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Anode-free sodium-metal batteries are considered one of the most promising alternatives for developing high-end
batteries due to their high theoretical capacity, low cost, and high natural abundance. However, they have severe
drawbacks in the form of inferior long-term cyclic stability. We engineered mechanically resilient MXene/CNT
nano-accordion frameworks (NAFs) to host significant Na without dendrite development, even at high currents.
The microcellular structures of MXene/CNT-NAFs possess numerous micro-sized pores and sodium nucleation
sites. The synergetic effects of strong adhesion and charge transfer between MXene and CNT reduce overpotential
during plating/stripping and facilitate uniform Na deposition. Resilient nano-accordion structures are com-
pressed by capillary of Na nucleation during plating and expand during stripping, allowing long-term plating/
stripping with little volume change. These benefits allow the MXene/CNT-NAFs/Na asymmetric cell to maintain
its average CE at 99.7 % with capacities of 1.0 mAh-cm™2 at 1.0 mA-cm ™ for 900 h. Furthermore, MXene/CNT-
NAFs symmetric cell exhibits a very low overpotential of 12.0 mV after 1,500 h with a capacity of 3.0 mAh-cm ™2
at 3.0 mA-cm ™2 and stores high capacities of 20.0 mAh-cm ™2 at 5.0 mA-cm 2 for 1,200 h. The anode-free MXene/
CNT-NAFs//Na3Va(PO4)3@C full-cell demonstrates exceptional long-term cyclic stability over 5,000 cycles at 5.0
C and 10.0 C without cell failure.

1. Introduction

Energy storage systems need to meet stringent design requirements,
including high energy and power densities, operational safety, cyclical
stability, and cost-effectiveness, to be useful in real-world applications
such as automotive electrification, grid-scale technologies, defense, and
aerospace engineering [1-4]. Beyond the lithium-ion battery system,
metal batteries (MBs) such as lithium-metal batteries [5,6], zinc-metal
batteries, and sodium-metal batteries (SMBs) [7] are continuously
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being developed to meet these criteria. SMBs are particularly appealing
due to the abundance of sodium (2.75 % of the earth’s crust) and the
affordability of precursor salts (e.g., NapCO3 costs approximately $0.5
kg™! compared to Li»COs at around $6.5 kg™1) [8,9]. Metallic Na’s huge
theoretical capacity of 1,166 mAh g~ and its low redox potential of
-2.71 V vs. SHE make it an intriguing candidate for future practical uses
[10,11]. The metallic Na has been used as an anode in several battery
types, including Na-air [12], Na-CO [13], Na-sea water [14], and Na-S
batteries [15]. Despite their widespread use, sodium-metal anodes have
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disadvantages, including Na’s high chemical reactivity and uneven
charge distribution at the electrode-electrolyte interface. Thus, there is a
growth of mossy-type dendrites and the creation of electrically inactive
“dead Na” during repeated plating and stripping cycles, which damages
the separator and ultimately leads to cell failure [10,16]. In addition, the
high theoretical energy density of MBs is, in fact, not greatly benefited
by a too-thick anode containing an excessive amount of active metal
[17]. All of these characteristics contribute to low Coulombic efficiency
(CE) during long-term cycling, resulting in a rapid loss of capacity and
thus cell death.

To overcome these limitations and enhance the energy density of
SMBs, the concept of anode-free SMBs (AFSMBs) has been proposed and
developed [10,17-19]. In the initial cycle of AFSMBs, the anode host
undergoes electrochemical plating and stripping forming a solid elec-
trolyte interphase (SEI) on its structure, which protects it from air.
Additionally, there is no loss of energy density or Na waste, as Na* is
solely transported between the cathode and anode host. However, these
AFSMBs with a limited amount of Na have critical long-term cycling
issues due to Na consumption through the creation of new SEIs and the
growth of dead Na, ultimately leading to cell death [20]. Several solu-
tions have been implemented to overcome these problems. Among them,
controlling the location of the initial Na nucleation site [11,21], opti-
mizing the anion solvation structure [22], combining electrolyte addi-
tives with electrolyte solvents [23,24], and optimizing the SEI and
cathode electrolyte interphase (CEI) with dual Na salts [17] are more
appealing. However, research has not stopped at these approaches;
other methods, such as the use of concentrated electrolytes [25,26],
ionic liquids [27], and solid-state electrolytes [28], the tuning of
nanostructured hosts [29], and the formation of artificial SEI layers on a
metal anode [30-34], have also been investigated. Despite these efforts,
research on AFSMBs is still in its infancy, and there have been no sig-
nificant advancements that would enable its usage in real-time
applications.

Two-dimensional (2D) MXene materials have aroused the interest of
scientists in numerous disciplines [35-39] TizgC2Tx MXene has the po-
tential to be employed as an anode host for the deposition of metals in
energy storage devices on account of its high metallic electrical con-
ductivity (~10* S cm™?) and ion-friendly hydrophilic property provided
by the surface functional groups (OH, O, and F) [15,29,38,40-44].
Nonetheless, 2D TizCyTy film is mostly restacked during structure for-
mation and thus has a compact, dense structure with inaccessible sites
and inhomogeneous nucleation sites on the surface, which provide
hotspots for the development of mossy dendrites during plating and
stripping in cycling and, eventually, cell death [15,29,40]. It is inevi-
table to tailor the interspace of a nanostructured anode host and exert
control over the initial nucleation site to maximize the performance of
AFSMBs with excellent sodiophilicity and electrophilicity.

In this regard, we design resilient Ti3C,Ty/single wall carbon nano-
tubes (CNT) nano-accordion frameworks (NAFs) as efficient anode hosts
for AFSMBs, with benefits such as: (i) Ti3CsTx/CNT NAFs with micro-
cellular structures create more micro-sized porous space with
numerous Na nucleation sites in the anode host, permitting fast and
uniform plating and stripping during cycling and maintaining a high CE;
(ii) the perfect exposure of sodiophilic surface functional groups on the
MXene nanoplates and CNTs can synergistically guide the deposition of
Na, effectively reducing the overpotential of Na nucleation in the initial
stage; (iii) by the high mechanical deformability of the nano-accordion
structure resulting from the strong adhesion between MXene and CNT
surfaces, the TigCaTx/CNT NAFs can maintain their structural integrity
with little total volume changes even under repetitive charging/dis-
charging. All of these characteristics allow the Ti3CyoTy/CNT NAFs/Na
asymmetric cell to keep their average CE at 99.7 % with a capacity of 1.0
mAh cm™2 at 1.0 mA cm ™2 for 900 h. Extremely minimal overpotential,
around 12.0 mV after 1,500 h with a capacity of 3.0 mAh cm ™2 at 3.0 mA
em ™2, is observed in symmetric cells fabricated with TizgCyTy/CNT NAFs.
In addition, these symmetric cells are capable of hosting a high capacity
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of 20.0 mAh em™2 at 5.0 mA cm 2 for 1,200 h. Furthermore, the man-
ufactured anode-free Ti3CyTy/CNT NAFs//Na3Vo(PO4)3@C full cell
displays long-term cyclic stability even at a high C-rate of 5.0 C and 10.0
C without cell failure. To the best of our knowledge, this is the first
instance in which anode-free TisCyTy/CNT NAFs//Na3V5(PO4)3@C full
cell exhibits such long-term cyclic stability at a high C-rate without cell
failure. We hope that our research will pave the way for effective
nanostructured designs to enhance the performance of AFSMBs in the
future.

2. Results and discussion

The synthesis of resilient TizC2Tx/CNT NAFs is depicted in Scheme 1.
To obtain a homogeneous mixture, aqueous dispersions of TigCyTx and
CNTs were blended in a specified ratio and probe-sonicated for 10 min.
The solution was then poured into a silicone rubber mold (3.0 mm thick
and 16.0 mm in diameter) on a silicon wafer, afterward, which was
placed on a pre-cooled copper (Cu) substrate underneath liquid nitro-
gen. During the directional freezing process, ice crystals as templates can
develop in vertical directions after being exposed to a temperature
gradient to form a porous, well-ordered 2D micro-cellular structure.
After the directional freezing, freeze-drying allowed the formation of
resilient TizCaTx/CNT NAF structures. By pressing TigCoTx/CNT NAFs
on a Cu foil at a pressure of ~10,000 Psi using a carver hydraulic press,
we were able to dramatically reduce the thickness of the TigCyTx/CNT
NAFs from 3 mm to 30 pm (Fig. Sla—c and h), thereby forming a very
thin and accordion-like anode host. For the control samples, the TizCyTx-
only NAFs and CNT-only free-standing electrodes (FSEs) were also
prepared and shown in Fig. S1d-f. The Ti3C2Tx NAF was mechanically
highly fragile and shattered into numerous pieces (Fig. S1d, e), making it
difficult to conduct electrochemical studies reliably. Consequently, we
utilized mechanically stable Ti3CyTy films for our electrochemical in-
vestigations. In contrast, CNT-only FSEs revealed that they were fluffy
and had rough surfaces (Fig. S1f). The thickness of uncoated Cu and Al
foils was determined to be ~20 pm. (Fig. S1g & 1).

Beginning with X-ray diffraction (XRD) analysis, the structural
analysis of the produced pure Ti3CyTy, TisCoTy films, and TigCyTx/CNT
NAF samples was executed. The XRD patterns of pure TizCyTx and
Ti3gCyTx film are presented in the inset of Fig. S2a; it reveals four peaks at
20 values of 7.2, 14.4, 21.6, and 28.8°, which correspond to (002),
(004), (006), and (008) planes of TizgCoTx [45]. The interlayer gap of
pure Ti3CoTyx and TizCyTx film is found to be approximately 12.5 and
12.0 A when water molecules are intercalated between the layers. In
comparison to pure TizCyTx and TizCoTx film, the XRD pattern of
TizCoTx/CNT NAFs displays a substantially weaker intensity peak at a 20
value of 6.8° without any high order peaks and the anticipated interlayer
spacing is around 13.0 A (Fig. S2a). Successful incorporation of CNTs
between the interlayers of Ti3CoTy limits the stacking of Ti3CyTy layers,
which can facilitate Na deposition and electrolyte penetration in the
Ti3CoTx/CNT NAFs, as indicated by the increased interlayer separation,
reduced (002) peak intensity and disappeared high order peaks. The
existence of CNTs is characterized by the appearance of a broad peak
between 12.0 and 30.0° in the Ti3CyTy/CNT NAFs. To find out surface
active groups in the Ti3CoTyx/CNT NAFs, we have carried out the FT-IR
analysis, and the corresponding spectrum is shown in Fig. S2b. The
FT-IR analysis further confirms the presence of -OH and C-F active
groups on the surface of TizCyTyx/CNT NAFs.

Field-emission scanning electron microscopy (FESEM) was utilized
to examine the morphology of pure Ti3CyTx, TizCoTx NAFs, TizCoTx
films, CNT FSEs, and TigCyTx/CNT NAFs. The pure Ti3CoTx shows
aggregated sheet-like structure with many wrinkles (Fig. S2c). The
Ti3CyTx NAFs shows randomly distributed Ti3CyTx sheets but mechani-
cally unstable porous structure (Fig. S2d). Pure Ti3CyTx films exhibit a
sheet-like shape with folds and wrinkles (Fig. S2e). The CNT FSEs
resemble a net-like porous structure (Fig. S2f). Fig. 1a and b show top-
view and cross-sectional images of as-prepared Ti3CeTyx/CNT NAFs,
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Scheme 1. Schematic illustration of the synthesis of resilient Ti3C;Tx/CNT NAFs.

revealing a structure comprising vertically aligned 2D micro-cellular
separated by significant interstitial micro-sized pores. The micro-size
porous spacing between each cellular framework is around 20 pm.
Fig. 1c exhibits evenly dispersed CNTs on the surface and within the
interstices of the 2D Ti3CyTy layers. As a result of their high conductivity
and mechanical robustness, the CNTs in Ti3CoTyx/CNT NAFs can effec-
tively maintain the structure even after repeated plating and stripping
(Fig. S3). The top-view SEM image of pressed Ti3zC2Tx/CNT NAFs on a Cu
foil (Fig. 1d) exhibiting a similar structure to that of the as-prepared top-
view SEM image (Fig. 1a), which reveals that the original alignment and
porous structure were still maintained in the pressed TizCyTyx/CNT
NAFs. Compressed TizC2Tx/CNT NAFs on a Cu foil were cut with an ion
milling system, and their cross-sectional morphology was then analyzed.
Vertically pressed Ti3CoTx/CNT NAFs on Cu foil showed an accordion-
like structure [46], maintaining their pore channel without restack
and structure collapse because of significant space between each
TigCoTx/CNT NAFs layer (Fig. 1e). This nano-accordion structure with
easy vertical deformation can effectively accommodate volume changes
during repeated long-term plating and stripping, resulting in an
improved average CE throughout the cycling. The color mapping of the
Ti3CaTx/CNT NAFs on a Cu foil reveals the presence of Ti and C as well as
O and F surface functional groups (Fig. 1f).

Fig. 1g depicts the Raman spectra of pure Ti3CyTy film and TizCoTy/
CNT NAF samples. Pure Ti3CyTx film has a resonant peak at 156
ecm~1[47] and other Raman vibrations at 201 (02), 275 (ws), 380 (ws),
520 (w4), 626 (w4), and 717 cm ! (w3); however, they can only be
observed in Ti3CyTy/CNT NAFs at 201 (02), 380 (05), 520 (w4), and 626
em™! (w4). The vibrations of wy; and w3 are associated with the
out-of-plane vibrations of the Ti and C atoms with A;; symmetry [48].
The vibrations of ®4 and ®s include shear modes of in-plane vibrations of
Ti and C atoms and surface functional groups, which are all associated
with Eg symmetry [48]. CNTs are known to exhibit radial breathing
mode (RBM)[49] and are found in TizCyTx/CNT NAFs at 152.5, 180,
250, and 269 cm ™, corresponding to CNTs tube diameters of 1.63, 1.38,

0.99, and 0.92 nm. Ti3CeTx/CNT NAFs display additional bands at 1,338
(defect-induced, D), 1,591 (graphitic mode, G), 1,744 (overtone of the
oTO mode, M), 2,668 (overtone of the D mode, G*), and 3,177 cm ™!
(overtone of the G mode, 2G’) [49-51]. The high intensity of the G band
around 1,591 cm ™! suggests a larger concentration of sp? hybridized
carbon, which is advantageous for enhancing the electrical conductivity
of TigCoTx/CNT NAFs [51]. This Raman spectrum indicates the existence
of Ti3CyTyx and CNTs within Ti3CyTyx/CNT NAFs.

We have utilized X-ray photoelectron spectroscopy (XPS) to examine
the chemical states and terminal surface functional groups in Ti3CoTyx/
CNT NAFs. Fig. 1h displays the XPS survey spectrum, confirming the
existence of Ti, C, O, and F in TigCyTx/CNT NAFs. The Ti 2p high-
resolution XPS spectrum displays three doublets of asymmetric peaks
centered at 455.2 eV (461.3 eV), 456.1 eV (462.2 eV), and 457.2 eV
(463.3 eV) with an energy difference (AE) of 6.1 eV, related to C-Ti",
C—Ti%", and C—Ti>*, respectively (Fig. 1i) [52]. These three doublets
are attributed to C—Ti—C in the core of the layer and Ti atoms coupled to
C atoms and terminal surface functional groups including C—Ti—O,
C-Ti—OH, and C—Ti—F in TizCyTyx of Ti3CsTy/CNT NAFs [53]. Two
further doublets, centered at 459.0 (464.1) and 459.9 (465.1) eV, are
attributed to TiO2_yFax and TiFy, respectively [53]. The high-resolution
XPS spectrum of C 1s reveals five peaks centered at 281.8, 283.0, 284.4,
285.8, and 288.3 eV, which are related to C—Ti, C—Ti—Tyx, C—, C-0,
and C=0/C—F, respectively (Fig. 1j) [54]. The O 1s high-resolution XPS
spectrum displays six peaks centered at 529.7, 530.2, 531.0, 531.9,
533.0, and 534.0 eV, which are attributed to C—Ti—0(i), TiOy_xFox,
C—Ti—O0(ii), C—Ti—OH, OR, and H»O, respectively (Fig. 1k) [52]. The
high-resolution XPS spectrum of F 1s exhibits two peaks centered at
684.9 and 686.5 eV, attributed to C—Ti—Fy and TiO_4Foy, respectively
(Fig. 11) [52]. The XPS results demonstrate the presence of various
surface oxidation states and surface terminal functional groups in the
TigCoTx/CNT NAFs.

Pristine Cu foil, Ti3CyTx NAFs, CNT FSEs, Ti3CyTy film, and Ti3CoTyx/
CNT NAFs (TisCoTx:CNT = 7:3, 8:2 & 9:1) were tested for their
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Fig. 1. (a) Top-view FE-SEM images of as-prepared TizC,Tx/CNT NAFs at low magnification. (b) Cross-sectional FE-SEM image of as-prepared Ti3C;Tx/CNT NAFs. (c)
High magnification FE-SEM image of as-prepared Ti3C,Tx/CNT NAFs. (d and e) Top-view and cross-sectional-view FE-SEM images of pressed TisC2Tx/CNT NAFs on a
Cu foil. (f) EDS color mapping of Ti3C2Tx/CNT NAFs in a top-view. (g) Raman spectra of TizC,Ty film and Ti3CyTyx/CNT NAF samples; insets show the enlarged ranges.
(h) XPS survey spectrum and high-resolution XPS spectrums of the (i) Ti 2p, (j) C 1s, (k) Ols, and (1) F1s of the Ti3C,Tx/CNT NAF sample.

sodiophilic activity in 1.0 M sodium hexafluorophosphate (NaPFe) in
diglyme (DGM) at a capacity of 1.0 mAh cm ™2 at 1.0 mA cm 2. All these
cells were precycled between 0.01 and 1.0 V vs. Na/Na™ at a current of
100.0 pA cm ™2 before performing Na nucleation on these substrates; the
resulting plot of TizCoTx/CNT NAFs/Na (8:2) is shown in Fig. S4a. With
TigCoTx:CNT ratio of 8:2, better electrochemical performance is ach-
ieved (detailed in the supplementary data, Fig. S4b—d), and subsequent
experiments were conducted using this sample. The initial Na nucleation
overpotentials might provide insights into the sodiophilicity of various
substrates [11,40] The overpotentials are calculated to be 38.5, 10.6,
12.4, 40.6 mV and 9.0 mV for pristine Cu foil, Ti3CoTx NAFs, CNT FSEs,
TigCoTx film, and TizCaTx/CNT NAFs, respectively (Fig. 2a).
Ti3CyTx/CNT NAFs have the lowest overpotential among the five sub-
strates, indicating the lowest Na nucleation energy barrier and uniform
Na nucleation sites across the entire surface and interstices. This is
because of synergistically improved chemical affinity by the
TisCoTyx/CNT NAFs for faster Na™/electron (e™) transport across the

whole surface and interstices. Given the dramatic improvement in
nucleation overpotential when the morphology of the electrode changes
from film to NAFs in the case of Ti3CoTy alone, it can be inferred that the
intrinsic sodiophilicity of TigCyTy is quite high. Moreover, this confirms
that the scale and structure of the electrode/electrolyte interface are
crucial factors in determining nucleation performance. TizCaTx NAFs
and CNT FSEs had slightly higher overpotentials to TizCaTx/CNT NAFs,
indicating the sodiophilic characters; however, due to the easily
breakable nature of Ti3C,Ty NAFs, we were unable to use for additional
electrochemical tests. In contrast, the overpotentials of Ti3CoTy film and
pristine Cu foil are approximately four times higher than the others. This
could be due to Cu foils and especially structurally inferior TizCoTy films
forming heterogeneous Na nucleation sites and thermodynamically
incompatible surfaces with the Na metal [40]

Fig. 2b displays the voltage plot of Na plating and stripping of five
substrates with a capacity of 1.0 mAh cm 2 at 1.0 mA cm 2. Pristine Cu
foil, TigCoTx NAFs, CNT FSEs, and Ti3CyTy films have the highest voltage
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Fig. 2. (a) Nucleation overpotential and (b) Na plating and stripping plots of pristine Cu foil, Ti3C2Tx NAFs, CNT FSEs, TizCyTy film, and TizCoTx/CNT NAFs with a

capacity of 1.0 mAh cm™2 at 1.0 mA cm™%;

inset shows the enlarged voltage vs. capacity profiles. (c) Nucleation overpotential as a function of the current plot of

pristine Cu foil, Ti3C,Ty film, CNT FSEs, and Ti3C,Ty/CNT NAFs. CE plots of pristine Cu foil, CNT FSEs, Ti3C,Ty film, and TizC,T,/CNT NAFs with varying capacities
and currents of (d) 1.0 mAh cm 2 at 1.0 mA cm ™2, (€) 3.0 mAh cm 2 at 3.0 mA cm ™2, and (f) 5.0 mAh cm ™2 at 2.5 mA cm 2.

hysteresis of 29.6, 24.7, 26.5, and 29.4 mV, respectively, while Ti3C2Ty/
CNT NAFs have a voltage hysteresis of just 17.0 mV. We then estimated
the nucleation overpotential with varying capacities of 1.0 to 5.0 mAh
cm ™2 at different currents of 1.0 to 3.0 mA cm 2 on these four substrates,
and the findings are displayed in Fig. 2c. In response to an increase in
current from 1.0 to 3.0 mA cm 2, the nucleation overpotential of pris-
tine CNT FSEs increases slightly from 12.4 to 15.4 mV, suggesting uni-
form Na nucleation-guided nature of CNT FSEs. Similar to CNT FSEs, the
nucleation overpotential of TigCaTx/CNT NAFs increases just slightly
from 9.0 to 10.8 mV. In contrast, the nucleation overpotentials of pris-
tine Cu foil (38.5 to 73.4 mV) and Ti3CyTy films (40.6 to 80.2 mV) in-
crease rapidly. The lower voltage hysteresis and overpotential in
Ti3CoTx/CNT NAFs can be related to the homogeneous distribution of Na
nucleation sites and reduced local current at the interface through
outstanding sodiophilicity [10], both of which favor the formation of
stable SEI containing NaF, thus performing uniform long-term plating
and stripping [15].

Any substrate can make a stable SEI after some cycles of plating and
stripping in the electrolyte. For the precise determination of CE, a sta-
bilization process is required, and after that, any further loss of Na metal
must be attributed to the reaction between the electrolyte and Na metal
on the substrate, such as chemical corrosion [55]. In the Ti3CyTyx/CNT
NAFs/Na asymmetric cell, the average CE was determined by plating a
charge of 5.0 mAh cm ™2 and then completely stripping the cell to 1.0 V.
Then, the 5.0 mAh cm 2 Na reservoir (Qr) was plated at 1.0 mA cm 2,
subjected to ten cycles of stripping and plating at a 1.0 mAh cm ™2 ca-
pacity (Qc), and then stripped (Qg) to 1.0 V at 1.0 mA em 2 (Fig. S4e).
The following equation can be used to approximate the mean CE of an
asymmetric TigCoTx/CNT NAFs/Na cell [55].

nQc + Os
nQc + Or

Here, the average CE is evaluated without considering the first cycle
of substrate preconditioning, and it was found to be 99.8 %, indicating
that Ti3CoTyx/CNT NAFs are capable of high-quality Na plating and
stripping. The CE plots for four substrates with capacities of 1.0, 3.0, and
5.0 mAh cm 2 at different currents of 1.0, 3.0, and 2.5 mA cm™2 are

CEqy = x 100 @

depicted in Fig. 2d—f. The average CEs of pure CNT FSEs/Na asymmetric
cells are calculated to be 99.5 % (1.0 mAh cm 2 at 1.0 mA cm’z, 600 h)
and 99.3 % (3.0 mAh cm ? at 3.0 mA cm 2, 500 h), but the CE at 5.0
mAh cm ™2 at 2.5 mA cm ™2 fluctuates abruptly, signifying the formation
of hotspots (Fig. 2f), suggesting incompatible hosting nature beyond Na
capacity of 3.0 mAh cm™2. A pristine Cu foil/Na asymmetric cell showed
that the corrosion of the pristine Cu foil in the presence of electrolyte
probably contributed to the failure of the cell after a few cycles. Pure
Ti3CyTx film has a compact dense structure limiting the availability of Na
nucleation sites [46], causing hotspots during plating and stripping cy-
cles and mossy dendrites, resulting in a significant fluctuation in CE
[29]. TigCaTx/CNT NAFs/Na asymmetric cell achieves CEs of over 99.0
% in the first five cycles across a wide range of capacities and currents.
The average CEs of Ti3CoTy/CNT NAFs/Na asymmetric cells are reported
to be 99.7 % (1.0 mAh cm 2 at 1.0 mA cm ™2, 900 h), 99.5 % (3.0 mAh
em™2 at 3.0 mA ecm™2, 500 h), and 99.0 % (5.0 mAh cm ™2 at 2.5 mA
cm 2, 1,200 h). The asymmetric TigCyTx/CNT NAFs/Na cells exhibited
superior CEs relative to previously reported TizCyTx-based asymmetric
cells (Table S1). These results suggest that TigCoTx/CNT NAFs have
extraordinary sodiophilicity and well-maintained directionally porous
channels despite being pressed, which promote the easy infiltration of
electrolytes and also shorten the transit of Na'/electrons into the in-
terstices of their host structure [11]. Moreover, because of the resilient
effect during Na plating/stripping, the vertically deformable
nano-accordion structures can adapt to volume variation, as a result,
exceptional CE is maintained during the prolonged plating and stripping
process [9].

Afterward, we plated 3.0 mAh cm~2 Na capacity at 3.0 mA cm ™2 on
pristine Cu foil, TigCyTx film, CNT FSEs, and TizCyTx/CNT NAFs and
examined their surface morphology with FE-SEM after the first and fifty
cycles to corroborate the surface characteristics of Na plating in these
substrates (Fig. S5). One plating cycle on pristine Cu foil resulted in
uneven deposition of Na and numerous surface fractures (Fig. S5a). After
fifty cycles, the surface of pristine Cu foil becomes much rougher and
more cracked (Fig. S5e). The first cycle reveals Na deposition on the
surface of Ti3CoTy film, as well as the uneven distribution of numerous
tiny Na dendrites (Fig. S5b). The CNT FSEs show uniform Na deposition
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without dendrites at first (Fig. S5¢) and after the fiftieth cycle (Fig. S5g),
suggesting the sodiophilic nature of CNT FSEs. Similar to CNT FSEs,
TigCaTx/CNT NAFs demonstrate homogenous Na deposition on their
surface from the initial first cycle (Fig. S5d) and after fifty cycles
(Fig. S5h). Their micron-sized porous surface structure remains intact
even after fifty cycles, which is advantageous for both electrolyte
accessibility to the internal host structure and quicken Na'/electron
tunneling at the interface, resulting in long-term plating and stripping
with sustained CE.

To understand the various SEI components on the surface of TizCoTy/
CNT NAFs, we analyzed the surface of TigCoTx/CNT NAFs after 50 cycles
of plating and stripping using XPS, and the relevant findings are pre-
sented in Fig. S6. After the Na plating, the Ti 2p peaks shift to lower
binding energies, indicating a partial reduction of Ti (Fig. S6b) [15]. The
high-resolution C 1s spectrum shows the presence of organic and inor-
ganic components in SEI, including C—O (R—0O—R), C—O (R—O—Na),
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C=0, and C=0 (R—CO,—Na) (Fig. S6c) [56]. The presence of Na—O and
Na—F is suggested by the high-resolution spectrum of O 1s (Fig. S6d)
[57]. The high-resolution F 1s spectrum reveals the presence of Na—F,
P—O-Fy, and Nay—P—Fy in SEI (Fig. S6e) [56]. The high-resolution Na
1s spectrum further confirms the formation of Na—0O, Na—C, and Na—F
(Fig. S6f) [57]. These findings suggest the formation of stable SEI with
various sodium- and fluorine-based organic and inorganic components
on the surface of TizCoTx/CNT NAFs during cycling, which can speed up
Na'/electron (e ) tunneling at the interface without dendrite formation,
resulting in sustained CE during long-term plating and stripping.

To gain a better understanding of the electrochemical Na plating and
stripping processes in TizCaTyx/CNT NAFs, we deposited Na at various
capacities ranging from 1.0 to 5.0 mAh cm~2 at a current of 1.0 mA cm ™2
and stripped it to 3.0 mAh cm 2 and finally to 1.0 V at the same current.
By measuring the top-view and cross-sectional view of Na-deposited and
-stripped samples, the sodiophilicity and stability of Ti3CyTx/CNT NAFs
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Fig. 3. (a) Na plating and stripping states marked in voltage vs. capacity plot at 1.0 mA cm~2 in each step; inset shows a schematic depiction of Na platting and
stripping behavior in the Ti3C,T,/CNT NAFs at various states. Cross-sectional-view FE-SEM images of Ti3C,Tx/CNT NAFs at (b) fresh state, plating at (c) 1.0 mAh
em~2, (d) 3.0 mAh em 2, (e) 5.0 mAh cm ™2, and stripping to (f) 3.0 mAh cm 2, and (g) stripping to 1.0 V vs. Na/Na*. (h-1) Na EDS color mappings of plating and
stripping states of TizC,Tx/CNT NAFs.
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can be determined. Figs. 3 and S7 show cross-sectional and top-view FE-
SEM images of Na-deposited and -stripped samples, respectively. The
inset of Fig. 3a depicts a schematic representation of the Na plating and
stripping processes that occur in TigCTx/CNT NAFs in each step. Fig. 3b
shows a cross-sectional FE-SEM image of Ti3CyTy/CNT NAFs uncoated
Na with a nano-accordion structure with a thickness of approximately
65 pm. TizCoTx/CNT NAFs with a Na deposition capacity of 1.0 mAh
cm~2 show that Na has been infused between the Ti3CoTyx/CNT NAFs
interstices and on their top surface (Fig. 3c). Fascinatingly, after Na
deposition, the thickness of the nano-accordion structure of TizCoTx/
CNT NAFs shrunk from around 65 pm to approximately 24 pm, while the
thickness of Na over the surface was measured to be about 15 pm. The
EDS picture in Fig. 3h shows that Na is present within the nano-
accordion structure and on their surface. Since the Na is simulta-
neously deposited on the inside of the nano-accordion structure of
TigCaTx/CNT NAFs and their surface, the porous inter-connected chan-
nels within the NAFs contract due to the capillary effect from the Na
metal particles deposited inside the pore. The contraction of the NAFs is
quite homogeneous spatially, resulting in the top surface of the electrode
retaining a macroscopically flat (Fig. S7a) but microscopically rough
surface (Fig. S7b). At a plating capacity of 3.0 mAh cm 2, top-view FE-
SEM images indicate uniform and flat Na deposition on the surface of
TigCaTx/CNT NAFs (Fig. S7d and e). The cross-sectional FE-SEM image
reveals a slightly increased thickness of TizCoTx/CNT NAFs, from 24 pm
to 27 pm, as well as a homogeneously uniform layer of Na on top of the
TizCaTx/CNT NAFs with a thickness of around 24 pm (Fig. 3d). EDS color
mapping demonstrates that the Na concentration is greater on the top
surface than in the interstices of Ti3CyTyx/CNT NAFs (Fig. 3i). With an

(a)
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increase in Na deposition from 3.0 to 5.0 mAh cm ™2, the top-view FE-
SEM images exhibit the same characteristics (Fig. S7g and h) as those
obtained at 3.0 mAh cm™2 whereas a cross-sectional FE-SEM image
reveals that the thickness of Ti3CoTx/CNT NAFs has expanded from 27
pm to 34 pm, and the surface Na thickness has risen to around 47 pm
(Fig. 3e). EDS image exhibits vibrant color due to Na at the interstices of
Ti3CyTx/CNT NAFs and on their surface (Fig. 3j).

After stripping to 3.0 mAh cm ™2, cross-sectional (Fig. 3f) and top-
view (Fig. S7j and k) FE-SEM images exhibit voids and a rough surface
on the top of TizCoTyx/CNT NAFs. The thickness of the TigCyoTy/CNT
NAFs is bounced from 34 pm to 50 pm, with substantial micro-sized
pores space in the interstices with the residual Na on the top surface
of the Ti3CyTx/CNT NAFs; the thickness of the Na on top-surface was
measured to be around 27 pm. The Na intensity on the EDS image is
lowest between the Ti3CyTy/CNT NAFs’ layers compared to the top
surface, where it shines through many voids (Fig. 3k). It is considered
that stripping occurs at the interstitial part first because of the lower
overpotential followed by from the top of the Na layer. After Na was
completely stripped to 5.0 mAh cm ™2, top-view FE-SEM images reveal a
trace of Na on the surface, along with some porous structures (Fig. S7m
and n). The cross-sectional FE-SEM image shows the well-maintained
nano-accordion structure with a thickness of around 60 pm without
structure collapse (Fig. 3g). It is mainly due to the high mechanical
deformability of TizCoTx/CNT NAFs. Na has been successfully stripped
from the interstices of the Ti3CoTy/CNT NAFs, as evidenced by the EDS
mapping, which reveals a small amount of Na well-distributed on the
layers of TigCaTx/CNT NAFs (Fig. 31). TizCaTx/CNT NAFs still contained
Ti, C, O, F, Na, and P during the plating and stripping. This was

(b)

Ti;C,T,-F Ti;C,T,-0O Ti;C,T,-OH
@) 1
| O
o -OH
0.5 4
% % Perfect
~
& >
= 25 0
)
=
m -0.5' F
V,-555777 o0
g p=€ & .E 14
= = L v,s85 1 Lv,s55777]
o £
SO A -1.5-
z 0
®] -
Ti,C,T, CNT (5x5)
O Na binding site
() (d) ‘
Na@C -F 0.2
o @GCs Graphite(? O -
—~084 & i | o |
NE E 4—»@ OH 0 0.5 ; o) 0.1 z
~ | Lo =
3% Graphite -F A
=1)] 0.6 1 exfoliation l —_
; energy F—-- -- - -0 N
= CNT ~
=
= 0.4 - to MXene 6
g |lé--T__ =
.S Charge transfer
3 direction --0.5
= 021 N
MXene
< to CNT
0- o -1 -1 08 -06 -04 0.2 0 02 04 0.6

Graphite L Ti;C,T, J Graphite L Ti,C,T, -

denr ()

Fig. 4. (a) Structures for three types of surface termination of MXene and CNT with and without topological defects. (b) Calculated binding energies of Na on the
Ti3CoTx and CNT surfaces. (c) Calculated adhesion energies for the junction between CNT and Ti3C,Ty surfaces, as well as the sum of the partial charge of CNT. (d)

Relationship between charge transfer, work function, and Na binding energy.



S. Kandula et al.

corroborated by top-view EDS mapping (Fig. S7c, f, 1, and o) and cross-
sectional EDS mapping (Fig. S8). These findings prove that resilient
TizCaTx/CNT NAFs nano-accordion structures durably and reversibly
possess Na accommodation sites with high sodiophilicity with little total
volume changes during the plating/stripping process.

Atomic-level analyses of experimental results were conducted using
first-principles calculations. First, the intrinsic sodiophilicity of MXene
and CNT was calculated for TizCyTx surfaces fully terminated with —F,
—0, and —OH, as well as 5 x 5 CNT surfaces both with and without
topological divacancy defects (Fig. 4a). As shown in Fig. 4b, the TigCyTx
surfaces terminated with —F and —O exhibit strong sodiophilicity, dis-
playing binding energies of —0.51 and —1.69 eV, respectively. In
contrast, the surface terminated with —OH does not interact with so-
dium, presenting a binding energy of +0.47 eV. Considering that the
reference energy for the Na atom used in the binding energy calculation
is equivalent to Na metal, the binding energy value can be converted
into the reduction potential of Na* with respect to the Na/Na™ electrode
potential by multiplying it by —1. This implies that the electrochemical
reduction of Na™ proceeds rapidly at a high positive potential on —F and
—O termination sites (0.51 and 1.69 V vs. Na/Na™, respectively), serving
as effective nucleation sites, unlike the —OH terminated site. However,
as the actual TigCyTy material has these functional groups distributed
randomly on its surface, various Na® reduction potentials could be
exhibited depending on the configuration. This may account for the
large sloping capacity observed in the TizCyTx NAFs electrode.
Furthermore, considering the operating potential range of the anode in
the experiment, it is highly probable that adsorbed Na atoms on the —F
dominated surface will not oxidize into Na™ due to its strong sodiophi-
licity, which could influence the initial CE.

For the CNT surface, there is a noticeable correlation between Na
binding and the presence of defects. When examining a perfect CNT, the
Ce ring exhibits a binding energy of +0.23 eV, which does not favor
binding. However, introducing two types of divacancies (Vo—585 and
V,—555777 depicted in Fig. 4a) significantly increases the sodiophilicity
not only at the Cg, Cy, and Cs defect sites but also at the adjacent Cg and
Ce’ sites, bringing the binding energy down to a range of —0.23 to —0.80
eV (as shown in Fig. 4b). This pattern is consistent with findings from
previous studies: defects amplify the density of states near the Fermi
level, which in turn boosts the electron affinity of the surface, facilitating
stronger Coulomb interactions with adsorbed Na atoms [58]. Conse-
quently, the notably low nucleation overpotential observed in the CNT
FSEs electrode during the experiment is likely due to the variety of to-
pological defects present on the CNT surface. Given the inherent
sodiophilicity of both the Ti3CyTx and CNT surfaces, the Ti3CyTy/CNT
NAFs electrode is also believed to have a substantial number of effective
sodiophilic sites.

Next, potential physicochemical synergetic effects arising from the
interaction between TizCyTx and CNT within the NAFs composite elec-
trode were examined. Additional calculations were carried out on
structures bridging CNT and TizCyTy surfaces with different functional
groups (refer to the inset of Fig. 4c). For comparison purposes, a model
with a pure van der Waals (vdW) junction between graphite and CNT
was also included. As depicted in the left part of Fig. 4c, the adhesion
energy between a perfect CNT and a graphite surface amounts to 0.31 J/
m?, closely resembling the experimental graphite exfoliation energy of
0.34 J/m? [59]. Significant differences are observed among the TigCyTy
surfaces depending on the functional group. Surfaces terminated with
—F and —O display adhesion energies of 0.32 and 0.38 J/m? respec-
tively, pointing to adhesion principally driven by vdW interactions, akin
to the graphite case. Conversely, surfaces terminated with —OH exhibit a
considerably stronger interaction, with an adhesion energy of 0.72
J/m?. This trend suggests that —OH functional groups dispersed on the
TigCyTx surface likely play a pivotal role in firmly attaching to the CNT.
Such robust attachment presumably enables the mechanically resilient
NAF structure to preserve its configuration despite repeated expansion
and contraction during numerous charge and discharge cycles.
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Moreover, considering the observed low sodiophilicity of the —OH
dominated surface, it can be posited that the count of nucleation sites on
the Ti3CyTy surface remains largely unchanged post-junction formation
with CNT and may increase due to the additional nucleation sites pro-
vided by the CNT.

An analysis of the electronic structure of the junction structure un-
covers that, unlike the interaction with the graphite surface, charge
transfer can occur when the Ti3CyTy surface is implicated, and this
process hinges on the type of surface functional groups. A calculation of
the sum of the partial charge of CNT (gcnt) reveals that the —F and —O
surfaces extract electrons from the CNT, with resulting gcnr values are
+0.17 and +0.38 e, respectively. In contrast, the —OH surface facilitates
the transfer of electrons from the surface to the CNT, resulting in a gent
value is —0.38 e (right part of Fig. 4c). These outcomes can be lucidly
explained by the work function (WF) discrepancy between the CNT and
the surface. Surfaces with a higher WF than CNT are likely to uptake
electrons from the CNT, while those with a lower WF tend to inject
electrons into the CNT (bottom part of Fig. 4d). Moreover, this charge
transfer behavior exerts an influence on the Na binding energy.
Regardless of the charge transfer direction, an increase in charging
causes the Na binding energy of the perfect CNT to escalate (top part of
Fig. 4d). This mechanism may also instigate an additional improvement
in sodiophilicity at the CNT defect sites. However, the real TigCyTx
surface is not likely to exhibit such a drastically biased surface state as
the calculation model, so the changes may not be as extreme as the
calculations suggest. Nonetheless, these synergistic effects of CNT
charging and the enhancement of sodiophilicity could be potential ex-
planations for the additional performance improvements observed
experimentally in the composite TigCoTyx/CNT NAFs electrode.

Figs. 5 and S9 depict the outcomes of an examination into the
interfacial stability of symmetrical cells, including Ti3CaTx/CNT NAFs//
TigCaTx/CNT NAFs (Fig. 5) and Na//Na, CNT FSEs//CNT FSEs, and
TigCyTx film//TizCoTy film (Fig. S9) with differing capacities and cur-
rents. Initially, the TigCyTyx/CNT NAFs symmetric cell exhibits a very low
overpotential of approximately 10.0 mV at a capacity of 3.0 mAh cm 2
at 3.0 mA cm~2; after 1,500 h, the overpotential increases slightly to
12.0 mV, indicating exceptional cyclic stability of TizCoTx/CNT NAFs
(Fig. 5a). In contrast, CNT FSEs and Ti3CyTx film symmetric cells exhibit
enormous “overpotential bumps”, indicating the creation of mossy-type
dendrites on the surface, resulting in the occurrence of spatial variation
of local reaction kinetics on the electrode surface (Fig. S9a) [11,15]. Na
symmetric cell exhibits an overpotential of approximately 7.0 mV at
first, however, it abruptly short-circuits after 34 h (Fig. S9a). When
subjected to a high current of 10.0 mA cm ™2 with a capacity of 5.0 mAh
cm’z, the TizCaTx/CNT NAFs symmetric cell exhibits an initial over-
potential of around 45.0 mV, which climbs gradually to 58.0 mV after 1,
500 h (Fig. 5b). Unfortunately, large overpotential bumps are found in
the Na and TizCyTx film symmetric cells (Fig. S9b), just as in the prior
case of TigCyTy film symmetric cells. A TigCoTx/CNT NAFs symmetric
cell with a very high capacity of 20.0 mAh cm~2 at 5.0 mA cm 2 exhibits
an overpotential of approximately 94.0 mV at the beginning, increasing
to 100.0 mV after 1,150 h, and then further increasing to about 130.0
mV after 1,200 h (Fig. 5¢). In contrast, symmetric cells built from Na and
Ti3CyTx film exhibit rising voltage plateaus lasting 110 h for Na and 188
h for Ti3CyTx film before failing (Fig. S9c). It is noted that the
Ti3CaTx/CNT NAFs symmetric cells outperformed previously reported
TigCyTx-based symmetric cells (Table S2). The rate capabilities of these
symmetric cells with a capacity of 3.0 mAh cm™2 at a current of
1.0-20.0 mA cm 2 were evaluated. Voltage hysteresis in a TigCaTx/CNT
NAFs symmetric cell is relatively constant up to 5.0 mA cm™2 and
changes slightly at 10.0 and 20.0 mA cm ™2 (Fig. 5d). Meanwhile, the Na
symmetric cell exhibits overpotential bumps at 10.0 and 20.0 mA cm 2.
The TizCoTx film and CNT FSEs symmetric cells have experienced
overpotential bumps at all current densities except 1.0 mA cm 2
(Fig. S9d). Electrochemical impedance spectroscopy (EIS) is used to
examine the electrode kinetics of the Ti3CyTyx/CNT NAFs, Ti3CoTy film,
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and CNT FSEs symmetric cells before and after the fiftieth cycle, and
these results are depicted in Fig. S10.

To establish the practical application of TizCyTx/CNT NAFs as a
dendrite-free anode host for AFSMBs, we evaluated the rate capability
and cyclic stability of anode-free TizCyTx/CNT NAFs/Na-SEI//NasVy(-
PO4)3@C and Na//Na3V,(PO4)3@C full cells with an industrial scale
mass loading of a cathode (~11.0 mg cm~2), and the corresponding
outcomes are shown in Figs. 6 and S12. The phase purity of the
NagV2(PO4)s@C sample was confirmed by XRD (Fig. S11a). The FE-SEM
image displays the spherical morphology of the NazV2(PO4)s@C sample,
while the EDS color mapping verifies the existence of Na, V, P, and C in
the NagV2(PO4)s@C sample (Fig. S11b and c). Fig. 6a depicts the sche-
matic representation of distinctions between Na-ion, Na-M, and
AFSMBs. The anode-free Ti3CyTy/CNT NAFs/Na-SEI anode host is
fabricated by depositing Na with a capacity of 5.0 mAh cm ™2 at 1.0 mA
em 2 and then stripping it to 0.02 V (Fig. 6b). During the stripping,
nearly all of the deposited Na is removed, leaving a small amount of Na
with a well-distributed stable SEI on the surface of Ti3CyTyx/CNT NAFs,
which is beneficial for stable cycling when combined with the NagV(-
PO4)3@C cathode; here Na™ would tunnel from the cathode to the anode
and vice versa. It is essential to manage the SEI on the anode and the CEI
on the cathode to improve the overall performance of full cells [17]. In
light of this, we employ the dual salts (NaPFg¢ and sodium tetra-
fluoroborate (NaBF,)) in dimethoxyethane (DME) to regulate the SEI
and CEI in our full cells, hence enhancing their performance. The gal-
vanostatic charge-discharge (GCD) curves of the anode-free
Ti3CoTy/CNT  NAFs/Na-SEI//Na3Vy(PO4)s@C and Na//NagVy(-
PO4)3@C full cells exhibit a stable voltage plateau at 3.4 V vs. Na/Na™ at
different C-rate of 0.5, 1.0, 2.0, 5.0 and 10.0 C (Figs. 6¢ and S12a). After

2

testing the rate capability of these cells, the anode-free TizgCyTx/CNT
NAFs/Na-SEI//Na3gV3(PO4)3@C cell capacities are determined to be
108.8, 102.1, 96.9, 90.8, and 85.8 mAh g’1 at a different C-rate of 0.5,
1.0, 2.0, 5.0, and 10.0 C (Fig. 6d).

One of the key evaluation factors of a cell’s longevity is its cyclic
stability. Fig. 6e demonstrates that the capacity retention of an anode-
free TizCaTx/CNT NAFs/Na-SEI//Na3zVa(PO4)s@C cell at 2.0 C is 69.4
% of its initial cycle capacity after 1,000 cycles, whereas that of Na//
Na3V2(PO4)3@C cells is 84.6 %; however, this cell short-circuits in the
1,144th cycle (Fig. S12c¢). Similarly, the capacity retention of an anode-
free Ti3CyTx/CNT NAFs/Na-SEI//Na3V,(PO4)3@C cell at 5.0 Cis 60.1 %
after 1,900 cycles (Fig. 6e), while the capacity retention of Na//
NagV2(PO4)3@C cells is 89.0 %; unfortunately, this cell also fails in the
1,934th cycle (Fig. S12d). However, the anode-free TigCoTyx/CNT NAFs/
Na-SEI//Na3V2(PO4)3@C cells retain 53.8 % of their initial capacity at
2.0 C after 2,500 cycles and 43.4 % at 5.0 C after 5,000 cycles. The
capacity loss between various cycles is measured for the anode-free
Ti3CoTyx/CNT NAFs/Na-SEI//NagVy(PO4)3@C cells. At 2.0 C, the ca-
pacity loss per cycle is measured to be 0.07, 0.035, 0.019, and 0.010
mAh g~! between 1-100, 101-500, 501-1,000, and 1,001-2,500 cycles,
respectively. In similar, at 5.0 C, the capacity loss per cycle is measured
to be 0.09, 0.031,0.013, 0.011, and 0.005 mAh g’1 between 1-100, 101-
500, 501-1,000, 1,001-2,500, and 2,501-5,000 cycles, respectively. In
AFSMBs, Na™ is transferred solely between the cathode and anode host.
Consequently, during the first 1-100 cycles, the creation of a solid
electrolyte interface (SEI) occurs on the anode host due to the con-
sumption of little Nat from the cathode, resulting in minimal high-
capacity loss. Due to the establishment of stable cathode electrolyte
interface (CEI) on the cathode and SEI on the anode host, it has been
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Fig. 6. (a) A schematic representation of distinctions between Na-ion, Na-M, and AFSMBs. (b) Preconditioning process of anode-free Ti3C,Tx/CNT NAFs/Na-SEL
Electrochemical full-cell performance of anode-free Ti3C,T,/CNT NAFs/Na-SEI//Na3zV,(PO4)3@C cell. (¢) GCD plot and (d) rate capability plot at different C-rate
of 0.5 C-10.0 C of the anode-free Ti3C,Tx/CNT NAFs/Na-SEI//Na3zV,(PO4)3@C cell. (e) Cyclic stability plots of anode-free Ti3C,Tyx/CNT NAFs/Na-SEI//Na3zVy(-
PO4)3@C cells at 2.0 and 5.0 C. (f) Comparison of capacity retention of anode-free Ti3CoTy/CNT NAFs/Na-SEI//Na3zV4(PO4)3@C cells with previously reported
anode-free full cells. (g) Ragone plot of anode-free Ti3CoTx/CNT NAFs/Na-SEI//Na3V(PO4)3@C full cell with previously reported NazV2(PO4)3@C-based anode-less/

anode-free SMBs.

observed that the capacity loss per cycle lowers drastically as the cycles
progress, which is beneficial in anode-free TizC2Tx/CNT NAFs/Na-SEl//
NagV2(PO4)s@C/Cu full cells and thus resulting in better cyclic stability
at high C-rates. Additionally, the CE of the anode-free Ti3CyTx/CNT
NAFs/Na-SEI//NagVy(PO4)3@C cell is stably maintained at approxi-
mately 99.8 % at 5.0 C, whereas the CE of the Na//Na3V3(PO4)3@C cell
unstably fluctuates at 2.0 and 5.0 C. The ultralong cyclic stability of
anode-free Ti3CyTx/CNT NAFs/Na-SEI//NagV3(PO4)3@C cell is mainly
due to that TigCoTx/CNT NAFs possess exceptional sodiophilicity and
efficient anode hosting characteristics for the resilient nano-accordion
framework with high mechanical deformability.

The Al current collector can be used more efficiently as a practical
current collector on both the cathode and anode sides because Al does
not make any alloy reaction with sodium (Na) [10,17]. On the other
side, Al is lighter than Cu, which can abruptly increase the cell’s overall
energy density. To examine the effect of the Al current collector on the
anode side, we pressed the Ti3CyTyx/CNT NAFs onto an Al foil and then
preconditioned the TizCyTx/CNT NAFs/Al as follows: one cycle of Na
plating at a capacity of 3.0 mAh cm 2 at a current of 1.0 mA cm™2 and
then completely stripped to 1.0 V (Fig. S13a), with the resultant elec-
trode serving as an anode-free host for the full cell. At 10.0 C-rate, the
capacity retention of anode-free Ti3CoTyx/CNT NAFs/Al//NagVy(-
PO4)3@C cell is determined to be 52.3 % after 5,000 cycles, with a CE
that is sustainable at 99.8 % (Fig. S13b). From our experimental results,
we notice better cyclic stability with the Al current collector as
compared to the Cu current collector. These results indicate that
TigCaTx/CNT NAFs can be utilized efficiently as a dendrite-free anode
host on both Cu and Al current collectors, even at a high C-rate. The
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anode-free Ti3CyTyx/CNT NAFs/Na-SEI//NasVy(PO4)3@C/Cu and
anode-free Ti3CyTy/CNT NAFs/Al//Na3Vy(PO4)3s@C/Al  full cells
demonstrated remarkable cyclic stabilities in comparison to previously
reported NasVo(PO4)s-based anode-less/anode-free full cells (Fig. 6f,
Table S3). To the best of our knowledge, this is the first time that
TigCyTx-based anode-free full cells have demonstrated such long-term
stability at a high C-rate with outstanding CE retention. In particular,
unlike other anode-free batteries that showed long-term stability of
about 100 cycles at low rates, our cells showed stable CEs and capacities
even after 5,000 cycles at high speeds up to 10 C.

The energy density of a battery is one of the primary factors deter-
mining battery efficiency. To calculate the energy density of the cell, the
mass of TigCaTyx/CNT NAFs, NagVa(PO4)s@C, and the deposited Na on
Ti3CoTx/CNT NAFs are utilized. Using a Ragone plot (Fig. 6g), the pre-
dicted energy density of the anode-free Ti3CyTx/CNT NAFs/Na-SEI//
NagV2(PO4)s@C cell is compared to the previously reported energy
densities of NagVy(PO4)3@C-based AFSMBs. The energy density of the
anode-free TizCyTyx/CNT NAFs/Na-SEI//NazV,(PO4)3@C cell (N/P ratio
= 0.3) is calculated to be 322.6 Wh kg ! at a power density of 167.2 W
kg~!. Moreover, at a 10.0 C-rate, it maintains an excellent energy den-
sity of 250.7 Wh kg ! at a power density of about 3,342.9 W kg . These
outcomes transcend the previously reported NazVy(PO4)3@C-based
anode-free/anode-less full-cell SMBs [10,11,60-65]. All of these find-
ings illustrate the enhanced sodiophilicity of TizCoTyx/CNT NAFs and
suggest that they can serve as an effective anode host for AFSMBs. The
current research can pave the way for the future development of smart
anode hosts for AFSMBs.
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3. Conclusion

In summary, we have successfully developed a mechanically resilient
TigCaTx/CNT NAFs Na host structure via directional freezing followed
by vertical compression. The Ti3CyTy/CNT NAFs/Na asymmetric cells
demonstrated excellent long-term cyclic stability, low nucleation over-
potential, and better CEs. Nano-accordion structure of TizCyTyx/CNT
NAFs confirmed compression of TigCaTx/CNT NAFs during plating and
expansion during stripping, suggesting their resilient nature. The sym-
metric cells with TigCoTx/CNT NAFs exhibited very low voltage hys-
teresis and long-term cyclic stability without dendrite formation.
Moreover, TizCoTx/CNT NAFs can host a high capacity of 20.0 mAh
cm~2 at 5 mA cm 2, indicating excellent Na hosting ability. Moreover,
the anode-free Ti3CsTyx/CNT NAFs/Na-SEI//NagVy(POy4)3@C full cell
delivered a capacity of 102.1 mAh g~ ! at 1.0 C. Importantly, the anode-
free Ti3CaTx/CNT NAFs/Na-SEI//NagVy(PO4)3@C full cell demon-
strated exceptional cyclic stability at 2.0 C for 2,500 cycles and at 5.0 C
for 5,000 cycles. Furthermore, the anode-free TigCyTx/CNT NAFs/Al//
NasV2(PO4)3@C full cell also exhibits extraordinary cyclic stability at
10.0 C-rate for 5,000 cycles without cell failure. First-principles calcu-
lations further revealed that the interplay of surface chemistry and
structural defects in the Ti3CyTx/CNT NAFs significantly influences their
sodiophilic properties and structural stability, enhancing the Na binding
and overall performance of the cell. All of these results suggest a resilient
nano-accordion structure with high sodiophilicity of Ti3CoTx/CNT NAFs
and their effective anode hosting nature towards AFSMBs. This design
can pave the way for the development of smart anode hosts towards
next-generation high energy density AFSMBs in the near future.
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