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Using elemental selenium as an electrode, the redox-active
Cu®*/Cu* ion is reversibly hosted via the sequential conversion
reactions of Se — CuSe — CuzSe; — Cu,Se. The four-electron redox
process from Se to Cu,Se produces a high initial specific capacity of
1233 mAh/g based on the mass of selenium alone or 472 mAh/g
based on the mass of Cu,Se, the fully discharged product.

The need for effective grid-scale energy storage systems to
store renewable energies and the rapid market growth of
electric vehicles have spurred immense research into novel
battery chemistries beyond Li-ion. Among these battery
chemistries are those that use various cations, e.g., Na*,*2 K*,3
H*/H30%,% Mg?*,° Ca?*,%7 Zn?*,%° and AI3*,%%11 and anions, e.g., F°
,12 CIL%2 OH-,'* NOs5°,*° and superhalides,® as charge carriers. A
common thread among these charge carriers is that they are
usually redox inert when being transported through electrode
host materials. On the other hand, ion charge carriers can
undergo redox behaviors while being hosted within an
electrode material.1”?° These so-called “redox-ion-charge-
carrier” (RIC) electrodes have the potential benefits of attaining
additional capacity via the redox charge transfer of the inserted
ions. Moreover, RIC electrodes may allow for the studies of
unique redox chemistries and electrosynthetic strategies of
materials that have yet to be explored.

Herein, we demonstrate reversible hosting of a redox active
Cu?*/Cu* charge carrier in a selenium (Se) electrode via the four-
electron conversion of Se < Cu,Se. Benefiting from the higher
electronic conductivity of selenium, the Cu-Se RIC electrode
shows an exceedingly small extent of polarization roughly 40%
that of the Cu-S electrode. Using ex situ X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), and energy dispersive X-
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ray spectroscopy (EDX) associated with transmission electron
microscopy (TEM), the discharge/charge processes are found to
proceed via a four-phase reaction mechanism of Se < CuSe <
CusSe, < Cu,Se, where half of the capacity is associated with
the redox of Cu?*/Cu*. It is expected that the discharge process
of this system may also be a valuable approach for the
electrochemical synthesis of various nanoscale copper
selenides, which could serve numerous applications.

Se is seen as a promising alternative to the more widely
studied sulfur (S) electrodes due to the much higher electronic
conductivity of semiconducting selenium (1 X 103 S/m) as
compared to sulfur (5 X 1028 S/m).2-2> Although the specific
capacity of a selenium cathode is lower than sulfur due to its
higher atomic mass, the much higher density of selenium (4.81
g/cm3) than sulfur (2.07 g/cm?3) can result in larger volumetric
capacities for Se.

Following the pioneering work of other M-Se and M-S
battery research, we prepared a nanocomposite by
impregnating the micropores of Ketjenblack (KB) carbon with
selenium via a typical melt-diffusion method (see Supporting
Information for experimental details).?>2% Fig. S1 shows the
physical characterization of the composite with ~75 wt.% Se
(Se/KB-75), where the amorphous features of the XRD pattern
indicate that the Se is well encapsulated within the nanopores
of the KB. TEM images with associated EDX elemental mapping
confirm the presence of nanoscale Se homogeneously
distributed throughout the carbon matrix of the Se/KB-75
composite (Fig. 1). Through calculations, we found that ~88
wt.% Se is the theoretical maximum Se content that can be
encapsulated within the pores of KB and still allow for the full
volume expansion associated with the formation of cuprous
selenide, i.e., Cu,Se. Through experiments, however, a mass
ratio of 80 wt.% Se was found near the maximum selenium
content that could be successfully incorporated into the KB
pores as indicated by peaks corresponding to selenium in the
XRD pattern of the 83 wt.% composite (Fig. S2).
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Fig. 1. High angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image of the Se/KB-75
nanocomposite (left) with associated elemental mapping of
the Se content (right).

To investigate the electrochemical Cu?* storage behavior of
the Se electrode, three-electrode cells were assembled
consisting of the Se/KB-75 composite as the working electrode,
0.5 M aqueous CuSO4 as the electrolyte, and metallic copper as
the counter and reference electrode. Fig. 2a shows the
(GCD) potential profiles
obtained at a current rate of 100 mA/g based on the mass of the
selenium within the composite. The first cycle discharge
capacity of 1233 mAh/g suggests a near-four-electron reduction
based on the theoretical specific capacity of 1357 mAh/g for the
conversion from Se to Cu,Se. The less desirable GCD profiles
obtained using the bulk Se electrode emphasize the significant
benefits of forming a nanocomposite (Fig. S3a). For the bulk Se
electrode, the capacity is lower, yet still impressive (831 mAh/g
for the first discharge), and there are three distinct plateaus in
the GCD profiles. After forming a nanocomposite, the GCD
profiles

Galvanostatic charge-discharge

lose these distinct plateaus and show a single
overarching slope due to the nanosized active material (Fig. 2a).
Cyclic voltammetry (CV) curves of the bulk Se electrode show
three pairs of anodic and cathodic peaks, indicating a possible
four-phase reaction mechanism (Fig. S3b). In contrast, CV
curves of the Se/KB-75 nanocomposite display a pair of primary
anodic and cathodic peaks at ~0.23 and ~0.12 V, respectively,
which further corroborates the nano dimensions of the Cu-Se
active mass of the composite electrode (Fig. 2b). Additionally,
Fig. S4 shows the GCD potential profiles obtained using Se/KB
composites with 66, 80, and 83 wt.% Se. These potential profiles
further highlight the benefit of confining Se within the KB pores,
where the overpotential is considerably worse for the
composite without complete Se incorporation (e.g., Se/KB-83).

When compared to a sulfur (S/KB-75) composite electrode,
the Se/KB-75 electrode shows a considerably reduced
polarization and improved energy efficiency (Fig. 2c and S5).
The lower polarization suggests improved reaction kinetics
stemming from the much higher electronic conductivity of Se as
compared to S. Based on the mass of the fully discharged
products, i.e., Cu,Se or Cu,S, the Se electrode has a specific
discharge capacity that is ~“83% of the capacity seen for the S
electrode (Fig. 2c). In terms of rate performance, the Se/KB-75
and S/KB-75 composites were found to be similar with ~87%
and ~81% capacity retention for Se/KB-75 and S/KB-75,
respectively, in going from a rate of 0.1 C to 2 C (Fig. S6). The
polarization increased by 49 and 83 mV for the Se and S
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electrode, respectively, in changing from 0.1 to 2 C. Moreover,
despite the lower capacity of the selenium electrode, it should
be noted that the much higher density of selenium (4.81 g/cm3
vs 2.07 g/cm?3 for sulfur) makes the Cu-S and Cu-Se electrode
systems comparable in terms of volumetric energy metrics. The
initial volumetric capacity of the Se electrode (5931 mAh/cm3)
is larger than that of the S electrode (5740 mAh/cm?3) based on
the Se (or S) volume alone. However, based on the entire
volume of the composites, it should be noted that the
theoretical volumetric capacity is lower for the Se/KB-75
electrode (447.8 mAh/cm3) than it is for the S/KB-75 electrode
(1103 mAh/cm3). The relatively low Coulombic efficiencies (CE)
seen for the Cu-Se RIC electrode may be due to limited
reversibility of the Cu-Se conversion reactions in the initial
cycles before the electrode has been conditioned.

The Se/KB-75 composite also demonstrates excellent cycling
stability (Fig. 2d). At a current rate of 100 mA/g (0.074 C), the
Se/KB-75 composite electrode can be cycled for over 50 cycles
(~44 days) with 94% capacity retention from the first cycle
discharge capacity (Fig. 2d). Although there is a drop in capacity
after the first cycle, the discharge capacity progressively
increases over the next 49 cycles. The CE also continues to
improve during the 49 cycles, which suggests a continued
activation process of the Se/KB-75 electrode. A similar
activation process was observed while cycling the Se/KB-75
electrode at the higher current rates of 1 and 10 A/g, in which
the capacity can be seen to steadily increase while cycling (Fig.
S7). At 1 A/g, the discharge capacity increases to a maximum of
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Fig. 2. Electrochemical performance of the Se/KB-75
composite electrode. (a) GCD potential profiles of the Se/KB-
75 electrode obtained at a current rate of 100 mA/g. (b) CV
curves of the Se/KB-75 at a scan rate of 0.03 mV/s. (c)
Comparison of the second cycle GCD profiles of the Se/KB-75
and S/KB-75 composite electrodes, with specific capacities
based on the fully discharged products (i.e., Cu,Se or Cu,S),
showing the considerably lower polarization of the Se/KB-75
electrode. (d) Cycling performance of the Se/KB-75 composite
at 100 mA/g. All the current rate values are based on the mass
of Se (or S) within the composite.
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Fig. 3. Characterization of the cycling mechanism of the Cu-Se electrode. (a) Discharge profile of the Cu-Se free-standing film electrode
with structural evolution marked at different SOC. (b) Ex situ XRD patterns corresponding with the different SOC. (c) Normalized XANES
of the Cu K-edge spectra of the 50% and 100% SOC electrodes and the CuSe and Cu,Se standards. (d) Schematic illustrating the
conversion reactions that occur while cycling the Cu-Se RIC electrode. The green and blue spheres represent Se and Cu atoms,

respectively.

848 mAh/g by the 219t cycle and then steadily decreases to 812
mAh/g by the 250" cycle (Fig. S7a). This excellent cycling
stability indicates the lack of soluble polyselenides formed
during the reversible Cu-Se solid-solid conversion reactions. The
higher electronic conductivity of selenium may result in
superior cycling capability as compared to sulfur. Moreover, the
lesser extent of volume change associated with the formation
of cuprous selenides (i.e., 63% volume increase from Se to
Cu,Se) as compared to the formation of cuprous sulfides (i.e.,
88% volume increase from S to Cu,S) may allow the Cu-Se RIC
electrode to experience less structural degradation while
cycling.

To investigate how the structure changes during cycling, we
conducted ex situ XRD on a Cu-Se free-standing film electrode,
composed of bulk selenium physically mixed with conductive
carbon, C65, at various state of charge (SOC) (Fig. 3a and Fig.
S8). The color of each XRD curve in Fig. 3b corresponds to the
SOC marked by the dot with the respective color on the
discharge profile in Fig. 3a. Upon discharge, Se first converts to
hexagonal CuSe at roughly 50% SOC. The resulting CuSe is then
transformed to mixed valence Cu?*/Cu* (one Cu?* and two Cu*)
umangite CusSe; at 75% SOC and finally to monoclinic Cu,Se at
the end of the discharge process, i.e., at 100% SOC, where each
phase has been carefully indexed (Fig. 3b and Fig. S8). These
results are supported by Cu K-edge X-ray absorption near-edge
structure (XANES) studies,?”?° where the spectra of the half-
discharged and fully discharged samples match well with the
CuSe and Cu,Se standards, respectively (Fig. 3c). Minor
variations in the position and shape of the XANES spectra may
be due to slight differences in the crystal structures (e.g.,
symmetry and coordination) of the standards (chemically
synthesized) and the Cu-Se electrodes (electrochemically
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synthesized) (Fig. $9).3° Interestingly, the spectrum obtained at
~75% SOC sits between the CuSe and Cu,Se standards, which
supports the mixed copper (2+/1+) valence of CusSe; (Fig. S10a).
The linear combination fitting obtained using the CuSe and
Cu,Se standards matches well with the K-edge of the 75% SOC
sample, further indicating the mixed Cu oxidation state of
CusSe, (Fig. S10b). Based on these findings, Fig. 3d
schematically illustrates the structural changes that occur at the
Cu-Se RIC electrode during the (dis)charge process.

To further examine the structural evolution of the Cu-Se
electrode during cycling, extended X-ray absorption fine
structure (EXAFS) spectroscopy was conducted at the different

b *°

3.0

©  100% Discharged
X 8 Cu2Se
§ © 50% Discharged
15 ® CuSe

254

2.0

[%(R)| (A*)
K (k) (A%)
2

-
o

0.5

0.0 7

-0.54

1 2 3 4
Radial Distance (A)

4 5 6 7 8 9 10 11 12
Wavenumber (A")

Fig. 4. Model based fitting of (a) Fourier-transformed and
(b) k-space EXAFS spectra for the 50% and 100% SOC Cu-Se
electrode and the CuSe and Cu,Se standards.
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SOC (Fig. 4 and Fig. S11). The Fourier-transformed EXAFS
spectra of the electrodes at 50% and 100% SOC match well with
the spectra of the CuSe and Cu,Se standards, respectively. The
results of the EXAFS indicate similar Cu-Se bond distances
between the electrochemically formed samples and the
standards. Moreover, by performing model-based fitting, the
quantitative analysis of the electrode samples and their
respective standards reveals similar coordination numbers and
Cu-Se bond distances (Fig.4, Fig. S11 and Table S1). Similarly,
the Cu-Se electrode at 75% SOC has a similar bond length and
coordination to the predicted crystal structure of CusSe,,
providing further evidence for the formation of tetragonal
CU3SEz,

EDX-TEM further confirms that Cu is inserted into the Se/KB-
75 nanocomposite structure during the discharge process,
where Cu can clearly be seen associated with Se in the fully
discharged sample (Fig. S9). It should also be noted that this
electrochemical insertion of copper may be useful in forming
various nanoscale copper selenides, which could serve useful in
a number of applications, such as battery electrodes,3!
thermoelectrics,3? and photocatalysts.33

In conclusion, we have investigated the reversible hosting of
a redox-active copper charge carrier in a selenium electrode.
The Cu-Se RIC electrode demonstrates a four-electron transfer
mechanism via the reversible conversion of Se to Cu,Se with a
high initial discharge capacity of 1233 mAh/g. Through ex situ
XRD, XANES, and EXAFS analyses, we reveal the reaction
pathway to occur via the sequential conversion reactions of Se
< CuSe & CusSe; < Cu,Se. Owing to the higher conductivity of
Se, the Cu-Se RIC electrode shows considerably lower
polarization and improved cycling stability than the analogous
Cu-S RIC electrode. This study provides an example of the
possibility of hosting new redox active charge carriers in
selenium electrodes.
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