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Abstract 

Electrodes composed of freestanding nano- and microrods composed of stacked layers of 

copper and cuprous oxide have been fabricated using a straightforward one-step template-

assisted pulsed galvanostatic electrodeposition approach. The approach provided precise 

control of the thickness of each individual layer of the high-aspect-ratio rods as was verified 

by SEM, EDS, XRD, TEM and EELS measurements. Rods with diameters of 80, 200 and 

1000 nm were deposited and the influence of the template pore size on the structure and 
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 2

electrochemical performance of the conversion reaction based electrodes in lithium-ion 

batteries was investigated. The multi-layered Cu2O/Cu nano- and microrod electrodes 

exhibited a potential window of more than 2 V, which was ascribed to the presence of a 

distribution of Cu2O (and Cu, respectively) nanoparticles with different sizes and redox 

potentials. As approximately the same areal capacity was obtained independent of the 

diameter of the multi-layered rods the results demonstrate the presence of an electroactive 

Cu2O layer with a thickness defined by the time domain of the measurements. It is also 

demonstrated that while the areal capacity of the electrodes decreased dramatically when the 

scan rate was increased from 0.1 to 2 mV s-1, the capacity remained practically constant when 

the scan rate was further increased to 100 mV s-1. This behaviour can be explained by 

assuming that the capacity is limited by the lithium ion diffusion rate though the Cu2O layer 

generated during the oxidation step. The electrochemical performance of present type of 3-D 

multi-layered rods provides new insights into the lithiation and delithiation reactions taking 

place for conversion reaction materials such as Cu2O.  

 

1. Introduction 

There is currently a large interest in nanolayered materials mainly as a result of the early 

fundamental research on superlattice structured materials in the late 1980s 1 which propelled 

the development of nanoscaled compositionally modulated coatings. The possibility of 

engineering multi-layered nanostructures with a wide variety of compositions has since then 

attracted a great deal of scientific interest. Superlattice structures, especially nanostructures, 

have been found to exhibit interesting properties with respect to a wide range of applications 

2-6. Superlattice nanostructures with modified energy band-gap have thus found to be 

promising for solar conversion 5, 6 while the giant magnetoresistance effect of magnetic 
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 3

superlattice structures is highly attractive to the semiconductor industry 2-4. Tribologically 

advantageous properties have likewise been demonstrated for CrN/NbN superlattice thin films 

7, 8. At present, vacuum deposition methods such as sputtering and molecular beam epitaxy 

(MBE) are generally employed for the manufacturing of periodic superlattices 9-11. Recent 

advances in electrodeposition have, however, enabled well-controlled manufacturing of multi-

layered films 4, 12-14, which has paved the way for important developments within this 

technologically important area.  

Electrodeposition constitutes a particularly promising tool for inexpensive manufacturing 

of nanostructured electrodes (which are attractive for e.g. energy storage applications 15) as 

the morphology, thickness and aspect-ratio of the deposits can be precisely controlled by 

adjusting the  deposition parameters. Electrodeposition can also be used for the deposition of 

metal oxides 16-18 either via precipitation of metal oxides as a result of an electrochemically 

increased local pH, or by oxidation of a previously deposited metal layer. Electrochemical co-

deposition of alloys and mixtures of oxides have likewise been described 13, 16-18 and 

superlattice thin films can likewise be deposited using electrochemical atomic layer 

deposition 19, 20. Despite the progress within the field of electrodeposition, relatively little 

attention has so far been paid to electrodeposition of multilayers composed of stacked metal - 

metal oxide layers 13, 16, 17. The latter is most likely due to the fact that such depositions are 

fundamentally difficult since the metal oxide layers should be reduced during the deposition 

of the metal layers while the metal layers should be oxidized during the deposition of the 

oxide layers. Deposition of metal and metal oxide multilayer structures can, nevertheless, be 

realized if the metal layers become passivated by the formation of an oxide layer 21 

(preventing a complete oxidation of the metal layer) or when metal layers are formed on top 

of the metal oxide layers 13, 22. While anodic passivation of metals is a well-known 

phenomenon 21, 23, cathodic passivation of oxide layers has so far received much less 
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attention, although the effect has been described by Eskhult et al. 13, 22 in connection with the 

deposition of Cu/Cu2O multilayer structures on planar substrates.  

Multi-layered nanostructures of Cu/Cu2O have been proposed for solar conversion 

applications such as water splitting based on the beneficial optical properties of cuprous oxide 

24, 25. Copper and cuprous oxide based nanostructures are likewise interesting for use in 

energy-storage applications such as Li-ion batteries since Cu2O can serve as an anode material 

via a conversion reaction mechanism while copper can be used as a current collector 26, 27. In 

the latter case the nanostructured electrodes can provide significantly increased areal 

capacities (as well as areal energy and power densities) 28, 29. Multi-layered Cu/Cu2O 

nanostructures could therefor provide new exciting possibilities with respect to energy 

production and storage.  

As has been demonstrated by several research groups, mixed layers or multilayer 

structures of Cu and Cu2O can be obtained using both galvanostatic and potentiostatic 

electrodepositions 13, 22, 30-34 35-37 . Layered nanostructures of copper/cuprous oxide can thus be 

deposited from alkaline copper (II) solutions containing suitable ligands by employing 

constant current conditions giving rise to spontaneous potential oscillations 13, 35, 36. Based on 

the latter effect, which was found to be due to local variations in the pH at the electrode 

surface 13, it is, unfortunately, difficult to make distinct Cu2O layers with a thickness of more 

than about 10 nm. Eskhult and Nyholm 22 have, on the other hand, shown that multilayer 

structures containing Cu and Cu2O layers, with individually controllable thicknesses of up to 

about 100 nm, can be deposited using a pulsed galvanostatic deposition approach, while Fujita 

et al. 38 demonstrated potentiostatic deposition of a Cu2O/Cu/Cu2O structure with layer 

thicknesses of 40, 30 and 40 nm, respectively. It has further been shown 22 that the deposition 

of Cu on Cu2O is the critical step in the fabrication of the latter multilayers and that cuprous 

oxide layers, formed by comproportionation and precipitation from the solution, facilitate the 
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 5

copper deposition process 22. Although Leopold et al. 30 have demonstrated electrodeposition 

of microrods composed of intermixed copper and cuprous oxide there are to the best of our 

knowledge no reports of the electrodeposition of freestanding micro or nanorods composed of 

stacked multilayers of Cu and Cu2O.  

The aim of the present work is to demonstrate electrodeposition of micro and nanorods 

composed of multilayers of copper and cuprous oxide with different diameters and layer 

thicknesses. It is shown that such multi-layered rods can be deposited using a one-step 

electrochemical synthesis approach involving pulsed galvanostatic template-assisted 

electrodeposition. Rods with three different diameters displaying different Cu and Cu2O layer 

thicknesses, all of which were characterized by SEM, EDS, XRD, TEM, EELS and cyclic 

voltammetry using Li-ion battery cells, are demonstrated and the effect of the rod diameter 

and layer thickness on the electrochemical performance of the Cu2O conversion reaction 

based Li-ion battery electrode material is discussed. It is demonstrated that the present 

deposition approach provides new and exciting possibilities for the manufacturing of multi-

layered nanostructures suitable for use in energy production and storage applications and that 

the Li-ion battery characterization provides new insights into the electrochemical reactions 

taking place within conversion reactions materials such as Cu2O.  
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 6

2. Experimental 

2.1 Growth of multi-layered Cu/Cu2O rods 

The electrodeposition of the multi-layered micro and nanorods was carried out based on 

the combination of a previously described pulsed galvanostatic approach 22 and a template 

based approach 29 developed for the electrodeposition of copper micro and nanorod electrodes 

for Li-ion microbatteries. The multi-layered Cu/Cu2O nanorods were consequently grown on 

copper substrates (Cu foil 99.9%, Goodfellow) via template-assisted electrodeposition from 

an electrolyte containing 0.4 M copper sulphate (CuSO4·5H2O, Merck) and 1.6 M sodium 

citrate (HOC(COONa)(CH2COONa)2·2H2O, Sigma Aldrich) with a pH adjusted to pH 10.9. 

The copper substrates were first ultra-sonicated in ethanol for 15 minutes and then rapidly 

cleaned in 1.0 M H2SO4. Copper rods with diameters of about 1 µm, 200 nm and 80 nm 

diameters were electrodeposited using polycarbonate (PC) membranes (Cyclepore, Whatman) 

with reported aperiodic pore diameters of 1 µm, 200 nm and 50 nm, respectively. 

The electrochemical cell utilized in the electrodeposition process was composed of the 

copper substrate, an electrolyte soaked polycarbonate membrane, an electrolyte soaked glass 

fibre separator and a copper foil used as counter electrode, all positioned between two plastic 

plates equipped with copper foil contacts in the mentioned order. The entire assembly was 

then compressed and placed vertically in a beaker containing the electrolyte solution and a 

copper foil serving as the reference electrode. All electrodeposition potentials are given with 

respect to the potential of the copper foil reference electrode (which was found to be -0.22 V 

vs. Ag/AgCl (sat’d) for the utilized electrolyte).  

The multi-layered nanorods were electrodeposited at 50 °C using a pulsed galvanostatic 

procedure utilizing a Versastat potentiostat/galvanostat. Each cuprous oxide layer was 

deposited employing a pulsed scheme composed of 700 cycles each involving i) a cathodic 
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 7

current pulse of 1 mAcm−2 for 0.1 s and ii) a cathodic current pulse of 0.1 mAcm−2 for 1 s. 

The copper layers were, on the other hand, electrodeposited using a cathodic current of 10 

mAcm−2 with a duration of 55 seconds. The Cu2O and Cu deposition procedures were 

repeated 14 times to yield rods composed of 14 Cu and Cu2O layers, respectively. After the 

deposition, the membrane was dissolved in dichloromethane, thus exposing the freestanding 

rod based electrode. 

 

2.2 Structural and chemical characterization 

The surface morphology and elemental composition of the multi-layered micro and 

nanorods were analysed with a Zeiss MERLIN high-resolution scanning electron microscope 

(HR-SEM) equipped with an energy dispersive X-ray (EDS) detector (Oxford Instruments). 

The presented micrographs and EDS spectra were collected at an acceleration voltage of 15 

kV and both secondary and backscattered electrons were used to obtain the respective images. 

The contrast generated by the different electron scattering powers associated with the 

elements and compounds present in the multi-layered rods (i.e. Cu and Cu2O) was also 

analysed with a dedicated in-lens backscattered electron detector (BSED operated at a 

negative bias potential of 1500 V.  

The transmission electron microscopy (TEM) study was carried out with a JEOL JEM-

2100F microscope operated at 200 kV and equipped with a Gatan Ultrascan 1000 CCD 

camera and a post-column energy filter (GIF Tridiem). The nanorods were scratched off from 

the substrate with a diamond scriber onto a TEM grid with holey carbon supporting films. 

TEM sample preparation was done in an Ar-filled glove box. A vacuum-transfer holder was 

used to transfer the TEM grid from glove box to microscope column. High-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM), also known as Z-
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 8

contrast imaging, and electron energy loss spectroscopy (EELS) analyses were likewise 

conducted using the same microscope. The probe size and camera length used were 0.7 nm 

and 2 cm, respectively. EELS maps for the copper L edge (931 eV) and oxygen K edge (532 

eV) were acquired for the nanorods in STEM mode with a spatial drift correction and a sub-

pixel scanning modality enabled. 

Crystal structural information was obtained with X-ray diffraction (XRD) using a 

Brucker D8 Advance diffractometer with a CuKα radiation source and a Lynxeye Energy-

Dispersive detector. The samples were mounted on a plastic sample holder using wax and the 

lattice parameters of the identified phases were determined using the UnitCell 39 program. To 

correct for possible displacement errors, i.e. cosθ dependent error, an uncoated Au substrate 

was measured with a NIST 640b Si standard (a=5.430922Å) applied on top of it and the 

lattice parameter of Au was then refined after correcting for the displacement error using the 

Si standard. The refined Au lattice parameter (a=4.0810(5)) was in turn used to correct for 

displacement errors in the measurements of the other samples. 

Some multi-layered samples comprising rods with a diameter of 200 nm were also heat 

treated at 250 °C for 12 hours in vacuum in an Argon filled glove-box to investigate 

layer/element redistribution effects at elevated temperature. These samples, which were 

deposited both on copper and gold substrates, were studied with XRD and electrochemistry in 

connection with the studies of the other samples.  

 

2.3 Electrochemical performance in Li-ion batteries 

The electrochemical performance of the obtained nanostructured electrodes composed of 

multi-layered Cu/Cu2O rods with different diameters (i.e. 1 µm, 200 nm and 80 nm) were 

studied in Li-ion cells employing polymer coated aluminium pouch (i.e. “coffee-bag”) cells, 
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 9

assembled in an Ar-filled M-Braun glove box (H2O < 1 ppm, O2 < 1 ppm). Prior to assembly, 

the 3-D electrodes were dried for 5 hours in vacuum at 120 ˚C. The employed Li-ion cells 

consisted of a multi-layered 3-D Cu/Cu2O sample working electrode and a Li foil counter 

electrode separated by a Solupore polymer separator soaked with about 50 µl of an electrolyte 

composed of 1.0 M LiPF6 dissolved in ethyl carbonate/diethyl carbonate (EC:DEC 2:1). The 

electrochemical characterization of the cells involved cyclic voltammetry (CV) and 

chronopotentiometric experiments carried out using a VMP2 Potentiostat/Galvanostat (Bio-

Logic). The CV experiments were performed between 0.05 and 3 V vs. Li+/Li using scan rates 

between 0.1 and 100 mV s-1 while a constant current density of 30 µA cm-2 and voltage cut-

off limits of 0.05 and 3 V vs. Li+/Li were utilized in the chronopotentiometric experiments. 

 

3. Results and discussion 

3.1 Template-assisted electrodeposition of multi-layered Cu/Cu2O nanostructures 

As described in the experimental section multi-layered Cu/Cu2O nanorods with different 

diameters were made using template-assisted electrodeposition employing a pulsed 

galvanostatic technique. The cuprous oxide deposition step involved repeated pulsing of the 

current density between -0.1 mA cm-2 and -1 mA cm-2 whereas the copper deposition was 

carried out using a current density of -10 mA cm-2 in analogy with the approach previously 

used 22 for the deposition on planar substrates. The present approach thus utilises the fact that 

Cu2O is deposited at sufficiently low current densities while deposition of Cu is obtained for 

higher current densities. As the thicknesses of the individual Cu2O and Cu layers merely are 

determined by the deposition time or the number of deposition pulses employed for each layer 

the approach could hence be used for the manufacturing of Cu2O/Cu multilayer structures 

with a wide range of layer thicknesses. The Cu2O and Cu deposition reactions which can be 
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 10

described using the following three reactions, have been discussed in detail in our previous 

publications 13, 22. In the reactions below the copper ions in the electrolyte are assumed to be 

present in the form of a predominating copper citrate complex (i.e. Cu2H-2Cit2
4-).  

 [Cu2H-2Cit2]
4- + 2e- + H2O = Cu2O + 2Cit3-  (1) 

[Cu2H-2Cit2]
4- + 2Cu + 2OH- = 2Cu2O + 2Cit3-  (2) 

[Cu2H-2Cit2]
4- + 4e- + 2H2O = 2Cu + 2Cit3- + 2OH-  (3) 

The electrochemical reactions yielding Cu2O and Cu thus involve Reaction (1) and (3), 

respectively, and to obtain Cu2O it is important to use a sufficiently low current density so 

that Reaction (1) (involving a reduction of Cu(II) to Cu(I)) can support the current.  Copper 

deposition is then obtained by increasing the current density to a value which is compatible 

with the rate of Reaction (3). As indicated by Reaction (3) the Cu deposition reaction gives 

rise to an increased local pH at the electrode surface which previously has been shown to 

produce spontaneous potential oscillations and mixed Cu/Cu2O deposits during constant 

current depositions 13, 35, 36. Since the local pH and the current density determine whether 

Cu2O or Cu will be formed 13 it can be difficult to control the thicknesses of the individual 

layers, particularly when the deposition takes place within narrow pores of a membrane. Note 

also that Reaction (2) shows that Cu2O also can be formed by comproportionation whenever a 

Cu layer is in contact with a solution containing Cu(II) species 13, 29. The Cu2O/Cu multilayer 

deposition is further complicated by the fact that the Cu2O layer should undergo reduction to 

Cu during the subsequent Cu deposition step. The completeness of the latter process is, 

however, limited by the formation of a copper layer on top of the remaining Cu2O which 

protects the remaining Cu2O 13, 22 . This cathodic passivation effect can be compared with the 

anodic passivation of a metal by the formation of an oxide layer. When template based 

depositions are carried out concentration gradients will also develop within the pores of the 
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membrane that further complicate the deposition compared to for depositions on planar 

substrates.  

In the present study, it was found that the problems discussed above could be 

circumvented using a pulsed galvanostatic approach for three templates with different pore 

sizes. The deposition chronopotentiograms for the different templates are shown in Figure 1 

whereas SEM images of the resulting multi-layered Cu2O/Cu rods are depicted in Figure 2. 

As can be seen in Figure 1, the Cu2O layer deposition process comprised a large number (i.e. 

700) of short (i.e. 0.1 and 1 s) galvanostatic subpulses with current densities of 1.0 and 0.1 

mA cm-2, respectively, while the subsequent copper deposition was made using a single 55 s 

long pulse involving a current density of 10 mA cm-2. This procedure was used to ensure that 

only Cu2O was deposited during the Cu2O deposition pulses and that the length of the Cu 

pulse was maintained short enough not to give rise to spontaneous potential oscillation 

effects. Depositions of planar multilayers have shown a typical onset time for the spontaneous 

oscillations of about 60 s for the Cu deposition pulse 13 22. As is seen in Figure 1, the initial 

Cu2O and Cu depositions took place at about 0.15 and -0.27 V vs. Cu2+/Cu for the 50 nm 

template while more negative potentials were obtained for the 200 nm and 1 µm templates. 

The latter can most likely be explained by a lower overpotential (due to a lower current 

density in each pore) for the 50 nm template which had a higher pore density than the other 

two templates (see Table S2 in the Supporting Information). The negative shift in the 

deposition potentials as a function of the deposition time seen for all templates can either be 

ascribed to an increased iR drop as a result of the growing Cu2O containing rods or a change 

in the concentration of the electroactive copper complex. The latter is, however, less likely 

given the high Cu(II) concentration (i.e. 0.4 M) in the electrolyte. For the 1 µm template (and 

also for the 200 nm template at times longer than about 6000 s) it can also be seen that the 

Cu2O deposition potential became more and more positive for each Cu2O deposition substep 
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 12

while the Cu2O deposition potential remained approximately constant during each Cu2O 

deposition substep for the 50 nm template. This effect could be explained by the previously 

discussed 13 22 problems associated with the initial deposition of Cu2O on Cu and the 

differences in the current density within the pores of the different templates. The results 

consequently suggest that while Cu deposition also occurred during the initial part of the 

Cu2O deposition step for the 1 µm template, the current density within the pores was low 

enough to yield mainly Cu2O deposition for the 50 nm template. These data clearly show that 

it is possible to electrodeposit micro and nanorods composed of multilayers of Cu and Cu2O 

using a template approach and that the deposition of well-controlled layers requires very good 

control of the current densities in the pores of the template.  

 

3.2 Microstructure of the Cu/Cu2O multi-layered rods 

The SEM micrographs depicting the Cu2O/Cu multilayer rods seen in Figure 2 clearly 

show that the rods obtained with the 200 nm and 1 µm templates contained a series of 

different layers. A closer examination (see below) indicated that the 200 nm rods had a length 

of approximately 5 µm and Cu and Cu2O layer thicknesses of 200 nm and 300 nm, 

respectively, while the 1 µm rods were composed of approximately 350 nm thick Cu layers 

and 500 nm thick Cu2O layers yielding a total rod length of about 9 µm. The approximately 

3.5 µm long nanorods obtained with the 50 nm template were then found to have a true 

diameter of about 80 nm (see also the TEM results below) and further analyses showed the 

presence of Cu and Cu2O layers with thicknesses of 125 to 250 nm and 400 to 800 nm, 

respectively (see the TEM results below). These results demonstrate that the thickness of the 

Cu2O layers increased as the diameter of the template pores decreased. For the 80 nm rods the 

average Cu2O layer was thus 3.2 times thicker than the average Cu layer, as compared to the 
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Cu2O/Cu thickness ratio of 1.4 found for the 1 µm rods. This phenomenon can be explained 

by the lower current density for the 50 nm template, in good agreement with the 

chronopotentiometric results discussed above. The present data indicates that the 80 nm, 200 

nm and 1 µm rods multi-layered rods contained 79 %, 60 % and 59 % Cu2O, respectively. 

As is seen in Figures 2b and c, a characteristic ‘bamboo-like’ morphology was found for 

the 200 nm and 1 µm rods. This effect, which could not be detected by SEM for the 80 nm 

rods (see Figure 2a), indicated that the diameter of the deposited Cu2O and Cu layers differed 

somewhat. Based on the SEM-EDS data depicted in Figure 3 (which are further discussed 

below) and TEM data (see below), it is reasonable to assume that the layers with the slightly 

larger diameter were composed of copper and that the copper layers were coated with an 

approximately 15 nm thick layer of Cu2O, in good agreement with previous findings 29.  

As is described in Figure 3, the composition of each layer of the 1 µm multi-layered rod 

was analysed using HR-SEM/EDS. EDS spectra (Figure S1 in the Supporting Information) 

show that all rods were composed of copper and oxygen. The 1 µm sample was also studied 

using a dedicated backscattered electron detector to reveal the compositional contrast could be 

obtained for the adjacent phases in the associated images. In Figure 3a the brighter layers 

correspond to the layers containing a higher density of heavy elements as compared to the 

darker layers. This indicates that the brighter layers correspond to the Cu layers while the 

darker layers contain Cu2O. To test this hypothesis EDS line scanning was performed along 

the length of a rod as indicated by the dotted line in Figure 3a. An acceleration voltage of 15 

kV was used to access both K-shell and L-shell excited copper electrons and a software 

specific algorithm was implemented to remove any peak overlap between oxygen and carbon 

(as the latter features lie in close proximity to each other). In Figure 3b it is seen that a high 

copper intensity and a low oxygen intensity were found in the regions denoted by 1 and 3 

while low copper and high oxygen intensities were found in the regions denoted by 2 and 4. 
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Even though the oxygen intensities were significantly lower than the copper intensities the 

variations in the oxygen intensities clearly complement the copper intensities indicating the 

presence of a Cu2O/Cu multi-layered structure. The copper intensity peaks at the points 1 and 

3 thus roughly match the oxygen intensity minima located approximately between points 1-2 

and 3-4, respectively. The slight shift in the position of the oxygen minima with respect to 

those of the copper intensity maxima could have been caused by the small angle between the 

substrate and the EDS detector. This hypothesis is supported by the fact that the distances 

between the copper intensity maxima and the oxygen intensity minima are approximately the 

same in Figure 3b.  

Since the images obtained with secondary electron detection (SED) contain information 

solely from secondary electrons, the multilayer effect could have resulted from the presence 

of layers with the same composition but different surface roughness. This possibility was 

excluded by using backscattered electron (BSE) imaging (see Figure 3c), where secondary 

electrons were filtered out and the same region was compared to that imaged by SE. The 

individual layers seen with the SED were likewise observed with the BSED where the 

brighter layers represent regions with higher electron densities. As only copper and oxygen 

are present in the rod, this indicates the presence of layers with different copper 

concentrations, i.e. layers of Cu and Cu2O.  

To provide a more detailed analysis of the local composition of the Cu/Cu2O layers and 

to better evaluate the trend line seen by SEM/EDS, TEM was used to probe the phase 

boundary where the excitation area can be limited to individual layers. In order to allow 

electron beam penetration the 80 nm nanorods were imaged as is shown in Figure 4. Low 

magnification imaging in the bright-field mode (BF) (Figure 4a) confirmed the presence of 

the multi-layered pattern previously observed by HR-SEM. Contrast variations were also 

observed across the rods indicating a polycrystalline structure. Differences in crystal 
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orientation, thickness, length and density were likewise found throughout the rods. These 

features are demonstrated in Figure 4b where HAADF-STEM imaging with exclusive settings 

for atomic number contrast was used to probe the phase boundaries between the layers. The 

red lines enclose a dense region with high contrast, corresponding to a Cu layer, whereas the 

neighbouring Cu2O layers exhibit considerably lower intensities as would be expected since 

the Cu concentration is lower in Cu2O. Upon closer inspection of the interfaces between the 

Cu and Cu2O layers, there seems to be a sharp phase boundary next to the solid red line, as 

opposed to the dashed red line, which shows a less defined interphase. This observation is 

interesting, as it suggests that the interphase formed during the deposition of copper differed 

from that generated during the Cu2O deposition. The same trend is in fact also visible in 

Figure 3d depicting the BSED-SEM image for the 1 µm rod. Based on the 

chronopotentiograms in Figure 1 it is reasonable to assume that the sharper interface stemmed 

from copper deposition on Cu2O while the deposition of Cu2O on copper produced a less 

well-defined interface. The latter could be explained by the residual copper deposition during 

the initial part of the Cu2O deposition step discussed above.  

The interface between two adjacent layers within a 80 nm nanorod was also studied with 

EELS as is seen in Figure 4c and d. Mapping of the Cu signal revealed a higher Cu 

concentration in the lighter (i.e. denser) region seen in the HAADF-STEM image (i.e. Figure 

4c) while analogous O mapping revealed a well-defined phase boundary with practically no 

oxygen within the Cu layer. The overlay of both maps shown in Figure 4d, however, clearly 

shows that Cu nanoparticles were present in the Cu2O layer. Although a metal oxide layer 

should have been present on the Cu surface since the rod had been exposed to air and the 

Cu(II) containing solution, such a layer could not be detected in the EELS measurements.  

As is clearly seen in Figure 4c, the ‘bamboo-like’ morphology observed in the SEM 

images for the 200 nm and 1 µm rods (see Figure 2) could also be seen for the 80 nm rods 
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using TEM. It is immediately evident that the diameter of the copper layer was larger than for 

the Cu2O layer. One explanation for the ‘bamboo-like’ morphology could then be that the 

growth of the Cu layers led to a slight expansion of the diameter of the flexible polycarbonate 

pores. Another possibility is that the Cu layers were coated with a layer of Cu2O after the 

removal of the template either due to oxidation by oxygen or comproportionation according to 

Reaction 2. The latter seems more likely since we have recently used this effect to generate 

thin Cu2O coatings on copper nanorods and as the thickness of the Cu2O layer according to 

Figure 4c was about 15 nm in good agreement with our previous results 29. 

The SEM and TEM results hence confirm the presence of layers of Cu2O and Cu within 

the electrodeposited micro and nanorods and also demonstrate that the ratio between the 

thicknesses of these layers increased with decreasing current density within the pores of the 

template.  

 

3.3 Phase analyses of the multi-layered nanorods 

To evaluate the phase compositions of the multi-layered Cu/Cu2O nanostructures, X-ray 

diffraction (XRD) experiments were carried out on rods that had been deposited on gold 

substrates to eliminate the diffraction contribution from the copper substrates otherwise used. 

The diffractograms obtained for 80 nm, 200 nm and 1 µm multi-layered rods are presented in 

Figure 5 which also contains the diffraction pattern for a 200 nm rod sample annealed at 250 

°C. In the diffractograms, all peaks except one for the as deposited samples could be 

attributed to either Cu, Au or Cu2O (see Figure 5) and the refined lattice parameters were in 

good agreement with literature values as can be seen from Table S1 in the Supporting 

Information. The remaining very small peak around 2θ=40° can be ascribed to the Au 

substrate since it was also observed in a diffractogram of an uncoated Au sample. The XRD 
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results are also in good agreement with those previously obtained 22 after deposition of layers 

of Cu2O and Cu on planar electrodes. The present results thus show that layers containing 

crystalline Cu and Cu2O, respectively, were obtained within the pores of all three templates. 

As the 200 nm rod sample that had undergone annealing exhibited a diffractogram which was 

very similar to that obtained for the as prepared 200 nm rod sample, it further suggests that 

the heat treatment did not give rise to any dramatic change in the Cu2O and Cu crystallite 

sizes. After the heat treatment a set of broad peaks, however, appeared at angles slightly 

larger than those seen for the Au peaks. These peaks appeared to be due to a cubic phase with 

a lattice parameter of 4.045(3)Å which suggests that an Au-Cu phase was formed during the 

heat treatment at 250 °C. This hypothesis is supported by the fact that Madakson et al. 40 have 

shown that Cu and Au interdiffuse readily even at temperatures as low as 150 °C. Although 

the peaks did not match the low temperature intermetallic phases found in the Cu-Au phase 

diagram, they still match those expected for a cubic close packed solid solution of Au and Cu 

which according to Vegard’s law, should be composed of about 7% atomic Cu and 93% 

atomic Au.  

The results of the XRD analyses consequently demonstrate that both crystalline copper 

and cuprous oxide were present in all the specimens although the cuprous oxide peak 

intensities were notably lower than those for the copper peaks.  

  

3.4 Electrochemical characterization in Li-ion batteries 

The electrochemical behaviour of the multi-layered micro and nanorods was investigated 

in lithium-ion batteries since it has been shown 29 that Cu2O coated copper nanorods can be 

used as anodes in such devices. Cyclic voltammograms were recorded for the different 

samples (i.e. the 80 nm, 200 nm as deposited and heat treated, as well as the 1 µm rods) 
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versus a lithium counter electrode at scan rates from 0.1 to 100 mV s-1. As is evident from 

Figure 6, which show the first and second cycle voltammograms recorded at a scan rate of 0.1 

mV s-1, the scans were made from the open circuit potential (OCP), i.e. around 3.15 V vs. 

Li+/Li to 0.05 V vs. Li+/Li and back to 3.0 V vs. Li+/Li. Since Cu2O is known to undergo a 

conversion reaction according to Cu2O + 2 Li+ + 2 e- = 2 Cu + Li2O with a standard potential 

of about 2.1 V vs. Li+/Li the shapes of the obtained voltammograms are, however, somewhat 

unexpected since a single Cu2O reduction peak and a single oxidation peak would be expected 

and as the rod based electrodes also exhibited an electroactive potential window covering 

more than 2 V. We have, however, previously shown 29 that Cu2O coated copper nanorods 

can give rise to similar voltammograms with electroactivity down to about 0.1 V vs. Li+/Li as 

a result of the presence of a distribution of nanoparticles with different sizes and hence redox 

potentials (the redox potential is expected to become more negative as the particle size 

decreases 29, 41, 42). A comparison of the first and second cycle voltammograms indicate that 

the first reduction charge was larger than the first oxidation charge and consequently also 

larger than the second reduction charge. Although the formation of a solid electrolyte 

interface (SEI) layer (as a result of the degradation of the electrolyte) could explain some of 

the extra reduction charge on the first cycles it is unlikely to be the main factor as the general 

shape of the first and second cycle voltammograms was very similar. The peak at about 1.15 

V vs. Li+/Li is in fact the only feature on the first cycle that is likely to have been due to SEI 

formation. A similar SEI peak was also seen at about 1.1 V vs. Li+/Li in a previous study 29 of 

the electrochemical behaviour of Cu2O coated copper nanorods. The voltammograms in 

Figure 6 hence suggest that the smaller reduction charge on the second cycle mainly was due 

to an incomplete reformation of the Cu2O on the first cycle oxidation scan. For the three as 

prepared samples two broad oxidation peaks can be seen on both the first and second 

oxidation scan at about 1.25 and 2.5 V vs. Li+/Li, respectively. For the heat treated 200 nm 
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rod sample the latter oxidation peaks were, however, replaced by two rather well-defined 

peaks at about 1.9 and 2.3 V vs. Li+/Li, respectively. The latter suggests that the oxidation 

peaks stemmed from the oxidation of a distribution of copper nanoparticles with different 

sizes (as discussed in more detail in our previous paper 29) and that the heat treatment gave 

rise to a more narrow distribution of larger particles. A formation of larger particles during the 

heat treatment is in fact also supported by a comparison of the SEM images in Figure 2 and 3 

with the corresponding SEM image in Figure 2b in reference 29 depicting heat treated Cu2O 

nanorods. The electrochemical behaviour on the first and second cathodic scans was likewise 

more well-defined for the heat treated 200 nm rod sample as two main reduction peaks were 

seen at about 1.6 and 1.1 vs. Li+/Li, respectively. From the voltammograms it is also evident 

that the oxidation charge was smaller for the heat treated sample than for the as prepared 200 

nm rod sample. This could suggest that the presence of larger particles gives rise to a lower 

utilization degree of the electroactive material in agreement with previous findings 29. The 

lack of a clear reduction peak at about 1.65 V vs. Li+/Li for the 80 nm rods could also indicate 

that smaller Cu2O particles were present within these rods as opposed to for the 200 nm and 1 

µm rods. This further supported by the finding that the oxidation peak at about 1.25 V vs. 

Li+/Li in fact was larger than that at about 2.5 V vs. Li+/Li for the 80 nm rods in contrast to for 

the 200 nm and 1 µm rods.  

In Figure S2 in the Supporting Information it is further demonstrated that the difference 

between the first reduction peak (e.g. at 1.65 V vs. Li+/Li) and the corresponding oxidation 

peak (e.g. at 2.35 V vs. Li+/Li) depended linearly on the logarithm of the peak current for scan 

rates between 0.1 and 1.6 mV s-1. This demonstrates that the potential difference (i.e. the 

hysteresis) was controlled by an overpotential associated with the electron transfer processes 

(rather than the iR drop) in good agreement with previous findings 29. A plot of the peak 

potential difference versus the peak current is shown in Figure S2. By plotting the peak 
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current density of the last oxidation peak (positioned at 2.35 V vs. Li+/Li on the first scan) as a 

function of the scan rate and the square root of the scan rate, as is shown in Figures S2b and 

S2c, respectively, it was found that both approaches gave rise to linear plots. The latter is 

puzzling as it indicates that the reformation of the Cu2O exhibits a mixed semi-infinite 

diffusion and thin layer cell behaviour. This is also evident from the plots of the logarithm of 

the peak current versus the logarithm of the scan rate seen Figure S3 in the Supporting 

Information). This phenomenon could, however, be explained by the Cu2O layer on the 

copper parts of the rods. Since the Cu2O layer was about 15 nm thick it can be expected to 

give rise to a thin-layer like behaviour while a typical semi-infinite response would be 

expected for the thicker Cu2O layers. It should also be pointed out that the diffusion in the 

present case should be spherical rather than planar which means that an exponent of 0.5 is 

unlikely to be obtained in Figure S3. 

Extensive rate performance testing was further performed at scan rates ranging from 0.1 

to 100 mV s-1 and some selected voltammograms for each sample are presented in Figure 7. It 

is seen that the shapes of the voltammograms were similar for all the samples, especially at 

high rates. At 5 mV s-1, two reduction and two oxidation peaks could be seen for all rod 

dimensions (in good agreement with the first cycle voltammograms in Figure 6) while the 

voltammograms for the highest scan rates e.g. 100 mV s-1 were more drawn-out and 

featureless suggesting a pseudocapacitive electrochemical behaviour. A comparison of the 

results for the as prepared and heat treated 200 nm rod electrodes indicates that the heat 

treatment gave rise to a decreased electrochemical capacity most likely due to the formation 

of larger Cu2O particles which could not be cycled to the same extent as the smaller particles 

present in the as deposited sample.  

To compare the capacities of the different rod electrodes their reduction and oxidation 

charges were evaluated for each scan rate. As is seen in Figure 8, the footprint area capacity 
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was used to compare the samples in the absence and presence of normalization with respect to 

the effective electrode surface area. The latter area was calculated based on the template pore 

density and the various rod dimensions obtained from the SEM analyses (see Table S2 in the 

Supporting Information). For all electrodes, a dramatic drop in the capacity was found when 

increasing the scan rate from 0.1 to about 2 mV s-1 after which drop in capacity with 

increasing scan rate was relatively small. The maximum area normalized capacity, which was 

obtained at a scan rate of 0.1 mV s-1, was also found to be comparable for all the electrodes. 

The latter is surprising considering that the theoretical capacity for the sample with 1 µm rods 

should have been approximately three times larger than that for the 200 nm rod electrode and 

about 10 times larger than for the 80 nm rod electrode (see Table S2). These results hence 

clearly demonstrate that only a fraction of the total amount of Cu2O present within the 1 µm 

rod electrode could be accessed during these experiments. This suggests that the capacity 

originated from an electroactive layer of Cu2O in contact with the electrolyte and that the 

thickness of this layer depended on the time domain of the measurements (i.e. the scan rate 

employed).  

As is seen in Figure S4 in the Supporting Information the cyclic voltammogram recorded 

for the Cu substrate (at a scan rate of 0.1 mV s-1) exhibited the same general features as seen 

in Figure 6 for the rod based electrodes although there was still a large mismatch between the 

reduction (21 µAh cm-2) and oxidation charge (6 µAh cm-2) on the fourth cycle. The latter 

mismatch (which could have been due to the presence of a thicker oxide layer) was clearly not 

seen for the rod based electrodes. It is therefore reasonable to assume that the steady state 

capacity of the Cu substrate would be somewhat lower than 6 µAh cm-2. This hypothesis is 

also in agreement with the expected value as is described below. Since the 200 nm nanorod 

electrode provided a capacity of about 32 µAh cm-2 for an estimated total surface area of 

about 10 cm2 (see Table S2) it can be estimated that the contribution from the Cu substrate 
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should have been about 5 µAh cm-2 after correction for the fact that only about 3 µm of the 

total length of the rods of approximately 5 µm was due to Cu2O. Similar results were also 

obtained for the 80 nm and 1 µm rod electrodes. In our previous work 29 we have likewise 

shown that capacities of up to 265 µAh cm-2 can be obtained with Cu2O coated Cu nanorod 

(200 nm diameter) electrodes having an average geometrical areal gain factor of 60. Based on 

the latter values the Cu substrate would be expected to exhibit a capacity of about 4 µAh cm-2 

in good agreement with the values above. These results consequently show that the relatively 

low capacities obtained here in comparison with those previously obtained for Cu2O coated 

copper nanorod electrodes 29 merely stem from the lower average geometrical areal gain 

factors of the present electrodes.  

One important question which could not be addressed in our previous work 29 is whether 

the capacity of a Cu2O rod based electrode can be increased by increasing the diameter of the 

rod (i.e. if all of the Cu2O in the rods remain electroactive when increasing the diameter of the 

rods). This question can, however, be addressed based on the present data as is described 

below. To estimate the thickness of the electroactive layer of Cu2O the following approach 

was employed. As previous results have indicated that the electroactive Cu2O layer should be 

at least 15 nm thick 29 it was assumed that the entire volume of the 80 nm rods was 

electroactive at the lowest scan rate, i.e. 0.1 mV s-1. This assumption is supported by the fact 

that the capacity of 21 µAh cm-2 found for the 80 nm rod electrode agreed well with the 

theoretical value of 19 µAh cm-2 obtained with the data presented in Table S2. Based on these 

assumptions and the normalized capacity data presented in Figure 8, the thickness of the 

electroactive Cu2O layer was found to be approximately 30, 23 and 25 nm for the 200 nm, 

200 nm heat treated and 1 µm rod electrodes, respectively, for a scan rate of 0.1 mV s-1. The 

present results consequently suggest that the thickness of the electroactive Cu2O layer was 

about 20 to 40 nm thick at a scan rate of 0.1 mV s-1 and that the thickness of the layer 
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decreased with increasing rod diameter and after heat treatment. Given the fact that the 

normalized capacity for the 80 nm rod electrode was approximately four times lower at the 5 

mV s-1 scan rate than at 0.1 mV s-1 rate, the electroactive layer thickness should only have 

been about 5 nm thick at the higher scan rate (similar results were likewise obtained for the 

200 nm and 1 µm rod electrodes). This dramatic decrease in the thickness of the electroactive 

layer explains the shape of the capacity versus scan rate plots in Figure 8. For even higher 

scan rates the electrochemical reactions can therefore be described based on a surface 

immobilized electroactive layer of Cu2O which also explains the pseudocapacitive shaped 

voltammograms seen at the higher scan rates. The capacity for the highest scan rates should 

hence be composed of a contribution from a thin electroactive Cu2O layer and the ubiquitous 

contribution from the Cu2O present on the copper segments. The present behaviour is in fact 

similar to that found for TiO2 for which similar plots of the capacity as a function of the scan 

rate have been found. In the latter case it has been proposed that TiO2 films with thicknesses 

of up to about 17 nm can be cycled reversibly even at relatively high scan rates 43.  

As indicated above it is reasonable to assume that the capacity of the electrodes were 

limited by the oxidation of the copper nanoparticles generated in the conversion reaction. 

Since the oxidation (i.e. 2 Cu + Li2O = Cu2O + 2 Li+ + 2 e-) starts at the interface between the 

electrode and the electrolyte and continues at the inward moving interface between the Cu2O 

layer and the copper nanoparticle/Li2O matrix, the rate of the reaction should become limited 

by the transport of lithium ions through the growing Cu2O layer. This means that the 

oxidation current should decrease with time as the thickness of the Cu2O layer increases. The 

oxidation thus leads to the formation of a passivating Cu2O layer on top of the remaining 

copper nanoparticle/Li2O matrix which is likely to prevent the attainment of a complete 

oxidation of the copper nanoparticles generated during the preceding reduction step. The rate 

limiting factor during the reduction of the Cu2O (i.e. Cu2O + 2 Li+ + 2 e- = 2 Cu + Li2O) is 
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instead likely to be the formation of a thicker layer of the copper nanoparticle/Li2O layer on 

the remaining Cu2O. Since the diffusion rate of lithium ions in a matrix of copper 

nanoparticles and Li2O should be relatively high it is likely that the reduction of the Cu2O 

should be more complete than the subsequent oxidation. As is clearly shown by the 

experimental data, only a fraction of the Cu2O present within the 200 nm and 1 µm rods was, 

nonetheless, reduced on the first cycle indicating that it is still very difficult to fully reduce 

sufficiently thick layers of Cu2O. These present results thus clearly show that it is challenging 

to increase the capacity of Cu2O based electrodes by increasing the thickness of the Cu2O 

layer and that the thickness of the electroactive layer most likely is determined by the 

transport rate of lithium ions through the growing Cu2O layer during the oxidation step.  

Based on the experimental results it is in fact possible to obtain an estimate of the 

diffusion coefficient, D, for the diffusion of lithium ions through the Cu2O layer. As described 

above the thickness of the electroactive layer was about 40 nm at a scan rate of 0.1 mV s-1 

while it was about 5 nm for a scan rate of 5 mV s-1. For scan rates of 0.2 and 0.8 mV s-1 the 

corresponding values were found to be about 28 and 18 nm. By plotting the thickness of the 

electroactive layer (i.e. ∆) as a function of the square root of the time, (calculated based on the 

scan rate and an assumed potential window of 2 V) available for the diffusion, a linear 

relationship was obtained for these three points by employing the well-known equation ∆ = 

(2Dt)0.5 44, as can be seen in Figure S3 in the supporting information. From the slope of this 

line a diffusion coefficient of about 2.10-16 cm2 s-1 was obtained. A similar value was likewise 

obtained merely by assuming an electroactive layer thickness of 40 nm for a scan rate of 0.1 

mV s-1 and a potential window of 2.0 V. This very low diffusion coefficient indicates that the 

lithium ions interact significantly with the O2- ions during their passage through the Cu2O 

layer.  
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As is seen in Figure 9 (which shows the area based capacity as a function of the cycle 

number for galvanostatic cycling of the electrodes between 0.05 and 3 V vs. Li+/Li using a 

current density of 30 µA cm-2) the long-time cycling behaviour of the rod based electrodes 

was also studied using the Li-ion approach. The 200 nm rod electrode exhibited the highest 

area based capacity while the lowest values were found for the 80 nm and 1 µm rod electrodes 

in good agreement with the voltammetric results in Figure 8 and the active electrode areas 

presented in Table S2. It is also seen that the heat treatment of the 200 nm rod electrodes gave 

rise to a decreased areal capacity. Since the voltammetric results suggest that the heat 

treatment gave rise to an increased crystallite size, it is reasonable to assume that the capacity 

decrease was connected to the increase in the latter.  

In Figure 9 it is likewise seen that the area based capacity increased significantly upon 

cycling and that the reduction charge generally was larger than the oxidation charge. The 

latter supports the hypothesis that the oxidation reaction was the capacity limiting step. As has 

been described previously 29 the increased capacity with increasing cycle number can be 

explained by the electromilling effect associated with the conversion reaction. Since the 

experiments were performed at a rate of about 0.6C for the 80 nm rods, which roughly 

corresponds to the time domain of the 0.8 mV s-1 cyclic voltammograms it is unlikely that the 

full capacity was attained during the initial cycles. The increase in the capacity upon the 

cycling could then be explained by the electromilling generating smaller particles which 

allowed a better access to the total amount of the Cu2O as well as an increase in the 

contribution from double layer charging. 29 It should be noted that the largest increase in the 

capacity during the first 10 cycles was seen for the heat treated 200 nm rod electrode which 

should have contained the largest particles. These results therefore support the hypothesis that 

the thickness of the electroactive layer also depends on the particle size. One explanation for 
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this could be that the Li+ diffusion rate through the Cu2O layer increases with increasing 

number of grain boundaries (i.e. with decreasing particle size).  

 

4. Conclusions 

Freestanding nano- and microrods composed of stacked layers of copper and cuprous 

oxide with thicknesses between 125 and 500 nm have been fabricated using a straightforward 

one-step template-assisted pulsed galvanostatic electrodeposition approach. As the thickness 

of the individual layers readily can be controlled by varying the current density and the pulse 

time the approach provides new possibilities for inexpensive and fast manufacturing of 

Cu2O/Cu multi-layered rod structures. The presence of the multilayers within the rods has 

been verified by SEM, EDS, XRD, TEM and EELS investigations and it was found that the 

thickness of the Cu2O and Cu layers depended on the properties of the templates used via the 

current density obtained within the pores of the template during the deposition.  

The electrochemical performance of electrodes composed of freestanding rods with 

diameters of 80 nm, 200 nm and 1 µm, respectively, was compared in Li-ion batteries based 

on the following conversion reaction: Cu2O + 2 Li+ + 2 e- = 2 Cu + Li2O. The results clearly 

show that the electrodes exhibited a potential window of more than 2 V, an effect which was 

ascribed to the presence of a distribution of Cu2O (and Cu nanoparticles, respectively) with 

different sizes and redox potentials.  

The fact that approximately the same areal capacity was obtained independent of the 

diameter of the multi-layered rods after correction for the active areas of the electrode, further 

demonstrate that the major part of the Cu2O present within the layers of the 1 µm rod 

electrode was inactive at scan rates of 0.1 mV s-1. The results indicate the presence of an 
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electroactive layer with a thickness of between 40 and 20 nm for the different electrodes at a 

scan rate of 0.1 mV s-1.  

While the thickness of the electroactive layer was found to decrease rapidly when the 

scan rate was increased from 0.1 to 2 mV s-1, there was only a marginal decrease when the 

scan rate was further increased to 100 mV s-1. This behaviour (and the presence of an 

electroactive layer with time domain dependent thickness) can be explained by assuming that 

the oxidation capacity is limited by the lithium ion diffusion rate though the Cu2O layer 

generated during the oxidation step. At a sufficiently high scan rate the electroactive layer 

hence collapses into a thin layer with a thickness that subsequently is almost independent of 

further increases in the scan rate. Although the redox reactions are the same independent of 

the time scale of the experiments, different types of voltammetric or chronopotentiometric 

responses can thus be obtained depending on the thickness of the electroactive layer. 

The present results indicate that Cu2O based electrodes should be made in the form of e.g. 

50 nm thick Cu2O layers on three-dimensional (Cu) current collectors and that the Cu2O 

particle size should be as small as possible. Increases in the capacity as a function of the cycle 

number can also be seen as a result of the electromilling effect associated with the conversion 

reaction. This capacity increase, which corresponds to an increase in the electroactive layer 

thickness, could be a result of the increased number of grain boundaries facilitating the Li+ 

diffusion through the Cu2O layer formed during the oxidation step. The electrochemical 

performance of present type of 3-D multi-layered rods consequently provides new insights 

into the electrochemical phenomena limiting the energy and power densities for conversion 

reaction materials such as Cu2O.  
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Figure captions 

Graphical abstract:  

Schematic representation of multilayered Cu/Cu2O nanostructures electrodeposited in a 

porous polycarbonate membrane and a micrograph of the obtained rods. 

 

Figure 1: Chronopotentiograms recorded during the Cu/Cu2O multilayer electrodepositions. 

While a set of short cathodic current pulses with current densities between 0.1 mA cm-2 and 

1.0 mA cm-2 were used to deposit Cu2O, longer pulses with a current density of 10 mA cm-2 

were utilized for the copper deposition. The depositions were carried out with templates 

having nominal pore diameters of 80 nm (black curve), 200 nm (red curve) and 1 µm (blue 

curve), respectively. 

 

Figure 2: SEM micrographs of the multilayered rods deposited with the a) 80 nm template, b) 

200 nm template and c) 1 µm template. Notice the ‘bamboo-like’ morphology for the 1 µm 

and 200 nm rods. 

 

Figure 3: Micrograph depicting a detached multilayered rod with a diameter of 1 µm (a) 

where the position of an EDS line scan performed over four layer interfaces has been 

indicated. The associated EDS line scans for Cu (L-line) and O (K-line) spectra (b). 

Comparative images of the multilayers of a rod with a diameter of 1 µm obtained with a 

secondary electron detector (c) and an in-lens backscattered electron detector (d). 

 

Figure 4: Bright field TEM (a) and HAADF-STEM (b) images of multilayered Cu/Cu2O 
nanorods with a diameter of about 80 nm. The HAADF-STEM image (b) shows a 
magnification of the three bottom nanorods displayed in (a). The HAADF-STEM image in (c) 
shows the layer interphase of a selected nanorod. The red rectangle indicates the region used 
in the EELS mapping. The oxygen and copper concentration maps (d) obtained from the 
EELS mapping of the rod in (c). 
 

Figure 5: X-ray powder diffraction patterns for multilayered Cu/Cu2O rods deposited on gold 

substrates. The diffraction patterns were collected for rods with diameters of 80 nm, 200 nm 

and 1 µm, respectively. The 200 nm HT pattern was obtained for 200 nm rods annealed at 

250°C in vacuum.  

 

Figure 6: First and second cycle cyclic voltammograms recorded for the as-synthesized rods 

with diameters of 80 nm (a), 200 nm (b) and 1 mm (c), respectively, using a scan rate of 0.1 
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mV s-1 and potentials between 0.05 and 3.0 V (vs. Li+/Li). The corresponding voltammograms 

obtained for the heat treated 200 nm sample are depicted in (d).   

 

Figure 7: Cyclic voltammograms recorded at scan rates between 10 and 100 mV s-1 for rods 

with diameters of 80 nm (a), 200 nm (b), 1 µm (c) as well as for the heat treated 200 nm rods 

(d). The insets depict the corresponding voltammograms obtained at a scan rate of 5.0 mV s-1. 

 

Figure 8: The footprint areal capacity (left axis) and the footprint area capacity normalized 

with respect to the electrode surface area (right axis) as a function of the scan rate for the rods 

with diameters of 80 nm (a), 200 nm (b), 1 µm (c) as well as for the heat treated 200 nm rods 

(d). The capacities were calculated from the voltammograms depicted in Figure 7. The open 

and filled symbols denote to the reduction and oxidation based capacities, respectively. 

 

Figure 9: The footprint areal capacity as a function of the cycle number for galvanostatic 

cycling of multilayered rods with diameters of 80 nm, 200 nm and 1 µm, respectively. The 

corresponding curve for the heat treated 200 nm rods has also been included for comparison. 

The current density used was 30 mA cm-2 and the open and filled symbols denote to the 

oxidation and reduction based capacities, respectively. 
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