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ABSTRACT: Alkali metals are ideal anodes for high-energy- . —WiXene- ML
. . . . .2

(%en's1ty recha}'geable batteries, whl'le' serlousl}f hamper.ed by —"‘\ | ol 10203080052

limited cycle life and low areal capacities. To this end, rationally ™ 7 ating S oopms

designed frameworks for dendrite-free and volume-changeless ’ striping g T A cm?

alkali-metal deposition at both high current densities and ~ oz Timesth

capacities are urgently required. Herein, a general 3D conductive XeneME Vixene-MF/alkali metal anode IR e

Ti;C,Ty MXene-melamine foam (MXene-MF) is demonstrated as
an elastic scaffold for dendrite-free, high-areal-capacity alkali
anodes (Li, Na, K). Owing to the lithiophilic nature of F-terminated MXene, conductive macroporous network, and excellent
mechanical toughness, the constructed MXene-MF synchronously achieves a high current density of 50 mA cm™ for Li
plating, high areal capacity (50 mAh cm?) with high Coulombic efficiency (99%), and long lifetime (3800 h), surpassing the
Li anodes reported recently. Meanwhile, MXene-MF shows flat voltage profiles for 720 h at 10 mA cm™> for the Na anode and
800 h at 5 mA cm™? for the K anode, indicative of the wide applicability. Notably, the high current density of 20 mA cm™ for
20 mAh cm™? for the Na anode, accompanying good recyclability was rarely achieved before. When coupled with sulfur or
Na,V,(PO,); cathodes, the assembled MXene-MF alkali (Li, Na)-based full batteries showcase enhanced rate capability and
cycling stability, demonstrating the potential of MXene-MF for advanced alkali-metal batteries.

KEYWORDS: alkali-metal anode, 3D framework, MXene, high areal capacity, dendrite-free

he increasing popularity of hybrid electric vehicles and Lig s4Lay 6Ti03, Lig sLasZr, Tay, sO4,,
portable electronics demands high-energy-density Li;La, 75Cag 25211 7sNbg,501,),”"** and engineering alkali-
batteries.' > Among numerous anode candidates, metal-based alloys (e.g, Li—Zn, Li—Si, Na—Sn).”>~*> Never-
alkali-metal anodes are considered as ideal ones due to their theless, issues such as the huge volume changes and

high theoretical capacities (lithium (Li): 3680 mAh g/,
sodium (Na): 1165 mAh g™', and potassium (K): 687 mAh
g~") and low redox potential (Li: —3.04 V, Na: —2.71 V, and
K: —2.93 V vs SHE)."”” Besides, when paired with high-
capacity cathodes such as oxygen (O,) and sulfur (S), high-
energy-density batteries can be achieved for next-generation
electronics.”~"> Unfortunately, the undesirable growth of
dendrites and the infinite relative change of volume during

inhomogeneous ion flux distribution on copper (Cu) or
alkali-metal foil, especially at high current densities (=10 mA
cm™?) and deposition capacities (>10 mAh cm™2), are yet to
be solved. To this end, three-dimensional (3D) porous and
conductive scaffolds,>**’ e.g, porous Cu,*® nickel foam,”
carbon nanotube sponges,”® and a graphene-based aerogel,*"**

cycling processes have blocked the commercialization of alkali- Received:  April 10, 2020
metal anodes.’>™'¢ Accepted: June 12, 2020
Until now, tremendous efforts have been processed to Published: June 12, 2020

resolve the aforementioned issues, such as optimizing the
electrolyte formulation and functional additives (e.g, LiNO,,
Cs*, Na,Sy),"" 7> employing the solid-state electrolyte (e.g.,

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsnano.0c03042

W ACS Publications 8678 ACS Nano 2020, 14, 8678-8688


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haodong+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng+Yue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuanfang+John+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanfeng+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuanghao+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huijuan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huijuan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengchao+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaochao+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiong+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianfeng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Shuai+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Shuai+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c03042&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03042?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03042?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03042?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03042?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03042?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03042?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acsnano.org

-

=L MXene ink

cm
c lene B

2]

b
™ L

\

Plating

MXene-MF/ alkali metal anode

Striping

MXene-MF

>

MXene (002)

= MXene-MF
— MF

g

2 um

Intensity (a.u.)

carbon (002)

L’k——

Transmittance (%)

S s

—— MXene-MF 1. AIF,

2. Tio, F

2" x|

£
\/\3. C-Ti-F,
2 [~

VAN

AN

Intensity (a.u.)

20 (degree)

T T T T T T T T
10 20 30 40 50 60 70 80 90

694 692 690 688 686 684 682 680
Binding energy (eV)

30‘00 20‘00
Wavenumbers (cm™)

4000 1000

Figure 1. Fabrication and characterization of 3D MXene-MF scaffolds. (a) Schematic illustration of the fabrication process of the 3D MXene-
MF for the alkali-metal anode. (b) Photographs of the MXene ink. (c) AFM image and height profile of MXene nanosheets. (d) TEM image
of MXene nanosheets. Inset is the corresponding SAED image. (e) Photographs of MXene-MF. Inset is the corresponding image under a
bending state. (f) SEM image and (g) EDS elemental mapping of fluorine (red), nitrogen (yellow), and titanium (green) of MXene-MF. (h)
XRD patterns and (i) FTIR spectra of MXene-MF and bare MF. (j) High-resolution F 1s XPS spectrum of MXene-MF.

are proposed to effectively regulate the alkali-metal ion flux,
suppress the dendrite growth, and minimize the volume
change of the alkali anode. However, those scaffolds suffer
from heavy mass density or poor mechanical toughness,
resulting in limited capacity and decreased energy density.
Recently, MXenes are rising as an emerging of two-dimen-
sional (2D) transition metal carbides or carbonitrides.
Typically, 2D titanium carbide (Ti;C,T,, where T, represents
the surface groups) possesses high electronic conductivity
(~10* S em™)>*7*° and inherent lithiophilic surface
terminations (O, F, OH, Cl), making it an ideal building
block material for 3D porous scaffolds for depositing alkali-
metal deposition.”* *® Unfortunately, conventional freestand-
ing MXene films with densely compacted nanosheets offer a
limited space against increased capacity of alkali metals, which
fails to efficiently withstand their large volume stress from the
latter during the stripping and plating process.’” That is to say,
designing a 3D lightweight, flexible, conductive MZXene
scaffold with high mechanical strength capability with
synchronously realizing high current density and large capacity
is an urgent need for alkali-metal anodes.

In this work, we propose a general cost-effective, scalable
strategy of constructing a recyclable, flexible, and conductive
3D MXene-MF, via soaking a commercial polymer melamine
foam (MF) in MXene ink by strong affinity of hydrogen
bonding, for dendrite-free, stable, high-capacity alkali-metal
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anodes. By taking advantages of the high conductivity and
lithiophilic surfaces from MXene, in combination with the
porous, lightweight, and flexible nature from 3D MF, the
resulting MXene-MF possesses a 3D interconnected porous
conductive network with good mechanical flexibility and
strength, enabling a highly dense and homogeneous alkali-
metal deposition and suppressing volume fluctuation at both
high current density and deposition capacity. Consequently, a
high current density of S0 mA cm™ for S0 mAh cm™ and a
long cycling life up to 3800 h are simultaneously achieved for
the Li anode, Meanwhile, a high areal deposition capacity of 20
mAh cm™? for the Na anode and S mAh cm™ for the K anode
are also realized. Moreover, such a robust 3D architecture
guarantees repeated cycling without decomposing the
structural integrity. By pairing MXene-MF-Li with sulfur (S)
and MXene-MF-Na with Na;V,(PO4), (NVP), respectively,
the assembled full batteries showcase improved cycling and
rate performance, demonstrative of the potential of MXene-
MF in constructing high-energy-density batteries.

RESULTS AND DISCUSSION

The fabrication process of MXene-MF for alkali-metal anode
(Li, Na, K) is schematically illustrated in Figure la. First, a
commercial flexible MF with interconnected continuously
macroporous structure (30—130 ym, Figure S1) was soaked in
highly concentrated MXene ink (10 mg mL™, 3600 S cm™,
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Figure 2. Electrochemical performance of 3D MXene-MF for a Li anode. (a) of 3D MXene-MF and bare Cu electrodes with a Li deposition
capacity of 5§ mAh cm™ at 5 mA cm™2. (b) CE of a 3D MXene-MF electrode at a high current density of 50 mA cm™2 for 50 mAh cm™2. (c) of
MXene-MF and Cu electrodes with increasing current densities from 1 to 20 mA cm ™2 for 1 h at each cycle. (d) Galvanostatic cycling of
symmetric cells based on MXene-MF-Li and Cu—Li electrodes at 20 mA cm ™2 for 20 mAh cm™. (e) Rate capability of a symmetric cell based
on an MXene-MF-Li anode measured at current densities of 5, 10, 20, 30, 40, and 50 mA cm™> for 1 h. (f) Long-life symmetric cell
galvanostatic cycling of an MXene-MF-Li electrode at 10 mA cm™* with a Li deposition capacity of 10 mAh cm ™. (g) Comparison of areal
capacity vs current density of an MXene-MF-Li electrode with currently reported high-capacity Li composite anodes. (h) Cycle time
comparison of an MXene-MF-Li electrode with the previously reported Li metal anodes stabilized by various strategies.

Figure 1b), which consists of predominantly single-layer, high-
quality nanosheets, as evidenced by atomic force microscopy
(AFM), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). As shown in Figure 1c,d
and Figure S2a, the MXene flakes possess a clean surface with
few defects and are ~1.6 nm in thickness, indicative of high-
quality, monolayer nanosheets, agreeing with previous
reports.”” The selected area electron diffraction (SAED, Figure
S2b and inset of Figure 1d) the hexagonally packed atoms in
the nanosheets, inherited from the MAX precursor. It is
statistically revealed that the delaminated MXene nanosheets
are distributed with an average lateral size of ~2.9 um (Figure
S2¢).

After soaking, the sponge was freeze-dried to form flexible
and lightweight 3D MXene-MF with a specific surface area of
24 m* g~' (Figure S3). It can be observed that the color of the
foam changes from white (pure MF) to black after immersing
the MF in the MXene inks for 1 min (Figures S4, SS). The
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MXene-MF are highly conductive (25.5 Q by multimeter,
Figure S5) with a total mass density of 24.5-54.3 mg cm ™
(Table S1) easily tuned by adjusting the concentration of
MZXene ink or immersing time. It is noted that, unlike
previously reported MXene-based 3D aerogels that are either
fragile or rigid, the strong hydrogen bonding between MF
(NH,, NH, and imine) molecular chains and enriched surface
functional groups (—OH, —F) of MXene guarantees the tight
adhesion of MXene to the MF skeleton during the drying
process, endowing excellent mechanical properties in the
resultant 3D MXene-MF (Figure le).*"* The SEM image
(Figure 1f) and energy-dispersive spectroscopy (EDS)
elemental mapping (Figure 1lg) indicate a thin layer of
MXene nanosheets tightly attached on the surface of MF. X-
ray diffraction (XRD) patterns and Fourier transform infrared
(FTIR) spectroscopy (Figure 1h,i) reveal the coexistence of
the characteristic peaks of MXene and MF in 3D MXene-MF.
In particular, the blue shift of the absorption peaks of NH,/
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Figure 3. Mechanism illustration of 3D MXene-MF for a Li anode. (a) CVs of the MXene-MF electrode at a scan rate of 1 mV s™". (b)
Nucleation section on the voltage profiles of MXene-MF and bare Cu electrodes at the first cycle. (c) Charge—discharge behavior of the
MXene-MF electrode tested in the voltage range of 0.01—3 V at 200 pA at the first five cycles. (d) High-resolution Li 1s XPS spectrum of
MXene-MF electrodes after 10 cycles. (e) Nyquist plots of MXene-MF-Li and bare Cu—Li electrodes before cycling and after the 100th cycle.
(f) Binding energies of a Li atom with bare Cu, pure-MXene, O-MXene, OH-MXene, and F-MXene. (g, h) 2D transient model of (g) the Li
ion concentration distribution (Cy;) and (h) current density distribution of the MXene-MF electrode in the electrolyte. Inset is the

corresponding transport path of Li ions.

NH (3047 cm™') and imine (1592 cm™') to higher
wavelengths of 3415 and 1602 cm™’, respectively, is direct
evidence of the formation of hydrogen bonding between
MXene and MF molecular chains.”” X-ray photoelectron
spectroscopy (XPS, Figure 1j and Figure S6) indicates the
presence of F from MXene in the MXene-MF, which plays a
significant role in the alkali-metal plating and the formation of
a solid electrolyte interphase (SEI), as will be discussed
later.”®**

To examine the 3D MXene-MF in suppressing dendrite
formation, the Coulombic efficiencies (CEs) of MXene-MF
under various current densities are compared to those of the
Cu electrode in an ether-based electrolyte. With a plating time
of 1 h for each cycle, the CE of MXene-MF electrodes is 98%
at S mA cm™? for 100 cycles. Even the CE is low during the
initial cycles due to the unstable SEI film, the CE quickly
reached 99% at 10 mA cm™ for 100 cycles, which is higher
than those of the bare Cu electrode (40% for 40 cycles at S mA
cm™* and 30% for 10 cycles at 10 mA cm™) (Figure 2a and
Figure S7). Impressively, MXene-MF can serve as a high Li
utilization and stable scaffold for hosting ~80% Li content and
a high CE of 99% over 100 cycles and stably works (100 mV)
at a high current density of SO mA cm™ for a high areal
capacity of S0 mAh cm ™ (Figure 2b, Figure S8, and Table S2).
Further, the rate performance is also evaluated at the same
plating time (1 h). Unlike the bare Cu electrode, which decays
rapidly as the current density increases over 3 mA cm™?, the
MZXene-MF electrode maintains good stability along with a
stepwise-increased current density from 1 to 20 mA cm™
(Figure 2c).

To verify the superiority of the 3D scaffold electrode, the
long-term voltage profile of symmetric cells based on MXene-
MF-Li and pure Li was compared. It is revealed that the
overpotential of the bare Li symmetric cell increases sharply to
0.8 V after 150 h, while the MXene-MF-Li cell shows a
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consistent and flat voltage profile with an overpotential of ~13
mV after 700 h, at a current density of 5 mA cm™ for S mAh
cm™? (Figure S9). Increasing the current density to 20 mA
cm™ with a cycling capacity of 20 mAh cm™ slightly enlarges
the voltage hysteresis (~30 mV, Figure 2d). Also, the
symmetric cell based on an MXene-MF-Li electrode is capable
of charging—discharging up to 350 h without any signs of short
circuit (Figure S10), implying good cycling stability. Besides,
little voltage fluctuation is observed as the current density
increases from S to 50 mA cm™” at a settled stripping/plating
time of 1 h (Figure 2e and Figure S11), demonstrating good
rate performance. Impressively, our MXene-MF-Li electrode is
capable of cycling for 3800 h, corresponding to 1900 cycles, at
a high current density of 10 mA cm™> (Figure 2f and Figure
S12). It is worth noting that a high current density of S0 mA
cm™?, high capacity of 50 mAh cm™ and long cycling life
(3800 h) in our MXene-MF-Li anode is better than most
previously reported Li anodes (Figure 2gh and Tables S3, S4),
such as graphite microtubes (S mA cm™2, 10 mAh cm™2, 3000
h),* carbon nanotubes (15 mA cm™, 15 mAh cm™2, 600 h),28
and 3D Ag/graphene (40 mA cm™% 1 mAh cm™2, 5 h).*

In order to understand the mechanism of the MXene-MF for
superior electrochemical performance, cyclic voltammograms
(CVs) of the MXene-MF electrode were first tested at 1 mV
s”!, revealing almost unchanged Li plating (0.25 V, 38 mA)
and stripping peaks (0.3 V, 43 mA) during cycling, indicative
of extraordinarily uniform and stable Li nucleation and growth
(Figure 3a). Unlike the bare Cu electrode with a striking
overpotential of 0.5 V in the first cycle, the voltage curve of the
MXene-MF electrode is flat at the nucleation stage with a small
overpotential of 0.12 V, indicative of exceptional lithiophilicity
of MXene-MF (Figure 3b).*” Importantly, the CE reaches 99%
after four cycles at 0.01—3 V, confirming the formation of the
stable SEI layer on the MXene-MF electrodes (Figure 3¢ and
Figure $13)."* According to the XPS spectrum, the SEI layer
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MXene-MF

MXene-MF

Figure 4. Morphologies of Li electrodeposition on 3D MXene-MF and bare Cu electrodes. (a—f) Cross-sectional in situ optical microscopy
images of the Li electrodeposition process of (a—c) MXene-MF and (d—f) Cu electrodes at a current density of 2.0 mA cm™? after 10, 20,
and 30 min, respectively. (g, h) Fluorescence images of (g) MXene-MF and (h) Cu electrodes with a capacity of 2.0 mAh cm™2 at 2.0 mA
cm 2. (i, j) Top-view SEM images of (i) MXene-MF and (j) bare Cu electrodes with a Li plating capacity of 10 mAh cm™ at 10 mA cm™>
Insets are the corresponding magnified SEM images. (k, 1) Cross-section SEM images of (k) MXene-MF and (1) bare Cu electrodes with a Li
plating capacity of 10 mAh cm™ at 10 mA cm™> Inset in (1) is the corresponding magnified SEM image.

consists of a majority of inorganic Li salts such as Li,COj,
ROCO,Li, and LiF on cycled Li metal (Figure 3b and Figure
$14).** Such a stable SEI layer enables a smaller charge
transfer resistance (R,) of 40 Q in the MXene-MF electrode
compared to 160 Q in the bare Cu electrode (Figure 3e),
which could be reasonably attributed to the much enhanced Li
ionic transport kinetics (1.58 X 10™® cm® s™') in our MXene-
MF (Figure S15).°° Density functional theory (DFT)
calculations imply that the surface O and F groups increase
the binding energy of the Li atom to MXene substantially; 4.69
eV in O-terminated MXene and 3.53 eV in F-terminated
MZXene are much higher in comparison with the bare MXene
(2.50 eV), Cu (2.21 eV), and OH-terminated MXene (1.64
eV) (Figure 3f and Figure S16). It is suggested that, by tuning
the surface chemistry of MXene, such as increasing the content
of F and/or O groups, the lithiophilicity of the 3D framework
can be further optimized for uniform Li deposition, which is
also suitable for Na and K atoms (Figure S17).

Finite element method (FEM) simulations were carried out
to provide insightful understanding on spatial current density
and Li ion concentration distributions. In contrast to the
obvious Li ion starvation and a high current density on the
bare Cu electrode (Figure S18), a higher Li ion concentration
is realized in 3D MXene-MF (Figure 3g) coupled with a lower
local current density (Figure 3h). As such, uniform and
dendrite-free plating of lithium on the MXene-MF electrode
surface is facilitated.’’
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To visualize the dendrite growth, the Li-plating process was
observed by in situ optical microscopy (Figure S19). Figure
4a—f show the images taken at different states at the fixed
current density of 2.0 mA cm™> A typical 3D porous structure
is observed in the MXene-MF electrode and smooth and
denser Li deposition without dendrite formation and volume
expansion during Li plating (Figure 4a—c). In sharp contrast,
inhomogeneous Li deposition with huge volume expansion
(~400%) after 30 min of plating is found in the bare Cu
electrode (Figure 4d—f). The fluorescence images corroborate
the optical images, as a flat and uniform layer of Li on the 3D
MXene-MF host is revealed (Figure 4g), in contrast to leaf-like
Li dendrites generated on the Cu surface (Figure 4h and
Figure S20). When increasing the current density by 2.5 (S
mAh cm™?, Figure S21) and 5 times (10 mAh cm™, Figure
4ik), the flat and smooth surface is well preserved in the 3D
MZXene-MF scaffold without Li dendrite. As for the bare Cu
electrode, a large number of uneven pits emerge after cycling,
indicative of the generation of dendritic Li and “dead Li”
(Figure 4j] and inset).

To demonstrate the generality of the 3D MXene-MF host in
efficiently suppressing the dendrite formation and realizing
high-performance metal anodes, we employed the host for
plating Na (K) and assembled asymmetric Na (K)/Cu cells
and Na (K)/MXene-MF cells, respectively. Notably, unlike the
Cu electrode, which quickly decays at high current density, our
Na/MXene-MF electrode maintains good stability with a high
CE of 99% for 8 mA cm™ (270 cycles) and 10 mA cm™* (150
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Figure S. Electrochemical performance of 3D MXene-MF for the Na anode. (a, b) CEs of 3D MXene-MF and bare Cu electrodes with a Na
deposition capacity of (a) 8§ mAh cm™ at 8 mA cm™? and (b) 10 mAh cm™ at 10 mA cm ™. (c) CEs of MXene-MF and bare Cu electrodes
with increasing current densities from 1 to 20 mA cm™ for 1 h. (d) Galvanostatic cycling of symmetric cells based on MXene-MF-Na and
Cu—Na electrodes at 10 mA cm™> for 10 mAh cm™. (e) Rate capability of symmetric cells based on MXene-MF-Na electrodes. (f)
Comparison of areal capacity vs current density of an MXene-MF-Na electrode with currently reported high areal capacity Na composite
anodes. (g) SEM image of MXene-MF with sodium stripping after cycling. (h) CE of an MXene-MF electrode with a Na deposition capacity
of 8 mAh cm™ at 8 mA cm ™2 for 100 cycles. (i) Rate performance of a symmetric cell of an MXene-MF-Na electrode with increasing current

densities from 1 to 20 mA cm ™2 for 1 h.

cycles) (Figure Sab). Furthermore, Na/MXene-MF cells
provide a high CE of 99% obtained even under a high current
density of 15 mA cm™> (40 cycles), indicative of high rate
capability achieved (Figure Sc). Besides, the MXene-MF-Na
symmetric cells show consistent and flat voltage profiles for
720 h at 10 mA cm™? originating from a stable electrode
interface (73 and 63 Q at the initial state and after the 100th
cycle, respectively, Figure Sd and Figure S22). Upon raising
the current density up to 20 mA cm™> for 1h, the MXene-ME-
Na cells display a small hysteresis of ~15 mV without short
circuit (Figure Se and Figure $S23). We note that the high rate
(20 mA cm™, 20 mAh cm™) of the MXene-MF-Na cells has
greatly surpassed the rate of reported sodium anodes (Figure
5f and Table SS), such as porous Cu (1 mA cm™2 1 mAh
em™2),* rGO (5 mA cm 2, 5 mAh cm™2),>® and Ti,C,—Sn (10
mA cm %, 5 mAh cm_z).54 Further, unlike the bare Cu
electrode with a CE below 50% after 10 cycles, the MXene-MF
electrode showcases a high and stable CE of 96% for 55 cycles,
coupled with a long cycling stability of 800 h at 5 mAh cm™ at
5 mA cm™* (Figure S24ab). In addition, the MXene-MF-K
symmetric cell shows smaller charge transfer resistance of 311
Q at the first cycle and 117 Q after the 100th cycle, in
comparison with a pure K cell (74 Q at the first cycle and 30 Q
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after the 100th cycle, Figure S25), demonstrative of a good rate
capability and stable voltage amplification when the current
density stepwise increases from 1 to 7 mA cm™> (Figure S26).

Actually, our 3D conductive flexible MXene-MF host
exhibits a high mechanical integrity and good recyclability.
As seen in Figure Sg, the lithiophilic MXene nanosheets are
still attached firmly on the surface of the 3D MF framework
without any signs of delamination after washing the cycled
electrode with ethyl alcohol and dilute hydrochloric acid
(Figure S27). Importantly, when plating Li or Na on this
reused MXene-MF electrode, a high CE (99%, 100 cycles) and
long-term cycling stability (Figure Sh,i and Figure S28) are
achieved, indicative of outstanding recoverability of our 3D
MXene-MF. We note the excellent recyclability of metal
anodes could be attributed to the lithiophilic surface of
MXene. For comparison, when coating other conductive inks
with poor lithiophilicity and conductivity such as electro-
chemically exfoliated graphene (EG, 10 mg mL™', Figure
$29)°° or PH1000 conducting polymers, the resulting 3D MF-
based electrodes exhibit apparently decreased cycling stability
than that of MXene-MF (Figures S30, S31).

We further demonstrate the application of our high-
performance anode in pouch cells by pairing an MXene-MF-
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Figure 6. Electrochemical performance of an MXene-MF-based alkali-metal full battery. (a) Photographs of an LED lit by soft-packaged
MXene-MF-Li/MXene-MF-S batteries taken at different folding angles. The use of the logo is permitted from Dalian Institute of Chemical
Physics, Chinese Academy of Sciences. (b) Rate capability, (c) charge and discharge profiles, and (d) cycling stability for 300 cycles tested at
0.5 C (1.0 C = 1675 mAh g™! for the S cathode) of MXene-MF-Li/S and pure Li/$ batteries. (e) Rate capability, (f) charge and discharge
profiles, and (g) cycling stability for 500 cycles tested at 1 C (1.0 C = 117.6 mAh g™' for NVP cathode) of MXene-MF-Na/NVP and pure

Na/NVP batteries.

Li anode with a high mass loading sulfur (S) MXene-MF
cathode (5 mg cm™? without conductive agent and binder,
Figure $32). As shown in Figure 6a, a light emitting diode
(LED) is readily powered by an MXene-MF-Li/S pouch cell
under different bending degrees (0°, 60°, 90°, and 360°)
without an obvious change in brightness, indicative of great
potential of our flexible anodes in wearable electronics.
Further, the MXene-MF-Li/S button cell consistently exhibits
an improved rate capability as well as long-term cycling
performance compared with that of a pure Li/S cell (based on
the mass of S, Figure 6b and Figure $S33). For instance, the
MXene-MF-Li/S cell delivers 858 mAh g_l at 3 C, 804 mAh
g™' at 5 C, and a capacity retention of 62% after cycling 400
times with nearly 100% CE (Figure S34), against (253 mAh
g™!, 214 mAh ¢!, 47%) in a pure Li/S cell (Figure 6¢,d). The
polarization potential of the MXene-MF-Li/S cell is only 167
mV, in sharp contrast to that of a pure Li/S cell (408 mV,
Figure S35).

Impressively, the MXene-MF-Na/NVP cell exhibits a good
performance (based on the mass of NVP), e.g,, 86 and 84 mAh
g~' at high rates of 10 and 15 C, respectively (Figure 6e and
Figure S36). The specific capacity is considerably higher than
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that of a pure Na/NVP cell (72 mAh g™ at 10 C, 67 mAh g™
at 15 C). Such a difference becomes even more apparent when
cycling the two cells for 500 times at 1 C, as the MXene-MF-
Na/NVP cell maintains a capacity of 74 mAh g~' with a CE of
nearly 100% (Figure S37), being 55% higher than the
counterpart (41 mAh g™).

We believe several key factors are responsible for the
excellent performance of these dendrite-free alkali-metal
anodes. First, the inherent high electrical conductivity in
MXene accelerates the electron transport while significantly
reducing the akali-metal ion concentration polarization (Figure
3g). Second, the 3D interconnected macroporous scaffold with
well-distributed conductive and lithiophilic MXene nanosheets
efficiently ensures an uniform ion flux and reduces the local
current density for homogeneous high-capacity alkali-metal
deposition (Figure 3h). Third, the excellent mechanical
toughness of MF and outstanding electrochemical stability of
MZXene nanosheets significantly buffer the huge volume change
and internal stress fluctuations, maintaining the electrode
structural integrity during fast and deep alkali-metal plating
and stripping. As a result, dendrite-free alkali-metal deposition
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within the entire 3D framework has been realized at both high
current densities and high deposition capacities.

CONCLUSIONS

In summary, we develop a lightweight 3D MXene-MF
conductive scaffold for stable and high-performance alkali-
metal anodes. Owing to their favorable lithiophilic surface, fast
electronic and ionic transport channels, and superior
mechanical strength, the 3D MXene-MF host suppresses the
dendritic growth and infinite volume change of alkali-metal
anodes. Consequently, a high current density of 50 mA cm™
and 50 mAh cm ™ for the Li anode and a high rate of 20 mA
ecm™ for 20 mAh cm™? for the Na anode have been
simultaneously achieved, coupled with a long cycle life. We
further demonstrate MXene-MF-alkali meal anode-based full
batteries, showcasing substantially improved rate capability and
cycling stability. This rational structural design of an alkali-
metal anode sheds light on the development of the advanced
high-energy-density and high-safety alkali-metal batteries.

METHODS

Preparation of 3D MXene-MF. Ti;C,Tx MXene was prepared
from Ti;AIC, by LiF/HCI etchants previously reported.’® EG was
prepared by an electrochemical exfoliation method by a two-electrode
system.>® After that, the commercial MF was first cut into a desirable
thickness and shape and then soaked in the homogeneous MXene ink
(10 mg mL™") for 1 min to form wet MF filled with MXene
nanosheets. After freeze-drying for 3 days, 3D MXene-MF (25 mg
cm™) was obtained. For high mass density MXene-MF electrodes
with 40 and 50 mg cm™?, the concentrations of MXene ink used were
15 and 20 mg mL ™', respectively. The EG-MF and PH1000-MF were
also prepared by replacing MXene ink with EG (10 mg mL™") and
PH1000 solution while the other steps remained unchanged.

Preparation of NVP. NVP was synthesized in terms of previously
reported work.>” Typically, 0.7 g of vanadium pentoxide and 1.5 g of
oxalic acid were dispersed into deionized water at 70 °C and stirred
for 1 h. Then, 1.8 g of sodium dihydrogen phosphate and 0.4 g of
glucose were added into the above dispersion with stirring for 1 h,
followed by the addition of 100 mL of n-propanol. After the obtained
solution was dried in an oven overnight, the mixture was heated at
800 °C for 4 h in a 5% N,/H, atmosphere (95%/5% in volume ratio)
and NVP was obtained.

Material Characterization. The morphology and structure of
materials and electrodes were characterized by SEM (JEOL JSM-
7800F), TEM (JEM-2100), AFM (Veeco nanoscope multimode II-
D), XPS (Thermo ESCALAB 250Xi equipped with a monochromatic
Al Ka source of 1486.5 V), FTIR (Bruker, Hyperion 3000), XRD
(Empyrean with Cu Ka radiation in the 26 range from $° to 90°),
Mastersizer 2000 (Malvern Instruments, UK), Olympus FV1000
MPE confocal laser scanning microscope (Olympus), and nitrogen
adsorption and desorption isotherm (Quadrasorb SI).

Electrochemical Measurement. All the cells were assembled
with standard CR2025 coin-type cells in an Ar-filled glovebox with O,
and H,0O content below 0.5 ppm. In the Li metal-based tests, the
electrolyte employed was 1.0 M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) in a mixture solution of 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) (1:1, vol. ratio) with 1 wt % LiNOj; as
additive. For the Na metal based measurement, the electrolyte
employed was 1.0 M sodium hexafluorophosphate (NaPFy) in bis(2-
methoxyethyl) (DIGLYME). As for the K metal-based test, 0.8 M
potassium bis(fluoroslufonyl)imide (KFSI) in a mixture solution of
ethylene carbonate (EC) and diethyl carbonate (DEC) was used. For
Li metal, about 40 uL of electrolyte was dropped into each cell, and
the polypropylene membrane (Celgard 2500) was used as the
separator,. For Na and K metal, a glass microfiber filter (Whatman)
was used as the separator, and about 100 yL of electrolyte was used in
each cell. MXene-MF and bare Cu were used as the working
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electrodes, and alkali-metal foil was used as the counter/reference
electrodes to evaluate the CE. The assembled cells were precycled
between 0.01 and 3 V at 100 uA for five times to stabilize the SEI film
formation and remove surface contaminations. Afterward, a certain
capacity of alkali metal was deposited onto the current collector and
then charged to 1 V to strip the alkali metal at a certain current
density for each cycle on a LAND CT2001A battery system. For the
symmetric cells, about 20% excess capacity alkali metal anode was first
predeposited onto the current collector. Then, the cells were
disassembled and the symmetric cell configurations were assembled
with an MXene-MF-alkali metal or pure alkali metal anode to evaluate
the long-time cycling stability. S powder (99.9%) was purchased from
Sigma-Aldrich. For the full cells, the working electrode contains 80 wt
% active materials (S or NVP), 10 wt % carbon black, and 10 wt %
polyvinylidene fluoride with N-methyl-2-pyrrolidone as the solvent.
For the pouch cells, the S slurry was directly coated on the MXene-
MEF scaffold with a high S loading of 5 mg cm 2. For the button cells,
the (S or NVP) slurry was cast onto carbon-coated Al foil using the
doctor. The cast electrodes were dried under vacuum at 55 °C (S)
and 120 °C (NVP) for 12 h. The sulfur cathode with a sulfur loading
of ~1.0 mg cm™ was employed in Li—S$ cells, using 1.0 M LiTFSI in
DOL/DME (v/v = 1:1) with 1.0 wt % LiNOj, as electrolyte in the Li—
S cells, and about 40 uL of electrolyte was added into each cell. The
cathode with an NVP loading of ~2.0 mg cm™2 was employed in the
MXene-MF-Na/NVP full cells, using 1.0 M sodium perchlorate
(NaClO,) in propylene carbonate (PC) with S wt % fluoroethylene
carbonate (FEC) as additive as the electrolyte. The CV curves at a
scan rate of 0.1 mV s~ and the EIS by applying an ac amplitude of §
mV over the frequency range of 100 kHz to 0.01 Hz were carried out
on a CHI 760E electrochemical workstation. The in situ optical
microscopy experiment was performed on the transparent quartz cell.
Typically, the MXene-MF and Cu foil electrodes together with bare Li
foil were assembled in a sealed quartz cell containing 1.0 M LiTFSI in
EC/DMC (1:1, vol. ratio) electrolyte inside a glovebox to visually
compare the dendrite growth behavior by optical microscopy (VK-
8510, KEYENCE).

Computational Simulation. A 2D transient model was
constructed by coupling the Nernst—Planck equation with the
Butler—Volmer equation to model the lithium ion deposition process.
The initial concentration of Li ion was set to be 1 M, and the
operation current density was 20 mA cm™ 2. The model was built by
employing the tertiary current distribution and Nernst—Planck
interface and solved by COMSOL Multiphysics using the finite
element method. The relative error tolerance was 1 X 107, DFT
calculations have been performed with the DMol3 package.”® In the
framework of DFT, the generalized gradient approximation (GGA)
combined with the Perdew—Burke—Enzerhof (PBE) functional was
employed to describe the exchange and correlation potential. > All
the atoms of the calculated systems are allowed to fully relax in order
to optimize the adsorption geometries. A double-numerical basis with
polarization functions (DNP) is utilized to expand the valence
electron functions into a set of numerical atomic orbitals, and the
DFT semicore pseudopotential (DSPP) is used when tackling the
electron—ion interactions. The k-point mesh in the Monkhorst Pack
sampling scheme was set as 1 X 1 X 1.°" The Fermi smearing is set to
5.0 X 107 Ha (1 Ha = 27.21 eV). For the convergence criteria, the
SCF tolerance used was 1.0 X 1075 eV atom™), and the maximum
force and displacement were set as 5.0 X 1072 ¢V A™' and 2.0 X 1073
A, respectively. For the alkali-metal atom combined with Cu and
MXene,*>®* the binding energy (E,) is defined as the energy
difference between the substrate with an alkali atom (E,) and the
summation of the alkali-metal atom (E;) and substrate system (E,):
E,=E +E, — E,.
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