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Abstract: The bottleneck in water electrolysis lies in the
kinetically sluggish oxygen evolution reaction (OER). Herein,
conceptually new metallic non-metal atomic layers are pro-
posed to overcome this drawback. Metallic single-unit-cell
CoSe, sheets with an orthorhombic phase are synthesized by
thermally exfoliating a lamellar CoSe,-DETA hybrid. The
metallic character of orthorhombic CoSe, atomic layers,
verified by DFT calculations and temperature-dependent
resistivities, allows fast oxygen evolution kinetics with a lowered
overpotential of 0.27 V. The single-unit-cell thickness means
66.7 % of the Co** ions are exposed on the surface and serve as
the catalytically active sites. The lowered Co* coordination
number down to 1.3 and 2.6, gives a lower Tafel slope of
64 mVdec™ and higher turnover frequency of 745 h™'. Thus,
the single-unit-cell CoSe, sheets have around 2 and 4.5 times
higher catalytic activity compared with the lamellar CoSe,-
DETA hybrid and bulk CoSe,.

N owadays, over 90 % of hydrogen is obtained by reforming
fossil fuels, a process which consumes fossil resources and
simultaneously produces carbon dioxide, thus exacerbating
the energy crisis and increasing the risk of global warming."
An attractive alternative for H, production is the electro-
catalytic water splitting which involves no fossil fuels and
produces no greenhouse gases. Water electrolysis consists of
two half reactions: 1) water oxidation [H,0—1/20,+2H" +
2e ] and 2) proton reduction [2H* +2e~—H,]. The first half
reaction is generally considered as the critical bottleneck in
developing efficient electrolysis of water owing to the
inherent sluggish oxygen evolution reaction (OER) kinetics.”
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This OER process involves a four-electron transfer associated
with O—H bond breaking and O—O bond formation, which
usually imposes a high overpotential requirement and hence
seriously hinders large-scale hydrogen production from water
splitting. Researchers have demonstrated that, benefiting
from the high electronic conductivity, a few noble metals, such
as Ru, Ir, could overcome this drawback of very low OER
kinetics and hence exhibit superior OER activity,®l however,
the rapid deactivation, high cost, and low abundance unfortu-
nately impede their commercial utilization. Although many
earth-abundant transition-metal (Fe, Co, Ni, Mn) oxi-
des® %%l and chalcogenides*™ have exhibited long-term
structural stability during the OER measurements, all of them
usually suffer from low catalytic activities as well as high
overpotentials, which is primarily attributed to their inher-
ently poor electrical conductivity and very low number of
exposed surface active sites. Therefore, developing an ideal
catalyst material with high conductivity, abundant active sites,
and robust stability holds the key to achieving a breakthrough
in water electrolysis technology.

To achieve this important goal, we first construct an ideal
material model of metallic non-metal atomic layers. Owing to
the atomic thickness, the unique structure can expose an
ultrahigh fraction of low-coordinated surface atoms that are
comparable with the total atoms, which could serve as the
active sites to efficiently catalyze the oxygen evolution
reactions.”) In addition, the structure distortion that usually
occurs in atomically thin 2D structures has been demon-
strated to decrease the surface energy and hence favor
favorable structural stability.!! Importantly, in spite of cir-
cumventing the utilization of noble metals, these structures
still have metallic character, which allows quick reaction
kinetics for water oxidation along the 2D atomic layers and
hence improves the OER activity. In this regard, our
theoretical investigations reveal that the transition-metal
chalcogenide of orthorhombic CoSe, with single-unit-cell
thickness would be a promising contender. For the ortho-
rhombic CoSe,, Co atoms are octahedrally bonded to
adjacent Se atoms, while the adjacent octahedra are edge-
shared to form a 3D macarsite-type crystal structure.”)
Density functional theory (DFT) calculations divulge the
metallic behavior of the single-unit-cell orthorhombic CoSe,
atomic layers, in which the density of states (DOS) resides
across the Fermi level (Figure 1 A,C), giving promising signs
for high microscopic 2D conductivity. To verify the theoret-
ically metallic conductance, temperature-dependent resistiv-
ity measurements of the thin film are carried out. As shown in
Figure 1B, with increasing temperature the electric resistivity
gradually increased, showing the typical metallic conducting
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ure 2B).*1% Meanwhile, X-ray photoelec-
tron spectroscopy (XPS) and FT-IR spectra
in Figure S3A,S4 demonstrate the presence
of DETA and oleate ions in the intermediate
products.®**! And then, upon heating at
350°C for 1h in air, the lamellar hybrid
CoSe,-DETA intermediate could be fully
exfoliated into freestanding single-unit-cell
thick CoSe, sheets (Figure S5). The XRD
pattern of the obtained products in Fig-
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Figure 1. A) Calculated density of states (DOS) and C) the corresponding charge-density
contour at the Fermi level for single-unit-cell orthorhombic CoSe, atomic layers; B) temper-
ature-dependent resistivity of single-unit-cell orthorhombic CoSe, atomic layers based thin

film; D) unit cell structure of orthorhombic CoSe,.

behavior and confirming the metallicity of single-unit-cell
orthorhombic CoSe, atomic layers. Moreover, according to
previous studies by Shao-Horn et al,”®! orthorhombic CoSe,
with a ‘[2g6eg1 electronic configuration near an optimal e, filling
would be an ideal candidate for highly efficient OER
electrocatalysts. Thus, it is highly desirable to fabricate
single-unit-cell CoSe, layers with an orthorhombic phase. In
spite of the recent synthesis of CoSe, nanosheets with a cubic
phase,*! the strong in-plane bonds and the poor intrinsic
driving force for 2D anisotropic growth make the synthesis of
non-layered orthorhombic CoSe, (Figure 1D) atomic layers
to be a huge challenge. Hence, significant further efforts are
still needed to establish a facile and convenient strategy for
fabricating orthorhombic CoSe, atomic layers with a single-
unit-cell thickness.

Herein, clean and freestanding single-unit-cell thick
CoSe, sheets with non-layered orthorhombic structure have
been successfully synthesized through heating the artificially
fabricated lamellar hybrid CoSe,-DETA (DETA = diethyle-
netriamine) intermediate (Figure 2 A), this is the first exam-
ple of the synthesis of orthorhombic CoSe, ultrathin sheets.
The DETA benefits the formation of lamellar hybrid 1D
structures (Figure S1), while simultaneously the oleate ions
tend to adsorb on their lateral side and hence facilitate their
crystal growth to 2D plate-like morphology (Figure S2 in the
Supporting Information).’**! The small-angle X-ray scatter-
ing (SAXS) pattern shown in Figure 2B demonstrates the
high degree of ordering within this lamellar hybrid inter-
mediate. In addition, the series of “00L” X-ray diffraction
peaks further provide direct evidence for the presence of an
ordered mesostructure with a layer spacing of 1.1 nm, which
agrees with the interlayer distance of approximately 1.06 nm
revealed by the corresponding lateral TEM image (Fig-
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B ure S5B could be readily indexed to ortho-
. rhombic CoSe,, corresponding to JCPDS
No. 53-0449. In addition, the corresponding
XPS and FT-IR spectra in Figure S6,S4
demonstrate the absence of DETA and
C3sH33NaO,, giving direct evidence for the
formation of clean and pure CoSe,. The
TEM image in Figure S5A illustrates their
uniform freestanding and large-area gra-
phene-like morphology with lateral size of
around 300 nm. The HRTEM image in Fig-
ure 2C reveals their [010] orientation of the
synthesized orthorhombic CoSe, sheets.
Atomic force microscopic (AFM) and the
corresponding height profile in Figure 2D,E
clearly shows that their average thickness of
around 0.66 nm, which agrees well with the thickness of
single-unit-cell thick CoSe, slab along the [010] direction.
Therefore, all the above results unambiguously demonstrate
the formation of clean and freestanding single-unit-cell thick
orthorhombic CoSe, sheets.

To unravel the local atomic arrangements, bond lengths
and coordination numbers of the synthetic single-unit-cell
thick CoSe, sheets,"! synchrotron radiation X-ray absorption
fine structure (XAFS) measurements are performed. The Co
K-edges k*)(k) oscillation curves in Figure 3A show clear
differences among the single-unit-cell thick CoSe, sheets,
CoSe,-DETA hybrid intermediate, and bulk CoSe, (Fig-
ure S7), implying their distinct local atomic arrangement,
further demonstrated by their R-space curves in Figure 3 B.
The FT curves for all the three products display one main
peak, which corresponds to the nearest Co—Se coordination
(Figure 3B). For the single-unit-cell thick CoSe, sheets, the
Co-Se peak is shifted to 2.09 A along with a decrease in peak
intensity, compared with the other two products. This result
could be further verified by their Se K-edge data, that is, the
Se—Co peak position is shifted to the lower-R side and the
peak intensity is greatly reduced for the single-unit-cell thick
CoSe, sheets with regard to bulk CoSe, (Figure 3B). Accord-
ing to the high-quality extended XAFS spectra, least-squares
fittings are further conducted and the obtained quantitative
results are shown in Figure 3 C. For the CoSe,-DETA hybrid
intermediate, the bond lengths and coordination numbers of
Co-Se decrease remarkably, while their disorder degrees
increase significantly as compared with bulk counterpart,
suggesting that the Co-N coordination results in a noticeable
distortion on the surface. In addition, after exfoliating into the
single-unit-cell thick CoSe, sheets, the surface Co atoms
inherit the coordination number of 1.3 and 2.6 for the CoSe,-
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Single-unit-cell thick
CoSe, sheets

A hybrid CoSe,-DETA intermediate and bulk
CoSe,, demonstrating their faster kinetics of
water oxidation.) Moreover, the single-unit-cell
thick CoSe, sheets exhibit the highest turnover
frequency (TOF) of 745 h™! at 7 =0.47 V, which is
roughly 2 and 4.5 times higher than that of lamellar
hybrid CoSe,-DETA intermediate and bulk CoSe,,
respectively, indicating the single-unit-cell thick
CoSe, sheet's better intrinsic catalytic activity.
Furthermore, the steady-state current densities of
the single-unit-cell thick CoSe, sheets still remain
constant even after 2 days (Figure 4B and Fig-
ure S9), providing solid evidence for long-term
stability and hence showing perspective signs for
practical applications.

Of note, the greatly improved electrocatalytic
performances of single-cell-unit thick CoSe, sheets
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water oxidation (Figure S8B) and hence reduces
the overpotential down to 0.27 V. Moreover, as the
thickness is down to single-cell-unit thick, the
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Figure 2. A) Schematic illustration for fabricating [010]-oriented single-unit-cell thick
CoSe, sheets, taking advantage of the lamellar hybrid CoSe,-DETA intermediate;

B) the SAXS profile (red line and inset left image), XRD pattern (blue line) and the
corresponding lateral TEM image for the lamellar hybrid CoSe,-DETA intermediate;
characterizations for the single-unit-cell thick CoSe, sheets C) HRTEM image,

D) AFM image and E) the corresponding height profiles, the numbers 1 to 3 in (E)

correspond to the numbers 1 to 3 in (D).

DETA hybrid, while their bond lengths and disorder degrees
further increase remarkably, indicating that the exfoliation
process aggravates the surface structure distortion. Such clear
structure distortion would bring about excellent structural
stability through decreasing the surface energy.’*"°!

Thanks to the metallic character, atomic thickness,
lowered coordination number, as well as the structural
distortion, the metallic single-unit-cell thick CoSe, sheets
should give improved electrochemical oxidation of water to
oxygen.>?l As expected, the bare glassy carbon (GC)
electrode is totally inactive towards O, production. Intrigu-
ingly, the single-unit-cell thick CoSe, sheets show an initial O,
evolution at a very small overpotential (1) of 0.27 V, smaller
than that of lamellar hybrid CoSe,-DETA intermediate
(0.33 V) and bulk CoSe, (0.38 V; Figure 4 A). At n=0.47V,
the current density of single-unit-cell thick CoSe, sheets is
73 mAcm % which is 2 and 4.5 times higher than that of
lamellar hybrid CoSe,-DETA intermediate and bulk CoSe,,
respectively, strongly demonstrating the high electrocatalytic
activity of 2D structure with single-unit-cell thickness. Also,
the single-unit-cell thick CoSe, sheets show a Tafel slope of
64 mVdec™' (Figure S8A), smaller than that of lamellar
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synthesized CoSe, atomic layers can expose 66.7 %
of the Co®" ions on the surface, which could serve
as active sites for accelerating the water oxidation
reaction.'”! This can be further verified by the
correlation between their electrochemically active
surface area (ECSA) and catalytic activity."®! The
lamellar CoSe,-DETA hybrid exhibits an 11-times
larger ECSA than bulk CoSe,, while having only
a 2.25-times higher catalytic current (Figure 4 C),
which indicates that the organic ligands between the CoSe,
layers prevent the electron transport along the thickness
direction. Upon exfoliating into clean single-unit-cell thick
CoSe, sheets, they achieve a 1.6-times higher ECSA com-
pared with the CoSe,-DETA hybrid, which is consistent with
their roughly 2-times higher catalytic current, strongly
demonstrating that the increased active sites benefit electro-
catalytic activity. Furthermore, synchrotron radiation XAFS
results in Figure 3 C reveal that the Co-N coordination lowers
the surface Co coordination number down to 1.3 and 2.6, and
hence inevitably leads to a clear structural distortion. With
the removal of DETA ligands, the single-unit-cell thick CoSe,
sheets preserve the surface Co coordination number as well as
causing a further distorted structure. The lowered Co
coordination number endows the single-unit-cell thick
CoSe, sheets with many dangling bonds, which benefit for
higher intrinsic catalytic activity,'"! demonstrated by their
lower Tafel slope of 64 mV dec™" and higher TOF of 745 h~".
In addition, the better intrinsic catalytic activity for the single-
unit-cell thick CoSe, sheets could be further confirmed by
their highest slope of catalytic activity versus ECSA in
Figure 4D, suggesting that their electrocatalytic current
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Figure 3. A) Co K-edge and Se K-edge extended XAFS oscillation function K’y (k),
B) the corresponding Fourier transforms FT (k*¢(k)), C) structural parameters

turnover frequency of 745 h™', and larger slope of
current versus ECSA. As a result, the single-unit-
cell thick CoSe, sheets yield an electrocatalytic

around Co and Se atoms extracted from EXAFS curve-fitting for the single-unit-cell current of 73 mAcm 2, roughly 2 and 4.5 times

thick CoSe, sheets, CoSe,-DETA hybrid intermediate and bulk CoSe,.

higher than that of lamellar hybrid CoSe,-DETA
intermediate and bulk CoSe,, respectively, while
the clearly distorted structure enables the sheet’s
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