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Highly Li*-conductive HfNb,;,0O4, anode material for superior Li* storage

Experimental section
Material preparation

HfNb,4O¢, was prepared through a one-step solid-state reaction procedure. Briefly, HfO,
(Aladdin, 99.99%) and Nb,Os (Aladdin, 99.5%) powders with a molar ratio of 1 : 12 were ball-
milled for 1 h using a SPEX-8000M ball apparatus, and then heated to 1250 °C for 4 h in a box

furnace with a ramp of 10 °C min~! to obtain the pale yellowish HfNb,4O4, powders.
Material characterization

The powder X-ray diffraction (XRD) test was performed on a Brucker D8 advance
diffractometer. The Rietveld refinement was performed using the GSAS software with the
EXPGUI interface [S1,S2]. The X-ray photoelectron spectroscopy (XPS) test was performed

using a Thermo Escalab 250Xi photoelectron spectrometer. The particle size, morphology and
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microstructure were characterized by field-emission scanning electron microscopy (FESEM,
Hitachi S-4800, Japan) and high-resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2 F20 STWIN, USA). The specific surface area was analyzed using the Branauer—

Emmett—Teller (BET) theory with a porosity and surface area analyzer (ASAP 2020, USA).

Electrochemical test

The working electrode was fabricated by blending the HfNb,4Oq, powder, conductive
carbon (Super P®), and polyvinylidene fluoride (PVDF) at a weight ratio of 65:25:10 in an N-
methylpyrrolidinone (NMP) solvent. The formed slurry was uniformly spread on Cu current
collectors followed by vacuum drying at 120 °C for 4 h. CR2016-type coin cells were assembled
in an Ar-filled glove box. HfNb,4O¢, on Cu current collectors, lithium metal foils, and Celgard
2325® microporous polypropylene films were used as the working electrodes, counter electrodes,
and separators, respectively. The electrolyte was 1 M LiPFg in a mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC), and diethylene carbonate (DEC) at a volume ratio of 1:1:1.

Galvanostatic discharging/charging tests and galvanostatic intermittent titration technique
(GITT) experiments were performed on an automatic battery testing system (CT-3008, Neware)
in a potential range of 0.8-3.0 V. Here, 378 mA g! is equivalent to 1C, as calculated from the
theoretical capacity of HfNb,sOg (378 mAh g'). Cyclic voltammetry (CV) curves were

collected via an electrochemical workstation (CHI660E, China).
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Detailed process of Rietveld refinement

Since this is the first fabrication of HfNb,4O¢,, no existing crystal data for HfNb,40¢, can be
found in previous reports. However, on the basis of the known crystal data of TiNb,4Og;, the
detailed crystal structure of HfNb,4,Og, was successfully clarified through a Rietveld refinement.
First, the “cif” (Crystallographic Information File) file of TiNb,;Og4, was imported into the GSAS
program. Second, in the program, “Ti” was changed to “Hf”, and the site occupancies of Hf and
Nb were set to be 0.04 and 0.96, respectively. Third, two files respectively containing the
instrumental parameters and experimental diffraction data were imported into the program.
Finally, the following instrumental and structural parameters were successively refined:
background parameters, zero-shift, unit-cell parameters, profile parameters, atomic fractional
coordinates, and atomic isotropic displacement parameters. All isotropic temperature factors
were fixed to be the same. The site occupancies were assumed to fulfill the stoichiometric

composition of HfNb,4O¢,. The site occupancy of oxygen atoms was fixed to be unity.

Calculation of Li* diffusion coefficient through GITT

GITT with a current pulse at 0.1 C for 10 min between rest intervals of 20 min was applied
to elucidate the Li* diffusion coefficient (Dy;) of HfNby4,Og, during the initial two cycles. The Dy;

value can be estimated according to Fick’s second law following Eq. (S1) [S3]:
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where mp (g) and Mp (g mol!) are the mass and molar weight of HfNb,4Os;, S (cm?) is the real
surface area of HfNb,;,Og, based on its BET specific surface area, 7 (s) is the rest time, and AE;
(V) and AE; (V) represent the equilibrium potential change and current pulse potential change,
respectively (Fig. S6a). Since AE, is linearly proportional to °° (Fig. S6b), Eq. (S1) can be

further simplified to Eq. (S2):
4 (mgV AE 12
oY Bcdiiia - ) C Pl
nt\ MgS | \AE Dy, (S2)

Based on the calculation, the evolving Dy; of HfNb,4Og, at each potential in the discharging

(lithiation) and charging (delithiation) processes is plotted in Fig. 2j.
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Fig. S1. XPS characterizations: (a) survey spectrum, and detailed spectra of (b) Hf and (c) Nb
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elements.

XPS was employed to investigate the valence states of the hafnium and niobium elements in
HfNb,4Og¢,. The survey XPS spectrum reveals the presence of Hf, Nb, O and C (reference)
elements (Fig. S1a). The Hf-4f spectrum (Fig. S1b) with two characteristic peaks at 16.6 eV (Hf-
413,) and 18.3 eV (Hf-4fs) indicates hafnium in the tetravalent state (Hf*") [S4]. The peaks at
206.9 and 209.7 eV (Fig. Slc¢) can be ascribed to Nb-3ds, and Nb-3ds,, indicating the

pentavalent niobium ions (Nb°*) in HfNb,4O¢, [S5].
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Fig. S2. N, adsorption/desorption isotherm of HfNb,4Og;.
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Fig. S3. EDX elemental mapping images of HfNb,4Oc,.
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Fig. S4. Discharging/charging curves of HfNb,4O¢,/Li cell in different cycles at 1 C.
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Fig. SS. Discharging/charging curves of HfNb,4O¢,/Li cell in different cycles at 10 C.
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Fig. S6. (a) Polarization curve of single GITT discharge process, and (b) relationship between E

and 79 for HfNb,4O¢,/Li cell.
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Table S1. Fractional atomic parameters of HfNb,4O¢, (space group of C2).

atom” symmetry site x % z
M1 2 2a 0 0.25 0
M2 1 4c 0.1159 0 0.0093
M3 1 4c 0.2407 0 0.0593
M4 1 4c 0.3671 0 0.1121
M5 1 4c 0.5007 0 0.1644
M6 1 4c 0.0904 0 0.1837
M7 1 4c 0.2249 0 0.2363
M8 1 4c 0.3507 0 0.2884
M9 1 4c 0.4727 0 0.3368
M10 1 4c 0.0715 0 0.3638
Ml11 1 4c 0.1957 0 0.4117
M12 1 4c 0.3207 0 0.4628
M13 1 4c 0.4484 0 0.5102
o1 1 4c 0.3779 0 0.0110
02 1 4c 0.1746 0 0.0341
03 1 4c 0.3196 0 0.0838
04 1 4c 0.0996 0 0.1030
05 1 4c 0.4340 0 0.1377
06 1 4c 0.2214 0 0.1492
o7 1 4c 0.0157 0 0.1428
08 1 4c 0.3787 0 0.1919
09 1 4c 0.1432 0 0.2123
010 1 4c 0.4830 0 0.2531
Ol11 1 4c 0.2794 0 0.2658
012 1 4c 0.0700 0 0.2828
013 1 4c 0.4152 0 0.3066
014 1 4c 0.2116 0 0.3433
015 1 4c 0.3247 0 0.3872
0O16 1 4c 0.1278 0 0.3908
017 1 4c 0.4770 0 0.4479
018 1 4c 0.2634 0 0.4385
019 1 4c 0.0455 0 0.4866
020 1 4c 0.3927 0 0.5009
021 1 4c 0.1780 0 0.4995
022 1 4c 0.3160 0 0.5577
023 1 4c 0.4363 0 0.6311
024 1 4c 0.0109 0 0.6607
025 1 4c 0.1294 0 0.7161
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026
027
028
029
030
031

S S S U S S—Y

4c
4c
4c
4c
4c
4c

0.2768
0.4211
0.1342
0.4847
0.2514
0.0405

S OO O OO

0.7829
0.8355
0.9036
0.9298
0.9554
0.9852

*M = 0.04Hf*" + 0.96Nb>*
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Table S2. Comparisons of Li* diffusion coefficient (Dy;) of HfNby;,O4, with other niobium-based

oxide anode materials.

material Dy (cm? s71) test technique reference
HfNby,O6, 1.6~1.7x10712 GITT this work
Ti-Nb 9x1de composite 3.47%1015 cv [S6]
microspheres
GeNb;gO47 nanowires 1.552x1014 CvV [S7]
TiNbgOy7 4.28x10714 CV [S8]
Ting]oOy.] 1.84x10°14 Ccv [89]
CU().()zTi().94Nb2_()4O7 1.66x10714 EIS [S 1 O]
Ruyg 01 Tip.99Nb,O; 1.66x10°13 EIS [S11]
TiNb,O7 nanorods 3.39x10°14 CV [S12]
TiNb0,/CNTs 9.27x10-16 cv [SI13]
nanocomposite
TiNb;0; mesoporous 3.34x10°15 EIS [S14]
microspheres
TiCI‘o.5Nb10.5029 2.09x10°14 CvV [SIS]
CI’()_5Nb24.5062 4.57x10714 EIS [816]
VNbyO,5 nanoribbons 5.17x10°1 EIS [S17]
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