Supplementary Information
Fine Cubic Cu20 Nanocrystals as Highly Selective Catalyst for Propylene

Epoxidation with Molecular Oxygen

Wei Xiong!*, Xiang-Kui Gu?*, Zhenhua Zhang?, Peng Chai,' Yijing Zang,* Zongyou Yu!, Dan
Li', Hui Zhang,* Zhi Liu,*> Weixin Huang'*® *

1 Hefei National Laboratory for Physical Sciences at the Microscale, Key Laboratory of Surface
and Interface Chemistry and Energy Catalysis of Anhui Higher Education Institutes and
Department of Chemical Physics, University of Science and Technology of China, Hefei

230026, P. R. China.
2 School of Power and Mechanical Engineering, Wuhan University, Wuhan 430072, P. R. China

3 Key Laboratory of the Ministry of Education for Advanced Catalysis Materials, Zhejiang Key
Laboratory for Reactive Chemistry on Solid Surfaces, Institute of Physical Chemistry, Zhejiang
Normal University, Jinhua 321004, P. R. China.

* State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of
Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai 200050,
P. R. China.

> School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, P.
R. China.

6 Dalian National Laboratory for Clean Energy, Dalian 116023, P. R. China.

* These authors contributed equally.

*To whom correspondence should be addressed: huangwx@ustc.edu.cn (WH)



mailto:huangwx@ustc.edu.cn

a3 b3

106+12 nm

0 27+4.5 nm 30.

020 o 201

(@] (o))

g .

810 8101

& g

% 20 40 60 80  0O_ 50 100 150 200
Particle Size (nm) Particle Size (nm)

774147 nm d4%_ 439493 nm
45 <
S &30
() ()
g% 820
c j
815 8 10.
()
iy e O
O0 600 1200 1800 0 200 400 600 800
Particle Size (nm) Length of Side (nm)

Supplementary Figure 1. SEM, TEM images and size distributions of (al-3) c-Cu,0-27, (b1-3) c-
Cu,0-106, (c1-3) ¢c-Cu,0-774 and (d1-3) d-Cu,0-439.
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Supplementary Figure 2. A) C 1ls XPS spectra of as-synthesized Cu,O NCs: (a) c-Cu,0-27, (b) c-
Cu0-106, (c) c-Cuz0-774, and (d) d-Cu,0-439. C 1s XPS signals at 284.8, 288.4 eV can be ascribed

to the adventitious carbon and various types of carbonate species.
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Supplementary Figure 3. Side (a) and edge (b) view of the structure of (4x4%4)-c-Cu,0 and side
view of Cu,O(110) (¢). The orange, red, green, and blue spheres represent Cu atom, O atom, Cu atom
on the edge, and Cu atom shared by three edges, respectively. The Cu and O atoms on the edges of c-

Cu,0 NCs exhibit the same coordination structures as those on the Cu,O{110} surfaces.



Supplementary Table 1. Calculated densities of Cu(110) edge sites and their fractions related to total

surface Cu sites on various c-Cu,O NCs.

c-Cuy0-27 c-Cu,0-106 c-Cu,0-774
Fracti f Cu{l110} edge sit lated
raction of Cu{110} edge sites relate L61% 0.42% 0.06%
to total surface Cu atoms
Density of Cu(110) edge sites (g) 6.44x10'® 4.08x10"7 7.84x10"

Defining L (in nm) and a (a = 0.427 nm) as the edge length and lattice parameter of a c-Cu,O NC, the
number of CuO unit cell is (L/a)*, and each Cu,O unit cell contains 4 Cu atoms, thus the total Cu atom
number (7) of a c-Cu,O NC with an edge length of L can be calculated as:

n=a(>y (M
a

The number of Cu atoms on each edge is L/a, and 4 Cu corner atoms are shared by three edges. Thus,
the total number of Cu(110) edge sites (7cdge) Of @ c-CuO NC with an edge length of L can be calculated
as:

Nedge =12 L -8 (2
a

The number of Cu,O surface unit cell is (L/a)?, and each CuO surface unit cell contains 2 Cu atoms,
thus the Cu surface atom number of each face of a c-Cu,O NC with an edge length of L can be calculated

as 2(5)2. On each of the two basal planes of a c-Cu,O NC, the number of Cu surface atoms is 2(&)2;
on each of the two separated lateral planes (not sharing Cu atoms with each other), there are two Cu
rows shared by the basal plane, and the number of Cu surface atoms is 2(2)2 -2 é; on each of the last
two lateral planes, except for sharing two Cu rows with the basal plane, it also shares one Cu atom in

each Cu row with the two separated lateral planes, and the number of Cu surface atoms is 2(2)2 -

4% + 2. Thus, the total number of Cu surface atoms (%suuce) of @ c-CuO NC with an edge length of L

can be calculated as:

Nsurface = 12(£)2 -12 E +4 (3)
a a

Thus, the fraction (f) of Cu{110} edge sites related to total surface Cu atoms of a c-Cu,O NC with an
edge length of L can be calculated as:

f —

Nedge

4
Nsurface
The density of CuyO is 6 g/cm?, thus the particle number (N) of 1g ¢-CuO NCs with an edge length of
L can be calculated as:

N = 6—13 x10% (5)

And the density of Cu(110) edge sites (Nedge) of @ c-CurO NC with an edge length of L can be calculated

as:



L

1
Nedge = ﬁ ><1021 X (12 g — 8) (6)

For our c-Cu,O NCs with size distributions shown in Figure 1, defining i as c-Cu,O NCs with a specific
edge length, x; as the fraction of c-Cu2O NCs with a specific edge length, fi as the fraction of Cu{110}
edge sites related to total surface Cu atoms of a c-Cu,O NC with a specific edge length, and Negqe: as

the density of Cu(110) edge sites of a c-CuO NC with a specific edge length,

Then the fraction of Cu{110} edge sites related to total surface Cu sites of our c-Cu,O NCs can be
calculated as Y; x; f;
The particle number of our c-Cu,O NCs with an average edge length of L can be calculated as:

N = 6—13 x10% (7)

The density of Cu{110} edge sites of our c-Cu,O NCs can be calculated as N ¥; X; Neqge,i
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Supplementary Figure 4. In situ DRIFTS spectra of CO adsorption (Pco=250 Pa) on the Cu,O NCs

at 123 K: (a) c-Cu,0- 27, (b) ¢-Cu20-106, (c) c-Cu0-774, and (d) d-Cu,0-439.
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Supplementary Figure 5. C;Hs conversion and propylene oxide (PO), acrolein and CO; selectivities
of the C3Hg oxidation with O catalyzed by (a) c-Cu20-27, (b) c-Cu,0O-106 and (¢) c-Cu,O-774 NCs.
Reaction condition: 200 mg catalyst, 8% C3Hg and 4% O; balanced with Ar at a flow rate of 50 mL

min’!,
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Supplementary Figure 6. C;Hs reaction rate and propylene oxide (PO), acrolein and CO; selectivities

of the CsHe oxidation with O, catalyzed by d-Cu,0-493 NCs. Reaction condition: 200 mg catalyst, 8%

C3Hg and 4% O, balanced with Ar at a flow rate of 50 mL min™'.



Supplementary Figure 7. SEM, TEM, and HRTEM images of typical CuxO NCs evaluated after
propylene oxidation: (al)—(a3) c-Cux0-106 at 90 °C, (b1)—(b3) c-Cu,O-106 at 150 °C, (¢1)-(e3) c-
Cu0-774 and (d1)-(d3) d-Cu,0-439 at 210 °C. The lattice fringes of 0.30 and 0.23 nm correspond to
the spacing of the Cu,O{110} (JCPDS card No. 78-2076) and CuO{111} (JCPDS card No. 89-5899)

crystal planes, respectively.
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Supplementary Figure 8. Cu 2p XPS spectra of (a) c-Cu,0-27, (b) ¢c-Cu20-106, (¢) c-Cu,O-774 and

(d) d-Cu,0-439 NCs evaluated at different reaction temperatures.
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Supplementary Figure 9. (a) Cu 2p NAP-XPS and (b) Cu LMM NAP-AES spectra of c-Cu,0-27 NCs

under 0.6 mbar C3He+ 0.3 mbar O, at different reaction temperatures. The used photon energy is 1150

eV. Corresponding spectra under ultrahigh vacuum condition are also shown.
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Supplementary Figure 10. In situ DRIFTS spectra of CO adsorption (Pco=250 Pa) at 123 K on (a) c-

Cu0-27 and (b) c-Cux0-106 subjected to C3He oxidation reaction at different temperatures.
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Supplementary Figure 11. C3Hg reaction rate of c-Cu,O-27 and c-Cu,O-106 at different temperature

as a function of the peak area of CO adsorbed on Cu,O{110} edge sites of c-Cu,0-27 and ¢-Cu,O-106

derived from corresponding DRIFTS results.
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Supplementary Figure 12. (a) Stability of ¢c-Cu,O-27 in catalyzing CsHe oxidation with molecular
oxygen. (b) Cu 2p XPS spectra of c-Cu,O-27 after the catalytic stability test at 90 °C. (¢) C ls XPS

spectra and (d) Transmission infrared of c-Cu,O-27 before and after the catalytic stability test at 90 °C.
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Supplementary Table 2. Assignment of vibrational bands observed in the DRIFTS spectra.

Assignment Wavenumber / cm Ref.
v(CHs) in C3Hs gas 2954 2,3
v(CHs) in C3He(a)cu, CsHs(a)cu0 &
2925, 2860 4
CsHs(a)o,0
v(C-H) in HCOO(a) 2960, 2885 5
v(CHy) in CsHs(a)o 2834 6
vas(CO2(a)) 2338, 2190 7
v(C=C) in C3Hs gas & CH,=CH-CHO(a) 1652 2-4,8,9
v(C=C) in C3Hs(a)o 1608 4,10
V(C=C) in CaHs(a)cy 1590 1,11
v(C-0) in HCOO(a) 1567, 1368 4-6,
v(C=C) in CaHs(a)cu,0 & CsHs(a)o,0 1462 1
vas(C-C-C) in CsHs(a)cy 1434 1,4
8(-CHa) 1398 4,6
8(C-H) 1272, 1252 1,4
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Supplementary Table 3. Calculated barrier (E,), reaction enthalpy(AE), and Gibbs free energy change

(AG) of the key elementary steps for propylene oxidation to propylene oxide (PO) and acrolein on

Cu,0{110}.
Reaction step EJev AE /eV  AG/eV
CH;CHCH,+*— CH3;CHCH* - -0.53 -0.02
CH;CHCH *— PO*+Vo 1.48 1.28 1.41
O, +Vot*—0,%/Vo - -1.65 -0.95
02*/Vot*—0O*+0*(lattice) 0.32 -0.98 -0.92
CH;CHCH,+O*— CH3;CHCH,O* - -0.56 -0.05
CH3CHCH,O*— PO* 0.37 -0.98 -1.03
CH3CHCH,+O,+*— OOMP* - -0.34 -0.07
OOMP*+*—PO*+O* 0.68 -1.88 -1.87
CH3CHCH*+*— CH>CHCH,*+H* 0.75 -0.17 -0.05
CH,CHCH,*+0O*(lattice)y— CH,CHCHO*+H* 1.05 -0.84 -0.77
CH,CHCHO*— CH,CHCHO+*+Vo 0.96 0.96 0.48

Gibbs free energy change is calculated using equation 8.
AG = AE + AZPE -TAS (8)
The most important entropic contributions are assumed from the translational and vibrational entropies,

which are calculated at 373 K and standard pressure as an example using equations 9 and 10,

respectively.

Syans =1.5RIN(2ZMK, T)-3RInh+RIn(k, T / P)+2.5R 9)
hv o o .

Sw = RE = (@ =) ~In(l-e *1)] (10)

b
where M, R, ks, h, T, P, and v are molecular weight, ideal gas constant, Boltzmann constant, Planck

constant, temperature, pressure, and calculated vibrational frequencies, respectively.
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Supplementary Figure 13. Optimized geometries for propylene adsorption on Cu,O(110): (a) CsHs
binding to a surface Cu atom via its two carbon atoms from -CH> and -CH groups and (b) C3Hg binding
to a surface Cu and a surface O atoms via its two carbon atoms from -CH» and -CH groups. The orange,

red, gray, and blue spheres represent Cu, O, C, and H atoms, respectively.
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Supplementary Figure 14. Optimized structures of adsorbed O, (a) and the transition state of O,
dissociation (b) on perfect Cu,O(110). The orange, green, and red spheres represent Cu, O in Oz, and O

atoms, respectively.
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Supplementary Figure 15. Energy profile along with the optimized structures of intermediates and

CHZCHCH2*+H*

transition states for acrolein formation on Cu,O(110). The orange, red, gray, and blue spheres represent

Cu, O, C, and H atoms, respectively.
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