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Cu(111), Cu(100), and Cu(110), yielded 
distinct growth results.[9–13] Recently, sci-
entists have developed advanced annealing 
techniques to produce single-crystal Cu 
from industrial Cu foils,[10] although the 
accurate control of the surface type is still 
of great challenge. To fully utilize the sur-
face-dependent activity and functionality 
of Cu foil for future industrial-level appli-
cations, it is a prerequisite to accurately 
identify the Cu surface index in large 
scale. To date, the prevailing methods to 
determine Cu surface type are mainly 
based on high-vacuum surface techniques, 
such as scanning tunneling microscope, 
low-energy electron diffraction (LEED), 
and electron backscatter diffraction.[4–14] 
Unfortunately, these techniques are all of 
low throughput and in small scale ranging 
from nanometers to millimeters. There-
fore, there is an urgent demand to develop 
a convenient method to obtain the surface 

index of Cu in large scale with high throughput.
In this work, we demonstrate an optical contrast method to 

determine the Cu surface type in scale up to meter size. After 
mildly oxidizing the Cu in hot air between 100 and 250 °C for 
a certain time (less than 3 h), different Cu surfaces show dis-
tinct colors. Detailed analysis and numerical simulations reveal 
that the color difference originates from the Cu2O thickness 
difference (the multireflection between air/Cu2O and Cu2O/Cu 
interfaces leads to different colors), which is determined by 
the surface-index-dependent oxidation barriers of Cu. The bar-
rier values of three typical surface of (111), (100), and (110) are 
further extracted from the color evolution under different tem-
peratures. Our method enables the high-throughput determina-
tion of Cu surface index and will likely accelerate the large-scale 
facet-dependent catalytic research of Cu, such as in the single-
crystal graphene and h-BN growth.

It is known that Cu foils can be gradually oxidized in air 
with mainly Cu2O on its surface (Figure 1a). This natural 
oxidation of Cu in air is pretty slow and the formation of 
Cu2O will further slowdown the oxidation.[15] To accelerate 
the oxidation process, we typically heat the Cu foil in hot air 
(100–250 °C) by oven. The formation of Cu2O on Cu surface 
can be readily verified by Raman spectroscopy and atomic force 
microscopy (AFM). We partially cover the Cu surface with 
chemical vapor deposition (CVD) grown graphene domains.[1] 
Utilizing the antioxidation capacity of graphene, graphene-
coated Cu will keep unoxidized but the bare Cu gets oxidized 
in hot air (at 200 °C for 5 min).[16,17] The Raman spectra on 
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Surface Index

Copper (Cu) has been widely used as a catalytic substrate to 
grow 2D materials, such as graphene and hexagonal boron 
nitride (h-BN).[1–11] Especially since the first successful graphene 
growth on Cu, numerous efforts have been made to the mass 
production of high-quality graphene films on single-crystal 
Cu.[9,10] It was found that different Cu surfaces, for example 
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graphene/Cu show only graphene signal, while on bare Cu 
region characteristic Cu2O peaks come up (Figure 1d).[17] Further 
AFM characterization reveals that the Cu2O/Cu region is higher 
than the graphene/Cu region by about 35 nm (Figure 1c,e),  
which is due to the smaller mass density of Cu2O to Cu. 
Previous results show that under severe oxidization at higher 
temperature, CuO might be further formed on the top of Cu2O 
layer, but in our mild oxidation condition, no CuO signal can be 
detected.[18,19]

Once the Cu2O layer is formed on Cu surface, the multire-
flection between air/Cu2O and Cu2O/Cu interfaces will lead to 
a specific color under white light illumination (Figure 1b). The 

optical contrast ( ( ) 1
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R
, where R0 is the reflected light 

intensity from the bare Cu, and R1 is that from the Cu2O/Cu) 
can be obtained by the solution of Snell’s equation.[20–24] The 
only variant is the thickness of Cu2O (d), and different d gives 
out different colors.
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Figure 1.  Oxidation of Cu surface. a) Schematic diagram of Cu oxidation process under mild circumstance. b) Schematic diagram of multireflection 
of Cu2O/Cu; n0, n1, and n2 represent the refractive index of air, Cu2O, and Cu, respectively; d refers to the thickness of Cu2O layer. c) Atomic force 
microscopic image of a Cu surface partially coated with graphene. The scale bar is 2 µm. d) Raman spectra of graphene-coated and bare Cu area, 
indicating that the oxidation products are mainly Cu2O. e) The height profile along the purple line in (c).

Figure 2.  Surface-dependent color of oxidized Cu(111) and Cu(100) surfaces. a,b) Schematic diagrams of the atomic lattice for Cu(111) and Cu(100). 
c,d) The low energy electron diffraction patterns of Cu(111) and Cu(100). e,f) Optical images of Cu(111) and Cu(100) after heating in air at 120 °C 
for 3 h. The image size of (e) and (f) is same.
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In our experiment, we choose three prevailing surfaces 
in the growth of graphene, Cu(111), Cu(100), and Cu(110) 
(Figure  2; Figure S1, Supporting Information), for demon-
stration. The atomic models and LEED patterns for Cu(111) 
and Cu(100) surfaces are shown in Figure 2a–d. After oxida-
tion under the same condition (at 120 °C for 3 h), the colors 
of Cu(111) and Cu(100) both change dramatically but are quite 
distinct with each other (Figure 2e,f). This result reveals that it 
is realistic to employ the optical color to distinguish different 
type of Cu surfaces.

To have a more quantitative understanding of the relation 
between color and surface type, we investigate the in situ color 
evolution of two Cu foils (Cu(111) and Cu(100)) at different oxi-
dation time in air at 200 °C (Figure 3a,b). We directly recorded 
the colorful images as well as filtered images (λ = 540 ± 10 nm) 
with natural light for quantitative analysis. As the oxidation 
time lapses, the colorful images firstly turn to red and then con-
vert back to yellow (the first row in Figure 3a,b), while filtered 
images first turn to dark and then bright again (the second row 
in Figure 3a,b). This behavior can be understood quantitatively 
by describing the oxide thickness (d) as a function of time (t), 
where d can be expressed as

1/2
0= +d kt d 	 (1)

in which k describes the oxidization rate and d0 is a 
constant.[25,26]

By using the double-layer model (Cu2O/Cu), the experi-
ment data obtained can be well fitted (Figure 3c,d) and thus the 
oxidation rate (k) can be acquired from the fitting. The k for 
Cu(100) is 32 ±  2 nm min−1/2, much faster than that of Cu(111) 

(19 ±  1 nm min−1/2), which means to form the same thickness 
of Cu2O, Cu(111) needs much more time.

According to the Arrhenius equation

/ B= −k Ae E k T 	 (2)

where A is a constant, E is the oxidation barrier, kB is the Boltz-
mann constant, and T is absolute temperature, the oxidation 
rate difference for different Cu surfaces is originating from 
the barrier difference.[4] Qualitatively, higher oxidation barrier 
results in slower oxidation rate. To obtain the oxidation bar-
riers of different Cu surfaces, we perform series in situ color 
evolution experiments and get corresponding oxidation rates 
(k) at different temperatures (Figure 4a,d). Combining with 
the Arrhenius equation, we plot the growth rate as a function 
of temperature (Figure 4e,f), in which the slope obtained by 
“least square fitting” method is corresponding to the oxida-
tion barrier for each surface. The results are E  = 0.24 eV for 
Cu(111), E = 0.22 eV for Cu(100) and E = 0.12 eV for Cu(110) 
(Figure S2, Supporting Information). As different surface types 
have different E, the color evolution can be therefore used to 
determine the surface index unambiguously. Our method is 
based on optical contrast and therefore naturally enables high-
throughput determination of Cu surface index for large Cu 
foils readily up to meter scale. Further control experiments 
also show that this technique is of wide applicability for Cu 
foils from different suppliers (Figures S3 and S4, Supporting 
Information).

Identifying the Cu surface index quickly in large area is very 
important to the catalytic growth of 2D materials. Here we 
use graphene grown on Cu(111) and Cu(100) as an example, 
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Figure 3.  Optical contrast evolution of Cu(111) and Cu(100) surfaces under oxidation. a,b) Optical images of Cu(111) and Cu(100) after heating at 
200 °C for different time. The first row is taken under natural light and the second row are the images filtered by a 550 nm bandpass filter. There is 
no light polarization setting in the characterization. The image size is same for all the images. c,d) Plot and fit of the optical contrast for Cu(111) and 
Cu(100) as a function of oxidation time at 200 °C.
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showing that there is a strong correlation between the prop-
erty (such as morphology, crystallographic orientation, and 
doping effect) of graphene and the surface index of underlying 
Cu substrate. Visually, optical images of graphene domains 
exhibit the shape of hexagonal on Cu(111) while quadrilateral 
on Cu(100). We also notice that on both substrates all graphene 
domains are aligned (Figure 5a,b), which is consistent with 
previous reports.[9,10] However, further LEED characterizations 

reveal that the graphene domains on Cu(111) indeed have the 
same crystallographic orientation (Figure 5c); while graphene 
domains on Cu(100) do not (Figure 5d). That is because gra-
phene lattice (C6 rotation symmetry) can grow epitaxially on 
Cu(111) (C3 rotation symmetry) but not on Cu(100) (C4 rota-
tion symmetry), so the deceptive alignment of quadrilateral 
graphene domains on Cu(100) may originate from the 
modulation of substrate’s fourfold symmetry (Figure  5b). 
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Figure 5.  Graphene grown on Cu(111) and Cu(100). a,b) Optical images of graphene domains on Cu(111) and Cu(100). Domains are hexagonal on 
Cu(111) and quadrilateral on Cu(100).Graphene domains on both Cu(111) and Cu(100) are aligned. c,d) LEED patterns of graphene on Cu(111) and 
Cu(100). Crystallographic direction of graphene on Cu(111) is same but randomly on Cu(100). e) Raman spectra of graphene on Cu(111), Cu(100), 
and SiO2 substrate. f) Peak positions of 2D band and G band of graphene on Cu(111), Cu(100), and SiO2 substrate.

Figure 4.  Oxidation barriers of Cu(111) and Cu(100). a–d) Plot and fit of the optical contrast for Cu(111) and Cu(100) as a function of oxidation time 
at 230 and 170 °C. e,f) Plot and fit of the oxidation rate for Cu(111) and Cu(100) as a function of temperature. The oxidation barrier obtained are  
E = 0.24 and 0.22 eV for Cu(111) and Cu(100), respectively.
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Further Raman measurements were carried out to testify the 
charge transfer of graphene/Cu(111) and Cu(100). The Raman 
spectrum of graphene on Cu(111) shows that the G peak is 
strongly blue shifted and the intensity ratio of 2D/G decreases 
obviously due to the strong doping effect (Figure 5e,f).[27,28] As 
a contrast, Raman spectrum of graphene on Cu(100) changes 
little compared with graphene transferred onto SiO2/Si sub-
strate. Quantitatively analysis gives out a ≈2.0 × 1013 cm−2 and 
≈0.5 × 1013 cm−2 hole doping concentrations of graphene on 
Cu(111) and Cu(100), respectively.[27,28] This different doping 
level of graphene on Cu(111) and Cu(100) can be understood 
considering that graphene/Cu(111) is a commensurate system 
with strong interfacial coupling and charge transfer effect, 
while graphene/Cu(100) is an incommensurate system with 
weaker interfacial coupling.[17]

In summary, our work presents a high-throughput and easily 
performed characterization technique in the identification of 
Cu surface index, and it can be further generalized to other 
metals. Also, the oxidation barrier of Cu surface can be quanti-
tatively obtained from the color evolution during heating. Our 
method paves a new direction of the high-throughput determi-
nation of Cu surface index and will accelerate the large-scale 
facet-dependent 2D materials growth on Cu, such as single-
crystal graphene and h-BN.

Experimental Section
Growth of Partially Coated Graphene Samples: Graphene samples 

were grown by CVD method using CH4 as precursors. The CVD process 
was performed under ambient pressure with ultrahigh-purity argon gas. 
The process is to heat Cu from room temperature to 1010 °C with 500 
sccm Ar for 75 min, keep at 1010 °C with 50 sccm H2 for 40 min, grow 
graphene with 10 sccm H2 and 0.5 sccm CH4 for 1 h, and then naturally 
cool down to room temperature.

Characterization: Raman spectroscopy was taken by a LabRAM HR800 
system with laser excitation wavelength of 633 nm. The Cu fluorescent 
background is removed to make characteristic peaks clearer. Optical 
images were taken by an Olympus microscope (Olympus BX53M).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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