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RESULTS AND DISCUSSIONS

As reported in Figure S1, the main patterns observed in four class of materials
correspond to the (111), (200), (220), (311), and (222) planes of a pure cubic fluorite
structure of ceria (space group Fm3m) as identified in line with JCPDS 34-0394.
Noticeably, the reflection profiles vary as the shape of the nanoceria changing due to
the texturization. For nanorods, the intensity ratio calculated using maximum height of
the peak between diffractions of (220) and (200) increases from ~1.7 (a reference value
for the bulk ceria) to a value of ~1.9. This rise illustrates that CeO,-NR may grow along
the [220] axis. Moreover, the calculated lattice parameters of conventional samples

(Table S1) agree with that reported for bulk ceria (0.5411 nm), whereas shape-
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controlled nanocerias display slightly lower value, which is associated with grain
surface relaxation of small nanoparticles.! This is further confirmed by the average
crystalline sizes determined from the reflections of (111) based on Scherrer equation
(Table S1). HRTEM images were also collected on all nanomaterials to characterize
the average size and shape. Figure 1A, exhibits the obvious aggregation of particles in
Ce0,-CV with the size of ~24 nm, while ceria nanopolyhedron consists of uniform
particles with a narrow size distribution in the range 9-15 nm; most of them are ~13
nm in Figure 1B. Furthermore, clear lattice fringes with interplanar spacing of 0.31 and
0.27 nm are observed in both samples, implying CeO,-CV and CeO,-NP are preferred
to expose (111) and (200) facet. Also in this case, it is interesting to note from SAED
that CeO,-NP is of single-crystalline nature different from CeO,-CV as polycrystalline,
as shown in Figure 1A; and B;. For the cube-like CeO, (Figure 1C), it is composed by
nanocubes with a basically homogeneous particle size distribution (13-27 nm). The
corresponding magnified image (Figure 1C,) presents the lattice spacing of 0.27 nm,
revealing that only (200) facet exists in the CeO,-NCs. Figure 1D displays a well-
distributed nanorods with the diameter of 15 nm but a wide distribution of length
varying between 7 and 33 nm. In this case, a domain oriented along the [110] direction
is monitored with the corresponding (220) planes of ceria. The above conclusion is in

conformance with XRD analysis.
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Figure S1. XRD of (a) polycrystalline conventional CeO, (CV), (b) nanopolyhedron CeO, (NP), (¢)
nanocube CeO, (NC) and (d) nanorod CeO, (NR).

Table S1 Properties of CeO, supports with different facets



Supports Ce0O,-CV CeO,-NP CeO,-NC CeO,-NR

Particle size (nm) ? 24.4 13.2 19.8 15.0
Particle size (nm) ® 31.7 17.8 33.8 16.5
Lattice parameters (nm)® 0.5411 0.5408 0.5409 0.5409
BET surface area (m? g!) 68 61 43 79
Pore volume (cm?/g) 0.20 0.12 0.14 0.28
Pore size (nm) 9.8 6.9 10.0 10.8
2 Determined by HRTEM. b Calculated based on (111) facet in XRD result.
Ce(02-NC - Ce02-CV
3 - 3
2 2
£ 2 2 E
: ~ : m 1
- =
RT (120 min) j \
3000 2900 2800 0 1o 1w %0 3000 200 2800 Tho 10 10 st
Wavenumber (cm") Wavenumber (cm'l)
2
~ | CeO2-NR o ~ | CeO2-NP -
= a = W
g = & s
z Ey 2
Z |120°c H =
z \sz}me-mm—’\’__— E K 129
.\.J\f-\_.f,\/\ ART (120 mighy
3000 2000 2800 T oo 1o s00 3000 200 28w [T RT TR,
Wavenumber (cm’) Wavenumber (cm’

Figure S2. IR spectra of methanol desorption on ceria at room temperature and 120°C.
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Figure S3. Raman spectra following methanol adsorption and desorption on ceria at room temperature

and 120°C.

As in Figure S4, the morphology for these four substrates was well preserved after
the incorporation of active species. Random selection of 200 particles in different
regions (Figure S4 insets) are carried out to measure the mean size and distribution. For
Ni-Cu/CeO,-NP, the average size is found to be 2.6 nm, which is smaller than those of
Ni-Cu/Ce0O,-CV (4.3 nm), while the average sizes observed in Ni-Cu/CeO,-NC and
Ni-Cu/CeO,-NR are quite close, ~3.5 nm. Additionally, the metal dispersion of all
catalysts was surveyed by CO-chemisorption, although the stoichiometric ratio of
M/CO is complicate and controversial. However in our system, CO/M=1:1 is assumed
based on the studies. >* The obtained data summarized in Table S2 clearly display the
sequence as follow: Ni-Cu/CeO,-NP>Ni-Cu/CeO,-NC>Ni-Cu/CeO,-NR>Ni-
Cu/Ce0O,-CV, which is consistent with the trends from HRTEM analysis. By closely
magnifying the TEM images, the direct connection of a quantity of metal nanoparticles

in the truncated octahedral at the edge of the nanopolyhedron CeO, is noticed.

d=26:0.4 nm

G d=3.5:08 nm

Figure S4. HRTEM of (A) Ni-Cu/Ce0,-CV, (B) Ni-Cu/CeO,-NP, (C) Ni-Cu/CeO,-NC, (D) Ni-
Cu/Ce0O,-NR and the distribution of particle size in the inset.

Table S2 Properties of Ni-Cu/CeO, catalysts with different facets and quantitative analyses for Ni-Ni
contributions to the EXAFS data ¢

Ni-Cu/CeO, Ni-Cu/CeO, Ni-Cu/CeO,  Ni-Cu/CeO,

Samples
-CV -NP -NC -NR
Ni loading (wt. %) 4.7 4.7 4.7 4.8
Cu loading (wt. %) 4.4 4.9 4.8 4.7




Dispersion (%)? 20.4 33.8 26.7 25.1

Dispersion (%)° 21.5 35.1 27.8 27.3
TOF (s')e 0.0016 0.0070 0.0058 0.0036
CN¢ 8.0+0.9 7.6%1.1 8.5+1.4 8.1+1.2
Re (A) 2.50 2.54 2.51 2.52
=f 0.0039 0.0057 0.0081 0.0063
2 Determined by HRTEM. b Determined by CO pulse.
¢ TOF value estimated at 30°C in the gas reaction. 4 Coordination number (N).
¢ Atomic distance (r). fDebye-Waller factor (o).

N1 foil is used as reference with the coordination number of 12 and atomic distance of 2.49 A
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Figure S5 Variation of the position diffraction peak for CeO,-CV, CeO,-NP, CeO,-NC and CeO,-NR

supported Ni-Cu catalysts. Error bars represent the standard deviation of five measurements.

Table S3 Ni-Cu/CeO,-C500 precursors with different facets and quantitative analyses for Ni-O
contributions to the EXAFS data f

Ni-Cu/CeO,-  Ni-Cu/Ce0,- Ni-Cu/CeO,- Ni-Cu/CeO,-

Precursors CV-C500 NP-C500 NC-C500 NR-C500
Lattice parameters (nm) ? 0.5410+0.0002  0.5407+0.0002  0.5400+0.0003  0.5404+0.0002
BET surface area (m? g'!)° 59 53 36 60
Pore volume (cm?/g) 0.18 0.09 0.14 0.17
Pore size (nm) 9.2 4.5 15.7 7.7
CNe - 6.1+0.4 5.6+0.7 -
RY(A) - 2.11 2.15 -
o - 0.0073 0.0051 -




a4 Calculated based on (111) facet in XRD result. b Determined by BET.
¢ Coordination number (N). d Atomic distance (T). ¢ Debye-Waller factor (o).

fNiO is used as reference with the coordination number of 6 and atomic distance of 2.08 A
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Figure S7 The observed variation of lattice parameter for (a) CeO,-CV, (b) CeO,-NP, (c) CeO,-NC, (d)
Ce0,-NR, (e) Ni-Cu/Ce0,-CV-C500, (f) Ni-Cu/Ce0,-NP-C500, (g) Ni-Cu/CeO,-NC-C500 and (h) Ni-

Cu/Ce0,-NR-C500. Error bars represent the estimated standard deviations of the experimental values.
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Figure S8 The deconvolution of the TPR profiles over NiCu samples

Table S4 hydrogen consumption of NiCu samples derived from TPR

Samples Moles of consumed H, (umol Hy,/g)




Zone 1 Zone 2 Zone 3
Total

Peak 1+2 Peak 3+4 Peak 5
NiCu/CeO,-CV-Pre 654 745 148 1547
NiCu/CeO,-NP-Pre 670 800 392 1862
NiCu/CeO,-NC-Pre 633 713 254 1600
NiCu/CeO,-NR-Pre 585 648 337 1570

XPS peaks (Figure S9A) of all the Cu containing catalysts centred at ca. 932.7 eV
is owing to Cu (0) species, and the peak at 935.2 eV corresponds to Cu?* species with
the associated shakeup satellite peak at 942.6 eV. The Cu™ peak is not included in this
analysis due to overlap with the position of Cu®. For the monometallic Cu catalysts, we
observe that the binding energy (BE) of Cu®, with respect to Cu metal (932.9 eV), shifts
to lower BE, which is likely driven by charge transfer from Ce3" to Cu, indicating an
interaction of CeO, support with metal. Moreover, Ni XPS spectra of all the relative
catalysts is given with three peaks between 852.2 and 853.0 eV, 853.5 and 854.0 eV,
854.6 and 854.9 eV that are assigned to metallic Ni°, the interacted NiO with support,
and NiO, respectively. By analysis of Ni 2p spectra of monometallic material (Figure
S9B), the shift to lower binding energies for Ni® 2ps/, peaks is in the order Ni-Cu/CeO,-
NP> Ni-Cu/CeO,-NC> Ni-Cu/Ce0,-NR= Ni-Cu/Ce0,-CV, resulting from the
proverbial interactions between Ni and CeO, caused by charge transfer from reducible

Ce species to Ni d-states.
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Figure S9. XPS spectra of (A) Cu 2p over (a) Cu/Ce0,-CV, (b) Cu/Ce0,-NP, (¢) Cu/CeO,-NC and (d)
Cu/Ce0,-NR; (B) Ni 2p 3/2 over (a) Ni/CeO,-CV, (b) Ni/CeO,-NP, (c¢) Ni/CeO,-NC and (d) Ni/CeO,-
NR.
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Figure S10. XPS spectra of Cu 2p over (a) Ni-Cu/Ce0,-CV, (b) Ni-Cu/CeO,-NP, (c) Ni-Cu/CeO,-NC
and (d) Ni-Cu/CeO,-NR

To further understand the interaction between metal and support, the Raman spectra
of catalysts was also determined (Figure S11B). The relative intensity of I(D)/I(F,) is
somewhat higher in all the catalysts in comparison to the pristine CeO, (Figure S11A).
More interestingly, a significant increase occurs for the Ip/Ir, value in the case of Ni-
Cu/Ce0,-NP samples, much superior to CeO,-NC, CeO,-NR, and CeO,-CV supported
Ni-Cu catalysts, whereas it shows lower ratio of Ip/I,, in the support. This indicates
the vital role of reduction process and metal inducement in the formation of oxygen
vacancies. Similarly, Positron annihilation spectroscopy also provide the same trend of
the oxygen vacancies as Raman measurement. In comparison with that of pure ceria
(Table S5), the I,/1; ratio in Table S6 on behalf of the relative concentration of oxygen
vacancy increases in the order of Ni-Cu/CeO,-NP (1.30)> Ni-Cu/CeO,-NR (0.99)> Ni-
Cu/Ce0O,-NC (0.82)> Ni-Cu/CeO,-CV (0.74). The data imply that the Ni-Cu species
with atomically arranged Ni and Cu in the sense of nanopolyhedron enhances the
reduction degree of CeO,-NPs, favour to the production of abundant surface defects, in

comparison with Ni-Cu/CeO,-NRs and Ni-Cu/CeO,-NCs.
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Figure S11. Raman of (A) (a) CeO,-CV, (b) CeO,-NP, (c) CeO,-NC, (d) CeO,-NR and (B) the

corresponding catalysts.

Table S5 Positron lifetimes and relative intensities of the supports.

Samples Ce0,-CV CeO,-NP Ce0,-NC Ce0O,-NR
712 (ps) 172.9 162.0 180.7 189.7
11 (%) 59.8 64.7 53.1 65.6
T2 (ps) 326.2 3184 3480 397.0
12 (%) 31.7 37.5 35.0 46.6
73 (ns) 2.55 2.40 2.89 3.05
13 (%) 2.3 2.6 2.1 22

2m 0.53 0.58 0.66 0.71

Table S6 Positron lifetimes and relative intensities of the catalysts.

Samples Ni-Cu/Ce0,-CV  Ni-Cu/CeO,-NP  Ni-Cu/CeO,-NC  Ni-Cu/CeO,-NR
71 (ps) 185.3 182.9 182.9 191.7
11 (%) 56.5 42.9 53.7 49.2
72 (ps) 392.4 395.8 390.0 402.1
12 (%) 413 54.6 44.2 48.8
73 (ns) 2.65 2.45 2.97 3.14
13 (%) 2.1 2.5 2.1 2.0
2/m 0.74 1.30 0.82 0.99

2 the shortest-lived one (t1) arising from small neutral Ce’*-oxygen vacancy, mainly exist in the

bulk section.

b the intermediate components 2 is probably caused by larger-size defective sites (i.e., dimmers or

larger).

¢ the longest component (13) is attributed to the annihilation of ortho-positronium atoms produced

in the large voids of the material.

11
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Figure S12. Cu K-edge XANES spectra over NiCu materials.

Figure S13. XRD profiles of CeO,-NP supported bimetallic Ni-Ga, Ni-Co, Cu-Ga and Cu-
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Figure S14. Conversion of (A) Ni-Cu catalysts (B) pristine CeO, after 5 h time on stream.

Mass and Heat Transfer Calculations for acetylene hydrogenation on Ni-Cu/CeO,

catalysts.
(T=373K, acetylene conversion ~100%, P =1 bar)

Mears Criterion for External Diffusion (Fogler, p841; Mears, 1971)

-1, pyRn

If <0.15, then external mass transfer effects can be neglected.

o
—r,' =reaction rate, kmol/kg-cat-s
n = reaction order
R = catalyst particle radius, m
pp = bulk density of catalyst bed, kg/m3
p. = solid catalyst density, kg/m?
Cap = bulk gas concentration of A, kmol/m?
k. = mass transfer coefficient, m/s
Sherwood number (Sh) = kc(2R;,)/Dag

Sh =2+0.6Re!’2Sc!3

Reynolds number (Re) = 2U-R-p/u (where U is superficial velocity in m/s, p is the
density of the reactant mixture fluid, estimated using C,H,/N, at 373K, p is the viscosity
of the reactant mixture fluid, estimated using C,H,/N; at 373K)

13



Schmidt number (Sc) = Wp-Dag

Dag = 18.583T!13[(M+M,)/M1M;]%/P-61,>Q (where Dap is gas-phase diffusivity in
m?/s, T is temperature in K, M is the molecular mass in kg/kmol, P is the pressure in

bar, Q is collision integral, 6, is constant of Lennard-Jones potential energy function.

—7,' p,Rn

L= [4.13x10 kmol/kg:s] [278 kg/m?] [1.5x10° m] [0.6] / ([3.94 m/s] [6.65
¢~ 4b

x 10 kmol/m3])=3.9x10-7<0.15 {Mears for External Diffusion}

Weisz-Prater Criterion for Internal Diffusion (Fogler, p839)

' 2
-r A(obs) pcR

If Cpp = <1, then internal mass transfer effects can be neglected.

e“ s
-’ A(obs) = Observed reaction rate, kmol/kg-cat-s

R = catalyst particle radius, m

p. = solid catalyst density, kg/m?;

D, = effective gas-phase diffusivity, m?/s [Fogler, p815]

D, ¢ 0
AB
=22 ° where
.

Dp = gas-phase diffusivity m?/s; ¢,= pellet porosity; o, =constriction factor;

7 =tortuosity.

Cas = gas concentration of A at the catalyst surface, kmol-A/m?

-7 R?
Cpp = /;)Lép“= [4.13x10° kmol/kg-s] [722 kg/m3] [1.5x10°° m]? / ([8.36 x 10~
e~ As
9 m/s] [6.65 x 10 kmol/m?®]) =1.2 x 103< 1

{Weisz-Prater Criterion for Internal Diffusion}

Mears Criterion for External (Interphase) Heat Transfer (Fogler, p842)

14



—AH, (—r,)p,RE|
hT,R,

<0.15

Nusselt number (Nu) = 2 + 0.6Re!2Sc¢!3
Nu = h(2R,)/A

[176 kJ/mol x4.13x10-3 mol/kg's x278 kg/m3x1.5 x 10 m x30 kJ/mol] / [22.4
kJ/m?-K-sx3732 K2x 8.314 x103 kJ/mol-K] = 3.8x10-< 0.15 {Mears Criterion for
External (Interphase) Heat Transfer}

Mears Criterion for Combined Interphase and Intraparticle Heat and Mass

Transport (Mears, 1971)

-r', R’ 1+0.337y
<
CyD. |n—7,B1+0.33n0)

E E ﬂb:(_AHry)eCAb, X:(_AH,’)_F'AR. a):_}"'AR

=T
RgTs RgT;) 2”]-}7 hth chAb

/4

2 b

y = Arrhenius number; S, = heat generation function;
A = catalyst thermal conductivity, W/m-K;
x = Damkohler number for interphase heat transport

@ = Damkd&hler number for interphase mass transport

—7" R?

C}’ﬁ# =[4.13x10% kmol/kg's x (1.5x10°)> m?]/[ 6.65 x 10-* kmol/m? x 8.36x10"
Abe

m?/s]=1.7x 10-< 1.67 {Mears Criterion for Interphase and Intraparticle Heat

and Mass Transport}

Table S7 Parameters used in the Mears criterion and Weisz-Prater Criterion for estimating mass and

heat transferlimitations in semi-hydrogenation of acetylene

Parameters Value

Reaction rate at 373 K:-ry(kmol/kg.,s) ~4.13-10¢

15



Density of catalyst: p.(Kg/m?)

Catalyst bed density: py(Kg/m?)

Radius of catalyst: R(m)

Radius of quartz tube: r(m)

Reaction order: nicom)

Bulk gas concentration of C,H, at 373 K: C,p, (kmol/m?)
Viscosity of the reactant at 373 K: (uC,Hy)/ (uUN;)(Pa-s)
Viscosity of the reactant mixture fluid at 373 K: p (Pa-s)?
Density of reactant mixture fluid at 373 K:p (Kg/m?)®
Re

Sc

Sh

Gas-phase diffusivity: D, (m?/s)

Mass transfer coefficient: k; (m/s)

Effective gas-phase diffusivity: D, (m?/s)

Heat of reaction: AHr (kJ/mol)

Activation energy: E (kJ/mol)

Thermal conductivity at 373 K: AC,H4/AN, (W/m-K)

Thermal conductivity of reactant mixture fluid at 373 K: A

(W/m-K)°
Nu

Heat transfer coefficient: h, (W/m?-K)

~722

~278

~1.50-10-6

~3.50-1073

~0.6

~6.65-10*

~1.26-105/2.10-10°

~1.47-10°

~0.94

~1.39-10

~2.78

~2.10

~5.63-10¢

~3.94

~8.36-107

~176

~30

~3.23-10%/3.15-1072

~3.20-1072

~2.10

~2.24-104

2 estimated based on Wilke formula
b estimated based on gas component

¢estimated based on Wassiljewa calculation method

Table S8 Comparison of catalytic performance over Ni-based catalysts.
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Main Conv. H,/C,H,
Catalysts Sel. (%) T (EC) P MPa)
product (%) (Alkyne/M)
Ni-Cu/CeO,-NP 100 72.7 225 0.1 4
pre-Ni-Cu/MMO* 86 61 220 0.4 2
Cu, 75NigsFed 100 80 250 0.1 3
. 6 i
NiCu/Si0, H-C=C-H 97 <40 120 4
NisZn,,’ 75 50 160 0.01 10
NiZn/MgAl,0,43 75 53 120 - 10
Ni/SiO,° 75 <40 80 - 10
Ni/Al, 0510 12 55 200 0.1 3
Ni-Cu/CeO,-NP >99 92.7 100 0.55 116
N modified Pd"! 25 98.5 30 1.05 887
NS
Bi modified Pd'? Yield 88 25 - 1300
Pd NPs!3 85 96.5 30 0.28 2700
pre-Ni-Cu/MMO# 94.3 90.7 100 0.55 53

NiCu-CeO -NP-R320

Intensity (a.u.)

i
i
i
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i
i

NiCu-CeO, -NP-R250 i
ii
T . T
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Figure S15. XRD profiles of Ni-Cu/CeO,-NP reduced at 250°C and 320°C.
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Figure S16. Catalytic behaviour of Ni-Cu/CeO,-NP reduced at 500°C and 320°C.

The adsorption isotherms of H, on this series of Ni-Cu/CeO, catalysts meets

Langmuir model, and thus these adsorption systems was fitted using linear Langmuir

isotherm.'* The correlation coefficients (R*> 0.9990) for linear Langmuir listed in

Table S9) values reflect good fitting of experimental data towards Langmuir isotherm,

which indicates that once H, molecules occupy homogeneously the sites on the surface

of adsorbent, the adsorption is terminated and as consequence the monolayer of H; is

obtained.

Quantity Adsorbed (cm‘/g)

NiCu/C e0,-CV

NiCw/CeO,-NP

NiCw/CeO,-NC

NiCw/CeO,-NR

T T T T
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Figure S17. The isotherms of H, adsorption as the function of pressure over catalysts.

Table S9 Langmuir adsorption isothermal constants, correlation coefficients and the adsorption

capacities of NiCu/CeO, samples for H, molecular.

Samples Ni-Cu/Ce0,-CV

Ni-Cu/CeO,-NP  Ni-Cu/CeO,-NC

Ni-Cu/CeO,-NR

R? 0.9829

0.9957 0.9982

0.9930
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Vi (cm3-g 1) 7.7 33.0 19.9 10.3
H/metal ratio 1.1 2.6 1.9 1.3

Total active

surface areas 13.5 58.0 34.9 18.1
2.6-1
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]
1
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Figure S18. H,-TPD of Ni-Cu/CeO,-CV, Ni-Cu/CeO,-NP, Ni-Cu/CeO,-NC and Ni-Cu/CeO,-NR.
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Figure S19. In situ C,H,-IR of CeO,-NP and CeO,-NC.
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Figure S20. Differential heat of adsorption of C,H, over Ni-Cu/CeQ; as a function of exposed facets.
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Figure S21. HRTEM images of used catalysts (A) Ni-Cu/Ce0O,-CV, (B) Ni-Cu/CeO,-NP, (C) Ni-
Cu/Ce0,-NC, (D) Ni-Cu/CeO,-NR and the distribution of particle size in the inset.
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