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Characterization techniques

The phase structures presented in the sample were identified by X-ray diffraction
(XRD, PANalytical X’pert) with Cu Ko radiation. N, physisorption experiments
(ASAP 2460, Micromeritics) were applied to study the textural properties of the
samples (surface area, pore size and pore volume). Inductively coupled plasma-optical
emission spectrometer (ICP-OES) was carried out on an Agilent 5110 instrument to
acquire the actual content of Ni in the sample. The Raman patterns were recorded on a
Raman spectrometer (HORIBA LabRAM HR Evolution) with a 532 nm He-Ne laser
as an excitation source.

Temperature-programmed reduction of hydrogen (H,-TPR) was performed on a
Xianquan TP-5080 adsorption apparatus. The samples (ca. 10 mg) were pretreated in
30 Nml/min N, at 300 °C for 1 h. Afterward, 10 vol % of Hy/N, (300 Nml/min) was
applied with the temperature being increased from RT to 900 °C at a rate of 10 °C
min’!.

The morphologies of the samples were evaluated via scanning electron
microscopy (SEM, Hitachi SU8220), while the elemental composition was obtained
from Energy Dispersive X-ray spectroscopy (EDX). Transmission electron
microscopy (TEM) images were recorded in a FEI TalosF200x field emission
transmission electron microscope operated at 200 kV. Typically, the powder sample
was dispersed into ethanol under ultrasonic conditions, then dropped onto the ultra-

thin carbon films and dried naturally.
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The catalytic mechanism of CO, methanation was revealed by the in situ diffuse
reflectance infrared Fourier-transform spectra (DRIFTS) experiments. The DRIFTS
tests were performed on a Thermo Scientific Nicolet 6700 Fourier transform infrared
(FT-IR) spectrometer equipped with a mercury-cadmium-tellurium A (MCT/A)
detector and a PIKE DiffusIR™ diffuse reflectance (DR) accessory. All gases used
for in situ DRIFTS experiments, i.e., He (99.9999%), H, (99.9999%), CO, (5%,
balanced with He, 99.99%), were supplied by Air Liquide, and further purified by
additional moisture traps (BMT-2, Agilent). Each gas flow rate was precisely
controlled by corresponding mass flow controller (Sevenstar), and then mixed with
other gases under a controlled composition into the sample cell. The FT-IR
spectrometer and the DR accessory were purged by N, at a typical flow rate of 10
NL/min (SLM). The DRIFT spectra were recorded from 650 to 4000 cm™ at a
resolution of 4 cm’!, and each spectrum took 32 scans to be recorded. The integrated
absorbance (A) was calculated using the Ominc software by baseline to baseline
integration of the DRIFT spectra in the specified region.

In a typical experiment, Ni/H-y-Al,O; catalyst (ca. 10 mg) was first loaded into a
cylindrical porous sample holder (4 mm 1.D.) and then placed into the sample cell,
which was subsequently sealed by a threaded stainless-steel disk installed with a KBr
window. H, flow (5 Nml/min) was introduced to the sample cell to reduce Ni/H-y-
Al,O;5 catalyst at a heating rate of 25 °C min-! to 500 °C for 2h. Then, the H, flow was
switched to He flow at 500 °C for another 2 h to remove the residual H,. Prior to

spectral acquisition, the sample cell was cooled down to the desired temperature in He
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flow (5 Nml/min) and kept for 1 h, and the background spectrum was recorded. After
switching to the gas flows (12 Nml/min) of H, (12.5 vol.%) and CO; (3.125 vol.%)
balanced with He, the DRIFT spectra were obtained every 30 s for a desired period of

time.
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Figure S2. Effect of alkalinity on the CS@y-AIOOH: (A) 0.42 mL, (B) 0.63 mL, (C)
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0.84 mL, and (D) 1.68 mL; Effect of hydrothermal time on the CS@y-AIOOH: (a) 6 h,
(b) 12 h, (c) 18 h, (d1-d2) 24 h, and (e) 36 h.

The alkalinity of solution plays an important role in AI** precipitation, which can
be afforded by the formamide (as precursor of ammonia precipitant) content. Effect of
the alkalinity on the formation of the CS@y-AIOOH was investigated (Figure S2).
Only a few y-AIOOH arrays exist on the surface of CS (Figure S2(A)) when the
formamide content is low, which suggests that weak alkalinity is not favored for AI3*
precipitation. With the increase of alkalinity, more y-AIOOH arrays are found on the
CS (Figure S2(B)). Further, y-AIOOH arrays completely cover the CS in case of
suitable alkalinity with 0.84 mL of formamide as shown in Figure S2(C). However,
when the alkalinity continues to increase, the morphology of y-AlIOOH arrays is
damaged, which may be due to the exfoliation or dissolution of y-AIOOH in strong
alkalinity. The hydrothermal time is another important factor affecting the formation
of the CS@y-AlOOH. A volcano dependence of the morphology of y-AIOOH arrays
as a function of the hydrothermal time is observed in Figure S2(a-e). The bushiest y-
AIOOH arrays are formed on the surface of CS with 24 h of hydrothermal time, which
is attributed to the most suitable alkalinity caused by formamide hydrolysis during
matched hydrothermal time. The optimal y-AIOOH skeletons are beneficial for the
highly homogeneous dispersion of Ni species in LDH by a in situ synthetic method. It
is concluded that the amount and morphology of y-AIOOH arrays are strongly
dependent on the alkalinity of solution, which is regulated by the formamide content

and time during the hydrothermal process.
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Figure S3. XRD patterns of the CS@Co-Al and CS@Cu-Al LDH samples and SEM

images of (A) CS@Co-Al LDH and (B) CS@Cu-Al LDH.
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Figure S4. XRD patterns of the Ni-Al LDO-X (X: N, S, Cl, and A) samples produced

by the different Ni salts.

Figure S5. SEM images of (A) Ni-Al LDO-N, (B) Ni-Al LDO-S, (C) Ni-Al LDO-CI,

and (D) Ni-Al LDO-A samples.

S8



—o— Ni/H-y-ALO,-TS
—o— Ni/H-y-Al,05-400-50

P > @
oD DD DR B
1

D

Volume adsorbed (cm® g, STP) >

0.2 04 0.6 0.8 10
PP,

o
o

(B) —o— Ni/H--ALO,; TS
> 4 —o— Ni/H-Al,05-400-50

dv/dD,,,,.. (cm® g nm)
o

o
24
1

%

10
Pore diameter (nm)

Figure S6. (A) N, physisorption isotherms and (B) pore size distributions of the

Ni/H-y-Al,O5-TS and Ni/H-y-Al,03-400-50 samples.
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Figure S7. Raman spectra of the Ni/H-y-Al,O;-TS and Ni/H-y-Al,05-400-50 samples.
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Figure S8. The in situ DRIFT spectra recorded in H,/CO, flow on Ni/H-y-AL,O;

catalyst at 50 °C.
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Figure S9. The in situ DRIFT spectra recorded in H,/CO, flow for 30 min on y-AL,O;

and Ni/H-y-AL,O; catalysts at 50 °C.
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Figure S10. The in situ DRIFT spectra recorded in (a) Hp/CO, flow, switched into (b)
H, flow on the Ni/H-y-Al,Oj3 catalyst at 400 °C. (c) The integrated absorbance (A4) of

related bands versus time extracted from (a) and (b).
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Table S1. Activity comparison of catalysts reported in the literature and catalysts

reported in this work

Temperature  H,/CO  GHSV  Conversion  Selectivity

Catalysts Refs
(°C) (ml/g/h) of CO, of CHy
Ni/hydroxyapatite 400 4 30000 65.0% 95.0% !
Ni/CeO, 400 4 30000 70.0% 95.0% 2
N/AL, O3 400 4 55000 77% 94.8% 3
Ni/La,0; 400 4 20000 72% 96% 4
Ni/AL,O3 400 4 9000 50% 90% 3
Ni/AL,O3 400 4 480000 60% 90% 6
10%Ni-Ce/Al,O; 400 4 15000 69.0% 97.5% 7
Ni/Mg-Al,O4 400 4 160000 65% 86% 8
Ni/zeolites 400 4 43000 65.5% 94.2% ?
Ni/ZrO, 400 4 60000 74.2% 95.0% 10
Ni/Ce0,-C0304 400 4 3600 60% 94.0% 1
This
Ni/H-y-Al,04 400 4 120000 68% 95.0%
work
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