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ABSTRACT: Layered Na,CoO, provides multiple degrees of
freedom for manipulating its structure and physical properties by
tuning the Na concentration, leading to specific functionalities

including thermoelectricity, superconductivity, and potentiality in e, E
Li-/Na-ion batteries. However, the contribution of varied Na to Ef -~ jwsic-——-( /A =2 |~ F
charge transfer, electrocatalytic kinetics, and energetics in terms of the t),

electrochemical interface reaction for the oxygen evolution reaction
(OER) in water splitting and the oxygen reduction reaction (ORR) in 0
fuel cells is not yet fully understood. This work reveals that varied Na 02
concentrations indirectly affect the electrochemical OER or ORR
activity by changing the Co—O bond in the constituent CoOg
octahedron of Na,CoO,. Tuning the Na concentration gives rise to
the unique evolution of the electronic configuration and subsequently
further enhances the Co—O bond’s covalency, which results in promoting the catalytic kinetics of OER and ORR. As the Fermi level
descends deeper into the O 2p orbitals with increasing Na extraction, the lattice oxygen becomes active in the proton—electron
transfer process, which is reflected in the pH and oxygen-concentration dependence of the OER activity. Based on the
characterization of its electrochemical properties, the high electrocatalytic activity of Na,,sC0O,, which exhibits competent OER
activity superior to that of IrO,, is rationalized. Meanwhile, intrinsic Na;;sCoO, reveals a half-wave potential of 0.74Vyyy for ORR.
The evolution of the structure and the electronic configuration of Na,CoO, related to its electrochemical properties enables further
improved Na,CoO,-based catalysts for efficient electrochemical OER and ORR.

>

Na Extraction

H INTRODUCTION including octahedral, tetrahedral, and prismatic environments,
are formed corresponding to nonstoichiometric Na.'”"?

In the past few decades, deep insight into the crystal
structure and condensed matter physics of Na,CoO, has been
gained due to extensive research regarding its use in
thermoelectricity and superconductivity.'*'> It has been
found that the filling degree of Na not only controls the
carrier transport in the CoO, layers but also governs the

Seeking highly efficient and stable catalysts for the oxygen
evolution reaction (OER) and the oxygen reduction reaction
(ORR) for alternative renewable energy has continued to be a
critical challenge.l_3 Layered sodium cobaltite, Na,CoO,, has
attracted significant attention in the past few decades due to its
multiple particular functionalities, such as magnetism, super-

conductivity, and use as a cathode in batteries and catalysts, as average valence state of Co (Co* and Co4+).16 Co** generally
well as thermoelectricity in energy storage and conversion displays fivefold degenerated electronic states with low spin,
devices."”” The crystal structure and magnetism of sodium while the emerging Co* 3d(tzg) presents sixfold degeneracy
cobaltite were first investigated by Jansen and Hoppe.*’ Figure due to Na deficiency.''”"® Determination of the effects of
la shows that its crystal structure consists of Na ionic layers varied electronic structures and their related crystalline
and CoO, sheets alternately stacked along the ¢ axis. This structures and coordination changes on the electrochemical
peculiar two-dimensional structure gives rise to unique ion and properties remains elusive. A recent study on OER/ORR of
charge carrier transport in separated layers."” The Na ionic

character and the large channels between layers enable Na-ion Received: January 2, 2021 Wi
intercalation/deintercalation in sodium-ion batteries.” The Revised:  July 22, 2021 L] '_l
Co0, layer comprising edge-sharing CoOg octahedra is mainly Published: August 3, 2021 .
responsible for the charge carrier transport in Na,CoO,."

Meanwhile, the crystalline structure of Na,CoO, is susceptible

to the Na content. The different types of Na coordination,
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Figure 1. (a) Schematic illustration of the layered crystal structure of Na,CoO,. (b) XRD patterns of Na,CoO, (x = 0.3, 0.5, 0.75, and 1) with
NaCoO, PDF#27-0682, Si PDF#27-1402, and Co;0, PDF#42-1467. (c) Rietveld refinement results for NaCoO,. (d) Calculated lattice

parameters a and c as functions of the Na concentration.

rutile and spinel oxides and perovskites has clarified that
valence states and electronic structures could affect the
intermediate steps, Gibbs free energy, and active sites in
terms of the surface reaction mechanism.'”*’

Co with octahedral coordination has played an influential
role in OER/ORR in spinel oxides (ZnCo,0,, VCo0,0,) and
perovskites (LaCoO3, SrCoO;, YBaC0,05,5).”"** Na,Co0, is
more advantageous in terms of the structure and transport in
comparison with these spinel oxides and perovskites. As a
layered structure, the layer thickness of the CoO, and Na,O
layers is dependent on the Na filling degree, which might be
beneficial for obtaining a large exposed surface area for
intermediates. Additionally, the excellent electronic conductiv-
ity necessary for decent OER/ORR catalysts can also be
achieved by manipulating the Na concentration in Na,CoO,.
The hole carriers are transported along the Co—O—Co chain
in the a—b plane, which is established by the short distance
between neighboring Co atoms and the overlapping of the Co
3d orbitals. Goodenough et al. reported that the short O—O
distance can alter the four-proton reaction route and enhance
the catalytic activity of Nays;,C00,>” Meanwhile, oxygen
stoichiometry always exists in an oxide semiconductor and
plays an essential role in transport properties.”* Wang et al.
emphasized the crucial role of oxygen vacancies in the surface
reconstruction for the OER of cobalt pnictides.”” Oxygen
vacancies should be taken into account in the electrochemical
investigation of Na,CoO,. Qiao et al. claimed that Co in
octahedra with low spin is energetically favorable for ORR.*
Although the ORR activity of Na,CoO, has rarely been
reported, the characteristic of Co in CoOy octahedra with low
spin states could make Na,CoO, promising ORR catalysts for
fuel cells.
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The lattice dynamics, electronic structure, and coordination
configuration of CoOy4 can be manipulated by altering Na
concentration. This observation inspired us to explore the
potential electrocatalytic activity of Na,CoO, and try to unveil
the effects of the Co valence states, the Co—O bond, and the
electronic structure on its electrochemical OER and ORR
performance. We found that the evolution of the electronic
structure induced by Na extraction promotes Co—O bond
strength, which is mainly responsible for the electrochemical
activity of Na,CoO,, and it affects the reaction route related to
the proton—electron transfer process. The appropriate lattice
distortion and oxygen vacancies in the lattice dynamics are also
recognized as advantages for electrochemical activity. This
work provides new ways to manipulate the electronic and
crystalline structures to improve the electrochemical activity of
Na,CoO, further.

B EXPERIMENT AND METHODS

Materials and Synthesis. Na,CoO, (x = 1.0, 0.9, 0.75, 0.5, and
0.3) samples were synthesized by a solid-state reaction method. All of
the raw materials were used as received without further purification.
Na,CO; (Alfa Aesar, 99.95%) and Co;0, (Alfa Aesar, 99.7%) were
weighed according to each required stoichiometry ratio and then
loaded into a stainless-steel vial (SPEX SamplePrep 8007) for mixing.
For each sample, after high-energy ball-milling for 2 h, the powder was
placed in a die with a 1/2 in. inner diameter and pressed into a pellet
under 75 MPa pressure. The pellets were sintered at 900 °C in air for
12 h. The sintered pellets were ground into a powder for a second
round of pressing and sintering with the abovementioned
specifications. The final sintered pellets were ground and used as
the catalysts. Nay,5CoOs samples were obtained after annealing
Nay;5C00, samples in a tube furnace under atmospheres with
different O, concentrations determined by controlling the Ar/O,
ratio.

https://doi.org/10.1021/acs.chemmater.1c00008
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Table 1. Physical and Electrochemical Properties of Na,CoO,, Including Lattice Constants, Na/Co Ratio Obtained from EDX,
Calculated Weighted Redox Center, Electrical Resistivity Tested by the Standard Four-Probe Method, Deconvoluted O1/02
Ratio in Ols XPS, Co*/Co* Quantified by XPS Deconvolution, Electrochemically Activated Surface Area (ECSA), and

Activation Energy

lattice Na/Co weighted redox  electrical resistivity 01/02 Co**/Co** ECSA activation energy
parameters (A) (Na,Co0,) center (Ohm m) (XPS) (XPS) (%) (em?) (KJ mol™")
NaCoO, a = 2.831662 0.97 1.3508 6.97 X 107° 0.7900 64 18.30 28
¢ = 10923512
Nag,sCoO,  a = 2.829852 0.74 1.3500 7.06 x 1075 0.7750 79 10.83 18.8
¢ =10.934163
Na;5Co0O, a = 2.827000 0.58 1.3501 1.33 x 107 0.7700 85 13.30 213
¢ = 10.940804
NagsCoO,  a = 2.821199 037 549 X 107 0.7600 94 s 30
¢ =11.013643

Rietveld Refinement. The powder X-ray diffraction spectra were
collected on a PANalytical multipurpose diffractometer with an
X'Celerator detector (PANalytical X'Pert Pro). The target powders
were prepared by mixing the sintered Na,CoO, (x = 1.0, 0.9, 0.75,
0.5, and 0.3) powder with standard reference Si by the mass ratio (1/
1), which is used for calibration of diffraction line positions and line
shapes. The data were collected from 10 to 135° with steps of 0.02°.
The lattice parameters were refined using the FullProf Suite (2019
version) software package. The structure refinements were carried out
according to space group P6322(182). Co, Na(1), Na(2), and O took
the atomic positions 2a (0, 0, 0), 2b (0, 0, 1/4), 6h (2x, x, 1/4), and
4f (1/3, —1/3, z), respectively.

Electrochemical Measurement. The catalyst inks were prepared
by mixing S mg of a Na,CoO, (x = 1.0, 0.9, 0.75, 0.5, and 0.3) fine
powder with 1 mg of acetylene black carbon, and then dispersing the
mixture into a solution containing 0.75 mL of deionized (DI) water,
0.25 mL of ethanol, and 50 pL of a Nafion ionomer. The ink was
horn-sonicated for 30 s, and then bath-sonicated for 30 min. A total of
1S5 pL of the catalyst ink was dropped onto a glassy carbon electrode
(0.196 cm™2), resulting in a loading mass of 382.6 ug cm™ The glassy
carbon electrode was polished using a microcloth pad with a 0.05 ym
a-Al,Oj slurry, and then ultrasonicated in ethanol and DI water until
it was completely clean. Commercial Pt/C (20% on carbon black, Alfa
Aesar) was directly used for catalyst ink preparation, and IrO, and
Co;0, catalysts were prepared using the production routine for
catalyst inks described above. All electrochemical measurements in
the study, including cyclic voltammetry (CV) and linear sweep
voltammetry (LSV), were conducted using a Biologic SP-200
potentiostat with a standard three-electrode configuration in an
alkaline electrolyte. All potentials were converted to the RHE scale by
Epue = Eugmgo + 0.059pH + 0.098 and compensated with iR-
corrected resistance of the electrolyte. A Pt plate and a Hg/HgO
electrode were adopted as counter and reference electrodes,
respectively. A thin film of each powder-based catalyst was placed
on a glassy carbon electrode and the assembly was used as a working
electrode. Each working electrode with a diameter of S mm was
mounted in a rotation electrode (EDI 101, Lange) with a speed
control unit (CTV101, HACH). LSV of current density was
normalized to the geometric surface area. The polarization curves
for OER were recorded by LSV with a scan rate of 5 mV s™' and a
rotating speed of 1600 rpm. CV scans were conducted over 200 cycles
with a scan rate of S0 mV s™" in the range of 1.225—1.575 (vs RHE)
prior to measuring the polarization curves. This process was applied
to all samples. Additionally, all of the electrocatalytic measurements
were performed at room temperature (22 °C), except where
otherwise specified.

ECSA (Electrochemical Active Surface Area). The electro-
chemical double-layer capacitance is obtained from i, = vCp;, where i,
is the double-layer charging or discharging current, v is the scan rate,
and Cp is the double-layer capacitance. Cp is extracted from the
slope of the plot of i_ as a function of v. ECSA is calculated from the
CDL

c’

s

double-layer capacitance according to the equation ECSA =
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where C; is the specific capacitance of a sample per unit area in an
identical electrolyte. In this work, C; = 0.06 mF/ cm?.

Weighted Redox Center. The weighted redox center is defined
as the average value of the weighted oxidation and reduction peak
voltage on the RHE scale, which is determined by the formula

vd . . s
Vieighted = / /T(clz’ where Q is the charge corresponding to oxidation

or reduction peaks at the voltage V.

Material Characterization. High-resolution X-ray photoelectron
spectra were collected using a PHI Quantera XPS scanning
microprobe with an Al monochromatic K, source (15 KV, 20 mA).
The chamber pressure was well controlled below 5 X 107 Torr. The
surface morphology and composition characterizations were inves-
tigated using a scanning electron microscope (LEO 1525) and a
transmission electron microscope with an energy-dispersive X-ray
function (JEOL 2010F). The electrical conductivity was evaluated by
a four-point probe method with a commercial equipment ULVAC
ZEM3.

X-ray Absorption Spectroscopy (XAS) Measurements. X-ray
absorption near-edge structure (XANES) experiments were per-
formed at beamline 11-2 at the Stanford Synchrotron Radiation
Lightsource of the SLAC National Accelerator Laboratory. A Co K-
edge transmission signal was measured by the ionization chamber. All
XAS data analyses were performed using Athena to extract XANES
information.

Density Functional Theory (DFT) Calculation. The DFT
calculations were conducted using the Vienna Ab initio Simulation
Package (VASP). The projector augmented-wave (PAW) potentials
were applied for electron—ion interactions. The generalized-gradient
approximation (GGA) parametrized by Perdew—Burke—Ernzerhof
(PBE) was used for the exchange—correlation functional. A cutoff
energy of 450 eV was used for the plane-wave basis set. The k-space
grid of 4 X 4 X 2 was employed to sample the Brillouin zone of the 2
X 2 X 1 supercell of Na,CoO,. The electronic self-consistency
calculation was assumed for a total energy convergence of less than
107" eV. All of the atomic positions were optimized until the
interatomic forces were smaller than 0.03 eVA™".

B RESULTS AND DISCUSSION

Rietveld Refinement and Morphology. Sodium cobal-
tite (Na,CoO,, x = 0.3, 0.5, 0.75, and 1.0) samples were
synthesized by ball-milling and a solid-state reaction. X-ray
diffraction (XRD) patterns were obtained to check the phase
purity and crystallinity of the Na,CoO, samples. As shown in
Figure 1b, the main (002) peak confirms the typical layer
structure along the ¢ axis. NaCoO, exhibits phase purity with a
hexagonal structure, and its small FWHM (full-width at half-
maximum) defines its good crystallinity. It was found that
Co;0, begins to emerge as an impurity phase with Na
deficiency and increases with decreasing Na concentration.
The crystal structures of Na,CoO, were refined, and their

https://doi.org/10.1021/acs.chemmater.1c00008
Chem. Mater. 2021, 33, 6299-6310


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

<1700 1070

* 1210

Figure 2. (a) SEM image of an as-prepared Na,,5CoO, particle. (b, c) TEM image and corresponding EDX mapping of a post-OER Na,;5CoO,
particle. (d) High-resolution TEM image and (inset) its corresponding SAED pattern.

lattice parameters were determined by Rietveld refinement.
The results are shown in Figures lc and S1, in which the
standard Si powder was used to correct the line position and
the changes in the line width.”® It was observed that the lattice
parameter ¢ increases from 10.9235 to 11.0136 A as Na
decreases from stoichiometric x = 1.0 to 0.3, which indicates
that the layer separation along the crystallographic ¢ axis is
expanded [Figure 1d and Table 1]. Huang et al. observed that
the thickness of the CoO, layers decreases when more Na is
extracted from the ionic layer due to the reduced Coulombic
attraction to the neighboring CoO, layer. The variation in layer
separation offers a good opportunity to expose the activated
sites.

The surface morphology of a freshly sintered Na,CoO,
powder is presented in Figure S2. Particles of all of the samples
display a remarkably layered structure, and the single-layer size
gradually increases with increasing Na concentration. The
typical layer size can reach tens of micrometers in Na,,CoO,
and NaCoO,. The high-magnification image of an as-prepared
Naj;5Co0, particle in Figure 2a clearly shows that it is
composed of multiple sheets stacked layer by layer. The surface
morphology of the catalysts was also examined after OER
measurement, as shown in Figure 2b, and it was found that
particles 200—300 nm in size remained intact after 5000 cyclic
voltammetry (CV) cycles and that the layered sheets can still
be seen along their edge. Energy-dispersive X-ray spectroscopy
(EDX) mapping results in Figures 2c and S3 show that Na and
Co are evenly distributed throughout the nanoparticles after
OER measurement. Somewhat surprisingly, a single-crystal
characteristic was determined from selected-area electron
diffraction (SAED) of a high-resolution TEM image obtained
at the center of a Na,,5CoO, particle after OER measurement.
Figure 2d shows the existence of lattice fringes with spacings of
0.267, 0.241, and 0.217 nm, which correspond well with the
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(004), (100), and (102) facets of NaCoO,, respectively.
Furthermore, the corresponding SAED pattern was indexed to
the hexagonal phase along the [100] zone axis [inset, Figure
2d]. The indexed diffraction pattern corresponds coherently to
a hexagonal structure, and each spot is situated with strict
order and repeatability. Additionally, a second hexagonal
diffraction pattern was detected. As shown in Figure S4, the
angular separation between the two patterns is 30° by rotation,
which can be ascribed to crystal twisting induced by the lattice
defects.

Tuning Co—O Covalency Bonding. The electronic
density-of-states (DOS) of Na 3s, Co 3d, and O 2p for
Na,Co0O, are displayed in Figure 3. Compared with the total
DOS shown in Figure S5, Figure 3 illustrates that the
contributions of the Co 3d (t,) and O 2p orbitals are
essential to the electronic structure around the Fermi level.
The Na 3s orbital has little correlation with O 2p, which
suggests the ionic state of the Na between the CoO, sheets
that energetically enables Na-ion charge and discharge in a
sodium-ion battery.”” As shown in Figure 3a, the conduction
band in NaCoO, originates from the hybridization of two Co
3d(e,) orbitals with O 2p, leading to the large splitting of the
bonding and antibonding orbitals. In most metal oxides, the
Co 3d orbitals are more energetic than the O 2p orbitals.
However, in NaCoO,, Co 3d and O 2p exhibit strongly
hybridized behavior, suggesting the high spatial overlap and
energetic similarity of the electronic states of Co and O. The
valence band is primarily determined by the overlapping of the
other three Co 3d(ty,) and O 2p orbitals. It can be seen that
the Fermi level of NaCoO, is pinned in the valence band. It
gradually submerges deeply into the valence band with
increasing Na extraction, as shown in Figure S5,'*'7 which
produces more charge carriers in the valence band that
contribute to the charge transfer. A schematic illustration of

https://doi.org/10.1021/acs.chemmater.1c00008
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Figure 3. Electronic density-of-states of Na s, Co d, and O p for Na,CoO, calculated by DFT. (a) NaCoO,, (b) Na,y,5C00,, (c) NaysCo0O,, and
(d) Nag,5C00,. (e) Schematic illustration of the band diagram change with different Na concentrations.

the band diagram change is shown in Figure 3e. More holes are
created when the Fermi level descends deeper into the O 2p
orbital with increasing Na extraction, as shown in Figure 3,
leading to the O,/H,0 redox potential approaching the O 2p
states of the oxides. Subsequently, the lattice oxygen
participation in the OER becomes thermodynamically
favorable.”® With increasing Na extraction from the lattice, it
can also be seen that O 2p states located below —2 eV increase
to mix with Co 3d, leading to enhanced covalency bonding
between Co and O atoms. The transition metal—oxygen bond
covalency is a reliable parameter to rationalize the OER
activity. The enhanced covalency has been suggested to
thermodynamically lower the energy barrier for OER and
facilitate the charge transfer between the transition metal and
the oxygen.”” Both the metallic feature and the strong covalent
bonding between Co and O observed in Na,CoO, allow it to
be a good OER catalyst.

X-ray Photoelectron Spectroscopy (XPS) and Fourier
Transform Infrared Spectroscopy (FTIR). X-ray absorption
near-edge structure (XANES) analysis was conducted to
elucidate the oxidation states variation of Co in Na,CoO,
due to the high sensitivity of the technique to the oxidation
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states of the transition metals. The XANES spectra of Co®" in
LiCoO, and Co**" in SrgCosO,; were collected as the
reference states, as shown in Figure 4a. The first derivative
of the XANES spectra of the Co K-edge is shown in Figure 4b.
It can be observed that Na,,5C0O, indeed has a higher average
covalence state than NaCoO,, indicating increased Co*'
concentration with Na extraction and that both samples have
oxidation states that are higher than Co®" and lower than
Co>®*. The separated peaks in Na,CoO, might suggest the
coexistence of Co>* and Co*". XPS of Na,CoO, was collected
to examine its surface chemical states. All of the spectra were
corrected by the relative position of the C1s before conducting
any further deconvolution. The deconvolutions of Co 2p XPS
were carefully performed based on the XANES analysis and the
relative change of Co*/Co>" was determined to rationalize the
evolution of weighted redox peaks in Na,CoO,. As shown in
Figure 4c, the two prominent peaks are identified as Co 2p;,
and Co 2p,, and result from the orbit-spinning splitting with
separation around A = 15 eV.>**' The main Co 2p;), peak is
deconvoluted into two central peaks, which are assigned to
Co*" and Co*.'>** Two satellites attributed to the Co d wave
functions are related to the charge transfer between Co and
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Figure 4. (a) XANES spectra of the Co K-edge in NaCoO, and Na,;3C00, with LiCoO, (Co®") and SrsCos0;5 (Co**) as references, and (b)
corresponding first derivative of the XANES. XPS deconvolution of (c) Co 2p, (d) Na 1s, and (e) O Is of Na,CoO, (x = 1, 0.75, 0.5, and 0.3, top
to bottom). Left and right insets in (d): diagrams showing face-shared (Na-fs) and edge-shared (Na-es) Na ions (purple spheres), respectively, in

Na,Co0,. (f) FTIR of Na,CoO,.

0.%* There is no noticeable peak shift of Co®* or Co*
between the Na,CoO, samples. It is of particular interest that
the relative ratio of Co**/Co*, which is quantified from the
deconvoluted peak area, increases with decreasing Na
concentration (Table 1), which follows from the increased
average valence states of Co with less Na in the lattice.'®

As shown in Figure 4d, the deconvolutions of Na ls in
Na,CoO, are fitted with two peaks located around 1071.3 and
1072.4 eV and interpreted as the two sites of Nal and Na2,
respectively, in the Na ionic layer. Nal and Na2 correspond to
the Na ions with edge- and face-sharing coordination,
respectively, as shown in the respective right and left inset
diagrams in Figure 4d.*” The Na ions edge-shared with the
CoOyq octahedra exist over the entire range of Na variation.
With decreasing Na content, the deconvoluted peak
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corresponding to the face-sharing coordination becomes
weaker, indicating possible structural evolution due to the
changed coordination, which might result in the lattice
distortion of the CoOg4 octahedra.

The XPS spectra of O 1s are deconvoluted into three peaks
labeled as O1, O2, and O3 in Figure 4e. The O1 peak is
typically associated with an oxygen—metal bond, indicating the
oxygen in the lattice. The O2 peak is assigned to adsorption
oxygen species and the low-coordinated oxygen ions. The O3
peak is commonly recognized as resulting from the carbon—
oxygen species. The formation of the O2 peak is interpreted as
indicating the presence of an oxygen-deficient environment
and is closely related to the oxygen defects. The quantified
01/02 ratio in Na,CoO, is provided in Table 1, and it is
found that a significant number of oxygen defects are
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in atmospheres with different O, concentrations.

predicated on increased Na deficiency. Oxygen vacancies exist
in most cobalt-oxide-based catalysts. It has been reported that
oxygen vacancies can promote surface reconstruction, increase
the activated sites, and speed up interface charge transfer
during OER activity.M*36 Therefore, the oxygen vacancies in
the Na,CoO, lattice could positively affect its OER perform-
ance.

Co*" with octahedral coordination is considered stable in the
spinel oxides. With Na extracted from the lattice, the Co
valence states inevitably increase to compensate for the charge
balance, resulting in expected lattice distortion of the
octahedra. Fourier transform infrared spectroscopy (FTIR)
can provide precise information regarding the deformation and
vibration of the Co—O bond. FTIR of Na,CoO, was
performed at room temperature, and the results are shown in
Figures 4f and S6. The observed bands are distinctly correlated
with the stretching vibration of Co—O and the bending mode
of O—Co—O0 in the CoOy octahedra. The absorption bands at
421 cm™" [Figure 4f] are closely associated with O—Co—O
deformation modes in the CoOg4 octahedra. The characteristic
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bands at 655 cm™ (Figure S6) are assigned to the Co—O
stretching vibration.””*”** With decreasing Na concentration,
the bands at 421 and 655 cm™' show apparent changes in
shape and line position, which are directly related to changes in
the bonding distance and angle of O—Co—O in the CoO,
sheets. The absorption bands at 421 cm™" are noticeably split
into two as Na is extracted, which is ascribed to increased O—
Co—O0 vibration energy due to the intrinsic lattice distortion in
the CoO, layer, as well as the increased Co** branch in the
CoOQg octahedra. The slight blue shift in the frequency matches
the decreased Co—O bond distance,"” which is induced by the
charge transfer accompanying the decreased Na concentration.
FTIR thus provides direct evidence that, with decreasing Na
concentration, changes in the sites occupied by Nal and Na2
lead to lattice distortion in the CoO, layers.
Electrochemical Properties. The electrochemical OER
activity of Na,CoO, was evaluated in a 1 M NaOH electrolyte
using a standard three-electrode configuration. The CV of
Na,CoO, is displayed in Figure Sa, in which three sets of
reversible redox peaks located at around 1.08, 1.25, and
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1.35Vyy are indicated by dashed lines. It has been suggested
that the redox peaks of 1.08 and 1.35Vyyp are nominally
assigned to hydroxide-mediated protonation/deprotonation
associated with Co**/Co* and Co**/Co* redox processes,
respectively.”®*”** The reason for the appearance of the
1.25Vyyg redox peak here remains unclear. Meanwhile, it is
noticeable that the redox peak located at around 1.35Vgpyg
disappears when the Na content approaches 0.3. The redox
peaks are straightforwardly related to the valence states of Co
and its electronic structure, while XPS deconvolution and
XANES analysis show that increasing Na extraction leads to an
increased intensity of the Co*"/Co®" spectra ratio and a higher
average oxidation state of Co, respectively. The relatively
increased Co*" in Nay;CoO, might thus deactivate the redox
peak at 1.35Vyyg.

The redox peaks in the reversible oxidation/reduction
process of transition metals (Ni, NiFe, and Co) typically
occur before the onset of OER.*"** A positive shift in the
position of the redox peaks accompanies improved OER
activity in most cases.”> Shao-Horn et al. also suggested that
such a positive shift reflects the redistribution of charge
between a substituting metal and a parent metal, promoting
the Gibbs free energy of adsorption and desorption toward
intermediate energy during the protonation/deprotonation
process, which is beneficial for improving OER performance.44
The phenomenon in which varied covalency states of Co are
induced by different Na concentrations prompts the question
whether Na directly affects the OER activity of Na,CoO,.

The calculated weighted redox peak centers for Na,CoO,
are shown in Table 1. No apparent shift is observed with
changes in Na concentration. Karppinen et al. suggested that
the charge imbalance in the CoO, layer would be compensated
by the oxygen vacancies once the average valence state of Co
(Co* and Co*") increases to a particular value.”> Although
both Na and vacancies directly modulate the average valence
state of Co, neither directly affects the electrochemical redox
reaction. The possibility of charge transfer between Co**, Co*,
and even Co®" during their protonation/deprotonation
processes is also excluded, consistent with the XPS results.
Increased Co** concentration might be inert in regard to
increased OER kinetics.

Co with CoOy octahedra coordination is critical to superior
OER performance in many Co-based spinel-structure oxides
and perovskites."® Density functional theory (DFT) calcu-
lations and FTIR suggest that Na variation influences the
electronic and coordination environment of CoOg octahedra.
It has been demonstrated that the holes transfer along the O—
Co—O chain in the CoO, layer, where the vacancies and the
lattice distortion also play critical roles. It could be speculated
that Na variation does not affect the electrochemical properties
directly but rather the electronic structure of Co in general and
that the oxygen vacancies and lattice distortion also reasonably
contribute to OER activity, which will be discussed in more
detail below.

Linear sweep voltammetry (LSV) was recorded in an O,-
saturated electrolyte, and the curves are shown in Figure Sb.
The current densities of Na,CoO, and IrO, were normalized
to their ECSA values. The catalytic activity of Na,CoO, was
found to be Na-dependent and the performance generally
becomes worse with reduced Na concentration, although
Nay,5C00, displays the best OER performance among the
Na,CoO, samples. Comparatively, IrO, exhibits the lowest
onset potential, but its activity becomes sluggish at high
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current density. The current densities of Na,CoO,, IrO,, and
Co;30, were also normalized to their geometric surface areas,
as shown in Figure S7a. The OER activity of Co;0, is shown
since this exists as an impurity phase in the highly Na-deficient
samples. Owing to its poor activity and minimal content in the
samples, the influence of Co;0, on the OER performance of
Na,CoO, is negligible. The best catalytic activity among the
Na,CoO, samples was found in Nay,;CoO,, which exhibits a
current density of 10 mA cm™? at an overpotential of 370 mV,
comparable to the performance of IrO,. The highest kinetics of
Nay;5C00, was also confirmed by the Tafel slopes displayed
in Figure Sc, which shows that Na,,;CoO, exhibits the lowest
Tafel slope of 49 mV dec™. To further rationalize the OER
activity of Na,CoO,, the charge-transfer resistance and the
electrochemical active surface area (ECSA) of each of the
samples are shown in Figure S7b and Table 1, respectively.
Although all of the Na,CoO, samples exhibit high charge-
transfer resistance at the interface, much higher than that of
NiFe (oxy)hydroxide,"”** Na,,sCoO, displays the lowest
charge-transfer resistance among the samples studied, as
indicated by the electrochemical impedance spectroscopy
curves shown in Figure S7b, which contributes to its low
onset potential and competent performance. Na,,5CoO, also
has high bulk electrical conductivity benefiting from its good
crystallinity and optimized Na concentration. Reducing the
charge-transfer resistance of Na,;5C00Q, at the interface would
thus provide an excellent opportunity to improve its catalytic
activity further. The Na-dependent ECSA of Na,CoO, is
presented in Table 1, and the corresponding double-layer
capacitance values of Na,CoO, and IrO, are shown in Figure
S7c. Rietveld refinement shows that Na extraction leads to
lattice expansion along the ¢ axis [Figure 1d and Table 1],
which is mainly contributed by the increased Na,O layer."’
Additionally, the CoO, layer is compressed due to reduced
Coulombic attraction between neighboring CoO, layers once
the filling degree of Na is decreased. The ECSA of Na,CoO,
exhibits a consistent dependence on the variable thickness of
the CoO, layer.13 The high OER activity of Nay;CoO,
benefits from its low interface charge-transfer resistance and
the large exposed surface area. The OER activity of
Na;;5Co00, is also highly stable, and its LSV curve maintains
its original potential and shape after S000 cycles [Figure Sd],
which should be ascribed to the catalyst’s layered structure and
good crystallinity.

pH Dependence and Mechanism of OER. The DFT
calculations in Figure 3 show that Na,,;CoO, has improved
Co—O covalency and specific electronic states with a strong O
2p characteristic near the Fermi level, which could make the
lattice oxygen active in the OER process.”® To reveal the
reaction mechanism of OER in Na,,;Co0O,, the pH depend-
ence of its OER activity was also studied. Figure Se shows that
the OER performance of Naj,5CoO, on the RHE scale
increases with increasing pH value of the electrolyte. This same
phenomenon was observed in other Co-based perovskites
SrCo0O; and PrjBay CoOj;, indicating that the lattice oxygen
atoms are activated.””*> The lattice oxygen shows comparable
kinetics with Co sites when the Fermi level descends deeper
into the O 2p orbitals. In contrast to the conventional OER
mechanism that involves proton—electron transfer steps
(hydroxide deprotonation, peroxide formation, peroxide
deprotonation, and hydroxide regeneration) in concert at the
surface metal site, the OER reaction with lattice oxygen
participation is suggested to involve a decoupled proton—
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electron transfer process. There are several possible mecha-
nisms of pH dependence related to different rate-determining
steps, and the explanations are also material-dependent. For
Naj;5Co0, with strong metal—oxygen covalency, the rate-
determining step is proposed to be the deprotonation of
surface hydroxyl at the lattice oxygen site. The reaction route is
described as

O-Co-OH+OH - 0-Co-0 +H,0

O - Co— O +20H"
- 0 —Co— 00 + 2 +H,0

O0-Co-00 - 0—-Co—-V, +0, +e"
and
O-Co-V,+OH - O—-Co—OH+ e

This reaction route shows that the lattice oxygen actively
participates in the OER reaction. The oxygen vacancies and
oxygen motion in the lattice play an essential role during the
protonation/deprotonation process. To validate the effects of
lattice oxygen on OER, Na,;5CoO4 samples were obtained by
annealing Na;,;CoO, in atmospheres with different O,
concentrations. It has been demonstrated that oxygen
vacancies and lattice oxygen in metal oxides are controllable
when annealing in different oxygen concentrations.*” As shown
in Figure S8, the strong oxygen-concentration dependence of
the electrical conductivity confirms that oxygen concentration
in the lattice can be manipulated by controlling the annealing
atmosphere, and further that the electrical structure is also
directly affected. The OER performance of Na,,sCoOy also
displays a strong dependence on the variation of the O,
concentration, as shown in Figure 5f. It is thus evident that
oxygen vacancies or lattice oxygen can directly affect OER
performance. Although the oxygen vacancies have been
demonstrated to be important for the surface reconstruction
or charge transfer for the OER and synergistic effects from Na
nonstoichiometry and oxygen vacancies are also expected,
more efforts are needed to clarify their effects in the oxides
with strong metal—oxygen covalency.

Activation Energy. It has been previously demonstrated
that the energy barrier for OER could be reduced when the O
2p position in the Fermi level approaches the O,/H,0O redox
energy. The activation energy can be fundamentally helpful in
confirming this. The Na,CoO, energetics were investigated by
exploring the temperature dependence of their catalytic
activity.”””' LSV curves were recorded from 25 to 45 °C
and are displayed in Figure S9, which shows that OER activity
exhibits noticeable improvement with elevated temperature,
indicating that the activation energy is thermodynamically
temperature-sensitive. The activation energy (E,) for OFER is

dlog(j
calculated by the Arrhenius relationship, agf ) = —ZiﬂR;

T
where jo, T, and R are the exchange current density, ambient

temperature, and the universal gas constant, respectively, as
shown in the insets of Figure S9. The composition-dependent
activation energy of Na,CoO, is shown in Figure 6a and
provided in Table 1, and it exhibits an inverse dome shape with
the lowest activation energy of 18.8 KJ mol™" observed in
Nay,5C00,, nearly approaching that reported for IrO,.>* Such
a low activation energy verifies that Nay;5Co0O, is highly
energetic, making it a good OER catalyst.
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Figure 6. (a) Activation energy of Na,CoO, as a function of the Na
concentration. (b) Comparison of ORR activity between Na,,sCoO,
in O,- and Ar-saturated electrolytes, Co;0,, and Pt/C.

Oxygen Reduction Reaction. Many Co-based spinel
oxides display adequate ORR activity for potential application
in fuel cells and metal—air batteries. The features of Co in
Na,Co0,, including its strong Co—O covalency and low spin
states in octahedral coordination, inspired us to explore the
ORR activity of these catalysts, particularly since this has rarely
been reported previously. The ORR catalytic activity of
Na,CoO, was experimentally determined in an O,-saturated
electrolyte. As shown in Figure S10a, Na,CoO, exhibits
significantly improved ORR activity compared with that of
Co;0,, and Na,,5Co0, displays the best ORR performance
among the Na,CoO, samples. As shown in Figure 6b, intrinsic
Na;,5Co00, exhibits no activity in an Ar-saturated electrolyte.
In contrast, its apparent ORR activity accompanying an
increased diffusion limit of its current density is observed in the
O,-saturated electrolyte. Naj,;CoO, exhibits a half-wave
potential of 0.74Vyyg, making it competitive with other Co-
based catalysts for ORR.*’ Additionally, this ORR process
shows high selectivity of O, to H,O with an electron transfer
number of 3.86 as rationalized by Koutecky-Levich plots
extracted from the rotation-speed-dependent ORR activity of
Na,;5C00, at different potentials [Figure S10b,c]. It should be
noted that the ORR activity of Na,,sCoO, still falls far behind
that of the state-of-the-art Pt-based catalysts [Figure 6b],
which presents a considerable challenge to improve its activity
further. Such improvement in the catalytic activity of
Nay;5Co0, for ORR can be anticipated by modulating its
spin states or employing bimetal substitution to optimize its
Co—O covalency.
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B CONCLUSIONS

Bulk polycrystalline Na,CoO, samples with different structures
corresponding to varied Na concentrations were successfully
synthesized. The evolution of the crystal structure and
hybridization of the Co 3d and O 2p orbitals induced by
changing the Na concentration is well understood. It was
revealed that increased Co** concentration or a higher average
oxidation state of Co is inconsequential to the OER activity of
Na,Co0,, but the Co—O bond and the electronic structure of
O 2p near the Fermi level, as well as the lattice distortion in the
CoOyg octahedra detected by TEM and FTIR, were found to
contribute to such activity. Although DFT calculations and the
dependence of OER activity on both pH and oxygen
concentration strongly suggest that lattice oxygen is also
critical to the OER reaction mechanism and catalytic sites in
Na,Co0O,, more efforts are needed to clarify the proton—
electron transfer process. Naj,CoO, in particular displays
superior OER activity compared to noble-metal-based
catalysts, which is ascribed to its strong Co—O covalent
bonding, larger electrochemical surface area, low charge-
transfer resistance, and low activation energy. Additionally,
the structure and electrochemical merits of Na,CoO, provide a
solid foundation upon which its ORR activity can be further
improved to reach the state-of-the-art.
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