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1. Experimental Procedures

Chemicals.

Vanadyl (IV) acetylacetonate (VO(acac),, 99%), L-Cysteine (C;H;NO,S, 98%),
ethanol (95%), and zinc di[bis(trifluoromethylsulfonyl)imide] (Zn(TFSI),, 98%) were
purchased from Acros Organics, Thermo Fisher Scientific, Taiwan Sugar Corporation,
and Tokyo Chemical Industry, respectively. Potassium sulfate (K,SO4, 99%) and N-
methyl-2-pyrrolidone (NMP, 99%) were purchased from Sigma-Aldrich. MWCNTs
were used as received from CNT Co., Ltd. (product name, CTube-120; diameter =
10—40 nm; length = 1-25 um). H,SO,4, H;PO,4, and KMnO, were purchased from J.T.
Baker. Zinc foil (99.98%, thickness = 0.25 mm), Super P (99%), and poly(vinylidene
difluoride) (PVDF, 99%) were purchased from Alfa Aesar. The chemicals were used as
received. CR2032 Coin-type cells, carbon paper substrates (GDS180S, thickness =0.18
mm), glass fiber separator (GF6) were purchased from JuChen, CeTech, and Whatman,

respectively.

Synthesis of VO,(P).

The synthetic procedures for obtaining the VO,(P) sample were adopted from a
previous report.! Typically, VO(acac), (6 mmol), C;H;NO,S (48 mmol), and K,SO,
(1.67 mmol) were successively dissolved in 200 mL deionized water under magnetic
stirring. Then, the precursor solution was transferred to a Teflon-lined stainless
autoclave for the hydrothermal reaction at 180 °C for 24 h at a heating rate of 2 °C
min~!. After natural cooling, the resulting precipitate was thoroughly washed with
deionized water and ethanol. After drying at 60 °C and grinding using a mortar, the
powder product was put into a porcelain boat and heated to 120 °C for 6 h at a heating
rate of 2 °C min~! in air. The black VO,(P) powder sample was collected after natural

cooling.

Synthesis of MWCNT/GONR.

Multiwalled carbon nanotube/graphene nanoribbon (MWCNT/GONR) was
synthesised through a modified oil-bath method similar to that of previous studies.?*
MWCNTs (0.05 g) were suspended in H,SO4/H3POy4 (=9:1, v/v) and stirred for 24 h.
KMnO, (0.25 g) was then added to the solution before it was placed in an oil bath
(66—68 °C) for 8 h. The solution was filtered using a Millipore membrane (0.1 um pore
size) to isolate the product as the residue. The product MWCNT/GONR) was washed

several times with distilled water and freeze-dried for 12 h.

Synthesis of VO, and MWCNT/GONR composites.
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The VO, and MWCNT/GONR composites were synthesised following the same
procedures but with the addition of the as-prepared MWCNT/GONR powders. To
prepare VO,/1C, VO,/2C, and VO,/3C composite samples, 50, 100, and 150 mg
MWCNT/GONR were added into the VO(acac),/Cs;H;NO,S/K,SO, precursor solution,
respectively. The precursor solution was then treated by a high-power ultrasonic
homogenizer (100-110 W, Qsonica Q700) for 30 min (pulse on 5 s, pulse off 2 s). To
avoid heating effect, the precursor solution was immersed in an ice bath during the
sonication process. Next, the hydrothermal and heating procedures were the same as

the those for preparing the VO,(P) sample.

Materials characterization.

X-ray diffraction (XRD, Rigaku MiniFlex600 with a Cu Ko source), Raman
microscopy (Renishaw InVia confocal microscope with 633 nm laser source),
thermogravimetric analysis (Perkin Elmer TGA-4000), X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI 5000 VersaProbe III equipped with an Al Ka
radiation), nitrogen adsorption/desorption analysis (Micromeritics ASAP 2020),
scanning electron microscopy (SEM, JEOL JSM-7610F Plus equipped with energy-
dispersive X-ray spectroscopy, EDS), transmission electron microscopy (TEM, JEOL
JEM-2010) were used to analyze the samples.

Electrochemical measurements.

The obtained electroactive material was mixed with Super P and PVDF with a weight
ratio of 7:2:1 in NMP solvent. The slurry was then transferred onto carbon paper
substrates with the mass loading of ca. 1.2-1.5 mg cm™2. The electrochemical
performance was tested with CR2032 coin-type cells, made of the vanadium oxide
electrode, metallic zinc foil, and glass fiber separator. 2 M Zn(TFSI), aqueous solution
(100 pL) was used as the electrolyte unless specifically mentioned. The galvanostatic
charge/discharge (GCD) cycles at various current densities (in the range 1-50 A g™!)
were measured using LAND CT2001A. The cyclic voltammetric (CV) curves at
various scan rates (in the range of 0.2—-1.5 mV s!) were conducted using CH
Instruments 6273d. The potential range was controlled as 0.2—1.6 V (vs. Zn?*/Zn). For
the electronic conductivity tests, the vanadium oxide electrodes were analyzed at room
temperature by an alternating current (AC) mode (2 Hz at open circuit potential with
the potential amplitude of 10 mV) in an enhanced controlled environment sample
holder (CESH-e) using BioLogic SP-300.

Preparation and evaluation of free-standing electrodes.
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The procedures for preparing the free-standing electrode at high loading masses were
adopted from our previous report.’> Typically, 56 mg VO,/2C powder, 24 mg
MWCNTs, and 10 pL Triton X-100 were added into 10 mL deionized water under
vigorous stirring for 10 min and ultrasonic treatment for 1 h. Then, the homogeneous
suspension was vacuum-filtrated through a PVDF membrane. After thoroughly
washing with deionized water and drying at 60 °C for 8 h, the free-standing film was
peeled off from the PVDF membrane forming a self-supported electrode. The mass
loading of the free-standing electrode is 19.4 mg cm™2 (based on the mass of VO,/2C).
The electrochemical performance of the high-mass-loading film was evaluated

following the same protocols as the electrodes with carbon paper substrates.
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2. Supplementary figures

The crystal structures of the VO, polymorphs are depicted by the VESTA software.
The cif files of the VO, polymorphs are from Crystallography Open Database (COD).
The COD IDs are 9000071, 1548819, 1530870, 5910277, and 3000344 for VO,(P),
VO,(R), VO,(B), VO,(D), and VO,(M), respectively. The tunnel size of VO,(P) is
directly adopted from a previous work,® while the values of other VO, polymorphs are
reported based on the V—O bond lengths from the cif files. Of note, the
VO,/MWCNT/GONR composite samples show mixed phases of VO,(P), VO,(A), and
VO,(R). However, the cif file of VO,(A) is not available in the COD database.

(b)

VO,(P)

VO,(M)
Figure S1. Illustration of the crystal structures of (a) VO,(P), (b) VO,(R), (c¢) VO,(B),
(d) VO,(D), and (e) VO,(M).
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Figure S2. Illustration of the synthetic procedures for VO,(P), VO,/1C, VO,/2C, and
VO,/3C.

Notably, VO, can be oxidised to V,0s at high temperatures in air, leading to mass
increase in the weight loss curve. Nitrogen atmosphere was used to avoid this effect.
Thus, the detected weight loss better reflects the decomposition of MWCNT/GONR.
Notably, the weight loss below 100 °C is attributable to the physisorbed water

originating from the ambient environment.” Thus, the weight loss portion below 100 °C
is excluded.
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Figure S3. Weight loss curves of VO,(P), VO,/1C, VO,/2C, and VO,/3C.
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Figure S4. XPS (a) V 2p and (b) O 1s spectra of VO,(P).

(a)

Intensity / a.u.

~
(]
e’

Intensity / a.u.

VO,/2C-0 1s

VO,/2C-V 2p 516.3 (b)
' 3
(3]
—
2
(7]
=
[
it
£
530 525 520 515 510
Binding Energy / eV
VO,/2C-C 1s
295 290 285 280 275

Binding Energy / eV

554 552 550
Binding Energy / eV

Figure S5. XPS (a) V 2p, (b) O 1s, and (¢) C 1s spectra of VO,/2C.
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Figure S7. (a) A SEM image and (b-d) the corresponding elemental mapping images
of VO,/2C.
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Figure S8. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distribution
of VO,(P), VO,/1C, VO,/2C, and VO,/3C.
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Figure S9. Contact angle images of an electrolyte drop (2 M aqueous Zn(TFSI),) on
VO,(P) and VO,/2C electrodes.
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Figure S10. CV curves of VO,/2C at various scan rates.
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Figure S11. GCD curve of MWCNT/GONR at 1 A g1,
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The current responses in the CV curves can be regarded as the combination of diffusion-
controlled (de)intercalation process (i = kyv'?) and non-diffusion-controlled
contribution (i; = k;v). As k; and k, are variable parameters, the (non-)diffusion-
controlled contribution ratios can be determined by b-value fitting analysis (Fig.

S12¢).%? The fitting results are summarized in Fig. S12d.
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Figure S12. CV curves of (a) VO,(P) and (b) VO,/2C; (c) evaluation of non-diffusion-
controlled contribution of VO,/2C at 20 mV s'; (d) (non-)diffusion-controlled
contribution ratios of VO,(P) and (b) VO,/2C.
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Figure S13. Cycle performance of VO,(P), VO,/1C, VO,/2C, and VO,/3C at 50 A g1
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3. Supplementary Tables

Table S1. The pore volume and specific surface area values of the samples from

nitrogen adsorption/desorption analysis (Fig.S8).

Sample Pore volume (cm?® g')  Specific surface area (m? g'!)
VO,(P) 0.044 0.9
VO,/1C 0.090 81.1
VO,/2C 0.203 35.6
V0,/3C 0.143 34.4

Table S2. Comparisons of battery performance of VO, polymorphs and their composite
positive electrode materials used in AZIBs.

Positive electrode

Discharge capacity Specific capacity

Electrolyte -1
material Y (mAhg'/Agh) (mAh g7/ cycles/
current density (A g™!)
428 at 1.0 A g!
VO,(P)/GONR 294 /1000/10
, 2 M Zn(TFSI), 349 at 10 A g!
this work 181 /10000 /50
208 at 50 A g!
H-doped ~475at 1.0 A g! 85/22000 / 10
3 M Zn(CF;SO ~
VO,(B)" (CESOsk spati0A gl
382at1.0 A g!
VO,(D)' 3 M ZnSO, 89 /30000 / 10
262 at 10 A g”!
~175at1 A g!
VO2(R)'? 1 M ZnSO, (70 °C) 122/170/2
76t 10 A g”!
VO,(B)GO" 3Bdat 1A g™ 28371000/ 5
T
2 3M Zn(CF3SO3)2 292 at 10 A g_l
~237at1 A g’!
VO,(B)fGO™ 3 M Zn(CF;S0;3), 240 /1000 / 4
194 at 8 A g
38latl1 Ag!
VO,(B)/CQDs" 3 M ZnSO, 229/2000/ 4
309at8 A gl
holey 291lat1 A g™!
3 M Zn(CF;S03), 2807600/ 5
C@VO,(B)'6 208at5A g
450at1 A g!
VO,(A)@NC!7 3 M Zn(CF;S03), 269 /2500 / 10

363at8 A g!
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Table S3. Comparisons of battery performance of ultrahigh rate positive electrode materials used in AZIBs.

Positive electrod terial Electrolvt Voltage Discharge capacity Spe(ilﬁc capacity (mAh
ositive electrode materia ectrolyte -
y window (V) (mAhg' /A g g )/ cycles/ current
density (A g1)
428 at1 A g!
VO,(P)/GONR 294 /1000/10
. 2 M Zn(TFSI), 0.2~1.6 349 at 10 A g!
this work 181 /10000 /50
208 at 50 A g!
240 at 10A g!
VO,(M)/CNT'® 2 M ZnSO, 0.3~1.5 ~195/5000 /20
195at40 A g!
300at 10 A g'!
V,0;CNT" 2 M Zn(CF;S03), 0.2~1.6 237/5000/ 10
211at50 A g!
~350at 10 A g'!
heterostructured VO,(B)-rGO
3 M Zn(CF5S0;), 0.3~1.5 ~240 at 50 A g! ~280 /1000 /20
(VO,-1rGO) 20
174 at 100 A g!
~215at85A g'!
VN.909.15%! 3 M Zn(CF5S0;), 0.2~1.8 ~155at51.2 A g’! 139/1500/4.3
124 at 1024 A g!
357at 10 A g!
Nay 12Zn(25V>05:2.5H,0
3 M Zn (CF3S03), 0.3~1.6 268 at 50 A g'! ~95 /140000 / 200
(NZVO)*
92 at 400 A g!
Amorphous VEG-VO, 3 M Zn (CF3S03), 0.2~1.7 ~363 at 10 A g! ~138 /17000 /100
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(AOH-VO)?3 ~244 at 50 A g!
121 at 100 A g'!

232 at8.5A g

VO,(B) nanofibers?* 3 M Zn (CF3S03), 0.3~1.5 250/300/085
171 at51.2 A g'!
2 M ZnSO4+ ~145at 10 A g!
Protonated 3-MnQO,?? 1.0~1.9 95/1100/10
0.2 M MnSO4 83at50 A g’!
2MZnSO,4+0.5M ~440 at2 A g!
Zn-1,%¢ 0.6~1.9 ~4365/5000/2
TAH ~225 at 40 A ¢!
157at1 A g'!
Mn-Fe PBA?’ 1 M ZnSOy, 0~2.2 46 /3000/5
47 at 10 A g!

TAH and PBA stand for trimethylamine hydrochloride and Prussian blue analogue, respectively.
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