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In this study, aided by the in situ transmission electron microscopy, we
observe the dynamic morphology evolution and phase transformations of
CuO nanowires during sodiation. Our results facilitate the fundamental
understanding of the sodiation mechanism of CuO nanostructures as the
electrode materials in sodium-ion battery.

Sodium ion batteries (SIBs) have recently obtained great
attentions, motivated by the vast demand in the rechargeable
battery market and the rapid development of lithium ion batteries
(LIBs).l'4 Compared with LIBs, the price of SIBs should be lower
owing to the abundant natural storage of sodium, which can satisfy
the demand for large-scale energy storage in applications from
electronic vehicles to power backup.S Nonetheless, despite that the
chemical properties of sodium are similar to those of lithium, both
the ionic radius and molar mass of sodium are larger than those of
lithium. Thus, it is more difficult for sodium to reversibly react with
the electrode materials, leading to different reaction mechanisms
and performance.s'8 It is reported that the sodiation processes of
the oxides and fluorides are extremely irreversible compared with
the corresponding lithiation processes.s‘ °

In order to select suitable electrode materials for SIBs, many
electrode materials of LIBs have been applied in the study of the
SIBs, such as Fe203,1° SnOZ,11 and sn.”* CuOis a promising electrode
material due to its abundance, reasonable price, nontoxicity, and
high theoretical capacity of 674 mA h g'l. Meanwhile, CuO has been
demonstrated as an anode material in the SIBs.” It was
documented that the binder free porous CuO rod arrays grown on
the copper (Cu) foil had superior electrochemical performance and
the capacity of 640 mA h g'1 even at high current density of 200 mA
g'l.14 Generally, it is easy to acquire the performance parameters of
an electrode material by the measurement of galvanostatic charge-
discharge and cyclic voltammetry curves of an assembled coin-
cell.” However, the intermediates and morphology evolution of
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electrode materials during the discharge-charge processes, which
are closely associated with the cycling efficiency and capacity
storage of rechargeable batteries, are still obscure.® ™12 As such, it
is of necessity to investigate the real-time microstructure and
composition evolution during the period of the electrochemical
reactions.

Enlightened by the recent advent of in situ transmission electron
microscopy (TEM) which has been proved to be an effective
technique to observe the microstructural evolution and phase
transformations of nanomaterials in the presence of external
fields,m'20 the dynamic lithiation or sodiation behaviors of electrode
materials can be obtained by in situ TEM.?*2 In this study, the real-
time sodiation behavior of CuO nanowires (NWs) was directly

visualized in the nanosized solid cell. The experiment was
performed inside the JEOL JEM-2010 FEF (UHR) electron
microscope operated at 200 kV.
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Fig. 1 (a) Schematic illustration of the in situ experimental setup. (b-
h) Time-lapsed images illustrating the morphology evolution of a
CuO NW at the applied voltage of -3 V during first sodiation. (i) Plots
of the sodiated length versus the square root of the reaction time
for eight CuO NWs with (solid lines) and without e-beam irradiation
(dashed lines) during sodiation.

Monoclinic CuO NWs were synthesized by the conventional
method by simply heating Cu grids at above 400 °C as reported
previously.24 Fig. 1(a) presents the schematic illustration of the
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assembled nanosized SIB open-cell that enables the electrochemical
experiments of CuO NWs. The system was consisted of the CuO NW
as the working electrode, bulk sodium (Na) metal on the tungsten
(W) rod as the counter electrode, and a solid electrolyte of naturally
grown sodium oxide and hydroxide (Na,O + NaOH) on the Na
metal.’? The working and counter electrodes of the nanosized SIB
were fixed onto the Nanofactory EP1000 TEM-scanning tunneling
microscopy (STM) platform inside the glovebox (water and oxygen
concentrations both below 0.1 ppm) and sealed with a plastic tube
filled with dry argon and then transferred into the TEM column.
During the experiments, the counter electrode could be driven to
touch the CuO NWs aided by the piezo-positioner. Potential of -3 V
or -4 V was applied to the working electrode with respect to the
counter electrode to facilitate the sodiation of the CuO NW.

Time-lapsed images shown in Figs. 1(b)-1(h) present the typical
morphology evolution of a single CuO NW during sodiation (see
Video S1(ESIt)). The pristine length of the CuO NW is nearly 1000
nm. It is evident that the reaction front (marked by the red arrows)
keeps a conical morphology during the whole process, suggesting
that the sodiation proceeds from the surface to the center of the
NW. With the reaction front passing by, the axial elongation of the
CuO NW is not obvious while the expansion along the radial
direction is nearly 27%, implying the anisotropic sodiation
mechanism. During the whole reaction process, no fracture or
cracking appeared.

To gain a better understanding of the sodiation process, Fig. 1(i)
presents the plots of the sodiated length (L) versus the square root
of the reaction time (tl/z) for 8 CuO NWs. Obviously, L are
proportional to (tl/z) (ie. L o tl/z), indicating that the sodiation
mechanism is controlled by the long-ranged diffusion transport
along the whole NW inside such a solid-cell configuration, rather
than the short-ranged processes near the reaction front (i.e. L o
t).25 The five solid lines represent the sodiation results with e-beam
irradiation while the three dashed lines depict the sodiated results
with limited e-beam irradiation. To be specific, in the latter case,
once the CuO NW contacted with the counter electrode, we
blanked the beam and then applied a potential to the working
electrode, taking images by intermittently turning on the beam for
about 5 seconds per 3-5 minutes. Meanwhile, both experiments
were carried out under extremely low e-beam intensity (10'2-10'1 A
cm'z)26 to minimize the influence of e-beam irradiation. It is
reasonable that the electrons (e) could intervene the sodiation
(Na"). Nevertheless, the consistent results indicate that the
influence of e-beam on the sodiation mechanism of CuO NWs is not
crucial.

Fig. 2 (a) TEM image of a pristine CuO NW. (b-d) TEM images of the
sodiated CuO NW circled in (a). (c-e) Electron diffraction (ED)
patterns of the circled area in (b), (c), and (d), respectively.

Consistently, the entire sodiation process can be divided into
three steps. Fig. 2(a) presents the pristine morphology of a single
CuO NW. Figs. 2(b)-2(d) correspond to the typical TEM images taken
from the circled area shown in Fig. 2(a) at different reaction steps,
respectively. Firstly, the CuO can be firstly sodiated to Cu,O (JCPDS
No. 77-0199, lattice parameter: a = 4.25 A) and Na,O (JCPDS No. 77-
2148, lattice parameter: a = 5.55 A) as revealed by the electron
diffraction patterns (Fig. 2(e)), in agreement with the previous
report. In subsequence, the products were converted to NaCuO
(JCPDS No. 77-1699, lattice parameter: a = 8.86 A, ¢ = 4.66 A) (Fig.
2(f)). Finally, the fully sodiated products were mainly consisted of
NagCu,0¢ (JCPDS No. 79-0320, lattice parameter: a = 10.94 A, b =
12.03 A, ¢ = 16.38 A), Na,0, and Cu (JCPDS No. 04-0836, lattice
parameter: a = 3.61 A). The full sodiation products of CuO are
NagCu,0¢, Na,0 and Cu, which is similar to the electrode material of
FeF, that can be sodiated to NasFeFgs, Fe and NaZO.8 The detailed
reaction processes can be expressed as follows:

2Cu0 + 2Na" — Cu,0 + Na,0 (1)
Cu,0 + Na,0 — NaCuO (2)
7NaCuO + Na" — NagCu,0¢ + Na,0 +5Cu (3)
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Fig. 3 EDS spectra of pristine and sodiated CuO NWs.

In order to accurately identify the sodiation phases, high
resolution transmission electron microscopy (HRTEM) images (Fig.
S1(ESIT)) from two different sodiated CuO NWs were acquired
during the second (Figs. S1(a)-S1(b)) and third sodiation stages (Figs.
S1(c)-S1(f)). However, since the images was obtained with focused
e-beam (101-102 A cm'z) which might heat the NWs remarkably27
and thus facilitate the second stage reaction (i.e. Cu,0 + Na,0O —
NaCuO (310 °C)),28 HRTEM images of Cu,0 and Na,O formed in the
first stage could not be obtained successfully. Nonetheless, it
should be noted again that the e-beam with extremely low intensity
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(10'2-10'1 A cm'z) was applied during the regular structural
characterization presented in this paper (e.g. Figs. 1-2). As will be
discussed later, such low intensity e-beam is not the major driving
force for the second stage chemical reaction. Instead, it is believed
that the thermal heating is the main driving force for this reaction.”®
During the sodiation process, a constant voltage (-3 V or -4 V) and
current was applied on a single Cu NW with low thermal
conductivity (20 W/(mK)),29 which may increase the local
temperature of the single NW via Joule-heating.30 Figs. 3(a)-3(b)
present the energy dispersive X-ray spectra (EDS) of pristine and
sodiated CuO NWs. The existence of the characteristic peak of Na
verifies that the sodium ions indeed react with CuO NW. The signals
of C and W originate from the Cu grid and W rod.

Interestingly, Wang et al reported that CuO can be firstly
sodiated to Cu,0 and Na,O which were converted to Cu and Na,O
via the ex situ electrochemical study.31 No NaCuO or NagCu,0¢
phases were found in their experiments. The discrepancy may
originate from the different cell configurations. To be specific, in the
former work,31 the liquid electrolyte rather than the solid
electrolyte was employed. However, it was reported that the
lithiation of Si NWs with solid or liquid electrolytes yield the same
products.25 Future work is required to clarify whether or not the
different types of electrolytes may influence the sodiated products.
Furthermore, it is noted that in the current work, the sodiation
process is directly monitored under a high vacuum condition. In
contrast, during the ex situ experiments reported in references,ls’ i
it is inevitable that the reaction products would contact with the air,
especially when the samples were transferred for the structural
investigation (e.g. X-ray diffraction, TEM). Additionally, it was
reported that the NaCuO is pretty unstable in the air.?? To confirm
this, we have intentionally taken out the TEM holder after the
NaCuO phase was formed during the sodiation (Fig. S2(ESIt)). In
subsequence, the holder was re-inserted into the TEM chamber.
Astonishingly, it was found that NaCuO can be converted to Cu,O
and Na,O (Fig. S2(ESIt)), suggesting that such phase cannot be
easily detected during the ex situ experiment. Because both the LIBs
and SIBs were operated in the air-free environment, it is of
necessity to investigate the structural evolution during the
electrochemical reaction under a high vacuum condition.
Furthermore, the Cu,0 and Na,O (Figs. S2(c-d)(ESIT)) did not
transform to NaCuO under the long-period e-beam irradiation,
which indicated that the e-beam irradiation with extremely low
intensity might not exert significant influence on the normal
reaction.

In comparison to the in situ lithiation results of CuO NWs in solid
ceIIs,33 these results nearly show the discrepancy between sodiation
and lithiation reaction.”” Furthermore, although most of reports
assume that it is reasonable to have similar reaction products for
sodium ion and lithium ion storage,34 the inconsistent phenomena
between SIBs and LIBs have also been observed in other electrode
materials, such as Fer8 and VN.* It is believed that electrochemical
performance of the electrode is influenced by the diffusion
pathway8 and intermediates® depending on the radius of the alkali
cations. Therefore, it is unreasonable to only consider sluggish
effect on the electrode materials caused by the difference between
sodium ion and lithium ion but to pay attention to the varied
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reaction products and mechanisms to account for the performance
discrepancy of CuO electrode materials for SIBs and LIBs.

In summary, the real-time microstructural evolution during
sodiation of CuO NWSs was directly recorded. Consistently, the
sodiation length is proportional to the square root of the reaction
time, indicating that the sodiation procedure is controlled by the
long-ranged diffusion transport mechanism. Meanwhile, based on
the sodiated products, the sodiation process was consisted of three
steps, whereas Cu,0 and Na,0 were predominantly formed during
the first step. Upon further reaction, the intermediate phase NaCuO
nucleated. The final sodiation products were NagCu,0g, Na,O, and
Cu. It is suggested that the complicated reaction mechanism should
be considered for the ongoing relevant exploration of CuO
electrode materials applied in the solid cell, such as capacity fading
and structure disintegration.
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