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We report an oriented hematite undoped photanode synthesized by single chemical route step at low
temperature and with a short reaction time. Fluorine-doped tin oxide (FTO) electrodes modified with
hematite nanorod (450 nm of thickness) showed a photocurrent with 0.9 mAcm=2 at 0.4V vs Ag/AgCl.
Also, we have done electrochemical characterizations under dark conditions in order to understand the
catalytic properties of the photoanode. Based on cyclic voltammetry results we have proposed a new
mechanism to explain the evolution of molecular oxygen onto oriented hematite surfaces, in which is
not inconsistent with thermodynamical parameters extracted from the Pourbaix diagram. A chemical
interaction between OH~ and iron oxide from the surface suggested that the chemical reaction is first
governed by oxy-hydroxides on the electrode/electrolyte interface. In other word, molecular oxygen
evolution is preceded by the formation of oxy-hydroxide groups, a slow and possibly limiting step.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Iron oxide, in the hematite phase («-Fe,03), remains an
excellent candidate to be applied as a photoanode in a photo-
electrochemical (PEC) water splitting cell due to its abundance,
high electrochemical stability, low toxicity, environmental com-
patibility, its suitable band gap (optimum absorption in visible light
range, Eg =2.2 eV)[1] and valence band edge position. Nevertheless,
hematite presents a short excited state lifetime (10 ps) [2], an unfa-
vorable band position for unassisted water splitting, and a small
hole diffusion length (2-4 nm) [3], compromising its performance.
Recently, several nanoarchitectures have been proposed [4-32] to
build photoelectrochemical electrodes from hematite. However,
the optimized hematite performances are far from the best value
demonstrated by the theoretical calculation for this material [12].
Grdtzel and coworkers [4-7] have reported many improvements in
different nanostructured hematites; more recently, they showed a
new photocurrent density record (2.9 mAcm~2 at +1.23V vs RHE)
[19] using iridium oxide doped-hematite film for splitting water.
Although many authors have contributed to the understanding of
phenomena at the interface of nanomaterial-hematite/electrolyte
[33-37], there is still an important question: what is the real elec-
trochemical mechanism that explains the effect of hematite-front
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electrocatalytic evolution of oxygen? In order to contribute to
answer this question, the present paper report for the first time
a new evidence that the mechanism of oxidation of hydroxyl ions
occur by two stages of reaction at hematite nanorods, the first being
the formation of iron hydroxides (adsorption of OH™), followed by
electro-oxidation. This approach suggests an additional pathway
to the commonly model stated in the literature for nanostructured
hematite [1-36], in which the photoelectrochemical reactions for
water splitting is frequently (and shortly) showed by the collect
electrons via the outersphere reaction of OH~ onto electrode sur-
face. Also, the electrochemical properties of hematite nanorods
have been less studied, with attention predominantly focused
random nanoparticulate network (RNN) applications, mainly for
nanocrystalline TiO, modified electrodes.

2. Experimental
2.1. Synthesis of highly oriented hematite nanorods

In a typical procedure, all chemical reactants commercially
available (analytical grade) were used without further purifica-
tion steps. Our strategy is based on the work of Vayssieres [16],
which proposes a synthetic route to prepare highly oriented o-
Fe,03 nanorod arrays by controlled aqueous growth. Following a
typical procedure, 95 mL of aqueous solution (deionized water with
resistivity greater than 15MSQ cm~!) containing 0.15mol L~ fer-
ric chloride (FeCl3-9H,0, Mallinckrodt, 97%) and 1 mol L~ sodium
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Fig. 1. SEM-FEG image from the top-view of an undoped hematite nanostructured film. (a) The sample was prepared without any treatment on the substrate (FTO) surface
during 24 h by the PBM route, (b) the sample after the heat treatment 24 h and carefully cleaned substrate surface (FTO), (c) top-view SEM-FEG images of the undoped
FTO-hematite nanostructured film and (d) cross-sectional view of the film. Both (c) and (d) samples were prepared during 6 h by the PBM route on FTO (commercial,

fluorine-doped tin oxide layer with 520 nm thickness).

nitrate (NaNOs, Merck, 99,5%) at pH 1.5 (by HCI, Nuclear, 36.5-40%).
This solution was poured into a bottle with an autoclavable
screw cap. The polycrystalline conductor fluorine-doped tin oxide
glass substrates (FTO-Flexitec, Rg = 10-15  cm~1) of interest were
placed in the bottle in the vertical position. The bottle was then
placed in aregular laboratory oven and subjected to a constant tem-
perature (100° C) for 6 h. After the growth process, the substrates
were washed in distilled water in an ultrasonic bath to remove
any residual salts and allowed to dry in air at room temperature.
The mixed phases, such as akaganeite, goethite and hematite, were
the first phases obtained, and an additional heat treatment in air at
390°Cfor 1 hwasrequired to obtain a pure thermodynamically sta-
ble crystallographic phase of ferric oxide (i.e., hematite), skillfully
designed with the required nanorod morphology. It is important to
mention that for all analysis, the samples were investigated after
the photoelectrochemical measurements and the sample positions
coincided with the illuminated area.

2.2. Characterization of hematite nanorods modified FTO
electrodes

The crystalline phases of nanorods films and powders (before
and after the heat treatment) were identified by XRD (Rigaku D-
Max 200, using Cu Ka radiation) with the rotary anode operating
at 150kV and 40 mA in the 26 range from 10° to 80° with a step

scan of 0.02°, 12 s per step, and the optical characterization of the
film was performed by a Cary 5E UV-vis spectrophotometer. The
film morphology and thickness (by cross-sectional analysis of the
cleaved sample) were characterized by FE-SEM (Zeiss Supra 35).

2.3. Electrochemical and photoelectrochemical experiments

The electrochemical and photoelectrochemical measurements
were carried out in a standard three-electrode cell using the
hematite film as the working electrode (1.0cm? area), Ag/AgCl
in a KCl-saturated solution as the reference electrode and plat-
inum wire as the counter electrode. A 1.0molL~! NaOH (Vetec,
99%) and 0.1 mol L-1 KCI (Merk pro-analysis in high-purity water,
pH=13.6 and pH 7.0) solution were used as the electrolytes. A
scanning potentiostat (Potentiostat/Galvanostat pAutolab III) was
used to measure the dark and illumination currents at a scan rate
of 50mV s~!. Sunlight (1000 W m~2) was simulated with a 450 W
xenon lamp (Osram, ozone free) and an AM 1.5 filter. The light
intensity was set to 100 mW cm~2.

3. Results and discussion

The highly oriented 3D array of a-Fe;O3 nanorod is achieved
by modifying the strategy (Fig. 1a and b, reproducing the original
strategy) developed by Vayssieres [16-18], called “purpose-built
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Fig. 2. X-ray results of the samples synthesized by the PBM route. The solid black
line is the XRD curve identified with letters G and A, corresponding to two different
hydrated phases of iron oxide, Goethite and Akaganeite. The dashed red line is the
curve identified by the crystallography planes, providing information about iron
oxide in the hematite phase (a-Fe;03). All of the samples analyzed were supported
on the conductor substrate (layer with 520 nm thickness, fluorine-doped Sn0O, ). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

materials” (PBM). The main difference in our experiment is that
we obtained a 3D array of a-Fe;03 nanorods within 6 h of synthe-
sis, using a different process for cleaning and heat treatment of the
FTO surfaces, which resulted in nanorods with high orientation and
homogeneity of distribution (Fig. 1c and d). Fig. 1d shows the cross-
section of the FTO-hematite electrode, in which the thickness is
estimated to be 450 nm. Additionally, we clearly observed the verti-
cally oriented hematite nanorod arrays on the FTO. X-ray diffraction
(XRD) of the film, shown in Fig. 2 (red and black lines), exhibits the
formation of hematite (a-Fe;03) and akaganeite/goethite (FeOOH)
phase superimposed on FTO glass substrate pattern. The peaks were
identified using the JCPDS catalog as reference with a standard
values. The peaks not identified in Fig. 2 are ascribed to SnO; (cas-
siterite phase) from the fluorine-doped SnO, (FTO) substrate. The
optical properties showed strong absorption in the visible region
for the a-Fe;03 nanorods films (data not shown). From this data
the indirect and direct electronic band gap was calculated consid-
ering the following equation (ahv)=A,(hv — Eg)™, where hv is the
photon energy (in eV), Eg is the optical band gap energy (in eV)
and A, and m are constant, which depend on the kind of electronic
transition, where m is equal to 1/2 for a direct allowed and 2 for an
indirect forbidden transition. The values estimated were 1.95 and
2.1eV, respectively, in good agreement with the literature [1-21].

Fig. 3 shows the photocurrent generated under illuminated
and dark conditions, using the three-electrode configuration cell
(Ag/AgClsa: as the reference electrode and Pt plate as the auxiliary
electrode) in aqueous solution of NaOH (pH 13.6) and KCI (pH 7.0).
Under dark conditions, a low catalytic current was observed in the
anodic region. When the systems were illuminated using a sun-
light simulator (free ozone Xenon Lamp, 100 mW m~2 with AM 1.5
global), the photocurrent was 0.9 mAcm~2 in 0.37V vs Ag/AgClsat,
with a maximum value of 3.0mAcm2 in 0.6V vs Ag/AgClsa in
aqueous NaOH (pH 13.6). For the latter, we clearly see the enhance-
ment achieved comparing with the seminal work reported by
Vayssieres and co-workers; 2.0 and 11.0 pAcm—2 at 0.37 and 0.6V
vs Ag/AgClsat, respectively [17,18]. The hematite photoanode was
also performed at neutral aqueous solution (KCl, pH 7.0) and no sig-
nificant shift between photocurrent in dark-illuminated condition
was observed (data not shown). Indeed, this behavior is expected
occur when the hematite photoresponse are measured at neutral
environment as pointed out by others authors [17].
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Fig.3. Photocurrent density vs voltage measured (three electrode set-up, in aqueous
NaOH, pH 13.6) in dark (curve black and light blue) and illuminated conditions under
a sunlight simulator with a 1.5-AM global filter (green (A ) and (C1) red dots). The
inset highlights the plateau of the beginning of the O, evolution (0.37V) on the
photoanode (FTO-hematite film). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

As observed in the FE-SEM images, the FTO-hematite electrodes
have a high surface area, enabling excellent transport of holes to the
semiconductor surface. It is well known that because hematite is
usually an n-type semiconductor, the Fermi energy in hematite is
closer in energy to the conduction band than to the valence band.

To better understand how to occur the formation of molecu-
lar oxygen on the surface of hematite some experiments in dark
conditions were carried out in order to observe changes in the
voltammetric profile of the modified FTO electrode. For this, we
cycled FTO-hematite electrode for several times (more than 100
cycles, see inset Fig. 4a) through a basic medium (pH 13.6) with a
potential window ranging from 0.8 to —0.8 V in the dark (Fig. 4a-c).
In this potential range, there is clearly an irreversible reduction
peak at —0.5V (Fig. 4a). By varying the scan rate (v), it was observed
that the electrochemical reaction is limited by charge-transfer
[38-40] up to 500mVs~! in the I vs v plot (Fig. 4d), showing that
the electrochemical process originates from the adsorbed groups at
the surface of the nanorods. Based on the Pourbaix diagram for bulk
electrode [41,42], iron hydroxide can be formed simultaneously
with the reduction of Fe(Ill) to Fe(Il). Interestingly, this process
appears only if the electrochemistry follows an anodic pathway
(inset Fig. 4b); otherwise, this process slowly disappears, revealing
consumption of these species at the surface. It is worth mention-
ing that the effect in the cathode region has been the subject of
many studies [43-55]. Similar to cathodic peak founded here, it
has been observed in TiO, electrodes (in context of dye-sensitized
solar cells), which is attributed to charging of surface states, when
there is also the chemical capacitance in the semiconductor, and
space charge capacitance [54].

Several effects in cathodic region has been reported for
nanostructured TiO, films [43-55], showing several characteristic
features, in which the dominant ones has been related to exponen-
tial density of states (DOS) at the negative potentials approaching
the conduction band potential. Bisquert et al. [54] reported that
the symmetric and much less intense peak appears at less negative
potentials (similarly to the hematite at —0.8 V region), and these
features are highly symmetric with respect to voltage axis in good
quality electrodes, though they sometimes appear as a distortion
due toIRdrop. Also, it was reported that for very negative potentials
scan, where the electrochemical potential is close to the conduction
band edge, the capacitance is controlled by both Helmholtz capac-
itance at the inner surface and the film enters into band unpinning
[54,56]. Furthermore, an additional peak at a more positive poten-
tial can appear (in our case, for hematite at —0.5 V), that it was well



528 V.A.N. de Carvalho et al. / Journal of Power Sources 205 (2012) 525-529

15/(@)

"

mare than 100 cycies.

1.0

0.5+

0.8

JImA cm?

0.0

-0.5

-1.0
-0.8 -0.4 0.0 0.4
)
08 04 00 0.4 08

E |V vs Ag/AgCI
1.0

(c)

0.5

0.0

J /' mA ecm™2

-0.5]

-1.0

J/ mAcm?

08 04 00 04 08
E/V vs Ag/AgCI

3.0

(b)

2.5
2.0 "‘E 00

-~

06 04
EIVvs AgiAgCl

1.5

1.04

0.5
0.04

JImAcm™2

-0.5
-1.04

1.0 -0.8 -0.6 -0.4 0.2 0.0 0.2 0.4 06 0.8 1.0
E !V vs Ag/AgCI

0,44 (d)
0,3
0,21
0,14

0,0 r=0,999

0 10 20 30 40 50 60
-1
Scan rate / mVs

Fig. 4. Cyclic voltammograms under dark conditions at pH 13.6 (NaOH) of the, (a) FTO electrode (black line (—)) and FTO-hematite (red line (s )); Inset. FTO-hematite
performance during more than 100 cycles of stability, (b) FTO-hematite electrode (black line) measured at a negative potential and FTO-hematite at a positive potential
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established experimentally for nanostructured TiO, films in 1995
by Grdtzel and co-workers [43].

The peaks at the more positive potentials have been reported
for in TiO, random nanoparticulate network, in which it are char-
acteristic for nanostructured films and have not been obtained
in polycrystalline electrodes [57]. Boschloo and Fitzmaurice [44]
reported the cyclic voltammetry of a nanostructured TiO, electrode
(aqueous LiClOg4, pH 6.2), when after 15 min stabilization at +0.80V,
the potential was scanned to —0.80V and a small current peak
was observed in the forward scan at —0.38 V. The size of this peak
decreased significantly when a second cyclic potential scan was
performed directly afterward. For this case, the authors claimed
that the small current maximum is due to filling of surface states
and the subsequent increase in conductivity, suggesting that it is
probably due to the fact that once the nanocrystals close to the back
contact become depleted of electrons, the rest of the film is iso-
lated from the applied potential. In another approach, Kavan et al.
[43] ascribed this effect to the chemisorption of water on TiO;. It is
well-known that anatase TiO, contains surface OH groups, but they
can be almost completely removed at 400 °C. Based on the latter,
the authors used dehydroxylated electrodes and observed that the
passage of a cathodic current caused the reduction of trace water,
which induces a series of chemical reactions.

Thus, for hematite nanorods we have assumed that OH~ groups
adoption on hematite surface show an electrochemical behavior
governed by a Nernstian equilibrium, similarly to the Nernstian
H*/OH~ equilibrium reported to nanostructured TiO, films [58,59].
This is a strong indication that the electrocatalytic anodic process
for molecular oxygen evolution is also undergoing a structural rear-
rangement step, in which some species of Fe(IIl) in the crystalline
structure of hematite have different energy from those present in

the bulk nanorods. For the latter assumption, this effect should only
occur in basic media, once the OH™~ ions are directly associated with
the reaction mechanism. To verify this, we performed the same
experiment, but in neutral KCl at 0.1 molL-1, As can be seen in
Fig. 4c, no changes in the voltammetry profile were observed; only
a decrease in the capacitive currents is observed in this case.

Thus, we suggest the presence of an intermediate slow step,
in which Fe(Ill) forms an oxide/hydroxide intermediate before the
molecular oxygen evolution. Therefore, the complete mechanism
proposed here for oxygen evolution on hematite nanorod film is
shown in Egs. (1) and (2).

Step 1: OH~ adsorption (slow)

4a-Fe;03 +40H™ — 4a-Fe;03(0H) ™ 45 (1)
Step 2: molecular oxygen evolution (E=0.38V)
4x-Fey03(0H) ™ 445 + 4hv — 4a-Fe;03 4+ 4 05 +2HT

+2H,0 + 2e~ (2)

Besides this additional step considering a slow intermediate reac-
tion (formation of oxide/hydroxide) before the molecular oxygen
evolution, it worth mentioned that the others elementary steps
in the detailed mechanism are far from known. The mechanism
proposed here is a part of several others mechanisms for differ-
ent materials found in literature [60-70]. For instance, based on
Tafel slopes, Trasatti [67] suggested that molecular oxygen is liber-
ated from two highly oxidized sites presents onto semiconductor
surface. However, the latter proposed mechanism does not make
any distinction between the intermediate oxygen that arises from
the oxide lattice and from water species. In the case of hematite
nanorods, both effects appear to be evident, in which the OH™ arise
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from the solution and formation of oxide/hydroxide play important
roles for water splitting.

4. Conclusion

In this work we have shown a novel approach to build hematite
nanorods onto FTO surfaces and the implications for photoelec-
trochemical water splitting. We obtained a 3D array of a-Fe,03
nanorods within 6h of synthesis, when the systems (hematite
nanorods film with 450 nm of thickness) were illuminated using a
sunlight simulator, and the photocurrent obtained was 0.9 mA cm?
at 0.4V with a maximum value of 3.0 mA cm? at 0.6 V. We propose
that the evolution of molecular oxygen is preceded by the forma-
tion of oxy-hydroxide groups, a slow and possibly limiting step. This
proposes is not inconsistent with thermodynamical parameters
extracted from the Pourbaix diagram for bulk material. A chemical
interaction between OH~ and iron oxide from the surface suggested
that the chemical reaction is first governed by oxy-hydroxides
on the electrode. The capacitive currents at —0.8 V region were
observed, and it is very similar to the concept of pseudocapacitance
in the random nanoparticulate network [54]. We have assumed
that OH~ groups adoption on hematite surface show an electro-
chemical behavior governed by a Nernstian equilibrium, similarly
to the Nernstian H*/OH~ equilibrium reported to nanostructured
TiO, films.
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