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(Right) Quasi-crystal hematite nanorod illustrates low concentration of defects favoring the 

electronic charge transfer trough nanorod, while polycrystalline hematite nanorod shows a 

weak ferromagnetic behavior important for medical applications (Left). 
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Hematite (α-Fe2O3) is one of the most abundant minerals in nature and a thermodynamically-stable phase 

of iron oxide. One-dimensional (1D) hematite nanostructures exhibit, due to their fundamental 

characteristics such as excellent chemical stability in aqueous environments and low cost, a very 

attractive interest for a series of technical applications (as sensors, catalysis, lithium ion batteries and 10 

solar energy production and storage). Our study describes the phase evolution of iron oxide nanorods, 

from β-FeOOH to α-Fe2O3, with increasing temperatures of thermal treatment monitored by ex-situ 

synchrotron X-ray powder diffraction data. These data used in conjunction with the Rietveld method 

allowed us to infer the phase concentration, elucidate the influence of temperature on the unit cell 

parameters and preferred growth orientation of the nanorods. Only the use of synchrotron radiation 15 

allowed us to precisely identify and quantify the presence of a minor Fe2O3 phase, which has never before 

been reported for those systems. Moreover, the formation of one-dimensional nanorods was accompanied 

by using scanning and transmission electron microscopies (SEM and TEM). At the highest temperatures 

of thermal treatments the hematite nanorods exhibited changes that varied from a quasi-perfect crystal up 

to polycrystalline rods (> 500 oC). These findings were used for discussing and explaining recent results 20 

using this kind of nanostructure synthesized under hydrothermal conditions. Changes in the preferred 

orientation of the crystal faces of the rods could be responsible for a low photocatalytic performance 

reported by this strategy. 

 

Introduction 25 

 
The most common allotropic crystallographic arrangement of 
iron oxide found in Earth is the α-Fe2O3 or hematite. This 
material in nanoscale has attracted the attention of the scientific 
community mainly due to its low toxicity, great abundance, 30 

magnetic, optical and electronic properties as well as its vital role 
in different biological1 and medical processes2. In addition, 
during the last decade the use of hematite in nanoscale as a 
photoanode to efficiently convert solar energy into chemical 
energy has become one of the most intriguing technological and 35 

academic challenges3-7. The crystallographic configuration of 
hematite has the Fe3+ ions occupying two-thirds of the octahedral 
interstices in the (001) basal planes, being two of them filled 
followed by one vacant, while the tetrahedral sites are 
unoccupied. What is more, the packing of O2- (anion) is arranged 40 

along the [001] direction as a hexagonal closed packed (hcp) 
structure. The atoms in hematite are arranged in a corundum-like 
configuration with rhombohedral symmetry and space group 
R3c), first determined by Pauling and Hendricks in 19258. 
Recently, we have reported that a very promising vertically-45 

oriented iron oxide film prepared under hydrothermal conditions 
for 6 hours and additional sintering at 390 oC for 1 hour9, 10 could 
be obtained. A good photoelectrochemical response was observed 
making this photoanode a potential candidate to be applied in 
photoelectrochemical (PEC) cells. However, the efficiency to 50 

convert solar energy into chemical energy using our and other 
produced materials by means of different methods are very far 
from the best theoretical value of efficiency offered for pure 
hematite, e.g., the best conversion value reported up to now was 
around 4%11-13 very far away from the 13% maximum possible 55 

for this material14. The performance of the photoanodes are 
intimately related to the presence of pure hematite phase 
(photoactive in this phase), the preferred orientation of the basal 
plane (001) and the availability of an active surface to allow the 
efficient liquid-solid reaction15. Indeed, these points are strictly 60 

dependent on the synthetic route used. Nowadays, on the basis of 
these critical factors lots of efforts are directed to comprehend the 
fundamental properties of pure hematite in nanoscale produced 
by different routes in order to improve the photoelectrochemical 
performance.  65 

For instance, the photoelectrohemical performance of hematite 
films is seriously affected due to the thermal treatment used 
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during the fabrication procedure. In fact, the structural changes, 
concentration of defects, or the presence of mixture of phases 
could compromise the efficiency of the films produced10, 16. The 
best results for pure and doped hematite reported in the literature 
are found when high temperatures of thermal treatments, around 5 

800 oC, are employed6, 16-19. As a consequence of the 
abovementioned scenario, some light has to be shed on the real 
role of high temperature of thermal treatment on the hematite 
surface activation to produce an efficient device to directly 
convert solar energy into chemical energy.         10 

In order to comprehend the influence of the thermal treatment 
used during the hematite fabrication process, the present work 
describes the structural and morphological evolution of nanorods 
synthesized under hydrothermal conditions and heat treated at 
different temperatures. It is worth mentioning the synthesis used 15 

herein favours simultaneously the production of films and 
powders with morphologies composed by nanorods. As 
aforementioned, the thermal treatment of hematite has been 
considered one of the most crucial parameters to be controlled 
and understood in order to obtain remarkable performance during 20 

photoelectrochemical application test. The structural evolution 
was monitored by X-ray powder diffraction using the facilities of 
the Brazilian Synchrotron Light Laboratory (LNLS, Campinas-
SP). The morphology was discussed by means of FE-SEM and 
TEM images confirming the nanorod shape of the as-prepared 25 

and sintered samples at different temperatures.      
 

Experimental Section 

Synthesis: 

 30 

The strategy presented herein proposes a synthetic route to 
prepare iron oxide nanorods on a controlled aqueous solution 
under hydrothermal conditions. Following a typical procedure9, 10, 

20, 95 ml of aqueous solution (deionized water with resistivity 
greater than 15 MΩ cm) containing 0.15 mol L-1 of ferric chloride 35 

(FeCl3·6H2O, Mallinckrodt, 97%) and 1 mol L-1 of sodium nitrate 
(NaNO3, Merck, 99.5%) at pH 1.5 (set by addition of HCl, 
Nuclear, 36.5 - 40%) were mixed together. This solution was 
poured into a bottle with an autoclavable screw cap (see the 
Scheme of synthetic route illustrated in Figure S1). The closed 40 

bottle was then placed in an oven and subjected to a constant 
temperature (100 oC) for 6 hours. After the hydrothermal process, 
the resulting powder was cold washed with ethanol/distilled 
water, to remove any residual salts, and dried in air. Samples of 
iron oxide powders previously synthesized underwent additional 45 

heat treatments in air at different temperatures (390, 450, 550, 
and 800 oC) for one hour in order to study the structural phase 
evolution. 

 

Characterizations:  50 

 

The crystalline phases of iron oxide powders (before and after 
heat treatments) were identified by means of high-throughput 
synchrotron X-ray powder diffraction measurements performed at 
the X-ray Powder Diffraction beamline (D10B-XPD)21 of the 55 

Brazilian Synchrotron Light Laboratory (LNLS, Campinas, SP, 
Brazil) in the 2θ range from 10o to 100o, using a wavelength of λ 
= 1.24028 Å in reflection geometry. The morphology of the 
powdered samples was characterized by field emission gun 
scanning electron microscopy (FEG-SEM, Inspect F50 - FEI) and 60 

transmission electron microscopy (TEM, Tecnai F20 – FEI 
microscope operating at 200 keV). In order to obtain TEM 
images the nanoparticles were dispersed in ethanol and dripped 
on a carbon-coated copper grid. 

 
65 

Results and Discussion 

 
The growth of one-dimensional iron oxide nanoparticles under 
hydrothermal conditions is feasible using a solution with 
adequate quantities of (a) a soluble iron salt as precursor, often 70 

iron(III) chloride, (b) a strong electrolyte in high concentration, 
for effective control of the ionic medium strength, and (c) an acid 
for pH adjustment. This solution, under hydrothermal conditions, 
enables the interaction of Fe3+ ions with OH-, producing iron 
oxide nuclei, as described by equation (1). 75 

 
Fe3+

(aq) + 3OH-
(aq)  β-FeOOH(s) + H2O(l)                  (1) 

 
Commonly, iron oxide nanoparticles synthesized under 
hydrothermal conditions have been reported as forming nanorods 80 

in the akaganeite phase (β-FeOOH). Several authors13, 19, 22 using 
the aforementioned conditions with different reagents and 
environments reported the obtained iron oxides with nanorod 
morphology (hydrated phase) were similar to the ones presented 
herein. For instance, the forced hydrolysis of aqueous FeCl3/HCl 85 

solution in the presence of dopamine as chemical shape-control 
agent has been found to form an anisotropic morphology in the 
hydrated phase. Herein, we show the formation of iron oxide 
nanoparticles with nanorod morphology was achieved only 
controlling the quantities of reagents without any chemical-90 

control agent. 
The morphology of the as-prepared and thermally-treated 
samples obtained under hydrothermal conditions was monitored 
by FEG-SEM images illustrated in Figure 1. SEM image of the 
as-prepared sample (Figure 1a) enabled one to identify a typical 95 

anisotropic-like nanoparticle formation.  

 
Figure 1. FEG-SEM images of iron oxide nanoparticles: (a) as-prepared 
samples; and as-prepared samples after additional thermal treatments at 

(b) 450 oC and (c) 550 oC, respectively. 100 

 

The effect of different temperatures on thermal treatment did not 
affect the morphology of iron oxide nanoparticles, as can be seen 
in Figure 1b and Figure 1c. However, as expected, the 
dimensions (lengths) of the nanorods increased with higher 105 
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temperatures of thermal treatment when compared to the as-
prepared sample. The nanorod length was estimated as having 
approximately 1.1 and 2.0 µm for the as-prepared and thermally 
treated samples at temperatures higher than 500 °C respectively, 
as summarized in Table 1. 5 

Table 1. Structural evolution and dimensional parameter (nanorod length) 
for all samples studied herein. 

 

Sample Phase 
Nanorod 

length (µm) 
As-prepared akaganeite 1.1 

Heat treated at 390 oC akaganeite/hematite 1.1 
Heat treated at 450 oC akaganeite/hematite 1.7 
Heat treated at 550 oC hematite 2.0 
Heat treated at 800 oC hematite 2.0 

Guo, P. et al.23 hematite 1-2 

 

In addition, an important effect caused by the increase of 10 

temperature of thermal treatment in the as-prepared sample is the 
appearance of defects and aggregates. Comparing the SEM 
images (Figure 1) of the as-prepared sample with samples treated 
at 450 oC and 550 oC we clearly observed the nanorod 
aggregation and an increase in the number of defects. In order to 15 

investigate and confirm the defects caused by thermal treatment, 
the as-prepared and thermally-treated samples at low and high 
temperatures (390 oC and 800 oC) were analyzed using the high 
resolution transmission electron microscopy (HRTEM) technique 
(Figure 2). Low magnification HRTEM image of the as-prepared 20 

sample clearly represents a quasi-perfect crystal free of defects, 
as can be seen Figure 2a. When the as-prepared sample was 
thermally treated at low temperature (390 oC) the morphology 
(shape) and integrity of the nanorod were kept without defects, as 
depicted in Figure 2b. In addition, analyzing the high 25 

magnification HRTEM images of the as-prepared and the heat 
treated sample at 390 oC (Figure 2d and Figure 2e, respectively) 
the formation of quasi-perfect crystals is clearly confirmed and a 
reduction of interatomic distances from 0.5 nm to 0.25 nm was 
identified. The observed reduction in the interatomic distance is 30 

caused by structural water elimination during thermal treatment 
related to the gradual phase transformation from β-FeOOH 
(akaganeite) to α-Fe2O3 (hematite), which will be discussed in 
more details later on. The water elimination and phase 
transformation start during thermal treatment at the lowest 35 

temperature of the as-prepared sample and can be described by 
equation (2): 

 

2β-FeOOH (s)  α-Fe2O3 (s) + H2O(l)                  (2) 

 
40 

This equation linked to water losses aid us to explain the 
occurrence of defects observed (Figure 2c and f) in the as-
prepared sample thermally treated at temperatures higher than 
450 oC. For instance, low magnification bright field TEM (BF-
TEM) image illustrated in Figure 2c of the as-prepared sample 45 

thermally treated at 800 oC shows in great details the presence of 
a high concentration of defects. The different contrast (bright and 

dark regions) observed in BF-TEM image (Figure 2c) indicates 
the different crystallographic orientation, which means that a 
quasi-crystal sample becomes polycrystalline after thermal 50 

treatment at high temperature. The presence of this diffraction 
contrast, which represents different crystallographic orientations, 
can be better observed in Figure 2f as indicated by a white arrow 
(analyzing the high magnification BF-TEM images). 

 55 

Figure 2. TEM images of 1D iron oxide nanoparticles; (a) as-prepared 
sample; after additional treatments at (b) 390 oC; (c) 800 oC (low 
magnification bright field TEM image); (d) and (e) represent the low 
magnification HRTEM images of selected areas (white boxes) of samples 
illustrated in (a) and (b), respectively. The insets in (d) and (e) images 60 

were simulated considering the FFT analysis on different rods, oriented 
along the [110] zone axis; (f) High magnification bright field TEM image 
of the as-prepared sample heat treated at 800 oC. 

The presence of defects observed at high temperature of heat 
treatment can be related to the water losses during (mass 65 

transport) phase transformation from a hydrated iron oxide phase 
to a pure iron oxide one (Equation 2).This means that the phase 
transition is not a simple topotactic phase transformation. In fact, 
in the present study the phase transformation involves diffusion 
and mass transport, which could be responsible to make a quasi-70 

crystal material becomes a polycrystal. From TEM images 
depicted in Figure 2a, Figure 2b and Figure 2c it is possible to 
manipulate using adequate temperatures of thermal treatment the 
presence of defects on the hematite nanorod morphology. For 
instance, this control could imply the enhancement of the 75 

electronic charge transfer trough hematite nanorods at low 
concentration of defects, otherwise acting as a trap of electrons or 
as recombination sites due to the presence of defects16, 24, 25. On 
the other hand, the polycrystalline hematite nanorod (Figure 2c 
and f) illustrates a weak ferromagnetic behavior important for 80 

medical applications, while quasi-crystal hematite nanorod 
(Figure 2b and e) presents no ferromagnetic behavior. In this 
case, the presence of high concentration of defects facilitates the 
spin-domain mobility26, 27.  In order to confirm the ferromagnetic 
behavior of the hematite nanorods synthesized herein, curves of 85 

magnetization as function of magnetic field (H) were investigated 
using the VSM mode of a Physical Properties Measurement 
System (PPMS, Evercool – Quantum Design) equipment. 
Hysteresis loops (M vs. H) for all samples synthesized here are 
shown in Figure S1 and a weak ferromagnetic response at 25 oC 90 

is observed for samples thermally treated from 450 to 800 oC. As 
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expected the sample thermally treated at 390 oC does not display 
any ferromagnetic behavior (see black line in Figure S2). As 
aforementioned, this result shows good agreement with the 
discussion in which the preferred orientation of the nanorod 
crystal changes from (110) to (104) direction, and the 5 

ferromagnetic behavior starts to be significant compared to the 
photocatalytic properties. This concept will be addressed again 
later. 
In order to monitor the structural evolution of iron oxide 
nanoparticles that underwent thermal treatments, the samples 10 

were characterized by synchrotron X-ray powder diffraction, and 
the diffractograms are illustrated in Figure 3. 
 

 
Figure 3. XRPD diffractograms, obtained at the D10B-XPD beamline21 of 15 

LNLS, using X-rays of λ = 1.24028 Å. Ex situ heat treatments clearly 
indicate the evolution of phase transformation from β-FeOOH to α-Fe2O3. 
As-prepared sample and after additional thermal treatments at 390 oC, 450 

oC, 550 oC and 800 oC (from bottom to top). The inset displays the (104) 
and (110) reflections of Fe2O3. 20 

Figure 3. illustrates the diffractograms for the as-prepared as well 
as heat treated samples. From bottom to top, the room 
temperature (as-prepared) sample was indexed as an iron oxy-
hydroxide phase (akaganeite, β-FeOOH) using JCPDS 34-1266 
card. The diffractograms of the as-prepared sample after thermal 25 

treatments illustrate the evident phase transformation from β-
FeOOH to α-Fe2O3 phase. The characteristic peaks (104) and 
(110) related to the hematite phase were indexed using JCPDS 
33-0664 card, which are represented by the dashed box in Figure 
3, respectively. It can be seen that the intensity of the (104) 30 

reflection gradually increases when compared to the (110) one 
with higher temperatures of thermal treatments (inset in Figure 
3). This change in the reflection intensity has a very important 
implication that compromises the application of hematite 
materials prepared herein as photoanode in photoelectrochemical 35 

cells (discussed later on).  
For a better understanding on the effect of additional thermal 
treatments in the crystal structure of the samples, we have 
performed Rietveld refinements28, 29 using the software program 
Topas-Academic v. 530. First, unit cell and sample displacement 40 

parameters were refined. The background was fitted using a 10-
term Chebyshev polynomial. The peak profiles were modelled by 
the Double-Voigt approach19 with anisotropic peak profiles 
adjusted using 8-term spherical harmonics20 as well as preferred 

orientation of the crystals. Isotropic atomic displacements (Biso) 45 

were refined without constraints. The as-prepared sample, 
ascribed to β-FeOOH in fact presents some unindexed peaks 
related to a minor water-containing Fe2O3 phase31. Figure 4 
shows the final Rietveld refinement including both the β-FeOOH 
as well as a water-containing Fe2O3 phase. For the sake of clarity, 50 

on the other hand, the inset in Figure 4 illustrates a Rietveld 
refinement without taking into account the water-containing 
Fe2O3 phase, which evidences the presence of some unindexed 
peaks. The goodness of fit indicator, χ2, as well as R-factors32, 
Rwp, Rexp and RBragg were, respectively: χ2 = 2.486, Rwp = 0.08855, 55 

Rexp = 0.03554, RBragg_β-FeOOH = 0.02083 and RBragg_Fe2O3_wc = 
0.04453. The refined unit cell parameters and mass fractions 
were: a = 1.05387(4) nm, c = 0.30336(1) nm and 98.91(7) wt% 
for β-FeOOH and a = 0.50374(19) nm, c = 1.37673(68) nm and 
1.09(7) wt% for water-containing Fe2O3. Only the use of 60 

synchrotron radiation allowed us to precisely identify and 
quantify the presence of a minor Fe2O3 phase, which has never 
before been reported for those systems. 

 
Figure 4. Rietveld refinement of the as-prepared sample taking into 65 

account both β-FeOOH and a water-containing Fe2O3 phases. Black 
crosses illustrate the observed profile, the red line indicates the calculated 

profile and vertical bars at the bottom of figure display the Bragg peak 
positions of both phases (olive: β-FeOOH; wine: water-containing 

Fe2O3). The difference between the observed and calculate profile is 70 

indicated by the blue line. The inset shows some unindexed peaks when 
only the β-FeOOH phase is taking into account. The phase quantification 

resulted in 98.91(7) wt% of β-FeOOH and 1.09(7) wt% of water-
containing Fe2O3.  

 75 

When, the temperature of thermal treatment is increased to 390 
and 450 oC the gradual phase transformation from β-FeOOH to α-

Fe2O3 starts taking place. The background of those diffractogram, 
from ~20° to 30° (2θ), presents a hump, which may indicate a 
partial disorder of the system when transforming from β-FeOOH 80 

to α-Fe2O3. As aforementioned the sample treated at temperatures 
higher than 500 oC evidenced the complete transformation to 
Fe2O3. The Rietveld refinement of the sample treated at 800 oC is 
displayed in Figure 5. The goodness of fit indicator as well as R-
factors were, respectively: χ2 = 1.636, Rwp = 0.06544, Rexp = 85 

0.03999, RBragg = 0.00551, with refined unit cell parameters: a = 
0.503450(3) nm, c = 1.37489(1) nm. 
These results are in agreement with investigations reported in the 
literature33-35 where it was shown the transformation of hematite 
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from an iron ferrihydrate phase occurs only at elevated 
temperatures33, 34. Many authors using the same or similar 
synthetic routes to produce hematite electrodes did not report the 
presence of additional phases for samples heat treated at 390 oC 
measured in conventional diffractometers possibly due to the 5 

radiation used – CuKα – which produces fluorescence thus not 
allowing for a correct identification/quantification of different 
iron oxide phases9, 10, 19, 20. Therefore, in the present study the X-
ray measurements were performed using synchrotron radiation 
with a wavelength selected just below the iron absorption edge. 10 

Then, it was possible to identify the presence of an additional 
phase up to 500 oC and pure hematite, as expected, only at higher 
temperatures33, 34, as can be seen in Figure 3. Moreover, the 
complete phase transformation found in the literature is mainly 
due to changes in crystallite size, e.g., when crystallite size 15 

increases due to thermal treatments (Table 1) the surface becomes 
more unstable thus leading to a more stable crystallographic 
arrangement minimizing the surface energy22, 36, 37. Particularly in 
this case the transformation occurs from β-FeOOH to α-Fe2O3, 
since this phase is thermodynamically more stable.  20 

 
Figure 5. Rietveld refinement of the sample thermally treated at 800 oC 
taking into only the α-Fe2O3 phase. Black crosses illustrate the observed 

profile, the red line indicates the calculated profile and vertical bars at the 
bottom of figure display the Bragg peak positions of the α-Fe2O3 phase. 25 

The difference between the observed and calculate profile is indicated by 
the blue line. 

It can be seen from the X-ray diffraction patterns and Rietveld 
refinement of the as-prepared (β-FeOOH + water-containing 
Fe2O3) sample, a pure hematite system only takes place above 30 

500 oC of thermal treatment. This condition seems to be the ideal 
temperature for producing photoactive electrodes for PEC cells. 
However, in a recent study Ferraz and co-workers10 showed the 
hematite electrode (produced following the same synthetic route 
presented herein) displayed its photoeletrochemical performance 35 

drastically reduced with increasing temperatures10. Additionally, 
the best performance reached for a hematite electrode using this 
synthetic route was obtained only after a relatively lower 
temperature of thermal treatment (390 oC) was employed. In fact, 
this was a surprising result especially when compared to the best 40 

pure hematite electrodes reported in the literature6, 18, 19, where the 
thermal treatment used ranged from 700 to 800 oC. 
On the basis of the present study, one plausible explanation for 
the indistinguishable photoelectrochemical performance between 
dark and illuminated conditions obtained by Ferraz and co-45 

workers for the hematite electrodes treated from 450 to 800 oC 

could be attributed to changes in the crystallographic preferred 
orientation observed with increasing temperatures of thermal 
treatment (Figure 3). According to the literature25, 37 the highest 
conductivity in hematite is observed when, despite the effect of 50 

preferred orientation of the crystallites, the integrated intensity of 
the (110) plane is the most intense, referring to good candidates 
for applications in photoelectrochemical cells. For instance, the 
tendency of the crystallites to be oriented in the (110) plane is 
desirable for hematite films e.g., meaning they are vertically 55 

aligned to the substrate thus reaching conductivities up to four 
orders of magnitude higher than when the crystallites are oriented 
in the orthogonal plane25, 36-38. Consequently, this structural 
configuration can be expected to more efficiently convert solar 
energy into chemical energy. 60 

In order to confirm this hypothesis films were prepared following 
the same synthetic route and additional heat treatment at 390, 
450, and 550 oC for powder production. Actually, the iron oxide 
powders and films in hydrated phase are obtained simultaneously 
when a transparent glass conductor substrate is immersed in an 65 

aqueous solution and maintained at 100 oC in a conventional oven 
for 6 hours (Scheme of Figure S1). After that time the flask 
containing a hydrated iron oxide powder (precipitated at the 
bottom of the  flask) and a film deposited onto the glass substrate, 
is immersed in an ice bath for freezing the chemical reaction and 70 

both products are washed several times (see photography of the 
powder and films produced in Figure S1). More details describing 
the production of films can be found in elsewhere9, 10. Films were 
characterized by X-ray diffraction and their performances under 
dark and illuminated conditions were followed by linear 75 

voltammetry (Figure S3 and S4). As aforementioned, 
experiments performed at conventional diffractometers have not 
allowed us to correctly identify/quantify different iron oxide 
phases. However, the main focus is to show that the preferred 
orientation (hematite) can have a fundamental role on magnetic 80 

and photocatalytic behaviors of the hematite samples. Then, for 
all films the characteristic peaks (104) and (110) related to the 
hematite phase were indexed using JCPDS 33-0664 card, and 
additional peaks identified with asterisk are referred to the SnO2 
phase (cassiterite phase) present in the conductor glass substrate 85 

layer, as can be seen inf Figure S3a and S4a. For the purpose of 
our discussion the focus will be the preferred direction of iron 
oxide nanorods grown onto the transparent conductor substrate. 
Iron oxide films thermally treated at 390 oC show the rods grow 
on the substrate preferentially at (110) direction (see Figure S3a), 90 

while the iron oxide films treated at 450 and 500 oC presented the 
(104) peak the preferred direction of growth (Figure S4a). The 
performance of the iron oxide films were carried out in the 
application environment to confirm our hypothesis and the study 
reported by Ferraz and co-workers. Figure S3b and S4b illustrate 95 

the current density as a function of potential (reference electrode 
of Ag/AgCl) under dark and illuminated conditions. As expected, 
although pure hematite was achieved after 550 oC suggesting a 
photoactive electrode, the reduction or indistinguishable 
photoelectrochemical performance measured in the absence and 100 

presence of sunlight (see Figure S4b) coincided with a drastic 
drop in intensity of the (110) peak with increasing temperatures 
(Figure S4a). 
As aforementioned, it is desired the crystal orientation of 
hematite materials becomes more intense along the (110) 105 

direction on the conductive substrate since the hematite has a 
strong conductivity due to its anisotropy in this direction (Figure 
S3). The present results helped us to show that a synthetic route 
proposed to produce in single step vertically-oriented nanorods 

Page 6 of 7RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

on the conductor substrate under hydrothermal conditions needs 
to be revisited in order to understand and find an effective 
procedure to fabricate more efficient hematite nanostructures 
(electrodes). 
 5 

Conclusions 

 

In summary, this work describes the structural and morphological 
evolution of hematite nanostructures synthesized under 
hydrothermal conditions and thermally-treated at different 10 

temperatures. Also, the impact of this study was discussed around 
the application of the hematite nanostructures as photoanodes in 
PEC cells, since this synthetic route is extensively used. From 
SEM and TEM images it was monitored the impact of 
temperature of thermal treatments on the morphology of the 15 

nanorods. At higher temperatures the length of nanorods 
increases from 1 to 2 microns and their shapes remain unchanged 
except for the presence of defects clearly observed in TEM 
images (800 oC). The as-prepared and thermally-treated sample at 
low temperature seems to be a quasi-single crystal, while at 20 

elevated temperature the rods showed the presence of defects, 
constituting mainly a polycrystalline material. The increase in the 
crystal size (nanorod dimensions) in nanometric scale is generally 
accepted as an evidence of occurrence of phase transition. From 
synchrotron X-ray diffraction data we clearly observed that 25 

transformation from β-FeOOH to α-Fe2O3 starts at low 
temperature and achieved the complete transition at higher 
temperature of thermal treatment (500 oC). 
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