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By David J.Comstock, Steven T. Christensen, Jeffrey W. Elam, Michael J. Pellin, 
and Mark C. Hersam*

  1. Introduction 

 Nanostructured metal fi lms with large specifi c surface areas have 
found extensive use in a variety of fi elds including catalysis, [  1–4  ]  
sensing, [  5–7  ]  and energy storage. [  8  ]  Among the most common 
approaches to synthesizing such fi lms is templated deposition, 

which utilizes a porous template, such 
as a liquid-crystal [  9  ,  10  ]  or a porous mem-
brane [  11  ,  12  ]  to dictate fi lm morphology. 
Such templated deposition is typically con-
ducted by either electrodeposition or elec-
troless deposition, with mesoporous fi lms 
and arrays of nanotubes and nanowires 
having been demonstrated. However, 
such deposition techniques provide only 
limited control over fi lm composition 
and thickness, potentially leading to irre-
producible properties and performance for 
device applications. 

 Atomic layer deposition (ALD) is an 
alternative strategy for synthesizing 
nanostructured metal fi lms with precisely 
tunable morphology and composition. 
In its simplest form, ALD employs the 
iterative introduction of two precursors 
into a reactor, with each forming a self-

terminating monolayer. [  13  ]  As each precursor reacts with the sur-
face, fi lm growth proceeds in a monolayer-by-monolayer fashion, 
yielding highly uniform and conformal fi lms with atomic-scale 
thickness control. Furthermore, the self-limiting surface chem-
istry allows nanoporous templates to be uniformly coated on 
all exposed surfaces. ALD also provides atomic-level compo-
sitional control by selecting the appropriate reactants during 
each ALD cycle. This compositional control has been utilized 
to deposit a range of materials, including doped materials, [  14–16  ]  
mixed metal oxides, [  17–19  ]  and nanolaminates. [  20–22  ]  This com-
bination of attributes makes ALD ideal for the templated 
synthesis of nanostructured materials, with such templating 
previously being demonstrated for metal oxide and metal nitride 
materials [  23–25  ]  as well as some metals. [  26–29  ]  These templated 
materials have been utilized for varied applications, including 
optics, [  29  ]  energy storage, [  30  ]  and photovoltaics. [  31  ,  32  ]  

 In this work, templated ALD is utilized to prepare nanostruc-
tured Pt/Ir fi lms. Such fi lms have been employed for electro-
chemical sensing applications, including hydrogen peroxide [  33  ]  
and non-enzymatic glucose sensing. [  34–36  ]  In particular, the syn-
thesis of such nanostructured fi lms is delineated with a focus 
on the precise tunability of fi lm morphology and composition 
provided by ALD. The fi lms are quantitatively assessed by 
scanning electron microscopy (SEM) and X-ray fl uorescence 
(XRF) to verify their morphology and composition, respectively. 

Tuning the Composition and Nanostructure of Pt/Ir Films 
via Anodized Aluminum Oxide Templated Atomic Layer 
Deposition

 Nanostructured metal fi lms have been widely studied for their roles in 
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including improved fi lm uniformity and conformality as well as atomic-scale 
control over morphology and composition. Nanostructured Pt ALD fi lms are 
demonstrated with morphological control provided by the Pt precursor expo-
sure time and the number of ALD cycles. With these approaches, Pt fi lms 
with enhanced surface areas, as characterized by roughness factors as large 
as 310, are reproducibly synthesized. Additionally, nanostructured PtIr alloy 
fi lms of controlled composition and morphology are demonstrated by tem-
plated ALD, with compositions varying systematically from pure Pt to pure Ir. 
Lastly, the application of nanostructured Pt fi lms to electrochemical sensing 
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templating employs high aspect ratio (90 nm diameter, 18  μ m
long) AAO pores ( step 1 ) that are too deep for complete infi ltra-
tion by the Pt fi lm with the ALD conditions utilized ( step 2 ). 
After ALD, the Pt fi lm is retained within the template, and 
the morphology and roughness factor ( R  f ) are characterized 
by SEM and electrochemical measurements. In particular,  R  f  
is calculated as the ratio between the electrochemically active 
Pt surface area, as measured by hydrogen monolayer adsorp-
tion, [  44  ]  and the planar, projected area of the Pt fi lm.  

 Alternatively, compositional tuning of PtIr alloy fi lms is 
achieved by scheme 2 templating (Figure  1 B), with the fi lm 
morphology controlled by the AAO template. Scheme 2 tem-
plating utilizes lower aspect ratio (70 nm diameter, 500 nm 
long) AAO pores ( step 1 ) that are fully and conformally infi l-
trated by the ALD fi lm ( step 2 ). After deposition, the fi lm is 
inverted and the AAO template is etched away to expose the 
templated fi lm ( steps 3  and  4 ). The morphology of the tem-
plated fi lm is confi rmed by SEM imaging, and the composition 
is determined by XRF.   

 2.2. Morphological Tuning of Templated Pt Films 

 Typically, the morphology of template-deposited materials is 
controlled solely by the dimensions (e.g., pore diameter, pore 
spacing, etc.) of the template. However, ALD provides for addi-
tional control over the fi lm morphology by varying the ALD 
conditions. This tunability allows for the preparation of a wide 
variety of fi lm morphologies from a fi xed template. Specifi cally, 
ALD provides for control of the fi lm infi ltration depth through 
the precursor exposure time and the fi lm thickness through the 
number of ALD cycles. 

 Morphological tuning is evident in nanostructured Pt fi lms 
prepared by scheme 1 templating, as shown in  Figure    2   and 
 Figure    3  . As is typical of ALD fi lms, the Pt fi lms are highly 
conformal and fully coat both the top surface and the internal 
pore walls of the template. This conformality is clearly shown 
by the Pt nanotubes visible in a cross-section of the coated tem-
plate (Figure  2 D). Furthermore, the Pt fi lm is uniform across 
the sample surface, both in the fi lling of nearly every pore and 
the infi ltration depth of the pores.   

 The effect of the Pt(MeCp)Me 3  exposure time was studied 
by depositing Pt fi lms for 400 cycles with exposure times 
ranging from 1 to 10 s. As shown in Figure  2 E, the Pt infi l-
tration depth increases as a function of exposure time, with 
the infi ltration depth exhibiting a square root dependence on 
exposure time. This dependence is consistent with the diffu-
sion-limited transport of Pt(MeCp)Me 3  molecules into the 
AAO pores [  25  ,  45  ]  and provides for reproducible control of the 
infi ltration depth. The fi lm  R  f  is similarly controlled by expo-
sure time, as it varies predictably with infi ltration depth, with 
a maximum  R  f  of 227 achieved for an exposure time of 10 s. 
Larger  R  f  can be achieved by using even longer Pt(MeCp)Me 3  
exposure times; however, the square root time dependence 
makes this approach increasingly impractical for reasonable 
total deposition times. 

 The Pt fi lm morphology can also be controlled by varying the 
number of ALD cycles or fi lm thickness, as shown in Figure  3 . 
Pt fi lms were deposited for 200, 300, and 400 cycles at a constant 

Additionally, the fi lms are characterized electrochemically in 
order to determine their electrochemically active surface area, 
electrochemical response, and suitability for electrochemical 
sensing applications.   

 2. Results and Discussion  

 2.1. Fabrication of Templated ALD Films 

 Nanostructured Pt/Ir fi lms are prepared by Pt and Ir ALD into 
anodized aluminum oxide (AAO) templates. Pt deposition is 
achieved by alternating exposures to (trimethyl)methylcyclope-
ntadienylplatinum(IV) (Pt(MeCp)Me 3 ) and O 2  and occurs at a 
growth rate of 0.45–0.64 Å cycle  − 1 . [  37  ,  38  ]  Ir deposition is achieved 
by alternating exposures to iridium(III) acetylacetonate (Ir(acac) 3 ) 
and O 2  and occurs at a growth rate of 0.46–0.47 Å cycle  − 1 . [  38  ,  39  ]  
PtIr alloy fi lms are prepared with precise control over the com-
position by controlling the ratio of Pt to Ir cycles. [  38  ]  

 Nanostructured fi lms are prepared using AAO templates. 
AAO templates exhibit hexagonally-ordered, parallel pores and 
have been widely used to prepare nanostructures. More impor-
tantly, AAO templates provide for nanostructure tunability, as 
the template dimensions can be systematically varied. This 
includes varying the interpore spacing, [  40–42  ]  pore length, or pore 
diameter. [  25  ,  43  ]  With the fl exibility provided by AAO templates, 
two different ALD templating schemes were utilized, as shown 
in  Figure    1  . Nanostructured Pt fi lms with tunable morphology 
are prepared by scheme 1 templating (Figure  1 A). Scheme 1 

      Figure  1 .     Templating schemes for the synthesis of nanostructured Pt/Ir 
fi lms by ALD. A) Scheme 1: 1) high-aspect ratio AAO template; 2) ALD 
deposition that does not fully infi ltrate the AAO template. B) Scheme 2: 1) 
low-aspect ratio AAO template; 2) ALD deposition that fully infi ltrates the 
AAO template; 3) fi lm is inverted, bonded to a polycarbonate substrate, 
and the aluminum substrate is etched away; 4) AAO template is etched 
away to expose the templated ALD fi lm.  
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attributed to interfacial access between the Pt fi lm and the AAO 
pore wall. In particular, as the surface area measurements are 
made in acidic solution, the solution may infi ltrate between the 
Pt fi lm and the AAO pore wall, thus also sampling a portion 
of the Pt nanotube outer surface and effectively increasing the 
measured surface area.   

 2.3. Compositional Control of Nanostructured ALD Films 

 Compositional control is also provided by templated ALD, 
with nanostructured PtIr alloy fi lms prepared by scheme 2 
templating (Figure  1 B). Scheme 2 templating relies upon the 
complete infi ltration of the AAO template to produce a fi lm 
morphology that is fully dictated by the AAO pores and inde-
pendent of the ALD precursor exposure times. This complete 
infi ltration simplifi es the preparation of nanostructured alloy 

Pt(MeCp)Me 3  exposure time of 10 s to maximize infi ltration 
depth. By reducing the number of ALD cycles, higher surface 
areas are achieved by preparing Pt nanotubes of increasing 
internal diameter. This trend is demonstrated by the linear 
dependence between both pore diameter and  R  f  on the number 
of ALD cycles (Figure  3 E). As a result,  R  f  can be increased 
from 227 to 310 simply by reducing the number of ALD cycles 
from 400 ( ∼ 20 nm Pt) to 200 ( ∼ 10 nm Pt). The increase in  R  f  
with reduced Pt ALD cycles is also signifi cant from a practical 
perspective, in that higher surface area fi lms and improved 
performance can be achieved with shorter total deposition times 
and reduced Pt consumption. 

 Lastly, it should be noted that the measured  R  f  for all nanos-
tructured Pt fi lms was consistently larger than the geometrically 
calculated  R  f  based upon infi ltration depth and pore diameter 
(Figure  2 E and  3 E). This desirable enhancement can likely be 

      Figure  2 .     Cross-sectional SEM images of nanostructured Pt fi lms pre-
pared by 400 cycles Pt ALD with Pt(MeCp)Me 3  exposure times of A) 1 s, 
B) 5 s, and C) 10 s. D) Pt nanotube structure observed inside AAO tem-
plate cross-section. E) Variation in Pt infi ltration depth ( • ), electrochemi-
cally measured  R  f  ( � ), and geometrically-calculated  R  f  ( � ) as a function 
of Pt(MeCp)Me 3  (exposure time) 1/2 .  

  Figure  3 .     SEM images of the top surface of nanostructured Pt fi lms 
deposited for A) 0, B) 200, C) 300, and D) 400 ALD cycles. E) Variation 
in the diameter of the Pt nanotubes ( • ), electrochemically measured  R  f  
( � ), and geometrically-calculated  R  f  ( � ) as a function of the number of 
Pt ALD cycles.  
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500 nm long closed nanotubes ( R  f   =  14) templated by the AAO 
pores. The observed clustering of the nanotubes is due to sur-
face tension effects associated with the liquid-phase etching of 
the AAO template and subsequent drying. In examining the 
fi lm morphologies, the pure Pt and pure Ir cases are especially 
important for developing the ALD procedures for alloy depo-
sition, as both alloy components must fully infi ltrate the AAO 
pores. With the 70 nm diameter, 500 nm long AAO pore tem-
plates, 10 s Pt(MeCp)Me 3  and 20 s Ir(acac) 3  exposure times are 
suffi cient for the complete infi ltration of both components into 
the AAO pores.  

 While the fi lms appear morphologically identical by SEM, 
the composition varies systematically from pure Pt to pure Ir, 
as shown in Figure  4 E. The composition of the PtIr alloys is 
controlled by adjusting the ratio of Pt to Ir ALD cycles. In this 
manner, PtIr alloy fi lms with 20% Ir were prepared with 25% 
Ir cycles and PtIr alloy fi lms with 40% Ir were prepared with 
50% Ir cycles. [  38  ]  While the PtIr alloy fi lms exhibit a reduced Ir 
content relative to the percentage of Ir cycles, this reduction is 
expected and predictable due to the known reduced growth rate 
of Ir relative to Pt. Consequently, when the relative growth rates 
are taken into consideration, PtIr alloy nanostructures of arbi-
trary composition can be synthesized by controlling the relative 
number of Pt and Ir ALD cycles. Furthermore, the morphology 
can be dictated by the AAO template, allowing for fully inde-
pendent tuning of composition and morphology in nanostruc-
tured PtIr alloy fi lms.   

 2.4. Electrochemical Response of Nanostructured Pt 

 The application of the nanostructured Pt fi lms as electro-
chemical electrodes was investigated by cyclic voltammetry 
(CV) measurements in acid (1  M  H 2 SO 4 ) and reversible redox 
mediator (5 m M  Ru(NH 3 ) 6 Cl 3 , 200 m M  K 2 SO 4 ) solutions, as 
shown in  Figure    5  . The Pt electrode response in H 2 SO 4  exhibits 
the characteristic platinum oxidation/reduction response and 
hydrogen adsorption/desorption response (Figure  5 A). As the 
CV response in H 2 SO 4  is also used to measure  R  f , the fi lms 
exhibit the expected variations with Pt surface area.  

 On the other hand, the reversible redox mediator response 
exhibits little dependence on  R  f  (Figure  5 B). While the capaci-
tive background current increases at larger  R  f , relatively little 
change exists in the peak current after accounting for this 
capacitive background. With a reversible redox mediator, the 
peak CV current is related to the electrode area by the Randles–
Sevcik equation,

   ip = 2.69 × 105n3/ 2 D1/ 2<1/ 2c A   (1)   

where  n  is the number of electrons transferred,  D  is the dif-
fusion coeffi cient,   ν   is the scan rate,  c  is the concentration, 
and  A  is the area. Consequently, the invariance of the peak 
current implies that the Randles–Sevcik electrode area  A  
remains unchanged, even as  R  f  changes dramatically. This rela-
tively constant electrode area  A  for nanostructured Pt fi lms is 
characteristic of a kinetically fast reversible redox mediator. As 
the mediator reacts with the electrode, it rapidly establishes a 
depletion region and a diffusion-limited current response. This 

fi lms, as different ALD precursors may have signifi cantly dif-
ferent vapor pressures and molecular weights, both of which 
control the rate of infi ltration into the AAO pores. For example, 
Ir(acac) 3  [  46  ]  possesses a signifi cantly lower vapor pressure and 
higher molecular weight compared with Pt(MeCp)Me 3 , [  47  ]  
which yields a reduced Ir infi ltration depth for a given expo-
sure time. Without precise control over exposure timing and 
precursor delivery rate, this difference in precursor vapor pres-
sure would yield PtIr alloy fi lms that vary in composition along 
the axis of the pores for fi lms prepared using scheme 1. On the 
other hand, the complete infi ltration of scheme 2 enables com-
positionally uniform PtIr alloy nanostructures without the need 
for precise control over the exposure times. 

 SEM images and XRF analysis of nanostructured Pt, Ir, 
and PtIr alloy fi lms are shown in  Figure    4  . As shown, all of 
the fi lms exhibit identical morphology with 70 nm diameter, 

      Figure  4 .     SEM images of nanostructured fi lms of A) pure Pt, B) PtIr alloy 
with 20% Ir, C) PtIr alloy with 40% Ir, and D) pure Ir prepared by tem-
plated ALD into 70 nm diameter, 500 nm long AAO pores. E) XRF meas-
urements showing compositional variations between pure Pt, pure Ir, and 
PtIr alloy fi lms as measured by the Pt L  α   and Ir L  α   peaks.  
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20 m M . As shown in  Figure    6  , the nanostructured Pt fi lm ( R  f   =  
260) exhibits clearly observable glucose sensitivity and selec-
tivity to both AA and PP, while the fl at Pt fi lm ( R  f   =  2) exhibits 
no detectable sensitivity to glucose.  

 The nanostructured Pt fi lm shows a near-linear response to glu-
cose in the range 0–20 m M  with a sensitivity of 63.8  μ A cm  − 2  m M   − 1 . 
The linear response over this range is desirable, as glucose 
sensing is most relevant in the physiological range (3–8 m M ). 
This glucose sensitivity also compares well with previous 
results, with 0.1  μ A cm  − 2  m M   − 1  reported for Pt nanotubular 
arrays, [  35  ]  9.6  μ A cm  − 2  m M   − 1  reported for mesoporous Pt, [  34  ]  and 
93.7  μ A cm  − 2  m M   − 1  reported for nanostructured PtIr alloys. [  36  ]  
However, it should be noted that direct comparisons of sen-
sitivity are diffi cult due to experimental variations, including 
solution stirring and  R  f . For example, we have observed signifi -
cant variations in the measured glucose sensitivity as a func-
tion of stirring, while increased  R  f  will also produce enhanced 
sensitivity. Nevertheless, the linear response and the selectivity 
provided by these nanostructured Pt fi lms demonstrates their 
suitability for non-enzymatic glucose sensing and the poten-
tial for other templated ALD fi lms for electrochemical sensing 
applications.    

 3. Conclusions 

 Templated ALD is a versatile synthesis technique that enables 
synthesis of nanostructured Pt/Ir fi lms with precisely con-
trolled morphology and composition. Quantitatively, nanostruc-
tured fi lm morphology is demonstrated with  R  f  values varied 
from 110 to 310 through controlled Pt(MeCp)Me 3  exposure 
times and the number of ALD cycles. Similarly, precise control 
over fi lm composition is shown through nanostructured PtIr 
alloy fi lms with compositions from pure Pt to pure Ir. These 
nanostructured templated ALD fi lms exhibit predictable elec-
trochemical responses, thus enabling excellent sensitivity and 
selectivity for non-enzymatic glucose sensing. In addition to 

diffusion-limited response only samples the planar, projected 
area of the Pt nanostructure and is unable to sample the large 
internal surface area of the nanostructured Pt fi lm.   

 2.5. Applications to Glucose Sensing 

 Nanostructured Pt electrodes are desirable for non-enzymatic 
glucose sensing due to their high sensitivity and selectivity 
between glucose and interfering species, such as ascorbic acid 
(AA) and p-acetamidophenol (PP). This selectivity results from 
the differing nature of the electrochemical responses between 
glucose and these interfering species. In particular, the inter-
fering species exhibit fast kinetics and behave much like the 
reversible redox mediator, with the establishment of a deple-
tion zone and a diffusion-limited response that does not fully 
sample the large internal surface area of the Pt fi lm. In con-
trast, glucose exhibits slow kinetics and fully samples the large 
internal surface area of the Pt fi lm. As a result, nanostructured 
Pt fi lms exhibit much larger amperometric responses to glu-
cose than to the interfering species. [  34  ]  

 The amperometric response of a nanostructured Pt fi lm to 
glucose was measured at a fi xed potential of 0.4 V versus Ag/
AgCl in a continuously stirred solution of 100 m M  phosphate 
buffer solution (pH 7.4) with 130 m M  NaCl. The interfering spe-
cies, AA and PP, were added at concentrations of 0.1 m M , and 
glucose was added in steps of 4 m M  to a total concentration of 

      Figure  5 .     Cyclic voltammetry responses of fl at ( R  f   =  2) and nanostruc-
tured ( R  f   =  110 and  R  f   =  293) Pt fi lms in A) 1  M  H 2 SO 4  and B) 5 m M  
Ru(NH 3 )Cl 3 , 200 m M  K 2 SO 4.   

      Figure  6 .     Amperometric responses of fl at ( R  f   =  2) and nanostructured 
 (R  f   =  260) Pt fi lms for glucose sensing. 0.1 m M  ascorbic acid (AA), 
0.1 m M  p-acetamidophenol (PP), and successive 4 m M  steps of glucose 
are added to a constantly stirred solution of 100 m M  (pH 7.4) phosphate 
buffer with 130 m M  NaCl.  



FU
LL

 P
A
P
ER

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3099–31053104

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com

PtIr alloy fi lms were deposited for a total of 200 cycles, with the PtIr alloy 
composition controlled by adjusting the ratio of Pt to Ir cycles. Pt(MeCp)
Me 3  was exposed for 10 s and purged for 5 s, Ir(acac) 3  was exposed 
for 20 s and purged for 5 s, and O 2  was exposed for 2 s and purged 
for 5 s. After deposition, the fi lms were inverted and epoxy-bonded to 
a polycarbonate substrate. The aluminum substrate was removed by 
etching in a solution of CuCl 2  and HCl, and the AAO template was 
removed by etching in 25% w/v KOH. The inverted structure allowed 
for characterization of the fi lm conformality and the uniformity of pore 
fi lling by the Pt and Ir components. 

 The morphology of the ALD fi lms was characterized by scanning 
electron microscopy (SEM) using a Hitachi S-4800 SEM. The composition 
of ALD fi lms was assessed by x-ray fl uorescence (XRF) using an energy 
dispersive Oxford Instruments ED2000 operated at 45 kV and 251  μ A 
with 140 eV energy resolution. The composition of the PtIr alloys was 
determined by the ratio of Pt L  α   and Ir L  α   count rates obtained from 
peak fi tting XRF peaks. 

  Electrochemical Characterization : Electrochemical measurements 
were performed with a CHI 750C bipotentiostat (CH Instruments, 
Austin, TX). A three electrode electrochemical cell was used, with the 
sample as the working electrode, a Pt mesh counter electrode, and either 
a mercury/mercurous sulfate (MSE) or a silver/silver chloride (Ag/AgCl) 
reference electrode. The area of the sample exposed to solution was 
defi ned by a tape mask with a 0.125 inch diameter hole defi ning an area 
of 0.079 cm 2 . 

 The surface area of the Pt fi lm was determined by hydrogen 
monolayer adsorption in 1  M  H 2 SO 4 . [  44  ]  Measurements were made 
by cyclic voltammetry (CV) with the voltage swept between –0.75 and 
0.75 V vs. MSE at a scan rate of 0.025 V s  − 1 . The measured current was 
integrated to determine the charge associated with H adsorption. This 
charge was used to calculate the Pt surface area using a charge density 
of 210  μ C cm  − 2  for adsorption of a H monolayer. The roughness factor, 
 R  f , was calculated as the ratio of the electrochemically-determined Pt 
surface area to the planar, projected area (0.079 cm 2 ) of the fi lm. 

 The electrochemical response of the nanostructured Pt fi lm was 
assessed by CV measurements with a reversible redox mediator. 
Measurements were acquired in a solution of 5 m M  Ru(NH 3 )Cl 6  with 
200 m M  K 2 SO 4  supporting electrolyte. The voltage was swept between –1.1 
and –0.2 V vs. MSE at a scan rate of 0.025 V s  − 1 . 

 The glucose sensing capabilities of the nanostructured Pt fi lms were 
assessed amperometrically. Prior to glucose sensing measurements, 
the Pt fi lms were electrochemically cleaned by repeated potential 
cycling between –0.25 and 1.25 V vs. Ag/AgCl at 0.1 V s  − 1  in 1  M  H 2 SO 4 . 
Cycling was repeated until a typical voltammogram for clean Pt was 
observed. Glucose sensing was then conducted in a solution of 100 m M  
phosphate buffer solution (pH 7.4) with 130 m M  NaCl. The Pt fi lm was 
biased at 0.4 V vs. Ag/AgCl. The solution was stirred continuously. 
Typical interfering species (i.e., l-ascorbic acid and p-acetamidophenol) 
were added at concentrations of 0.1 m M  while glucose was 
added stepwise at concentrations of 4 m M  to a total concentration of 
20 m M .  
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enabling applications for nanostructured Pt/Ir fi lms, this work 
can likely be extended to a diverse range of morphologically 
and compositionally controlled nanostructured alloy fi lms by 
employing other ALD compatible precursors.   

 4. Experimental Section 
  Materials : Atomic layer deposition (ALD) was conducted using 

(trimethyl)methylcyclopentadienylplatinum(IV) (Pt(MeCp)Me 3 ) and 
iridium(III) acetylacetonate (Ir(acac) 3 ) precursors obtained from 
Strem Chemicals. All other chemicals were obtained from Sigma-
Aldrich and used as-received. High-purity aluminum foil (99.999%), 
perchloric acid, ethanol, oxalic acid, chromic acid, and phosphoric acid 
were used for anodized aluminum oxide (AAO) template fabrication. 
Sulfuric acid (H 2 SO 4 ), hexaammineruthenium(III) chloride (Ru(NH 3 )
Cl 6 ), and potassium sulfate (K 2 SO 4 ) were used for cyclic voltammetry 
measurements. D-glucose, l-ascorbic acid, p-acetamidophenol, sodium 
phosphate dibasic, sodium phosphate monobasic, and sodium chloride 
were used for amperometric glucose sensing. 

  Anodized Aluminum Oxide (AAO) Templates : AAO templates were 
prepared from high-purity aluminum foils. The aluminum foils were 
fi rst cleaned by sonication in acetone and isopropanol and dried under 
N 2  fl ow. Prior to anodization, the foils were electropolished to remove 
surface irregularities. Electropolishing was conducted potentiostatically 
at 20 V for up to 5 min in a 1:4 v/v perchloric acid:ethanol solution 
maintained at 5  ° C. Highly-ordered AAO templates with 100 nm 
interpore spacing were prepared by a two-step oxalic acid anodization 
process. [  42  ,  48  ]  The aluminum foil was fi rst anodized at 40 V in 0.3 M 
oxalic acid at room temperature for at least 4 h. The AAO fi lm was 
then etched in 6 wt% phosphoric acid, 2 wt% chromic acid at 60  ° C for 
1 hour, leaving a scalloped aluminum surface to template subsequent 
anodization. A second anodization was conducted using the same 
procedure as the fi rst, with the AAO thickness controlled by anodizing 
time at a growth rate of 9  μ m hour  − 1 . Pore diameter was controlled by 
pore widening in 10% w/v phosphoric acid maintained at 35  ° C. Pore 
widening occurred at a rate of 3 nm min  − 1 . 

  Atomic Layer Deposition : Pt and Ir ALD were conducted in a viscous 
fl ow type reactor. [  49  ]  The reactor was maintained at a temperature 300  ° C 
and a pressure of  ∼ 1 Torr with 130 sccm N 2  carrier gas fl ow. Pt ALD was 
conducted by alternating exposures of Pt(MeCp)Me 3  and O 2 , and Ir ALD 
was conducted by alternating exposures of Ir(acac) 3  and O 2 . The noble 
metal precursors were contained in heated stainless steel bubblers, with 
the Pt(MeCp)Me 3  bubbler maintained at 50  ° C and the Ir(acac) 3  bubbler 
maintained at 170 °  C. Noble metal precursor exposure was achieved by 
diverting 60 sccm N 2  through the heated bubbler, while O 2  exposure was 
achieved by introducing 60 sccm O 2 . Each exposure was followed by a 
purge with N 2 . 

 Nanostructured fi lms were prepared by ALD into AAO templates. The 
AAO templates were sonicated in acetone and isopropanol and dried 
with N 2 . After loading into the ALD reactor, the templates were allowed 
to equilibrate under N 2  fl ow for 10 min and then cleaned by exposure 
to 400 sccm of 10% ozone in O 2  for 10 min. Prior to the metal ALD, 
a 15 Å ALD Al 2 O 3  fi lm was deposited using alternating exposures to 
trimethylaluminum and H 2 O to provide a uniform nucleation layer for 
Pt and Ir fi lms. 

 Nanostructured Pt fi lms were prepared by scheme 1 templating 
(Figure  1 A) into 90 nm diameter, 18  μ m deep AAO pores. The effect of 
the Pt(MeCp)Me 3  exposure time was studied by depositing Pt fi lms for 
400 cycles. Pt(MeCp)Me 3  was exposed for 1 to 10 s followed by a purge 
for 5 s. O 2  was exposed for 2 s and followed by a purge for 5 s. The effect 
of the number of ALD cycles was studied by depositing fi lms for 200, 
300, and 400 ALD cycles using a fi xed Pt(MeCp)Me 3  exposure time of 
10 s. After deposition, the Pt fi lm was retained within the template for 
morphological and electrochemical characterization. 

 Nanostructured PtIr alloy fi lms were prepared using scheme 2 
templating (Figure  1 B) into 70 nm diameter, 500 nm deep AAO pores. All 
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