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Table S1: Results of ethanol conversion at different contact time and reaction temperature.

T=573K
GHSV  Conv. Yield (%)
h (%) CH, DEE C2 C2 C3' AcH 1-,2-C4'iso-C4' 1,3-C4" AcMe AcOH AcOEt C3,4-0l Cd-al CO,

96,109 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26,492 0.7 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.2 0.0 0.0 0.0
9,515 1.2 0.0 0.0 0.0 0.1 0.0 0.5 0.0 0.1 0.0 0.1 0.0 0.3 0.0 0.0 0.0
4,746 21 0.0 0.0 0.1 0.1 0.0 0.7 0.0 0.3 0.0 0.5 0.0 0.5 0.0 0.0 0.0
1,315 8.8 0.0 0.0 0.1 0.5 0.2 1.1 0.0 0.4 0.0 2.1 0.0 0.8 0.8 0.0 2.9

238 246 0.0 0.0 0.0 1.1 1.7 1.3 0.0 0.5 0.1 6.6 0.2 0.6 3.9 0.1 8.5

T=623K
GHSV  Conv. Yield (%)
/' (%) CHy DEE C2 C2 C3 AcH 1-2-C4'iso-C4'1,3-C4" AcMe AcOH AcOEt C3,4-ol C4-al CO,

96,109 1.5 0.0 0.0 0.0 0.1 0.0 0.7 0.0 0.3 0.0 0.2 0.0 0.1 0.0 0.0 0.0
26,492 5.7 0.0 0.0 0.1 0.5 0.0 1.9 0.0 0.9 0.0 1.9 0.0 0.4 0.0 0.0 0.0
9,515 128 0.0 0.0 0.1 0.9 0.1 3.0 0.0 1.3 0.0 3.9 0.0 0.7 0.0 0.0 2.9
4,746 234 0.0 0.0 0.0 1.7 0.2 4.2 0.0 2.6 0.2 8.4 0.1 0.7 0.0 0.1 5.2
1,315 734 0.0 0.0 0.0 4.1 5.6 1.9 0.2 0.1 0.0 300 13 0.0 1.0 25 26.5

238 989 04 0.0 0.0 50 161 0.0 0.1 2.0 06 307 20 0.0 0.0 42 378

T=673K
GHSV  Conv. Yield (%)
/n! (%) CHy DEE C2 c2' C3'" AcH 1-,2-C4'iso-C4'1,3-C4" AcMe AcOH AcOEt C3,4-ol C4-al CO,

96,109 119 0.0 0.0 0.0 1.3 0.1 3.4 0.0 1.5 0.0 5.3 0.0 0.3 0.0 0.0 0.0
26,492 515 0.0 0.0 0.0 3.9 1.1 5.2 0.1 1.6 02 226 0.1 0.3 1.1 0.5 14.9
9,515 754 0.0 0.0 0.0 5.1 25 4.2 0.0 3.6 06 324 09 0.0 1.6 1.4 232
4,760 100.0 0.0 0.0 0.1 6.0 5.0 1.8 0.0 1.5 0.0 422 13 0.0 23 24 374
1,315 995 1.3 0.0 0.0 7.3 8.0 0.0 0.0 6.7 03 379 20 0.0 1.3 25 323

238 989 55 0.0 0.0 6.9 126 00 0.1 140 00 135 21 0.0 0.0 4.2 401

T=723K
GHSV  Conv. Yield (%)
/! (%) CHy, DEE C2 c2' C3'" AcH 1-,2-C4'iso-C4'1,3-C4" AcMe AcOH AcOEt C3,4-0l C4-al CO,

96,109 509 0.1 0.0 0.0 4.3 1.5 5.3 0.1 2.8 0.0 207 0.1 0.2 0.0 0.4 15.6
26,492 927 0.7 0.0 0.0 6.3 5.0 1.8 0.7 2.4 0.0 446 0.1 0.0 0.6 0.5 297
9,615 984 1.7 0.0 0.0 6.3 5.5 0.6 0.6 5.0 0.0 442 0.2 0.0 0.6 0.7 33.0
4,746 99.6 5.0 0.1 0.0 6.6 7.2 0.0 0.1 107 00 329 0.0 0.0 0.5 0.0 36.5
1,315 99.8 9.6 0.0 0.0 7.1 1.3 0.0 0.0 221 00 4.7 0.4 0.0 0.1 1.5 429

238 995 120 0.0 0.0 57 116 00 0.0 222 00 0.4 0.0 0.0 0.0 0.8 46.9

T=773K
GHSV  Conv. Yield (%)
/nt (%) CHy DEE C2 c2' C3' AcH 1-2-C4'iso-C4' 1,3-C4" AcMe AcOH AcOEt C3,4-ol C4-al CO,

96,109 715 0.9 0.0 0.0 7.2 2.8 6.1 0.0 5.2 0.0 285 0.1 0.0 0.0 05 203
26,492 97.8 6.4 0.0 0.0 5.6 5.3 0.8 0.4 9.1 0.0 348 0.1 0.0 0.0 0.3 351
9,515 100.0 10.7 0.0 0.0 5.8 5.6 0.1 0.1 145 00 223 01 0.0 0.0 0.3 406
4,746 100.0 179 0.0 0.0 6.6 7.5 0.0 0.0 154 0.0 6.7 0.0 0.0 0.0 0.2 458
1,315 100.0 19.3 0.0 0.0 7.2 5.8 0.0 0.0 19.0 0.0 0.3 0.2 0.0 0.0 0.2 48.0

238 99.7 19.0 0.0 0.0 3.9 5.8 0.0 0.1 213 0.0 0.2 0.0 0.0 0.0 0.1 49.3

Catalyst: Ga203—ZrO2 0.05—4 g; ethanol: 5%; H2O: 40%; N2: balance; total flow rate: 20 or
100 mL-min"'. Conv.: ethanol conversion. AcH: acetaldehyde; AcMe: acetone; AcOEt: ethyl
acetate; AcOH: acetic acid; C2—C3: sum of ethane and propane; C2": ethene; C3': propene; 1-,
2-C4': sum of 1- and 2-butenes; iso-C4': isobutene; 1,3-C4”: 1,3-butadiene; C4-al: butenals;
C4-ol: butanols/butenols; DEE: diethyl ether.
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Table S2: Results of ethanol conversion catalyzed by metal ion-doped ZrO:o.

T=573K
Doped- Conv. Yield (%)
element (%) CH, DEE C2 c2' C3'" AcH 1-2-C4'iso-C4' 1,3-C4" AcMe AcOH AcOEt C3,4-0l C4-al CO,

- 0.5 0.0 0.0 0.0 0.4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca 0.5 0.0 0.0 0.0 0.4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sc 0.4 0.0 0.0 0.1 0.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ti 0.6 0.0 0.1 0.0 0.1 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
\Y 6.1 0.0 0.9 0.0 2.5 0.0 22 0.0 0.0 0.0 0.1 0.0 0.3 0.0 0.0 0.0
Cr 0.4 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Mn 0.7 0.0 0.0 0.0 0.1 0.0 0.3 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
Fe 0.5 0.0 0.0 0.0 0.3 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Co 0.6 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.0 0.0
Ni 1.9 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.1 0.0 0.7 0.0 0.0 0.0
Cu 1.5 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.2 0.0 0.7 0.0 0.3 0.1
Zn 52 0.0 0.0 0.1 0.1 0.0 1.9 0.0 0.0 0.0 1.6 0.0 0.7 0.0 0.0 0.8
Ga 1.9 0.0 0.0 0.0 0.1 0.0 0.9 0.0 0.0 0.0 0.1 0.0 0.8 0.0 0.0 0.0

T=723K

Doped- Conv. Yield (%)

element (%) CH, DEE C2 c2' C3'" AcH 1-2-C4'iso-C4' 1,3-C4" AcMe AcOH AcOEt C3,4-0l C4-al CO,
- 98.3 0.3 0.1 0.0 836 103 0.0 0.1 0.0 0.0 1.1 0.0 0.0 0.0 0.0 4.5
Ca 985 0.5 0.1 0.0 856 8.1 0.0 0.2 0.0 0.0 1.2 0.0 0.0 0.0 0.0 4.2
Sc 97.9 0.2 0.1 0.0 767 141 00 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 7.9
Ti 940 0.9 0.8 0.0 702 163 0.7 0.6 0.2 0.0 1.8 0.1 0.0 1.3 0.0 7.1
\Y 97.3 1.3 0.0 349 165 99 0.0 0.2 1.0 0.0 141 0.0 0.0 0.7 02 211
Cr 99.4 107 03 0.0 318 86 0.0 0.0 1.3 0.0 239 0.0 0.0 0.2 0.0 232
Mn 984 1.2 0.1 0.0 528 209 0.0 0.3 0.3 0.0 108 0.0 0.0 0.0 0.0 136
Fe 99.2 1.5 0.4 0.0 346 236 0.0 0.0 1.3 0.0 195 0.0 0.1 0.4 0.0 185
Co 99.3 1.0 0.0 0.0 222 79 0.1 0.1 5.7 0.0 395 0.0 0.0 0.1 0.0 233
Ni 98.2 1.5 0.0 0.0 9.4 3.2 0.3 0.2 7.4 0.0 51.0 0.0 0.0 0.0 0.0 27.0
Cu 985 0.3 0.5 0.0 559 264 0.2 0.0 0.0 0.0 4.1 0.0 0.0 0.6 00 119
Zn 97.8 4.3 0.0 0.0 3.5 3.6 0.0 00 3.0 00 199 0.0 0.0 0.4 0.2 33.1
Ga 99.5 3.6 0.0 0.0 4.6 4.1 0.0 00 175 0.0 394 0.0 0.0 0.4 0.0 305

Catalyst: 0.2 g; ethanol: 5%; H20: 40%; N2: balance; total flow rate: 20 mL-min.
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Fig. S1. Dependence of ionic radius of doped metal cation to ZrO2 on d-values of the

tetragonal/cubic phase. The ionic radius was taken from reference ! for six-fold coordination.

1. R.D. Shannon, Acta Crystallogr. A, 1976, 32, 751-767.
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Fig. S2. Dependence of space velocity on ethanol conversion at 573 — 773 K. Catalyst: Ga2O3—
Zr020.05-4 g; ethanol: 5%; H20: 40%; N2: balance; total flow rate: 20 or 100 mL-min™!. Conv.:
conversion of ethanol; AcH: acetaldehyde; AcMe: acetone; AcOEt: ethyl acetate; AcOH: acetic
acid; C2-C3: sum of ethane and propane; C2" : ethene; C3” : propene; 1-, 2-C4” : sum of 1-

and 2-butenes; iso-C4’

isobutene; 1,3-C4”
butanols/butenols; DEE: diethyl ether.

1,3-butadiene;

C4-al: butenals; C4-ol:



