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Efficient plating/stripping of Na metal is critical to stable operation of any rechargeable Na metal battery. However, it is often
overlooked or misunderstood in electrochemical measurements using thick Na electrodes with large excess of Na reserves.
Herein, we report two crucial aspects, which have generally been ignored in previous studies, in the development of more
practical capacity-controlled Na metal electrodes that can be efficiently cycled at 100% depth. We find that common carbonate
electrolytes induce severe side reaction and highly irreversible Na plating/stripping, whereas ether electrolytes without any
additive support thick Na metal electrodes operating at a high average Coulombic efficiency of 99.6% for over 300 cycles. We
further show that to realize such high efficiency in thin Na metal electrodes, it is necessary to ensure strong adhesion between the
thin Na layer and the Cu current collector, which we solve by introducing an Au interlayer. The resulting transferable thin Na
metal electrodes enable high-energy-density, high-efficiency and reasonably stable-cycling Na||Na3V2(PO4)3 batteries.
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The low cost and high abundance of Na resources has
brought Na-based batteries on the front burner of future
energy storage technologies [1–4]. Resembling Li metal for
Li batteries, Na metal, with its high specific capacity
(1,164 mAh g−1) and low redox potential (−2.714 V vs. SHE
(standard hydrogen electrode)), is the optimal anode material
for Na batteries except for its side reaction and dendrite
formation tendency causing poor reversibility in electro-
chemical plating/stripping and hence a short cycle life [5–9].
While many approaches have been taken to improve the
stability of Na metal electrodes, most of these studies were
based on thick Na electrodes that are shallowly cycled (e.g.,
<10% of total capacity) [6]. This is not ideal for application
because the large excess amount of Na significantly dilutes
the energy density of the battery. This also disconnects cy-
cling performance from the efficiency of Na plating/strip-

ping, which is a critical measure of electrode reversibility,
because the excess Na can compensate any loss of active Na
during cycling. Consequently, in most studies the Na metal
electrode fails before all the available Na is consumed, and
hence the observed cycle life is not directly related to the
Coulombic efficiency (CE) of the electrode [10]. Therefore,
it is necessary to study thin Na metal electrodes with con-
trolled capacities under deep-cycling conditions. It was only
recently that thin and deep-cycling Li metal electrodes were
explored [11–13]. Such studies for Na metal electrodes re-
main limited [14,15].
In this work, we develop a Na metal electrode that can be

cycled at 100% depth with a high CE. In doing so, we find
that Na metal electrodes suffer from substantial side reaction
and highly irreversible plating/stripping in common carbo-
nate-based electrolytes, whereas in ether-based electrolytes
they demonstrate high reversibility without the need for extra
modification/protection. While Na||Cu cells using 1 M
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NaPF6 in tetraethylene glycol dimethyl ether (TEGDME) as
electrolyte exhibit CEs as high as 99.6%, the Cu electrode
with electrochemically deposited Na cannot be reused in
another cell because of the fragile contact between the Na
and Cu layers. Using a thin Au interlayer allows us to solve
this problem and enables transferable Na metal electrodes
with controlled capacities that can be cycled at 100% depth
with CEs up to 99.48%. This high performance is further
confirmed in Na||Na3V2(PO4)3 full cells.
Despite earlier reports suggesting that ether electrolytes

give higher CE than carbonate electrolytes for Na metal
electrodes [8], recent studies still frequently use symmetric
Na||Na cells operating with carbonate electrolytes to evaluate
the performance [9,16–24]. Therefore, we first examined two
commonly used carbonate electrolytes, namely 1 M NaClO4

in propylene carbonate (PC) and 1 M NaPF6 in ethylene
carbonate (EC)-diethyl carbonate (DEC) mixture (1:1, v/v)
[5]. The Na||Na cells both showed non-smooth charging-
discharging voltage profiles with kinks and average over-

potentials over 200 mV at the current of 0.5 mA cm−2 (Fig-
ure S1(a, b), Supporting Information online), which indicates
severe loss of active Na and high resistance [25]. The cells
failed with symptoms of substantially increased over-
potentials and voltage fluctuations after only 160 h of cy-
cling (Figure 1(a, b)). Na||Cu cell measurements showed
very low CEs of about 10% (Figure 1(d), and Figures S2,
S3), confirming that the Na plating/stripping process is
highly irreversible. When 5 wt% of fluoroethylene carbonate
(FEC), which is a commonly used additive for improving
alkaline metal electrode performance in carbonate electro-
lytes [26,27], was blended in the PC and EC-DEC electro-
lytes, both the kinetics and cycle life were improved. The
Na||Na cells achieved about 300 h of cycling under
0.5 mA cm−2-1 mAh cm−2 current-capacity conditions (Fig-
ure 1(a, b)). Overpotentials were reduced to ~50 mV with
smooth voltage profiles recorded (Figure S1(c, d)). However,
the Na plating/stripping process in these FEC-containing
carbonate electrolytes is still highly inefficient, with CEs of

Figure 1 (a–c) Charging-discharging voltage profiles of Na||Na symmetric cells with different electrolytes under 0.5 mA cm−2-1 mAh cm−2 conditions: (a)
1 M NaClO4 in PC or PC with 5% FEC; (b) 1 M NaPF6 in EC-DEC or EC-DEC with 5% FEC; (c) 1 M NaPF6 in TEGDME. (d) CEs of Na||Cu cells with
different electrolytes under 0.5 mA cm−2-1 mAh cm−2 conditions (color online).
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~50% as revealed by the Na||Cu measurements (Figure 1(d),
and Figures S4, S5). Taking all these results together, we can
conclude that Na metal electrodes are not compatible with
the common carbonate electrolytes likely due to both elec-
trolyte decomposition and “dead” Na formation
[10,25,28,29]. In fact, all of the carbonate cells measured in
this study lost more than 4 mAh cm−2 of electrochemically
active Na in less than 10 cycles (Figure S6), which precludes
them from being useful in any real rechargeable battery. Note
that these problems are not readily evident from typical
Na||Na cell measurements where smooth voltage profiles and
hundreds of cycles may be observed.
We found ether-based electrolytes work well for Na metal

electrodes. Using 1 M NaPF6 in TEGDME as electrolyte,
both Na||Na and Na||Cu cells showed high reversibility and
cycling stability. The overpotentials of the Na||Na cell were
only ~10 mV at 0.5 mA cm−2 and remained unchanged over
1,200 h of continuous cycling at the capacity of 1 mAh cm−2

(Figure 1(c), and Figure S1(e, f)). The Na||Cu cell was op-
erated for 300 cycles with a high average CE of 99.6%
(Figure 1(d)) and much smaller overpotentials and more
stable voltage profiles than those using carbonate electro-
lytes (Figures S7, S8). Consequently, the consumption of
active Na was greatly suppressed to only 1.22 mAh cm−2 for
the 300 cycles (Figure S6). We note that the Na||Na and
Na||Cu cells could have been cycled even longer because of
the stable Na plating/stripping behavior. However, such cy-
cling would be less meaningful because the extended cycle
life is sustained by the huge excess of Na in the electrode,
which is different from the real battery scenario where the Na
metal anode is of a limited capacity and is cycled deeply.
To this end, we performed an experiment in which we first

electrochemically deposited a controlled amount of Na on a
Cu current collector and then disassembled the Na||Cu cell to
study the Na@Cu electrode in a different cell (see details in
the Supporting Information online). When paired with a
clean Cu electrode and cycled in the voltage range of −1–1 V
to plate/strip all the active Na, i.e., at 100% depth (inset of
Figure 2(a)), the Na@Cu electrode delivered only half of the
expected capacity (0.497 mAh cm−2 vs. the pre-deposited
1 mAh cm−2) in the first stripping step, which further drop-
ped to ~0.1 mAh cm−2 in the second cycle (Figure 2(a)).
Considering the high CE of the Na||Cu cell using the same
electrolyte, the capacity loss was most likely introduced by
the cell disassembly-electrode transfer-cell assembly pro-
cess. However, it is highly unlikely the deposited Na would
deteriorate chemically during the transfer process since this
step was handled with care in Ar atmosphere. Therefore, we
believe the poor adhesion of Na to Cu, as reflected in the
photograph shown in Figure 2(b), is responsible for Na de-
tachment from the current collector and hence the capacity
fade. The fluctuating voltage profiles and rapidly increasing
overpotentials also reveal the poor contact between the thin
layer of Na and the underlying Cu substrate (Figure 2(c)).
To solve this issue and investigate the intrinsic perfor-

mance of capacity-controlled thin Na metal electrodes, we
pre-coated the Cu current collector with a thin layer (50 nm)
of Au, which can alloy with Na and improve the adhesion as
shown by previous studies [30,31]. Electrochemically de-
posited Na on the Au@Cu electrode shows a uniform and flat
surface (Figure 3(a)). When paired with a Au@Cu electrode
(Figure 3(b)), the Na@Au@Cu electrode (initial capacity
2 mAh cm−2) was plated/stripped at 0.5 mA cm−2 and 100%
depth for 150 cycles. The average CE (CEavg.) of the Na

Figure 2 (a) Capacity retention of Na@Cu||Cu cell cycled at 0.5 mA cm−2 with 1 mAh cm−2 of pre-deposited Na. Inset shows the cell configuration; (b)
photograph of a Cu electrode with 1 mAh cm−2 of electrochemically deposited Na metal; (c) charging-discharging voltage profiles of the Na@Cu||Cu cell
(color online).
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plating/stripping process was calculated from the capacity
decaying behavior using the following equation:

C
CCE = ,nn

avg.
1

2( 1)

where n is the cycle number and Cn is the measured capacity
of that cycle. Since Na plating/stripping occurs at both
electrodes in any given cycle, the root index is 2(n−1) in the
equation. Considering the CE may be capacity-dependent,
we calculated the average value based on a Cn that is ~30% of
C1. The obtained average CE values for different current-
capacity conditions are plotted in Figure 3(c). At
0.5 mA cm−2-2 mAh cm−2, 99.61% is achieved, comparable
to those measured using Na||Cu cells. The CE decreases
slightly with increasing amount of initially deposited Na
(Figure 3(c, d) and Figures S9, S10). Although the capacity
of the Na@Au@Cu electrode gradually decreased over the
150 cycles, the overpotentials of the charging/discharging
voltage plateaus remained unchanged (Figure 3(e)), which
indicates that the good contact between Na and Au@Cu was
sustained during the cycling. Consistently, scanning electron
microscopy (SEM) imaging and energy dispersive X-ray
spectroscopy (EDS) mapping showed that the Au interlayer
remained in place after cycling (Figure 3(f–i)).
Control experiments show that coating Au on the Cu

current collector does not alter the electrochemical perfor-
mance of the Na||Cu cell with the TEGDME electrolyte, nor
does it solve the low reversibility problem for the carbonate
electrolytes (Figures S11, S12). Therefore, the major role of
the Au interlayer is to improve the contact between Na and
Cu, and hence to enable the preparation and stable cycling of
the thin Na metal electrode. The adhesion improvement is
likely related to the formation of a Na-Au alloy phase. The
Na||Au@Cu cell manifests a small platform at ~0.25 V vs.
Na+/Na in its Na stripping (from the Na@Au@Cu electrode)
voltage profile (Figure S12(c)), which corresponds to Na
removal from the Na2Au alloy phase [31]. The observation
that this dealloying process appears at the end of the strip-
ping process again confirms that the Au interlayer is un-
derneath the deposited Na. Interestingly, we found that the
thin Na cell requires Au coating on both Cu current collec-
tors to function well (Figures S13, S14), whereas the Na||Cu
cell does not need that (Figure 1(d)). The origin to this dif-
ference is not fully understood at this stage, but may be
related to the elasticity of the thick Na electrode of the
Na||Cu cell, which can help maintain a pressure on the
Na@Cu electrode in the cell and ensure a good contact be-
tween the Na and Cu. Benefits of mechanical pressure to Li
metal anodes have been reported [32–34].
Real batteries are always fabricated with the amounts of

Figure 3 (a) Photograph of an Au@Cu electrode with 1 mAh cm−2 of electrochemically deposited Na metal; (b) Na@Au@Cu||Au@Cu cell configuration;
(c) average CE of Na@Au@Cu||Au@Cu cells cycled at different current densities with different pre-deposited Na capacities; (d) capacity retention and (e)
selected charging-discharging voltage profiles of Na@Au@Cu||Au@Cu cell cycled at 0.5 mA cm−2 with 2 mAh cm−2 of pre-deposited Na; (f–i) SEM imaging
and EDS mapping of Na@Au@Cu electrode with 2 mAh cm−2 of pre-deposited Na after five cycles at 0.5 mA cm−2. Partial overlapping of Au and Cu signals
is likely caused by sample preparation (color online).

1560 Zhang et al. Sci China Chem November (2020) Vol.63 No.11



anode and cathode materials balanced [11]. Therefore, we
further studied Na@Au@Cu||Na3V2(PO4)3 cells with differ-
ent amounts of excess Na. The cells can maintain a stable
capacity before the excess Na is fully consumed (Figure 4
and Figure S15). Average CE of the anode (Na) can be cal-
culated from the cycle life using the following equation:

C
NCCE = ,avg., Na

Na

NaVP

where CNa is the initial capacity of the Na anode (i.e., excess
Na), N is the cycle number when the capacity of the full cell
starts to drop, and CNaVP is the capacity of the Na3V2(PO4)3
cathode. We note here that in this cycling stage the CE of the
Na anode is not reflected by the CE of the cell which is
actually the CE of the cathode because the anode is in excess.
When a ~0.43 mAh cm−2 Na@Au@Cu anode was paired
with a ~0.25 mAh cm−2 Na3V2(PO4)3 cathode, which corre-
sponds to ~0.43 mAh cm−2 of excess Na (171.22% of CNaVP),
the cell maintained its initial capacity for 260 cycles (Figure
4(a)). The average CE of Na plating/stripping was calculated
to be 99.34%, which agrees well with the CE values de-
termined using Na||Cu and Na@Au@Cu||Au@Cu half cells.
When the anode excess was further lowered to 99.09%
(~0.086 mAh cm−2 of Na paired with ~0.094 mAh cm−2 of
Na3V2(PO4)3) and 33.84% (~0.43 mAh cm−2 of Na paired
with ~1.27 mAh cm−2 of Na3V2(PO4)3), the stable-operation
life was shortened to 100 and 30 cycles, giving average an-
ode CEs of 99.09% and 98.87%, respectively (Figure 4(b,
c)). These results show that Na metal electrodes are rea-
sonably efficient in the TEGDME electrolyte when the
contact issue is solved, although the CE still needs to be
improved (e.g., to >99.9%) to better satisfy application re-
quirements.
In conclusion, Na metal electrodes have high CE when

operating in ether electrolytes but are highly irreversible in

carbonate electrolytes. Preparation and effective cycling of
thin Na metal electrodes with controlled capacities is chal-
lenged by the adhesion problem between Na and Cu, which
can be solved by introducing an Au interlayer. With this
progress, we have reached the 99.5% level of CE, which
means 400 stable cycles of the battery when the anode is
200% in excess.
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