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ABSTRACT: Sodium (Na) metal is considered a promising anode
material for high-energy Na batteries due to its high theoretical
capacity and abundant resources. However, uncontrollable dendrite
growth during the repeated Na plating/stripping process leads to the
issues of low Coulombic efficiency and short circuits, impeding the
practical applications of Na metal anodes. Herein, we propose a
silver-modified carbon nanofiber (CNF@Ag) host with asymmetric
sodiophilic features to effectively improve the deposition behavior of
Na metal. Both density functional theory (DFT) calculations and
experiment results demonstrate that Na metal can preferentially
nucleate on the sodiophilic surface with Ag nanoparticles and
uniformly deposit on the whole CNF@Ag host with a “bottom-up
growth” mode, thus preventing unsafe dendrite growth at the
anode/separator interface. The optimized CNF@Ag framework exhibits an excellent average Coulombic efficiency of 99.9% for 500
cycles during Na plating/stripping at 1 mA cm−2 for 1 mAh cm−2. Moreover, the CNF@Ag-Na symmetric cell displays stable cycling
for 500 h with a low voltage hysteresis at 2 mA cm−2. The CNF@Ag-Na//Na3V2(PO4)3 full cell also presents a high reversible
specific capacity of 102.7 mAh g−1 for over 200 cycles at 1 C. Therefore, asymmetric sodiophilic engineering presents a facile and
efficient approach for developing high-performance Na batteries with high safety and stable cycling performance.
KEYWORDS: carbon nanofibers, electrospinning, asymmetric structure, sodiophilic silver, sodium metal anode

1. INTRODUCTION

Lithium-ion batteries (LIBs) have been widely applied in
portable electronic products and electric vehicles due to their
high energy density and long cycle life.1,2 However, the limited
reserve and increasing cost of lithium resources make LIBs
hard to meet fast-growing consumer markets and large-scale
energy storage applications.3 For this reason, sodium-ion
batteries (SIBs) are regarded as promising alternatives to LIBs
because of their similar electrochemical storage mechanism,
low cost, and natural abundance of sodium (Na) resources.4,5

For the choices of anode materials, Na metal with a high
theoretical specific capacity of 1166 mAh g−1 and a low redox
potential of −2.71 V (vs standard hydrogen electrode) is
considered the most ideal anode for constructing high-energy
and low-cost SIBs.6,7 In addition, the Na metal anode is a key
component for other advanced Na-based batteries, such as
Na−S, Na−O2, and Na−CO2 batteries.8 Therefore, the
development of Na metal anodes is attracting considerable
attention.
Unfortunately, the Na metal anode still faces severe

problems in its practical applications.9,10 During the cycling
process, uneven Na plating/stripping, unstable solid electrolyte
interphase (SEI), and large volume expansion can induce Na
dendrite growth and active Na loss, eventually leading to low

Coulombic efficiency (CE), short cycling life, and safety
hazards.11,12 To address the abovementioned issues, various
strategies have been employed, mainly including the
optimization of liquid electrolytes,13,14 the introduction of
artificial SEI films on the Na metal surface,15,16 the use of solid-
state electrolytes,17 and the construction of three-dimensional
(3D) conductive hosts.18−21 Among them, three-dimensional
(3D) hosts have the merits of good conductivity and large
surface area, which can not only significantly reduce the local
current density but also alleviate the Na volume change during
cycling. Thus, Na dendrite growth can be effectively sup-
pressed and the CE of the Na metal anode can be largely
improved.22 However, the ongoing obstacle is that Na metal
prefers to deposit on the top surface of most 3D hosts due to
the stronger electric field and shorter Na+ diffusion length in
the anode area near the separators, similar to the reported “top
growth” mode of Li metal plating.23,24 Since the ionic radius
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(1.02 Å) of Na+ is relatively large compared with that (0.76 Å)
of Li+, Na+ mobility is lower. Based on Sand’s time model,10,12

slower Na+ mobility would cause the higher concentration
gradient along the thickness direction of the anode, thus
leading to a more severe “top growth” issue during the Na
plating process. The “top growth” issue of Na deposition could
accelerate dendrite penetration through the separator and
increase short circuit risks.25,26 Therefore, it is of great
significance to reasonably regulate Na deposition far away
from the unsafe anode/separator interface by optimizing the
Na host structure.
Herein, a 3D host with asymmetric sodiophilic features is

designed to regulate the deposition behavior of Na metal, as
illustrated in Figure 1a. The asymmetric host involves an
electrospun carbon nanofiber (CNF) host by sputtering Ag
nanoparticles only on its separator-away surface, which is
denoted CNF@Ag. With high porosity and good conductivity,
the as-designed CNF@Ag host is expected to alleviate the large
volume expansion of Na and regulate the local current density
during the plating process, thus improving the cycling stability
of the Na metal anode. Moreover, density functional theory
(DFT) calculations demonstrate that the sputtered Ag
nanoparticles possess higher sodiophilicity and a lower
nucleation barrier than the bare CNF. Such a sodiophilic
surface is preferred for Na metal nucleation and deposition on
the CNF@Ag host with a desirable “bottom-up growth” mode
(Figure 1b) instead of the “top growth” Na plating on the CNF
host (Figure 1c). Therefore, the design of the asymmetric
CNF@Ag host is an effective strategy to avoid unsafe anode/
separator interface dendrite growth, indicating great potential
in improving the safety and lifetime of the Na metal anode.

2. EXPERIMENTAL SECTION
2.1. Preparation of CNF and Asymmetric CNF@Ag Hosts.

The CNF membrane was prepared by a traditional electrospinning
method.27−29 Typically, 2 g of polyacrylonitrile (PAN, Mw = 150 000)
was added in 18 mL of N,N-dimethyl formamide (DMF) solvent and
stirred until dissolved completely. Then, the dissolved solution was
carried out by electrospinning with a voltage of 15 kV and a pushing
speed of 0.1 mm min−1 to obtain the PAN fibrous membrane. Finally,
the CNF membrane was prepared by preoxidation of the PAN fibrous
membrane at 250 °C for 2 h in an Ar atmosphere and carbonization at
800 °C for 2 h. Moreover, by controlling the electrospinning time,
CNF membranes with different thicknesses of 40, 100, and 300 μm
were obtained, which were denoted 40-CNF, 100-CNF, and 300-
CNF, respectively.

The asymmetric CNF@Ag hosts were prepared by sputtering Ag
nanoparticles only on one side of the CNF membrane using an ion
sputtering apparatus (JS-1600M, Beijing HTCY Technology Co.,
Ltd.) at a current of 60 mA for various time of 60, 120, and 180 s,
which were denoted CNF@Ag-60s, CNF@Ag-120s, and CNF@Ag-
180s, respectively.

2.2. Characterization. Scanning electron microscope (SEM,
Hitachi S-4800) and energy-dispersive X-ray spectroscopy (EDS)
were used to observe the morphology and elemental distribution of
the samples, respectively. The size of Ag nanoparticles on the surface
of CNF was characterized by transmission electron microscopy
(TEM, JEM-2100F). The crystal structure and the chemical
component of the samples were determined by X-ray diffraction
(XRD, Rigaku D/MAX-2550VB), Raman spectroscopy (Renishaw
inVia-Reflex, 532 nm radiation), X-ray photoelectron spectroscopy
(XPS, Thermo Scientific Escalab 250Xi), and thermogravimetric
analysis (TGA, NETZSCH TG 209F1 Libra). For ex situ measure-
ments, the cycled electrodes were first dissembled in a glovebox and
repeatedly washed away the remaining electrolyte using pure diglyme
or dimethyl carbonate solvent.

2.3. Theoretical Calculations. The DFT calculations were
performed by the Vienna Ab initio Simulation Package using the
projector augmented wave method and the Perdew−Burke−
Ernzerhof generalized gradient approximation functional.30−34 The
cutoff energy for the plane wave was set as 450 eV,25 and the
Monkhorst−Pack k-point sampling grid was 3 × 3 × 1. The Ag (five-
layer 3 × 3 × 1 supercell, (111) crystal plane) and 5 × 5 monolayer
graphene slabs were constructed as fundamental models for Ag and
CNF substrates, respectively.35,36 Only one Na atom was placed on
top of each model and the vacuum layer was 20 Å. The convergence
threshold for geometry optimization was set as 0.01 eV Å−1 in force.
The binding energy (Eb) between the Na atom and different
substrates was calculated using the following equation

E E E Eb Na slab slab Na= − −+

where ENa+slab represents the total energy of a Na atom absorbed
with Ag or a graphene slab, Eslab represents the energy of Ag (111) or
a graphene slab, and ENa is the energy of a single Na atom. The more
negative Eb value indicates the more stable combination or higher Na
affinity.

2.4. Electrochemical Measurements. All of the electrochemical
tests were carried out using assembled CR2025-type coin cells. Glass
fiber (GF/D, Whatman) was chosen as a separator. Unless otherwise
noted, 1 M NaPF6 in diglyme solution (DoDo Chem) with a fixed
amount of 80 μL was applied to each cell.

For evaluating the Na deposition behavior and Coulombic
efficiency (CE) of the Cu foil, CNF, or CNF@Ag composite, the
half-cells were assembled using a Na disk as a counter electrode. To
be noticed, CNF@Ag electrodes were placed in cells with the Ag

Figure 1. (a) Schematic showing the preparation process of the asymmetric CNF@Ag host. Na plating behavior illustrations on different hosts for
Na metal batteries: (b) CNF@Ag and (c) CNF.
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Figure 2. SEM images of the CNF@Ag host at (a) top and (b) bottom sides, and (c, d) the corresponding EDS mapping images. (e, f) TEM
images of CNF@Ag. The inset of (f) shows the high-resolution TEM image of Ag nanoparticles. (g) XRD patterns and (h) Raman spectra of CNF
and CNF@Ag hosts. XPS spectra of CNF and CNF@Ag hosts: (i) full survey and (j) Ag 3d.

Figure 3. Na deposition behavior. (a) Calculated binding energy of the Na atom with the Ag or C atom. (b) The voltage−capacity curves of Na
nucleation at 0.5 mA cm−2 on CNF and CNF@Ag hosts. (c) Na 1s and (d) Ag 3d XPS spectra after Na deposition on CNF and CNF@Ag hosts.
Schematic illustrations and SEM images of Na deposition on (e−g) CNF@Ag and (h−j) CNF hosts with a capacity of 4 mAh cm−2 at 0.5 mA
cm−2.
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surface away from the separator. To obtain the CE values, the cells
were first charged/discharged at 0.01−1.0 V for 3 cycles at 1 mA cm−2

to stabilize SEI and remove surface contaminations of the electrode.
After pretreatment, Na metal was plated on the working electrode
with a capacity of 1 mAh cm−2 at 1 mA cm−2 and then stripped away
by charging the cell to 0.5 V in each galvanostatic cycle.
The CNF-Na and CNF@Ag-Na anodes were obtained by plating

Na metal of 4 mAh cm−2 into the CNF and CNF@Ag hosts at 0.5 mA
cm−2. Two identical preplated Na metal electrodes were assembled
for symmetrical cell tests. Galvanostatic plating/stripping tests were
carried out on the LAND battery test system. Electrochemical
impedance spectroscopy (EIS) measurements were tested on a
CHI600E electrochemical workstation, and the measuring frequency
was controlled from 100 kHz to 10 mHz.
For full cell tests, Na3V2(PO4)3 (NVP) was selected as the cathode

to assemble Na//NVP cells. The NVP electrode was synthesized and
prepared by a traditional slurry coating method.37 Typically, the
mixture slurry was composed of NVP powder, polyvinylidenefluoride,
and Super P (weight ratio of 8:1:1) in N-methyl-2-pyrrolidone. These
full cells were tested by galvanostatic cycles in a voltage window of
2.0−4.2 V.

3. RESULTS AND DISCUSSION

As shown in Figure S1a−c, the electrospun CNF membrane
shows a 3D porous structure with a fiber diameter of around

400−500 nm, which can provide a large surface area and an
interconnected electron pathway for favorable electrodeposi-
tion of Na metal.38 The thickness of the CNF membrane is
tuned by the electrospinning time, ranging from 40 to 300 μm
(Figure S1d−f). The asymmetric CNF@Ag host is further
obtained through the controllable sputtering of Ag nano-
particles on one side of the CNF membrane. SEM images of
the top surface of the CNF@Ag host demonstrate that almost
no Ag particles can be found on the very bare surface of CNFs
with an extremely weak Ag signal (Figure 2a,c), while Ag
nanoparticles are evenly distributed on the surface of carbon
fibers at the bottom side of CNF@Ag (Figure 2b,d). In Figure
S2, the cross-sectional SEM image and the corresponding EDS
mappings of CNF@Ag further confirm that Ag nanoparticles
are asymmetrically located at the bottom region of CNF with a
thickness of about 30 μm. The TEM images (Figure 2e,f) show
that Ag nanoparticles on the surface of CNF@Ag are only 20−
30 nm in diameter, which are beneficial to induce the uniform
deposition of Na. The high-resolution TEM image further
confirms that the lattice fringe with a spacing of 0.239 nm is in
good agreement with the (111) plane of metallic Ag (inset of
Figure 2f). Figure 2g presents the XRD patterns of CNF and
CNF@Ag hosts. The CNF host presents a wide diffraction

Figure 4. Comparisons of (a) CE values, (b) the voltage−capacity curves of Na plating, and (c) nucleation overpotentials of Na deposition on
CNF@Ag hosts with different CNF thicknesses and Cu foil. (d) Comparison of CE values for CNF@Ag hosts with different Ag sputtering time.
CE tests of CNF and the optimal CNF@Ag hosts at 2 mA cm−2 for (e) 1 mAh cm−2 and (f) 4 mAh cm−2. (g) XRD patterns of the CNF@Ag host,
and the voltage profiles of (h) CNF@Ag and (i) CNF hosts at different cycles at 1 mA cm−2 for 1 mAh cm−2.
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peak at about 2θ = 26°, corresponding to the typical graphitic
carbon structure.39 Meanwhile, the weak peaks at around 2θ =
38, 44, and 64° in the XRD pattern of CNF@Ag are indexed to
Ag (JCPDS 04-0783).40 The intensity of the characteristic
peak of CNF increases in the Raman spectra after Ag
sputtering (Figure 2h), which can be ascribed to the surface-
enhanced Raman scattering behavior of Ag.41 XPS spectra
analysis also prove the presence of metallic Ag on the surface
of CNF@Ag (Figure 2i,j). Both the full survey and Ag 3d
spectra of CNF@Ag exhibit distinct Ag peaks. Thus, an
asymmetric CNF@Ag host is successfully achieved, where the
rationally distributed Ag nanoparticles on the bottom surface
of the CNF membrane are critical to selectively regulate the
initial nucleation of Na.
To investigate the Na affinity with CNF@Ag and CNF

hosts, the binding energies (Eb) between the Na atom and Ag
or C (representing graphene slab) are calculated by DFT. The
binding energy (−2.02 eV) of the Na atom on the Ag (111)
surface is lower than that (−0.83 eV) on the pristine CNF
surface (Figure 3a), which indicates that the sputtered Ag layer
is more sodiophilic than pristine CNF. Hence, CNF@Ag
presents a much lower nucleation overpotential of 4 mV than
that (10 mV) of the pristine CNF at 0.5 mA cm−2 as indicated
by the dips of the curves in Figure 3b. In addition, the high-
resolution Na 1s XPS spectra of CNF and CNF@Ag after Na
deposition are shown in Figure 3c. For CNF@Ag-Na, a new
signal at 1073.7 eV can be observed, implying that Ag can form
alloy phases of NaxAgy by the reaction with Na. Meanwhile, an
obvious shift to lower binding energy can be observed in the
Ag 3d spectra after Na deposition in CNF@Ag (Figure 3d),
further proving the formation of NaxAgy alloy phases. With the
identical crystal structure of pure Na metal, the NaxAgy alloy
layer can effectively reduce the nucleation barrier for selective
nucleation of metallic Na and subsequent growth from bottom
to up in the whole electrode.
Na with capacities of 2 and 4 mAh cm−2 is separately

deposited on CNF@Ag and CNF hosts at 0.5 mA cm−2 to
further investigate the Na deposition behavior. For asymmetric
CNF@Ag, metallic Na particles are preferentially deposited at
the bottom surface with Ag-decorated sites when the
deposition capacity is 2 mAh cm−2 (Figure S3a,b). After
increasing the capacity to 4 mAh cm−2, subsequent metallic Na
is gradually deposited on the existing Na crystals and grows
toward the top region of the CNF@Ag host (Figure 3e−g).
Notably, the top side of the CNF@Ag composite remains clear
with compact Na deposition on the surface of carbon
nanofibers, and metallic Na evenly fills up the entire electrode
without dendrites. By contrast, a fundamentally different Na
deposition behavior can be observed on the CNF electrode.
When Na with a capacity of 2 mAh cm−2 is deposited on the
CNF anode, metallic Na tends to accumulate into mossy
dendrites distributed on the top surface of the CNF membrane
(Figure S3c,d). However, only trace metallic Na is deposited at
the bottom of the CNF electrode. With further Na deposition
to 4 mAh cm−2, a large amount of bulk metallic Na covers the
entire top surface of CNF (Figure 3h), but a less amount of
metallic Na grows at the bottom region (Figure 3i). The cross-
sectional SEM image of the CNF anode further shows that Na
directly grows on its top surface with an irregular and loose
morphology (Figure 3j), which results from the short pathways
for Na+ near the separator and unfavorable deposition sites
from CNF. For the Cu foil, as a typical anode current collector,
the overpotential is 16 mV to overcome the heterogeneous

nucleation barrier (Figure S4). Additionally, the two-dimen-
sional (2D) planar structure has limited deposition sites,
inducing Na dendrite deposition on top of the Cu foil (Figure
S5). Differing from the Cu foil and CNF, the asymmetric
CNF@Ag host can realize relatively flat Na deposition on the
separator-away side for safe cells. The distinct Na deposition
processes among these three hosts are more directly visualized
by an in situ optical cell, as shown in Figure S6. It is
noteworthy that Na metal is selectively plated at the bottom
region of CNF@Ag without obvious dendrite formation even
after a long time of electrodeposition.
As the Na plating/stripping process is closely associated with

the thickness and morphology of the sodiophilic layer, CE
values of CNF@Ag hosts with different CNF thicknesses and
sputtering time of Ag nanoparticles are also tested using a Na
disk as the counter electrode. As displayed in Figure 4a, the CE
of the control Cu foil electrode appears obviously unstable
after only nine cycles and decreases to 21.9% after 16 cycles at
1 mA cm−2 with a fixed capacity of 1 mAh cm−2, on account of
its limited surface area with 2D planar construction and a high
heterogeneous nucleation barrier. In contrast, all of the CNF@
Ag electrodes exhibit high CE values and good stability during
cycling. It is noted that the CNF@Ag host with a thickness of
100 μm (denoted 100-CNF@Ag) presents the best stable
plating and stripping behaviors for 172 cycles with a high CE
value of 99.3%. Properly increasing the thickness of the CNF
host can improve its CE. However, the host with a high
thickness of 300 μm has a long Na+ diffusion pathway and
increased nucleation overpotential (Figure 4b,c), thus leading
to unfavorable Na plating and stripping. Given the optimized
thickness of the CNF host is 100 μm, CNF@Ag hosts
prepared by different sputtering time of 60, 120, and 180 s are
obtained, which are denoted CNF@Ag-60s, CNF@Ag-120s,
and CNF@Ag-180s, respectively. Figure S7 shows that Ag
nanoparticles gradually accumulate and become large in size
with a long sputtering time. The Ag contents are further
determined by Raman spectra (Figure S8a) and TGA (Figure
S8b). As shown in Figure 4d, the CE of the pristine CNF
electrode shows an obvious fluctuation, ranging from 92.1 to
117.9%, and abruptly decreases to 0% after 118 cycles,
indicating the short circuit of the cell, which is caused by the
top dendrite piercing separator. By contrast, the cycle lives of
CNF@Ag-120s and CNF@Ag-180s are prolonged to 173 and
153 cycles, respectively. In particular, the CNF@Ag-60s
electrode still remains stable after 500 cycles with a high CE
value of 99.9%. The excellent cycling performance of CNF@
Ag-60s can be attributed to the small particle size and a
uniform Ag layer as sodiophilic seeds for uniform Na
nucleation and growth. Therefore, 100-CNF@Ag-60s is
qualified as the optimal host for Na metal anodes, which is
abbreviated as CNF@Ag for the following evaluations. By
increasing the current density to 2 mA cm−2 and the capacity
to 4 mAh cm−2, the CNF@Ag host still exhibits highly stable
CE values, much better than the pristine CNF (Figure 4e,f).
To reveal the reason for excellent CE, the structure and
morphology of CNF@Ag after cycles are further analyzed. In
the XRD spectra of CNF@Ag (Figure 4g), the diffraction peak
intensity of metallic Ag shows no obvious change before and
after the first cycle. Meanwhile, Ag nanoparticles are still
uniformly anchored on the surface of CNF (Figure S9a). Even
after 500 cycles, the diffraction peaks of Ag can still be detected
in CNF@Ag, further indicating that Ag nanoparticles are
highly stable on the fibers. With a stable structure of Ag
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modification, the top growth of dendrites can be effectively
suppressed, thus ensuring the long-term reversible Na plating/
stripping in the CNF@Ag host. As demonstrated, the voltage
profiles of CNF@Ag remain stable during the cycling process
(Figure 4h) and there are no obvious dendrites on the top
surface of the electrode (Figure S9b). On the contrary, the
voltage profiles of CNF exhibit an obvious fluctuation and the
CE is greater than 100% after 120 cycles (Figure 4i). This is
possibly because dendritic Na continuously grows and some
isolated Na recovers active during the cycling process.42,43

Thus, abundant dead and mossy Na is distributed on the top
surface of the CNF host (Figure S9c).
Symmetric cell tests are further carried out to evaluate the

electrochemical performance of bare Na, CNF-Na, and CNF@
Ag-Na anodes (Figure 5). For symmetric cells, CNF-Na and
CNF@Ag-Na are obtained by the electrochemical deposition

of metallic Na and then reassembled using two same
electrodes. Figure 5a shows the cycling performance of
symmetric cells at a current density of 2 mA cm−2 with a
capacity of 1 mAh cm−2. In the initial few cycles, the three
symmetric cells exhibit similar plating/stripping voltage
profiles. During the next cycling process, the CNF@Ag-Na
symmetric cell can maintain relatively stable Na plating/
stripping for 500 h with a small hysteresis of less than 33.8 mV.
However, the voltage hysteresis of the bare Na cell rapidly
increases to ∼48.5 mV only after cycling for 100 h. For the
CNF-Na symmetric cell, the voltage hysteresis also exhibits a
slow increase from ∼26.6 to ∼50.8 mV over 350 h owing to
the continuous formation of Na dendrites, which leads to an
excessive passivation layer on Na/electrolyte and an increase in
resistance.24 To probe the interfacial impedances of CNF-Na
and CNF@Ag-Na electrodes, EIS of the symmetric cells before

Figure 5. Electrochemical performance of symmetric cells. (a) Galvanostatic cycling profiles of the cells at 2 mA cm−2 for 1 mAh cm−2. Insets show
the detailed voltage profiles at 0−5, 95−100, and 345−350 h. (b) Nyquist plots of the cells before and after 100 cycles. (c) Rate performance of the
cells from 1 to 8 mA cm−2 with a fixed capacity of 1 mAh cm−2.

Figure 6. Electrochemical performance of the full cell paired with the Na3V2(PO4)3 cathode. (a) Schematic illustration of full cell assembly.
Comparisons of galvanostatic discharge/charge profiles at 1 C for the cells at (b) 1st and (c) 200th cycles. (d) Cycling performance of the cells at 1
C with the inset showing lightened multiple LEDs. (e) Rate performance of the cells from 1 to 10 C.
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and after 100 cycles (100 h) is tested. As shown in Figures 5b
and S10, the interfacial resistance of the CNF@Ag-Na
electrode is smaller and increases slower than that of CNF-
Na during cycling. This demonstrates rapid charge transfer in
the CNF@Ag-Na electrode with a stable Na/electrolyte
interface. When cycling under increasing current densities
from 1 to 8 mA cm−2, the voltage hysteresis of the CNF@Ag-
Na electrode only increases slightly from 14.6 to 102.6 mV
(Figure 5c). By contrast, at a high current density of 8 mA
cm−2, both bare Na and CNF-Na electrodes exhibit relatively
large voltage hysteresis values of 383.8 and 143.8 mV,
respectively, implying the excellent rate capability of the
CNF@Ag-Na electrode. In comparison, the CNF@Ag host
exhibits considerable electrochemical performance than those
of the reported literature (Tables S1 and S2). In addition, the
SEI layers on CNF@Ag-Na and bare Na metal anodes after
cycling are further analyzed by comparing the ex situ XPS
analysis, as shown in Figure S11. The SEI layer formed on the
surface of the two electrodes is the mixture of organic and
inorganic components, including RCH2ONa, Na2O, and NaF.
Notably, the SEI layer of the CNF@Ag-Na anode exhibits a
higher NaF content (5.42 atom %) than that of the bare Na
anode (3.54 atom %), which is more favorable for stable Na
plating and striping.44,45

To explore the feasibility of the CNF@Ag-Na anode in
practical battery systems, a full cell is assembled by pairing with
the Na3V2(PO4)3 (NVP) cathode (Figure 6a). The full cells
with bare Na and CNF-Na anodes are also used as control
cells. As shown in Figure 6b−d, the CNF@Ag-Na//NVP full
cell achieves an initial discharge capacity of 105.4 mAh g−1 and
can still deliver a high capacity of 102.7 mAh g−1 with a CE of
99% after 200 cycles at 1 C. However, the discharge capacities
of Na//NVP and CNF-Na//NVP decrease to 92 and 98 mAh
g−1 after 200 cycles, respectively. Figure 6e shows the rate
performance of the full cells at various current densities from 1
C to 10 C (1 C = 100 mA g−1). CNF@Ag-Na//NVP also
displays the best rate performance. Especially, when the
current density increases to 10 C, the CNF@Ag-Na//NVP full
cell still delivers an excellent discharge capacity of 96 mAh g−1.
Moreover, multiple light-emitting diodes (LEDs) can be
lightened by the as-fabricated CNF@Ag-Na//NVP full cell
(inset of Figure 6d). These results indicate that the CNF@Ag-
Na anode has a promising application in Na metal full
batteries.
In addition, the application of the CNF@Ag host for Na

metal anodes is further investigated in a carbonate-based
electrolyte system. Encouragingly, the asymmetric sodiophilic
CNF@Ag host is also effective for inducing preferential Na
deposition in the advantageous bottom region (Figure S12), in
which there is a lower nucleation overpotential on the
sodiophilic Ag particles than that in the pristine CNF host
(Figure S13a). Consequently, the CNF@Ag electrode achieves
a high Coulombic efficiency of 91.3% after 160 cycles at 1 mA
cm−2 for 1 mAh cm−2, showing a stable Na plating and striping
process (Figure S13b−d). In contrast, the cell with the CNF
electrode is a failure only after 64 cycles. These results further
demonstrate that the asymmetric sodiophilic CNF@Ag host is
also advantageous for the Na metal anode in carbonate-based
electrolytes.

4. CONCLUSIONS
In summary, we demonstrate that an asymmetric CNF@Ag
composite with both sodiophobic and sodiophilic features is a

favorable host for achieving a stable Na metal anode. By
facilely sputtering uniform Ag nanoparticles only on the
separator-away surface of the CNF matrix, sodiophilic Ag
nanoparticles can regulate the preferential nucleation of Na at
the bottom surface of the host and realize the uniform and
compact Na deposition in the whole anode area with a
“bottom-top” mode. As a result, the optimized CNF@Ag host
shows high reversibility with an average CE of 99.9% after 500
cycles at a current density of 1 mA cm−2 for 1 mAh cm−2. In
addition, the CNF@Ag-Na electrode exhibits excellent electro-
chemical stability with low and stable interfacial impedance in
symmetric cells. Finally, the CNF@Ag-Na//NVP full cell
shows good rate and cycling performance, which can effectively
improve the safety and stability of the Na metal anode upon
long cycling. Moreover, the “bottom-up growth” strategy with
the asymmetric sodiophilic CNF@Ag host can also be applied
to regulate Na deposition in carbonate-based electrolyte
systems.
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