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Abstract: Sodium-ion batteries (SIBs) have attracted increasing attention for storing renewable clean
energy, owing to their cost-effectiveness. Nonetheless, SIBs still remain significant challenges in
terms of the availability of suitable anode materials with high capacities and good rate capabilities.
Our previous work has developed and verified that Cu2S wrapped by nitrogen-doped graphene
(i.e., Cu2S@NG composite), as an anode in SIBs, could exhibit a superior performance with ultralong
cyclability and excellent rate capability, mainly due to the multifunctional roles of NG. However,
the Cu2S@NG anode still suffers from continuous parasitic reactions at low potentials, causing a rapid
performance deterioration. In this study, we investigated the effects of a conformal Al2O3 coating via
atomic layer deposition (ALD) on the interfacial stability of the Cu2S@NG anode. As a consequence,
the ALD-coated Cu2S@NG electrode can deliver a high capacity of 374 mAh g−1 at a current density
of 100 mA g−1 and achieve a capacity retention of ~100% at different rates. This work verified that
surface modification via ALD is a viable route for improving SIBs’ performances.
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1. Introduction

Sodium-ion batteries (SIBs) have been highly regarded as a promising technology to constitute
large stationary electrical energy storage (EES) systems for renewable clean energies (e.g., solar and wind
power), featuring their low cost and the natural abundance of sodium [1,2]. Due to the larger radius
(1.02 Å) of the Na-ions than that (0.76 Å) of the Li-ions [3], SIBs have experienced more difficulties in the
search for a suitable anode material [4–9]. Among potential candidates, the conversion-type copper(I)
sulfide (Cu2S) has attracted much interest, owing to its high theoretical capacity of 337 mAh g−1,
outstanding rate capability over 10 C (1 C = 337 mA g−1), and natural abundance [10–12].

It has been witnessed that Cu2S and its analogs (e.g., Cu9S5 and Cu1.8S) suffer from performance
degradation, due to continuous parasitic reactions at their interfaces [13,14]. It has been demonstrated
that, to deal with these kinds of issues, a physical encapsulation over Cu2S is effective. In this
regard, a variety of different coverings have been reported, such as carbon materials, amino-ended
hyperbranched polyamide (AHP), and nitrogen-doped graphene (NG) [14–19]. For example, Cu9S5

nanoparticles embedded in N,S-doped carbon realized a capacity of 344.3 mAh g−1 at 100 mA g−1 for
200 cycles, but showed a low rate performance—i.e., a capacity of 138.2 mAh g−1 at 1600 mA g−1 [18].
Chen et al. [14] applied an N,S dual-doped carbon to encapsulate Cu2S, leading to a capacity of
182.3 mAh g−1 for 50 cycles. Due to low electron conductivity in N,S dual-doped carbon, the addition
of some extra conductive agent led to a 51.5 wt% content of the active material and a low electrode
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capacity of 93.9 mAh g−1 (which was based on all the electrode materials, including the active material,
the conductive agent, and the binder) [14]. In this regard, we developed a superior Cu2S@NG
composite anode for SIBs in our previous work [19]. In the work, we demonstrated that the NG
exhibited multifunctional roles in the anode [20,21] and contributed to a significant improvement in
performance. Our Cu2S@NG composite anode exhibited the highest electrode capacity (252 mAh g−1)
among all the Cu2S-related electrodes reported to date. Nonetheless, we also noticed that there
were still some parasitic reactions occurring at low potentials (e.g., <0.15 V), which deteriorated the
performance of the Cu2S@NG composite anode. The parasitic reaction might be exhibited as continuing
electrolyte decomposition [22,23], which consumes part of the charge and even hinders the active
capacity of electrode materials. To this end, we have adopted a higher discharge cutoff voltage of 0.2 V
to mitigate the parasitic reactions for achieving a more stable performance—e.g., a sustainable capacity
of 270 mAh g−1 for 1000 cycles at 5 C (1 C = 337 mAh g−1) [19]. However, the higher cutoff potential of
0.2 V compromised the capacity of the Cu2S anode to some extent.

Motivated to further improve the electrochemical performance of our previously developed
Cu2S@NG electrode in the voltage window of 0.01–3.0 V, herein we demonstrate a design philosophy
using a surface modification via atomic layer deposition (ALD) to suppress parasitic reactions. The ALD
thin film technique has emerged as a promising approach for stabilizing lithium-ion batteries (LIBs) and
SIB performance, featuring its capabilities for growing a large range of inorganic materials and forming
an ultrathin, uniform, and conformal coatings [24–26]. It has been demonstrated that the inorganic
oxide materials (i.e., Al2O3, ZrO2, and TiO2) coated on electrodes via ALD have remarkably improved
the interfacial stability and thereby elongated the electrodes’ cycling life [27–29]. Particularly, Al2O3

coating via ALD has been widely employed in SIBs, featuring its good protective effects against HF
corrosion and mechanical reinforcement on electrodes [24]. In this study, we applied an ultrathin Al2O3

coating via ALD on Cu2S@NG electrode as a model system for investigating its effect on the interfacial
stability of SIBs. Compared with the bare electrode, the ALD-coated electrode (i.e., ALD-Cu2S@NG)
could enable a more stable electrochemical performance, accounting for a capacity of 374 mAh g−1

at 100 mA g−1 for 100 cycles versus a capacity of 304 mAh g−1 for the bare electrode at the same
testing conditions and an exceptional capacity retention of ~100% at different current rates (up to 10 C).
The electrochemical impedance spectroscopy (EIS) measurements confirmed that the ALD coating
has dramatically reduced the interfacial resistance. Consequently, our study revealed that surface
modification via ALD is an important strategy to enhance interfacial stability of sodium-ion batteries
for better performances.

2. Results and Discussion

The as-received Cu2S powders show a particle size distribution between 10 and 50 µm (Figure 1a),
observed using a scanning electron microscopy (SEM). To facilitate Na+ diffusion, a high-energy
planetary ball milling was used to grind the Cu2S particles in the mixture of NG conductive agent
and polyvinydene (PVDF) binder. After ball milling, the Cu2S particle size was significantly reduced
to <2 µm (Figure 1b). The electrode active material consisted of NG-encapsulated Cu2S particles.
Because the parasitic reactions occurred at the low potential of ~0.13 V deteriorate the electrochemical
performance of Cu2S@NG electrode, in this work, we applied a surface coating of Al2O3 on the
electrodes to achieve a stable interface and thereby suppress the parasitic reactions. The ALD Al2O3

coating on the electrode surface was used as a model system to demonstrate our design philosophy.
Various thicknesses (2, 4, 6, and 8 nm) of the Al2O3 coating were deposited on the Cu2S@NG electrode
to examine the effectiveness of Al2O3 coating. Synchrotron-based XRD characterization was performed
to investigate the crystallographic structure of the pristine Cu2S powder and ALD-Cu2S@NG electrode.
Figure 1c reveals that both materials contained the mixed phases of Cu2S and Cu1.8S (both denoted
as Cu2S in this work), while the amorphous Al2O3 nanocoating could not be identified by XRD.
Figure 2 presents the energy-dispersive X-ray (EDX) mapping of element distribution on the electrode.
The homogeneity of the Al element on the electrode reveals that Al2O3 coating uniformly covers
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both active Cu2S material and other inactive materials (e.g., PVDF and carbon additives). To further
verify the coating uniformity on electrode materials, we also conducted an 80-cycle (~8 nm) Al2O3

coating via ALD on either NG or Cu2S. SEM images of NG wrinkles (Figure S1a,b) and the Cu2S
particle surface (Figure S1c,d) before and after ALD deposition both illustrate the superior uniformity
and conformality of the Al2O3 coating. EDX spectra of both materials (Figure S1e,f) also confirm the
existence of Al2O3 coating.

Figure 1. SEM images of (a) the as-received Cu2S powder and (b) Atomic Layer deposition (ALD)-coated
Cu2S@NG electrode. (c) XRD characterizations of the as-received Cu2S powder and ALD-coated
Cu2S@NG electrode.

Figure 2. (a) SEM image of ALD-coated Cu2S@NG electrode with energy-dispersive X-ray (EDX)
mapping of (b) Al, (c) F, (d) Cu, (e) S, and (f) C elements, exhibiting the uniformity of Al2O3 coating.

The electrochemical behavior of the ALD-Cu2S@NG electrode was investigated using SIB half-cells
within a voltage range of 0.01–3 V. The cycling performance tests of the bare Cu2S@NG electrode and
the ALD-coated electrodes, with 2, 4, 6, and 8 nm Al2O3 coatings, were conducted with a constant
current charging/discharging at 100 mA g−1 (Figure 3a). For the bare electrode, the discharge capacity
at the first cycle was ~450 mAh g−1, which is much higher than the theoretical capacity of Cu2S
(337 mAh g−1), and then decreased to ~350 mAh g−1 at the second cycle. The initially irreversible
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capacity loss resulted from the formation of some solid electrolyte interphase (SEI) due to electrolyte
decomposition. Starting from ~50 cycles, the bare Cu2S@NG electrode suffered some capacity fading
with a decreased capacity of 302 mAh g−1 at the 100th cycle, probably due to some continued parasitic
reactions. In comparison, all the ALD-coated electrodes showed some mitigation on capacity fading
after 50 cycles and exhibited much better capacity retention. Among all electrodes, the electrode with a
6 nm Al2O3 coating showed the highest capacity (374 mAh g−1) at the 100th cycle. Yet, a thicker coating
(e.g., 8-nm Al2O3 coating) led to a relatively lower capacity (355 mAh g−1), probably because of a lower
Na ion diffusion. Compared with Cu2S’s theoretical capacity of 337 mAh g−1, the excessive capacity in
the Cu2S@NG electrode was attributed to the contribution from the sodiation into NG, because NG
itself could deliver an initial capacity of ~290 mAh g−1 and sustain a capacity of 84 mAh g−1 at the
100th cycle (as shown in Figure S2). However, the irreversible capacity loss of the initial discharge
can still be witnessed in the ALD-coated electrodes. This is probably related to the Al2O3 coating
layer, which is covered by -OH functional groups. The -OH groups may cause some electrolyte
decomposition but can be removed completely after the first discharge cycle. Figure 3b exhibits
the nearly identical discharge/charge profiles between the bare and the ALD-coated (6 nm Al2O3)
electrodes at the first cycle, revealing the electrochemically inactive nature of the Al2O3 coating. Hence,
the improved capacity retention of all the ALD-coated electrodes (Figure 3a) indicates that Al2O3

coating can significantly enhance the interfacial stability after the first discharge–charge cycle and
suppress the parasitic reactions during cycling. Because of the outstanding rate capability of Cu2S,
the ALD-Cu2S@NG electrode with the 6 nm Al2O3 coating was also tested at various rates—i.e.,
100 mA g−1, 0.5 C, 1 C, 2 C, 5 C, and 10 C. The ALD-coated electrode showed an excellent rate capability,
accounting for a capacity of ~250 mAh g−1 at 10 C and a capacity retention of ~100% (363 mA g−1 at
2nd cycle and 361 mA g−1 at 110th cycle). It is apparent that the ALD-coated electrode outperforms the
bare electrode (Figure 3c).

Figure 3. (a) The cycling performance of Cu2S@NG electrodes with different ALD coating thicknesses at
100 mA g−1 in the potential range of 0.01–3.0 V. (b) Comparison of the 1st cycle discharge–charge profiles
between the bare and ALD-modified Cu2S@NG electrodes. (c) The comparison of rate performance
between the bare and ALD-modified electrodes at 100 mA g−1, 0.5, 1, 2, 5, and 10 C in 0.01–3.0 V.
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To further investigate the effect of Al2O3 coating on the electrochemical performance the
ALD-Cu2S@NG electrodes, we conducted a comparative study on the bare and ALD-coated electrodes
to investigate their redox potentials during cyclic voltammetry (CV) and interfacial resistances using
EIS. Figure 4a,b exhibit the CV profiles for the bare and ALD-coated electrodes within five cycles at
a scan rate of 0.1 mV s−1. Due to the electrochemically inactive nature of Al2O3 coatings, the redox
potentials for the Cu2S reaction in an ALD-coated electrode are identical to those of the bare electrode,
accounting for five cathodic peaks (at 1.89, 1.47, 1.13, 0.80, and 0.41 V) and three anodic peaks (at 1.59,
1.88, and 2.13 V). Our previous study unveiled the electrochemical mechanism ascribed to the complex
intercalation and conversion reactions using two synchrotron-based X-ray diffraction and absorption
techniques [20]. Briefly, Na ions first enter the Cu2S lattice via intercalation when discharged to 1.6 V.
Then, the intercalation proceeds together with some conversion between 1.6 and 0.8 V. Afterwards,
the conversion reaction completes while Cu2S is fully discharged. On the other hand, two additional
cathodic peaks at lower potentials of 0.13 and 0.016 V are due to SEI formation [30] and the Na-NG
electrochemical reaction [19], respectively. To provide a better understanding of the specific capacity
due to these two additional reactions, we integrated their areal CV profiles between 0.01 and 0.2 V
(as shown in Figure 4c). The results reveal that the 6 nm Al2O3 coating could suppress side reactions
in the initial three cycles. Moreover, the interfacial resistances of the bare and ALD-coated (2, 4, 6,
8 nm Al2O3) electrodes were examined after the first, second, and fifth cycle via EIS measurements
(the Nyquist plots in Figure 4d,e and Figure S3a–e). EIS data fitting was conducted using an equivalent
circuit model (Figure S3f). In comparison to the bare electrode, apparently, the interfacial resistance
drastically decreased for the ALD-coated electrodes (Figure 4f and Table S2). This indicates that the
interfacial stability is significantly enhanced by the ALD Al2O3 coating. Furthermore, Figure 5 also
corroborates that there was little change observed on the ALD-coated Cu2S@NG electrode using SEM
images, accounting for a stable interface established by the ALD coating of Al2O3.

Figure 4. Cyclic voltammetry profiles of (a) the bare Cu2S@NG and (b) the ALD-modified Cu2S@NG
electrodes in the first 5 discharge–charge cycles. (c) Comparison of the discharged capacities in the
range of 0.01–0.2 V for the first 5 cycles between the bare and ALD-modified electrodes. Nyquist plots
with the fitting curves of electrochemical impedance spectroscopy (EIS) measurements of (d) bare and
(e) ALD-modified electrodes in initial 3 cycles. (f) Comparison of the solid electrolyte interphase (SEI)
film resistance between bare and ALD-modified electrodes.
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Figure 5. SEM images of the ALD-coated Cu2S@NG electrode (a) before cycling and after (b) 1st
discharge and (c) 1st charge.

3. Conclusions

In this study, we investigated the surface modification strategy via ALD to stabilize the
high-performance Cu2S@NG anode in the full voltage range of 0.01–3 V. An ultrathin (6 nm) Al2O3

coating was coated homogeneously on a Cu2S@NG electrode via ALD. Compared to the bare electrode,
the ALD-coated Cu2S@NG electrode sustains high capacity of 374 mAh g−1 at 100 mA g−1 for 100 cycles
and exhibits ~100% retention in rate capability (up to 10 C). The stable performance of the ALD-coated
Cu2S@NG electrode is mainly ascribed to the significantly enhanced interfacial stability by the ALD
Al2O3 coating. Our study revealed that the ALD Al2O3 coating can suppress the parasitic reactions at
low potentials. As a consequence, the ALD-coated Cu2S@NG electrode enabled the highest electrode
capacity of ~300 mAh g−1, much higher than the capacity of 252 mAh g−1 of the bare Cu2S@NG electrode
(Table S1). This work demonstrates that surface modification via ALD is a key strategy to enhance
interfacial stability and improve electrochemical cyclability for the Cu2S@NG electrode. We expect
that this work will shed light on development of high-performance SIBs using ALD modification.

4. Experimental Section

Preparation of electrode materials: The as-received copper(I) sulfide (Cu2S) powder
(Sigma-Aldrich) was mixed with a conductive additive (NG, ACS Material) and polyvinydene
fluoride (PVDF) binder (MTI Corporation) in a weight ratio of 8:1:1 in 1-Methyl-2-pyrrolidone (NMP,
Sigma-Aldrich) solvent. The mixture was ball-milled in a high-energy planetary system (MSE 0.4L
Bench Top Vertical Planetary Ball Milling machine) at a speed of 870 rpm for 6 h, leading to a
homogenous slurry. Subsequently, the received slurry was cast onto a Cu foil with a 200 µm doctor
blade. The resultant laminates were dried in air overnight and then further dried at 100 ◦C in a
vacuum for 8 h. The surface modification with an Al2O3 coating was performed on the dried electrode
laminates in a commercial ALD (Savannah 200, Veeco) system at 100 ◦C, using trimethylaluminum
(TMA) and H2O as precursors.

Electrochemical measurements: The CR2032 coin cells were used to evaluate the electrochemical
performance of ALD-coated Cu2S electrodes, using sodium metal as the counter electrode. The electrode
laminates and sodium metal were punched into discs (7/16 inches in diameter), having an active loading
range of 1.5–2 mg cm−2. The separators used were polypropylene/polyethylene membranes (25 µm
thick, Celgard MTI Corporation). The liquid electrolyte was 1 M NaPF6 (Sigma-Aldrich) in diethylene
glycol dimethyl ether solvent (DEGDME or diglyme, Sigma-Aldrich). The coin cells were assembled in
an Ar-filled glove box with H2O and O2 levels of <0.01 ppm. Galvanostatic charge/discharge tests were
conducted on a Neware Battery Testing System at room temperature (~25 ◦C). Cyclic voltammetry
(CV) tests were performed using an SP-200 potentiostat (Bio-logic) at a scan rate of 0.1 mV s−1 in the
voltage range of 0.01−3.0 V versus Na/Na+. The EIS measurements were carried out using the SP-200
potentiostat at the frequency range from 0.01 Hz to 100 kHz with an AC signal amplitude of 5 mV.
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Material characterizations: The microscopic images of the electrodes were obtained using a
NanoSEM 450, which was coupled with an EDX spectroscopy. The synchrotron-based ex situ X-ray
diffraction (XRD) was carried out at APS 11 ID-C (0.1173 Å wavelength) at Argonne National Laboratory.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-477X/4/4/184/s1,
Figure S1: High-magnification SEM images of (a) bare and (b) Al2O3-coated (80 cycles) NG and (c) bare and (d)
Al2O3-coated (80 cycles) Cu2S demonstrate the uniformity and conformity of ALD coating on electrode materials.
EDX element mapping of Al2O3-coated (e) NG and (f) Cu2S reveals the contents of Al as the Al2O3 coating, Figure
S2: Cycling performance of a Na-NG half-cell, delivering 84 mAh g−1 capacity at 100th cycle. Figure S3: Nyquist
plots from EIS measurements of ALD-coated Cu2S@NG electrodes with (a) 1, (b) 2, (c) 4, (d) 6, and (e) 8 nm Al2O3
coatings during 5 cycles. (f) The physical model used for fitting EIS data, Table S1: Summary of electrode loading
and battery performance in all previously reported literature and this study, Table S2: The fitted EIS data for
Cu2S@NG and ALD-coated Cu2S@NG at 0.01–3V.
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