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Figure 1 The surface of Ag(111) after depositing Cu in 1.5x
10”7 mbar O, at room temperature (RT). (a) STM image of the clean
Ag(111) surface. (b) STM image of the Ag(111) surface after depositing
Cu for 1.5min in O,. (¢) The surface of (b) after the following
deposition of Cu for 2 min in O,. (d) High-resolution STM image and
the apparent height of three dimensional islands on Ag(111). Scanning
parameters: (a, b) V,=1.0 V, I=0.1 nA; (c, d) V;=—1.1V, I=0.1 nA (color
online).
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Figure 2 Cuprous oxide structures on Ag(111) prepared by vapor deposition of Cu atoms in O, at cryogenic temperatures. (a) and (d) correspond to
the sample surfaces prepared by depositing Cu in 1.5%x10” mbar O, for 40 and 80 s, respectively, while Ag(111) was held at ~120 K. (b) and (e) are
STM images of the surfaces (a) and (d) after the annealing at 350 K in UHV. (c) and (f) give atomic resolution STM images of the cuprous oxides in (b)
and (e). The Cu lattice of the cuprous oxide exhibits the triangle-stacking kagomé structure. The monolayer cuprous oxide displays an O—Cu—O trilayer
structure with the Cu plane in between the upper O (Oy) and lower O (Oy) planes, similar to that of the Cu,O(111) surface (g). But, unlike the Cu,O
(111) surface (g), the monolayer cuprous oxide (h) does not have dangling Cu atoms in the center of the hexagonal ring. The oxide surface contains also
“5-7” defects and the corresponding structural model is displayed in (h). Blue, pink and yellow balls represent Cu atoms, O atoms in upper layer and in
lower layer, respectively. Yellow and red shaded areas mark the five- and seven-membered rings. (i) The structural model of the zig-zag edges of
cuprous oxides. Scanning parameters: (a) V=19V, =0.1nA; (b) V=-3.0V, =5.0nA; (c) V=02V, [=l.1nA; (d) V=05V, [=0.2 nA,
(e, f) V=-2.0V, I=0.1 nA (color online).
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Figure 3 The growth of cuprous oxide structure on Cu(111). (a) STM
image of the Cu(111) surface after depositing Cu in 1.5% 107" mbar O, at
RT. The apparent height of the two dimensional island marked by the
white dash line is plotted in (b). (¢, d) STM images of cuprous oxide
structures on Cu(111) prepared by depositing Cu onto Cu(111) in 1.5x
107" mbar 0O, at ~120 K, which is followed by the annealing at 400 K in
UHV. (e, f) STM images of cuprous oxide structures on Cu(l11)
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and (f) give atomic resolution STM images of cuprous oxide structures
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Figure 4 Structural stability of cuprous oxide on Ag(111) and Cu(111) in UHV and the O, atmosphere. (a, b) STM images of cuprous oxides on Au
(111) after the annealing at 600 and 700 K in UHV. (c¢) High-resolution STM image of the cuprous oxide surface in (b). (d) STM image of the surface of
cuprous oxides on Ag(111) after the annealing in 5 x107* mbar 0O, at 400 K. (e, f) STM images of the surfaces of cuprous oxides on Cu(111) after the
annealing in 5x 107" mbar 0O, (e) and 2x 107° mbar 0O, (f) at 400 K, respectively. Scanning parameters: (a) V;=2.1 V, [=45 pA; (b) V;=2.3 V, I=70 pA; (c)

V=11V, I=0.1 nA; (d) V,=—1.2 V, I=0.1 nA; () V;=—1.2 V, [=0.3 nA; (f) ¥,=—0.2 V, I=0.2 nA (color online).

AR UTRACu R F ] WS 3] — 44 J8 Culy fECu(111)F
SMEMEREZAEK. SAg DR, L
B 8 P e LB IR VTR AR, (EA2Cu(11D R —
geculyAK, Box T Cu(111)EH 5 Culf 2 17 5 55
PSR . Cu(111)ZR I Y — 4 S0 T4 25 4 ] S ik
R B B AL i 4, L AR th EL 2
THEHCACH0, 451, (H2& W T EH KESS-7 6
SEH, BARRPUNKFETCT S5, Ag(11D)FEIH ICu,0,
M AE 7 A% 600 KGR K ER7ES5 %107 mbar&/< T

%k

400 KBk, T 4EFRIg 53R 254 1k Hzig-zag st H e i
AN, FERB R LS T700 KIB KM 21E/#% 2 Ag(11D) B Frid g
Cu;0,71. VERRTEL, Cu(111)FH KA Cu,0,
ZERIZEA00 Ky 107° mbar /<R I 22 B Cu ) 2 i A 4L
RE KK, HBHE AL 4478038297 - A Ak T4
SEF. BRSNS E, AR SO R T 4R £ R AT T
RS2 SRR R RS, PRIARRE RO T 4
J& -4 A ST AR B AL A B 1) % 70, ot —2D
TRR e AR A R B A 2 1 o 25 T Sk

1 Novoselov KS, Jiang D, Schedin F, Booth TJ, Khotkevich VV, Morozov SV, Geim AK. Proc Natl Acad Sci USA, 2005, 102: 10451-10453
2 Butler SZ, Hollen SM, Cao L, Cui Y, Gupta JA, Gutiérrez HR, Heinz TF, Hong SS, Huang J, Ismach AF, Johnston-Halperin E, Kuno M,
Plashnitsa VV, Robinson RD, Ruoff RS, Salahuddin S, Shan J, Shi L, Spencer MG, Terrones M, Windl W, Goldberger JE. ACS Nano, 2013, 7:

2898-2926

Fu Q, Li WX, Yao Y, Liu H, Su HY, Ma D, Gu XK, Chen L, Wang Z, Zhang H, Wang B, Bao X. Science, 2010, 328: 1141-1144
4 Bersuker G, Mckenna K, Shluger A. Silica and high-k dielectric thin films in microelectronics. In: Oxide Ultrathin Films. Hoboken: Wiley-VCH

561


https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1021/nn400280c
https://doi.org/10.1126/science.1188267

PR KA F R ) — R R R 25

Verlag GmbH & Co. KGaA, 2011. 101-118
5 Dou ZY, Lv YF, Song CL, Ma XC, Xue QK. Sci Sin-Phys Mech Astron, 2018, 48: 087404
6 Cabrera N, Mott NF. Rep Prog Phys, 1949, 12: 163-184
7 Zavabeti A, Ou JZ, Carey BJ, Syed N, Orrell-Trigg R, Mayes ELH, Xu C, Kavehei O, O’Mullane AP, Kaner RB, Kalantar-Zadeh K, Daeneke T.
Science, 2017, 358: 332-335
8 Tauster SJ, Fung SC, Garten RL. J Am Chem Soc, 1978, 100: 170-175
9 Liu X, Wang A, Li L, Zhang T, Mou CY, Lee JF. J Catal, 2011, 278: 288-296
10 Tusche C, Meyerheim HL, Kirschner J. Phys Rev Lett, 2007, 99: 026102
11 Lunkenbein T, Schumann J, Behrens M, Schlogl R, Willinger MG. Angew Chem, 2015, 127: 4627-4631
12 Baber AE, Xu F, Dvorak F, Mudiyanselage K, Soldemo M, Weissenrieder J, Senanayake SD, Sadowski JT, Rodriguez JA, Matolin V, White MG,
Stacchiola DJ. J Am Chem Soc, 2013, 135: 1678116784
13 Ratnasamy C, Wagner JP. Catal Rev, 2009, 51: 325-440
14 Kattel S, Ramirez PJ, Chen JG, Rodriguez JA, Liu P. Science, 2017, 355: 1296-1299
15 Zhao G, Yang F, Chen Z, Liu Q, Ji Y, Zhang Y, Niu Z, Mao J, Bao X, Hu P, Li Y. Nat Commun, 2017, 8: 14039
16 Striter H, Fedderwitz H, Grof8 B, Nilius N. J Phys Chem C, 2015, 119: 5975-5981
17 Bocquet F, Maurel C, Roussel JM, Abel M, Koudia M, Porte L. Phys Rev B, 2005, 71: 075405
18 Layson AR, Evans JW, Thiel PA. Phys Rev B, 2002, 65: 193409
19 Wang E. Prog Phys, 2003, 23: 145-191 (in Chinese) [ & . #3243k, 2003, 23: 145-191]
20 Yang F, Choi YM, Liu P, Hrbek J, Rodriguez JA. J Phys Chem C, 2010, 114: 17042—17050
21 Yang F, Choi YM, Liu P, Stacchiola D, Hrbek J, Rodriguez JA. J Am Chem Soc, 2011, 133: 11474-11477
22 Matencio S, Barrena E, Ocal C. Phys Chem Chem Phys, 2016, 18: 33303-33309
23 Besenbacher F, Nerskov JK. Prog Surf Sci, 1993, 44: 5-66
24 Liu Q, Han N, Zhang S, Zhao J, Yang F, Bao X. Nano Res, 2018, 11: 5957-5967
25 Moller C, Fedderwitz H, Noguera C, Goniakowski J, Nilius N. Phys Chem Chem Phys, 2018, 20: 5636-5643
26 Matsumoto T, Bennett RA, Stone P, Yamada T, Domen K, Bowker M. Surf Sci, 2001, 471: 225-245
27 Therrien AJ, Zhang R, Lucci FR, Marcinkowski MD, Hensley A, McEwen JS, Sykes ECH. J Phys Chem C, 2016, 120: 10879—-10886
28 Therrien AJ, Hensley AJR, Marcinkowski MD, Zhang R, Lucci FR, Coughlin B, Schilling AC, McEwen JS, Sykes ECH. Nat Catal, 2018, 1:
192-198

562


https://doi.org/10.1360/SSPMA2018-00062
https://doi.org/10.1088/0034-4885/12/1/308
https://doi.org/10.1126/science.aao4249
https://doi.org/10.1021/ja00469a029
https://doi.org/10.1016/j.jcat.2010.12.016
https://doi.org/10.1103/PhysRevLett.99.026102
https://doi.org/10.1002/ange.201411581
https://doi.org/10.1021/ja408506y
https://doi.org/10.1080/01614940903048661
https://doi.org/10.1126/science.aal3573
https://doi.org/10.1038/ncomms14039
https://doi.org/10.1021/jp511327h
https://doi.org/10.1103/PhysRevB.71.075405
https://doi.org/10.1103/PhysRevB.65.193409
https://doi.org/10.1021/jp1029079
https://doi.org/10.1021/ja204652v
https://doi.org/10.1039/C6CP07134A
https://doi.org/10.1016/0079-6816(93)90006-H
https://doi.org/10.1007/s12274-018-2109-6
https://doi.org/10.1039/c7cp08387d
https://doi.org/10.1016/S0039-6028(00)00918-3
https://doi.org/10.1021/acs.jpcc.6b01284
https://doi.org/10.1038/s41929-018-0028-2

REFR: b 2019 H49%F B3 M

Interface-controlled two-dimensional cuprous oxide structures

Qingfei Liu'?, Wugen Huangl’z, Fan Yangl*, Xinhe Bao'

! State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China

? University of Chinese Academy of Sciences, Beijing 100049, China

*Corresponding author (email: fyang@dicp.ac.cn)

Abstract: The synthesis, structures and properties of two-dimensional oxides have great fundamental significance and
application potentials for the fields of catalysis, electronic devices and superconductors. In this article, the growth and
synthesis of two-dimensional cuprous oxide were investigated on the surfaces of Ag(111) and Cu(111) single crystals.
The structures of these two-dimensional cuprous oxides were characterized at the atomic scale using scanning tunneling
microscopy in ultrahigh vacuum (UHV). On Ag(111), two-dimensional cuprous oxide nanostructures exhibit an ordered
honeycomb structure with the lattice distance between six-membered rings at ~6.0 A and the stoichiometry of Cu;0,.
The hexagonal lattice of Cu;0, also contains a small amount of “5-7” defect structure. In comparison, two-dimensional
cuprous oxide nanostructures on Cu(111) also exhibit the stoichiometry of Cu;0,, but their surfaces are dominated by
the large number of “5-7” defect structure. As a result, their surface lattice does not display the long-range order. Two-
dimensional Cu;0, nanostructures on Ag(111), as well as their zig-zag edges, could remain stable in 10"° mbar 0, at
400 K or in UHV at 700 K. Under similar oxidation conditions, the Cu;0, structure without long-range order would
grow on Cu(111), due to the continuous oxidation of the exposed Cu surface. The oxidation of the Cu;0, structure on Cu
(111) eventually leads to the formation of the ordered “44”- or “29”-cuprous oxide structure. The comparison of the
structure and stability of two-dimensional cuprous oxide on Ag(111) and Cu(111) thus demonstrated that the properties
of two-dimensional cuprous oxide could be determined by the interfacial interaction. Our study provides not only a
method for the preparation of model catalysts for the interfaces between metal and cuprous oxide, but also a pathway for
further exploration of the physical and chemical properties of two-dimensional cuprous oxides.

Keywords: Cu;0,, interfaces between metal and cuprous oxide, scanning tunneling microscopy
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