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Introduction

Soaring energy demands during the past few decades have
led to continued burning of fossil fuels, producing greenhouse

gases that contribute to increasing global warming. To address
the energy demands and reduce carbon emissions, advanced

energy-storage conversion and storage systems that produce

energy in a clean and sustained fashion have recently been in-
vestigated by many researchers. Rechargeable metal–air bat-

teries are considered one of the most promising future energy
systems owing to their extremely high energy densities and

flat discharge potentials.[1] These advantages of rechargeable
metal–air batteries make them particularly interesting for appli-
cations in electric vehicles to improve the insufficient driving

range, as well as in electrical-energy storage (EES) systems for
coupling intermittent renewable wind- and solar-energy sour-
ces into smart energy grids.

Rechargeable metal–air batteries, however, require active bi-
functional electrocatalysts to accelerate the kinetics of the in-

trinsically sluggish oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER), which are the fundamental

electrochemical reactions that govern the discharge and

charge processes, respectively.[2] For the development of practi-
cally viable rechargeable metal–air batteries, bifunctional elec-

trocatalysts residing in the air electrode must be sufficiently
catalytically active towards both ORR and OER.[3] Currently, the

state-of-the-art catalyst, platinum on carbon (Pt/C), demon-
strates the highest ORR activity. However, it is very costly
owing to its scarcity, and is only monofunctionally active to-

wards ORR, making it unsuitable for the production of cost-
competitive rechargeable metal–air batteries.[4] For instance,
primary (non-rechargeable) zinc–air batteries are the only type
of metal–air battery that is currently available on the market

for niche applications such as hearing aids, and it utilizes inex-
pensive earth-abundant Mn-based catalysts. Despite their af-

fordability and excellent discharge characteristics, primary
zinc–air batteries cannot be recharged efficiently owing to in-
sufficient OER activity (charge performance) of the catalyst.

Recently, numerous non-precious bifunctional catalyst devel-
opments have been reported in the literature, including transi-

tion-metal oxides,[5] nanostructured carbons,[6] and hybrid cata-
lysts.[7] For example, a new metal-free transition-metal oxide

such as mesoporous Co3O4, synthesized by silica templating,

was shown to be highly active and durable as a bifunctional
catalyst, demonstrating a similar total overpotential of 1.034 V

and superior methanol-tolerance compared to its noble-metal
counterparts.[5a] Nanostructured carbon-based catalysts were

also developed; Tian et al. reported coaxial nanocables with
surface nitrogen groups that are capable of catalyzing both

The present work introduces spinel oxide nanocrystals self-as-
sembled into mesoporous spheres that are bifunctionally
active towards catalyzing both the oxygen reduction reaction

(ORR) and the oxygen evolution reaction (OER). The electro-
chemical evaluation reveals that (Ni,Co)3O4 demonstrates a sig-

nificantly positive-shifted ORR onset and half-wave potentials
[@0.127 and @0.292 V vs. saturated calomel electrode (SCE), re-

spectively] , whereas Co3O4 results in a negative-shifted OER
potential (0.65 V vs. SCE) measured at 10 mA cm@2. Based on

the DFT analysis, the potential at which all oxygen intermedi-
ate reactions proceed spontaneously is the highest for
(Ni,Co)3O4 (U = 0.66 eV) during ORR, whereas it is the lowest for
Co3O4 (U = 2.09 eV) during OER. The high ORR activity of
(Ni,Co)3O4 is attributed to the enhanced electrical conductivity

of the spinel lattice, and the high OER activity of Co3O4 is at-
tributed to relatively weak adsorption energy promoting rapid

release of evolved oxygen.
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ORR and OER with significantly reduced overpotentials for
both oxygen reactions.[6a] Recently, hybrid catalysts composed

of non-precious metal oxides and nanocarbons have received
tremendous attention owing to their improved catalytic activi-

ty through synergistic enhancements between the two compo-
nents. Notably, nitrogen-doped carbon nanotubes decorated

with Co3O4 nanocrystals were shown to be bifunctionally effec-
tive for rechargeable zinc–air batteries, demonstrating stable
charge and discharge voltages over a total of 100 h without

any voltage degradation.[8]

Despite these efforts, much work is still needed in terms of
non-precious bifunctional catalyst development to understand
the exact reaction mechanisms and degradation pathways of

mixed spinel oxides such as NiCo2O4, MnCo2O4, and FeCo2O4.
Specifically, the work presented here utilizes both experimental

and first-principles DFT computational approaches to investi-

gate the bifunctional electrocatalytic behaviors of spinel-struc-
tured oxides of varying compositions, including Co3O4,

(Ni,Co)3O4, and (Mn,Co)3O4. These spinel oxides fabricated by
a facile solvothermal technique demonstrate a self-assembled

mesoporous spherical morphology with varying degrees of
catalytic activity towards both ORR and OER, depending on

the type of transition metal (Co, Ni, and Mn) inserted into the

octahedral sites of the spinel lattice. The first-principles DFT
computational method was employed to find the potential at

which all oxygen intermediate steps proceed spontaneously to
verify the experimentally obtained electrochemical results. The

outcome of this study opens the door for designing affordable
non-precious bifunctional catalysts with tailored ORR and OER

activities depending on the modification of the composition of

spinel metal oxides for rechargeable metal–air battery applica-
tions.

Results and Discussion

The mesoporous spheres were synthesized by a facile solvo-

thermal technique using ammonium bicarbonate as precipita-

tion and pore-forming agent to promote the formation of
metal-carbonate nanocrystals self-assembled into spherical

structures (Figure 1 a). The heat treatment in the presence of
oxygen (in air) thermally decomposes metal carbonates into

metal-oxide spheres, releasing CO2 gas and leaving pores
behind[9] as shown by Equation (1):

3 M-CO3 þ 1=2 O2 ! M3O4 þ CO2 ð1Þ

in which M is one (or more) transition metal(s) used in this
study (Co, Ni and Co, or Mn and Co). The release of CO2 gas

within the spherical metal-oxide phase leaving behind pores is
very interesting for enhanced electrocatalysis because it in-

creases the active surface area and facilitates mass transport.

The three kinds of porous spinel oxide synthesized in this
study, Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4 were analyzed by

scanning electron microscopy (SEM) to reveal their porous
spherical morphology (Figure 1 b–d). Without the addition of

ammonium bicarbonate, randomly oriented sheet-like metal-
oxide structures of varying sizes were observed (Figure S1 in

the Supporting Information). Further inspection of higher-mag-
nification SEM images of the sphere oxides revealed nanosized

crystals that self-assembled into a few micron-scale spherical
structures (Figure 1 e–g). Interestingly, despite using the same

amount of reagents during the synthesis, including the total
amount of transition-metal precursors, slightly different sizes of
nanocrystals were observed owing to changes in the crystal-

lattice structure with the insertion of Ni and Mn into Co3O4.
For bifunctional catalysis, high-surface-area materials are de-

sirable because ORR and OER are interfacial reactions that
occur on the surface of active catalysts.[10] The surface area of
the metal oxides was measured by conducting BET analyses,
resulting in very high specific surface areas of 132, 66.3, and

162 m2 g@1 for Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4, respectively
(Figure S2). The nitrogen adsorption–desorption isotherms

showed a hysteresis loop in the region of high relative pres-

sure (type IV isotherms) owing to the presence of mesopores
formed by interparticle spacing between the nanocrystals.

Based on the pore-size distribution obtained by Barrett–
Joyner–Halenda (BJH) analysis, the peak pore diameter was

found to be 3.6, 12, and 3.5 nm for Co3O4, (Ni,Co)3O4, and
(Mn,Co)3O4, respectively, which likely corresponds to the inter-

particle spacing between nanocrystals of each metal oxide.

This mesoporous nature of the spheres is highly beneficial for
both ORR and OER because a higher specific surface area in-

creases the number of exposed active sites, and the pores can
also act as channels to facilitate rapid mass transport of reac-

tants and products during the catalytic reactions.
The spinel-oxide spheres were analyzed by XRD prior to the

thermal decomposition of ammonium bicarbonate, resulting in

patterns that closely matched with metal carbonates (PDF #11-
0692, Figure 1 h). After heat treatment and release of CO2, the

XRD patterns of the spheres matched very closely with the typ-
ical cubic spinel crystal structure (PDF #74-2120, Figure 1 i). In-

terestingly, the peak positions of Ni and Mn were shifted to
smaller angles relative to those of Co3O4, owing to the substi-

tution of Co ions in the native spinel crystal structure, with Ni

and Mn ions having different ionic radii. As a result, both the
d-spacing [the (3 11) orientation was used as an example] , and

the lattice constants (a) increased in the order of Co3O4<

(Ni,Co)3O4< (Mn,Co)3O4 (Table 1), consistent with observations
on other spinel oxides reported in the literature.[11] In addition

Table 1. The d-spacing of (3 11) crystal orientation and lattice constants
(a) of Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4 based on the results obtained
from XRD.

Sample Experimental Theoretical PDF
(311) plane
d-spacing
[nm]

lattice
con-
stant
a [a]

(311) plane
d-spacing
[nm]

lattice
con-
stant
a [a]

database Ref.

Co3O4 0.2439 8.074 0.2437 8.065 #74-2120
(Co3O4)

(Ni,Co)3O4 0.2444 8.108 0.2446 8.114 #73-1702
(NiCo2O4)

(Mn,Co)3O4 0.2454 8.192 0.2499 8.290 #84-0482
(MnCo2O4)
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to the XRD analysis, Raman spectroscopy was conducted to

confirm the spinel crystal structure, which showed the typical
F2g, Eg, and A1g vibrational modes of Co3O4 (Figure 1 j).[12] How-

ever, these vibrational modes broadened for (Ni,Co)3O4, and
(Mn,Co)3O4 as a result of less coherent vibrations in mixed tran-

sition-metal oxides. To verify the composition of the spinel-

oxide spheres, X-ray photoelectron spectroscopy (XPS) was
conducted, which confirmed the presence of Co 2p within all

three spinel-oxide spheres, in addition to Ni and Mn detected
for (Ni,Co)3O4, and (Mn,Co)3O4, respectively (Figure 2 a). Further

XPS analysis of these oxides revealed that the chemical com-
position at the surface of the mixed-oxide catalysts was

Ni1.4Co1.6O4 and Mn1.4Co1.6O4. This suggests that the transition-

metal cations occupy both the tetrahedral and octahedral
sites. Specifically, de-convoluting the high-resolution Co 2p

spectrum of Co3O4 (777–811 eV) (Figure 2 b) revealed splitting
of the peak into a 2p1/2 (795.0 eV) and 2p3/2 (779.8 eV) doublet

owing to the presence of cobalt cations with different oxida-

tion states in either the tetrahedral (CoII) or the octahedral
(CoIII) interstitial sites of the spinel lattice.[13] Similarly, the de-

convoluted Co 2p and Ni 2p spectra (850–890 eV) of (Ni,Co)3O4

(Figure 2 c, d), and Co 2p and Mn 2p spectra (637–661 eV) of

(Mn,Co)3O4 (Figure 2 e, f) showed peak splitting, confirming the
presence of both MII and MIII oxidation states of the active tran-

Figure 1. (a) Schematic illustration of synthesis of self-assembled mesoporous spinel oxide spheres. SEM images of (b, e) Co3O4, (c, f) (Ni,Co)3O4, and
(d, g) (Mn,Co)3O4 mesoporous spheres. XRD patterns obtained (h) before, and (i) after thermal decomposition, and (j) Raman responses of Co3O4, (Ni,Co)3O4,
and (Mn,Co)3O4 mesoporous spheres.
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sition-metal centers. The observation of multiple oxidation
states of Co is particularly important for bifunctional catalysis

because CoII and CoIII are usually considered as the active sites
for ORR and OER, respectively.[7c, 14] The de-convolution of the

O 1s spectrum (528–535 eV) obtained for all three spherical

oxides showed three peaks that corresponded to oxygen in
the spinel lattice, adsorbed @OH and H2O, and surface carbon-

ate anions (Figure S3), most likely owing to residues from the
thermal decomposition. The peak splitting of the active transi-

tion-metal centers (Co, Ni, and Mn) observed for all three
oxides is important, particularly for bifunctional oxygen cataly-

sis, because the multivalent nature of the metal centers in the
spinel structure was consistently reported to allow rapid

charge transfer through electron hopping as well as improved
interaction with oxygen intermediates during the oxygen reac-

tions.[13]

After characterization of the physical properties of the
spinel-oxide spheres, their electrochemical activities towards

bifunctional ORR and OER were evaluated by half-cell rotating
disk electrode (RDE) voltammetry at various rotation speeds

(Figure S4). Based on the ORR polarization curves obtained at
1600 rpm in O2-saturated 0.1 m KOH (Figure 3 a), (Ni,Co)3O4 ap-

Figure 2. (a) Full XPS survey of Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4. De-convoluted high-resolution XPS spectra: (b) Co 2p of Co3O4 ; (c) Co 2p and (d) Ni 2p of
(Ni,Co)3O4 ; (e) Co 2p and (f) Mn 2p of (Mn,Co)3O4.
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peared to be significantly positive-shifted, indicative of superi-

or ORR activity, followed by Co3O4 and (Mn,Co)3O4. In particular,
(Ni,Co)3O4 demonstrated a positive onset potential [@0.127 V

vs. saturated calomel electrode (SCE)] compared to those of
Co3O4, and (Mn,Co)3O4 (@0.171 and @0.217 V, respectively).

This signifies a lower activation energy required for (Ni,Co)3O4

to overcome the barrier of the first electron reaction, which is
considered to be the rate-limiting step. The same trend was

observed with the half-wave potentials (E1/2), (Ni,Co)3O4 dem-
onstrating the most positively shifted E1/2 of @0.292 V com-

pared to @0.355 and @0.378 V for Co3O4 and (Mn,Co)3O4, re-
spectively (Figure 3 b). Further investigation by Tafel analysis re-

vealed that the three oxides showed comparable slopes in the

range of 90–94 mV decade@1 (Figure 3 c), which suggests that
the ORR on these catalysts proceeded at similar rates even

though the energy requirements for overcoming the first elec-
tron reaction are different. As such, introducing active metal

substituents (Ni, Mn) into the pristine Co3O4 spinel lattice af-

fects mostly the degree of binding with oxygen and the forma-
tion of first reduced oxygen species,[15] whereas the rest of the

intermediate reactions proceed at similar kinetic rates.
In addition to the ORR activity, the OER activity of the spinel

oxides was evaluated, showing that (Ni,Co)3O4, and Co3O4 had
very similar onset potentials (&0.60 V) and (Mn,Co)3O4 a more

Figure 3. (a) ORR polarization curves obtained by RDE voltammetry at rotation rate of 1600 rpm in O2-saturated 0.1 m KOH. (b) Comparison of half-wave po-
tentials. (c) ORR Tafel slopes. (d) OER CV curves obtained in N2-saturated 0.1 m KOH. (e) Comparison of OER potentials at 10 mA cm@2. (f) OER Tafel slopes of
Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4.

ChemSusChem 2017, 10, 2258 – 2266 www.chemsuschem.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2262

Full Papers

http://www.chemsuschem.org


positive-shifted (less active) onset potential (0.65 V) (Figure 3 d).
Despite the similar onset potentials, Co3O4 resulted in a slightly

more negative (more active) OER potential (EOER) of 0.646 V
measured at 10 mA cm@2 compared to those of (Ni,Co)3O4 and

(Mn,Co)3O4 (0.671 and 0.712 V, respectively; Figure 3 e). The
OER Tafel analysis of Co3O4 resulted in the lowest slope of

64 mV decade@1, followed by 81 and 78 mV decade@1 obtained
with (Ni,Co)3O4 and (Mn,Co)3O4, respectively (Figure 3 f), which
is indicative of more rapid OER kinetics for Co3O4 despite an
onset potentials similar to that of (Ni,Co)3O4. For both ORR and
OER, the relatively lower activity and slower kinetics observed
for (Mn,Co)3O4 were most likely a result of its least favorable in-
teraction with oxygen intermediates owing to lattice expansion

and broadened vibrational modes (as observed by XRD and
Raman analyses, respectively).

The differences in the ORR and OER activities of the metal

oxides also suggest that they are clearly dependent on the
type of transition-metal substituent inserted into the spinel-

oxide structure. To confirm this, double-layer capacitance was
measured as the slope of current versus scan rate obtained by

conducting cyclic voltammetry at various scan rates in a poten-
tial window in which no Faradaic redox reactions occur (Fig-

ure S5). The double-layer capacitance was reported to be line-

arly proportional to the electrochemically active surface area
(ECSA) of metal oxides.[16] Interestingly, the measured capaci-

tance values of 2.9, 2.6, and 4.4 mF cm@2 obtained with Co3O4,
(Ni,Co)3O4, and (Mn,Co)3O4, respectively, show the same trend

as the BET surface areas [(Ni,Co)3O4<Co3O4< (Mn,Co)3O4] , con-
firming the validity of the surface areas measured in this study.

The differences in the surface area of the metal oxides, howev-

er, were found to have a less dominant effect on the catalytic
activity for ORR and OER compared to the compositional effect

demonstrated by introducing Ni and Mn transition-metal sub-
stituents into the spinel-oxide structure. This led to (Ni,Co)3O4

demonstrating the smallest potential difference between ORR
and OER despite exhibiting the smallest BET surface area and

double-layer capacitance. Specifically, (Ni,Co)3O4 showed the

best overall bifunctional catalytic activity with the smallest po-
tential difference (DEOER@ORR = 1.01 V) between the ORR and

OER potentials measured at current densities of @3 and
10 mA cm@2, respectively (Table S1). Based on a literature
survey, the ORR/OER potential difference was found to be
smaller in comparison to many reports and even comparable

to some of the best published results on non-precious transi-
tion-metal-oxide-based bifunctional catalysts. The activity en-
hancement is attributed to the insertion of Ni cations into the
octahedral sites of the spinel lattice, which has been reported
to improve the electrical conductivity of the spinel oxide.[17]

In contrast, the catalytic activity of Co3O4 largely favors OER,
leading to a reduced OER overpotential and the generation of

high current densities. This is attributed to relatively weak ad-

sorption energy between oxygen adsorbate and the surface of
active Co cations, promoting the release of oxygen during

OER.[18] This concomitantly reduces the ORR activity owing to
the weak binding and insufficient energy to activate adsorbed

oxygen. The high bifunctional catalytic activities of the spinel-
oxide spheres, in comparison to a commercially available

Co3O4-nanoparticle catalyst, are highlighted by considerably
improved ORR (positive-shifted) and OER (negative-shifted) po-

tentials (Figure S6). However, in comparison to a mixture of
the precious-metal benchmark catalysts Pt/C and Ir/C, the

spinel-oxide spheres showed comparatively weaker bifunction-
al activity. This sacrificed activity is currently the main disad-

vantage caused by utilizing inexpensive non-precious transi-
tion-metal-based catalysts as opposed to precious metals, and

can be minimized by hybridizing with nanostructured active

carbon to synergistically improve both ORR and OER perform-
ances.

To provide further insight into the bifunctional electrochemi-
cal behavior of the spinel oxides, first-principles DFT calcula-

tions were conducted by modeling their cubic Fd3m space-
group lattice in a periodic two-layer slab with a (2 V 2) unit cell

(Figure S7). In the spinel lattices of (Ni,Co)3O4 and (Mn,Co)3O4,

Ni and Mn ions are known to preferentially occupy the octahe-
dral interstitials sites, whereas Co ions are distributed over

both octahedral and tetrahedral sites. Therefore, (Ni,Co)3O4 and
(Mn,Co)3O4 were modeled by exchanging half of the octahe-

dral Co ions with Ni or Mn in Co3O4
[9] . During ORR and OER,

the metal-oxide surfaces undergo changes owing to the inter-

action with different oxygen intermediates (i.e. , *OOH, *O, and

*OH; Figure 4 a–c, respectively). The band diagram shows the
changes in the Gibbs free energy (DG) of the spinel oxides

during interaction with each of these intermediates at zero po-
tential (U = 0 V), equilibrium potential (U = 1.23 V), and the po-

tential at which all oxygen intermediates proceed spontane-
ously (Figure 4 d–f). Based on these band-energy calculations,

the limiting thermodynamic potential at which all steps pro-

ceed downward was calculated to be U = 0.14 and 0.66 V for
Co3O4 and (Ni,Co)3O4, respectively. However, with (Mn,Co)3O4,

the energy of the intermediate reaction corresponding to the
reduction of OH* to OH@ remained slightly thermodynamically

upward even at U = 0 V. These calculations predicted the
degree of ORR activity for the spinel oxides to be in the order

of (Mn,Co)3O4<Co3O4< (Ni,Co)3O4, which parallels the activity

trends observed experimentally (Figure 5 a). Specifically,
(Ni,Co)3O4, with the highest U potential, showed the most posi-

tively shifted onset and half-wave ORR potentials, whereas the
lower U potential of Co3O4 corresponded to relatively nega-
tive-shifted ORR potentials. Lastly, the lowest U potential ob-
tained with (Mn,Co)3O4 was in agreement with the even further

negative-shifted ORR potentials obtained experimentally.
To predict the OER activities of the spinel oxides, potentials

higher than 1.23 V were applied to find the point at which all
free energies associated with OER intermediate reactions pro-
ceeded spontaneously, resulting in U = 2.09, 2.26, and 2.93 V

obtained with Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4, respectively.
The lowest U potential of Co3O4 is an indication that it exhibits

superior OER activity, followed by (Ni,Co)3O4 and (Mn,Co)3O4.

These DFT predictions are also in good agreement with the
OER potentials obtained experimentally at 10 mA cm@2 (Fig-

ure 5 b). The fact that Co3O4 outperformed (Ni,Co)3O4 despite
the relatively smaller activity difference (as well as U potential

difference) suggests that the adsorption strength between
oxygen intermediates and active metal cations has a greater
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effect on the overall OER activity than the electrical conductivi-
ty enhancement. Because OER is the reverse reaction of ORR,

Co3O4, which demonstrated a lower ORR activity owing to
weaker adsorption with oxygen can be expected to more read-
ily release oxygen during OER. (Mn,Co)3O4, having demonstrat-
ed the least ORR and OER activities, likely stabilizes oxygen in-

termediates to the extent that they become inactive for the re-
actions. However, (Mn,Co)3O4 can still be deemed a suitable

catalyst for less energy-intensive applications because the
abundance of Mn makes it a much more cost-competitive al-
ternative to Co.

Conclusions

In this study, spinel-oxide-structured nanocrystals self-assem-

bled into mesoporous spheres were synthesized as bifunction-

al catalysts active for the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER). Experimentally, an increasing

ORR activity was observed in the order of (Mn,Co)3O4<

Co3O4< (Ni,Co)3O4 in terms of onset and half-wave potentials,

whereas increasing OER activity was observed in the order of
(Mn,Co)3O4< (Ni,Co)3O4<Co3O4 in terms of potential measured

at the current density of 10 mA cm@2. The first-principles DFT
analysis of the catalysts revealed the same activity trends for

both ORR and OER based on the Gibbs free energies obtained
at the potential for which all intermediate reactions occur
spontaneously. The superior ORR activity of (Ni,Co)3O4 is attrib-
uted to the enhanced electrical conductivity owing to the in-

sertion of Ni ions into the octahedral interstitials of the spinel
lattice, which promotes rapid charge transfer during the elec-

trocatalytic reaction. The superior OER activity of Co3O4 is at-
tributed to favorable adsorption strength between oxygen in-
termediates and active Co cations, facilitating rapid release of

evolved oxygen. In contrast, (Mn,Co)3O4 demonstrated relative-
ly lower ORR and OER activities, most likely owing to lattice ex-

pansion and incoherent vibrational modes observed by XRD
and Raman analyses, respectively, which result in over-stabiliza-

tion and deactivation of the oxygen intermediates. The rela-

tionship between the composition of spinel-oxide catalysts
and the degree of ORR and OER activities investigated in this

study by both experimental and computational analysis pro-
vides an excellent selection criterion for appropriately choosing

a bifunctional catalyst based on the energy requirements of
specific applications.

Figure 4. Periodic six-atomic-layer slabs with a (2 V 2) unit cell of (a) Co3O4, (b) (Ni,Co)3O4, and (c) (Mn,Co)3O4, depicting interaction between oxygen intermedi-
ates and the catalyst surface during ORR/OER. (d–f) Standard free-energy band diagrams obtained at zero potential (U = 0 V), equilibrium potential
(U = 1.23 V), and the potential at which all intermediates proceed spontaneously at pH 14 and T = 298 K. All potentials are indicated vs. reversible hydrogen
electrode (RHE) unless otherwise noted.

ChemSusChem 2017, 10, 2258 – 2266 www.chemsuschem.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2264

Full Papers

http://www.chemsuschem.org


Experimental Section

Synthesis of metal-oxide spheres

The metal-oxide spheres were prepared by a facile solvothermal
technique, for which cobalt nitrate hexahydrate [3.0 mmol; 2:1
mass ratio of cobalt nitrate hexahydrate and either nickel nitrate
hexahydrate or manganese nitrate tetrahydrate for the synthesis of
(Ni,Co)3O4 or (Mn,Co)3O4] was dissolved in a mixed solution of eth-
ylene glycol (30 mL) and double de-ionized (DDI) water (10 mL) by
stirring for 30 min. Then, ammonium bicarbonate (30 mmol) was
added to the mixture and dissolved by stirring for 30 min. The so-
lution was then transferred to a Teflon cup inside a stainless-steel
autoclave reactor and heated in the oven at 200 8C for 24 h. The re-
sulting solid product was centrifuged five times, three times with
DDI water and two times with ethanol, and then dried overnight in
a 60 8C oven. Finally, the dried product was calcined using a furnace
in air at 350 8C for 2 h.

Physical characterization

The metal-oxide spheres synthesized in this study were character-
ized by the following techniques. SEM (LEO FESEM 1530) was used
to analyze morphology and surface topology of the materials.
A surface-area and porosity analyzer (Quantachrome Instruments
QuadraSorb SI4) was used to obtain nitrogen absorption–desorp-
tion isotherms for calculating the BET surface area, and the BJH
model was used to obtain pore-size distributions. XRD (Bruker AXS
D8 Advance), Raman spectroscopy (Thermo Fisher Scientific DXR

Raman Microscope), and XPS (Thermo Scientific K-Alpha XPS spec-
trometer) were used to confirm the crystal structure, vibrational
modes, and elemental composition, respectively.

Electrochemical evaluation

The half-cell electrochemical evaluation of the metal oxides was
conducted with RDE voltammetry using a three-electrode glass
cell, potentiostat (CH Instruments 760D), and rotation speed con-
troller (Pine Instruments Co., AFMSRCE). To prepare the working
electrode, the ink solution prepared by mixing metal oxide and
carbon black (Vulcan Carbon XC-72) in a 1:1 mass ratio in an etha-
nol-diluted AS-4 (Tokuyama Corp.) ionomer solution with a total
active-material concentration of 4 mg mL@1 was coated onto a pol-
ished glassy carbon disk electrode (5 mm OD), resulting in active-
material loading of 0.20 mg cm@2. As the counter and reference
electrodes, a platinum wire and SCE were used, respectively, and
0.1 m KOH was used as the electrolyte. To activate the working
electrode, cyclic voltammetry was conducted for 20 cycles at
a scan rate of 50 mV s@1, and the background current was mea-
sured at a scan rate of 10 mV s@1 within the potential range of 0 to
@1.0 V vs. SCE in the N2-saturated electrolyte. The oxygen reduc-
tion and oxygen evolution activities were then measured in the
oxygen- and nitrogen-saturated electrolyte, respectively, at a scan
rate of 10 mV s@1. To measure double-layer capacitance, cyclic vol-
tammetry of the working electrode was obtained at various scan
rates (2.5, 5, 10, 20, and 40 mV s@1) over a potential window of
60 mV around the open-circuit potential in a 0.1 m solution of tet-
rabutylammonium hexafluorophosphate in acetonitrile.

Computational details

DFT calculations were performed using the program BAND[19] , in
which the electron wave functions were developed on a basis set
of numerical atomic orbitals (NAOs) and Slater-type orbitals (STOs).
The triple polarization (TZP) basis of Slater-type orbitals was used.
The calculations were performed by using Revised Perdew-Burke-
Ernzerhof (RPBE) generalized gradient approximation (GGA) for the
exchange and correlation energy terms.[20] This is a widely accept-
ed function for various applications, including metal-oxide systems,
producing reliable energetics.[21] The BAND program performs nu-
merical integrations for all matrix elements.[22] The accuracy of the
integration in real space (Accuracy) and the sampling of the Bril-
louin zone (k-space) for the integration accuracy in k-space are two
key major numerical parameters in the present DFT calculations. In
the present study, the Accuracy parameter was set to 4, which is
a reasonable value based on previous analysis,[15, 23] whereas the k-
space parameter was set to 3,[17, 24] which indicates that the quad-
ratic tetrahedron method[25] was chosen to perform the k-space
numerical integration. The calculations performed on this study
were spin-unrestricted. For modelling, the ORR/OER behaviors
were predicted on the (11 0) surface of the spinel crystal using pe-
riodic six atomic-layer slabs with a (2 V 2) unit cell. The (11 0) sur-
face was chosen because it was predicted to be one of the most
stable planes exposed in a number of cubic spinel Co3O4 speci-
mens prepared by various methods.[26] The bottom two atomic
layers of the slab were fixed in their bulk positions, whereas the re-
maining atomic layers and the adsorbed species were set free to
relax. On the basis of fully relaxed structures, the free energy of
each oxygen-intermediate reaction (DG) during ORR/OER on Co3O4,
(Ni,Co)3O4, and (Mn,Co)3O4 surfaces was calculated. Specifically, the
following oxygen-intermediate reactions were considered for alka-
line electrolyte conditions expressed in terms of OH@ [Eqs. (2)–(5)]:

Figure 5. Comparisons of (a) ORR half-wave potentials and (b) OER potentials
measured at10 mA cm@2 obtained experimentally with Gibbs free energies
from DFT computational analysis of Co3O4, (Ni,Co)3O4, and (Mn,Co)3O4.
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O2 gð Þþ2H2O lð Þþ4e@ Ð OOH*þH2O lð ÞþOH@þ3e@ ð2Þ
OOH*þH2O lð ÞþOH@þ3e@O*þH2O lð Þþ2OH@ þ2e@ ð3Þ
O*þH2O lð Þþ2OH@ þ2e@OH*þ3OH@þe@ ð4Þ
OH*þ3OH@þe@4OH@ ð5Þ

Using the expression for DG defined as the following Equation (6)

DG ¼ DE þ DZPE@TDS ð6Þ

in which DE, DZPE, and DS represent the difference in the DFT-cal-
culated ground-state energy, zero-point energy, and entropy cor-
rections, respectively, the free energy of each intermediate reaction
was calculated. As an example, the free energy of reaction (2)
(DG2) was calculated as a function of the reversible potential U0

using the following Equations (7) and (8):

DG2 ¼ DGOOH*
@DGO2,g

@1=2DGH2
@kT lnaHþ þ eU0 ð7Þ

DGOOH*
¼ DEOOH*

þ DZPEOOH*
@TDSOOH*

ð8Þ

The values of DZPE used and further details of the free-energy cal-
culation can be found in the previously published references.[15, 27]
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