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Figure S1. H,-TPR experiment over all samples with different impregnation sequences and

the relative experiment schematic: (a) NiRu/TiO,, (b) Ni@Ru/TiO,, (c¢) Ru@Ni/TiO,.
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Figure S2. (a) XRD results of all catalysts (a. NiRu/Ti0,-300, b. NiRu/Ti0,-500, c. Ni@Ru/TiO,-
300, d. Ni@Ru/Ti0,-500, e. Ru@Ni/Ti0,-300, f. Ru@Ni/Ti0,-500); (b) magnified region of XRD

Ni(111) peak shift

The Ni (111) peaks shift slightly to a lower diffraction angle, possibly due to the formation of a Ni-
Ru solid solution formation. Even though they all show the tendency to shifting to lower diffraction
angle in samples reduced at 500 °C, these shifts are very small. This is because of the relatively low
molar ratio of Ru and Ni (1: 17.2) and the small Ni nanoparticle size at around 1.1 nm. At this stage,
there should be slight lattice distortion due to such small amount of Ru dispersed into Ni
nanoparticles as alloy formation, which will have very small affection on lattice distance. Therefore,
further characterizations such as STEM-HAADF, EDS, EELS, and XPS are necessary to reveal the

bimetallic structures.
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Figure. S3 CO, conversion and product selectivity of NiRu/Ti0,-300 and NiRu/Ti0,-500 catalysts.
The reactant gas mixture (15% CO; : 60% H; : 25% N,) was fed into the reactor at a constant WHSV

(Weigh Hourly Space Velocity) of 37800 mLeg-'eh!.
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Figure. S4 CO, conversion and product selectivity of Ni@Ru/Ti0,-300 and Ni@Ru/Ti0,-500
catalysts. The reactant gas mixture (15% CO; : 60% H, : 25% N,) was fed into the reactor at a

constant WHSV (Weigh Hourly Space Velocity) of 37800 mLeg !eh!.
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Figure. S5 (a) CHy selectivity and CO, conversion (left-bottom corner image) 100-h stability tests
over catalysts reduction at 300 °C; (b) CO selectivity and CO, conversion (left-bottom corner

image) 100-h stability tests over catalysts reduction at 500 °C.
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Figure. S6 The XRD results of catalysts (NiRu/Ti0,-300, Ni@Ru/Ti0,-300, and Ru@Ni/TiO,-

300) after 100-h long-term stability tests.
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Figure. S7 STEM-HAADF: nanoparticle sizes of (a) NiRu/TiO,-300; (b) NiRu/Ti0,-500.
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Figure. S8 STEM-HAADF: nanoparticle sizes of (a) Ni@Ru/Ti0,-300; (b) Ni@Ru/Ti0,-500.



3500
a)‘v?sooo —_— b) _120 ‘
£ clo J\ rigina o 1004 Original-enlarged ‘ ‘
5 2500 <
£ [
o 804 [ |
S 20004/ | e Ru-L \ '
21500 ‘ >%1 N\, [ |
2 10004 | | [+ ® 401 Wl JTEK: |
g /| Ni-L | S W [ \
] . 4\ WY A Bk e " AN W
€ 500 | | Ru-L IHL A Ni-K 5,k - E W/ WA LAWY AN \ u‘v.,l_‘,-qyf!xm'\|‘,\-u‘ \
o — & : ol , . —
0 2000 4000 6000 8000 10000 2500 3000 3500 4000 4500
Energy / (eV) Energy / (eV)
C) 3000 d)
‘g 25004 [© f Modsled :g 1204 Modeled-enlarged | li
3 20004 | | 31904 \
o C O 801 \
15004 | || ‘; = Ru-L \ |
g h ‘ 71 b | ik l\
@ 1000 ‘\ ‘ |Ti-K 2 40 [\~ [ Tk |
[} / | 7] / | \
1 E -| z 204— / \
£ 500 \|‘| F" L Ru-L ‘I 1 N"f( CuK — E o N~ ST \:/
04 U\ ' . 4/ \ . I\ - 2 T T T T T
0 2000 4000 6000 8000 10000 2500 3000 3500 4000 4500
Energy / (eV) Energy / (eV)

Figure S9. (a) The original and the enlarged Ru area spectra of the EDS in Fig. 2f; (b) the
corresponding empirical modelled and the enlarged Ru area spectra of the EDS based on the Ni

metal density Fig.2f.



Figure. S10 (a) STEM-HAADF of NiRu alloy clusters highlighted in yellow circles and (b) the

magnification STEM-HAADF region of the NiRu alloy clusters with distinguish Ru atoms in red

circles.



Figure. S11 (a) STEM-HAADF of Ru@Ni/Ti0,-500 and (b) the corresponding enlarge image of
yellow circle in (a): Ru single atoms in small Ni nano-clusters in red circle. (¢) The filtered inverse
Fast Fourier Transform (IFFT) image of (b). (d) The line intensity profile of a row of atoms in the

yellow region of (b). (e) The corresponding line intensity profile of a row of atoms in the yellow

region of (c).



Ru+HAADF

Figure S12. (a) STEM-HAADF of small nanoclusters in Ru@Ni/Ti0,-300 and the corresponding
Ni and Ru EELS mappings; (b) STEM-HAADF of large nanoclusters in Ru@Ni/Ti0,-300 and the
corresponding Ni and Ru EELS mappings; (¢c) STEM-HAADF of small nanoclusters in
Ru@Ni/Ti0,-500 and the corresponding Ni and Ru EELS mappings; (d) STEM-HAADF of large

nanoclusters in Ru@Ni/Ti0,-500 and the corresponding Ni and Ru EELS mappings.
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Figure. S13 (a) STEM-HADDFof Ru@Ni/Ti0,-500; (b) the corresponding EDS line scanning in

the area of the yellow box in the direction of the yellow arrow.
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Figure. S14 (a) STEM-HAADF of NiRw/TiO,-300; (b) the corresponding EDS mapping; (c) a
combined Ni and Ru EDS mapping; (e) the original spectrum of the EDS in the nanoparticle
highlighted in a red circle; (f) the corresponding empirical modelled spectrum of the EDS based on

the Ni metal density in the nanoparticle highlighted in a red circle.
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Figure. S15 (a) STEM-HAADF of NiRu/TiO,-500; (b) the corresponding EDS mapping; (c) a
combined Ni and Ru EDS mapping; (e) the original spectrum of the EDS in the nanoparticle
highlighted in a red circle and the corresponding enlarged area of Ru-L; (f) the corresponding
empirical modelled spectrum of the EDS based on the Ni metal density in the nanoparticle

highlighted in a red circle and the enlarged area of Ru-L.
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Figure. S16 (a) STEM-HAADF of Ni@Ru/Ti0,-300; (b) the corresponding EDS mapping; (c) a
combined Ni and Ru EDS mapping; (d) the EDS line scaning of Ni and Ru element distribution in

the small nanoparticle highlighted in the red circle.
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Figure. S17 (a) STEM-HAADF of Ni@Ru/Ti0O,-500; (b) the corresponding EDS mapping; (c) a
combined Ni and Ru EDS mapping; (e) the original spectrum of the EDS in the nanoparticle
highlighted in a red circle and the corresponding enlarged area of Ru-L; (f) the corresponding
empirical modelled spectrum of the EDS based on the Ni metal density in the nanoparticle

highlighted in a red circle and the enlarged area of Ru-L.



a) | ruad b) | nizp ) 1" c) | rize R
) NsuRufTiD,-BUD ) Ni(OH), i ) NiRu/TiO,-300 3
Ni 2p,,, sat )
Ti2p,, TiO,
Ti 2p sat
; ‘; [ ‘;
@ @ | NiRwTiO-300 i ]
> T T T T T T = . - - - + = ——
@ | rRu3d @ | Ni2p i @ | Tizp Ti2py,
S | NiRuTiOz-500 H Ni(OH), __ NiZpy, 1! S | MiRwTIO,-500
£ = Ni 2p,, sat " = Tio,
= = NiO || -
Ti 2p sat
NiRW/TiO,-500 "
m
292 290 288 286 284 282 280 278 867 864 861 858 855 852 849 472 470 468 466 464 462 480 458 456 454
Binding Energy/ eV Binding Energy/ eV Binding Energy/ eV

Figure. S18 (a) the C 1s and Ru 3d XPS results of NiRu/TiO,-300 and NiRu/TiO,-500; (b) the Ni
2p XPS results of NiRu/Ti0,-300 and NiRu/Ti0,-500; (c) the Ti 2p XPS results of NiRuw/Ti0,-300

and NiRu/Ti0,-500.
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Figure. S19 (a) the C 1s and Ru 3d XPS results of Ni@Ru/Ti0,-300 and Ni@Ru/Ti0,-500; (b) the

Ni 2p XPS results of Ni@Ruw/TiO,-300 and Ni@Ru/TiO,-500; (c) the Ti 2p XPS results of

Ni@Ru/Ti0,-300 and Ni@Ru/Ti0,-500.
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Figure. S20 The transition-state in-sitt DRIFTS of Ru@Ni/TiO,-300 and the corresponding
magnify area of *CO in the procedure of: (b) CO, adsorption-1%; (¢) H, reduction; (d) CO,

adsorption-2n9,
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Figure. S21 The transition-state in-sitt DRIFTS of Ru@Ni/TiO,-500 and the corresponding
magnify area of *CO in the procedure of: (b) CO, adsorption-1%; (c¢) H, reduction; (d) CO,

adsorption-2n9,
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Figure. S22 The transition-state in-situ DRIFTS of (a) Ru/TiO; and (b) Ni/TiO,. Transition-state in-

situ DRIFTS experiments are conducted by alternatively switching the adsorption gas three times

to first 5% CO; in N, then 20% H, in N, and finally 5% CO, in N, again under the temperature at

300 °C

As reference, the transition-state experiments are also conducted on Ru/TiO, and Ni/TiO, (Fig.

S22). It is revealed that only Ru atoms can directly dissociate CO, to *CO species even without

hydrogen. But both Ru and Ni atoms can dissociate H,. And the H; spillover phenomenon can be

observed on Ni/TiO,.
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Figure. S23 3D graphs of the absorption intensity in transition-state in-situ DRIFTS experiments on
pure anatase-TiO, support. Transition-state in-situ DRIFTS experiments are conducted by
alternatively switching the adsorption gas three times to first 5%CO; in N, then 20% H, in N,, and

finally 5% CO; in N, again under the temperature at 300 °C
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Figure. S24 3D graphs of the absorption intensity in transition-state in-situ DRIFTS experiments

on (a) Ru/TiO, and (b) Ni/TiO,. Transition-state in-situ DRIFTS experiments are conducted by



alternatively switching the adsorption gas three times to first 5%CO; in N, then 20% H; in N,

and finally 5% CO; in N, again under the temperature at 300 °C



Table S1. The Ni (111) 2 & angle, corresponding interplanar distance d;11y, and lattice parameter a

determined by XRD characterization

Sample 20 d (111) -spacing a*

NiRu/Ti0,-300 44.59 2.032 3.520
NiRu/Ti0,-500 44.48 2.036 3.522
Ni@Ru/Ti0,-300 44.56 2.033 3.521
Ni@Ru/Ti0,-500 44.48 2.036 3.522
Ru@Ni/Ti0,-300 44.53 2.035 3.521
Ru@Ni/Ti0,-500 44.48 2.036 3.522
Ni (JCPDS 004-0850) 44.78 2.02 3.494

* As Ni and the Ni-Ru solid solution in our study have face-centred cubic crystalline structures [1],
the lattice parameter a and interplanar distance dy for the (hkl) planes meet the following

relationship[2]:

a

NIy

d=

Where, d is the lattice distance, a is the lattice constant, hkl is the Miller index.



Table. S2 Infrared band assignments of the surface species for CO, adsorption and hydrogenation.

Frequency (cm™)

CO, CO, CO, CO,
Surface CO,
CO, adsorption on | adsorption on | adsorption | adsorption Ref.
species adsorption
hydrogenation | Ru@Ni/TiO, | Ru@Ni/TiO, on on
on TiO,
-300 -500 Ru/TiO, Ni/TiO,
monodentate
1430,
carbonate 1439, 1366 1485, 1370 1357 1349 1366 [3]
1372
(*COs)
bicarbonate 1615, 1615, [4,
1620 1617, 1334 1606 1615
(*HCO3) 1328 1357 5]
formate 1550, 1437, 1585, 1530,
- 1527, 1437 1516 [6]
(*COOH) 2961, 2876 1481 1432
1986,
linear *CO 1986, 2000-
2020-2010 2015 2003- - - [7]
(he) 2024
2022
bridge *CO - 1864 - 1886 - - [6]
geminal
2070 2070 2075 - - [8]
*CO (Ic)
3017, 3017, 3017,
CHy (g) 3017, 1300 3017, 1300 - [9]
1300 1300 1300
2147, 2147, 2147,
CO(g) 2174,2117 2174,2117 2147,2117 [10]
2117 2117 2117




Table S3. Ni° proportion calculation results of catalysts?.

Catalysts Ni species Peak area P(Ni%)P
Ni? 2270.93
20.5%
NiRu/TiO,-500 NiO 857.46
Ni(OH), 7471.46
Ni¢ 6294.94
27.9%
Ni@Ru/Ti0,-500 NiO 1006.73
Ni(OH), 15195.08
Ni? 3700.49
23.5%
Ru@Ni/Ti0,-500 NiO 1180.61
Ni(OH), 10858.92

a Determined from XPS measurements.

b Proportion of Ni0=Area(Ni0)/[Area(Ni0)+ Area(NiO)+ Area(Ni(OH)2)] X 100%[11].



Table S4. Surface metal concentration ratios determined by XPS results[12, 13].

Sample Ru/Ti ratio* Ru/Ni ratio* Ni/Ti ratio*
NiRu/TiO, 0.019 0.776 0.024
Ni@Ru/TiO, 0.035 0.689 0.051
Ru@Ni/TiO, 0.018 0.178 0.101

* For two elements i, j in the sample, the concentration of i and j can be calculated by the following

equation:

I.
/s

s,

J

S

Where, n; /n; is the surface concentration precent of elements i and j; I; and I; are the corresponding
peak intensity (peak area here) of elements i and j; S; and S; are the corresponding sensitivity index

of elements i and j in the XPS handbook (Swi2p (peak areay= 4-044, Sru2p (peak areay= 4.273).
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