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  1.     Introduction 

 Silicon is the most widely used semi-
conductor for solar cells [ 1–4 ]  and has also 
shown promising performances in photo-
electrochemical (PEC) cells for hydrogen 
production. [ 5–10 ]  Silicon photoelectrodes 
with nano/micro structures such as nano/
micro wire array [ 9,11 ]  and black silicon [ 7 ]  
have exhibited improved PEC perfor-
mances. Silicon nanowire (NW) arrays, in 
particular, are of considerable interest due 
to their distinctive properties, facile and 
scalable techniques for their fabrication, 
etc. [ 11   –   19 ]  On the other hand, there are 
two key factors limiting the application 
of silicon photoelectrodes for practical 
solar hydrogen generation including their 
large external biasing potential (high over-
potential) required to drive hydrogen or 
oxygen evolution reaction (HER or OER) 
and their instability in the electrolyte. 
Tremendous efforts have been expended 
to overcome these limiting factors such 
as using metal catalysts (noble [ 20,21 ]  or 
non-noble [ 22–24 ] ) to reduce the turn-

on (or onset) potential and by coating the electrodes surface 
with a corrosion-resistant layer such as TiO 2  [ 25–27 ]  for stability 
improvement. A thin TiO 2  coating layer can signifi cantly 
enhance the stability, [ 27 ]  however due to its poor conductivity, a 
metal co-catalyst needs to be deposited on its surface to boost 
the HER or OER. [ 25,26 ]  

 Therefore, a more functional metal oxide coating layer, 
which can simultaneously enhance the PEC performance and 
HER/OER kinetics, and electrode stability, is desirable. Recent 
studies have demonstrated that chemical-vapor and atomic-
layer deposited Fe 2 O 3 , [ 17,28 ]  atomic layer-deposited MnO, [ 29 ]  
and sputtered NiRuO  x  , [ 30 ]  thin layers can considerably improve 
the photoanodic performance and OER kinetics of n-Si photo-
anodes, while also enhancing the n-Si stability. On the other 
hand, less attention has been paid to the application of a func-
tional metal oxide layer on the p-Si photocathodes to concur-
rently enhance the photocathodic performance and HER 
kinetics and p-Si stability. There are reports for coating of p-Si 
photocathodes with different metal oxides such as SnO 2 , [ 31 ]  
TiO 2 , [ 32 ]  ITO, [ 33 ]  WO 3 , [ 34 ]  FeO  x  , [ 35 ]  etc., however none of them 
are effi cient in both enhanced performance and stability. The 
metal oxide coating layer can also be in the form of a nano-
structure increasing the reaction surface area. We have recently 
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shown that growing ZnO NWs on the p-Si NW cores enhance 
the photocathodic performance, however they cannot stabi-
lize the p-Si NWs for a long time. [ 36 ]  Moreover, to facilitate the 
overall spontaneous solar water splitting, a low photocathodic 
onset potential is required. 

 Fe 2 O 3  (α phase: hematite), an n-type semiconductor with 
a bandgap of ≈2.1 eV absorbing the visible light is chemically 
stable in an aqueous medium, is made from abundant and low-
cost elements, and environmentally friendly. [ 37–39 ]  Moreover, the 
hematite nanostructures can be synthesized in large scales using 
facile and cost-effective methods such as hydrothermal growth 
technique. [ 40–42 ]  These properties make hematite of particular 
interest to couple with the p-Si NW photocathodes. On the other 
hand, hematite suffers from several drawbacks [ 37,43 ]  including 
short hole diffusion length (2–4 nm), [ 44 ]  short light penetration 
length, [ 45 ]  short excited-state carrier lifetime, [ 46 ]  poor gas evolu-
tion reaction kinetics, [ 37 ]  low carrier mobility [ 47,48 ]  (both electron 
and hole mobilities are low but electron mobility is higher than 
hole mobility [ 49 ] ), and surface trapping states. [ 50 ]  Consequently, 
the PEC performance of hematite is morphology dependent. [ 37,51 ]  

 Herein, to improve the photocathodic performance and HER 
kinetics of p-Si NWs and simultaneously to enhance the p-Si 
stability, we grew dense Fe 2 O 3  nanocrystals (NCs) (forming a 
shell) on the patterned and dry-etched 3D p-Si NW arrays pre-
coated with a thin SnO 2  seeding layer (this structure is called 
“p-Si/n-SnO 2 /n-Fe 2 O 3  core/shell/shell nanowires (css-NWs)”) 
using an easily scalable hydrothermal synthesis method. The 
morphology and atomic structure of the css-NWs are studied in 
detail. The css-NWs’ PEC performances including photocurrent 
and PEC stability are investigated and presented. Moreover, the 
effects of Si NW length and electrolyte pH on the PEC perfor-
mance are evaluated.  

  2.     Results and Discussion 

  Figure    1  a–c shows the top-view and cross-sectional scanning 
electron microscopy (SEM) images of bare p-Si NW array 

etched for 10 min (denoted 10m-Si NW). The center-to-center 
spacing (pitch size) is 1 µm, the average Si etching rate is 
≈0.24 µm min −1 , and the diameters are ≈330 nm and ≈280 nm 
(see Figure  1 c) for 5 and 10 min etching times, respectively. Note 
that the p-Si NWs were made from the same nanoimprinting 
mold; thus, the difference in diameter after different etching 
times is due to the Reactive Ion Etching-Inductively Coupled 
Plasma (RIE-ICP) etching process. [ 36 ]  The p-Si NWs in this 
study were made from p-Si(100) and p-Si(111) wafers denoting 
with p-Si(100) and p-Si(111) NWs, respectively (see the Experi-
mental Section for details). Note that unless otherwise stated, 
the p-Si orientation is (100). For convenience, p-Si/SnO 2 /Fe 2 O 3  
css-NWs for Fe 2 O 3  NCs grown for 2 h and different p-Si NW 
core etching times are denoted as “css(Xm-Si/SnO 2 /2h-Fe 2 O 3 ) 
NWs”, in which “X” is the p-Si NW etching time in minutes 
(min). The SEM images of css(5m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs are 
shown in Figure  1 d–f. Formation of the Si/SnO 2 /Fe 2 O 3  css-
NWs is within the whole area of samples (this was investigated 
for different parts on the samples), which can be realized and 
seen by the low-magnifi cation SEM images (Figure  1 d,e). The 
Fe 2 O 3  NCs cover the whole length of Si NW core surface as well 
as the spaces between Si NWs on the fl at surface (see Figure  1 f) 
due to uniform coverage of SnO 2  seeding layer (see the Experi-
mental Section for uniform coating). Figure  1 g–j exhibits the 
SEM images of the css(10m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs revealing 
the similar observation of uniform growth of the Fe 2 O 3  NCs on 
the entire length of Si NWs. The average diameter and length 
of Fe 2 O 3  NCs on 10m-Si NW cores are ≈37 nm and ≈136 nm, 
respectively (see Figure  1 h,j). Using the Fe 2 O 3  NCs compared 
to the Fe 2 O 3  NWs can assist to minimize/overcome some of 
the Fe 2 O 3  limiting factors especially the short diffusion length 
issue, leading to increased photogenerated carrier transport. 
The cross-sectional SEM images, shown in Figure  1 i,j, exhibit 
different regions including Si substrate, thin SnO 2  seeding 
layer (thickness of ≈28 nm), and Fe 2 O 3  NCs (average length of 
≈136 nm). These interfaces on the surface of Si NW backbone 
will be further shown in the transmission electron microscopy 
(TEM) images. 

Adv. Funct. Mater. 2015, 25, 2609–2615

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

 Figure 1.    SEM images of Si/SnO 2 /Fe 2 O 3  css-NW arrays. a–c) Top-view (low magnifi cation), cross-sectional and top-view (high magnifi cation) images 
of bare 10m-Si NW array. d–f) Top-view and 45° view images (with two different magnifi cations) of css(5m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs. g–j) 45° view, 
top-view and cross-sectional images of css(10m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs.
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  TEM image of a single css(20m-Si/SnO 2 /2h-Fe 2 O 3 ) NW is 
shown in  Figure    2  a. Note that the single css-NW was broken 
from about the middle of its length as 20m-Si NW has a length 
of ≈5 µm. The single crystalline Si NW core with growth along 
[200] orientation is demonstrated from the high-resolution 
TEM (HRTEM) image in Figure  2 b with its calculated fast Fou-
rier transform (FFT) pattern, in the inset, further confi rms it. 
High-magnifi cation TEM image (Figure  2 c) clearly exhibits the 
interfaces among Si NW core, SnO 2  seeding layer, and Fe 2 O 3  
NC, which are sharp (also see Figure  2 e–h) without an amor-
phous layer revealing the clean interfaces. The HRTEM image 
shown in Figure  2 d exhibits a polycrystalline nature for the 
Fe 2 O 3  NC. The FFT pattern of the labelled part of HRTEM 
image shows the crystal structure of a single grain of Fe 2 O 3  NC. 
The high angle annular dark fi eld (HAADF) scanning trans-
mission electron microscopy (STEM) image of a broken part of 
the single css(20m-Si/SnO 2 /2h-Fe 2 O 3 ) NW (Figure  2 g) clearly 
shows the existence of thin SnO 2  layer, which is within the total 

length of Si NW core (see Figure  2 e,f). Energy dispersive X-ray 
spectroscopy (EDS) point scan (Figure  2 i) taken along the inter-
faces of Si, SnO 2 , and Fe 2 O 3  (points indicated in Figure  2 h) fur-
ther exhibits the sharp interfaces between Si, SnO 2 , and Fe 2 O 3 . 
Note that the atomic percentage of oxygen is expected to be low 
because a light element like oxygen is hard to detect in a single 
NW of which the scanning volume is small. Also, it is diffi -
cult to scan through the cross-section of a css-NW with indi-
vidual layer-by-layer; there is a scanning overlap between Fe 2 O 3  
NC and SnO 2  layer, resulting in higher atomic percentage of 
oxygen than that from a pure Fe 2 O 3  region. 

   Figure    3  a shows the current density under illumination in 
a neutral solution of 10m-Si NW cores with different coatings 
including bare Si NWs, SnO 2 -seeding-layer-coated Si NWs (Si/
SnO 2  cs-NWs), and Si/SnO 2 /Fe 2 O 3  css-NWs, in which all the 
samples show photocathodic behavior. The Si/SnO 2 /Fe 2 O 3  css-
NWs present much higher photocathodic current and signifi -
cant photocathodic turn-on potential shift toward more positive 
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 Figure 2.    a) TEM image of a single css(20m-Si/SnO 2 /2h-Fe 2 O 3 ) NW broken from the substrate in its length. b) HRTEM image of labeled area “A” in 
a) exhibiting the crystal structure of Si NW core. Inset exhibits the calculated FFT pattern. c) High-magnifi cation TEM image of labeled area “B” in 
a) showing the interfaces among Si, SnO 2 , and Fe 2 O 3 . d) HRTEM image of labeled Fe 2 O 3  NC (“C”) in c). Inset shows the calculated FFT pattern of 
selected area. Low-magnifi cation annular e) dark and f) bright fi eld STEM images of two broken single css(20m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs. g) High 
angle annular dark fi eld STEM image of the left css-NW in e). h) Higher magnifi cation high angle annular dark fi eld STEM image of labeled area in g). 
i) EDS point scan taken along the interfaces of Si, SnO 2 , and Fe 2 O 3  (points indicated in h)).

 Figure 3.    a) Current density under illumination of 10m-Si NW cores with different coatings (black: bare NW, red: Si/SnO 2  cs-NW, blue: Si/SnO 2 /Fe 2 O 3  
css-NW). Inset shows the corresponding zoom-in curves with calculated potential shift. b) Current density under illumination of css(Si/SnO 2 /2h-
Fe 2 O 3 ) NWs with different Si etching times. Inset shows the dark current of corresponding samples. c) Current density at dark and under illumination 
of css(10m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs measured in two different electrolytes with different pHs (0.25  M  Na 2 SO 4 , pH = 7.25 and 1  M  NaOH, pH = 13.5). 
Inset shows the zoom-in curves around 0 V versus RHE.
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potentials than the bare Si NWs or Si/SnO 2  cs-NWs. The poten-
tial shift is ≈719 mV compared to the bare Si NW array (Figure 
 3 a, inset). This is an interesting feature showing that we can 
signifi cantly reduce the photocathodic turn-on potential of p-Si 
NW photocathodes in a neutral solution using Si/metal-oxides 
heterojunctions without using a metal nanoparticle catalyst 
coating on the p-Si NWs. The improved photocathodic per-
formance is due to the increased reaction surface area (which 
comes from the nanotextured shell), effective energy band 
alignment among p-Si, n-SnO 2 , and n-Fe 2 O 3  (see Supporting 
Information, Figures S1–S3, for the energy band diagram of 
the css-NW heterojunctions), enhanced optical absorption due 
to combination of materials with different bandgaps, [ 17,52 ]  and 
improved gas evolution coming from the Fe 2 O 3  NCs. The effec-
tive band alignment at an electrolyte pH of 7.25, as shown in 
Supporting Information, Figure S3, provides multiple junctions 
enhancing the charge separation within the css-NW. There may 
also be a catalyst effect from the Fe 2 O 3  NCs shell contributing 
to the enhanced photocathodic current. [ 28 ]  The Si/SnO 2  cs-NWs 
exhibit higher photocathodic current than the bare Si NWs due 
to the enhanced optical absorption and junction between p-Si 
and n-SnO 2  improving the charge separation. 

  The effect of Si NW etching time (Si NW length) on the 
photocathodic current of Si/SnO 2 /Fe 2 O 3  css-NWs is shown in 
Figure  3 b (Si wafer is considered for zero etching time). Longer 
Si NW core in the NW samples results in higher photocathodic 
current mainly due to increased reaction surface area. The 
smaller diameter for longer NW backbone in the NW samples 
can also be an effective factor leading to lower recombination 
and consequently contributing to the improved photocathodic 
current. Note that for comparison of the NW samples with the 
bare Si wafer, the enhanced surface area may not be the domi-
nant factor due to the pitch size of 1 µm. In fact, other factors 
coming from the advantages of vertical NW arrays (including 
enhanced light absorption, reduced charge recombination, 
improved carrier collection, and increased reaction rate) can 
contribute in the enhanced photocathodic performance. The 
dark current of corresponding samples is shown in the inset 
exhibiting the same trend as the photocathodic current. The 
Si NW array pitch size is another key factor, which can further 
increase the photocurrent and shift the photocathodic turn-on 
potential toward more positive potentials. [ 36 ]  Using Si NWs with 
higher density and longer length, we can get higher photocur-
rent and a positive photocathodic turn-on (onset) potential, 
which we are working on that, to build a tandem PEC cell for 
overall solar water splitting in neutral pH water. 

 Another parameter affecting the PEC performance of the Si/
SnO 2 /Fe 2 O 3  css-NWs is the type of measurement electrolyte 
and its pH (Figure  3 c). The dark current in both neutral and 
basic electrolytes with pH = 7.25 and pH = 13.5, respectively, is 
almost the same and negligible, while the current under illumi-
nation at the basic electrolyte is much higher than that in the 
neutral solution. Furthermore, the basic electrolyte shifts the 
photocathodic turn-on potential compared to the performance 
in the neutral solution. However, note that for practical solar 
hydrogen production, a neutral medium can be more desirable 
as the natural water resources such as seawater are usually in a 
neutral condition and using a neutral solution prevents the use 
of strong acids and bases which can result in environmental 

and handling issues. As shown in Figure  3 c, inset, the Si/
SnO 2 /Fe 2 O 3  css-NWs are photoactive at 0 V versus reversible 
hydrogen electrode (RHE) in both neutral and basic electrolytes, 
which was confi rmed by the current densities under chopped 
illumination (see Supporting Information, Figure S4). The 
photocurrent at 0 V versus RHE can be further enhanced by 
using Si NW cores with longer length and smaller pitch size as 
discussed above. The current densities under chopped illumi-
nation of css(5m-Si/SnO 2 /2h-Fe 2 O 3 ) and css(10m-Si/SnO 2 /2h-
Fe 2 O 3 ) NWs in both neutral and basic electrolytes (Supporting 
Information, Figure S4) exhibit the same currents as that 
shown in Figure  3 b,c, revealing that the high photo activity of 
the css-NWs preserve under different scans. Measured incident 
photon-to-current effi ciency (IPCE) of the css-NWs (data not 
shown here) exhibited a broadband absorption spectrum due to 
coupling of Si and Fe 2 O 3  with ≈1.11 eV and ≈2.1 eV bandgaps, 
respectively. 

 Photocurrent stability tests were performed by collecting the 
samples current under a fi xed illumination of 100 mW cm −2  and 
at a biasing potential of −0.33 V versus RHE.  Figure    4  a shows 
the stability test of css(8.5m-Si(111)/SnO 2 /2h-Fe 2 O 3 ) NWs in 
the neutral electrolyte exhibiting a constant photocurrent. Note 
that the Si(111) NW cores were made from slightly larger dia-
meter nanoimprinting substrates resulting in different etching 
rate compared to that of the Si(100) NWs (see the Experimental 
Section for more details), in which the 8.5m-Si(111) NWs have 
similar length to that of the 10m-Si(100) NWs (the pitch size is 
also the same). Note that the photocurrent fi rst starts increasing 
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 Figure 4.    a) Current density under constant light illumination versus time 
(stability performance) of css(8.5m-Si(111)/SnO 2 /2h-Fe 2 O 3 ) NWs in neu-
tral electrolyte measured at −0.33 V versus RHE. Inset shows the enlarged 
fi rst part (0–10 min) of the current density. b) Current density at dark 
and under illumination of css(5m-Si/SnO 2 /2h-Fe 2 O 3 ) NWs measured in 
two different times (the sample was kept in vacuum and retested after 
7.5 months).
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until it reaches its plateau/saturation and after that, it remains 
constant, similar to that reported for the TiO 2 /Ir-coated n-Si 
photoanodes [ 25 ]  or TiO 2 /Pt-coated ZnO/Si branched NW photo-
cathodes. [ 26 ]  The reason for the observed current increase ini-
tially and then reaching a plateau/saturation is not totally clear 
at this point and is under investigation. Note also that the begin-
ning of stability test also exhibits a constant current as shown in 
Figure  4 a, inset. The comparison between SEM images of elec-
trode before any PEC test (as-synthesized sample), and after PEC 
tests and a long photocurrent stability test of over 6 h ( Figure    5  ) 
show that there is no signifi cant morphological changes with 
preservation of all materials within the css-NWs. The photoelec-
trochemical stability test of the Si/SnO 2 /Fe 2 O 3  css-NWs with 
Si(100) NW cores is shown in Supporting Information, 
Figure S5, in which there is no saturation behavior and con-
stant current like that shown in Figure  4 a for the css-NWs with 
Si(111) NWs. In fact, the photocurrent continuously increases 
with a small slope indicating the gradual and slow decomposi-
tion of Fe 2 O 3  NCs. These observations reveal that the stability 
performance of the Si/SnO 2 /Fe 2 O 3  css-NWs is dependent on 
the p-Si surface orientation in which the css-NWs with p-Si(111) 
present higher stability because the p-Si(111) surface is more 
stable than p-Si(100) surface in aqueous solutions. [ 53,54 ]  The 
investigation of Fe 2 O 3  NCs grown on the SnO 2 -coated p-Si 
wafers also showed that the photocathode samples with Si(111) 
exhibit a long-term stability without any signifi cant Fe 2 O 3  NCs 
morphology change or dissolution, which was not the case for 
the electrodes with p-Si(100). Note that despite not providing 
a constant photocurrent over long time, the starting of photo-
current stability test (0–20 min) for the Si(100)/SnO 2 /Fe 2 O 3  
css-NWs exhibits a constant current (see Supporting Informa-
tion, Figure S5, inset) further confi rming the high PEC activity 
shown in the  J – V  measurements (which also shown using dif-
ferent current scans in Supporting Information, Figure S4) and 
disproofi ng the fact that dissolution of Fe 2 O 3  may contribute 
to the  J – V  measurements. Moreover, the Si(100)/SnO 2 /Fe 2 O 3  
css-NWs preserve their high photoactivity after several months 
by keeping them in vacuum (see Figure  4 b). The cyclic voltam-
metry measurement on the Si(100)/SnO 2 /Fe 2 O 3  css-NWs (data 
not shown here) also showed that there is no corrosive peak. 

   To further evaluate the photocathodic performance of the 
Si/SnO 2 /Fe 2 O 3  css-NWs, their photocurrent and stability were 
compared to our previously reported ZnO/Si branched NWs 
and TiO 2 /Pt-coated ZnO/Si branched NWs [ 36 ]  that have almost 

similar core and shell dimensions (see Sup-
porting Information, Figures S6 and S7). 
The Si/SnO 2 /Fe 2 O 3  css-NWs show higher 
photocathodic current and lower photo-
cathodic turn-on potential than the ZnO/
Si branched NWs. Moreover, they provide 
comparable long-term stability to that of the 
TiO 2 /Pt-coated ZnO/Si branched NWs, while 
the ZnO/Si branched NWs cannot provide a 
long-term stability (see Supporting Informa-
tion, Figure S7). Therefore, we emphasize 
that our achieved results for the Si/SnO 2 /
Fe 2 O 3  css-NW photocathodes are promising 
considering several factors: (i) performance 
was evaluated in a neutral electrolyte with a 

low morality of 0.25, (ii) there is no any metal catalyst coating 
on the samples, and (iii) the css-NWs provide long-term sta-
bility without any need for the atomic-layer-deposition (ALD) 
passivation which is a costly technique.  

  3.     Conclusions 

 In summary, we showed the fabrication of p-Si/n-SnO 2 /n-
Fe 2 O 3  css-NW photocathodes using facile synthesis methods 
and their use for improved and durable solar water splitting in 
a neutral medium. The p-Si/SnO 2 /Fe 2 O 3  css-NW photocath-
odes exhibited considerably increased photocathodic photo-
current, lowered turn-on potential, and improved conversion 
effi ciency, compared to that of the bare p-Si NW or p-Si/n-SnO 2  
cs-NW photocathodes. The photoactivity at 0 V versus RHE 
and low onset potential for the css-NW photocathodes revealed 
the promising potential of overcoming the HER kinetics limi-
tation at the surface of the p-Si photocathodes using metal 
oxides. More notably, the css-NW electrodes showed signifi cant 
PEC stability of hours without any considerable morphological 
change. These results can pave the way to achieve overall solar 
water splitting in a full PEC system.  

  4.     Experimental Section 
  Fabrication of Si / SnO  2 / Fe  2  O  3  css-NW Electrodes : The boron doped 

Si(100) and Si(111) substrates with resistivities of 1–20 Ω cm (p-type) 
were patterned into 3D confi gurations with an array of Ni disk masks 
prepared using nanoimprint lithography and e-beam evaporation. [ 26 ]  The 
Reactive Ion Etching-Inductively Coupled Plasma (RIE-ICP) dry etching 
was used to make vertical Si NW arrays for different diameters and 
lengths by etching for various times with Ni disks serving as the etch 
mask. The average Si(100) etching rate was ≈0.24 µm min −1 . Note that 
for p-Si(111) samples, the newly used mold for nanoimprinting had a 
little larger diameter so the etching rate was ≈0.27 µm min −1  for these 
samples. The pitch size (center-to-center spacing) of Si NW array was 
1 µm for both Si(100) and Si(111) samples. After the RIE-ICP etching, 
the Si NW substrates were dipped into Ni etchant for 5 min to etch/
remove the Ni disks at the head of Si NWs. The Si NW substrates were 
then cleaned with RCA cleaning to remove the contamination from 
the RIE-ICP etching. Afterwards, the Si NW samples were immediately 
transferred to the sputtering machine to deposit a thin SnO 2  layer, as 
seeding layer for the Fe 2 O 3  NCs shell growth, using RF magnetron 
sputtering with 99.99% SnO 2  target and argon gas at room temperature. 
The RF power was 400 W during the sputtering deposition. SnO 2  is 
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 Figure 5.    a) SEM images of css(8.5m-Si(111)/SnO 2 /2h-Fe 2 O 3 ) NW photoelectrode before PEC 
and stability tests (as-fabricated sample), and b) after PEC tests and a long stability test of 
over 6 h.
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physisorbed on the Si surface in the Si NW samples by mechanisms of 
hydroxyl group bonding and van der Waals force. Hydroxyl comes from 
the RCA cleaning and even humidity or water. The SnO 2  layer uniformly 
covered the Si NWs due to substrate rotation during the sputtering 
deposition. The uniform SnO 2  deposition is evident with uniform growth 
of the Fe 2 O 3  NCs on the Si NWs as well as on the fl at surface between 
the Si NWs due to the fact that without the SnO 2  seeding layer, there is 
no Fe 2 O 3  growth, which we tested it. The actual thickness of sputtered 
SnO 2  seeding layer on the 10m-Si NWs was ≈28 nm according to the 
high-magnifi cation SEM images. Finally, the Fe 2 O 3  NCs were grown on 
the SnO 2 -coated Si NW cores using hydrothermal growth method. [ 40,42 ]  
First, akaganeite (β-FeOOH) NCs were grown on the SnO 2 -coated Si NW 
trunks as follows. The SnO 2 -coated Si NW substrate was put in a 45 mL 
sealed Tefl on autoclave containing a 30 mL aqueous solution consisting 
of 0.15  M  FeCl 3 .6H 2 O (Iron(III) chloride hexahydrate) (Sigma-Aldrich, 
≥99%) and 1  M  NaNO 3  (sodium nitrate) (Sigma-Aldrich, ≥99.0%). 
The deionized (DI) water resistivity and pH of growth solution were 
17.6–17.7 MΩ cm and ≈1.44, respectively. The hydrothermal reaction 
was performed at a temperature of ≈107 °C, putting the autoclave in 
a regular oven, for the desirable growth time. The as-prepared sample 
was then rinsed carefully with DI water to remove the residues and dried 
with N 2  fl ow. After the FeOOH NC growth, the color of Si NW substrate 
turned into yellowish indicating the FeOOH growth. Finally, the as-grown 
Si/SnO 2 /FeOOH css-NW substrates were annealed at 450 °C under air 
(in an open furnace) for 2 h to have phase transition from the β-FeOOH 
to (α-Fe 2 O 3 . The yellowish color of substrate turned into reddish color 
showing the transformation of β-FeOOH into α-Fe 2 O 3 . 

  Structural Characterization : A Philips XL30 fi eld-emission 
environmental scanning electron microscope (ESEM) working at an 
accelerating voltage of 10.0 kV was used for examining the samples 
morphologies. A high resolution transmission electron microscopy 
(HRTEM, JEOL JEM3100F) operated at 300 kV was used for the atomic-
scale structural analyses. Spherical aberration-corrected scanning 
transmission electron microscopy (Cs-corr. STEM, JEOL JEM2100F) 
operated at 200 kV was also employed for further studies and to 
identify the actual atomic confi guration of NWs. High resolution 
energy dispersive X-ray spectroscopy (EDS, EDAX) was performed 
to obtain the elemental information on individual layers within the 
css-NW. 

  Photoelectrochemical (PEC) Measurements : To perform the PEC tests, 
the samples were bonded to Cu wire at the back using indium, which 
provides an ohmic contact. The edges and backside of samples were 
sealed using epoxy. Current density ( J – V  and  J – t ) measurements were 
carried out in a 400 mL aqueous solution of 0.25  M  Na 2 SO 4  buffered 
at pH = 7.25 with Phosphate Buffered Saline (PBS, Sigma) (DI water 
resistivity, 17.6–17.7 MΩ cm) (neutral solution) with a three-electrode 
confi guration, including sample as working electrode (WE), Pt mesh as 
counter electrode (CE), and Ag/AgCl (1  M  KCl) as reference electrode 
(RE). For the  J – V  measurements in an electrolyte with a pH of 13.5, a 
400 mL aqueous solution of 1  M  NaOH was used. A light power intensity 
of 100 mW cm −2  was adjusted at the samples position provided by a 
solar simulator (Newport 67015) using a 150 W Xenon lamp and 
equipped with a 1.5 AM fi lter. The current density measurements 
were collected using a potentiostat (Digi-Ivy Inc). A scan rate of 
10 mV s −1  was employed for the linear sweep voltammetry (LSV) 
( J – V  measurements). Photocurrent stability tests were carried out by 
collecting the electrodes current under a fi xed illumination of 100 mW 
cm −2  and at a biasing potential of −0.33 V versus reversible hydrogen 
electrode (RHE). During the current density measurements, a mild 
agitation was employed and the electrolyte was constantly purged with a 
small fl ow of N 2  gas. The biasing potentials versus Ag/AgCl RE (EAg/AgCl) 
were converted to the potentials versus RHE,  E  RHE , using the Nernst 
equation

     E E E0.059pH+ (V)RHE Ag/AgCl Ag/AgCl
0= +   (1) 

 where pH is the electrolyte pH (7.25 or 13.5 here) and EAg/AgCl
0  = 

0.236 V for the Ag/AgCl RE in 1  M  KCl and at 25 °C. The current densities 
here are calculated using geometric areas.  
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