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Rachelle Baker 
Associate Editor  
Journal of Visualized Experiments  
17 Sellers Street  
Cambridge, MA 02139  
 
Dear Rachelle, 

 
Thank you for inviting my group to submit a contribution to The Journal of Visualized 
Experiments. Enclosed please find our submission titled “Template Directed Synthesis of 
Plasmonic Gold Nanotubes with Tunable IR Absorbance.” As we discussed, plasmonic 
nanoparticles are important materials for the fields of plasmonic sensing and surface enhanced 
Raman spectroscopy. Template directed synthesis of nanoparticles in anodic aluminum oxide 
(AAO) membranes has become an important synthetic technique for the synthesis of 
nanoparticles for these applications. To date, most syntheses yield solid particles or rods, 
however when considering plasmonic or Raman sensing, hollow particles have substantial 
advantages over solid ones. Since these are surface based phenomena, the increased surface area 
results in higher sensitivity and lower detection limits. In this article, we outline a template 
directed procedure for the synthesis of gold nanotubes, which can either be suspended in solution 
or left as an array. These nanotubes exhibit a tunable absorbance in the near IR, and have 
previously been shown to have the highest sensitivity to change in refractive index reported to 
date. Synthesis and application of plasmonic nanoparticles remains a highly multidisciplinary 
task involving complicated procedures and custom equipment, which are not adequately 
described using written instructions. Given this, and the increasingly widespread use of AAO 
membranes, a definitive video detailing their use would be helpful to the materials scientists, 
chemists, physicists and engineers who use them. For these reasons we feel this work is 
significant in scope and content and will be of interest to scientists who read The Journal of 
Visualized Experiments. 

 
Suggested referees for this manuscript are provided.  Thank you for considering our work. 

 
 

Sincerely,  
 
 
 

 
 

Dwight Seferos 

Cover Letter



Template Directed Synthesis of Plasmonic Gold Nanotubes with Tunable IR Absorbance  

Authors: 

Colin R. Bridges, Tyler B. Schon, Paul M. DiCarmine, Dwight S. Seferos 

Authors: institution(s)/affiliation(s) for each author: 

Colin R. Bridges 
Department of Chemistry  
University of Toronto  
bridges1@mail.utoronto.ca 
 
Tyler B. Schon 
Department of Chemistry  
University of Toronto  
tyler.schon@mail.utoronto.ca 
 
Paul M. DiCarmine 
Department of Chemistry  
University of Toronto  
paul.dicarmine@utoronto.ca 
 
Dwight S. Seferos 
Department of Chemistry  
University of Toronto  
dseferos@chem.utoronto.ca 
 
Corresponding author: Dwight S. Seferos 

Keywords:  

Gold, nanotubes, anodic aluminum oxide templates, surface plasmon resonance, sensing, 
refractive index, template directed synthesis 

Short Abstract:  

Solution-suspendable gold nanotubes with controlled dimensions are synthesized by 
electrochemical deposition in porous anodic aluminum oxide (AAO) membranes using a 
hydrophobic polymer core. Gold nanotubes and nanotube arrays hold promise for applications 
in plasmonic biosensing, surface-enhanced Raman spectroscopy, photo-thermal heating, ionic 
and molecular transport, microfluidics, catalysis and electrochemical sensing.  

Abstract:   

A nearly parallel array of pores can be produced by anodizing aluminum foils in acidic 
environments.1, 2 Applications of anodic aluminum oxide (AAO) membranes have been under 
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development since the 1990’s and have become a common method to template the synthesis 
of high aspect ratio nanostructures, mostly by electrochemical growth or pore-wetting. 
Recently, these membranes have become commercially available in a wide range of pore sizes 
and densities, leading to an extensive library of functional nanostructures being synthesized 
from AAO membranes. These include composite nanorods, nanowires and nanotubes made of 
metals, inorganic materials or polymers.3-10 Nanoporous membranes have been used to 
synthesize nanoparticle and nanotube arrays that perform well as refractive index sensors, 
plasmonic biosensors, or surface enhanced Raman spectroscopy (SERS) substrates, 11-16  as well 
as a wide range of other fields such as photo-thermal heating, 17 permselective transport,18, 19  
catalysis, 20 microfluidics 21 and electrochemical sensing. 22, 23 Here, we report a novel procedure 
to prepare gold nanotubes in AAO membranes. Hollow nanostructures have potential 
application in plasmonic and SERS sensing, and we anticipate these gold nanotubes will allow 
for high sensitivity and strong plasmon signals, arising from decreased material dampening. 15  

Introduction: 

When their dimensions approach the penetration depth of light (~50 nm; the nanoscale), noble 
metals, and most importantly gold, exhibit exquisite size, shape and environment dependent 
optical properties. 24, 25 On this scale, direct illumination causes a coherent oscillation of 
conduction electrons known as the surface plasmon resonance (SPR). SPR is highly dependent 
on nanostructure size, shape, and the dielectric properties of the surrounding medium. There is 
great interest in characterizing SPR properties in new materials, as SPR-based devices are 
emerging for use in sub-wavelength optics, SERS substrates, and ultra-sensitive optical 
sensors.11-16, 26-29 As such, developing computational methods to more accurately predict how 
size and structure can vary plasmonic response remains a major goal. The use of AAO 
membranes affords a convenient way to vary the particle diameter or length, and several 
important studies use this to correlate measured and calculated plasmonic response with 
varying particle diameter, length, and aspect ratio.30, 31 Perhaps the most studied and successful 
use of plasmonic materials is as refractive index based biosensors. For this, resonances in the 
red to near infrared (NIR) range (~800 – 1300 nm) are desirable since they are more sensitive to 
refractive index change, and lie in the “water window” such that they are transmitted through 
both water and human tissues. Solution-suspendable nanostructures with SPR peaks in this 
range open intriguing possibilities for in vivo plasmonic biosensing.  
 
Porous AAO has been used to prepare polymer nanotubes or nanowires by electrochemical 
synthesis or template wetting, and proven to be applicable to a wide variety of materials. AAO 
membranes are now being used to synthesize solution-suspendable high aspect ratio nanorods 
and nanostructured arrays that function as high performance plasmonic biosensors or SERS 
substrates.  While AAO membranes have mostly been used as templates for synthesizing solid 
rods, in some cases it may be desirable for the structure to be hollow. Plasmonic and SERS 
sensing applications, for example, are surface based, and hollow structures with large surface-
area-to-volume ratios may lead to stronger signal generation and higher sensitivity. 14, 15, 32 With 
respect to this, gold nanotubes have been synthesized from various methods including galvanic 
replacement reactions on silver nanorods, 33 electroless plating, 34, 35 surface modification of the 



template pores, 36, 37 sol-gel methods 38 and electrodeposition. 39-41 These syntheses typically 
leave poorly formed, porous nanotubes or allow for little control over the size and morphology.  
Syntheses have also been reported wherein a metallic shell is deposited over a polymer core in 
an AAO membrane. 42, 43 These synthesis leave the gold nanotubes bound to the substrate and 
rely on template etching to allow for growth of gold around the polymer, thus they cannot be 
studied in solution. Moreover, template etching has some potential drawbacks. First, non-
uniform pore etching along the template wall may lead to a non-uniform gold shell thickness. 
Second, significant etching (i.e. to make very thick wall tubes) may dissolve pore walls 
completely.  
 
Very recently, Bridges et. al. reported an etchant free method to synthesize gold nanotubes in 
AAO membranes that uses a sacrificial poly(3-hexyl)thiophene core and yields solution-
suspendable gold nanotubes with extremely high refractive index sensitivity. 15 From that and 
subsequent work, it was discovered that in order to deposit gold shells around the polymer 
core without chemical etching, the polymer must be tubular such that there is interior space for 
it to collapse, and the polymer must be hydrophobic such that it will collapse onto itself rather 
than adhere to the template pore walls. 16 When hydrophilic polymers are used, a gold 
“sheath” partially covering the polymer core is observed, indicating the polymer core adheres 
to one of the walls of the template during gold deposition. 44 Herein, the detailed protocol for 
the synthesis of hollow gold nanotubes that allows for control over length and diameter is 
described (Figure 1). These solution-suspendable gold nanotubes are promising materials for a 
wide range of applications including plasmonic biosensing or SERS substrates. 

Protocol:  

1. Forming the Silver Working Electrode  

1.1. Secure the AAO membrane substrate top side up on a glass plate using a 2-sided adhesive. 
Note: minimize the membrane area in contact with the adhesive, as it will clog the pores. 

1.2. Install the glass plate into the substrate holder of the metal evaporator, close the chamber, 
and evacuate to a pressure of below 1.0 E-6 Torr.  

1.3. Evaporate silver pellets on to the substrate (>% 99.99 purity) using a resistive source at a 
rate of 0.8 Å/s until a layer thickness of 100 nm is reached, and then increase the evaporation 
rate to 1.5 Å/s until a final thickness of 250 nm is reached. 

1.4. Release the AAO membranes by wiping the adhesive layer with a cotton swab wetted with 
dichloromethane to dissolve the adhesive.   

2. Electrodepositing Copper and Nickel  

2.1. Steps 2-3 use a custom two-piece open-face Teflon electrochemical cell designed to hold 
the AAO membranes in contact with a conductive foil that serves as the working electrode 
(Figure 2). The details of the cell design can be found elsewhere. 45 Clean a Teflon cell by 



washing with acetone, ethanol, then 18.2 MΩ deionized water. Allow the cell to dry in the 
ambient laboratory air. 

2.2. Place the membrane silver-side down onto a piece of smooth aluminum foil in the Teflon 
electrochemical cell, sealing the working electrode area with a Viton O-ring (Figure 2).  

2.3. Add 3.0 mL of copper plating solution (0.95 M CuSO4(5H2O), 0.21 M H2SO4) to the Teflon 
cell. Connect a platinum counter electrode, aqueous reference electrode and the aluminum foil 
working electrode to a potentiostat using a conventional 3 electrode set-up. Apply a potential 
of -90 mV vs. Ag/AgCl for 15 minutes. 

2.4. Disconnect and remove the reference and auxiliary electrodes, keeping the two piece cell 
and AAO membrane intact with the foil, then rinse the cell under running 18.2 mΩ deionized 
water. Let the cell soak for 1 hour in 5 mL 18.2 MΩ deionized water to remove excess copper 
plating solution from within the pores.  

2.5. Add 3.0 mL of commercial nickel plating solution (Watt’s Nickel Pure from Technic inc.) and 
connect the counter reference, and working electrodes as described in 2.3. Apply a potential of 
-900 mV vs. Ag/AgCl for 20 minutes.  

2.6. Disconnect and remove the reference and auxiliary electrodes keeping the two-piece cell 
and AAO membrane and foil intact. Rinse the cell under running 18.2 MΩ deionized water, then 
let it soak for 1 hour in 5 mL 18.2 MΩ deionized water to remove excess plating solution from 
the pores. Allow the cell to thoroughly dry in the ambient laboratory air overnight. 

3.0. Electropolymerizing the Polymer Core 

3.1. Bring the in tact Teflon cell and AAO membrane and foil set up into an inert atmosphere 
glove box equipped with external connections to a potentiostat.  

3.2. Prepare a solution of 30 mM 3-hexylthiophene in 3.0mL of 46% boron trifluoride in diethyl 
ether and add it to the Teflon electrochemical cell. 

3.3. Connect the counter and working electrodes to a potentiostat as described in 2.3. Add a 
Ag/AgNO3 acetonitrile reference electrode and connect as described in 2.3. Apply a potential of 
+1500 mV vs. Ag/AgNO3 for 10 minutes. Currents on the order of 0.1 mA indicate a successful 
deposition (Figure 3).  

3.4 Disconnect and remove the reference and auxiliary electrodes keeping the two-piece cell 
and AAO membrane and foil in tact and rinse the cell with 5 mL of acetonitrile in the glove box 
to remove excess boron trifluoride. Remove the cell from the glove box and rinse with a 5mL 
aliquot of ethanol, and then allow the cell to soak in fresh ethanol for 20 minutes. Rinse the cell 
again with 5 mL milli-Q 18.2 MΩ deionized water and then allow the cell to soak in 18.2 MΩ 
deionized water for 20 minutes. Allow it to dry in the ambient laboratory air. 

4.0. Electrodepositing the Gold Shell 



4.1. Add 3.0mL of commercial gold plating solution (Orotemp 24 RTU from Technic inc.) to the 
Teflon cell, mix with a pipette for 2 minutes to allow the gold plating solution infiltrate the 
pores completely and induce hydrophobic collapse of the polymer core.  

4.2. Connect the working electrode, counter electrode, and aqueous reference electrode to a 
potentiostat as in 2.3., and apply -920 mV vs. Ag/AgCl for varying times (5 min to 5 hours). 
Currents on the order of 0.5mA indicate a successful deposition (Figure 3). The length of the 
gold nanotube is determined by the deposition time (Figure 4). 

4.3. Rinse the cell under a stream of 18.2 MΩ deionized water and allow it to dry.  

5.0. Removing Sacrificial Material and Isolating the Gold Nanotubes 

5.1. Remove the membrane from the Teflon cell assembly, and dissolve the silver, copper and 
nickel with a few drops of conc. Nitric acid (> 68%) on the silver coated side. Remove the acid 
and rinse the membranes with 18.2 MΩ deionized water. 

5.2. Etch the polymer core by immersing the membrane overnight in a 3:1 v/v solution of 
sulfuric acid and 30% hydrogen peroxide (Caution! This solution is a strong oxidizer and should 
be handled with care).  

5.3. Remove the acid solution and rinse the membrane under a stream of 18.2 mΩ deionized 
water. Break the membrane into small pieces and place in a 3.0 mL centrifuge vial, and add 2 
mL of an aqueous 3.0 M NaOH solution. Agitate the vial in a heated mixer operating at 1000 
rpm and 40 oC for 3 hours or until the membrane is dissolved.  

5.4. Centrifuge the mixture for 10 minutes at 21000 rcf, remove the supernatant liquid and 
replace it with 18.2 MΩ deionized water. Repeat this cycle 3 times. The vial now contains gold 
nanotubes that can be suspended by gentle sonication. Upon sonication and suspension the 
solution should appear light purple.  

6.0.  Optical Characterization of Gold Nanotubes 

6.1.1. To measure the optical spectra, centrifuge the solution of gold nanotubes for 10 minutes 
at 21000 rcf, remove the supernatant liquid and replace it with D2O. Repeat this process 3 
times.  

6.1.2. Sonicate the mixture for 30 seconds until the solution becomes clear, and transfer the 
solution into a 1 mL quartz cuvette.  

6.1.3. Obtain the extinction spectra from 200 nm to 2000 nm in a UV/vis/spectrophotometer, 
operating in dual beam mode using a cuvette with D2O as the reference cell. Two absorbances 
should be present, corresponding to the transverse and longitudinal plasmon modes (Figure 5). 

6.2.1 To measure the solid state spectra, proceed to step 5.2. Stop and place the intact 
membrane on a glass slide. 

6.2.2. Wet the membrane and glass slide with D2O to increase transparency. 



6.2.3. Obtain the extinction spectra from 200 nm to 1300 nm in a UV/vis/spectrophotometer, 
operating in dual beam mode using a glass slide as the reference. 

Representative Results:  

After each step, one can visibly determined whether or not the synthesis is successful by 
observing the color of the membrane. After copper deposition (step 2.3.) the template will 
appear purple. During nickel deposition (step 2.5.) the template will slowly turn black. After the 
polymer deposition (step 3.3.) the template should appear darker purple/black and more glossy 
(Figure 2). Typical chronoapmerograms of successful polymer and gold are included (Figure 3). 
During the final etching step (5.2.), the template should appear purple and opaque (Figure 2) 
due to the gold nanotubes SPR. After the membrane is dissolved (step 5.4), the gold nanotubes 
can be visualized using electron microscopy (Figure 6). The gold nanotubes can either be 
imaged by TEM by drop casting a suspended solution of gold nanotubes onto grid or by SEM as 
an aligned array grown off a gold base. The membrane pore size determines the diameter, 
which varies between 10 and 250 nm according to the manufacturers specifications. The length 
of gold nanotubes depends on the deposition time, which can be tuned from 150 nm to several 
microns. The standard deviation of lengths is expected to be around 15 % (Figure 4).  

Representative optical spectra for 55 nm diameter structures are included (Figure 5). The 55 
nm diameter structures exhibit two plasmon modes in solution: the transverse mode lying in 
the visible region (520 nm) and longitudinal mode lying in the near IR region (~1200 nm). The 
position of the transverse mode will vary depending on the length of the nanotube. 
Nanostructures synthesized in 200 nm pore size templates will appear turbid and brown in 
solution, and scatter heavily across all wavelengths. 



 

Tables and Figures 

Figure 1: Scheme depicting the procedure for preparing gold nanotubes. One side of the AAO 
membrane is coated with silver, followed by electrodeposition of the copper and nickel layers 
within the pores (A). The polymer core is deposited (B). The polymer core collapses when 
exposed to water (C). The gold shell is deposited (D). All sacrificial materials are etched yielding 
a hollow gold nanotube (E).  

Figure 2: Digital pictures of the Teflon electrochemical cell with a silver coated AAO membrane 
face down on the aluminum foil before (A) and after (B) assembly. Image of an AAO membrane 
after copper deposition (C), nickel deposition (D), polymer deposition (E) and gold nanotube 
deposition after the sacrificial metals and polymer have been etched (F). 

Figure 3: Chronoamperograms of gold nanotube electrodeposition at -920 mV (red) and 
polymer core electropolymerization at +1500 mV (blue).  

Figure 4: Graph of gold nanotube length versus electrodeposition time at -920 mV for 200 nm 
gold nanotubes. A linear correlation between length and time is observed. Error bars represent 
1 standard deviation in length, based off 100 measurements.  

Figure 5: Representative extinction spectra of an aligned array of 55 nm diameter gold 
nanotubes (A). Representative extinction spectra of solution suspended gold nanotubes as 
length (L) increases (B).  

Figure 6: An SEM image of an aligned array of gold nanotubes grown off a gold substrate 
prepared in a 55 nm pore template (A). A TEM image of gold nanotubes prepared in a 55 nm 
pore template (B). A TEM cross section of a gold nanotube prepared in a 200 nm pore template 
(C). A TEM image of a gold nanotube prepared in a 200 nm pore template (D). Red arrows 
highlight the lighter contrast area of the nanotube, indicating its cavity size. 

Discussion:  

Template directed synthesis of nanorods in AAO membranes has become increasingly popular, 
however syntheses of nanorods tend to be very sensitive towards minor changes in material 
and synthesis conditions. Here, a comprehensive understanding of the advantages and 
limitations of using AAO membranes is outlined, as well as a general guideline for using AAO 
membranes for electrochemical synthesis of nanostructures.  

When purchasing AAO membranes, there are two general types available: asymmetric and 
symmetric. Asymmetric membranes have pore diameters that vary from the top to the bottom. 
The bottom of the templates typically consists of a branched network of pores, which 
eventually leads into an aligned, parallel array. Symmetric membranes are also available, and 
are typically higher quality, with uniform aligned pore diameters along the entire thickness of 
the membrane. Membranes of this type are preferred if the goal is to create an array of 
nanostructures bound to a substrate.  



As purchased, AAO membranes are open at each end. The purpose of the evaporated silver 
layer is to form a working electrode that seals one end of the membrane. This allows each pore 
to act as an individual electrochemical cell during the synthesis. The following step is the 
electrodeposition of metal, and is required in asymmetric membranes to fill in the branched 
area of the membrane with non-uniform pore diameters. This step is important because 
without it, branched and irregular nanostructures are formed. The choice of metal is not 
important and depends on your desired etching conditions. Copper was used because of its 
high conductivity, low cost, and ease of removal, however silver, nickel, and gold can also be 
used.  

The nickel layer is important for the electropolymerization step. The goal of this step is to form 
a 200-500 nm nickel coating on top of the copper to form a layer for the polymer to adhere to. 
Only gold and nickel have suitably high work functions to support oxidative polymerization. 
Gold however, cannot be etched separately from the nanotube (also composed of gold), thus 
using gold would result in tubes that are sealed at one end. Nickel is the only metal that can be 
used in this step if you require solution suspendable gold nanotubes that are open on both 
ends. 

The polymer acts as a sacrificial core for the gold nanotube shell, however the choice of 
polymer and its nanotube morphology are very important. The polymer must be hydrophobic, 
such that it collapses onto itself upon addition of the aqueous gold plating solution rather than 
adhere to the template wall. This hydrophobic collapse provides a space for the gold nanotube 
to be deposited between the polymer core and template walls and hydrophilic polymers 
subjected to the same synthesis conditions do not allow for full gold tubes to form. The 
polymer must also form a tube rather than a rod, as polymer rod cores (hydrophobic or 
hydrophilic) cannot collapse, thus not allow for gold nanotube shell deposition. The 
morphology of the polymer core is also affected by the solvent/electrolyte used for 
electropolymerization, which also affects the wall thickness of the resulting gold nanotube. A 
more detailed description of the mechanism of core collapse and how to control wall thickness 
of the resulting gold nanotubes has been recently described in  the literature. 16  In this study, 
we chose 3-hexylthiophene as the monomer and 46% boron trifluoride in diethyl ether as our 
solvent/electrolyte since it is known to produce thin wall, highly hydrophobic poly-3-
hexylthiophene nanotubes. 7, 10 

The final step is electrodepositing the gold shell. At this point it is crucial to ensure the pores of 
the membrane are not clogged, which prevents electrodeposition. This can be accomplished by 
thorough, gentle rinsing after each step, and by allowing the gold plating solution several 
minutes to permeate the membrane entirely before applying a potential. The easiest indication 
that a membrane has become clogged is a low current (below 1 microamp/s for the diameter of 
membranes described here, 13mm). The length of the gold nanotube can be varied by 
increasing the deposition time. 

After acid etching the base metals and polymer core, the gold nanotubes are left in the 
membrane. At this point their optical properties can be studied as an array, or the template can 
be dissolved and their homogeneous solution optical properties can be observed. When 



conducting optical measurements it is important to ensure all traces of water are removed and 
replaced with deuterium oxide, as water will interfere with the near-IR portion of the spectra 
where the longitudinal plasmon mode occurs. Another important consideration for optical 
measurements is the aggregation of gold nanotubes in solution. Unmodified gold nanotubes 
will aggregate if left in solution, thus brief sonication fully reverses aggregation of these 
nanotubes, and is required to freely suspend them prior to extinction measurements. Solutions 
of these gold nanotubes remain stable over periods of minutes to hours before requiring 
further sonication, depending on their size.  

In summary, solution-suspendable gold nanotubes can be prepared in AAO membranes. AAO 
membranes are useful for synthesizing arrays of high aspect ratio nanorods, and have 
advantages over solution based syntheses in that it is very easy to control nanoparticle 
dimensions. While solution based syntheses can yield more material, synthesizing complex 
composite or hollow nanoparticles is much more controlled using AAO membranes, and allows 
for the synthesis of ordered arrays. 
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Name of Reagent/Material Company Catalog Number

UniKera™ Standard Membrane Synkera Technologies Inc. SM-X-Y-13

Anopore Inorganic 

Membranes Whatman 6809-7023

Silver Pellets %99.99 Kurt J. Lesker EVMAG40EXE-D
Copper(II) sulfate 

pentahydrate Sigma-Aldrich 209189

Sulfuric acid ACP S8780

Hydrogen peroxide (30%) ACP H7000

Nitric Acid ACP N2800

Sodium Hydroxide Fisher Scientific S318-1

Watts Nickel Pure Technic Inc. 130859

Techni-Gold 434HS Technic Inc. X6763600
Boron trifluoride diethyl 

etherate Sigma-Aldrich 175501-100ML

3-hexylthiophene Sigma-Aldrich 399051-5G

Deuterium Oxide Sigma-Aldrich 151880-100G

Acetonitrile (anhydrous) Sigma-Aldrich 271004

Ethanol (anhydrous) Caledon Labs 1500-1-05

Name of Equipment Company Catalog Number
EC Epsilon potentiostat/galvanostatBASi (Bioanalytical Systems, Inc.) N/A

Cary 5000 UV-Vis-NIR spectrophotometerAgilent Technologies N/A

Thermomixer R Eppendorf N/A

Branson 2510 Ultrasonic Cleaner Bransonic Z244810 (From Sigma Aldrich)

Covap 2 thermal evaporator Angstrom Engineering N/A

Millipore Synergy water purification systemMillipore N/A
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Comments

Anodic aluminum oxide membranes are available from synkera in various pore sizes 

ranging from 13 - 150 nm, and thicknesses from 50 to 100 um. We use the 50 um ones. 

They are symmetric, meaning the pore size is uniform from top to bottom.
13 mm diameter, 200 nm pore size. These membranes are very fragile. The pore 

diameters are not uniform throughout, so it is important to always use the bottom of the 

membrane as the working electrode

Caution: corrosive liquid

Caution: oxidizing liquid

Caution: corrosive fuming liquid

Caution: caustic powder
Product is no longer available from Technic inc., however other commercial nickelplating 

solutions will work. 

Contains cyanide, do not acidify

Must be stored and used under inert atmosphere

Comments
Reference electrodes and platinum wires were included with the potentiostat, and replacements can be purchaes from BASi http://www.basinc.com/products/ec/epsilon/features.html

http://www.chem.agilent.com/en-US/products-services/Instruments-Systems/Molecular-Spectroscopy/Cary-5000-UV-Vis-NIR/Pages/default.aspx

http://www.eppendorf.com/int/index.php?action=products&contentid=1&catalognode=9832

http://www.sigmaaldrich.com/catalog/product/aldrich/Z244910?lang=en&region=CA

http://www.angstromengineering.com/covap.html

http://www.millipore.com/catalogue/module/c9209



Reference electrodes and platinum wires were included with the potentiostat, and replacements can be purchaes from BASi http://www.basinc.com/products/ec/epsilon/features.html

http://www.chem.agilent.com/en-US/products-services/Instruments-Systems/Molecular-Spectroscopy/Cary-5000-UV-Vis-NIR/Pages/default.aspx
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
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provided and notice of JoVE’s copyright in the Article is 
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to the Article, such as patent rights, shall remain with the 
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applies if the “Standard Access” box has been checked in Item 
1 above or if no box has been checked in Item 1 above.  In 
consideration of JoVE agreeing to produce, display or 
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JoVE is and shall be the sole and exclusive owner of all rights of 
any nature, including, without limitation, all copyrights, in and 
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all such rights and transfers all such rights to JoVE. 
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7.  Government Employees.  If the Author is a United States 
government employee and the Article was prepared in the 
course of his or her duties as a United States government 
employee, as indicated in Item 2 above, and any of the 
licenses or grants granted by the Author hereunder exceed the 
scope of the 17 U.S.C. 403, then the rights granted hereunder 
shall be limited to the maximum rights permitted under such 
statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 

shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
 
8.  Likeness, Privacy, Personality.  The Author hereby grants 
JoVE the right to use the Author’s name, voice, likeness, 
picture, photograph, image, biography and performance in any 
way, commercial or otherwise, in connection with the 
Materials and the sale, promotion and distribution thereof.  
The Author hereby waives any and all rights he or she may 
have, relating to his or her appearance in the Video or 
otherwise relating to the Materials, under all applicable 
privacy, likeness, personality or similar laws. 
 
9.  Author Warranties.  The Author represents and warrants 
that the Article is original, that it has not been published, that 
the copyright interest is owned by the Author (or, if more than 
one author is listed at the beginning of this Agreement, by 
such authors collectively) and has not been assigned, licensed, 
or otherwise transferred to any other party. The Author 
represents and warrants that the author(s) listed at the top of 
this Agreement are the only authors of the Materials.  If more 
than one author is listed at the top of this Agreement and if 
any such author has not entered into a separate Article and 
Video License Agreement with JoVE relating to the Materials, 
the Author represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them had 
been a party hereto as an Author. The Author warrants that 
the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, infringe 
and/or misappropriate the patent, trademark, intellectual 
property or other rights of any third party.  The Author 
represents and warrants that it has and will continue to 
comply with all government, institutional and other 
regulations, including, without limitation all institutional, 
laboratory, hospital, ethical, human and animal treatment, 
privacy, and all other rules, regulations, laws, procedures or 
guidelines, applicable to the Materials, and that all research 
involving human and animal subjects has been approved by 
the Author's relevant institutional review board. 
 
10.  JoVE Discretion.  If the Author requests the assistance of 
JoVE in producing the Video in the Author’s facility, the Author 
shall ensure that the presence of JoVE employees, agents or 
independent contractors is in accordance with the relevant 
regulations of the Author's institution.  If more than one 
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to 
the Article until such time as it has received complete, 
executed Article and Video License Agreements from each 
such author.  JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to accept 
or decline any work submitted to JoVE.  JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
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EDITORIAL COMMENTS 
/Corrections/ 
There are a few instances of /we/. Please rewrite in third person. 
 
The discussion should be rewritten in third person. 
 
In the Protocol, step 2.5, /in tact/should be one word /intact/. 
 
These three issues have been corrected, we thank the editor for bringing 
them to our attention. 
 
REVIEWER #1 
 
Comment 1. The abstract needs to be rewritten and simplified to highlight the key 
points. In addition, please briefly illustrate why gold was chosen from 
noble metals as the material for preparing hollow nanotubes. 
 
Response 1: We have simplified the abstract, while still maintaining 
adequate discussion the technique and its applications as requested by 
the journal. The use of gold is based on its well-established and favourable 
plasmonic properties, as mentioned in the short abstract and introduction. 
 
Comment 2. To prove that every step is an effective deposition, please give the 
photos of samples after each deposition step in figure 1. 
 
Response 2. It is difficult to capture the subtle colour changes in some of 
the steps using a camera, but we have added additional pictures after each 
deposition. 
 
Comment 3. The reasons for collapse of polymer core need to be specified. 
Otherwise, the explanation to the choice of polymer and its morphology in 
the discussion part is a little ambiguous. Please illustrate the collapse 
mechanism or cite similar works elsewhere. 
 
Response 3. We have expanded the discussion, and cited a paper which 
outlines the collapse mechanism in detail. 
 
Comment 4. The captions of A and B in figure 5 seems not match what are 
shown by these images. Furthermore, why the image A was taken by TEM and 
the others were taken by SEM? Please explain the differences briefly in the part 
of representative results. 
 
Response 4. The SEM image is taken from an aligned array mounted on a 
gold base. This sample can not be imaged by TEM. A more thorough 
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description of this is added, and the captions have been clarified.  
 
REVIEWER #2 
 
Comment 1.  Abstract: Application examples 
The referee guideline indicates that an extensive coverage of application 
fields is desired by the journal. In this context, the manuscript is solely 
focused on the optical properties of the metal nanostructures and 
applications based thereon. But besides SERS and plasmonic applications, 
gold nanotubes have also been used in permselective transport [see e.g. 
Analyst 127 (2002), 871-879] (however, flexible polymer templates are used 
in these cases, probably related experiments cannot be performed properly 
with AAO-embedded nanostructures), in catalysis [see e.g. Angew. Chem. Int. 
Ed. 43 (2004), 1140-1142], in microfluidics [e.g. J. Am. Chem. Soc. 129 
(2007), 7620-7626] or in electroanalysis [see e.g. Anal. Chim. Acta 525 
(2004), 221-230]. 
 
Response 1: We have added discussion of these applications in the 
introduction, and included these references, and thank the reviewer for 
bringing this to our attention. 
 
Comment 2. Introduction: Synthesis of metal nanotubes in AAO templates 
The manuscript only names the use of polymer-modified AAO templates for the 
fabrication of gold nanotubes. However, numerous approaches towards these 
structures exist which can compete with the characteristics of the 
presented technique. In order to provide a general view on the topic, the 
authors should at least include other flexible and powerful tools for metal 
nanotube preparation in AAO, for instance the assembly of pre-synthesized 
nanoparticles on modified AAO walls [Chem. Mater. 17 (2005), 3743-3748], 
metal-nanoparticle guided electrodeposition [Angew. Chem. Int. Ed. 44 
(2005), 6050-6054], diffusion-controlled electrodeposition from viscous 
aprotic solvent [Chem. Commun. 46 (2010), 940-942], electroless plating [J. 
Nanosci. Nanotechnology 4 (2004), 605-610], reduction of sol-gel-derived 
precursor structures [Nanotechnology 17 (2006), 5106-5110] or 
straightforward electrodeposition [Adv. Mater. 21 (2009), 4619-4624]. 
 
Response 2: We have added discussion detailing these additional methods 
to synthesize gold nanotubes.  
 
REVIEWER #3 
 
/Major Concerns/ 
 
Comment 1. The authors do not mention anything about agglomeration of the 



gold nanowires upon release into solution. How stable are these solutions? 
Do the wires agglomerate? This is a very important issue. 
What are the mechanical properties? 
 
Response 1: The gold nanotubes aggregate in solution after several 
minutes or hours depending on their size, however this is reversible upon 
gentle sonication. We have added text to address this issue. The 
mechanical properties are unknown at this point, as it was not a focus of 
this study.  
 
Comment 2. The quality of the images is not sufficient to be published. Figure 1 
could be dramatically enhanced. Figure 2 is pixelated. Figure 3 is missing the 
axis captions. Figure 4 same thing. Figure 5 is non existing and it is 
probably the most important figure. 
 
Response 2. Our version of the figures 2-4 do not appear pixilated and 
have axes labels, and figure 5 is present in our files. We have re-converted 
all images to .psd files and double-checked their compatibility, and 
improved figure 1. 
 
/Minor Concerns/ 
 
Comment 1. It will be interesting to see the chronoamperograms to have more 
information about the deposition process. Figure 2 is mentioned before than 
Figure 1. 
 
Response 2. We have included typical chronoamperograms for the 
polymer deposition and gold shell deposition.	
  


