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Unravelling transient phases during thermal 

oxidation of copper for dense CuO nanowire 

growth† 

Fei Wu,a Yoon Myung,a Parag Banerjee*a 

Direct evidence of cupric ion outdiffusion through grain 

boundaries during thermal oxidation of high purity Cu is 

obtained using Raman spectroscopy. This diffusion feeds the 

growth of CuO nanowires on the surface while forming 

Cu1+xO phase in the grain boundaries of underlying Cu2O 

film. On complete Cu consumption, counter indiffusion of O2- 

ions converts the entire structure to a CuO film, while viable 

CuO nanowires still remain on the surface. 

Dense, single crystalline CuO nanowires (NWs) have been shown to 

spontaneously grow during thermal oxidation of pure Cu.1,2-5 The 

accepted mechanism for such growth involves the short circuit grain 

boundary diffusion of cupric ion (Cu++) from the underlying metallic 

Cu to the top surface. The outdiffusion occurs through a thick 

underlayer of columnar Cu2O grains and a thin overlayer of CuO 

uniaxial grains (referred to as the CuO NW-CuO-Cu2O-Cu stack).4, 6-9 

Indirect evidence of such mechanism exists, where cold-worked Cu 

foils with small grain sizes and hence larger volume fraction of grain 

boundaries have shown to yield higher density and longer CuO NWs.10-

12 Similarly, electric field enhanced growth of CuO NWs leads to 

higher rates of growth and longer NW lengths.13 These results point to 

the important role of grain boundary enabled fast Cu++ outdiffusion in 

spontaneous CuO NW formation during the thermal oxidation of Cu.  

 In this paper, we show direct evidence of outdiffusion of Cu++ from 

the Cu foil to CuO NWs through grain boundaries by performing 

Raman spectroscopy on cross-sections of partially and fully oxidized 26 

µm rolled Cu foils. When a concentration (and hence, chemical 

potential) gradient is established between the CuO NW-CuO-Cu2O-Cu 

structure, rapid diffusion of Cu++ is established via grain boundaries. 

This flux manifests itself as a Cu1+xO Raman signature in an otherwise 

pure Cu2O columnar film. When the metallic Cu is completely 

consumed, O2- indiffusion converts the entire sub-layer structure to 

CuO. 

 Experimentally, 127 µm thick Cu foils (Alfa Aesar®) with a purity  

of 99.9 % were rolled to 26 µm. The rolled Cu was cut into 1 cm×0.5 

cm pieces. Surface native oxide was removed with 1 M HCl. The 

cleaned foils were oxidized at 500 oC, 600 oC and 700 oC for 1, 5 and 

10 hours (details provided in ESI†, Fig. S1) in ambient. Samples were 

cooled in the furnace to room temperature. SEM images were taken 

using a JEOL-7001LVF. Statistical data on NW density, length and 

oxide layer thickness below NWs was obtained from SEM images 

using Image-J software. X-ray diffraction (XRD) was performed on a 

Rigaku Geigerflex D-MAX/A diffractometer. Raman spectra of the 

samples were obtained using a Renishaw® in Via Raman Microscope 

with a spot size < 1 µm2. The objective of the microscope was 50× with 

N.A. of 0.75. The wavelength of the laser was 514 nm. 

 
Fig. 1 The SEM images of CuO NWs by oxidizing 26 µm Cu foil in air at 500 oC, 
600 oC and 700 oC for 1, 5 and 10 hours, respectively. Scale bars are 1 µm. 

 SEM images of samples oxidized at 500, 600 and 700 oC for 1, 5 

and 10 hours are shown in Fig. 1. Corresponding SEM cross-sections 

are shown in ESI†, Fig. S2. Statistical averages of NW length, density 
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and combined (Cu2O + CuO) oxide layer thickness below NWs are 

shown in ESI†, Table S1. 

 Briefly, we note that viable CuO NWs are formed under all 

conditions of oxidation. In particular, at 500 oC, the NW length 

decreases from 16.3 µm to 8.4 µm as oxidation time is increased from 1 

hour to 10 hours. However, NW density remains nearly 1×108 cm-2 for 

all oxidation times. At 600 oC, both the CuO NW density and length 

increase with oxidation time. The CuO NW density maximizes at 

1.7×108 cm-2 whereas, NW lengths up to 30.9 µm are recorded for 600 
oC, 10 hours. When the oxidation temperature increased to 700 oC, an 

increase of oxidation time results in only a modest increase of NW 

lengths – from 10.1 µm at 1 hour to 13.9 µm at 10 hours. However, 

NW density reaches a maximum of 1.3×108 cm-2 at 5 hours and then 

decreases to 0.3×10-8 cm-2 for 10 hours. Optimized conditions for very 

high aspect ratio (average length 30.9 µm: average diameter: 220 nm, 

aspect ratio ~ 140) NWs seem to be centred around 600 oC 5 hours.  
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Fig. 2 XRD patterns of (a) Cu foils oxidized at 500-700 ℃ for 1-10 hours. 
Magnified peaks in the range of (b) 2θ = 35-40 degrees and (c) 2θ = 49.5-51.0 
degrees to show CuO (1�11),(200), Cu2O (111) and Cu (200) 

 Fig. 2(a) shows XRD of the oxidized foils with increasing oxidation 

temperature and time. The peaks are indexed by the references; CuO 

(JCPDS No. 80-1916; a=4.692 Å, b=3.428 Å, c=5.137 Å, β=99.546 °), 

Cu2O (JCPDS No. 78-2076; a=4.267 Å), and Cu (JCPDS No. 85-1326; 

a=3.615 Å). First, we focus on the Cu2O and CuO peak evolution. This 

is shown in Fig. 2(b). Initially, strong Cu2O phase is seen at 500 oC 1 

hour. A weaker CuO peak is seen as well originating initially from CuO 

NWs and the thin CuO overlayer film. Over the course of increasing 

temperature and time, CuO peaks start to become stronger. In fact, the 

XRD data for 700 oC 10 hours shows no Cu2O and the presence of CuO 

only. Recall that under these circumstances, robust CuO NWs are still 

observed on the surface of the oxidized foils (Fig. 1).  

 Fig. 2(c) shows the enlarged region where metallic Cu peak is 

expected. Metallic Cu peaks are only observed for 500 oC 1, 5 and 10 

hour samples and for the 600 oC 1 hour sample. For 600 oC 5, 10 hours 

and 700 oC 1, 5 and 10 hours samples, no Cu signal is recorded. This 

confirms that all metallic Cu (26 µm thick) is consumed for these 

samples during oxidation. 

 The combined SEM and XRD data shows that it is possible to 

obtain stable and viable CuO NWs on fully converted CuO underlayer 

films. However, it has been long established that CuO NW formation 

occurs on CuO NW-CuO-Cu2O-Cu stack. Our results provide first 

evidence that under Cu limited growth conditions (such as Cu thin 

films), a complete conversion of the underlayer to CuO is possible 

while maintaining the NW structure on top.  
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Fig. 3 (a) Representative cross-section of a CuO NW sample under the Raman 
microscope showing the three spots (1, 2 and 3)  from where spectra was acquired 
in (b), (c) and (d), respectively. Scale bar represents 10 µm. 

 To study the dynamics of this phase transformation further, micro-

Raman spectroscopy was conducted on cross-sections of all the 

samples. A Raman microscope image of a representative cross-section 

is shown in Fig. 3(a). Clearly, CuO NWs and two layers of films can be 

resolved with the microscope. Three ~1 µm diameter spots were chosen 

to obtain Raman spectra. Spot ‘1’ was chosen within the CuO NWs, 

spot ‘2’ was chosen at the root of the CuO NWs, while spot ‘3’ was 

chosen at the bottom of the oxide film. 
Spot ‘1’ spectra are shown in Fig. 3(b). As expected, a single peak at 298 

cm-1 is observed which belongs to the Ag mode for CuO NWs.14, 15 At spot ‘2’ 

(Fig. 3(c)), both Cu2O (2Eu mode at 218 cm-1)16, 17 and CuO are observed for 

500 oC for 1, 5 and 10 hours and 600 oC for 1 hour samples. Both the CuO 

and Cu2O peaks are broad, but the CuO peak is shifted to lower (284 cm-1) 

wavenumbers. Stress and non-stoichiometry affect the peak position and full 

width half maximum of the peaks.18 Further, XRD confirmed remnant 

metallic Cu in these samples, previously (Fig. 2(c)). For samples 600 oC 5 

hours and 700 oC 1, 5 and 10 hours, only CuO peaks are observed. These 

peaks are narrower and centred at 298 cm-1 corresponding to a pure CuO 

phase. These samples do not have any remnant Cu left. Independent of the 

XRD data, the Raman results confirm that rapid Cu++ outdiffusion cause non-

stoichiometry in the top oxide film. Once the metallic Cu is consumed, Cu++ 

outdiffusion stops and the film becomes phase pure CuO due to its proximity 

to the ambient O2. 
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Fig. 4 Raman contour maps through the Cu2O film for the 500 oC 10 hour sample corresponding to a). Top of the Cu2O film, b). Middle of Cu2O film and c). Bottom of 
Cu2O film. “g.b.” = Grain Boundary. Note: Colour coded intensities are normalized on the log scale to highlight the weaker Cu1+xO signals and d). Schematic of cross 
section and phases observed during Cu oxidation. The presence of Cu1+xO is seen in the grain boundaries for as long as Cu

++
 ions are supplied from the underlying Cu 

substrate. 

Likewise, at spot ‘3’ (Fig. 3(d)), CuO + Cu2O phases are seen as well. As 

in the case of spot ‘2’, the CuO peaks are broader and shift to lower wave 

numbers (up to 284 cm-1). However, one crucial difference exist which 

highlight the positional dependence of Cu++ out diffusion process in the lower 

oxide film. The CuO  peaks emerge for 500 oC 1, 5 and 10 hours and 600 oC 

1 and 5 hour samples, disappear for the 600 oC 10 hours and 700 oC 1 hour 

samples and then re-emerge for 700 oC 5 and 10 hour samples as sharper 

peaks at 298 cm-1. The emergence of the early broad CuO red-shifted peak is 

related to the Cu++ ion outdiffusion and the late, sharper CuO peaks are 

related to the diffusion of O2- front inwards converting Cu2O to 

stoichiometric CuO.16, 18, 19 This result correlates well with the XRD data in 

Fig. 2b where CuO peaks of increasing intensities occur for 700 oC oxidized 

samples indicating increasing degree of conversion of the foil to single phase 

CuO. 

To further clarify the location of the broad CuO peaks in the Cu2O film, 

we conduct Raman line scans of the underlying Cu2O film. Fig. 4 (a-c) shows 

the Raman intensity maps on a 500 oC 10 hour sample (i.e., with Cu 

remaining) at the top, middle and bottom of the Cu2O film, respectively 

(where, X-axis is distance scanned parallel to the film and Y-axis is the 

Raman shift in wavenumbers). It can be clearly seen that in instances where 

the laser traverses between two Cu2O grains (drop in Cu2O intensity shown as 

vertical, dotted lines), the CuO signal becomes stronger. Further, the peak 

position of the CuO is not at 298 cm-1 but around 286 cm-1 indicating that the 

CuO is off-stoichiometric (Cu1+xO).20 Thus, off-stoichiometric Cu1+xO 

observed inside Cu2O films lies in the grain boundaries of the Cu2O columnar 

film and is formed as a result of the rapid and large flux of Cu++ diffusing 

upwards through the grain boundary. A schematic of this situation is shown 

in Fig. 4(d). Independently, we have verified that when all Cu is consumed, 

the Cu2O film reverts to a phase-pure CuO state (see ESI†, Fig. S3).  

 In summary, we have investigated the thermal oxidation of 26 µm Cu 

foils to form dense (1.7×108 cm-2) and long (up to 30.9 µm and aspect ratio of 

~ 140) CuO NWs. This thickness of the foil has allowed us to visualize fast 

Cu++ diffusion through the grain boundaries and study its impact on the 

stoichiometry of the underlying oxide films. We believe the bilayer oxide 

interface forms as a result of competitive cation (Cu++) and anion (O2-) 

counter diffusion. The interface can be controlled and modulated by the 

relative fluxes of these two species. When Cu feeds the growth of CuO NWs, 

the CuO and Cu2O underlayer films are not phase pure as is traditionally 

reported, but contains a transient (perhaps metastable), off-stoichiometric 

Cu1+xO phase residing in the grain boundaries – kinetically driven by the fast 

Cu++ outdiffusion. When all Cu is consumed, the films return to their phase 

pure state. Further oxidation causes continued O2- indiffusion from ambient 

and the stack is converted from CuO NW-CuO-Cu2O�CuO NW-CuO. 

Oxidation under Cu limited growth conditions can thus lead to 

compositionally homogeneous structures composed of CuO NW – CuO films 

with wide applicability as photocatalysts, photoelectrodes and as energy 

harvesting materials.  
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