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 Figure    2  a–d, this TiO 2  coating is highly conformal. The TiO 2  
thicknesses were confi rmed for these structures by utilizing 
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     Figure  1 .     (a,b) Scheme of process depicting the capillary-force drying and texturizin
as-grown carbon nanofi ber arrays, (c) SEM image of as-grown carbon nanofi ber a
(d) SEM image of a texturized carbon nanofi ber array. Scale bar in (c) and (d) is 3  μ m
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destructive SEM imaging (Figures  2 c,d) where the pill
intentionally broken to expose the conformal TiO 2  la
the CNFs within. In order to determine the crystal s
of the TiO 2 , x-ray diffraction (XRD) and Raman spec
measurements were performed as shown in Figures  2 e
respectively. From the XRD spectrum, the peaks labe
“A” correspond to those of an ordered anatase phase
(body-centered cubic, I41/amd (141) JCPDS Card No. 
In addition, Raman spectroscopy depicts low frequenc
at  ∼ 147, 401, 520, and 639 cm  − 1  correlating well to th
modes of anatase TiO 2 , also independently verifying t
ence of anatase TiO 2 . [  26  ]  It should be noted that anat
has a slightly higher band gap energy (3.2 eV) than ot
talline phases of TiO 2 , but has also been suggested to b
effective water oxidation photocatalyst. [  27  ]  Also, evident 
Raman spectrum are the broad and overlapping D and 
centered around 1380 and 1600 cm  − 1 , respectively arisi
the sp 3  hybridized graphitic structure of CNFs, similar 
walled nanotubes [  28  ]  (Figure  2 (d)).  

   Figure 3  b shows the current-potential curves for Ti
structures with various  T  TiO2  utilizing an aqueous 1 M
electrolyte solution. The measurements were taken un
1.5 G (1 sun) solar radiation using a three-electrod
equipped with a Pt counter electrode and an Ag/AgCl r
electrode. AM 1.5 G illumination was utilized as a sta
compare the effect of electrode structure on the phot
generated by the TiO 2  absorber. As expected, the overa
ured photocurrent is found to increase with increasin
ness for  T  TiO2   <   ∼ 300 nm due to enhanced absorption, 
greatest margin of increase in the thickness range of 80–
This range corresponds to 1-3 times the previously 
minority carrier diffusion length in TiO 2  ( L  D  ∼ 70–100 n
Beyond  T  TiO2  ∼ 300 nm (i.e.,  T  TiO2   >   ∼ 3  L  D ), further inc
the thickness does not result in photocurrent enha
 In order to directly demonstrate 
formance benefi ts of 3-D device arch
we compare the measured  J  SC  of Ti
structures to those of planar TiO 2 /
devices. Here,  J  SC  for the three-e
measurement is defi ned at the th
namic threshold voltage where the th
trode cell has a net gain of free energ
illumination (0.216 V) based on the
equation. The planar devices were m
the ALD of TiO 2  on a pressed graph
face polished with 900 grit sandpa
cleaned prior to coating. Shown in F
are the  J  SC  values for both the planar 
and CNF templates as a function o
The 3-D TiO 2 /CNF architecture con
exhibits 2-3x enhancement in  J  SC  
pared to the planar devices with th
TiO 2  physical thickness. 

 We now consider factors tha
ute to the observed enhancement. These 
uced surface refl ectance, (ii) enhanced 

ength for the same TiO 2  physical thickne

g of the 
rray, and 
.  
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(iii) improved carrier collection effi ciency. The refl e
of planar and 3-D textured samples can be directly as
Shown in  Figure    4  a is the percent refl ectivity,  R , as me
for the planar TiO 2 /graphite substrate, and the coated 
ized CNF templates. For both samples,  T  TiO2   ∼  60–80 nm
refl ectivity of the CNF templates is  R  3-D   =  0.5-0.7% in the
violet and visible regimes, whereas the refl ectivity of the 
graphite is  R  planar   =  14–22%. Here, the effect of diffuse
is ignored which can affect the absolute refl ectance mea
but will not change the observed trend. The drastic low s
refl ectance observed for 3D TiO 2  structures arises from th
wavelength tip-diameter, minimizing the interaction o
with the surface. An enhancement factor,  γ , can be defi 
 γ   =  (100- R  3-D )/(100- R  planar ), which yields a suggested 1
times increase in device performance for the 3-D archi
based on minimized refl ections. Given that conventiona
refl ective coating cannot be utilized in PEC devices, the
a structural anti-refl ective approach explored here is p
larly important. Yet, refl ectance alone does not explain th
enhancement in  J  SC  that is experimentally observed.  

 Next, we examine the effect of increased optical path
in textured CNF structures. The probability of a pho
erated carrier to diffuse to the semiconductor-electrolyte
face scales as   P ∝ exp

(
TTi O2

L D

)
   , suggesting that only th

riers generated within  ∼ 3 L  D  of the surface contribute 
with the rest mostly being lost to recombination pro
For TiO 2 , given the previously reported  L  D   =  70–100 nm
the maximum active thickness within which the carrier 
collected is hence only  ∼ 300nm. However, the optical c
teristic length ( ∼ 90% of all above-gap photons are abs
is on the order of 1  μ m. [  34  ]  This suggests that structur
decouple the optical and carrier collection path lengths
result in enhanced device effi ciencies. In this regard, CN
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architecture explored here presents an advantage. A scheme 
depicting this mechanism is shown in Figure  4 b. In this case, 
the high aspect-ratio structure inherent in the textured CNF 
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 The average out-of-plane angle of the textured CNFs (1–2  μ m 
structure base radius, 10  μ m height) explored here is  θ   =  75 ° –85 °  
on average based on SEM characterization (Figure S1). For 
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     Figure  2 .     (a,b) SEM images of texturized carbon nanofi ber arrays coated with (a) 80 nm TiO 2 , and (b) 400 nm TiO 2 . Inset in both images are higher 
magnifi cation views. (c,d) Top-view SEM image of a broken TiO 2 /CNF pillar with (c) 80 nm and (d) 400 nm TiO 2  coating. Characterization of TiO 2 /CNF 
architectures using (e) XRD and (f) Raman spectroscopy to confi rm the presence of anatase TiO 2  and the wall quality of the CNFs, respectively.  
1042 © 2011 WILEY-VCwileyonlinelibrary.com

electrodes results in the formation of a semiconductor ab
with a normal vector (along the direction of the thickne
ented with some angle  > 60 °  relative to the average angle 
dent radiation. This means that the effective thickness 
semiconductor is signifi cantly greater than the actual p
thickness meaning that many more photons will be ab
closer to a point where they can be collected. 
H Verlag GmbH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 1040–
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ideal normal incident radiation, geometrical considerati
suggest a structure with  θ   ∼  80 °  to yield  ∼  6x enhancemen
the optical path length as compared to the physical mate
thickness. This means for  T  TiO2   =  300 nm  ∼  3 L  D , an optical p
length of  ∼ 1.8  μ m can be achieved for the normal incident li
In actuality, this simple geometric consideration consider
overestimates the enhancement factor since it assumes only
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Figure S1.  Zoomed-in SEM image showing textured CNF pillars following acetone 

condensation.  In this case, the base of the pillar has a radius of ~ 1.4 µm with ϴ ~ 81°.  It 

should be noted that this undershoots the pillar height due to out-of-plane parallax during 

imaging.  On average, most pillars are found to have widths at the base of structure near or 

below 2 µm, which validates the estimation of 75° < ϴ < 85° in the main text.   
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Figure S2.  Simple geometrical argument relating the effective thickness of a semiconductor 

coated on a three-dimensional nanostructure (teff) to the actual coated thickness (t) as a 

function of the tilt angle of the nanostructure.  In correspondence with Figure 4, the effect of a 

three-dimensional structure can be envisioned to be most apparent when the tilt angle is 

between 60°-85°, yielding a ratio of teff/t > 2.  For light incident or nearly incident on the 

semiconductor, this yields a significantly enhanced effective optical path length that can yield 

enhanced absorption near the charge collection point.  Such an effect is analogous, but yet 

more tailorable, than the enhancement that occurs due to surface-bound scattering 

nanoparticles.   
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Figure S3.  (a) Short circuit current density (JSC) as a function of ALD coated TiO2 thickness 

for coated texturized carbon nanofibers processed to have a significantly lower density of 

“pillars” compared to results described in Figs. 1 and 3, overlaid with data from Fig. 3.  

Similar to that shown in Fig. 3c, this result is compared to the values of JSC obtained from 

TiO2 coated onto smooth pressed graphite substrates.  (b) SEM image of the lower density 

texturized carbon nanofiber substrates, emphasizing the significantly enhanced pillar pitch as 

compared to that discussed in Figure 1.  Although such coated CNF structures are similarly 

anti-reflective, the enhancement of JSC is only ~ 2 times that obtained from TiO2/planar 

graphite – smaller than the factor of ~ 3 obtained with the higher density texturized structure.  

This demonstrates that the structure of the texturized CNFs in Figs. 1 and 2 utilized in this 

study plays a key role in the enhanced photoelectrochemical performance, beyond that which 

can be explained by only anti-reflectivity.  This suggests that enhanced carrier collection due 

to reduction of band-to-band recombination (Fig. S4, Fig. 4) and enhanced carrier collection 

are key features in the enhanced current density and efficiency measured in these three-

dimensional architectures.   




