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Abstract.

In this Article, we report a strategy to perform in situ incorporation of oxygen evolution catalyst,
Co30,, during hydrothermal growth of Fe,O3; nanorod arrays. It was found that the highest
photocurrent increase and onset potential shift was observed with 5% Co®*. The photocurrent
density increases from 0.72 for the pristine Fe,O3 nanorod to 1.20 mA/cm? at 1.23 V versus RHE
(i.e. 67 % improvement) with 5 % Co®* added. Concomitant with this improvement was a shift in
the onset potential by ~40 mV and improvements in incident-photo-to-current-efficiencies and
oxygen evolution. Hematite photoanodes with in situ deposition of Co3zO4 nanoparticles showed
better performance than those prepared by ex situ procedures because of high surface roughness,
larger Co3O4/hematite interfacial area and smaller Co3O4 particle size.

Keywords: Hematite, hydrothermal, in-situ, Co30,4, OEC, photoelectrochemical cells

Introduction


mailto:Joachimloo@ntu.edu.sg
mailto:Lydiawong@ntu.edu.sg

Photoelectrochemical (PEC) cells convert solar energy to stored chemical energy through the
splitting of water into molecular oxygen and hydrogen. *~* Hematite (a-Fe,O3) has recently been
extensively investigated as photoanode material for the generation of dioxygen from water due to
its favorable optical band gap (Eq=2.2 eV), excellent chemical stability in aqueous environments,
natural abundance and low cost. * Hematite has been theoretically predicted to achieve a water
oxidation efficiency of 12.4%. ° However, the reported efficiencies of hematite are lower than
this predicted value, mainly due to the very short lifetime of photogenerated charge carriers (<10
ps), short hole diffusion length (2-4 nm), slow oxygen evolution reaction kinetics, low flat band
potential and significant reduction in the absorption cross-section at wavelengths approaching
the band gap value. ® Another fundamental limitation of hematite system is the need for
externally applied bias because the conduction band of hematite is lower than the potential
required to reduce protons to hydrogen (in the vacuum scale).

Attempts to achieve higher efficiencies for hematite photoanodes include chemical composition
modification by doping, manipulation of hematite nanostructures, surface modification with
oxygen evolution catalysts (OEC), and surface passivation with inorganic materials. * ’ By
adding impurities to act as electronic dopants, the conductive properties of hematite can be
significantly enhanced.* Chemical modification of hematite by doping has been recently
reviewed. ® ° The strategies to manipulate the dimensions and morphology of hematite on the
nanometer scale include the deposition of porous thin films using solution-based colloidal
methods, '° growth of nanowire arrays on conducting substrates, ** electrodeposition, ** spray
pyrolysis ** and atmospheric pressure chemical vapor deposition (APCVD). ** On the basis of
the progress and limitations of all of the different approaches, the most promising candidates for
achieving high efficiencies are those devices using nanowire or nanorod arrays because of the
possibility of controlling the nanowire width to be within the hole diffusion length of hematite. *
There are a number of methods to produce hematite nanowire array on substrates including

I, * the use of an anodic aluminum oxide (AAO) template,’® and

thermal oxidation of iron foi
precipitation of Fe** from aqueous solution in hydrothermal conditions. " * Among these
methods, hydrothermal precipitation of Fe** is the most simple and effective method. In a
previous study *°, hematite nanorod arrays were successfully grown on conducting substrates by

this method using urea as a pH-regulating agent. Well-aligned nanorods with an average



diameter of 90 nm and a length of 900 nm were produced. In comparison with other
nanostructures, the nanorods showed better energy conversion efficiencies because of favorable
[110] crystallographic orientation. However, because of the relatively large diameter (90 nm) of
the nanorods, the conversion efficiency was not optimal. ** A smaller diameter is required for
charge transport so as to minimize the detrimental effect of the short diffusion length of holes

and improve overall efficiency. *°

Surface modification with suitable catalyst (OEC) was also found to be an effective way to
overcome kinetic issues of water oxidation by untreated hematite by, in part, acting as a charge
storage system. Cobalt oxides have been extensively used as electrocatalysts for water oxidation
applications when coated on surface of anodes. % 2! Cubic Co304 nanoparticles are much more
active when the size is less than 5 nm. # For example, Jiao et al. found that nanosized C0304
particles in mesoporous silica (SMA-15) (4.2-8.6% w/w% loading) which was prepared by in-
situ method can act as an effective water oxidation catalysts with the catalytic efficiency
depending on the size of Co30, particles. %2 Singh et al. reported microwave-assisted synthesis
of Cos040n a Ni substrate. ** This catalytic system showed a very high photocurrent density
(100 mA/cm?) in 1M KOH with an overpotential of 1.24V vs RHE. In addition, surface
passivation with other inorganic materials, such as CoFs, 2° Ga,03; % and Al,Os, 2" has also

shown improvements of photocurrent and lowering of offset potential.

In this work, we set out to produce Fe,03/Co30,4 hybrids via hydrothermal methods. To the best
of our knowledge, this is the first report describing the in-situ growth of cobalt oxides on the
surface of hematite nanorod arrays. Unlike ex-situ growth of Co3O4 0n hematite nanostructure,
the advantages of our method include high Fe,03/Co30, interfacial area induced by the hematite
surface roughening and smaller Co3O,4 particle size. The procedure developed is as follows:
firstly, iron oxyhydroxide (FEOOH) was obtained from the reaction of FeCl; and urea in an
aqueous solution at 100 °C (see Supporting Information). FeOOH nanorod arrays were
successfully grown on FTO substrates after heating inside an autoclave for 8 hrs. Secondly,
FeOOH nanorods were converted to hematite during annealing at 550 °C for 2 hr. These nanorod
arrays were further annealed at 800 °C for 20 min. When Co®" was added initially, FeOOH
nanorods were decorated with cobalt oxyhydroxide (CoOOH) which were converted to Co304



particles during annealing. In this study, we found that the photocurrent and onset potential of
Co30, decorated hematite photoanodes showed significant improvement compared to that of

pristine hematite.

Results and Discussion

The top view SEM image of the FeOOH nanorods is shown in Fig. 1a, and the nanorods were
found to be square in cross-section. After annealing at 550 °C for 2 hr, the film color changed
from yellow to dark red, suggesting successful conversion from FeOOH to hematite. ® The
morphology of these square nanorods also changed (see Fig 1b). The sharp edge of square rods
disappeared and became rounded. The average rod length after annealing at 550 °C for 2 hr was
about 380 nm and the diameter was 60 nm (see Fig 1b inset). After further annealing of the film
at 800 °C for 20 min, its color changed to light red. This resulted in an increase in diameter to
about 80 nm which was probably due to aggregation at high temperature annealing (see Fig 1c).
This increase in diameter could be undesirable because it may lead to a reduction in conductivity
and a disordered morphology of FTO substrates. °® However, some studies have shown that high
temperature annealing can induce the diffusion of Sn from the FTO layer into the hematite with a
consequential increase in conductivity. ® ° Thus, in order to achieve a better performance, all
these parameters have to be considered and optimized. In this study, we found that annealing at
800 °C for 20 min is an optimization procedure based on the performance of the system, a result

which is consistent with previous reports. & 7 0%

TEM images of pristine hematite nanorods and those with Co** added during hematite growth
are shown in Fig 2a-b. Introducing Co®" ions was found to change the morphology drastically
which is in agreement with previous studies. ® 2 The surface of the untreated hematite nanorods
was smooth while the surface of nanorods with Co** was rougher (see Fig 2a-b). The reason for
roughening of hematite could be due to the presence of nitrate anions which come from
Co(NOs3), in the reaction solution. These nitrate anions may accelerate the phase transformation
from previously formed FeOOH to Fe,O3 via dissolution, thus result in a roughen surface of
FeOOH. % A rough surface is preferred because it increases the surface area of rods, and thus
leads to improvements in charge separation and transport to the semiconductor/electrolyte

interface. * Fig 2c shows HRTEM image of the region marked in Fig 2b. Black dots, with



average diameters of ~4nm and indexed to cubic Co3O4 (JCPDS #042-1467), are observed on the
surface of a hematite rod. On the other hand ex-situ growth of Co3zO,4 on the surface of hematite
nanorod arrays show a smooth surface and larger Co3O, particles (few tens nanometer) (see Fig
2d and Fig S1). The XRD pattern of nanorod film after 8 hr reaction can be indexed to the
characteristic peaks of FeEOOH (JCPDS #003-0440) (see Fig 3a). After annealing at 550 °C for 2
hr, the absence of FeOOH diffraction peaks confirms the complete conversion of FeOOH to
hematite. Strong (110) diffraction peak at 20 = 35.8 ° implies hematite nanorods growth
orientation is [110]. *®7 This is preferred because the conductivity in the basal plane (001) is up
to 4 orders of magnitude higher than the orthogonal plane which facilitates the charge transport
and collection during the photo-oxidation process. When Co®" is added with an initial molar ratio
of Co?* to Fe® of 5%, there is neither a peak shift nor broadening of XRD peaks, which is
normally associated with doping or solid solution formation. The absence of Co30,-induced
effect on the XRD pattern could imply that the quantity of Co incorporated with the hematite
nanorods might be too small to be detected. However, XPS and EDAX spectra of hematite
confirmed the presence of Co (see Fig. 3b and Fig S2-3). From XPS spectra, the Co 3s scan has
two peaks at 101.62 and 102.6 eV, which correspond to Co" and Co"' of C0304. * Based on the
Co 3s signal, the Co content on the surface of hematite nanorods is substantial and the molar
ratio of Co-to-Fe is estimated to be around 8%. Since this ratio is higher than the initial value
(5 % Co?* added), we can deduce that Co is mainly dispersed on the surface of hematite
nanorods. In addition, the survey scans show no detectable CI (CI 2p ¥? at 198.5 eV) and F (F 1s
at 685 eV) ions in both the pristine hematite and hematite decorated with Co30, (see Fig S2)
which is sufficient to confirm that no CI anions remain in the samples and F ions diffused from
FTO are negligible. UV-Vis spectra of samples with and without Co?* added at a molar ratio of
5% are shown in Fig. 4a. It can be seen that the shape of the absorption curves and the Tauc-
Plots fitted bandgaps are nearly the same (Fig. 4b). The reason of smaller bandgaps for both
samples compared to that of reported (2.04 eV) ? is probably due to minor Sn diffusion (doping)
from FTO. Several studies have confirmed experimentally that high temperature annealing can
introduce Sn from FTO. %28 The absorption of films from 450 to 750 nm is enhanced mainly
because of the rough surface of hematite (see Fig 4a inset for the pure CozO,4 absorption) rather
than due to the absorption of Co304 particles which have typical absorption from 600 to 850 nm.

%' The similar bandgap values also imply that Co doping has not occurred.



Fig. 5a shows photocurrent-potential curves of pristine hematite and hematite with different
amount of Co®* added. It was found that the addition of Co*" gave rise to a strong effect on the
photocurrent-potential characteristics. The photocurrent density increased from 0.72 for the
untreated hematite nanorods to 0.84, 0.96 and 1.20 mA/cm? with 0.1, 1 and 5 % Co?* added
respectively. In this study, all potentials mentioned were referred to a reversible hydrogen
electrode (RHE). With an initial onset potential of 0.66 V in 1 M (pH=13.6) NaOH electrolyte,
the photo-induced current density generated by the hematite photoanode with 5 % Co*" increased
rapidly, attaining approximately 1.2 mA/cm? at 1.23 V and reached a plateau of about 1.8
mA/cm? at 1.4 - 1.6 V before the current increased exponentially. The photocurrent of hematite
photoanode with 5 % Co?" added at 1.23 V increased 67% compared to the pristine hematite
nanorods. Note, that the photocurrent density at 1.23V with 5 % Co®" added is much higher than
other OEC modified hematite photoanodes, including those treated with CoFs, >° Ga,0s, % Co-Pi
7:32-3 and Ni-Bi ’. The enhancement of the photocurrent can be attributed to the catalytic effect
of the Co3O,4 nanoparticles as well as increased absorption (see Fig 4a). Despite that high
temperature annealing can make Sn diffusion from FTO as mentioned above, this should not be
the dominant effect for the photocurrent improvement in this study. It is because both the pristine
hematite and hematite with 5 % Co®* added were annealed under these conditions. Further
increasing Co?* level to 10 % or higher resulted in a decrease of photocurrent which was
probably due to the formation of more Co30, particles on the surface of hematite nanorods,
which may block the hole transport to the interface. Another possible reason is that a substantial
morphology change occurs due to more Co?* ions introduced in the course of hydrothermal
reaction. ® ?® Thus, 5% Co*" addition was found to be the optimal amount in this study.
Interestingly, a positive shift of onset potential was also observed for hematite with 0.1, 1 and
5 % Co>* added. The highest onset potential shift obtained with 5 % Co?*" was around 40 mV.

It is worth emphasizing that hematite photoanodes with in-situ deposition of Co3O,4 nanoparticles
showed the best performance compared to ex-situ growth procedures (see Fig 5b). The reasons
for the poor performance for these ex-situ procedures are probably due to a reduced roughness of
hematite nanorods and the bigger size of Co304 particles as compared to ~4 nm of in-situ Co304

nanoparticles (see Fig 2d). To conclude, it seems that the benefit of in-situ growth of Co304



particles on hematite is the generation of nanosized Co3;0, particles and large Co304/hematite
interfacial area which results in improved photocatalytic properties. This conclusion is consistent
with that of Jiao et al. %, whereby they observed that the oxygen yield from the in-situ grown
nanosized Cos0, clusters in mesoporous silica (4%) was 1550 times higher than that of bare
micrometer-sized Co30, particles. They also found that samples with smaller Co3O4 clusters size
can generate 1.5 times more oxygen gas than that of bigger ones due to a larger surface area. The
photocurrent improved was further verified by measuring the photoanode incident-photo-to-
current-efficiencies (IPCE) at 1.23 V as a function of incident light wavelength (see Fig 6). It can
be seen that the hematite decorated with 5% Co ** showed substantially enhanced IPCE values
compared to the pristine hematite, which are consistent with their photocurrent-potential
characteristics. The IPCE drops to zero at wavelengths longer than 610 nm, which is consistent
with the energetics of the hematite band gap.®

In order to study the reason of onset potential shift with increasing Co levels up to 5%,
electrochemical impedance spectroscopy (EIS) measurements were carried out. Mott-Schottky
analysis shows that the flat-band potential of the sample shifted by -50 mV when Co*" was added
(see Fig 7). The reason of flat-band potential shift is probably due to the efficient hole transport
from hematite to Co304, thus changing the band alignment. This result is consistent with the
photocurrent-potential data (Fig 5a), where a negative shift of 40 mV with respect to pristine
hematite was observed for the sample with 5% Co?* added. Finally, the oxygen generation was
recorded by gas chromatography as shown in Fig 8. It can be seen that the amount of oxygen
generated with Co 5% decorated hematite photoanode was stable and larger than that of the
pristine. The Faradaic efficiencies of both the pristine hematite and hematite decorated with 5%
Co?* were calculated and equal to 69.46 and 78.43% which indicates that the amount of O,
evolved is less than that of expected. It is probably because O, evolved was partially remained in

the initially degassed NaOH solution and also because of gas leakage during manual injection.

Conclusions
In summary, we combined hydrothermal method for Fe,O3 nanorod arrays and in-situ growth of
Co30,4 nanoparticles to achieve higher photocurrent and lower onset potential for light-induced

water oxidation compared to untreated Fe,Os. The effect of Co®" concentration on the PEC cell



performance was also studied and found that 5% Co®* addition shows the highest photocurrent
increase and onset potential shift. With this level of added Co, the photocurrent density increased
from 0.72 for the pristine Fe,O; nanorods to 1.20 mA/cm? at 1.23 V vs RHE (i.e. 67 %
improvement) and the onset potential shifted by about 40 mV. Concomitant with this was
improvements in IPCE and oxygen evolution. It was also found that hematite photoanodes with
in-situ deposition of Co3O4 nanoparticles showed better performance than those prepared by
other ex-situ growth procedures, most probably because of surface roughness and smaller CozO4

particle size.
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Figures and captions

Fig. 1 SEM image of (a) FeOOH, (b) hematite after annealing at 550°C for 2 h (inset: cross-
section image) and (c) hematite after additional annealing at 800°C for 20 min of hematite

nanorod array.




Fig. 2 TEM image of hematite nanorods (a) without Co** added, (b) with 5% Co?* added and (c)
HRTEM image of the region marked in image (b). All these samples were annealed at 550 °C for
2 h. (d) TEM image of ex situ hydrothermal growth of FeOOH nanorod arrays, followed by
hydrothermal growth of CoOOH.
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Fig. 3 (a) XRD patterns of hematite nanorod arrays on FTO without and with Co304 decorated
after annealing at 550 °C for 2 h. Note: The molar ratio of Co®* to Fe*" is equal to 5% for C0304
decorated sample. The * denotes Fe,O3 (JCPDS 33-0664) and # denotes SnO, (JCPDS 46-1088),
respectively. (b) XPS spectra of Co 3s scan.

4
—— w/ Co added pure Co,0, —— Fe,0,-Co,0, b
—— Fe,0, only 1] —Fe0, ( )
H
g

Absorbance (a.u.)
(a hv)*®
>

T T T T T T T — T T
400 500 600 700 800 18 19 20 21 22 23 24
Wavelength (nm) Energy (eV)

Fig. 4 (a) UV-Vis absorption (inset: pristine Co3O,4 absorption) and (b) Tauc-Plots of films of
hematite with and without Co30,4 decorated.



25

—=—w/o Co —e— FeOOH-->CoOOH(hydrothermal)
0.1% Co a —4a— Fe,0,->CoO0H(hydrothermal)
— 1Y
20 1% Co —+— Fe,0,->Co “/(spin-coating)

——5% Co
—— 10% Co

=
@

1.23Vvs RHE

| (b)

151 1.23V vs RHE

N
o
!

1.04

Current density (mA/cm®)

Current density (mA/cm®)
°
&

0.5

/
0.0 'dark scans|

T T T ? T
0.6 0.8 1.0 1.2 14 16 1.8 0.6 0.8 1.0 12 14 16 18
Potential (V) vs RHE Potential (V) vs RHE

Fig. 5 Photocurrent-potential curves of hematite photoanode: (a) with different amount of Co?*
added in situ and (b) prepared by ex-situ growths: FeOOH - CoOOH (hydrothermal), Fe,O3 >
CoOOH (hydrothermal), and Fe,05->Co?* (spin-coating).
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Fig. 6 IPCE spectra of hematite with and without 5% Co added at an applied potential of 1.23 V
vs RHE ina 1 M NaOH electrolyte.

254 = FeO,
* Fe,0,-Co0,

1/C2 (10° F* cm®)

054

t T T T T
0.0 0.2 04 06 0.8 10
Potential (V) vs RHE

Fig. 7 Mott-Schottky plots of hematite films, hematite films with Co30,4 decorated tested in a 1
M NaOH electrolyte (pH 13.6) in the dark.
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Fig. 8 Time course of oxygen evolution of hematite photoanodes with and without 5% Co added
at an applied potential of 1.23 V versus RHE in a 1 M NaOH electrolyte based on equal levels of
hematite.



