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Abstract

The oxygen evolution reaction (OER) is a critical step for sustainable fuel production through
electrochemistry; however, enhancing the reaction remains a formidable challenge due to many
fundamental limitations inherent to the limited reaction sites and their electronic configuration.
Here, we developed a unique Co304 (111)-faceted nanosheet with the highest possible density
of the active sites of octahedrally coordinated Co?". Strikingly, such a facet configuration leads
to an oxidized oxygen state in contrast to standard Co-O systems, as evidenced by high-
efficiency resonant X-ray inelastic scattering and theoretical calculations. Such a novel
configuration with high density active metal sites and activated oxygen states leads to about
approximately 40 times higher OER current density at 1.63 V (vs RHE) than commercial RuOx.
This work demonstrates an effective optimization of both the metal and oxygen states for OER
through facet engineering and provides fundamental explorations on the novel reaction

mechanism.
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1. Introduction

Modern energy applications rely heavily on an efficient oxygen evolution reaction (OER) to
achieve sustainable energy conversion and storage'?. Unfortunately, even state-of-the-art
catalyst materials display sluggish OER kinetics due to some principal limitations of
conventional catalytic systems®. The conventional catalytic concept relies on metal reaction
sites that are shared by the reaction intermediates, which leads to the so-called scaling
relationship limit (SRL)* Optimizing the ORE catalyst thus becomes a formidable challenge
because such a limitation is fundamental and difficult to break unless new concepts of reactions
can be realized>.

There are conceptually two major approaches to address this critical kinetic issue, both of
which increase the density of active sites simultaneously: one is based on dual transition metal
active sites that are correlated with each other to break the SRL*, and the other is to involve
lattice oxygen in the ORE reaction®. For the mechanism based on single metal active sites
(Eley—Rideal, ER-type mechanism), maximizing the number of metal active sites is the only
solution but still results in O—O bond formation as the rate-determining step'-’. In the case when
two metal active sites are close enough to break the SRL, direct formation of the O—O bond
would boost a much faster mechanism (Langmuir-Hinshelwood, LH-type mechanism).?
However, LH-type mechanisms are not common in oxide catalysts, as two metal cations are
always spatially separated over a large distance by oxygen anions’. Recently, directly involving
the lattice oxygen of the catalytic material has been proposed to be a promising way to
circumvent the fundamental limitation through a lattice oxygen mediated reaction mechanism
(LOM)'°, In reality, the transition metals and oxygen in oxide-based OER catalysts are always
hybridized in their electron states, which becomes an important factor to tailor the local cluster
of both metal and oxygen toward an optimum state for OER'!. Therefore, lattice oxygen usually
has to cooperate with adjacent metal active sites to activate the LOM. In this regard, the
optimization of nonprecious metal oxide-based OER catalysts involves both the metal and
oxygen states, i.e., increasing the density of metal active sites and enabling lattice oxygen
activities, which is critical for both practical demonstrations and fundamental breakthroughs.
Co0304, one of the 3d transition metal-based OER catalysts with potentially high OER activity
12 has become one of the best candidates to explore the practical and conceptual optimizations
of both the metal (Co) and anion (O) states through surface engineering. First, Co3O4 is an
important technological material and is known to have strong facet-dependent properties'?,

which provides a platform for tailoring the Co and O states for various energy conversion
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applications, such as Li—O: batteries'*, Zn—air batteries'>, supercapacitors'®, oxygen reduction
reactions (ORRs)!'7, and especially OER catalysts, through morphology control and facet
engineering'®!°. Second, different Co304 facets conceive distinctive surface topographies,
atomic arrangements, and electronic structures, which are directly relevant to the OER
activities. Zhang et al. noticed that each facet of spinel Co3O4 has its own most stable surface
configuration; in particular, the distribution of Co?* and Co** is facet-dependent 2°. According
to theoretical and experimental studies, octahedrally coordinated Co’" is more efficient than
tetrahedral Co?" in the OER 2!22, Although Su et al. suggested that the OER activity of different
facets of Co304 is on the order of (111)>(112)>(110)>(001) based on experimental results,
which is consistent with the work of Liu et a/>3*, Han et al. pointed out that the (112) facet
terminated with Co** would exhibit superior OER activity over the (111) facet when it tends to
contain tetrahedrally coordinated Co?* sites?>. Most (111)-faceted crystals terminate with the
mixed combination of Co?* and Co*" due to thermodynamic stability®. A facet that exclusively
contains Co** is optimum for OER; however, it remains challenging to achieve. In addition to
practical optimizations, realizing such a facet will completely change the conventional Co-O
electronic configuration for the OER, as shown later in this work, which provides an important
candidate for fundamental studies.

In this work, we have successfully synthesized (111)-faceted Co3Os4 nanosheets that are
exclusively terminated with Co** through a facile and template-free alkaline flux method for
the first time. The geometrical structures, including octahedral coordination and short Co-O
bond length (1.90 A), are determined by the extended X-ray absorption fine structure (EXAFS)
and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM). More interestingly, the unique facet configuration induces spontaneously oxidized O
states, which are well confirmed by resonant inelastic X-ray scattering (RIXS), X-ray
absorption fine structure (XAFS), and density functional theory (DFT) calculations. Our Co304
material exhibits 40 times higher OER activity than commercial RuOz, and it is also 40 times
higher than that of nonfaceted Co304 nanosheets with a 30 times smaller surface area. Aided
by DFT calculations, the greatly improved performance could be understood by both the
increased surface Co** density and the involvement of oxygen anions as independent active

sites in the OER process.

2. Resultsand discussions

2.1 Methodology of material design and synthesis
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The typical crystal structure of spinel Co3Os is provided in Figure 1a, showing that Co**
(brown) is located at tetrahedral sites, while Co** (blue) is located at octahedral sites. The (111)
facet, which exclusively contains Co*", is demonstrated in Figure 1b with a plane view and
side view. It is a connection network of edge-sharing Co-O octahedron, mimicking those of
highly active layered transition metal (oxy) hydroxides (-OOH).2¢ Thus, this termination has
reached the ultimate atomic density of Co®" in the limitation of the spinel structure. The
distance of two adjacent Co** is in the range of ~0.28 nm, which is supposed to be short enough
for the two-site cooperated LH-type OER mechanism, as discussed above.!! As Han et al. point
out, obtaining a (111)-faceted surface containing exclusively Co** is a formidable challenge 2°,
since the (111) facet tends to expose tetrahedral Co?* for structural stability. Therefore, to
obtain Co**-exclusively (111)-faceted Co3O4, we deliberately designed a unique but facile
molten alkaline flux method. The synthesis procedure is illustrated in Figure 1c. By using
NaOH (melting point, 318 °C) as the capping reagent, the molten flux promotes the formation
of well-defined faceted crystals?’. In the extremely strong alkaline growth environment, the
facet with the highest acidity, that is, one of the (111) facets terminated with the highest atomic
packing density of Co**, has the strongest absorption with OH". In this regard, the growth of
the (111) facet is prohibited due to absorption with OH, resulting in strong anisotropic growth.

b
. an ®) Co;0, (111) exclusively terminated
'

with octahedral Co®*

(a)

¥ o1 o

[ ] 4 ;__.______-,_l‘u_;lli -

20 ‘ Side view of surface Plane view of surface

(c)

—

- .
e " B E A

Octahedral Tetrahedral
OER active OER inactive
Co?* (3d%) Co?*(3d") Pt crucible 400°C/12 hours (111)-faceted Co,0,

»

Figure 1. (a) Crystal structure of spinel Co304 with Co**-occupied octahedron and Co?'-
occupied tetrahedron, with red for O, blue for octahedral Co, yellow for tetrahedral Co; (b)
Atomic arrangement of (111) fact terminated exclusively by Co**; (¢) The procedure of molten
alkaline flux method applied in this work.

The morphology of Co304(111) is observed to be hexagonal nanosheet-like, as shown in the
SEM image in Figure 2a. The Co304(111) nanosheet is very thin in the nano range of 10-50
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nm, giving the light contrast in the TEM image (Figure 2b). The average length is
approximately 2 wm, with a broad distribution of 100 nm-3 um. As elucidated in Figure 2c,
the observed smallest lattice spacing of the Co3O4(111) nanoplate surface is approximately
0.140 nm, which is attributed to the d spacing of the (-440) crystalline plane. Another lattice
spacing of 0.140 nm with an interfacial angle of 60 degrees to (-440) is also observed, which
is indexed to the (-404) crystalline plane, indicating that the projected direction is along [111].
Furthermore, the fast Fourier transform (FFT) patterns in the inset of Figure 2c confirm that
the exposed surface of the Co304(111) nanoplate has a (111) facet and single crystalline nature.
It should be noted that d(111)=0.140 nm (corresponding to a=b=c=7.92 A) is slightly smaller
than 0.143 nm for the standard Co3O4 (Cubic, space group of Fd-3m, PDF card 01-080-1541,
a=b=c=8.0837 A). The phase of the Co304(111) sample prepared by the molten alkaline flux
method is then confirmed by the XRD pattern (Figure 2g). Compared to the standard Bragg
positions of Co30s, the peak intensities of (111) and (222) of Co0304(111) are dramatically
enhanced in the absence of others. The peak position of (111) is 26~19.78° for Co304(111),
slightly larger than 19.00° for the standard one, indicating a smaller lattice parameter
a=b=c=7.78 A, which is consistent with the STEM-HAADF result (7.92 A). The lattice
shrinkage observed in Co304(111) may be associated with the exclusive exposure of Co®" with

a smaller ionic radius than Co?".
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Figure 2. Morphology and structures of the as-prepared samples. a) SEM image of
Co0304(111); b) BF-STEM image of Co304(111); ¢c) HADDF-STEM image of Co304(111), and
the inset is the corresponding SAED pattern by fast Fourier transform (FFT); d) SEM image of
Co0304(ref); ) BF-STEM image of Co3Ou(ref); f) HADDF-STEM image of Co3Oa(ref); (g)
XRD patterns; (h) Raman spectra.

For comparison, a nonfaceted Co3O4 nanosheet is also prepared by a traditional precipitation

method, named Co3Oa(ref). In contrast, the Co3Oas(ref) sample has a typical spinel structure of
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Co0304, as shown in Figure 1b, agreeing with other reports with consistent peak positions and
peak intensities?®?. Figures 2d and 2e show that Co3O4(ref) has a similar nanosheet
morphology, but they are ~30 nm in thickness and ~200 nm in length, which are smaller and
enriched with more micropores compared to the Co304(111) sample. Several different lattice
fringes are observed in the HADDF-STEM image (Figure 2f), suggesting that the Co3Ou(ref)
nanosheets are polycrystalline, contain many nanoparticles and have a nonfaceted feature.

To further confirm the above observations on the morphology and surface structure, HADDF-
STEM was conducted on many different areas of Co304(111) and Co3O4(ref). As shown in
Figure S1, all the measured surface areas of Co304(111) nanosheets are exposed to the (111)
facet, even including the near-edge areas. For the polycrystalline Co3Oa(ref) sample, facets are
exposed with no preference (Figure S2).

Vibrational modes of Fag! (190.4 cm™), Eg (472.5 cm™), F2¢2 (514.9 cm™), Fag® (606.0 cm™)
and A1 (678.8 cm™!) are observed in the Raman spectra of Co304(111) and Co3Oa(ref) samples
(Figure 2h), confirming their Co304 spinel structure’®. The mode at Fag! (190.4 cm™) is
attributed to a translation along the Co—O bond, with Co and O atoms moving in opposite
directions in the tetrahedral sites (CoO4). Eg (472.5 cm™) is related to the out-of-plane
symmetric bending of the oxygen atoms that connect tetrahedrons and octahedrons 3!. The band
at F2¢2 (514.9 cm™) is attributed to asymmetric stretching vibrations of Co—O in the octahedral
site 32. F2g® (606.0 cm™!) is related to asymmetric bending vibrations of oxygen atoms in
octahedral sites (CoQOs). The Aig (678.8 cm™!) mode corresponds to the in-plane symmetric
vibrations perpendicular to the c-axis in the tetrahedral and octahedral sites. The disappearance
of tetrahedral-related F2¢' and the enhancement (and broadening) of octahedral-related Fag®
observed in Co0304(111) indicate that the tetrahedral coordinated Co?* disappears and
octahedral coordinated Co** is exclusively exposed on the surface of Co304(111). It should be
noted that although both Raman spectra and XRD patterns are not surface-sensitive, the strong

signal from the surface of the Co304(111) nano sheet covers the weak signal from the inside.

2.2 OER performance and mechanisms

The efficiency in the electrocatalytic OER is first characterized by linear sweep voltammetry
(LSV) with a scan rate of 5mV s™! in a 1 M NaOH electrolyte. Different normalization methods
were applied to normalize the obtained current density (j). Figure 3a shows the LSV curves
normalized by the geometric area of GCE. The value for j at overpotential (=400 mV) is 45.6
mA cm?, 24.1 mA cm?and 37.8 mA c¢cm™ for Co304(111), Co3O4(ref) and commercial RuOz,
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respectively (inset of Figure 3a), indicating that the highest OER efficiency is achieved on
C0304(111). n@j=10 mA cm is a general parameter applied for evaluation, which is valued
at 349 mV, 366 mV and 340 mV for Co304(111), Co304(ref) and RuO2, respectively, in good
agreement with the above result. Excitingly, it is observed that all as-prepared Co3O4 samples
have very small Tafel slopes, as shown in Figure 3b. The smallest value (54 mV dec’!) is
observed in Co304(111), indicating faster OER kinetics and a possible transition of rate-
limiting steps. This result can be further confirmed by the Nyquist plots in Figure 3c, with a
polarization resistance (Rp) under an applied voltage of 1.6 V vs RHE of 80 2, 116 Q and 108
Q were obtained for Co304(111), Co3Oa(ref) and RuO2, respectively. The smallest polarization
resistance further confirmed the best conductivity and fastest electron transfer in Co3O4(111).

The incredibly high OER activity of Co304(111) can be confirmed by a comparison of OER
performances from state-of-the-art Co3O4 electrocatalysts (Table S1). By a comprehensive
consideration of both 7@;=10 mA c¢m and Tafel slope, we can see that Co304(111) in this
work is the best one ever reported. It even performed better than some Co304 electrocatalysts
that were tested on Ni foams, although 3D porous Ni foam always leads to a better performance
with good electrical conductivity (accelerating the diffusion of electrons), high specific surface
area (conductive to the dispersion of the catalysts) and porous structure (diffusing the generated

gas in a timely manner) 3.

( ‘l- | = Co0,0, (111} | (b)dm_ +Co,o,|(111; (c) —8-Co,0, (111)
g — Co,0, (ref) . -a-Co0,0, (ref) 60 | —&—C0,0, (ref)
E 60 - —Ruo, E [ =-Ruo, 54 mV dec! | —¥RuO, |
g el ‘ & 40 .
g 40 - 40 E + 78 mV dec i |
‘g - §_ 320 | ‘
g | 5 | 20| .
E | plAPI] O og0 ! 82 mV dec! N L |
0 I 3 " [ 1 ] 0r 1 R ]
1.4 1.5 16 1.7 0.0 04 0.8 1.2 0 40 80 120
E-iR (V vs RHE) logj (mA/em?) Z(Q)
(d) 80 — € | —1 (g) (h) b T h0mvsT
— €040, (111) = apl B oo — 100mvs”
- —— €040, (ref) e i o G f\'g —— s0mvs’
E 60 - — RuO, { ~.E. .40' E 60— pH=13 5 40 —— s5mvs"
s B < —— pH=12 E C0,0,(111) !
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- t o o L mvV's
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[ w 10! 2 5 |— s0mvs’
0 , E =0 £ 40— smys’
I I 1 Uﬁ ,1, - .1 .5. .1.6. S Co,0,(ref)
8 . : 6 = _
4 15 18 L Co0,0,(111) Co,0,(ref) E-iR (V vs RHE) 13 14 15 16 17

E-R (V vs RHE) E-iR (V vs RHE)

Figure3.a) LSV curves of as-prepared samples and commercial RuOz2, with the current density

normalized by electrode area; inset is the j@n=400 mV based on Figure 4a; b) Tafel plots
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calculated from LSV curves normalized by electrode area; c) Nyquist plots measured at 1.6 V
vs. RHE; d) LSV curves normalized by BET surface area of electrocatalyst; inset is the
Jj@n=400 mV based on Figure 4d; ¢) BET surface area; f) Double-layer capacitance (Car); g)
LSV curves of Co304(111) testing in different pH valued electrolyte; h) LSV curves with
different scan rates.

Actually, as pointed out by many researchers, to compare the performance of catalysts, the
current density normalized by the Brunauer—-Emmett-Teller (BET) surface area is most
accurate, as it reflects the intrinsic activity of the catalyst**. Figure 3d displays the LSV curves
with the current density normalized by the surface area of electrocatalysts, which were
calculated based on the BET surface area and the total mass of dosage. The BET surface areas
for Co304(111) and Co3O4(ref) are 3.4 m*/g and 97.5 m*/g, respectively (Figure 3e, Figure
S3). It is impressive that the BET surface area of Co304(111) is more than 30 times lower than
that of Co3Oas(ref). However, Co304(111) remarkably exhibits an overwhelmingly high
intrinsic OER activity that is 40 times higher than those of Co3O4(ref) and even RuO:2 at a
current density of 400 mV (inset of Figure 3d). The impressive OER activity of Co3Os(111)
can be verified by its high electrochemical active surface area (ECSA). The ECSA is positively
related to the double-layer capacitance (Ca), which can be calculated by a cyclic
voltammogram (CV) method collected in the region of 1.2-1.3 V vs RHE with different scan
rates (Figure $4). As shown in Figure 3f, the Cai of Co304(111) is 18.0 mF cm™, two times
higher than that of Co3Oa(ref).

Furthermore, Co0304(111) exhibits an extremely strong pH-dependent characteristic, as
indicated by the LSV curves in Figure 3g, implying a nonconcerted proton—electron transfer-
related OER mechanism?®. Another interesting point is that some oxidation peaks appeared in
the LSV curves for Co3O4(ref) when scanned at a high rate, but they were undetectable for
Co304(111) (Figure 3h). Basically, the collected current in a system includes faradic current,
charging current, and redox current. The Faradic current is fixed with the scan rate, while the
charging current is proportionate to the capacitance (fixed) and scan rate. Increasing the scan
rate induces a highly charged surface and extra potential to the system, triggering the
oxidization of Co** to Co®" on the surface. As observed, there is no oxidation peak in

C0304(111), which provides additional evidence that it has negligible Co?" on its surface.

2.3 Electronic structure characterization and analysis
The XANES spectra of the Co K-edge, which are sensitive to the Co valence states, are
provided in Figure 4a. The energy positions of Co304(111) and Co3O4(ref) are blueshifted
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compared with that of Co foil (metal), confirming their relatively higher Co valences. The edge
position of Co304(111) is higher than that of Co3Oa4(ref), indicating increased oxidation of Co,
which is consistent with all results above. However, the EXAFS spectra show significant
differences between Co3Ou4(ref), Co304(111) and Co foil (Figure S5). By comparing the
EXAFS spectra in R space of Co3Oa(ref) (Figure4b) and Co3O4(111) (Figure4c), it is obvious
that the third path is almost absent for Co3O4(111). According to the fitting results (Table S2),
the first path is bonding of octahedral or tetrahedral Co to lattice O (Co-O); the second path is
bonding of octahedral Co to octahedral Co (Co-Cooct), while the third path is octahedral Co to
tetrahedral Co (Co-Coret). Thus, the absence of the third path Co-Coret indicates that the
contribution from tetrahedral Co (Co?") is dramatically decreased in Co304(111). Moreover,
the bond length (R) of Co-O is shortened, and the coordination number (#) is increased in
Co304(111). This hard experimental evidence is reliable to confirm that Co3O4(111) is
exclusively terminated with octahedral coordinated Co**, while the tetrahedral Co** with low
coordination and oxidation is negligible. The EXAFS wavelet transform (WT) plot (Figure4e)
shows well-defined circular intensity maximums for Co304(111) with the predominance of
octahedral Co**, in contrast to the early moon shape observed in Co3O4(ref), which has two

kinds of Co (octahedral Co** and tetrahedral Co?") in Co3Oa(ref).

16 . .
(a) : - Observed
— —Fitted -
E:L 12 Co0 1)
o |
N 08
© |
€ 04/ €0,0,(111)
S | Cos0,(Ref)

0.0 ! Co Foil

7700 7720 7740 7760 0 2 4 6 8 10 0 2 4 6 8 10
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Co Foil Co,0,(Ref) C0,0,(111)
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Figure 4. a) Normalized Co K-edge XANES; b) Co K-edge EXAFS for Co3O4(ref), shown in

R-space (FT magnitude). The data are k&* weighted and not phase-corrected; ¢) Co K-edge
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EXAFS for Co304(111), shown in R-space (FT magnitude).; ) Wavelet transform (WT) for
the k*-weighted Co K-edge EXAFS. The data are k* weighted and not phase-corrected.

The XANES spectra of the Co L edge collected by the total electron yield (TEY) with a probe
depth within 10 nm are shown in Figure 5a. According to the dipole selection role, absorption
peaks in the Co L edge spectra represent the electron transition from 2p orbitals to the
unoccupied 3d states. Co3O4(111) manifests a very different spectral feature compared to
Co0304(ref), with a much weaker peak at 778 eV and a small energy shift toward a higher energy
of the main peak at approximately 780 eV, both indicating an increase in the overall Co
valence®. A careful comparison with the calculated XAS spectra suggests that Co cations on
the surface of C0304(111) are mainly identified as octahedrally coordinated Co’" in the
intermediate spin (IS) state (3d°, t2g>eg!)*®. In contrast, the majority of Co cations on the surface
of Co304(ref) are tetrahedral coordinated Co?" in the high spin (HS) state, together with a
minority of Co*". This result is in good agreement with the conclusions obtained from STEM
and XRD that Co304(111) is exclusively terminated by octahedrally coordinated Co*".

In the O K-edge XANES (Figure5b), the so-called O-K preedge at approximately 528-538 eV
is dominated by Co 3d characteristics through hybridization effects®’. It is observed that there
are two overlapped features for Co304(111), in contrast to only one peak for Co3Oa(ref). This
phenomenon is associated with the different spin configurations of Co from the two samples.
As mentioned above, Co3Oas(ref) mainly contains tetrahedral Co®" in the HS state (3d’, eg*t2g?).
Only the transition from the 1 s to tzg states is detectable as eg orbitals are fully occupied,
resulting in a single broad peak. In the case of Co304(111), transitions from 1 s to partially
occupied t2g and e states are detectable for IS Co** (3d®, t2g’e;!), ending up with two peaks in
the preedge. The advantages of octahedral IS Co*" with unit eg occupation in OER have been
well recognized as an optimal electronic structure with moderate adsorption/desorption
strength and fast electron transfer for OER?*®. Figure S6 compares the XANES spectra in the
TEY and TFY (total fluorescence yield with a probe depth of approximately 100 nm) modes,
which are generally similar, indicating that the majority of the signals are dominated by surface
contributions even for the TFY mode due to the nanosheet nature. Another contrast is that the
leading edge of the Co304(111) O-K spectra is lower in energy than that of Co3O4(Ref). This
further indicates the increased overall valence state of Co that is represented in the relative
energy shift of the O-K preedge feature?’, which is consistent with the Co-L spectral analysis.
Therefore, the unique (111)-faceted termination leads to a relatively higher oxidation state of

Co with an intermediate spin state, as consistently shown by both the Co-L and O-K spectra.
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Figure 5. a) XANES spectra of Co L-edge in TEY mode; b) XANES spectra of O K-edge in
TEY mode; ¢) mRIXS of O K-edge of Co304(111) and Co304(ref); d) Intensity of RIXS cuts
around excitation energy of 532.5 eV extracted from mRIXS in Figure 5c; e) and f) PDOS of
Co304(111) and Co30a4(ref), respectively.

In general, a highly oxidized oxide system naturally enhances the hybridization between the
metal (Co) and oxygen?’. It is thus interesting to see whether the unique facet configuration has
also triggered oxygen state evolution that is relevant to OER activities. As elaborated above, O
K-edge XANES signals are dominated by Co characteristics, so intrinsic oxygen state variation
could be buried with no clear signature®’. We therefore employed the state-of-the-art high-
efficiency mapping of RIXS (mRIXS), which has been established recently to be the tool of
choice for detecting oxidized oxygen in various metal oxide systems**-*?, Briefly, typical metal
oxide systems with standard O* states display broad and strong features from Co-O
hybridization states at an emission energy of approximately 525 eV (x-axis of Figure 5¢)*,
corresponding to the dominating prepeaks of the O-K XANES spectra; however, if oxygen
deviates from the standard divalent state, fingerprinting features different from the broad 525
eV emission energy, often approximately 523-524 ¢V, will appear in mRIXS*. As shown in
Figure 5c, while Co3O4(ref) displays the expected broad Co-O hybridization features along
525 eV emission energy, a weak but clear feature emerges for the Co304(111) emission energy
of approximately 521.5 eV (red arrow in Figure 5c), indicating a nondivalent state of the
oxygen. The contrast could be better seen by the individual RIXS cuts at an excitation energy

of approximately 532.5 eV, which is plotted in Figure 5d. It is interesting to note that the
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energy values of this feature are different from the highly oxidized oxygen in battery electrodes

charged to high voltages*!-*

, which is likely due to the fact that the novel oxygen state in the
Co0304(111) system is a spontaneous result of the (111) termination itself, not a highly oxidized
state from electrochemical cycling. The direct interpretation of these mRIXS features remains
a grand challenge and a future topic of study; however, it has been observed that reference
molecular systems of oxidized oxygen indeed display low (less than 525 eV) emission energy
features***, and the contrast between Co304(111) and Co3O4(Ref) directly shows the different
oxygen states induced by the unique facet configuration.

Figure 5e shows the calculated density of states (DOS) of the Co304(111) and Co304(Ref)
systems. The DOSs are calculated after geometry optimization of the structure of a standard
Co304 unit cell for Co304(Ref) and an O-terminated symmetry slab containing Co15024 for
modeling the surface of Co3O4(111), with a 15 A vacuum region between the layers in the z
direction to avoid interaction between periodic interlayers. The strongest contrast between the
two systems is the low-energy unoccupied states in the 0-2 eV range, with strong p-d
hybridization emerging in Co3O4(111). This result is consistent with the O-K XANES
observations on the lower-energy leading edge of Co304(111), as discussed above, indicating
the validity of our calculations. Apart from the emergence of p states near the Fermi level, the
coexistence of the electron-depleting areas around the O atoms in the calculated electronic
density difference (DEE, shown in Figure S7) further confirms the oxidized states of oxygen
in Co304(111). In addition, the overall hybridization of Co3O4(111) (Figure 5€) is obviously
stronger than that of Co3O4(Ref) (Figure 5f), which is expected according to the spectroscopic
data results that the Co0304(111) system displays an overall higher Co oxidation state.
Remarkably, these DOS values close to the Fermi level of Co304(111) are spin polarized,
which is energetically favorable with 0.1 eV energy lower than in the case when their spin is
set to antiparallel. As we have proposed previously that the three of four electrons being
transferred during OER are spin paralleled'!, this spin polarized conductive state in Co304(111)
can work as a spin gate to align the first three electrons in the same spin direction, facilitating
electron transfer and thus having the possibility of postponing the rate-determining step

(RDS)* To verify this theory, one possible mechanism is explained in the following.

2.4 Possible Oxygen Involved M echanism
As stated above, it is convincing that the active site number of Co304(111) nanosheets has

reached the ultimate limitation that can be achieved in a normal spinel structure. The first class
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is the metal active site Co®" in the IS state, which is extremely OER active, as already approved
by many works!13:16:2438 ' These metal active sites may also collaborate for faster kinetics, as
the distance between Co-Co is short enough (~2.8 A) to boost a rapid LH-type mechanism. The
second class is the oxidized oxygen, which could also serve as independent OER active sites

based on the following analysis.
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Figure6 a) Surface Pourbaix diagram for Co3Oas(111) obtained from DFT+U calculations. The
potential is positively charged relative to the normal hydrogen electrode (NHE). No surface
coverage is favored in the dark gray area; 25%, 50% and 100% of the surface is covered by
OH- in the light gray, orange, and cyan areas, respectively, while 100% coverage of O is
favored in the blue area. b) Reaction intermediates and pathways of the independent lattice
oxygen mechanism (I-LOM). c) Free energy diagram for the [-LOM calculated with DFT+U.

First, the surface Pourbaix diagram is calculated to determine the relative stable termination as
a function of applied potentials U and pH values. As shown in Figure 6a, the Co3O4(111)
surface favors oxo coverage when the pH is 14 and U is beyond 0.7 V, which is much lower
than that of (001)-faceted Co3O4 (pH=14, U beyond 1.2 V).*’ This result implies that
Co0304(111) is capable of accommodating oxo species on its surface. Then, oxidized oxygen

with spin polarization (denoted as *O) on the surface of Co304(111) should be very OER active
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with a much more rapid mechanism. As demonstrated in Figure 6b, the overall reaction
occurring on an independent oxygen is composed of four electrochemical steps: the oxidized
O (*0), the hydroperoxide (*OOH), the superoxide (*OO), and the hydroxyl (*OH)
intermediates. For the transformation of *OO-to-*OH, a transient state of a surface with oxygen
vacancies is considered. The corresponding structures used for calculation are provided in
Figure S8, and the standard Gibbs free energy diagram is shown in Figur e 6¢. The step heights
in the results of the thermodynamic calculations correspond to 4G, and the largest step height
(0.41 V) shows that *OH-to-*O is the overpotential-determining step for Co3O4(111). The
adsorption of OH" is no longer the rate-limiting step, in agreement with the small Tafel slope
value (54 mV cec™!) and the pH dependence observed in Co3O4(111).*8 That is, when oxygen
is involved in OER, the SRL has been broken in Co304(111). The extraordinarily small
theoretical overpotential (1) of 0.41 V suggests that the oxygen on the (111)-facet is highly
active during the OER process, which is much lower than previous theoretical reports for (001)-
facet (0.74~0.76 V).*”* Different from previously reported LOMs with cations as the coactive
sites®!0, the oxidized/spin-polarized oxygens are independent states in Co304(111), which can
function as independent active sites. That is, this mechanism is an oxygen-independent lattice
oxygen mechanism (I-LOM).

As indicated by the surface Pourbaix diagram that the OH termination is stable over a wider
range (Figur e 6a), we assume that the OH-terminated surface should be more stable after OER
testing. At the same time, a number of theoretical and experimental studies indicate possible
surface transformations to oxyhydroxide for oxygen-involved mechanisms>’. In this regard, the
STEM-HADDF image of Co3O4(111) after OER tests is provided in Figure S11, from which
it is clearly observed that a bright thin layer is outstanded around the edge area of the nanosheet.
Some subtle lattice fringes can be indexed to the CoOOH structure (space group P1), while the
CoOOH structure is analogous to the surface termination of Co304(111), with the same edge-
sharing Co-O-Co connection (Figure S12). The excellent stability of the OER activity of
Co0304(111) is confirmed by the almost coincident LSV curves after 100 CV cycles (Figure
S13).

3. Conclusions
We have achieved the optimum states of both the metal and anion for significantly enhanced
OER activities based on Co304(111) nanosheets through facet engineering. We successfully

achieved a unique facet surface that is exclusively terminated by octahedral Co**. Our material
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exhibits an extremely high intrinsic OER activity, which is more than 40 times higher than that
of pore-rich Co304(ref) nanosheets or commercial RuO2. The atomic and electronic structures
are experimentally and theoretically studied by a wealth of techniques, including HAADF-
STEM, XRD, Raman, XANES, EXAFS, RIXS and DFT calculations, which consistently
confirm that the OER-active octahedral Co’" saturates the surface, which also triggers a spin
polarized state close to the Fermi level with a heavily involved oxygen state. The much-
improved OER activities are not only contributed by the maximum number of octahedral Co**
but also enhanced by the lattice oxygen involvement. The combination of the highly
concentrated high valance metal sites and oxidized oxide from an intriguing surface deserves

attention and effort for further studies towards the optimum states for energy applications.
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