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Abstract: Despite efforts to stabilize sodium metal anodes and
prevent dendrite formation, achieving long cycle life with high
areal capacities remains difficult owing to a combination of
complex failure modes that involve retardant uneven sodium
nucleation and subsequent dendrite formation. Now, a sodiophilic interphase based on oxygen-functionalized carbon
nanotube networks is presented, which concurrently facilitates
a homogeneous sodium nucleation and a dendrite-free, lateral
growth behavior upon recurring sodium plating/stripping
processes. This sodiophilic interphase renders sodium anodes
with an ultrahigh capacity of 1078 mAh g@1 (areal capacity of
10 mAh cm@2), approaching the theoretical capacity of
1166 mAh g@1 of pure sodium, as well as a long cycle life up
to 3000 cycles. Implementation of this anode allows for the
construction of a sodium–air battery with largely enhanced
cycling performance owing to the oxygen functionalizationmediated, dendrite-free sodium morphology.

Metallic sodium (Na) has been considered as one of the

most attractive anode materials for rechargeable high-energy
batteries owing to its high theoretical capacity
(1166 mAh g@1), low redox potential (@2.714 V vs. standard
hydrogen electrode), and much greater abundance over
metallic lithium (Li).[1–3] Unfortunately, the formation of Na
dendrites caused by inhomogeneous deposition will decrease
the utilization of reactive Na with poor cyclic stability, and
more importantly, result in a threat of internal short circuit
towards thermal runaway and fire hazards (Figure 1 a).
Therefore, Na dendrites and their related issues have severely
hindered the practical applications of sodium-metal batteries
(SMBs),[4, 5] for example, sodium–air batteries[2, 6] and roomtemperature sodium–sulfur batteries.[7]
To solve these problems, significant progress has been
achieved recently by applying various strategies, including an
artificial solid-electrolyte interphase (SEI),[8, 9] electrolyte
additives,[10, 11] solid-state electrolytes,[12, 13] and nanostructured
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Na anodes.[14, 15] Generally, these strategies mainly concentrate on the already formed Na plating morphology, that is,
Na dendrites, yet few involve the initial Na deposition
behavior, including the nucleation. However, the final Na
morphology significantly depends on the initial nucleating
behavior, especially upon the realistic application requiring
high areal capacity (for example, 10 mAh cm@2).[5, 16–18] Several
efforts have been made to improve the Na/Li nucleation
process by the introduction of heteroatom (for example, N
and S) into current collectors while the yielding anodes
demonstrated limited capacities.[5, 14] As a result, the Na
anodes generally exhibit very poor stability when cycled at
high areal capacity. Although there are some reports on long
cycling life of > 1000 h in Na anodes, these high stabilities
have only been achieved at very low Na areal capacity
(, 2 mAh cm@2). To the best of our knowledge, the stable
cycling (> 1000 h) of a Na anode with expected areal
capacities of + 10 mAh cm@2 has never been reported. Therefore, it is significant while still challenging to efficiently utilize
the high capacity of Na for stable anodes.
Herein, we tackle the above limitations by synthesizing an
expandable, oxygen-functionalized 3D carbon nanotube network (Of-CNT) with densely and uniformly distributed
sodiophilic functional groups designed to guide initial Na
metal nucleation and navigate the subsequent growth. The OfCNT provides robust sodiophilic interphases, rendering
a strong interaction between Na metal and the functional
groups. This sodiophilic nature proves to be preferred for Na
nucleation with a reduced overpotential, thus affording
a facilitated nucleation throughout the porous carbon host
as well as a reversible lateral Na deposition upon cycling
(Figure 1 b). The interlocked porous network observed at an
early stage is gradually filled with newly plated Na in a lateral
plating direction and is expanded to accommodate high areal
capacity of Na, which contrasts with the regular Na dendrites
formed in a vertical direction.[9] Benefiting from the efficient
mediation of sodiophilic interphases on both initial nucleation
and subsequent growth processes, we overcome the canonical
tradeoff between cycling stability and high areal capacity in
SMBs. The thin Na@Of-CNT enables a reversible specific
capacity as high as 1078 mAh g@1 (areal load of 10 mAh cm@2),
which approaches the theoretical value of pure Na
(1166 mAh g@1). This high specific capacity is even comparable to those of recently reported Li metal anodes, demonstrating promising potential for the practical usage.[19, 20]
Notably, under this ultra-high specific capacity, the Na@OfCNT can stably cycle for + 2700 h (5 mA cm@2). Furthermore,
implementation of Na@Of-CNT as an anode allows for the
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Figure 1. Depiction of the Na deposition process on the conventional Cu substrate and sodiophilic Of-CNT network. a) On a conventional
substrate (such as Cu foil), Na ions are centralized to the randomly distributed protuberances or defects and then grow into one-dimensional
dendrites. b) On Of-CNT networks, Na fluxes are uniformly guided to nucleate and grow around the sodiophilic functional groups. Na can not
only grow on the Of-CNT skeleton, but also fulfill the voids within the network, forming a dendrite-free morphology.

construction of Na–air battery with a five-fold enhanced
cycling performance compared with a bare Na metal anode.
The Of-CNT was synthesized from the networked CNT
films grown by a continuous floating catalyst chemical vapor
deposition method (details in the Supporting Information,
Notes S1 and S2).[21] The porous and freestanding Of-CNT
with specific surface area of 174.9 m2 g@1 was latter used as
a 3D conducting scaffold to accommodate Na metal without
additional current collectors (Supporting Information, Figures S1–S3). Energy-dispersive X-ray spectrometry (EDS)
elemental mappings and X-ray photoelectron spectroscopy
(XPS) verified the introduction of O-functional groups in OfCNTs, respectively (Supporting Information, Figures S4 and
S5). A 24.4 atom % O content was generally utilized for OfCNT in this work if not otherwise specified (Supporting
Information, Figures S5 and S6).[22, 23] The O 1s spectra of asprepared Of-CNT (Supporting Information, Figure S7) exhibited three peaks assigned to ether oxygen (534.8 eV),
carbonyl oxygen (533.2 eV), and oxhydryl oxygen
(531.2 eV).[24] Besides, the TEM images and Raman spectra
also highlighted the successful oxygen functionalization
(Supporting Information, Figures S8 and S9).[22]
To understand the role of sodiophilic interphase on the Na
plating/stripping process, the morphology evolution of
Na@Of-CNT was traced by SEM. The pristine Of-CNT
exhibited an interconnected architecture (thickness of about
10 mm) with micro-voids (Figures 2 a–c). Mediated by the
sodiophilic interphase, the initially deposited Na uniformly
emerged on the Of-CNT (0.5 mAh cm@2), suggesting a successful regulation of Na plating at the nucleation stage
(Supporting Information, Figures S10 and S11). The ensuing
plated Na gradually extended from the existing sites, and were
Angew. Chem. Int. Ed. 2019, 58, 17054 – 17060

homogeneously wrapped on the Of-CNT upon an increased
load (5 mAh cm@2, Figure 2 d,e). At this stage, the porous
morphology of Na@Of-CNT could be observed with an
expanded, overall thickness of about 55 mm (Figure 2 f;
Supporting Information, Figure S12). The Na@Of-CNT delivered a smooth morphology at a fairly high Na loading of
10 mAh cm@2 (Figure 2 g). Interestingly, the latter-deposited
Na metal demonstrated a lateral plating behavior, that is, they
spread parallel to the electrode plane from the initially
emerged Na sites, and fill the empty channels as well as
cavities in a flat manner (Figure 2 h). At this fully Na plated
stage, the electrode thickness was expanded to about 100 mm
without discernible exfoliation between the Of-CNT scaffold
and plated Na metal (Figure 2 i), pointing to the robust
interphase inherited from its sodiophilic nature. Noting that
this expandable feature of scaffold was proved to be critical to
accommodate high load of Na (for example, 10 mAh cm@2)
and improve the durability of obtained anodes against the
drastic volume change during Na plating/stripping processes.[25, 26] The homogeneous nucleation together with the
effective confinement from expandable Of-CNT synergistically enabled the uniform Na deposition with high capacity.
Notably, after 200 cycles of plating/stripping (5 mA cm@2,
10 mAh cm@2), the porous structure of Of-CNT could be well
retained when Na was eventually stripped (Figure 2 j,k;
Supporting Information, Figure S13), and the thickness nearly
restored to its original state (Figure 2 l; Supporting Information, Figure S14), suggesting the desirable reversibility of OfCNT. As a stark contrast, dendritic Na shot out on the routine
planar Cu foil substrate after several cycles of Na plating/
stripping (Supporting Information, Figure S15).
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Figure 2. Characterization of the Na@Of-CNT anode by top and cross-sectional SEM images at different sodiated states. a)–c) The pristine OfCNT network before Na plating. d)–f) The Na@Of-CNT electrode with areal Na capacity of 5 mAh cm@2. g)–i) The Na@Of-CNT electrode with areal
capacity of 10 mAh cm@2. j)–l) The Of-CNT network after Na was completely stripped after 200 cycles of Na plating/stripping. Scale bars: 2 mm for
(a), (d), (g), and (j); 500 nm for (b), (e), (h), and (k); 20 mm for (c) and (l); 50 mm for (f) and (i).

To evaluate the electrochemical performance of the
Na@Of-CNT anode, symmetrical coin cells based on OfCNT electrodes were assembled. Activation process was
performed before Na deposition to remove surfacial impurities and form initial SEI layer (details in the Supporting
Information, Note S3, Figures S16 and S17), which could
reduce the electrolyte consumption during cycling.[27] Remarkably, Na@Of-CNT demonstrated an ultra-stable plating/
stripping process (Figure 3 a,b) for 3000 cycles (or 6000 h)
with an average coulombic efficiency (CE) of 99.7 %
(1 mA cm@2, 1 mAh cm@2). To the best of our knowledge, this
demonstrated the longest lifespan in all kinds of Na metal
anodes under the same testing conditions (Supporting Information, Table S1). For the control experiments, the CE of
Na@p-CNT (pristine CNT film) delivered a rather limited
stability (Figure 3 b; Supporting Information, Figure S18) and
it was even harder for Na@Cu to stably cycle (Supporting
Information, Figure S19). The deteriorated cycle performance of Na@p-CNT and Na@Cu could be blamed on the
heterogeneously distributed active sites on electrode surfaces,
which led to the initial uneven Na nucleation, the latter
formation of Na dendrites and eventually the poor cycling
properties.[28] Impressively, the study on higher areal capacity
and current density (10 mAh cm@2, 5 mA cm@2) at realistic
application level showed equally outperformed cycling performance of Na@Of-CNT, that is, a stable CE over 99.5 % for
at least 680 cycles (or 2700 h; Figure 3 c,d; Supporting
Information, Figures S20, S21), further demonstrating the
potential for practical high-energy rechargeable SMBs.
Next, to probe the interfacial stability of Na@Of-CNT
during long-term cycling, the Na plating/stripping overpotential was analyzed. Noticeably, the Na@Of-CNT exhibited
a steady interfacial property for over 4500 h with low plating/
stripping overpotential of about 10 mV at 1 mA cm@2 (Figure 3 e; Supporting Information, Figure S22). Studies at higher current densities (for example, 5 mA cm@2) also showed the
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superior interfacial stability of Na@Of-CNT (Supporting
Information, Figure S23). The corresponding voltage profiles
exhibited regular and flat plateaus without tip or bump,
suggesting a readily initiated Na deposition on Of-CNT with
low polarization.[29–31] On the contrary, Na@p-CNT and
Na@Cu demonstrated intensive overpotential bumps (inset,
Figure 3 e; Supporting Information, Figure S24) due to the
spatial variation in localized reaction kinetics on the electrode
surface. As viewed from electrochemical impedance spectroscopy (EIS) analysis, the interfacial impedance of the
Na@Of-CNT nearly kept unchanged before and after cycling
(Figure 3 f). In contrast, the Na@p-CNT and Na@Cu demonstrated drastically increased interfacial impedance attributed
to the contaminated SEI and constantly generated dead Na
during cycling.[14, 28] Upon continuous cycling under increasing
current densities, the interfacial stability of Na@Of-CNT
could be well-maintained, suggesting a stable surface electrochemistry for Na accommodation (Figure 3 g). Moreover, the
low mass contribution of Of-CNT enabled an ultra-high
specific capacity of 1078 mAh g@1 (or 1012 mAh cm@3), achieving 92.5 % of the theoretical specific capacity of pure Na,
which to the best of our knowledge, demonstrated the highest
utilization in stable Na anodes (Supporting Information,
Figure S25).
As is well-known, despite of their high conductivity and
light weight, most carbon frameworks are sodiophobic,
setting thermodynamic obstacles for Na nucleation, exacerbating the dendrite formation and thus hindering their
applicability towards SMBs.[4] In this regard, through our
facile oxygen functionalization approach, we turn the expandable, high specific areal CNT network into sodiophilic
host for facilitated Na plating/stripping electrochemistry.
Simulation results showed that oxygen functionalization was
more efficient compared with other element (for example, N
and S) doping in terms of Na deposition (Supporting
Information, Figure S26). Besides, our mild preparation
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Figure 3. Electrochemical characterization of the Na@Of-CNT anode. a),b) Voltage profiles of Na@Of-CNT and the corresponding CE of the
Na@Of-CNT, Na@p-CNT, and Na@Cu at 1 mAh cm@2 and 1 mA cm@2, respectively. c),d) Voltage profiles of Na@Of-CNT and the corresponding
CE of the Na@Of-CNT, Na@p-CNT, and Na@Cu at 10 mAh cm@2 and 5 mA cm@2, respectively. e) Galvanostatic cycling profiles in three symmetric
cells (Na@Of-CNT, Na@p-CNT, and Na@Cu) at 1 mA cm@2 and 1 mAh cm@2 (insets, detailed voltage profiles at 320, 980, and 4500 h). f) Nyquist
plots of the Na@Of-CNT, Na@p-CNT, and Na@Cu electrodes before and after 200 cycles. g) Rate performance of Na@Of-CNT electrode at
a spectrum of current densities (1–10 mA cm@2).

process also permitted its scalable applications toward
sodiophilicity and lithiophilicity chemistry for high-performance energy storage.[32] To further investigate the metallic
Na deposition at different electrode surfaces, binding energy
and charge density analysis were conducted via density
Angew. Chem. Int. Ed. 2019, 58, 17054 – 17060

functional theory (DFT) simulation (Figure 4 a). The calculated binding energies (Figure 4 b; Supporting Information,
Figure S27) showed that there existed a much stronger
interaction between Na and the surface of Of-CNT (carbonyl
oxygen of @3.45 eV, carboxyl oxygen of @3.32 eV, ether
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Figure 4. Sodiophilic nature of Of-CNT. a) Atomic model used in DFT calculations. b) Binding energies of Na with Cu, p-CNT and different
functional groups on Of-CNT. c),d) The deformation charge density at a Na adsorption site of Of-CNT and p-CNT, respectively. e),f) The Na growth
behavior on Of-CNT and Cu foil surfaces by DFT calculations, respectively.

oxygen of @3.13 eV, oxhydryl oxygen of @2.96 eV) over pCNT (@2.55 eV) and Cu foil (@1.21 eV). The local charge
density between O-functional group (for example, C=O) in
Of-CNT apparently increased compared with those of p-CNT
and Cu foil (Figure 4 c,d; Supporting Information, Figure S28). This suggested a favored adsorption of Na flux
around the O-functional groups on the sodiophilic interphase,
creating abundant and homogeneous active sites for the initial
Na nucleation and so as the later even Na deposition.
Consistent with the above simulation results, the nucleation overpotentials of Of-CNT were much lower than those of
p-CNT and Cu under varying current densities, further
verified the facilitated nucleation process (Supporting Information, Figure S6). Noting that the nucleation overpotential nearly kept unchanged during cycling, indicating a high
stability of O-functional groups in Of-CNT (Supporting
Information, Figure S29).[23] The influence of Of-CNT in the
following Na growth behavior was investigated by employing
Na cluster onto the Of-CNT and Cu. The simulation results
suggested that Na was more thermodynamically favored to
propagate along the Of-CNT in a two-dimensional manner,
that is, the lateral Na plating with a smooth morphology,
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owing to the improved interaction between Na and Of-CNT
(Figure 4 e). In sharp contrast, on the Cu surface, Na
preferred a vertical growth manner against the substrate,
leading to the formation of one-dimensional dendrites or
heterogeneous distributed large Na clusters shot out on Cu
surface (Figure 4 f). As revealed from XPS analysis, larger
proportions of byproducts in the SEI were verified for
Na@Cu compared with that of Na@Of-CNT (Supporting
Information, Figure S30 and Table S2), indicating excess
consumption of electrolyte due to continuous SEI breakage
caused by severe dendrite growth.[7, 11] Therefore, the sodiophilic interphase could not only facilitate a homogeneous Na
nucleation, but also navigate the subsequent Na growth to
form dendrite-free morphology.
As a proof of concept, Na–air batteries were assembled
and tested in ambient air to imitate practical conditions. The
Na–air battery employing bare Na plate anode only operated
for about 20 cycles with fluctuant voltage profiles at a current
density of 1000 mA g@1 and a cut-off capacity of 500 mAh g@1
(Figure 5 b,c). In a sharp contrast, the Na–air battery with
Na@Of-CNT anode showed a five-fold enhanced cycling
performance for 100 cycles with smooth and highly over-
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Figure 5. Characterization of Na–air batteries. a),b) Discharge/charge curves of Na–air batteries with Na@Of-CNT and bare Na plate anodes at
1000 mA g@1 and 500 mAh g@1, respectively. c) The corresponding cycling performances of Na–air full batteries in (a) and (b).

lapped voltage profiles (Figure 5 a,c). Besides, its rate performance was also improved by the Na@Of-CNT anode (Supporting Information, Figure S31). The discharge product on
the cathode was proved to be Na2O2 (Supporting Information,
Figure S32) with a benign reversibility (Supporting Information, Figure S33). The largely improved cycling performance
and rate performance could be explained by the stable
interface of Na@Of-CNT as evidenced by the slightly
increased internal resistance after cycling (Supporting Information, Figure S34) and fewer side reaction products
(Na2CO3 and NaOH) on the anode (Supporting Information,
Figure S35). Furthermore, the surface of Na@Of-CNT remained flat and compact after cycling mediated by the
sodiophilic Of-CNT (Supporting Information, Figure S36).
Based on the above results, we propose that the sodiophilic
interphase in Na@Of-CNT can effectively guide the Na
nucleation, restrain the dendrite growth, and stabilize the
interface, therefore boosting the cycling performance of Naair batteries.
In conclusion, a facile and versatile strategy is demonstrated by synthesizing sodiophilic interphase based on oxygen-functionalized CNT networks for high capacity and long
cycle-life Na-metal batteries. The robust, sodiophilic interphase facilitated a homogenous Na nucleation at initial
plating stage and navigated the subsequent lateral Na plating
to form dendrite-free morphology. The obtained Na@Of-CNT
electrode exhibited an ultrahigh specific capacity approaching
the theoretical capacity of pure Na and ultra-long life. Based
on the stable Na@Of-CNT anode, the corresponding Na–air
battery presented a five-fold enhanced cycling performance
Angew. Chem. Int. Ed. 2019, 58, 17054 – 17060

compared with the conventional Na anode. This sodiophilic
interphase design may open up a new avenue to fully
implement the high capacity Na anode into practical applications in the near future.
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