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Hajimammadov, Rashad, Plasmonic, electrical and catalytic properties of one-
dimensional copper nanowires: Effect of native oxides. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering
Acta Univ. Oul. C 653, 2018
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Recent advances in materials synthesis resulted in a rediscovery of the low cost copper in its one
and two-dimensional forms and project newer applications of this metal in fields not considered
before. In this thesis, one-dimensional copper, i.e. nanowires are synthesized by a hydrothermal
route and explored for their chemical, electrical, catalytic and plasmonic properties with
highlighted advantages, benefited from their size and shape compared to thin film and bulk copper.
Characterization of copper nanowires and their native oxides were performed using a number of
analytical techniques such as X-ray photoelectron and Auger spectroscopy, Raman spectroscopy,
X-ray diffraction as well as scanning probe and electron microscopy techniques to elucidate the
oxidation mechanism and to assess the feasibility of the oxidized materials for various
applications. A few atomic layers of cuprous oxide seem to form on the surface of the nanowires
instantly, maybe already during synthesis, which then slowly grows further when exposing the
nanowires to ambient air leading to the appearance of cupric oxide as well. Because of the surface
oxides, individual nanowires and their bundled networks exhibit semiconducting behavior, which
complicates the direct use of such materials for interconnections in electronics. However, even
with the presence of native oxides, copper nanowires hold promise in many other applications
such as the ones explored here for plasmonics and heterogeneous catalysis. As demonstrated in
this work, surface plasmon absorption properties of the nanowires can be exploited for chemical
sensing of surface adsorbed molecules (model compound Rhodamine 6G) by efficiently
amplifying its Raman spectrum without using any lithographically defined sensor template.
Further, it is shown that phenol contamination in water may be efficiently eliminated by
converting it to nontoxic polyphenol as well as to CO2 owing to the highly efficient catalytic
property of the mixed oxide phases on the surface of the nanowires. The results published in this
thesis contribute to the understanding of the chemical and physical behavior of copper nanowires
and other low dimensional copper nanostructures that undergo rapid surface oxidation.

Keywords: copper nanowires, copper oxides, heterogeneous catalysis, plasmonic
sensors, surface enhanced Raman spectroscopy





Hajimammadov, Rashad, Kuparinanojohtimien plasmoniset, sähköiset ja
katalyyttiset ominaisuudet: Natiivioksidien vaikutus. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
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Tiivistelmä

Jatkuva elektronisten laitteiden ja anturien pienentäminen on hyvin linjassa teknologian kehitty-
misen kanssa. Pyrkimys monitoimisiin ja tehokkaisiin materiaaleihin on muuttanut tavanomais-
ten materiaalien käsitystä. Viimeisimmät edistysaskeleet materiaalisynteesissä ovat johtaneet
edullisen kuparin uudelleenlöytämiseen sen yksi- ja kaksidimensionaalisissa muodoissa ennusta-
en metallille uusia sovellutuksia alueilla, joissa sitä ei ole aiemmin hyödynnetty. Tässä väitös-
työssä on tutkittu hydrotermisesti syntetisoitujen yksiulotteisten kuparinanojohtimien kemialli-
sia, sähköisiä, katalyyttisiä ja plasmonisia ominaisuuksia sekä näiden pieneen kokoon ja muo-
toon perustuvia etuoja ohutkalvo- ja bulkkikupariin verrattuna. Kuparinanojohtimia ja niiden
luonnollisia oksideja karakterisoitiin useilla analyysitekniikoilla kuten röntgenelektroni- ja
Auger-eletronispektroskopialla, Raman-spektroskopialla, röntgendiffraktiolla sekä pyyhkäisy-
kärki- ja elektronimikroskopialla selvittäen hapettumismekanismeja ja oksidien soveltuvuutta eri
käyttötarkoituksiin.

Muutaman atomikerroksen paksuinen kupari(I)oksidikerros havaittiin muodostuvan välittö-
mästi, luultavasti jo materiaalisynteesin aikana nanojohtimien pinnalle. Nanojohtimien altistues-
sa ympäröivälle ilmalle oksidikerros kehittyi hitaasti johtaen kupari(II)oksidin muodostumi-
seen. Pintaoksidien johdosta yksittäiset nanojohtimet ja niistä yhteenkasautuneet verkostot käyt-
täytyvät puolijohdemaisesti mikä monimutkaistaa näiden materiaalien käyttöä sellaisenaan
elektroniikan johtimissa. Luonnollisista oksideista huolimatta kuparinanojohtimet ovat lupaavia
monissa muissa sovelluksissa, kuten tässä työssä tutkituissa plasmonisessa ja heterogeenisessä
katalyysissä. Väitöstyössä osoitetaan, että nanojohtimen pintaplasmonisia absorptio-ominaisuuk-
sia voidaan hyödyntää pintaan absorboituneiden molekyylien kemiallisessa havainnoinnissa
(mallinnettu yhdiste rodamiini 6G) vahvistamalla Raman–spektriä käyttämättä lainkaan litogra-
fiapohjaista anturisapluunaa. Myöskin vesien fenolikontaminaatio voidaan tehokkaasti muuntaa
myrkyttömiksi polyfenoleiksi ja hiiidioksidiksi hyödyntämällä nanojohtimien pinnalla olevia
oksideja tehokkaana katalyyttinä (jopa parempi kuin kaupallisten kupariin pohjautuvat katalyy-
tit). Tässä väitöstyössä julkaistut tulokset edistävät kuparinanojohtimien sekä muiden pieniko-
koisten ja nopeasti hapettuvien kuparinanorakenteiden kemiallisen ja fyysisen käytöksen
ymmärtämistä. Tieteellisten kehitysaskeleiden lisäksi tämä väitöstyö voi myös toimia lähteenä
pienirakenteisten yleisten metallien sovelluksille.

Asiasanat: heterogeeninen katalyysi, kuparinanojohtimet, kuparioksidit, pintatehostettu
Raman sironta, plasmoniset anturit
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1 Background  

Copper is assumed to be the first metal used by humans in ancient communities. 

Taking its name from cuprum in Latin copper passed thousands years path from 

sacred metal in Egyptian relics to unnoticed electrical wires in the walls today. 

Caused by its shiny surface and softness, copper was found attractive and gained 

value. With the discovery of different metals, the role of copper was taken over by 

gold in jewelry and by iron in making tools and weapons. Discovery of electricity 

and its rapid development brought copper back, owing to its high electrical and 

thermal conductivity. Over 95% of used copper in the world is mined since the 

beginning of the twentieth century due to rise of industrial productions and 

processes. It is still one of the highly used and demanded materials in modern world 

with a yearly global consumption of more than 21 000 tons [1]. Copper is widely 

used in electrical connections, plumbing tubes, heat radiators, as well as in anodes 

of magnetrons and as condenser tubes in nuclear reactors just to mention a few 

examples. Actually, many applications require not pure copper but its alloys having 

tuned mechanical and metallurgical properties. The most known and used alloys of 

copper are brass and bronze (that are produced by adding zinc and tin, respectively) 

[2, 3] having increased hardness and ultimate tensile strength [4,5] as compared to 

pure Cu [6]. 

Almost 70% of the copper in the world is used for electrical applications and 

only 30% of it contributes to non-electrical application areas, thus it is not a surprise 

that copper was used as a conductivity standard. International annealed copper 

standard (IACS) [7] defined it as 5.8·10-7 S·m-1 at 20 °C temperature and labelled 

as 100% IACS conductivity. With the development of the manufacturing 

technology, better purification was achieved resulting in 99.9% copper [8] having 

101% IACS conductivity. About 45% of used copper is utilized in power generation 

and transmission, whereas electrical appliances and electronics take another share 

of 12.5%. Other than these, copper is used in transportation as hydraulic lines, heat 

radiators, bearings (bronze), screws (brass), wiring for glass defrost systems, 

coinage, jewelry, musical instruments, watchmaking and arts. Regarding this latter, 

the most famous and visible piece of art made of copper is the Statue of Liberty. 

With the pleasant green tarnish adorning its surface, statue gladdens eyes of over 3 

million visitors yearly, showing the beauty of native copper oxidation. 

Two third of copper mined since 1900 is still in use [9]. Despite the ease of 

recycling process, further mining of Cu is necessary because of growing demands. 

For instance, the tendency of switching from internal combustion engines to hybrid 
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and electric cars [10] demand resources not only for batteries but also for copper 

as the coils of electrical motors require tens of kilograms of this metal. Therefore, 

electric cars will significantly increase the yearly consumption of copper and also 

its price in global markets.  

Except the conventional applications of copper and copper alloys by virtue of 

its electrical (electrical resistivity, magnetic susceptibility), thermal (specific heat 

capacity, thermal conductivity, melting point) and mechanical (hardness, Young’s 

modulus, tensile strength) and antimicrobial and antifungal properties [11], copper 

based materials are widely utilized in catalyst industry, solar cells, sensors and so 

forth. Not only thin films of copper but also their oxides and sulfides are used for 

above-mentioned applications.  

Different areas of industry, aiming to decrease their costs, pursue the trend of 

reducing the size and weight of products. Visible impact of the latter actions is a 

low power consumption of electronic devices, which is the main target of electronic 

industry. 

1.1 Introduction to copper nanowires 

Continuous advancements in research and technology lead to the development and 

gradual use of zero, one and two-dimensional nanostructured materials (0D, 1D 

and 2D, respectively) resulting in new physical and chemical properties in 

reference to their bulk counterpart. Such materials are referred as nanoparticles and 

quantum dots (0D), nanowires, nanorods and nanotubes (1D) as well as nanosheets 

and nanoflakes (2D). A reduced size of any material to the nanoscale along one, 

two or three coordinates brings up surface as well as quantum confinement related 

phenomena, which inherently influence electrical, optical, magnetic, chemical and 

even mechanical properties of the corresponding 2D, 1D or 0D materials.  

Being the second after silver in electrical conductivity, far cheaper and almost 

thousand times more abundant than silver [12], copper can replace high cost 

materials (noble metals) in corresponding applications. A good example is the 

potentially upcoming application of copper nanowires (Cu NWs) in transparent 

conductive electrodes as a cheap alternative to indium tin oxide (ITO) [13] being 

widely used today in various displays and touch screens [14]. ITO has a few 

disadvantages, which may be overcome by applying Cu instead. ITO is deposited 

by RF magnetron sputtering that requires costly vacuum facilities, whereas Cu 

NWs can be applied by simple printing and spraying methods. Further, indium, a 

key component in the material, is one of the most depleted resources in the 
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lithosphere, whereas Cu is more abundant and its recycling is more mature than 

that of In. In addition, ITO is brittle limiting its use in flexible applications, while 

Cu NW network based films can bend multiple times without losing their structural 

integrity [15] due to several reasons: (i) Cu is malleable, (ii) the NWs have large 

aspect ratio and can bend and (iii) the nanowires in the networks can move [16-20]. 

Optimization of production techniques can provide opportunities for fabrication of 

flexible Cu NW electrodes [21-23]with low electrical resistance and high optical 

transmittance. Apart from displays, such transparent conductive electrodes made 

from copper nanowires find use in solar cells [24] and in photoelectrochemical 

synthesis cells (PEC) [25]. 

Furthermore, porous electrodes of thin films of the nanowires with interconnected 

nanowires may be achieved by annealing the networks using e.g. thermal annealing 

[26] plasma, laser and halogen lamp assisted nanowelding [27, 28]. Latter cases 

represent surface plasmon resonance induced processes. Unlike in thermal 

annealing of percolated nanowire networks, which frequently results in merged 

networks due to uniform heating, plasmon-induced nanowelding produces locally 

contacted wires because of the local field enhancement at the junctions of adjacent 

nanowires thus local contacts formed. The utility of such welded NW films have 

been demonstrated in flexible solar cells [24] and stretchable conductors [25].  

Regarding their catalytic activity, copper nanomaterials (as many other metals) 

show catalytic activity in several chemical reactions, when their size is appropriate 

[29-31]. Taking the advantage of native oxides forming on the surface of Cu, the 

core-shell like catalysts have active sites with mixed oxidation states, which is often 

beneficial in redox systems [32] and can be exploited for different reactions [33]. 

Cu NWs are reported as effective catalyst for electroreduction of carbon monoxide 

[34], growing carbon nanofibers [35], non-enzymatic electrocatalytic glucose 

detection [36] and hydrogenation of cinnamaldehyde [37]. Beside the previously 

mentioned reactions, where pure copper nanowires are used, often bimetallic 

catalysts are applied such as Ni-Cu nanowires for 4-nitrophenol reduction [38], Au-

Cu nanowires for CO oxidation [39] and Pd-Cu for Suzuki cross coupling reaction 

[40]. 

Used in heterogeneous catalysis, copper nanowires can be easily separated 

from the products (at least in a small scale) by filtration or centrifugation. Recycling 

the catalyst by reactivating the surface using dilute acids (e.g. HCl) is also enabled, 

by which surface contaminants and even oxides are etched. 

Further, copper nanowires are also promising in applications utilizing 

plasmonic phenomena. The location of its surface plasmon resonance peak in the 
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visible range of electromagnetic spectrum makes copper [41] comparable to gold 

and silver. Plasmonic applications with nanowire arrays [42], individual nanowires 

[43, 44], e.g. in waveguides [45] have been already shown. Decoration of the 

nanowires surface with different metals and semiconductors shifts the plasmon 

peak position of the material and thus can be exploited to tune its absorption. For 

instance, the wide band gap semiconductor TiO2 attached to plasmonic copper 

nanowires is utilized in dye-sensitized solar cells [46] improve efficiency. Native 

oxidation of the wire surface [47], which takes less effort to obtain and alteration 

of aspect ratio [48], may also open new horizons for tuning of surface plasmon 

absortion. 

1.2 Synthesis of copper nanowires  

1.2.1 Template assisted methods 

Template-assisted synthesis of materials is a favored technique when size and shape 

is important. In general, templating means that the growth of a material is confined 

to certain directions, which is caused by steric hindrance of growth. Such a steric 

hindrance may be caused by several ways. Using solid/hard scaffolds (called as 

hard templates) to limit materials growth in their pores is one way. Utilizing 

surfaces with both catalytically active and inactive surface regions (that are created 

e.g. by optical lithography) can also limit the (catalytic) growth of nanomaterials 

(carbon nanotubes and Si nanowires are the classical examples) to certain regions 

of space and may be referred as hard templates. Spatial confinement can be also 

induced by polymers and colloids that form ordered or hierarchical structures, 

called soft templates. In certain aspects, applications of surfactants in wet chemical 

synthesis environment may be also referred as soft templates since they can 

selectively adsorb on particular crystal facets of the growing material thus directing 

the growth [49-58]. 

Anodic aluminum oxide (AAO) is the most used template material for copper 

nanowire growth. AAO with variety of pore size and density may be achieved by 

the anodization of aluminum surfaces in various acids [59-63]. Template synthesis 

of Cu NWs involves electrodeposition of copper in the pores of the AAO membrane. 

Using electron beam or other physical deposition methods in vacuum, first AAO 

membranes (having opened pores on both sides of the membranes) are coated with 

a thin metal layer (e.g. Ag, Al or Au) on one side, which acts as a back contact 
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(cathode) for the electrodeposition process [59]. An ordinary pure copper wire with 

clean surface is used as an anode, which is submerged in the electrolyte of copper 

salts (e.g. CuSO4, CuCl2) acting as copper ion source to be reduced on the cathode 

to facilitate Cu deposition in the pores of the template. Variation of current density 

in electrochemical bath allows to control the process and considered as an 

important factor for electrodeposition. Immersion of copper ions moving towards 

cathode, into AAO pores start the template deposition process. Reduced ions form 

Cu0 aggregates that adopt to the cylindrical shape of the membrane pores thus 

resulting in cylindrical copper nanowires in the template. AAO template is removed 

by dissolving it using NaOH and grown copper nanowires released from the 

template for further use. 

Although AAO is commonly used and widely available, any porous template 

(with open pores) could be suitable for nanostructured Cu growth (the shape of the 

metal nanostructures will be a replica of the pores). For instance, porous ITO 

templates were shown to be suitable for the production of Cu NWs having even 

better crystallinity than those grown in AAO [64].  

Hard template synthesis offers nanowires with well-defined geometry, 

ordering/alignment and relatively straightforward integration into devices. On the 

other hand, the drawbacks of this method include multistep growth (back-side 

contact evaporation on the hard template, electrochemical growth of nanowires and 

etching of template), expensive templates and very limited production scale. While 

the geometry of nanowires in solvothermal methods can be also controlled (by the 

temperature, pressure and chemistry of the reaction medium), such routes have a 

great advantage of easy-to-scale up production as well as very low materials and 

investment cost. 

1.2.2 Template-free synthesis 

One of the facile template free methods for production of copper nanowires is based 

on a reduction of copper oxide nanowires e.g. in H2 [65, 66]. Copper oxide 

nanowires may be formed by an oxidation of Cu above 400 °C in an autocatalytic 

process. As reported, first a copper oxide film with significant surface roughness 

formed on the surface by the influence of high temperature and oxygen shows 

micron sized facets with random angles. The neighboring facets form a sharp 

pyramidal structure, where the growth is nucleated and nanowires emerge from the 

surface. Growth time did not affect the diameter of nanowires, as it was limited by 

the lateral size of the catalytic nuclei. However, the length of wires (that can reach 
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up to 25 µm) is dependent on time. As a final step, the oxide nanowires are then 

reduced to metal in H2.  

Electroless plating (often referred as autocatalytic chemical deposition) and 

pulse current electrodeposition methods, using identical solutions of copper (II) 

nitrate trihydrate, ethylenediamine (EDA), sodium hydroxide and hydrazine, were 

demonstrated to produce copper nanowires [67]. In a similar deposition method [19] 

the growth mechanism was followed up by taking scanning electron microscopy 

(SEM) images during different intervals of synthesis. The study revealed that the 

nanowires grow from spherical copper seeds in the solution. Each spherical seed 

initiates the growth of a pair of nanowires protruding from the opposite sides of the 

seed via atomic addition to the (110) planes (the observed Cu NW growth direction). 

The formation of nanowires along this particular direction was unexpected, since 

(110) planes have the highest surface energy among the low index facets of face-

centered cubic (fcc) crystals [68]. According to thermodynamics, the crystals 

should have grown along the (111) planes (having the lowest surface energy) 

suggesting that other driving forces were also involved in the process. The role of 

ethylenediamine (EDA) in the process was studied and found that without it only 

spherical particles of copper form in the solution. Thus, EDA acts as a directing 

agent that induces anisotropic growth of copper nanowires in the solution via 

selective adsorption of the amine group on the other facets resulting in the 

formation of Cu NWs along the (110) direction.  

Chemical vapor deposition (CVD) from [69] copper precursors complexes of 

Cu(I) tert-butyl 3-oxobutanoate was shown as a facile method to growth of Cu NWs. 

The precursors decomposed at 250 ºC in Ar carrier gas resulted in Cu NWs with a 

diameter of 70-100 nm and length of a few micrometers on Si surfaces without 

using any catalyst or reducing agent. Transmission electron microscopy (TEM) 

showed that, growth direction of synthesized nanowires was (111) as anticipated 

without directing agents in the system.  

Although not a chemical route, it is worth mentioning here that conversion of 

Cu nanoflakes (dispersed in ethanol) to nanowires by using pulsed laser irradiation 

is also possible. Illumination by the laser beam results in formation of nanowires, 

which then subsequently transform to nanospheres in a process driven by the 

interaction between incident electromagnetic field and surface plasmon-polariton 

wave. Laser photoconversion yielded 50 nm thick and 3-6 µm long copper 

nanowires [70].  
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1.3 Theory of the metal oxidation 

Metals used in industry, research and everyday life for different purposes undergo 

oxidation influenced by the ambient conditions (temperature, humidity, 

atmospheric gas composition, surface impurities, etc.). While iron suffers from 

oxidation fading in rust that gradually evolves towards deeper layers of the metal, 

other metals such as titanium or aluminum form a thin stable film of oxide on the 

surface preventing the metal from further oxidation thus preserving its metallic 

nature and properties. Copper does not form a protective thin layer of oxide, but 

develops islands and homogeneous films of oxides on the surface which could be 

terminated at low temperatures. Temperature along with other factors like humidity 

and oxygen pressure affects oxidation behavior of metals, thus governs the oxide 

growth rate. 

The gradually evolving oxide layers can slow down and even terminate further 

oxide growth, if the layer thickness reaches a critical value that depends on ambient 

conditions. In the case of copper, although the upper layers of oxide dissolve 

atmospheric oxygen, the formation of new oxide is mainly due to the migration of 

copper ions from the metal through the oxide towards the oxide-oxygen interface. 

Accordingly, the key factor that influences the oxide growth rate is the diffusion of 

copper ions. Depending on the driving forces of copper ion migration, the growth 

mechanism of copper oxides may follow either the logarithmic or parabolic law 

similar to most of the metals. When the oxide layer is very thin (i.e. in the initial 

phase of surface oxidation) the local electric field caused by the differing chemical 

potential of the surface (with oxides and adsorbed oxygen) and the metal is high 

and can pull the cations from the metal through the oxide layer. As the oxide 

evolves, the field decreases and the growth of oxide slows down. Accordingly, a 

logarithmic law of time dependence, which is practically independent on 

temperature, is expected. After this, the metal ions can only rely on concentration 

gradients, i.e. the diffusion, which is temperature dependent, i.e. the oxidation 

process is described by the parabolic growth model [71]. 
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2 Study of surface oxidation 

2.1 Qualitative compositional analysis (Paper I) 

The solvothermal method, used in this research, allows us synthetizing Cu NWs 

with large aspect ratio conveniently and very cheaply even in bulk quantities. The 

process is based on the reduction of Cu2+ ions with glycose in the presence of 1-

hexadecylamine (HDA) acting as a directing agent [72].  

In the actual synthesis process, CuCl2·2H2O (0.17 mg) was dissolved in 

deionized water (80 mL) then D-glucose (0.39 mg) and HDA (1.44 mg) were added 

slowly under vigorous stirring. After 5 h, a light blue turbid dispersion formed and 

was placed into a Teflon® lined autoclave (Parr Instrument, Model 4525, 1000 mL) 

and heated to 393 K. After 24 h of reaction and spontaneous cooling, the obtained 

brown dispersion was collected, centrifuged at 2500 rpm (990 RCF) for 15 min. 

The supernatant was discarded and the reddish solid was redispersed in DI water, 

ethanol and n-hexane to clean the product. The centrifuging, decantation and 

redispersion cycle was repeated three times in each solvent and finally the obtained 

copper nanowires were kept under n-hexane or ethanol until further analyses in 

order to prevent them from oxidation. 

The synthesized nanowires were straight and had uniform diameter along the 

structure (Fig. 1). The average diameter was about 50 nm and the length was found 

to be in the range of 10–50 μm. Due to their large aspect ratio, the nanowires in 

high density random networks tend to curve rather than break into smaller pieces 

upon mechanical stress. Besides the nanowires also nanoparticles with different 

shapes (tetrahedron, triangular pyramid, perfect cube and spherical form) and size 

could be found in the product (Fig. 1).  
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Fig. 1. (a, b) SEM images of the product and (c) size distribution of copper nanowires. 

The scale bars show 3 μm and 200 nm respectively. SEM images of other crystalline 

products including (d) tetrahedron, truncated tetrahedron, truncated octahedron (e) 

nanorod with five-fold symmetry and (f) nanocube. Scale bars are 200 nm. Originally 

published in (Paper I). 

As commonly known, copper starts to oxidize immediately, when exposed to 

atmospheric oxygen. Reaction of copper with oxygen results in two narrow band 

gap oxides- cuprous oxide (Cu2O, 2.2 eV) and cupric oxide (CuO, 1.4 eV) that form 

on the surface. Cu NWs are not exclusions and they do oxidize as well in 

atmospheric ambient. Study of formation of copper oxides depending on exposure 

period to ambient oxygen, holds scientific interest as the explication of the surface 

chemical composition influences their practical applications in many fields. 

In order to reveal the oxidation behavior of copper nanowires, several 

analytical techniques such as X-ray diffraction (XRD), Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS) were used. The microstructure as well as oxide 

growth rate were assessed by the means of SEM, TEM and selected area electron 

diffraction (SAED) measurements. The samples were kept and oxidized in ambient 

laboratory air conditions (temperature of 21–23 °C). The relative humidity of air 

during storage was ~70% for XRD and XPS. Sample measured by Raman 

spectroscopy was stored and analyzed in a clean room ISO 6 environment with 

controlled relative humidity of ~43%.  The nanowires were drop-cast from hexane 

dispersion onto Si substrates to form homogeneous films for XRD analysis 

(Siemens D5000 X-ray diffractometer, Cu Kα λ=1.542 Å) of the evolution of any 

crystalline phase which could appear on copper nanowire surface. XRD patterns 
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were recorded several times over a period of 21 days from the same sample stored 

in laboratory air.  

The XRD patterns collected during the first week period show reflections of 

metallic copper at 43.4°, 50.5°, 74.1°, 90.0° and 95.2° corresponding to the crystal 

planes (111), (200), (220), (311) and (222) respectively (Fig. 2a). Since Cu oxidizes 

easily, it was not logical to speculate about the oxidation resistant nature of Cu NWs, 

thus the measurements were continued. After 10 days a peak assigned to the (111) 

plane of cuprous oxide, Cu2O appeared at 36.4°, whose intensity slightly increased 

within the subsequent course of analysis. No other reflections for Cu2O nor CuO 

were observed meaning that even if those were present in the sample, their 

crystallinity is poor or have very small size [73, 74]. 

Fig. 2. (a) X-ray diffraction patterns of copper nanowires and (b) Raman spectra of 

copper nanowires from 0 to 30 days. The 2θ angle positions of cupric oxide most 

intense peak (green) and cuprous oxide peaks (blue) are depicted. Originally published 

in (Paper I). 

To elaborate the study further, Raman spectroscopy (Horiba Jobin-Yvon LABRAM 

HR800 UV-Vis device with 488 nm Ar+) was used on a newly drop-cast sample on 

microscope slide. Similar to XRD measurements, the specimen was periodically 

analyzed over 30 days of oxygen exposure. The spectrum collected on the fresh 

sample (0 day of oxidation), exhibited several sharp peaks at 106 cm-1, 143 cm-1, 

218 cm-1 and also two broadened bands at around 530 cm-1 and 630 cm-1 (Fig. 2b), 

caused by various vibration modes of Cu2O [73, 75-78].  The only difference in the 

spectra recorded for the following 7 days was the variation of intensities, caused by 

the surface roughness of the sample and the data collected from random locations. 

Two new peaks appeared at 293 cm-1 and 339 cm-1 after 10 days indicating the 
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formation of CuO [73, 74, 79]. Furthermore, the peak located at 630 cm-1 became 

broader likely because of the contribution of a newly appearing peak of CuO at 624 

cm-1 [74, 80]. 

To make quantitative assessment of oxidation XPS (Thermo Fisher Scientific 

Escalab 250 XI XPS system equipped with Al Kα X-ray source, 1486.6 eV) 

analysis was also conducted (Fig. 3(a-c)). High resolution Cu 2p2/3, O 1s, C 1s as 

well as Cu LLM Auger signals were collected on a sample drop-cast from hexane 

dispersion on a Si substrate. To compensate for any energy shift (e.g. due to surface 

charging) the spectra were referenced to the main component in C 1s spectra (at 

284.8 eV) recorded on each measurement day (Fig. 3(d)).  

According to the Cu 2p2/3 spectrum measured after sample preparation, 

multiple oxidation states were present on the surface such as Cu(OH)2, CuO and 

Cu/Cu2O (peaks centered at 935.1 eV, 933.3 eV and 932.2 eV respectively). Apart 

from these, another peak at 931.1 eV was observed, that could not be identified in 

this step as the binding energies of Cu and Cu2O are very close in the Cu 2p2/3 

spectrum. Depending on the environmental conditions, the formed Cu2O can 

subsequently transform to Cu(OH)2 and then to CuO via dehydration [81] Spectra 

collected in subsequent days displayed the increased intensity of Cu(OH)2 peak 

probably due to water vapor in the atmosphere.  

 

Fig. 3. X-ray photoelectron spectra of Cu nanowires resolving the (a) Cu 2p3/2, (b) Cu 

LMM Auger, (c) O 1s and (d) C 1s peaks. Originally published in (Paper I). 
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The immediate detection of low intensity CuO peak located at 933.3 eV and its 

hardly noticeable satellites with binding energies of 943 eV and 947 eV, supports 

the proposed mechanism of simultaneous transformation of hydroxide phase [82]. 

Despite the variation of intensities of the observed CuO satellites, they remained 

quite low during the entire 30 days of oxidation period. The small ratio between 

the intensities of satellite peaks and the main peak, indicates the negligible amount 

of cupric oxide, compared to cuprous oxide and metallic copper pair.   

By resolving peaks in the Cu LLM Auger spectra, the existence of both metallic 

copper and cuprous oxide (peaks at 918.6 eV and 916.8 eV, respectively) were 

revealed for the zero-day specimen (Fig. 3b). The detection of metallic phase can 

indicate both island-like oxide evolution but also homogeneous shell-like oxide of 

very low thickness (below 10 nm, i.e. below the sampling depth of XPS).  

Analysis of O 1s spectra shows peaks at 530.1 eV, 529.2 eV and 530.5 eV that 

are assigned for Cu2O, CuO and Cu(OH)2, respectively. The latter peaks, showing 

Cu+2 oxidation state exhibited significantly lower intensity compared to the Cu2O 

peak, indicating that higher amount of Cu2O was present in the oxide mixture. 

Spectra collected in the subsequent days showed a continuous increase in CuO and 

Cu(OH)2 peak intensities, in agreement with previous data obtained from Cu 2p2/3 

XPS and Cu LLM Auger spectra.  

Accordingly, it can be concluded that cuprous oxide and copper (II) hydroxide 

are simultaneously formed on the surface on the initial stage of oxidation process. 

Further exposure of atmospheric oxygen results in the gradual growth of cupric 

oxide, which partly develops by dehydration of the hydroxide. Longer oxidation 

periods disable the detection of metallic phase because of the continuous and thick 

oxide shell that evolves on the surface (Fig. 4).  
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Fig. 4. Concentration change of oxidation phases based on the analysis of Cu LMM 

Auger (a) and Cu 2p3/2 (b) spectra (UID-unidentified peak). Originally published in 

(Paper I). 

2.2 Nanowire morphology and oxide growth rate (Paper III) 

To observe visually the oxide growth on the surface TEM (Jeol FS 2200, 200 kV) 

was used. Cu NWs dropped on nickel (Ni) grids from ethanol dispersion and the 

samples were kept in a box with 30% humidity at room temperature between the 

analysis sessions. Note: When the samples were drop cast from hexane dispersion, 

a formation of amorphous C on the surface of the NWs was observed during TEM 

imaging. In the case of ethanol, such carbon growth was not seen thus the NWs 

were either deposited on the grid from ethanol dispersion (when stored in ethanol) 

or washed by ethanol before use (when stored in hexane). Imaging right after 

sample preparation revealed already grown oxide layers on the surface. While 

oxidation in ambient air is expected to yield only cuprous oxide in the initial stages 

of oxidation [66, 83-85],   both cuprous and cupric oxides were found (lattice fringes 

with d-spacing of around 2.46 Å and 2.52 Å that correspond to Cu2O(111) and 

CuO(11-1) planes, respectively (Fig. 5). Longer oxidation period resulted in the 

appearance of other fringes with d-spacing values of approximately 3.02 Å and 

2.15 Å of Cu2O (110) and (200) planes as well as 2.75 Å of CuO (110). It is possible 

to conclude that according to statistical data obtained from TEM images, Cu2O 

forms on the metal surface, then formation of CuO layers occurs on top of existing 

Cu2O in a form of epitaxial film (Fig. 5f, 5 h) and islands (Fig. 5d, 5k).  

a b 
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Fig. 5. TEM images of copper nanowires with native oxide layers at 0 day (a and b) and 

after 1 day (c), 2 days (d), 6 days (e and f), 7 days (g and h), 8 days (i), 9 days (j), 14 days 

(k) and 22 days (l) of oxidation. Dashed lines (d, f) show the boundary of metal and oxide 

phases. Scale bars denote 10 nm. Originally published in (Paper III). 

In contrary to reports [81, 83-87], where oxidation of bulk and thin films copper 

have been studied, the overall oxide thickness did not increase significantly during 

the course of the experiments. The initially observed 3 nm thick oxide layer that 

formed during sample preparation (i.e. in a few minutes), increased up to 5 nm 

during the whole experiment period (21 days). 

To have a clear view about the oxidation mechanism, both field-assisted and 

diffusion-controlled models (Fig. 6) were applied. The field-assisted model, valid 

for very thin oxides, in which the electrical field is sufficiently high to pull cations 

through the oxide layer is described by a logarithmic growth law [71] as   

 = − ( )  (1) 

where the value of slope B is of order 10-2-10-1 nm-1. Even though the initial oxide 

layer on our nanowires were around 2-3 nm, surprisingly when fitting our results 

with the logarithmic model the fitting parameter B was found to be ~10-2 nm-1 

which is in good agreement with the oxidation of polycrystalline copper thin films 

[81].  
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On the other hand, the diffusion-limited model described by a square root function 

of oxide growth vs. time gives also reasonable fitting parameters (although with a 

bit smaller diffusivity value than those in the literature for Cu films). 

Mathematically,  

 d(t) = do + .   (2) 

in which d0 is an offset accounting for the initial oxide thickness and parameter  

 b = 2 .   (3) 

where D is the apparent diffusivity of ions in the oxide layer results in ~3.25·10-3 

nm2/day, which is lower than those measured by angle-resolved X-ray 

photoelectron spectroscopy for ion beam deposited [88] and thermally evaporated 

[89] Cu films oxidized at room temperature (~18.2·10-3 nm2/day and ~23.0 10-3 

nm2/day, respectively). The lower diffusivity value obtained from current 

experiment could be explained by the fact that the analysis was performed locally 

on individual copper nanowire surfaces, whereas the cited data refers to large 

surface areas with multiple grain boundaries along which the oxidation has a 

favored propagation into the specimen surface.  

 

Fig. 6. (a) Mean oxide thickness measured by HR-TEM as a function of time with a fit of 

diffusion limited growth model. (b) 1/d vs. ln(t) plot and a corresponding fit of field-

assisted growth model. Originally published in (Paper III). 
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Despite the god fit of plots to both models, field assisted mechanism occurs only at 

the initial stage of oxidation, resulting in 2.8 nm oxide and cannot be applied for 

oxygen exposure periods in the scale of days and weeks. The main mechanism 

responsible for oxide evolution (from 2.8 nm to 4.5 nm within 3 weeks) is diffusion 

limited model and the slow oxidation rate obtained in current research compared to 

polycrystalline films explained by the influence of grain boundaries in the latter 

case. 

Since the oxidation rate of metals can be influenced by the orientation of side 

facets further the TEM and SAED analyses are conducted (Fig. 7) using a double-

tilt specimen holder. The results showed nanowires with five-fold symmetry, unlike 

the previously believed cylindrical shape. According to SAED, the NWs grow in 

(110) direction with apex and side capped by (100) and (111) planes, respectively, 

which is consistent with a previous report [90]. Further, the superimposed FCC 

lattices resulting in double diffraction effects originating from twinned sub-crystals 

also confirmed the five-fold symmetry of NWs [90-93]. Higher sensitivity of (100) 

facet of single crystals to oxidation compared to (110) and (111) planes was 

reported [94] and could be explained by high surface energy of (100) facet [68]. 

Expected fast reaction of (100) facets to ambient oxygen is reflected by the initial 

oxidation stages (field-assisted growth) that resulted in ~80% of maximum oxide  

thickness within few tens of minutes. 
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Fig. 7.  (a) SEM image of Cu NWs, (b) SEM and (c) TEM images of a nanowire with five-

fold symmetry. SAED patterns of (d) <115> zone axis and (e) zone axis <112>, with 

schematic model of the Cu NW in the inset. Originally published in (Paper III). 
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2.3 Electrical properties (Paper I) 

Since copper is mainly used for electrical applications, assessment of NWs 

electrical properties bears with scientific as well as industrial interest. To test 

electrical properties, a carrier chip was made by the means of optical lithography. 

Pt electrodes (thickness of 250 nm with 40 nm Ti under-metallization) were defined 

on a Si substrate having 1.5 µm thermal SiO2. Cu NWs were drop-cast from hexane 

dispersion onto the Pt electrode fingers and analyzed using two-probe current-

voltage (I-V) measurement (2636A Keitley system sourcemeter and Wentworth 

Labs probe station). In order to avoid oxidation of the fresh samples, the initial 

measurements were carried out in a glovebox filled with N2. The first 

measurements showed that the Cu NWs have typical metallic I-V characteristics 

(Fig. 8a). After 10 days of storage, however slight nonlinearity in the I-V plots are 

observed likely caused by oxidation by traces of O2 in the glovebox. Additional 

measurements were performed in laboratory air on the very same samples, in order 

to observe the influence of surface oxide formation on the electrical properties of 

nanowires. The first measurements displayed linear I-V plots, which gradually 

became nonlinear due to the temporal evolution and thickening of the surface 

oxides in air. It is worth noting here, that the conductivity of the Cu NW networks 

increased, when the samples were removed from the glovebox and exposed to the 

laboratory air. It seems to be counterintuitive because sudden oxidation of the 

surface thus decreased electrical conductance is expected. However, as observed 

for many semiconductors, water vapor adsorbed on their surface can induce doping 

and consequently can alter electrical behavior [95-97]. One may assume that a 

similar process takes place in the case of the very thin copper oxides thus 

decreasing the contact resistance between the contacts in the nanowire network. 

Subsequent decrease of conductance however can be well explained by the gradual 

oxidation of the surface.   
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Fig. 8. (a) Current-voltage plots for two similar Cu nanowire networks. Label “a” stands 

for measurements carried out in the glove box filled with N2 right after preparation, 

while label “b” denotes measurements of the corresponding chips stored in a glove box 

after 10 days. Plots labelled with 0 h, 1 h, 4 h, 8 h, 1d, 3 d and 6 d are measurement data 

acquired in ambient conditions (h and d mean hour and day, respectively) after 

removing the chips from the glove box. (b) Resistance vs. temperature curve of an 

oxidized Cu nanowire network measured between 303 and 573 K in argon. Originally 

published in (Paper I). 

For a further analysis of the effects of oxidation on electrical behavior, nanowires 

were drop-cast on a Si chip, stored in air and then used for studying the temperature 

dependence of resistance. The measurement showed a steep decay of resistance 

with temperature, indicating the conductance is thermally activated, i.e. 

nonmetallic. From the Arrhenius plot (Fig. 8b), the activation energy near room 

temperature was found to be around 0.4-0.5 eV, which was comparable to reported 

value for the freshly deposited Cu NW networks that rapidly developed oxide 

layers [72].  

In order to avoid the effects of inter-wire contacts in nanowire networks, I-V 

measurements were carried out also for an individual wire (Fig. 9a). A single wire 

was deposited on Si chip, between two Pt electrodes (by drop-casting). The 

measured I-V curves displayed nonlinear behavior already right after the sample 

deposition. Four subsequent measurements performed within 2 hours did not reveal 

any change in I-V curves, however after a day of oxidation, a dramatic decrease of 

electrical conductivity was observed similar to template grown Cu NWs [98].  
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Fig. 9. (a) Two probe current-voltage curves for an individual Cu nanowire undergoing 

oxidation in air. The inset shows the corresponding nanowire on the test chip observed 

by dark-field optical electron microscopy. The electrical measurement is carried out 

through the two outermost electrodes. Scale bar is 30 μm. (b) Current- voltage curves 

via AFM operated in spectroscopy mode for a single copper nanowire drop casted on a 

gold-coated surface. In this case, the Pt-coated AFM probe is positioned perpendicular 

to the nanowire axis. Originally published in (Paper I). 

The results can be explained well by the formation of practically insulating surface 

oxides and poor physical contacts, through which electrons are not able to inject 

between the Pt electrode and the metallic the core of the nanowire. On the other 

hand, nonlinear I-V curves could be measured perpendicular to the nanowires using 

conductive atomic force microscopy (AFM, Bruker, Multimode 8, Pt coated Si 

probe with spring constant of 2.67 N/m and tip radius of 30 nm) even up to 4 days 

as shown in Fig. 9b. The reason for this is most likely the better and well defined 

contact between the probe tip and the nanowires well as the force pressing the 

nanowire to the substrate.  

2.4 Plasmonic properties (Paper II) 

When illuminated with visible light, copper nanowires exhibit surface plasmon 

resonance, due to the match of the incident light frequency with the oscillation 

frequency of electron gas in the material. As previously mentioned, surface 

plasmon peak position of a metal can shift depending on the size and shape of the 

structure but also the surface composition (e.g. oxidation) can alter the plasmonic 

peak position and intensity. Accordingly, one may expect that the oxidation of NWs 

can be also detected by monitoring their plasmonic properties. 
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2.4.1 Finite-element simulation 

To assess the plasmonic behavior and the potential effects of surface oxidation, the 

absorption of visible and near infrared photons by the Cu NWs was simulated first 

using finite-element modeling (Comsol 5.3 software). The calculated absorption 

cross-section (ACS) in the spectral range of 400-1000 nm showed a strong 

dependence on the length of nanowires (Fig. 10a).  

 

 

Fig. 10. 2D color maps of calculated absorption cross-section at different nanowire 

lengths in the spectral range of 400 – 1000 nm for (a) an isolated Cu nanowire in air and 

(b) on the surface of Au. Originally published in (Paper II). 

Such a dependence of plasmonic peak position on the nanowire length is typical 

signature of longitudinal plasmon modes [99-101]. Comparison of calculated ACS 

of nanowires located in air and on a gold surface revealed a significant contribution 

of the substrate to the absorption. The increase of ACS on gold can be explained 

by the enhancement of electric field caused by the surface plasmon resonance of 

the substrate itself.  

To observe the impact of oxides grown on the surface of copper, simulations 

were performed for isolated individual nanowires in air with different oxide 

thickness. Comparison of the results for pure copper nanowire (Fig. 11a) and 

nanowires with oxide layers on the surface (Fig. 11b) revealed a strong influence 

of oxide thickness on plasmon peak position. As oxide layers grow thicker, surface 

plasmon peak shifts towards higher wavelengths due to the change of Cu aspect 

ratio (viz. a part of metal is transformed to oxide) and also because of the change 

of surrounding (i.e. from vacuum to metal oxide). 
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Fig. 11. Simulated absorption cross section of (a) pure Cu NW and (b) with 5 nm CuO 

shell as functions of wavelength and nanowire length. (c) Plot of absorption cross 

section dependence on wavelength. The length and diameter of the nanowire are 500 

nm and 50 nm respectively. (a) and (b) originally published in (Paper II). 

2.4.2 Kelvin probe force microscopy 

KPFM is a modification of the conventional Kelvin method [102], in which the 

contact potentials are measured in a vibrating capacitance setup, with AFM. The 

technique uses a conductive probe with a known work function and allows to 

determine the work function of the scanning material by measuring the contact 

potential difference (CPD) between the probe tip and sample [103]: 

 

 = ( − ) −⁄   (4) 
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where φP and φS are the work functions of probe and sample respectively, and e is 

the elementary charge. Scanning of the sample surface using KPFM provides high 

spatial and high electrical resolution for surface morphology and potential that are 

scanned separately in two passes. The first scan admeasures the morphology of the 

surface, while the second scan performed 50-100 nm above the surface detects the 

change in surface potential.   

Fig. 12. Principle of KPFM technique illustrating energy levels shift. a) sample and 

probe are separated; b) sample and probe in electrical contact; c) external bias (VDC) 

applied between sample and probe. Evac vacuum level, EF Fermi level, φS, φP work 

functions of sample and probe respectively.  

When the sample and probe possessing different work functions are separated and 

have no electrical contact, their vacuum levels are aligned but Fermi levels are not 

(Fig. 12a). If the sample and probe electrically connected, then their Fermi levels 

will align due to the current flow between the sample and probe; equilibrium 

condition achieved, however vacuum levels will not be the same. The surface 

charging of sample and probe upon electrical contact will create a surface potential 

difference (Fig. 12b). In order to eliminate this current an external bias VDC applied 

with the same magnitude as CPD but with the opposite direction (Fig. 12c). During 

the scanning over the surface, local areas with different potentials will change CPD 

and the VDC with different value will be applied. By measuring the change of the 

applied bias depending on the localization, potential mapping of the scanned 

surface is achieved.  
Thus to experimentally assess surface charging and its dependence on the 

growth of surface oxides the KPFM method (using Pt covered Si probes with 

calibrated spring constants of 2.9 ± 2 N/m and 2.6 ± 2 N/m) was used. Cu NWs 

were drop-cast from hexane dispersion on an electrically grounded gold substrate. 
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The measurements performed on the same wire showed the change of CPD as a 

function of time and illumination. The first dark scan performed on the fresh 

nanowire, which oxidized for one hour in ambient air, during the scan duration, 

displayed around 100 mV contact potential difference between gold surface and the 

copper nanowire (Fig. 13). This difference was in accordance with already obtained 

results, showing fast oxidation of copper surface. Since work functions of copper 

oxides were about 5.3 eV and 5.2 eV for Cu2O and CuO respectively, the observed 

100 mV CPD between the nanowire and gold surface having work function of 5.3 

eV, was as expected [104, 105]. Continued scanning of the sample displayed an 

apparent change of the surface potential difference between nanowire and the 

substrate, possibly caused by further oxidation and surface charging effects [106]. 

Upon illumination with the laser (OBIS 552 nm, 20 mW), the surface potential 

of the nanowires becomes more positive than for the dark reference. On the other 

hand, as a function of time, the difference between the surface potentials of 

nanowire and the gold substrate vanishes, which again may be accounted for the 

gradually developing surface oxide. 

  

Fig. 13. Color map surface potential measured for an oxidizing copper nanowire in 

contact with a gold surface. The surface potential maps recorded in dark (upper row) 

and under laser illumination (lower row) on the same nanowire. The time values in the 

corners of the panels indicate time interval of oxidation the nanowire has gone through. 

Please note, the sequence of measurement alternates the dark and laser illuminated 

measurements. Originally published in (Paper II). 
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Illumination by visible light can generate charges in the experimental setup (Fig. 

14a) at least two different ways. In the first, the semiconducting copper oxides 

grown on the surface during the measurement period are responsible for the photo-

generation of charge carriers with their subsequent transport to the contacting 

metals, which they form nano-sized Schottky junctions (Fig. 14b) [107, 108]. 

Rectification of electron injection at the Cu/Cu2O and well as Au/ Cu2O (although 

this latter is with very low barrier) thus can lead to an efficient charge separation 

between the materials and change CPD values. In the second possible mechanism, 

the copper core is engaged by plasmonic generation of hot-electrons, which can 

inject to the surrounding medium, i.e. to Cu2O, though they will be injected back 

to metal unless becoming trapped or injected to the gold substrate.  

Since simulation of electromagnetic absorption on copper nanowire, showed a 

red shift depending on aspect ratio and oxide thickness, IR laser (980 nm) was 

utilized for a similar experiment. No changes between dark and IR illuminated 

scans were detected. Possessing lower energy (1.2 eV) IR photons cannot excite 

electrons in the valence band of semiconductor oxide or generate a plasmon 

resonance on the metal core, thus proving the plausibility of the above proposed 

mechanism. 

 

Fig. 14. (a) Schematics of oxide shell/metal core nanowire contact potential difference 

(CPD) mapping; (b) band diagram of oxide covered copper when in contact with Au 

substrate and Pt probe.  

 

(b) (a) 
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3 Novel applications of Cu nanowires 

3.1 Surface enhanced Raman scattering (Paper II) 

To benefit from surface plasmon resonance of nanowires and possibility of hot-

electron transfer to surrounding medium, Cu NWs were tested for surface enhanced 

Raman scattering (SERS) [109]. The NWs were drop cast from ethanol dispersions 

onto Si wafer with gold coating of 200 nm thickness. After drying, 10 µL aqueous 

solution of 1 mM Rhodamine 6G (R6G) was deposited on the surface and dried at 

ambient conditions. In the SERS measurements (Thermo Scientific DXR Raman 

instrument with excitation wavelength of 780 nm and 1 µm beam size at the focal 

point) the Raman signal was collected from several spots on the sample surface, 

with low and high surface density NWs, as well as from a single NWs and also 

from the Au surface.  

Fig. 15. SERS measurements with random networks of the nanowires. Originally 

published in (Paper II). 
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Raman signal detected from nanowire free Au surface resulted in very low intensity 

and it was difficult to distinguish different Raman modes from the spectrum [110, 

111]. Collection of Raman signals from the part of surface with low density of 

copper nanowires, displayed a spectrum with increased intensity and a better 

resolution. Higher density of copper nanowires showed enhancement of Raman 

intensity about three orders of magnitude compared to pure Au surface (Fig. 15). 

The observed dependence of SERS intensity on the surface density of Cu NWs is 

explained by increased Raman scattering cross-section of the amplification 

medium-copper nanowires. 

Since plasmonic behavior of copper nanowires were sensitive to oxidation, it 

was expected to see changes in Raman enhancement affected by surface oxides. 

However, comparison of spectra collected for as deposited sample and one day 

oxidized sample did not reveal any significant variation of spectra (Fig. 16). Only 

minor changes are visible around 1600 cm-1, which may be due to a change in the 

preferred adsorption of R6G molecule on the oxidized surface (e.g. via its 

secondary amine function, which in turn would increase the polarizability of the 

N–H bond and thus increase the Raman cross-section of the mode contributing to 

the 1572 cm-1 peak). 

Fig. 16. Effect of oxidation of Cu NWs on SERS. Raman spectra of R6G on an Au 

substrate with high number density of Cu NWs measured using fresh and oxidized 

substrates. Experimental parameters: 10 mW laser power, 50× objective, slit aperture 

25 µm, exposition time 2 s, sampling 20×. Originally published in (Paper II). 
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3.2 Catalytic oxidation (Paper I) 

Limitation of electron transport by surface oxides, affects electrical applications of 

copper nanowires. However the existence of oxide shell on metallic core, may 

provide an advantage for heterogeneous chemical reactions [112-114] and 

electrochemical processes. In order to assess the potential benefits of oxidation thus 

the NWs were tested in a model reaction (catalytic wet air oxidation of phenol) 

[115, 116]. 

70 mg of copper nanowires with surface oxides grown for several months, were 

ultrasonically mixed in 200 mL aqueous phenol solution of 5 g/L concentration. 

The reaction solution was placed into the Teflon lined autoclave and heated up to 

413 K. The required oxygen for phenol oxidation was supplied within the 5 hours 

of reaction duration by bubbling synthetic air (20% O2 and 80% N2). When 

autoclave temperature reached the set point, 1.8 MPa pressure maintained and the 

phenol oxidation reaction started. As known phenol degrades to carbon dioxide 

(CO2) and water when oxidized. To detect the change in phenol concentration in 

the reaction, liquid samples were withdrawn from the autoclave through the 

sampling valve each hour and analyzed using gas chromatography (GC, Hewlett-

Packard 6890 coupled with HP-5973 Mass spectrometer). The outlet gas was 

bubbled through 11 g/L Ba(OH)2 solution, in order to detect gas phase product, 

CO2, which reacts with Ba(OH)2 resulting in BaCO3 precipitate allowing the 

quantitative determination of the produced CO2. The bottle containing Ba(OH)2 

solution was replaced every hour, and the precipitated BaCO3 was filtered. The 

weight of the filtration product was measured after drying using an analytical 

laboratory scale (0.1 mg accuracy).   

The comparison of two concentration changes obtained by direct analysis using GC 

and indirect calculation, revealed a significant difference (Fig. 17). According to 

GC analysis phenol was degraded completely after reaching for five hours, whereas 

calculation of CO2 content formed by phenol degradation showed that only one 

third of the carbon content in phenol was mineralized. The difference between 

results pointed to possible formation of intermediates during the reaction. 

According to report [117], where 200 mg commercial CuO catalyst was used along 

with other copper based catalysts for similar reaction, CuO showed sufficiently 

high activity compared to other catalysts and acetic acid was detected as an 

intermediate. However, GC results for 5 samples collected each hour, did not 

display any other products including acetic acid. The reactant mixture extracted 

after the oxidation reaction, was filtered, in order to find any solid byproducts, as 
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any liquid intermediates were not detected. Filtration resulted in dark brown 

precipitation, resembling oxidized copper nanowires due to color. Imaging of the 

filtered precipitation by SEM, displayed spherical nanoparticles with a diameter of 

200 nm (Fig. 17 (a) inset). According to earlier reports [118, 119] phenol oxidized 

in aqueous media can result in its polymerization. The observed nanospheres from 

SEM images indicate the polymerization of phenol, which look very similar to 

those demonstrated by other groups [120-122]. Based on the FT-IR analysis of 

dried product (Fig. 17(b)) it is very possible that during the reaction, polyphenolic 

components are formed having IR bands indicating aromatic rings, -C=O, and -CHx 

functional groups [123-125]. In addition, according identified IR bands aromatic 

rings may be connected as poly-form via amide (-NH) bondings.  

Although oxidation of copper surface is considered as a disadvantage, copper 

nanowires with surface oxides efficiently catalyzed wet air phenol oxidation 

reaction and resulted in fully usage of phenol in reaction mixture. As a result toxic 

phenol was partly degraded to CO2 and H2O and mainly converted to non-toxic 

polyphenol nanospheres. 

Fig. 17.  (a) Phenol conversion as a function of reaction time, measured by GC (red line) 

and calculated indirectly from the weight of BaCO3 (blue line). Note: the phenol 

conversion shown by the blue data actually can be also referred as complete 

degradation or mineralization. The inset SEM image shows polymerized phenol 

nanoparticles (scale bar is 500 nm). (b) FTIR spectrum of the solid product, 

corresponding to polyphenol. (a) originally published in (Paper I). 

  

(a) (b) 
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4 Conclusions 

In summary, copper nanowires of high aspect ratio were synthetized by the 

reduction of copper chloride dehydrate in the presence hexadecylamine using the 

hydrothermal route at 120 °C and autogenic pressure. The formation of native 

surface oxides in ambient atmospheric conditions at room temperature was studied 

by several techniques to reveal any peculiarities of the oxide structure and 

composition and to assess their effects on the electrical and plasmonic properties 

of the nanowires.  

According to XRD, Raman spectroscopy, XPS and TEM/SAED analyses, 

rapid oxidation of the surface takes place when exposed to air with the appearance 

of Cu2O. As the oxidation progresses, CuO forms as well together with a metastable 

Cu(OH)2 intermediate. As assessed by I-V measurements on individual nanowires 

and nanowire networks, the formed surface oxides are semiconducting and have 

significant effect on their electrical behavior. According to computational 

modelling and KPFM mapping, the nanowires show plasmonic excitation, which 

can be also influenced by the oxidation.  

The potential of Cu NWs for practical use, despite its surface oxides, is 

demonstrated with two new applications. In the first, the nanowires are applied as 

an affordable and simple SERS amplification medium to improve the analysis of 

surface adsorbed molecules. In the other, the nanowires were shown as a promising 

new catalyst candidate for oxidative water treatment to mitigate organic 

contaminants.  

From the scientific aspects, the research results of this thesis clarify the 

development of surface oxidation of the recently discovered and introduced Cu 

nanowires and explains its influence on the electrical and plasmonic behavior. As 

from the application point of view, the study indicates that Cu nanowires are not 

limited in use as trivial interconnections or electrodes but can find their way to be 

implemented in sensors and catalysis. Furthermore, this work may contribute to the 

understanding of other low dimensional metals whose behavior is influenced by 

oxidative ambient and the study also can lead to the development of new 

nanomaterials with engineered properties.  
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