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Abstract: Precisely engineering the electrical conductivity
represents a promising strategy to design efficient catalysts
towards oxygen evolution reaction (OER). Here, we demon-
strate a versatile partial cation exchange method to fabricate
lamellar Ag-CoSe, nanobelts with controllable conductivity.
The electrical conductivity of the materials was significantly
enhanced by the addition of Ag" cations of less than 1.0 %.
Moreover, such a trace amount of Ag induced a negligible loss
of active sites which was compensated through the effective
generation of active sites as shown by the excellent conductiv-
ity. Both the enhanced conductivity and the retained active sites
contributed to the remarkable electrocatalytic performance of
the Ag-CoSe, nanobelts. Relative to the CoSe, nanobelts, the
as-prepared Ag-CoSe, nanobelts exhibited a higher current
density and a lower Tafel slope towards OER. This strategy
represents a rational design of efficient electrocatalysts through
finely tuning their electrical conductivities.

The oxygen evolution reaction (OER) has received growing
attention because of its wide application in energy conversion
and storage, such as hydrogen production from water split-
ting, regenerative fuel cells, and rechargeable metal-air
batteries."™ However, OER suffers from intrinsically slug-
gish kinetics because of the involvement of multiple proton-
coupled electron-transfer steps.”! Although precious metal
oxides such as IrO, and RuO, are generally employed as
active electrocatalysts to facilitate the sluggish kinetics, their
low abundance and high costs significantly make it imprac-
tical to commercialize these electrocatalysts.!’ Accordingly, it
is attractive to develop alternative OER electrocatalysts
made of earth-abundant elements, such as the 3d transition
metals and their derivatives.”” Notably, CoSe, can be
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regarded as an alternative catalyst owing to its t,’e,'
electronic configuration, close to an optimal e, filling for
OER."! In order to optimize the electrocatalytic perfor-
mance of CoSe,, great efforts have been made to develop
strategies, such as creating electronic interactions by, for
example, constructing hybrid structures with metals or metal
oxides, and increasing the number of active sites by reducing
the thickness at atomic scale."""'¥ Proper electrical conduc-
tivity serves as a prerequisite for catalysts with remarkable
electrocatalytic performance. A high electrical conductivity
ensures a fast electron-transfer process to reduce the Schottky
barriers at both catalyst—electrolyte and catalyst—electrode
interfaces.'”) Therefore, it is of significant importance to
precisely engineer the intrinsic electrical conductivity of
CoSe,-based catalysts.

As a versatile chemical transformation method, the cation
exchange reaction can be employed to modify composition,
structure, and properties of nanomaterials through replacing
the existing cations in the crystal lattice with other cat-
ions.'!] For instance, Zhang and co-workers have demon-
strated a selective cation exchange reaction to prepare
Cd,Zn,_,Se nanoframes with improved photocatalytic prop-
erties towards hydrogen evolution from water splitting.!'] In
addition, porous CuS/ZnS nanosheets as an active visible-
light-driven photocatalyst were prepared through a simple
cation exchange reaction between ZnS nanosheets and Cu-
(NO,),.?"! Particularly, the cation exchange reaction repre-
sents an effective approach for modification of metal
chalcogenides, because the mobility of metal cations in the
anionic framework allows for the replacement of cations
under moderate reaction conditions.*!)

Herein, we apply a facile partial cation exchange method
to prepare lamellar Ag-CoSe, nanobelts with controllable
electrical conductivity for enhanced OER activity. The
introduction of Ag™ cations of less than 1.0% could enhance
the conductivity of the Ag-CoSe, nanobelts. Benefiting from
the enhanced conductivity and the retained active sites, the
as-prepared Ag-CoSe, nanobelts exhibited a remarkable
activity towards OER. The OER overpotential of Ag-CoSe,
nanobelts was 0.32V at a current density of 10 mAcm 2,
which was lower than that of CoSe, nanobelts. Moreover,
Ag-CoSe, nanobelts showed a high current density of
2236 mAcm * at an overpotential of 0.35V and a small
Tafel slope of 56 mV dec ! relative to the CoSe, nanobelts. In
addition, a superior stability was also demonstrated for the
Ag-CoSe, nanobelts after long-term potential cycles.

To begin with, CoSe,-diethylenetriamine (CoSe,-DETA)
nanobelts were synthesized via a facile amine-assisted sol-
vothermal method.”?! As shown in Figure S1 in the Support-
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ing Information, smooth and flexible CoSe,-DETA nanobelts
were successfully prepared in high purity. The X-ray diffrac-
tion (XRD) pattern of CoSe, was indexed as a pure primitive
cubic phase (JCPDS No.09-234). The as-prepared CoSe,-
DETA nanobelts were then added into an aqueous solution
containing an appropriate amount of AgNO;. The resultant
lamellar Ag-CoSe, nanobelts were obtained after the reaction
had proceeded at 160°C for 6 h. Figure 1 A shows the typical

Figure 1. A) TEM image of 1.0% Ag-CoSe, nanobelts. B, C) HRTEM
image of 1.0% Ag-CoSe, nanobelts. D) HAADF-STEM image and
STEM-EDX elemental mapping images of Co, Se, and Ag in 1.0% Ag-
CoSe, nanobelts.

transmission electron microscopy (TEM) image of Ag-CoSe,
nanobelts. Apparently, the smooth, ultrathin, and belt-like
structures with widths of 300-500 nm were basically retained
for Ag-CoSe, nanobelts after the cation exchange treatment.
Moreover, several irregular voids were observed on the
surface of the Ag-CoSe, nanobelts, mainly owing to rapid
kinetics and strain release induced by the large lattice
mismatch between Ag and Co.® To further visualize the
structure of Ag-CoSe, nanobelts, high-resolution TEM
(HRTEM) images are provided in Figure 1, B and C. The
sample took the morphology of highly ordered lamellar
nanobelts with the interlayer distance of 6.3 A. The periodic
lattice fringes reveal the single-crystal characteristic of Ag-
CoSe, nanobelts. The lattice spacing of 2.7 A was assigned to
(210) planes of CoSe, in the cubic phase. In the absence of Ag,
CoSe, nanobelts showed no observable changes in the lattice
spacing and interlayer distance relative to that of Ag-CoSe,
nanobelts, indicating that the structure was well retained after
the cation exchange process (Figure S2). Figure 1 D presents
a high-angle annular dark-field scanning TEM (HAADF-
STEM) and its corresponding elemental mapping images of
the Ag-CoSe, nanobelts. The results clearly demonstrate the
homogeneously distribution of Co, Se and Ag. From the
energy dispersive X-ray (EDX) spectrum in Figure S3,
besides signals for Co and Se, the signal for Ag was also
clearly observed, further confirming the successful introduc-
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tion of Ag" cations. The concentration of Ag' ions in the
sample was determined as 1.0% by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) analysis, as
such we denoted the sample as 1.0 % Ag-CoSe, nanobelts. By
simply varying the amounts of Ag" cations added, similar
ultrathin nanobelts with Ag molar ratio of 0.02% and 0.1 %
were successfully prepared, which were denoted as 0.02 %
Ag-CoSe, and 0.1% Ag-CoSe, nanobelts, respectively (Fig-
ure S4).

The XRD patterns of all the Ag-CoSe, nanobelts were
similar to that of CoSe, in a primitive cubic phase (Fig-
ure 2A), indicating negligible changes of the crystalline
structures after the introduction of Ag" cations. The disap-
pearance of several reflections should be related to the
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Figure 2. A) XRD patterns of 0.02% Ag-CoSe,, 0.1% Ag-CoSe,, 1.0%
Ag-CoSe,, and CoSe, nanobelts. The standard diffraction peaks of pure
CoSe, (JCPDS No0.09-234) are attached at the bottom for comparison.
B) Raman spectra of Ag-CoSe, nanobelts. C) Co 2p XPS and D) Ag 3d
XPS spectra of 1.0% Ag-CoSe, nanobelts.

Binding Energy / eV

ultrathin, layered structure of the nanobelts.”” In addition,
the preferred (210) orientation is consistent with the selected
growth direction in the HETEM of the 1.0% Ag-CoSe,
nanobelts. Figure 2B shows the Raman spectra of the Ag-
CoSe, nanobelts. Four typical Raman peaks located at 188,
468, 510 and 670 cm ' were found for Ag-CoSe, nanobelts,
corresponding to those of the cubic CoSe, structure.”**! In
addition, the full-width at half-maximum (FWHM) at
670 cm ™" increased with Ag introduction (Figure S5), imply-
ing the structural disorder caused by the introduction of Ag*
cations.”” For first-row metal dichalcogenides, it is known
that the low-spin, divalent metal cations are octahedrally
coordinated with S,*~ or Se,”” dimers.””) To gain further
insight into the valence state of the as-prepared 1.0% Ag-
CoSe, nanobelts, X-ray photoelectron spectroscopy (XPS)
analysis was carried out. As shown in Figure 2 C, the binding
energies of Co 2p;, at 778.4¢eV and Co 2p;, at 793.4eV
corresponded to Co?" cations in CoSe, Notably, obvious
shake-up satellites were found at the higher energy side of the
Co 2p signal, indicating the antibonding orbital between the
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Co and Se atom.”*>! Figure 2D shows the binding energy of
Ag 3ds, peak at 367.7 ¢V, which can be assigned to Ag®
cations in Ag,Se, confirming the occurrence of cation
exchange reaction between CoSe, nanobelts and Ag* cat-
ions.

The electrocatalytic OER properties of lamellar Ag-
CoSe, nanobelts with different Ag molar ratios were eval-
uated in O,-saturated 0.1m KOH solution using a standard
three-electrode system. The catalysts were uniformly cast
onto a glassy carbon electrode with a total loading of
200 pgem % For comparison, similar measurements were
also carried out for CoSe, nanobelts. Figure 3A shows
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Figure 3. A) IR-corrected polarization curves of Ag-CoSe, and CoSe,
nanobelts in O,-saturated 0.1 M KOH solution. B) Current densities of
Ag-CoSe, and CoSe, nanobelts at an overpotential of 0.35 V. C) Tafel
plots of Ag-CoSe, and CoSe, nanobelts. D) OER polarization curves of
1.0% Ag-CoSe, nanobelts before and after potential sweeps of 1000
cycles.

polarization curves recorded by linear sweep voltammetry
at a slow scan rate of 5mVs™' with a continuous rotating
speed of 1600 rpm. The ohmic potential drop (iR) losses
caused by electrolyte resistance were all corrected before
comparison. Remarkably, relative to CoSe, nanobelts, all of
the Ag-CoSe, nanobelts exhibited lower onset potentials and
higher current densities. Among all of the tested catalysts,
1.0 % Ag-CoSe, nanobelts exhibited the lowest overpotential
of 032V at the current density of 10 mAcm 2, which
represents a metric relevant to the production of solar
fuels.”™ Notably, the introduction of Ag" induced negligible
variation of the pre-OER oxidation peak assigned to the Co"
to Co™ transition for active sites generation, indicating that
the active sites were retained. To directly compare the
electrocatalytic performance of all the catalysts, the current
densities at a fixed overpotential of 0.35 V were summarized
in Figure 3B. The 1.0% Ag-CoSe, nanobelts showed the
highest current density of 22.36 mA cm~2, which was 8.2, 2.6,
and 2.1 times as high as that of CoSe,, 0.02 % Ag-CoSe,, and
0.1% Ag-CoSe, nanobelts, respectively. Given the propor-
tional relationship between the current density and the yield
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of oxygen, 1.0% Ag-CoSe, nanobelts exhibited the highest
OER activity. Meanwhile, the corresponding Tafel plots
shown in Figure 3 C for 1.0% Ag-CoSe, nanobelts exhibited
a relatively lower Tafel slope of 56 mV/dec than that for the
CoSe, nanobelts (79 mV/dec), implying significantly acceler-
ated OER kinetics owing to the involvement of Ag* cations.
To gain further insight into the OER kinetics of these Ag-
CoSe, nanobelts, electrical impedance spectroscopy (EIS)
analysis was carried out. Figure S6A shows the Nyquist plots
of Ag-CoSe, nanobelts with different Ag ratios. The semi-
circle diameter in the high frequency range of the Nyquist plot
is associated with the charge transfer resistance (R.). R
decreased from 50.3 to 39.6 Q with the increase of Ag
atomic percentage from 0.02% to 1.0%, indicating the
improved charge transfer kinetics with the increase of Ag*
cations (Figure S6B). Notably, the OER activity of 1.0 % Ag-
CoSe, nanobelts was higher than those of recently reported
Co-based catalysts (Table S1). In addition, continuous poten-
tial cycling in O,-saturated 0.1m KOH solution was carried
out to access the OER stability of 1.0 % Ag-CoSe, nanobelts.
As shown in Figure 3D, a negligible variation in the activity
was observed after 1000 potential cycles. The Ag concen-
tration of the 1.0 % Ag-CoSe, after OER tests was measured
to be 0.8 %, indicating only a slight decrease and suggesting
a good stability of the structure. The good stability of the
1.0% Ag-CoSe, was further confirmed by the imperceptible
structural variation observed with TEM and XRD character-
izations (Figure S7).

Considering that high conductivity could facilitate the
charge transfer process, the remarkable electrocatalytic
activity of Ag-CoSe, nanobelts is likely to derive from their
enhanced conductivity induced by the introduction of Ag. To
investigate the influence of the introduction of Ag* cations on
the electrical conductivity of Ag-CoSe, nanobelts, measure-
ments of the temperature dependent resistivity of the 1.0 %
Ag-CoSe, and CoSe, nanobelts were carried out. As shown in
Figure 4 A, the electrical resistivity of the 1.0 % Ag-CoSe, and
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Figure 4. A) Temperature-dependent electrical resistivity of 1.0% Ag-
CoSe, and CoSe, nanobelts. B) Hall coefficient (R) and carrier
concentration (n) of 1.0% Ag-CoSe, and CoSe, nanobelts at 300 K.

CoSe, nanobelts both increased with the elevated temper-
ature, showing dp/d7 > 0. This result indicates that both the
samples exhibited a typical metallic behavior. Moreover, the
corresponding electrical resistivity of 7.48x10°Qm for
1.0% Ag-CoSe, nanobelts at 300 K was significantly lower
than that of 1.05x10™* Qm for CoSe, nanobelts, indicating
the improved conductivity after the addition of Ag* cations.
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The Hall coefficient (Ry) was further measured to compare
the charge transport properties of 1.0 % Ag-CoSe, and CoSe,
nanobelts. As illustrated in Figure 4 B, both the samples show
negative Ry at 300 K, indicating that their charge carriers are
electrons. The carrier concentration () derived from the Hall
coefficient for 1.0 % Ag-CoSe, shows an increase by 9.5 times
at 300 K compared with that for CoSe, nanobelts, which
further confirms the improved conductivity of 1.0% Ag-
CoSe, nanobelts.

The enhanced conductivity and high carrier concentration
induced by the introduction of Ag" cations could facilitate the
charge transfer process that serves as the key step in
electrocatalysis, thereby making Ag-CoSe, nanobelts an
ideal catalyst for OER. Previous mechanistic studies have
discovered that the real active sites of Co-based OER catalyst
are the Co™. These active sites are generated in situ prior to
OER process through a typical oxidation process, in which
Co'' is oxidized to Co™ and Co'.** Specific to the Ag-CoSe,
catalyst in this study, the generation of surface active sites
could be facilitated owing to significantly improved electron
transport, leading to more Co'V sites and consequently
promoted OER rate. On the other side, the cation exchange
between Co®" and Ag" could negatively influence the Co'
generation considering a fraction of Co®" being replaced by
Ag". We measured electrochemical active surface area
(ECSA), which is representative of Co*" amount, of the
catalysts for examining this effect. Only a 5.6 % decrease in
ECSA was observed after the introduction of trace amount of
Ag cations (below 1.0 %) (Figure S8), suggesting the Co*" loss
in the Ag-CoSe, is minimal. The small loss in Co*" sites could
be compensated through their more effective generation of
Co" active sites. Collectively, both the enhanced conductivity
and retained active sites contributed to the remarkable
electrocatalytic performance of Ag-CoSe, nanobelts.

In conclusion, we have successfully engineered the
electrical conductivity of lamellar Ag-CoSe, nanobelts using
a partial cation exchange method. The addition of a trace
amount of Ag”* cations could enhance the conductivity of Ag-
CoSe, nanobelts while retaining the active sites, therefore
rendering Ag-CoSe, nanobelts an efficient OER electro-
catalyst. We believe that this work paves a novel pathway for
designing highly efficient OER catalysts based on the
modification of electrical conductivity. Moreover, this strat-
egy is promising to be extended to the applications in energy
storage and conversion.
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