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1. Experimental details

1.1 Catalyst preparation.

Zn0, Ga;03, and ZnGa;04 were prepared by coprecipitation method similar to our previous
reports.” 2 Three solutions of Zn(NOs)s3-6H,0, Ga(NOs)3-xH,0 and mixed Zn(NOs)s-6H,0 and
Ga(NOs)3-xH,0 (molar ratio = 1: 2) were prepared as salt precursors. An aqueous of sodium
carbonate and sodium hydroxide was used as the precipitant. The temperature of the water bath
was kept at 60 °C and the pH was maintained 9 ~ 10 during the whole process. The white
precipitate was washed with deionized water and dried at 60 °C overnight, followed by calcination
at 500 °C for 1 h in air.

H-mordenite (denoted as MOR) zeolites were purchased from Saint Chemical Materials.

1.2 Catalytic reaction tests.
Catalytic reactions were performed in a continuous flow, fixed-bed stainless steel reactor
equipped with a quartz lining. The reaction was carried out under conditions of CO:H; = 1:2.5 (v/v)



at 673 K under 4.0 MPa. Typically, 300 mg of composite catalysts (20 ~ 40 mesh) with oxide: zeolite
=1:1 (m/m) was used.

Products were analyzed by an online GC (Agilent 7890B) equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). Ar of 5 % in concentration was included in
syngas as the internal standard for online gas chromatography analysis. Hayesep Q and 5 A
molecular sieves packed columns were connected to the TCD, while HP-FFAP and HP-AL/S capillary
columns were used with the FID. Oxygen-containing compounds and hydrocarbons were analyzed
by FID, while CO, CO;, CHa, C;Ha, and CoHg were analyzed by TCD. CHs, CoHa, and CoHe signals were
used as references to bridge the FID and TCD analysis. CO conversion was calculated on the carbon
atom basis, i.e.:

nCO,inlet - nCO,outlet
CONVco = X 100%

nCO,inlet

where 7cg inet @Nd Ncg ouret FEPresent the moles of CO at the inlet and outlet, respectively.
CO; selectivity (selco,) was calculated according to

nCOZ,outlet

Selcoz = X 100%

nCO,inlet - nCO,outlet

Where n¢g, outer  denotes moles of CO; at the outlet.
The selectivity of individual hydrocarbon CoHm (selc y, ) among hydrocarbons was obtained

according to

nCnHm,outlet

SelCnHm X 100%

Z nCnHm,outlet

1.3 Catalyst characterization.

X-ray diffraction (XRD) experiment was carried out on a PANalytical Empyrean-100 with a Cu Ka
radiation source (A = 1.5418 A) and was operated at 40 mA and 40 kV. XRD patterns were recorded
in the range of 26 = 10 ~ 80°.

1.4 NMR experiments.

The ex-situ and quasi-in-situ studies of syngas conversion were carried out using premixed 3C-
syngas (3CO:H, = 1:2.5) at 673 K under 4.0 MPa and 4 mL/ (min-150 mgcat). After reacting for 7
minutes, 15 minutes, and 30 minutes, respectively, the reactor was quenched in liquid nitrogen.
Then the samples were sealed into NMR rotors in glove box at room temperature.

The 3C-isotopic labeling experiment was carried out using premixed syngas (CO:H, = 1:2.5) at
673 K under 2.0 MPa. After reacting for 5 min, the reactor was quenched in liquid nitrogen for
NMR characterizations. For further reaction, '3C-syngas was introduced into the pre-reacted
catalyst, followed by a 10 min reaction at 673 K. Then the reactor was quenched in liquid nitrogen
for the NMR characterizations. As a comparison, premixed syngas was introduced at 673 K and
reacted for 15 min. Then the reactor was quenched in liquid nitrogen. All of the samples were
sealed into NMR rotors in glove box at room temperature.

All the solid-state NMR experiments were carried out on a Bruker Avance III 600 MHz
spectrometer (14.1 T). For 1D 'H-'3C cross-polarization experiments, the contact time of 1.5 ms



and 4 ms and spinning speed of 12 kHz were applied. And all the 2D *H-'3C HETCOR spectra were
recorded with a contact time of 0.5 ms. J-based refocused 3C-3C INADEQUATE experiments were
recorded with rotor synchronized delays about 2.5 ms and 3 ms. The chemical shift scale was

calibrated using adamantane as external secondary reference.

1.5 Theoretical calculations.

Periodic DFT calculations were carried out with the projector-augmented-wave (PAW) method®
4 using the Vienna Ab Initio Simulation Package (VASP).>” The generalized gradient approximation
PBE functional® was employed to describe the exchange and correlation energies. An energy cutoff
for the plane-wave-basis of 600 eV was applied for optimization of lattice parameter, while 400 eV
for other calculations. The break condition for the electronic SC-loop was set to 1x10 eV, while
for ionic relaxation loop it was 0.03 eV/A. The Brillouin zone was sampled with 2x2x1 mesh of K-
points for all surface species. Zero damping DFT-D3 method® was applied for van der Waals
corrections. Improved dimer method'® was used to search for transition state. The initial
configuration was obtained by NEB method.'? Supercell of 2x2x1 was established based on (111)
surface to make the interaction between absorbates negligible. A vacuum layer of 15 A was added.
For structure optimization, one third of the atoms at the bottom were kept fixed in bulk positions.
Vibration calculation was also carried out with the surface species being relaxed and the oxide
being fixed, in which ZPE and entropy corrections were taken into consideration at 673.15 K.
Results show that there is only one imaginary frequency for transition state, indicating high

reliability of this structure.

2. Supplementary Figures
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Fig. S1 XRD patterns of (a) ZnGa;0s, (b) Ga,0s, (c) ZnO.

ZnGa;04, Ga203, and ZnO samples exist as spinel, a-Ga,03, and wurtzite phases, respectively.
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Fig. S2 Hydrocarbon distributions in syngas conversion over ZnGa;0s-MOR.
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The species with 13C signal at 168.6 ppm and H at 8.1 ppm is consistent with the presence of
formate species.’® Two other correlations at 3C (52.1 ppm)-*H (3.6 ppm) and 3C (48.2 ppm)-tH
(3.3 ppm), which corresponds to surface methoxyl and adsorbed methanol,** respectively. The
species with correlation at 13C (17.7 ppm)-H (0.9 ppm) is in the region of chemical shifts typical for
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Fig. S3 2D 'H-13C HETCOR NMR spectra of surface species on ZnO after reacting with 3C-syngas

50

4

14

9

8
(wdd) Yiys [eaiway) H,

0l



(a) T 7 7
CH-C—0— CH~CH~C—O—  (CH)~CH—C—0—

211 1816 78 295 1852 17.8 358 187.6
170.2 50.0 17.8
185.2 ; '
187.611g16 1699 . 21.1

35.8
1295

. 7 min
:éé:lﬁﬁt/J\\_ x X 15 min
M 30 min

200 150 100
3C Chemical Shift (ppm)

(c)

ﬁgzﬁhlﬂ\__.__JLJL_JL.__

(wdd) Wys [eaiway) H,
(wdd) wiys [eo1way) H,

10

190

il il Rl Rl
200

210

200
60

210
70

80

220

A S
Y

r

220

90

(wdd) yiys [eawsyd Od e,
(wdd) mys [eaiwayd OA g,

230

L]
230

24

VAT Y
200 150 50 0 200 150 50

3C Chemical Shift (ppm) 3C Chemical Shift (ppm)

3
>
100

T rrfrrrl1yv/rrrerer

© -

Fig. S4 (a) 1D H-'3C CP/MAS NMR spectra of surface species on Ga,0j3 after reacting with *C-syngas
for 7 min, 15 min, and 30 min from top to bottom; (b) and (c) 2D *H-'3C HETCOR and 2D 3C-13C
INADEQUATE NMR spectra of surface species on Ga,0s after reacting with 3C-syngas for 15 min and
30 min, respectively. Asterisk denotes spinning sidebands. The red correlation peaks denote the
folded signals in the *3C DQ dimension.

The 13C signals at 170.2 ppm and 165.9 ppm, which are strongly correlated with H resonances
at 8.3 ppm and 7.9 ppm (HETCOR, upper spectrum of Figure S3b), respectively, are attributed to



two different types of formate.’® The NMR signals of surface methoxyl shift upfield slightly
(*3¢/50.0 ppm and H/3.4 ppm), comparing to ZnGa,04. The J-based 3C- 3C correlations of 13C
(181.6 ppm)-13C (21.1 ppm), 13C (185.2 ppm)-13C (29.5 ppm)-3C (7.8 ppm) and *3C (187.6 ppm)-
13C (35.8 ppm)-13C (17.8 ppm) can be assigned to acetate,’’ propionate®® and isobutyrate,> °
respectively.

3. reference

1. F. Jiao, J. Li, X. Pan, J. Xiao, H. Li, H. Ma, M. Wei, Y. Pan, Z. Zhou, M. Li, S. Miao, J. Li, Y. Zhu, D.
Xiao, T. He, J. Yang, F. Qi, Q. Fu and X. Bao, science 2016, 351, 1065-1068.

2. N. Li, F. Jiao, X. Pan, Y. Ding, J. Feng and X. Bao, ACS Catal., 2018, 9, 960-966.

3. P. E. Blochl, Phys. Rev. B, 1994, 50, 17953-17979.

4, G. Kresse and D. Joubert, Phys. Rev. B, 1999, 59, 1758-1775.

5. G. Kresse and J. Hafner, Phys. Rev. B, 1993, 48, 13115-13118.

6. G. Kresse and J. Furthmdiller, Phys. Rev. B, 1996, 54, 11169-11186.

7. G. Kresse and J. Furthmdiiller, Comput. Mater. Sci, 1996, 6, 15-50.

8. J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865-3868.

9. S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys., 2010, 132, 154104.

10. A. Heyden, A. T. Bell and F. J. Keil, J. Chem. Phys., 2005, 123, 224101.

11. G. Mills and H. Jonsson, Phys. Rev. Lett., 1994, 72, 1124-1127.

12. G. Mills, H. Jonsson and G. K. Schenter, Surf. Sci., 1995, 324, 305-337.

13. K. Larmier, W. C. Liao, S. Tada, E. Lam, R. Verel, A. Bansode, A. Urakawa, A. ComasVives and C.
Coperet, Angew. Chem. Int. Ed., 2017, 129, 2358-2363.

14. U. Patil, Y. Saih, E. AbouHamad, A. Hamieh, J. D. Pelletier and J. M. Basset, Chem. Commun.,
2014, 50, 12348-12351.

15. M. Luzgin, K. Thomas, J. Gestel, J. Gilson and A. G. Stepanov, J. Catal., 2004, 223, 290-295.

16. K. Tedsree, A. T. Kong and S. C. Tsang, Angew. Chem. Int. Ed., 2009, 48, 1443-1446.

17. M. V. Luzgin, V. A. Rogov, N. S. Kotsarenko, V. P. Shmachkova and A. G. Stepanov, J. Phys. Chem.
C, 2007, 111, 10624-10629.

18. X. Wang, J. Xu, G. Qi, C. Wang, W. Wang, P. Gao, Q. Wang, X. Liu, N. Feng and F. Deng, J. Catal.,

2017, 345, 228-235.
19. M. V. Luzgin, A. G. Stepanov, A. Sassi and J. Sommer, Chem. Eur. J., 2000, 6, 2368-2376.



