Energy Materials

Supplementary Materials

Three-dimensional MXene coupled CoFe nanoalloys as sulfur host for long-life

room-temperature sodium-sulfur batteries

Xiaoming Yu'?, Hao Li!, Kuan Liang!, Shengdong Liu?, Liuging Li%, Ye Zhu?,

Haitao Huang!?"

!Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong
999077, China.

The Research Institute for Smart Energy, The Hong Kong Polytechnic University,
Hong Kong 999077, China.

3School of Materials and Energy, Guangdong University of Technology, Guangzhou
510006, China.

“Correspondence to: Prof. Haitao Huang, Department of Applied Physics, The Hong
Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 999077, China.
E-mail: aphhuang@polyu.edu.hk

Computational methods

Within the framework of density functional theory (DFT), all first-principles
calculations are conducted using the Vienna Ab initio Simulation Package (VASP)®.
The exchange-correlation functional adopts the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) form?, and the nuclear-electron interaction
is described by the projected augmented wave (PAW) pseudopotential®. The kinetic cut-
off energy is set at 450 eV. During all the calculations, the energy convergence criterion
is specified as 10 eV, and the force convergence criterion is set at 0.05 eV/A. In
addition, the spin interaction is also considered for each system. The van der Waals

interaction is described by the DFT-D3 functional®, and a vacuum layer of more than
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15 A is included in each system to avoid periodic interactions along the z-direction. The
k-point mesh for the general models is sampled with a separation of 0.02 A™. Each
configuration undergoes full relaxation until meeting the established convergence
criteria. The binding energies are calculated using the following formula®:
Ep = Esiab+m — Esiap — Em
where Ep is the binding energy of the adsorbed process, Esian+m Stands for the total
energy of the slab with the adsorbed Na.Sy, Esiab indicates the energy of slab models,
and Ewm denotes the energy of Na,Sn. The Gibbs free energy (4G) calculations utilized
the following formula®:
AG = E, + AEypg — TAS

where the temperature (T) is 298.15 K, while 4Ezpe and T7A4S denote the zero point
energy difference and entropy difference between the gas phase and the adsorbed phase,

respectively.

Fig. S1 SEM images of (a) TisAIC2 MAX and (b) Few-layer TizC2Tx MXene. (c)

Magnified SEM image.



Fig. S2 SEM images of (a) CoFe-PBA and (b) C/CoFe alloy. (c) Magnified SEM
image. (d) TEM image.

Fig. S3 SEM image and corresponding elemental mapping of few-layer TizCoTx

MXene.

Fig. S4 SEM image and corresponding elemental mapping results of C/CoFe alloy.
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Fig. S5 XRD patterns of MAX, CoFe-PBA and CoFePBA-MXene.
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Fig. S6 Raman spectra of MXene, C/CoFe and C/CoFe-MXene.
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Fig. S7 (a) N2 adsorption-desorption isotherms and (b) pore width distribution curves

of MXene, C/CoFe and C/CoFe-MXene.
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Fig. S8 High resolution XPS spectra of (a) Co 2p, (b) Fe 2p and (c) Ti 2p.
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Fig. S9 High resolution XPS spectra of (a) Co 2p and (b) Fe 2p on C/CoFe before and

after adsorption.
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Fig. S10 High resolution XPS spectra of Ti 2p on (a) C/CoFe-MXene, (b) MXene

before and after adsorption.
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Fig. S11 The symmetric cell with (a) C/CoFe-MXene, (b) C/CoFe and (c) MXene

electrodes at scan rates from 1.0 to 10 mV s
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Fig. S12 The first five CV curves of the cell with (a) C/CoFe and (b) MXene

electrodes.
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Fig. S13 The galvanostatic charge/discharge profiles of the cells with (a) C/CoFe and

(b) MXene electrodes at different rates.
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Fig. S14 The cycle performance of the C/CoFe-MXene cathode with different sulfur
loading at 1C.
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Fig. S15 (a) XRD pattern of C/CoFe-MXene, C/CoFe and MXene electrodes after

cycling. (b) SEM images and TEM images (inset) of C/CoFe-MXene after cycling.
High resolution (c) Co 2p, (d) Fe 2p XPS spectrum after cycling.

Firstly, the comparison between cycled MXene and C/CoFe-MXene was conducted.
The (002) XRD peak of MXene almost vanished after cycling, implying its great
degradation of MXene (Fig. S15a). By contrast, the (002) MXene peak of C/CoFe-
MXene nanocomposites only turns broader and the peak position did not change
significantly, which indicates the good retention of MXene and its robust interlayer
path. These results prove that the incorporated C/CoFe alloy serves as a pillar to prevent
MXene from restacking during the long-term cycling and is favorable to the structure
stability of C/CoFe-MXene. The cycled C/CoFe and C/CoFe-MXene were then
compared. XRD results (Fig. S15a) show that both samples well retain CoFe alloy
phase after their cycling and there are no big differences in their XPS results (Fig. S15c-

d). It means that the C/CoFe alloy catalyst is relatively stable during cycling. The
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C/CoFe-MXene nanocomposite exhibits a better electrochemical performance than

C/CoFe alloy. Thus, one can conclude that MXene is beneficial to the dispersion of the

C/CoFe alloy, which makes the C/CoFe alloy catalyzes and adsorbs NaPSs more

uniformly and efficiently.
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Fig. S16 In situ EIS plots of cells with (a) C/CoFe and (b) MXene electrodes at

different states
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Fig. S17 The optimized atomic configuration of (a) CoFe-MXene, (b) CoFe and (c)
MXene
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Fig. S18 The optimized adsorption configuration (side view) of (a) CoFe-MXene, (b)
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Fig. S19 The optimized adsorption configuration (top view) of (a) CoFe and (b)
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Table S1. Comparison of C/CoFe-MXene with some related work for RT Na-S

batteries
Sulfur host Areal sulfur Specific capacity@1C Long-term cycle Ref.
loading performance
C/CoFe-MXene 1.8-2mg cm™ 572 0.084%@1C (800) This work
0.00891%@5C (5400)

Ti02-TisC = 650 0.063%@1C (1500) 6
MG-Co - 495 0.32%@0.5C (200) 7
CNTs/Co@NC 0.7-0.9 mg cm™ 592 0.068%@1C (400) 8
Ni-NCFs 0.5-0.7 mg cm™ 431 0.17%@1C (270) 9
Co@NPCNFs l mg cm™ 411 0.038%@1C (800) 10
Co@BNC 0.8-1 mg cm 485 0.04%@0.5C (600) 11
Co-CNT/NPC 0.41 mg cm™ 295 0.025%@0.5C (1000) 12
Co/Ce02-NPC 1.5 mg cm™ 600 0.025%@3C (1000) 13
Fei@NC - 392 0.032%@0.3C (1320) 14
MoC@NHC-15 2mg cm™ 513 0.04%@5C (1000) 15

Table S2. Adsorption energies of NaPSs on different samples

CoFe-MXene (eV) CoFe (eV) MXene (eV)
Ss -17.71 -17.84 -0.81
NaySs -19.74 -10.87 -0.90
NaxSe -19.24 -12.71 -1.33
NaySy4 -14.13 -8.76 -1.69
NaxS; -9.44 -4.61 -3.79
Na,S -7.05 -6.99 -3.80
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