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Figure S1. The SEM image of pure WOj3 bundles obtained without Cr3* cations.
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Figure S2. The SEM images of (a, al) a-Cr,WO¢180°C-12h, (b, bl)
Cr,WO4-180°C-24h and (c, cl) Cr,WO4-200°C-24h; (d) The XRD patterns, (e)
Raman spectra and (f) FT-IR spectra of above three samples synthesized with the

Cr/W molar ratio of 2.



Three products were synthesized by using sodium tungstate and chromium
acetate as raw materials under different conditions, and their SEM images are
presented in Figure S2 (a-c, al-cl). It can be seen that they are all irregular
nanoparticles, and the size of nanoparticles grows up gradually with extension of
reaction time and increase of reaction temperature. In their XRD patterns (Figure
S2d), the amorphous sample is obtained after reaction at 180 °C for 12 h. The
Cr,WOg with certain crystallinity can be obtained by prolonging the reaction time
(180 °C for 24 h), and its crystallinity further increases at 200 °C for 24 h. In addition,
the samples have the same Raman and FT-IR characteristic peaks in Figure S2e and
Figure S2f, respectively. Therefore, the three samples obtained under different
conditions have the same phase, and the product synthesized at 180 °C for 12 h is
amorphous Cr,WOg (a-Cr, WOg).
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Figure S3. The FT-IR spectra of pure WO;, commercial Cr,05 (c-Cr,03), a-Cr,WOg
and a-Cr,WO4/WO3 samples.

Figure S3 presents the FT-IR spectra of pure WO3;, commercial Cr,03 (c-Cr,03),
a-Cr,WOg4 and a-Cr,WO¢/WO;3 samples. For all samples, the absorption band at
3000-3700 cm! and the peak at 1630 cm™! are corresponding to the stretching and
bending vibration of -OH from adsorbed water, and the peak at 1389 cm! is indexed

to the bending vibration of surface -OH groups, respectively. For pure WQOj;, the peak
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at 833 cm’! and band at 685 cm! can be ascribed to the stretching mode of O-W-O
bond. The strong absorption peak at 621 cm! and 569 cm! are attributed to the
stretching modes of O-Cr-O bond in ¢-Cr,O; sample. The a-Cr,WO¢ and
a-Cr,WO4/WOj3 have similar weak absorption peaks at 833 cm™! (O-W-O) and 569
cm™!' (O-Cr-O), but their relative intensities are different, the relative intensity of
0O-W-0O in a-Cr,WO¢/WO;3 is significantly higher than that in a-Cr,WOg, revealing
that the WOj is the main phase in a-Cr, WO¢/WOj3; sample. The broad absorption band
at 900-1100 cm™' is indexed to M=0 bond for different samples.
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Figure S4. N, adsorption-desorption isotherms of (a) pure WO; bundles, (b)
a-Cr,WOg nanoparticles and their corresponding pore size distributions.

Figure SS. The TEM images of a-Cr,WO4s/WO; nanowires in different areas of a) and
b).
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Figure S6. The (a) TEM, (b) HRTEM images and SAED pattern (inset b) of pure
WOj; bundles.
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Figure S7. The extraction efficiency of MeCN: m(MeCN)/m(oil)=1:4, ambient

temperature.
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Figure S8. The SEM images of low magnification for samples obtained with different
Cr/W mole ratio and corresponding Cr contents in EDX. The Cr/W mole ratio is (a) 0,
(b) 0.03, (¢) 0.05, (d) 0.10 and (e) 0.20; (f) The XRD patterns of above five samples.
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Figure S9. The FT-IR-Py spectra of samples with different Ct/W mole ratio of 0,
0.03, 0.05, 0.10 and 0.20 at 100 °C (a) and 200 °C (b).



Table S1. Surface acidic sites per g of samples with different Ct/W mole ratio of 0,
0.03, 0.05, 0.10 and 0.20 determined by FT-IR-Py spectra (umol-g™).

Temperature 100 °C 200 °C
Samples Cp CL Crotal Cp CL Crotal
Cr/W-0 (pure
WOs3) ) ] ) ] ) )
Cr/W-0.03 11.5 176  29.1 4.9 10.2 15.1
Cr/W-0.05 28.5 552 83.7 10.7 39.7 50.4
Cr/W-0.10 58.5 128.4 186.9 31.7 955 1273
Cr/W-0.20 53.0 159.5 2125 28.1  126.8 1549

Table S2. The ODS performance of DBT with as-synthesized a-Cr,WO4s/WO;
nanowires and reported WO; based catalysts.

mode oil  Cat. T tlb] C activityl®!
Catalysts ppm ) ) reference
(mL) (mg) (°C) (min) (%) pg'mg' min’

WO,/ZrO, 4901 50 100 60 60 100 4.0 [1]

WO,/TiO, 2000 14 100 50 60 98 4.5 [2]

500 5 20 60 180 91.2 0.63 [3]

WO3/g-C3N4

500 5 50 50 40  91.0 1.1 [4]

W-m-silica 500 5 25 60 20 971 4.85 [5]

WO5/SBA-15 540 20 40 60 80 91 3.0 [6]

WO3/Fe;04 5001 5 10 100 270 923 0.60 [7]

WO;/CNT-2 8001 5 30 50 60  90.7 1.4 [8]

WO5/2Mo00s-CNT 300 5 56 60 45 98 0.58 [9]
Wi5049-MC 500 5 10 70 40 99 6.1 [10]
U-WO;3 NBs 174 50 90 50 60 96 2.78 [11]
Mesoporous WO; 2000 14 100 50 60 100 32 [12]
WO4-OAm-HCl 500 5 10 60 30 100 5.8 [13]
F-WO;5-H,O 4000(] 20 126 70 60  95.0 7.0 [14]
8701 50 96.2 3.3 Our

a-Cr;WOg/WO; 13.6 60 70
2600 [ 60  94.0 8.1 work

[a]: The unit of ppm is pg-g'.
[b]: The t is the time when reaction equilibrium begins.

[c]: The activity=the mass of converted DBT/(reaction time X dosage of catalyst).

S-7



-
o
=3

-
o
=3

s
o
o

(@ & (b) oer (c) 4ecompBT
= 801 80 = 804
bard = = - =
T S ] = N =]
3 60{E 3 60{ .S 3 60{ B
£ |8 E |38 § S
¢ o1& N - t
E 401 % ] 404 & 2 40+ %
£ o ] b —707C | 3
€ 2] ——60C | @ 20 ——60C 204 ——60C
—e— 50 C ——50TC —a— 50 C
0 —=—40 C 0 ——40 C 0 ——40C
-20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120
Reaction time (min) Reaction time (min) Reaction time (min)
1.2 1.2
3.54
(al) g (b1) (cl)
1.0 1.0
BT 1 DBT 0.8 46-OMDBT
" 40T G | a0t
< 50C 0.6{ « 50C
e 60T T . 60T
0.44 4 70C
0.2
T T T T T T T T T T T T T O.D T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min) Time (min)

Figure S10. (a-c) The ODS of BT, DBT and 4,6-DMDBT with a-Cr,WOs/WO;
nanowires at different temperatures (40 °C, 50 °C, 60 °C, 70 °C ) and (al-cl) their
fitting lines of In(Cy/Cy)-time (t) before 60 min.

Table S3. The reaction rate constant (Kops) and correlation coefficient (R?) for
oxidation reaction of BT, DBT and 4, 6-DMDBT at different temperatures.

Temperature
Sulfur source Kops X 102 (min") R2
(°C)
40 0.235 0.979
50 0.470 0.990
BT
60 0.815 0.990
70 1.758 0.996
40 0.857 0.989
50 1.867 0.986
DBT
60 2.891 0.998
70 5.891 0.996
40 0.238 0.970
50 0.546 0.982
4, 6-DMDBT
60 1.001 0.995
70 1.916 0.991

S-8



used catalyst

B
5
2
240 € f
%0.2
180+ ‘
0.0

"0 20 40 60 80 100 120 14
Pore dimater (nm)

fresh catalyst

Intensity (a.u.)

120 -

used catalyst

Quantity adsorbed (cm3/g, STP)

| —o~Ataarption JCPDS no. 33-1387
-’ ——desorption | |
0 . . . . . = | 1 1 - 1 I P R -! ol u
0.0 0.2 0.4 0.6 0.8 1.0 10 20 30 40 50 60
Relative pressure p/p, 2 Theta (°)
—— fresh catalyst (e) —— fresh catalyst (f)

used catalyst,

used catalyst

Intensity (a.u.)

Intensity (a.u.)

used catalyst
pure WO, arrpys

573 577 581 585 589 593 32 33 34 35 36 37 38 39 40
Bind energy (eV) Bind energy (eV)

Figure S11. (a, b) The SEM images and (c¢) N, adsorption-desorption isotherm of
used a-Cr,WO4s/WO;3; nanowires, (d) XRD patterns, (¢) Cr 2p and (f) W 4f XPS

spectra of fresh and used a-Cr,WO¢/WO; nanowires.



Figure S12. The optical photograph of a-Cr,WOs/WO; nanowires synthesized on a

large scale.

1,00x19.209)
1
] Q
1 0
i ﬁs”‘
05 109 o @)
] 1?6
1 b5 76 9 150 .
0o T T T l : T o T T T T T
s00 e 1000 1250 1500 1750 2000 2260 2500 2750
1_0—-—m1 ) 5
] [ T}
] g
o5 ®|
1 187
1 168
; ;T A A T v I
0o f d I!I.I il i Lo T I !I bl ; | L ; ; ; ;
500 e 1000 1260 1500 1750 2000 250 2500 2750 3000 3250 3500
1,p110.000)
] o
] °\f§’
1 73
05+
1 244
148 % e T M 168 191 |
1 /I L L L || i Pl ; | |.|!.I L Ll [ I| [ ; ; ; ; ; ;
s00 e 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Figure S13. The products of BT, DBT and 4, 6-DMDBT in ODS process with

a-Cr; WO/ W03 nanowires.
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Figure S14. The FT-IR spectrum of the crystalline product in ODS of BDT.
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Figure S15. The UV-Vis spectra of a-Cr,WOs/WO3 nanowires mixed with H,O and
H,0,.
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Figure S16. The S 1s XPS spectrum of used a-Cr,WOs/WO3 nanowires.
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