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Use of porous anodic alumina (PAA) membranes prevents sintering of metal catalyst particles 

during growth of carbon nanotubes (CNTs) by chemical vapour deposition (CVD). When metal 

catalyst fills the base of the pores, the diameters of the resulting CNTs match those of the 

pores. This approach is generally limited to PAA membranes with pores ≥ 50 nm in diameter 

presumably due to difficulties associated with metal deposition in very narrow pores and with 

mass transport of gases during CVD.  However, PAA membranes offer the opportunity to grow 

CNTs using catalyst particles with diameters that are significantly smaller than the pores. Here 

we investigate the electrodeposition of small amounts of Co into the pores of shallow PAA 

membranes. Using alternating voltage deposition with membranes that have intact, but thinned, 

barrier layers we demonstrate that CNTs with a diameter of 25 ± 3 nm can be grown from 

pores with diameters of 60 ± 4 nm. 

 

 

 

Introduction 

Porous anodic alumina (PAA) is a popular template for the 

fabrication of highly ordered nanostructures such as metal and 

semiconductor nanowires (NWs) and carbon nanotubes 

(CNTs).1 The widespread use of PAA templates relies on its 

ease of fabrication, low cost and high thermal stability, coupled 

with the wide range of pore sizes and aspect ratios that can be 

achieved through control of the anodisation conditions. For 

fabrication of NWs, metal or semiconductor is deposited in the 

membrane pores and the resulting structures have diameters 

matching those of the pores.2-9 Growth of CNTs by chemical 

vapour deposition (CVD) can occur through two mechanisms in 

PAA membranes: multi-walled (MW) CNTs can be grown 

from transition metal nanoparticles (NPs) and NWs deposited 

within the pores, whereas disordered CNTs can grow by 

pyrolysis of the carbon feedstock gas on the pore walls 

themselves.10 When the carbon source for CVD is CO, or when 

H2 is added to the commonly used C2H2, catalysis by transition 

metal particles is the dominant CNT growth mechanism in 

PAA templates.10 

 A major advantage of growing CNTs from catalyst particles 

within PAA membrane pores is that particle aggregation cannot 

occur at the elevated temperatures required for CNT growth. 

This results in a maximum CNT diameter defined by the 

diameter of the pores; indeed, in most reports to date, the CNT 

diameters match those of the pores, presumably because the 

metal catalyst completely fills the bottom of the pores.10-17 A 

survey of the literature indicates that growth of CNTs is 

typically undertaken in PAA membranes with pores ≥ 50 nm in 

diameter. Growing lower diameter CNTs by this strategy is 

problematic because as the pore diameter decreases, deposition 

of metal catalyst into the base of the pores and mass transport 

of gases into the pores during CVD is hindered. To grow sub-

50 nm diameter CNTs while avoiding the challenges of 

working with low diameter pores, Suh and co-workers 

developed the strategy of depositing metal into narrow pores 

and then widening the pores by etching the membrane.18, 19 In 

one example, Co was electrodeposited near the mouth of the 

pores (diameter ~ 29 nm) of a PAA membrane which was then 

etched to widen the pores to ~ 65 nm. CNTs with a uniform 

diameter of 32 nm were grown from the template.19 In later 

work, Fe(III) solution was deposited on top of the 

electrodeposited Co and after pore widening, CVD growth 

yielded CNTs with diameters ranging from 7 to 17 nm, 

depending on the concentration of Fe(III) solution.18 In a 

refinement of the latter method, Fe(III) solution was introduced 

into the pores (diameter ~ 50 nm) of a PAA membrane bonded 

to a Si wafer. To ensure that a uniform amount of Fe(III) was 

deposited in each pore, the membrane was dried on a magnet. 

CNTs with diameters down to 5 nm were grown from these 

templates; the CNT diameters were shown to correspond to the 

size of the Fe nanoparticles generated in the PAA membrane.20 

 Three general methods have been utilised for the 

electrodeposition of metals and semiconductors into the pores 

of PAA membranes. Firstly, free-standing, membranes with 

through-holes at the base of the pores can be prepared by 

complete removal of the Al substrate and the oxide barrier layer 

at the pore base followed by deposition of an inert metal layer 

(sputtered or evaporated) onto one side which can then act as 

the working electrode for electrodeposition.4, 9, 16, 21-23  

Alternatively, an Al layer can be sputtered onto a conducting 
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substrate and after anodisation, the barrier layer can be 

completely removed to expose the underlying conducting 

surface which becomes the working electrode.7, 14, 24, 25 In the 

third approach, the Al substrate is left intact after anodisation 

but the insulating barrier layer is substantially thinned. Pulsed 

current or pulsed voltage electrodeposition is performed 

directly on the membrane and NPs or NWs are deposited in the 

pores where the oxide layer is the least insulating.17, 26-30 

 In the present work we aim to fabricate CNTs in PAA 

templates such that the CNT diameters are lower than the 

diameters of the pores. We have used the technically simplest 

method to electrodeposit small amounts of Co directly into the 

pores of PAA membranes under conditions that are expected to 

result in formation of NPs that do not completely fill the base of 

the pores. We employ pulsed voltage electrodeposition of Co 

directly into the pores after thinning of the oxide barrier layer. 

In order to ensure unhindered mass transport of gases during 

CVD, we have fabricated shallow PAA membranes; shallow 

membranes were also expected to assist with reproducible 

electrodeposition of Co by maximising mass transport of Co(II) 

to the base of the pores. 

 

Experimental 

High-purity aluminium foil (99.9995 %, Puratronic) with 

thickness 0.5 mm was degreased by sonication in acetone for 

30 min. All samples were underwent a first anodisation at 30 V 

in 0.4 M oxalic acid at 16 ± 1 ºC for 2 h. After removal of the 

alumina layer in a solution of 0.4 M H3PO4 and 0.1 M H2CrO4 

at 70 ± 1 ºC for 40 - 60 min, a second anodisation was 

performed for a selected time as specified in the Results and 

Discussion section. At the end of the second anodisation, the 

barrier layer was thinned and pore branching was induced in the 

base of the pore by dropping the voltage from 30 to 10 V at a 

rate of 1 V min-1 followed by 3 min at 10 V to allow 

equilibration of the barrier layer.29, 31 For some experiments, the 

alumina film was removed after the second anodisation and a 

brief third anodisation was carried out, using the same 

conditions as above, but with an anodisation time of 10 - 30 s. 

At the end of the anodisation, the voltage was dropped as 

described above. After the final anodisation, the sample was 

chemically etched by immersion in 0.1 M H3PO4 at 30 °C. The 

optimised protocol involved anodisations for 2 h, 1 h and 30s, 

with removal of the alumina layer after the first and second 

anodisations and chemical etching for 65 min after the third 

anodisation.32  PAA membranes were stored in Millipore Milli-

Q water (resistivity > 18 MΩ·cm) until use in electrodeposition 

experiments. 

 Co was electrodeposited in the membrane pores from a 

solution of 0.85 M CoSO4 and 0.64 M H3BO3 (pH 3.8) or after 

adjusting the pH to 4.7 with 0.1 M NaOH. The solution was 

purged with N2 for 15 min prior to electrodeposition and a N2 

atmosphere was maintained throughout the procedure. A 

sequence of 10 ms pulses with amplitude ± 10 V was applied, 

starting at -10 V and finishing at +10 V. These pulses were 

applied for different amounts of time (see text) and in some 

experiments, the pulse sequences were periodically interrupted 

with a 15 min rest period at open circuit potential. After 

deposition of Co, AAO templates were rinsed with N2-purged 

Milli-Q water and dried with a stream of N2. 

 For CNT growth by chemical vapour deposition (CVD), the 

standard protocol entailed heating the template to 650 °C in a 

tube furnace under an Ar flow (90 sccm). While maintaining 

the temperature at 650 °C, H2 (30 sccm), was introduced for 60 

min to promote reduction of Co oxides followed by growth of 

CNTs for 23 min in an atmosphere of Ar (90 sccm), H2 (20 

sccm) and C2H2 (20 sccm). The samples were cooled under Ar 

flow (200 sccm). 

 Field emission scanning electron microscopy (FESEM) 

images were obtained using a Jeol JSM 7000 FESEM, 

operating with an accelerating voltage ranging from 5 kV to 15 

kV and with working distance ranging from 5 to 15 mm. The 

dimensions of PAA pores and CNTs were determined from 

SEM images using Image J software. Atomic force microscopy 

(AFM) images were obtained with a Digital Instruments 

Dimension 3100 microscope. Raman spectra were recorded in 

the backscattering mode using a 633 nm He-Ne laser focused 

on the sample by means of a 100 × objective of 1 numerical 

aperture. The CCD detector was coupled to a high resolution 

monochromator (Jovin Yvon, T-64000). 

 

Results and discussion 

Preparation of PAA membranes 

Experiments aimed at optimising the conditions for preparation 

of PAA membranes were guided by the assumption that 

uniform deposition of catalytic Co NPs in the base of the pores 

of PAA membranes would be promoted by use of ‘soft’ 

alumina membranes with highly uniform pore structures and 

barrier layers amenable to electrochemical and chemical 

thinning. Restricting the pore depth to ≤ 500 nm was expected 

to have the further advantage of facilitating mass transport of 

Co(II) ions to the base of the pores during electrodeposition, 

and mass transport of gases to the catalyst particles during CNT 

growth by CVD.  

 All anodisations were carried out under mild conditions (30 

V in 0.4 M oxalic acid at 16 ± 1 °C). A relatively long first 

anodisation time of 2 h was used to allow self-ordering of the 

porous structure which would give, after removal of the 

alumina layer, an ordered dimpled template for the second 

anodisation step. To obtain the desired shallow membrane, a 

very brief second anodisation was attempted. Fig. 1a shows that 

when the second anodisation was 90 s, a membrane with a wide 

range of pore sizes and shapes was obtained. The sample was 

bent to crack the PAA membrane and then imaged by SEM 

(Fig. 1b), revealing a pore depth of approximately 500 nm (note 

that there is considerable uncertainty in this value because the 

tilt angle of the sample in the image is unknown).  Clearly the 

90 s second anodisation gives the desired shallow membrane 

but not a well-ordered porous structure. 

 

 
Fig. 1. a) Top view and b) cross-section view SEM images of a 

PAA membrane fabricated using a two-step anodisation with 

second anodisation time = 90 s. 

 

Preparation of a well-ordered membrane using a very brief 

anodisation relies on the starting template (for the final 

anodisation) being well-ordered because pore self- ordering 
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during a brief anodisation will be limited.33  AFM imaging (Fig. 

2a and c) confirmed that the dimpled substrate prepared by a 2 

h anodisation followed by dissolution of the alumina layer was 

poorly ordered. The measured depth of dimples ranges from 13 

to 26 nm; deeper dimples may be present but are not adequately 

imaged by AFM due to their higher aspect ratio. 

 

 
Fig. 2. a), b) AFM topographical images and c), d) line profiles 

of a PAA membrane after the a), c) first anodisation and b), d) 

second anodisation (1 h). 

 

To improve the uniformity of the shallow PAA membrane, an 

additional anodisation step was introduced. Several reports 

describe use of multiple anodisation steps, with removal of 

alumina between each step, as a means of improving the 

uniformity of the porous structure.34, 35 Following this strategy a 

three-step anodisation protocol was optimised. Two relatively 

long anodisations were used to improve the uniformity of the 

dimpled template, whereas the third anodisation was very brief 

to ensure formation of a shallow membrane. The standard 

procedure involved a first anodisation for 2 h, a second for 1 h 

and a third for 30 s, with removal of the alumina after the first 

and second anodisations. The AFM images of Fig. 2 b and d 

confirm that the longer second anodisation improves the 

uniformity of the dimpled template. The measured dimple 

depth ranges between 13 and 17 nm and the dimple 

arrangement is more ordered than after the first anodisation. 

Fig. 3a, b show SEM images of a typical PAA membrane 

prepared using the standard three-step protocol, and a 

histogram (Fig. 3c) of pore diameters obtained from the SEM 

image in Fig. 3a. The average pore diameter is 28 ± 5 nm and 

the pore depth is approximately 300 nm (Fig. 3b). Use of a 

shorter (10 s) third anodisation gave a membrane with a wide 

range of pore sizes and hence 30s was adopted as the standard 

third anodisation time. 

 

 
Fig. 3. a) Top view and b) side view SEM images of a PAA 

membrane and c) corresponding histogram of pore diameters 

after a three-step anodisation. Third anodisation time = 30 s. 
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Fig. 4. SEM images and corresponding histograms of pore 

diameters for PAA membranes chemically etched for a), b) 60 

min; c), d) 65 min and e), f) 70 min. 

 

For use of the membrane as a template for electrodeposition of 

Co NPs, minimising the thickness of the alumina barrier layer 

at the base of the pores (in addition to pore end branching 

induced by dropping the voltage36) is important for maximising 

its conductivity. During barrier layer thinning by chemical 

etching, the pore walls are also thinned (although at a lower 

rate37) which for the present work has the advantage of 

improving mass transport of solution species and gases into the 

pores. The effect of immersion of PAA membranes in 0.1 M 

H3PO4 at 30 ± 1 °C32 for 60, 65 and 75 min is shown in the top-

view SEM images and the corresponding histograms of pore 

diameters in Fig. 4. Etching for 60 min (Fig. 4a and b) 

increased the pore diameter from 28 ± 5 (Fig. 3) to 48 ± 4 nm 

and the distribution of pore diameters has narrowed. Etching for 

65 min (Fig. 4c and d) further increased the average pore 

diameter to 60 ± 4 nm while after 75 min (Fig. 4e and f) the 

average pore diameter was greater still but there was also a 

greater distribution of pore diameters (63 ± 6 nm) and some 

walls have been dissolved completely, which is highly 

undesirable as catalyst particle aggregation can now occur. 

Based on the requirement for a uniform porous structure with 

maximum pore diameter and (presumably) minimum barrier 

layer thickness without breaking pore walls, 65 min was chosen 

as the standard chemical etching time. 

Growth of CNTs by CVD 

Our goal is to control the diameters of catalytically grown 

CNTs by controlling the size and reactivity of Co NP catalysts 

electrodeposited in the pores of PAA membranes. However 

direct comparison of the sizes of electrodeposited Co NPs and 

the CNTs subsequently grown on a template was not 

experimentally feasible in this study. (‘Template’ denotes a 

PAA membrane with deposited Co NPs). Although SEM or 

TEM imaging of NPs (larger than those in the present work) 

within PAA templates has been reported in a limited number of 

studies,38,10,29 these techniques have the disadvantage of 

requiring the template to be cut or partially removed prior to 

imaging. Methods such as chemical etching or mechanical 

bending may result in loss of the electrodeposited metal NPs 

from the template. Furthermore, destruction of the template 

effectively doubles the required number of samples per study, 

because separate samples are required for imaging of NPs and 

of CNT growth. These factors would make it difficult to obtain 

statistically significant datasets of NP and CNT size. An 

additional difficulty of direct SEM imaging for the present 

study is the small size of the electrodeposited NPs and the low 

contrast between the NPs and PAA template. Fig. S1, ESI, 

shows an image of the cross-section of a bent template and 

illustrates these difficulties.  

 Consideration of the issues described above led us to use an 

indirect method to assess our progress towards 

electrodeposition of uniform arrays of Co NPs. We examined 

the CNTs grown by a standard CVD procedure using PAA 

templates prepared under different conditions and assumed that 

CNT diameters matched those of the NPs. This approach is 

based on a number of earlier reports which demonstrate 

correlations between the size of catalytic NPs and CNT 

diameters.18, 39-42 Use of this indirect method for monitoring the 

preparation of catalytically active Co NP arrays was 

experimentally convenient but relies on an optimised protocol 

for CNT growth. In preliminary experiments we established 

that the key to reproducible CNT growth was use of a 

sufficiently high temperature for reduction of the Co NP 

catalyst which is readily oxidised during handling in air. The 

temperature required for complete reduction of Co oxides has 

been shown to depend on the heating rate, particle size and the 

support material43, 44 but is typically ≥ 600 °C under a flow of 

H2 and an inert gas. For the PAA templates supported on Al 

used in this work, 650 °C was selected as the maximum that 

could be used without melting the Al underlayer. Our protocol 

was based on that of Jeong et al.10 who also used a growth 

temperature of 650 °C. 

 Prior to systematic investigation of the electrodeposition of 

Co NPs, the growth of CNTs on PAA templates by the 

optimised CVD method was confirmed by Raman 

spectroscopy. Samples gave the expected G, D and G’ bands 

(Fig. 5) consistent with the growth of MWCNTs.45 

 

Fig 5. Raman spectrum of CNTs grown on a PAA template 

prepared using a Co electrodeposition time of 100 ms. 

Electrodeposition of Co NPs in shallow PAA membranes 
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An alternating deposition voltage has been widely used for the 

electrodeposition of NPs and nanowires within PAA 

membranes with intact barrier layers.29, 46-49 The method relies 

on the rectifying property of the barrier layer which allows 

cathodic but not anodic current to flow. As a consequence, 

metal ions are reduced during the negative voltage pulse but the 

deposited metal is not electrooxidised during the positive pulse. 

The conditions used in this work, namely a square waveform 

with amplitude ± 10 V, frequency 100 Hz and reductive/anodic 

pulse polarity, were selected by consideration of those reported 

for electrodeposition of metal nanostructures into similar 

membranes.29 Pulsed electrodeposition was also investigated in 

which 100 ms periods of alternating voltage deposition at100 

Hz were separated by a 15 min rest period at open circuit 

voltage. The purpose of the rest period was to ensure 

replenishment of ions in the pores and to allow diffusion of H2 

from the pores. Using the strategy of CVD growth of CNTs 

from PAA templates as a means to evaluate the size and 

uniformity of Co NP deposition, the influence of several factors 

on electrodeposition was systematically investigated. 

 After electrodeposition of Co, the template was rinsed in 

water. The rinsing step was implemented to ensure that any 

residual Co(II) ions present on or in the membrane would be 

removed and only Co electrodeposited in the pores would 

remain, thus allowing control over the total amount of Co in the 

template. In the standard protocol, electrodeposition was 

performed in the absence of O2. In preliminary experiments, it 

became apparent that excluding O2 during rinsing of the 

prepared template was also important. When O2 was not 

excluded, subsequent CNT growth was very sparse and 

irreproducible suggesting that a significant proportion of Co 

NPs were oxidised and dissolved during washing. To avoid this 

problem, in all further experiments, templates were rinsed in N2 

saturated water and dried under a stream of N2. 

 The effect of pH of the Co(II) electrolyte solution during 

electrodeposition was investigated by examining CNT growth 

on the PAA templates. Fig. 6a and c show top view SEM 

images of CNTs grown from PAA templates prepared by 

electrodeposition of Co NPs from pH 3.8 and 4.7 solutions, 

respectively. Although the CNTs diameters for both samples 

(average ~ 32 nm) are significantly smaller than the pore 

diameter (~ 60 nm), the corresponding histograms of CNT 

diameters (Fig. 6b and d) indicate that a much narrower 

distribution is obtained after electrodeposition of Co NPs at pH 

4.7 than at pH 3.8. This indicates that deposition of Co NPs is 

more uniform at the higher pH consistent with the expected 

decreased rate of H+ reduction and H2 bubble formation. 

Reduction of protons competes with reduction of metal ions 

during electrodeposition and the generated H2 bubbles can 

block the pores, preventing metal deposition.27 A solution pH 

of 4.7 was therefore adopted as the standard for 

electrodeposition.  

 The effect of Co electrodeposition time on the diameter of 

CNTs grown by CVD from PAA templates, and by inference, 

the size of Co NPs deposited in the PAA membrane, was 

examined in a series of experiments. The alternating deposition 

voltage was applied for 20, 8 and 4 × 100 ms periods, separated 

by rest periods of 15 min. Single 100 and 50 ms depositions 

were also included. Fig. 7 shows SEM top view images of the 

templates after CNT growth and the corresponding histograms 

of CNT diameters. 

 

 
 

Fig. 6. SEM images and corresponding histograms of CNT 

diameters for CNTs grown on PAA templates prepared with Co 

electrodeposition (4 × 100 ms) at a), b) pH 3.8 and c), d) pH 

4.7. 

 

As described above, a striking feature of all samples is the 

small CNT diameter compared with the pore diameter on the 

top surface of the membrane. Careful examination of high 

magnification SEM images of PAA membrane cross-sections in 

samples bent to enable imaging revealed that the pore diameters 

at the top and the bottom of the membrane are uniform (for an 

example see Fig. S1, ESI). Hence the CNT diameter does not 

correspond to the pore diameter at the base of the membrane. 

We conclude that the electrodeposited Co NPs are smaller than 

the pores (that is, the pores are not being filled with ‘plugs’ of 

Co) and sub-pore diameter CNTs are achieved via control of 

the amount of the catalytically active metal, not the pore size. 

 Interestingly, the templates prepared with 20, 8 and 4 × 100 

ms deposition periods yielded CNTs with very similar 

diameters, even though it was expected that the amount of 

deposited metal would increase with total deposition time. 

Monitoring the actual polarisation voltages at the electrodes 

during deposition revealed that the maximum negative and 

positive voltages decrease (become closer to zero) throughout 

each 100 ms deposition period indicating a decrease in 

conductivity (see ESI, Fig. S2 and S3). The polarisation voltage 

is not restored to the initial value during the 15 min rest interval 

and continues to decrease during further deposition periods. 

Hence, based on the similarity of CNT diameters in these series 

it can be inferred that by the fourth deposition period, the 

polarisation voltage has dropped below that required for 

efficient reduction of Co(II). 

 Fig. 7g and h show that the diameters of CNTs grown from 

the template prepared with a single 100 ms deposition are 

smaller and have a narrower size distribution (25 ± 3 nm) than 

those grown after longer deposition times (Fig. 7a – f, average 

diameter 29 - 30 nm). This is fully consistent with the 

deposition of smaller Co NPs at the shorter deposition time and 

consequently the growth of CNTs that reflect the size 

difference. It is noteworthy that the size distributions shown in 

Fig. 6d (32 ± 6 nm) and Fig. 7f (30 ± 5 nm) are closely-

matched as is expected for two samples prepared under the 

same conditions, confirming the reproducibility of our methods. 

Further evidence of CNT diameter control was gained using the 

template prepared with a single 50 ms deposition period. Fig. 
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7i, j shows there was only very sparse growth of CNTs with 

diameters too narrow to measure accurately by SEM. It is 

possible that traces of O2 readily dissolve the small Co NPs 

deposited under these conditions, accounting for the sparse 

CNT growth. Nevertheless, the growth of some smaller 

diameter CNTs is consistent with CNT morphology reflecting 

the Co NP size. 

 
Fig. 7. SEM images and corresponding histograms of CNT 

diameters for CNTs grown on PAA templates prepared with Co 

electrodeposition times of a), b) 20 × 100 ms; c), d) 8 × 100 ms; 

e), f) 4 × 100 ms and g), h) 100 ms. i) SEM image of CNTs 

grown on PAA template prepared with Co electrodeposition 

time 50 ms; j) higher resolution image of sample shown in i). 

 

In a final set of experiments, the use of a dimpled substrate for 

Co NP electrodeposition was explored. The dimpled substrate 

was prepared by the standard first and second anodisations but 

the voltage was not dropped at the end of the second 

anodisation. Alumina was completely removed from the 

substrate leaving just the dimpled Al base; a thin alumina layer 

is expected to naturally re-form over the base on exposure to 

air. As described above, this procedure gives a dimple depth of 

13 - 17 nm. The dimples are essentially extremely shallow 

pores which may have potential advantages over standard PAA 

membranes: in comparison to a standard PAA membrane, 

preparation of a dimpled substrate is experimentally simpler, 

mass transport limitations (during electrodeposition of metal 

catalysts and growth of CNTs) will be absent and removal of 

CNTs from the template is easier. Hence, it was of interest to 

explore whether Co NPs could be selectively deposited in the 

base of the dimples and whether the dimples can provide an 

adequate barrier to NP aggregation during the high temperature 

reduction and CVD processes. 

 

 
Fig. 8. SEM images of CNTs grown on dimpled PAA templates 

prepared with Co electrodeposition times of a) 100 ms; b) 50 

ms; c) 20 ms and d) 10 ms. 

 

Using the alternating voltage procedure described above, Co 

was electrodeposited on this substrate using deposition times of 

10, 20, 50 and 100 ms. SEM examination (not shown) of the 

sample prepared with 50 ms electrodeposition revealed a sparse 

coverage of thin (~ 10 nm diameter) Co nanowires on the raised 

areas between the dimples as well as in the dimples. Deposition 

over the whole surface is attributed to the native oxide coating 

which is expected to be of similar thickness and hence 

conductivity over the whole surface. CNTs were grown by 

CVD on the dimpled templates; regardless of Co deposition 

time, all samples had a very wide range of CNT diameters (Fig. 

8). However, there was a decrease in average CNT diameter 

and decrease in CNT density as the deposition time decreased, 

consistent with a decrease in the total amount of Co deposited. 

Although arrays of uniformly-sized Au nanoparticles have been 

fabricated on dimpled Ta templates by thermal dewetting of 

thin Au films,50, 51 the non-uniform CNT growth observed in 

this work indicates that sintering of Co NPs and nanowires 

during the reduction step that precedes CNT growth does not 

lead to uniform Co NP sizes. 

Conclusions 

We have demonstrated that control of CNT diameter is possible 

by depositing Co NPs in the pores of shallow PAA membranes 

under conditions where the diameters of the NPs are 

significantly smaller than the pore diameters of the PAA 

membrane. Alternating voltage deposition for 100 ms gave the 
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most uniform size and coverage of CNTs while decreasing the 

deposition time decreased the uniformity of CNT coverage. 

Further optimisation of electrodeposition conditions is required 

to enable uniform deposition of Co NPs of any desired size. We 

found no evidence of sintering of Co NPs deposited in ~300 nm 

deep pores, however, non-uniform sintering occurred on a 

dimpled substrate with dimple depth of 13 - 17 nm. 
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