical measurements and
throughout the whole testing process. The catalysts (3.0 mg) and 60 pL
of a 5 wt% Nafion solution were dispersed in 0.35 mL of ethanol and
0.15 mL of deionized water. The resulting mixture was sonicated to form
a homogeneous ink. A catalyst loading of 0.21 mg cm~2 was applied on
the surface of the glassy carbon electrode by the drop addition of 5 pL
of catalyst ink. The Pt loading for the 20% Pt/Vulcan XC-72 reference
catalyst was 64 pg, cm™ IrO, (=5 pm, Sigma-Aldrich 99.9%) also
was used as a reference. IrO, ink was also prepared by dispersing IrO,
(3 mg) in a mixture of 0.35 mL of ethanol, 0.15 mL of deionized water,
and 60 pL of a 5 wt% Nafion solution.

Fabrication and Measurement of Zinc-Air Batteries: The air cathodes
were prepared by coating a mixture of the activated charcoal and PTFE
(the weight ratio = 7:3) on a nickel mesh to prepare a gas diffusion
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layer. The thickness of each air cathode was fixed to be =500 ym by a
pressing machine. Then the catalysts (3.0 mg) and 60 pL of a 5 wt%
Nafion solution were dispersed in 0.35 mL of ethanol and 0.15 mL of
deionized water to prepare a homogeneous cathode ink. The 250 pL
ink was carefully pasted onto the above gas diffusion layer and kept it
in a vacuum oven for 30 min, followed by a mildly pressing procedure.
The prepared air cathodes with a catalyst loading of 0.53 mg cm™ were
used to assemble zinc-air batteries. A zinc plate was used as the anode
and was separated by a nylon polymer membrane with the air cathode.
6.0 v KOH solution was filled between the cathode and anode. Ni
meshes were used as current collectors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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