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Two methods for the preparation of rhodium nanowires are described: (i) electroless metal deposition at 
duplex DNA ‘template’ molecules in bulk solution and (ii) electrochemical reduction in DNA-containing 
solution at a modified electrode. Both methods render essentially similar 1D nanostructures with a Rh/Rh-
oxide core-shell structure. AFM studies revealed the resulting nanostructures are typically <10 nm in 
diameter with continuous and smooth metal coatings. However, the latter method was less effective with 10 

samples containing an ~3-fold increase in the bare template DNA remaining.  A combination of SPM 
methods demonstrated the structures to be electrically conducting, hence confirming their nanowire 
nature. The conductivity was, however, several orders of magnitude lower than that of bulk Rh; a fact 
attributed to the presence of resistance-increasing mechanisms, such as grain boundaries present in the Rh 
coatings and electron surface scattering. 15 

 

Introduction 

The confinement of metals to the nanometre regime provides 
materials with a range of novel and useful properties not 
necessarily exhibited by their bulk counterparts.1-9 Examples 20 

include optical properties such as plasmon resonance bands,6 
fluorescence10 and photothermal properties11 and new-found 
reactivity in noble3, 12 and platinum group metals (PGM).13-15 It 
also offers the means to further miniaturization of existing 
technologies, such as in electronics.16 25 

Of the PGM, nanoscale rhodium has been relatively little studied 
outside of nanoparticle-driven catalysis.17 However, new routes 
to the fabrication of nanostructured rhodium architectures remain 
of value due to their interesting properties which offer potential in 
areas such as fuel cells, solar energy conversion, and NEMS 30 

systems.18-21 
It is established that duplex DNA is an effective template for the 
growth of a range of material types22-30 as one-dimensional (1D) 
nanostructures31, 32  and this can be compatible33 with complex 
nanostructured architectures formed by, so-called, DNA-35 

origami.34 The capacity for DNA to function in this role lies in its 
ability to interact with precursor species and facilitate anisotropic 
growth. Importantly, this DNA-based method can allow access to 
structures at the lower end of the nanometre range. It also 
provides the benefit over templating approaches using porous 40 

membranes (e.g. anodic aluminium oxide,35-37 polycarbonate 
membranes,38 porous silica39, 40) of avoiding the need for 
additional post-synthetic steps in order to remove the template 
and liberate the nanostructured material.  
The preparation of metal nanowires (e.g. Au,41-43 Ag,44 Pd,45, 46 45 

Cu,47, 48, Co,49 Fe50) most commonly involves chemical reduction 
of cationic metal species either at bare DNA,44-48 or at DNA 
seeded with particles of a hetero-metal.33, 41-43, 49 The latter act to 
provide a catalytic surface upon which the reductive deposition of 
the metal takes place. A novel galvanic displacement method has 50 

been described by Harb and Woolley for materials, such as Te 

and Bi2Te3, which cannot readily be prepared by simple 
precipitation.51 More recently, we have reported metal templating 
onto native DNA using an electrochemical approach as a further 
alternative.50 55 

Here, we compare two DNA-templating approaches for the 
preparation of 1D Rh nanostructures using (i) chemical and (ii) 
electrochemical reduction of Rh3+ ions. The resulting 
nanostructured materials have been characterised to evaluate their 
chemical, structural and electrical properties. 60 

Results and Discussion 

Synthesis of DNA-templated Rh nanowires 

The preparation of Rh nanowires by DNA-templating via both 
chemical and electrochemical reduction routes was carried out 
using RhCl3·H2O as a source of Rh3+ ions. Seeding of the DNA 65 

with Rh3+ ions was carried out by addition of the Rh salt to an 
aqueous solution containing duplex DNA. Metal ion interactions 
with DNA, which can take place through non-covalent 
interactions as metal complex species with the DNA phosphate 
backbone and/or coordination to sites on the DNA 70 

backbone/nucleobases52, 53 were monitored by FTIR 
spectroscopy.  Changes in the spectrum as a result of the 
treatment with the metal salt suggest that the Rh3+ ions interact 
with both types of sites (see SI, Fig S1).   
 75 

Chemical reduction method. Chemical reduction of the Rh3+ 
species in the presence of DNA was carried out by the addition of 
NaBH4 to the reaction solution. In order to determine the 
chemical composition of the product material following 
reduction, Rh/DNAChem, powder X-ray diffraction (XRD) and X-80 

ray photoelectron spectroscopy (XPS) studies were conducted. 
Figure 1 shows the XRD pattern acquired from a sample of the 
isolated product material. Three prominent peaks can be 
distinguished in the diffraction pattern at 2θ values of 41.1°, 
45.1° and 69.2°, which are consistent with the (111), (200) and 85 
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(220) reflections of metallic Rh.54-58 The broadened appearance of 
the peaks is a result of the nanocrystalline nature of the Rh 
material formed.59 Using the line width of the diffraction peaks (β 
= 4.9°, as defined by the full-width-at-half-maximum of the (111) 
reflection), the average crystallite size was estimated from 5 

Scherrer’s equation (D = kλ/[βcosθ])60 to be ~2 nm (SI, Fig S2). 
No additional peaks were observed in the diffraction pattern, 
indicating that metallic Rh is the sole crystalline phase formed 
under the conditions used here. 

 10 

Fig. 1 XRD pattern obtained from a powder sample of DNA-templated Rh 

material prepared via the chemical reduction method. 

 The XP survey scan spectrum of the Rh/DNAChem 
nanostructures (SI, Fig. S3) indicates that both DNA and rhodium 
are present in the product. There are peaks for O1s, N1s, C1s and 15 

P2p arising from DNA and Rh3d and Rh3p due to the presence of 
Rh. The presence of Na1s and Cl2p peaks, arising from the 
starting materials, is also evident.   
While XP analysis confirmed the presence of metallic Rh in the 
product material, an additional Rh species was also identified. 20 

This is evident in the high-resolution spectrum of the Rh3d region 
(see Fig. 2), in which curve-fitting required two separate doublets 
to be modelled in order to accurately reproduce the shape of the 
spectrum. The dominant doublet shown in the fitting has 
associated binding energies of 305.9 eV (3d5/2) and 310.6 eV 25 

(3d3/2) and splitting of 4.7 eV, in agreement with literature values 
for metallic Rh.61-64  The second doublet in the envelope occurs at 
higher binding energy (3d5/2 = 308.1 eV; 3d3/2 = 312.9 eV) and is 
consistent with the Rh present in the +3 oxidation state.  

 30 

Fig. 2  High resolution XPS spectrum of Rh3d region of calf thymus DNA-

templated Rh nanowires form by chemical reduction. The experimental 

data is shown (black dots) along with a curve fitting of the envelope 

(dashed lines). 

Given the surface sensitive nature of the XPS technique the 35 

distinction between the XPS data and the XRD data, in which 
only metallic Rh was identified, suggests that the surface 
constitutes only a small proportion of the product material and is 
not present in the crystalline form. Detection of a RhIII state is 
consistent with a hydrolysis product, 64-66 67 i.e. an oxyhydroxide, 40 

present as a surface layer of the product material.65 As Rh0 and 
RhIII can both be distinguished in the Rh3d XPS spectrum, this 
would suggest that the surface oxyhydroxide layer is either 
sufficiently thin that the underlying Rh(0) can still be detected 
(i.e. <2–10nm, being is the typical sampling depth of the XPS 45 

technique), or that the oxidized coating is only partial, and does 
not encapsulate the whole of the Rh(0) metal.  
 Based on these findings, it is suggested that the chemical 
reduction method used to form the Rh nanowires initially yields 
metallic Rh(0), and the surface of the metal subsequently reacts 50 

by hydrolysis to form the Rh(III) product at the metal surface. 
However, for convenience the product material will be referred to 
as “DNA-templated Rh” throughout, or Rh/DNAChem. 
 
Electrochemical reduction method. Similar to the chemical 55 

reduction route described above, electrochemical fabrication of 
DNA-templated Rh nanostructures involved initial “doping” of 
the DNA template with Rh3+ ions  by reaction in solution. 
However, in order to carry out the electrochemical reduction, the 
DNA/Rh3+ reaction solution was deposited on an n-doped 60 

Si<100> wafer, which acts as the working electrode in a manner 
previously described.50 Prior to use, the wafer was modified with 
a monolayer of trimethylsilane (TMS) in order to increase the 
hydrophobic character of the surface. When the DNA/Rh3+ 
solution is applied to the Si substrate, it sits on the surface as a 65 

hemispherical droplet. This was necessary in order to ensure that 
the counter and reference electrodes could be readily inserted into 
the reaction solution in order for the electrochemical process to 
be carried out. 
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Fig. 3 Cyclic voltammogram for an aqueous solution of calf thymus DNA 

and RhCl3.xH2O, supported upon n-doped Si<100> wafer, used as the 

working electrode. 

Cyclic voltammograms were performed with the n-Si as the 5 

working electrode in the reaction solutions during 
electrochemical formation of the DNA-templated Rh structures to 
monitor the reaction. Figure 3 shows a typical voltammogram, 
which is characterised by a single broad peak in the cathodic 
sweep located around E = -0.49V; this is assigned to the 10 

reduction of the Rh3+ species to metallic Rh(0).68 The presence of 
only a single peak in the cathodic sweep indicates the absence of 
stable intermediate Rh oxidation states during the reduction of the 
Rh3+ to metallic Rh0. It should also be noted that the curve shows 
no peak in the reverse (anodic) scan, confirming that the 15 

reduction process is totally irreversible as expected at a 
semiconductor electrode in the absence of bandgap illumination. 
The as-prepared material was transferred to clean substrates for 
further analysis. As with the chemical reduction route, the XP 
survey scan spectrum of the nanostructures prepared by this 20 

electrochemical templating approach, Rh/DNAEchem, (SI, Fig. S4) 
indicated the presence of both DNA and rhodium the product. 
Peaks corresponding to Na1s and Cl2p, arising from the starting 
materials, are again also evident.    
Confirmation that the metallic phase of Rh was deposited on the 25 

DNA templates was found in the Rh3d region of the spectrum. 
The corresponding Rh3d region of the XP data, again, indicated 
two different oxidation states (figure 4) assigned to zerovalent 
Rh0, formed upon electrochemical reduction and the presence of a 
Rh(III)-oxyhydroxide species, as for the Rh/DNAChem sample.65 30 

The major component, with low-binding energies at 307.2 and 
311.8 eV for 3d5/2 and 3d3/2 respectively, is in agreement with 
reported values of metallic Rh0.54, 59, 69-75 The higher BE doublet 
(3d5/2, 309.1eV; 3d3/2, 313.5 eV) is again attributed to an 
oxidized.73-75  35 

While both synthetic routes produce material with similar 
composition, i.e. metallic Rh0 core encapsulated by an oxidized 
sheath, comparison of the Rh3d region of the XPS spectra 
appears to reveal a ~2-fold increase in the oxidized species for the 
electrochemically-prepared material. However, these nanowires 40 

are smaller (see Figure 5) than those prepared by the chemical 
route and therefore in view of the surface-sensitivity of XPS the 
true extent of oxidation are not substantially different.  
 

 45 

Fig. 4 High resolution XPS spectrum of Rh3d region of DNA-templated Rh 

nanowires, prepared via the electrochemical reduction approach. The 

experimental data is shown (black dots), along with a curve fitting of the 

envelope (dashed lines).  

 50 

Structural characterisation of Rh-nanowires  

AFM was used to establish structural details of the prepared 
materials and to judge the effectiveness of DNA as a template to 
direct the growth of the metal. Samples suitable for imaging 
individual Rh nanostructures from both methods were prepared 55 

using molecular combing76, 77 upon TMS-modified silicon/native 
oxide substrate. Figure 5(a) shows AFM height images of some 
typical examples of the DNA-templated Rh nanostructures 
prepared via the chemical reduction method while Fig 5(b) shows 
material from the electrochemical route. 60 

Analysis of material prepared in either case shows the structures 
to exhibit the high aspect-ratio of the template DNA molecules, 
but with larger diameter (bare DNA <2nm by AFM, see S7 in 
SI).‡ A statistical analysis (≥100 nanowires) of the heights of the 
structures, acquired from the AFM data, is also shown in Figure 65 

5. These data indicates a range of diameters from 3–31nm, with a 
modal value of 6 nm from chemical reduction. This is rather 
larger than the value derived from the XRD data and indicates 
that the nanowires are comprised of particles smaller than the 
measured AFM diameter in a manner similar to our previously 70 

prepared DNA-templated Pd nanowires (SI, Fig S5).78  A range 
of 3-23 nm with a modal value of 3-4 nm was found for the 
sample prepared by the electrochemical route.  
Upon further inspection of the AFM data it can be seen that the 
Rh coatings along the length of the DNA appear to be continuous 75 

and rather regular. However, in some images a variety of 
morphologies is observed which include structures at an earlier 
stage of nanowire formation (e.g. see red and yellow boxes Fig 
5(b) and SI, Fig S6). These structures are identified as having a 
particles-on-a-string appearance, or display visible “necking”, 80 

features that are consistent with a growth of the nanowires taking 
place by a “nucleation and growth” mechanism. The uniform 
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Fig. 5 (a) AFM height images of DNA-templated Rh nanowires, prepared via the chemical reduction method, immobilised upon a Si/native SiO2 wafer, 

and a histogram showing the size (diameter) distribution of a sample of 100 nanowires. (b) AFM height images of DNA-templated Rh nanowires, 

prepared via the electrochemical reduction method, immobilised upon a Si/native SiO2 wafer, and a histogram showing the size (diameter) distribution 

of a sample of 100 nanowires. The nanowire diameters recorded in the histograms were determined from line profile measurements carried out using 5 

AFM data.    

structure formation observed here has been attributed to a 
combination of instantaneous nucleation on the template (which 
favours uniform particle growth), and confinement of the nuclei 10 

to a 1D templates which results in inhibition of the growth of 
larger particles because they experience overlap with their 
neighbours sooner.50 Based on this, and the low temperature 
nature of the synthesis, the nanowires are expected to comprise 
closely packed particles. Comparison of the AFM and XRD data 15 

indicates that the morphology of these Rh nanowires has 
similarities to previously-published Pd nanowires;78 the crystallite 
size from XRD (2 nm) is too small to observe by microscopy and 
much less than the diameter of the nanowires. Pd and Rh are both 
noble metals and the reduction leads to the formation of many 20 

small nuclei in a highly irreversible process far from equilibrium. 
Lattice-gas simulations show that the external appearance of such 
nanowires may be rather smooth despite their complex internal 
structure.78 
It is useful to make comparison of the two different approaches to 25 

preparing Rh-nanowires. While both produce examples of 
regular, smooth, continuous structures the effectiveness in terms 
of DNA metallisation of the electrochemical approach is 
comparatively low. Based on the statistical analysis, the fraction 
of bare DNA remaining with this method is considerably greater, 30 

by a factor of ~3, than for the chemical reduction (Note: 
structures with diameters ≤2 nm are judged to be DNA molecules 
which remain bare in the reaction solution79 (Figure S7), whereas 
thicker structures ˃2 nm are predominately DNA-templated Rh 
nanowires). This can be understood from the fact that the former 35 

method involves electron transfer at the electrode surface and 
thus a much smaller fraction of Rh(III) species are reduced than 
in the bulk solution chemical reduction method. 
 
Electrical Characterization: Characterisation of the electrical 40 

properties of the prepared Rh/DNA materials was performed in 
an effort to confirm their nanowire credentials using a 
combination of scanning probe microscopy (SPM) methods; 
specifically scanning conductance microscopy (SCM) and 
conductive AFM (cAFM). Initial investigations were carried out 45 

using SCM, as this provides a relatively simple means of rapidly 
establishing if such 1D nanostructures display electrical 
conductivity. These data, provided in the Supporting Information, 
indicate that the samples are electrically conducting (Fig S8-9).2, 5   
Electrical characterisation was extended to conductive AFM 50 

(cAFM) which, though more technically challenging due to the 
need to make contact with the nanowires, provides more 
quantitative information. In addition, the ability to control the 
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placement of the cAFM probe at specific points along the 
nanowire under investigation allows for distance-dependent 
measurements to be made. From this data the contribution to the 
nanowires resistance from the probe-nanostructure contact 
resistance can be extracted.  5 

For these experiments we used our previously reported 
experimental method to perform these analyses.25 Briefly, this 
involves drop-casting nanowires from solution onto a Si/SiO2 
substrate to form a large deposit of the nanostructured material.  

 10 

Fig. 6 (a) Plot of the calculated resistance of a DNA-templated Rh 

nanowires prepared by chemical reduction as a function of relative 

distance. Each i–V measurement carried out to calculated the distance-

dependent resistance, was performed at a deflection setpoint value of 

0.5V. (b) Resistance of electrochemically prepared DNA/Rh nanowires as 15 

a function of relative distance at deflection setpoint of 0.5V. 

At the periphery of the resulting deposit, it is possible (by AFM 
imaging) to identify individual, or small bundles of the, 
nanowires protruding from the larger network, (see SI Fig S10). 
In this setup, the dense nanowire network can be exploited as a 20 

macroscopic electrode in contact with the end of the protruding 
nanowire to be studied. The conductive probe used in cAFM 
experiments is employed to act as the second electrode to make 
electrical contact with the nanowire.  
Following acquisition of height/current data, an additional 25 

function of the cAFM mode was used to carry out i-V 
measurements in order to extract quantitative information 
regarding the nanowire’s conductance. Here, the AFM probe was 
brought into contact at specific points along the length of the 
nanowire and i–V measurements recorded over the range of -5V 30 

to +5V. The nanowire resistance was subsequently estimated 
from the slope of the i–V curve around zero bias. It has 
previously been demonstrated that the information gathered in 
this manner can be used not only to determine the resistance per 

unit length of the nanowire, but also to extract the contribution to 35 

the measured resistance from the probe–nanowire contact 
resistance.25  
Samples from both chemical and electrochemical reduction 
methods were investigated by these cAFM techniques and the 
results are shown in Figure 6. From these data it was possible to 40 

calculate the resistance per unit length from the slope of the of 
best fit lines as; Rh-Chem = 2x1011Ω·cm-1.  Rh-Echem = 1 x 1011 Ω 
cm-1. In order to estimate the nanowire conductivity, their 
diameter and width were determined by AFM in order to 
calculate the cross-section area (assumed elliptical). Based on 45 

these calculations, the conductivity of the DNA/Rh nanowires 
were Rh-Chem = 0.015S·cm-1; Rh-Echem = 0.024 S cm-1 and the 
resistivities Rh-Chem = 65Ω·cm; Rh-Echem = 41 Ω cm. The small 
difference in conductivity may relate to the mechanism of the 
reduction; electrochemically-prepared NWs consist of Rh 50 

particles formed by a faradaic process and therefore individual 
nuclei must be in some sort of electrical contact. In contrast, 
individual nuclei in the chemically-reduced NWs need not 
necessarily be in electrical contact with each other. 
These resistivities are considerably greater than that reported for 55 

Rh in bulk form (4.7 x10-6 Ω cm).80, 81 Such increases in the 
material resistivity upon a reduction to the nanometre size regime 
are not uncommon, with the preparation of other metals in 1D 
nanoscale form showing increases in resistivity by several orders 
of magnitude.82-84 In the case of the Rh structures reported here, 60 

this increase in resistivity is suggested to be most likely the result 
of the granular character of the Rh coatings on the DNA strands, 
as indicated by AFM and XRD, and leading to electron scattering 
at particle–particle interfaces and the nanowire surface (Note: 
resistance caused by surface scattering is expected to become 65 

increasingly significant as the diameter of the nanowire 
approaches and decreases below the bulk mean free path). There 
may also be a contribution from the formation of the 
oxyhydroxide layer on the nanowires surfaces, as indicated by the 
XPS data. 70 

 
Conclusion. Rhodium nanowires have been successfully 
produced using DNA-templating in conjunction with either 
chemical or electrochemical reduction. The association of the 
metal cations with DNA templates directs the subsequent growth 75 

of the metallic Rh formed during the reduction step to give 1-D 
nanostructures. Chemical characterization of nanowires prepared 
using either method indicates these to comprise a metallic Rh0 
core coated with oxidised Rh species. AFM studies indicated that 
both methods allow the fabrication of DNA/Rh nanowires with, 80 

essentially, complete coverage of the DNA templates by the Rh 
material. Closer inspection of the structures produced showed a 
degree of granular character associated with coatings, indicating 
that the metal growth upon the DNA template took place via a 
nucleation and growth mechanism.85 Despite the apparent 85 

granular nature of the nanowires investigation of electric 
conductivity indicates that the nanowires are conducting and 
hence the coating continuous. However their room temperature 
conductivity value, calculated from i-V curves recorded by c-
AFM, was similar and low at 0.015 Scm-1 and 0.024 Scm-1, for 90 

chemical and electrochemical reduction, respectively. Based on 
the statistical analysis, the electrochemical method of preparation 
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was less efficient, leaving a larger number of DNA molecules 
essentially bare. However, despite this, the simple demonstration 
of forming metal structures by an electrochemical method 
suggests the possibility for success of templating at more 
complex pre-assembled DNA-structures using high-resolution 5 

electrochemical techniques such as scanning electrochemical 
microscopy.  
 
Experimental  

Materials Rhodium(III) chloride hydrate (RhCl3.xH2O) (Rh 38.40 10 

%) and calf thymus DNA (CT-DNA) (highly polymerised, 6 % 
sodium), were purchased from Sigma-Aldrich Company Ltd. 
(Gillingham, Dorset, UK) and used as received. Lambda DNA (λ-
DNA, Cat. No. N3011S) was purchased from New England 
Biolabs UK Ltd. (Hitchin, Hertfordshire, UK). Sodium 15 

borohydride (NaBH4, 98%) was purchased from Alfa Aesar. 
Si<n-100> wafers (phosphorous doped, 525±50 µm thickness, 1–
10 Ω·cm resistance, single side polished), were used as substrate 
supports for TappingMode™ AFM imaging. Si<n-100> wafers 
with a 200nm thick, thermally grown SiO2 layer on top (arsenic 20 

doped, 500±25 µm, <0.005 Ω cm resistance, thermal oxide layer 
200 nm±10% thickness, double side polished) were used in 
scanned conductance microscopy and magnetic force microscopy 
experiments. All Si wafers were purchased from Compart 
Technology Ltd. (Peterborough, Cambridgeshire, UK). 25 

NANOpure® deionised water (18 MΩ cm resistivity) was 
obtained from a NANOpure® DIamondTM Life Science 
ultrapure water system equipped with a DIamondTM RO Reverse 
Osmosis System (Barnstead International). 
 30 

Large-scale preparation of DNA/Rh material using chemical 

reduction method  

Samples for XRD and XPS studies were prepared through 
addition of 10 mL of an aqueous solution of RhCl3.xH2O (2.5 
mM) to 5 mL of a solution of CT-DNA (500 µg mL-1). The 35 

mixture was left to stand for 10 days at room temperature, before 
adding a freshly prepared NaBH4 (10 mL; 25 mM) solution in 
water. The reaction solution turned brownish-black in colour and 
the resulting colloidal solution was then centrifuged and 
concentrated in order to extract the DNA/Rh final material. The 40 

collected black powder was allowed to dry at room temperature 
prior to analysis.  
 
Preparation of λ-DNA/Rh samples using chemical reduction 

method   45 

5 µL of an aqueous solution of λ-DNA (500 µg mL-1) was mixed 
with 10 µL of an aqueous solution of RhCl3.xH2O (2.5 mM), and 
incubated for 10 days at room temperature. Then, a freshly 
prepared NaBH4 (10 µL; 25 mM) solution in water was added. 
The resulting DNA-templated rhodium nanostructures formed in 50 

the reaction solution was allowed to stand for further 10 min 
before being aligned on the TMS-modified Si<n-100> or Si<n-
100>/200 nm SiO2 wafers for AFM and EFM measurements, 
respectively. For nanowires alignment, 5 µL of the DNA/Rh 
solution was applied to a TMS-modified wafer as previously 55 

described,26 whilst being spun at 125 rpm. The wafer was then 
spun for a further 2 minutes at 250 rpm before the residual 
solution was withdrawn from the surface by a micropipette. 

Finally, nanowires-modified wafer was left to dry at room 
temperature before performing scanning probe microscopy 60 

measurements. 
 
Large-scale preparation of DNA/Rh material using an 

electrochemical reduction method   

40 µL of an aqueous solution of RhCl3.xH2O (2.5 mM) was 65 

mixed with 20 µL of an aqueous solution of CT-DNA (500 µg 
mL-1) and incubated at room temperature. Then, 40 µL of the 
reaction solution was applied to a chemically oxidized Si<n-100> 
substrate modified with a TMS SAM. The modified Si substrate 
was used as the working electrode during the electrochemical 70 

reduction process, while the counter and reference electrodes 
were a tungsten wire with diameter of 0.25 mm, and Ag/AgCl, 
respectively. The hydrophobic nature of the modified Si substrate 
results in ‘beading’ of the deposited  DNA/Rh+3 solution enabling 
the counter and reference electrodes to be easily inserted into the 75 

solution droplet without contacting the substrate surface. 
Cyclic voltammetry measurements were performed using a 
computer-interfaced SECM CHI 900 electrochemical microscope 
system (CH Instruments, Austin, Texas, USA), sweeping the 
potential between E = 0.3 V and E = –0.3 V, with a scan rate of v 80 

= 0.1 Vs-1, quiet time, t = 2.0 seconds, and sweep segments = 2. 
After completion of the electrochemical reduction, the reaction 
solution was removed from the Si working electrode by 
micropipette and transferred to a fresh TMS-modified Si<p-100> 
substrate. The solvent was allowed to evaporating at room 85 

temperature in order to produce a thin film of the product 
materials for XPS analysis.    
 
Preparation of λ-DNA/Rh samples using an electrochemical 

reduction method 90 

For the AFM, EFM and MFM measurements, DNA/Rh samples 
were prepared using λ-DNA. Here, samples were prepared by 
mixing 10 µL of an aqueous solution of RhCl3.xH2O (2.5 mM) 
and 5 µL of an aqueous solution λ-DNA (500 µg mL-1). The 
resulting DNA/Rh3+ solution system was allowed to stand for 10 95 

days at room temperature before performing any electrochemical 
reduction process. Cyclic voltammetry measurements were 
subsequently carried out upon a 5 µL of the DNA/Rh3+ solution 
system deposited on Si working electrode. 
Following the CV measurements, the resulting DNA/Rh 100 

nanowires in the reaction solution were transferred by 
micropipette into a new TMS-modified n-Si<100> wafer, and 
then aligned as described earlier. 
 
FTIR Studies 105 

For FTIR studies, samples were prepared as films of material 
upon silicon substrates. Samples for DNA/Rh3+ were prepared by 
mixing an aqueous solution of CT-DNA (30 µL; 500 µg mL-1) 
with an aqueous solution of RhCl3.xH2O (30 µL; 2.5 mM). The 
resulting DNA/Rh3+ solution were allowed to stand at room 110 

temperature for 20 minutes. After 20 minutes reaction time had 
elapsed, 80 µL of the reaction solution was deposited upon a 
silicon substrate, and allowing the solvent to evaporate at room 
temperature. Samples of bare DNA were prepared by depositing 
80 µL of a CT-DNA solution (500 µg mL-1) upon Si substrates 115 

and the solvent allowed to evaporate at room temperature. FTIR 
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spectra were performed with a Bio-Rad Excalibur FTS-40 
spectrometer (Varian Inc., Palo Alto, CA, USA), and spectra 
were recorded over the 400–4000 cm-1 range, with 128 scans and 
at 4 cm-1 resolution. 
 5 

Powder X-ray diffraction 

Samples of DNA/Rh material were prepared for powder X-ray 
diffraction (XRD) analysis by drop-casting the reaction solution 
onto piranha-cleaned Si<n-100> wafer and allowing to dry at 
room temperature. A PAN-alytical X’Pert Pro diffractometer 10 

equipped with a Cu Kα radiation source (λ = 1.540 Å) was used 
for powder XRD data collection. 
 

X-ray photoelectron spectroscopy (XPS) 

XPS analysis was carried out using a Thermo K-Alpha XPS 15 

system with a monochromated Al Kα X-ray source. An 
electron/ion gun was used to compensate for charge build-up on 
the sample during analysis, and all binding energies were 
referenced to the C1s hydrocarbon peak at 284.6eV. 

Scanning probe microscopy 20 

TappingMode™ AFM imaging was performed in air, using 
Multimode Nanoscope IIIa and Dimension Nanoscope V 
instruments (Veeco Instruments Inc., Metrology Group, Santa 
Barbara, CA), with TESP (n-doped Si cantilevers, resonant 
frequency = 230-410kHz, spring force constant = 20-80N/m 25 

Veeco Instruments Inc.), and Tap300Al-G (Si cantilevers, 
resonant frequency = 200-400kHz, spring force constant = 20-
75N/m, BudgetSensors) probes. Data acquisition was carried out 
using Nanoscope software version 5.12b36 (Multimode) and 
Nanoscope software version 7.00b19 (Dimension Nanoscope V) 30 

(Veeco Instruments Inc., Digital Instruments). For both AFM 
systems, vibrational noise was reduced with an isolation table 
(Veeco Inc., Metrology Group). 
Scanning conductance microscopy (SCM) was performed in air, 
on a Dimension Nanoscope V system, using MESP probes (n-35 

doped Si cantilevers, metallic Co/Cr coating, resonant frequency 
= 50-100kHz, spring force constant = 1-5N/m, Veeco Instruments 
Inc.). Data acquisition was carried out using Nanoscope version 
7.00b19 software. 
Conductive AFM (cAFM) experiments were performed on a 40 

Dimension Nanoscope V AFM, using MESP probes. Both 
topographical data (obtained in contact mode) and current maps 
were acquired simultaneously during cAFM operation. Samples 
for analysis were prepared as previously described.25 
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Graphical Abstract 

Both electroless and electrochemical routes to the deposition of rhodium at duplex DNA ‘template’ 

molecules provide <20 nm 1D electrically conductive metal wires  
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