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Synthesis of Ru doped hematite nanorods for application
as photo-anode material in a photoelectrochemical
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Abstract Nanostructured thin films of hematite doped with different concentrations of
ruthenium were grown on fluorine doped tin oxide glass substrates using the aqueous
chemical growth method. On further heat treatment at 500 ◦C the structures morphed into
hematite nanorods (NRs). The Ru concentration in the NRs was controlled by varying
the Ru concentration in the RuCl3·H2O precursors. Scanning Electron Microscopy con-
firmed the formation of the hematite nanorods, while. X-ray diffraction and Mössbauer
spectroscopy (MS) data provided clear evidence of the crystallinity of the nanorods and
incorporation of ruthenium in the hematite nanorod structure. The band gap of the Ru-doped
hematite NRs, estimated from UV-Vis optical absorption intensity vs photon energy curves,
were found to be directly related to the Ru concentration. For concentrations in the range
6–30 mg the band gaps are in the range well suited to drive the water splitting process in a
photoelectrochemical cell without application of an external bias.
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1 Introduction

The threat of global warming has driven the quest for clean energy sources. An ecologically
friendly approach that is attracting considerable research and development focus is to exploit
the photosynthesis process by which plants produce hydrogen by photon-induced water
splitting, thus converting solar energy to chemical energy (see, for example, ref. [1–3] and
references quoted therein). The central component of laboratory based photonic systems
that seek to achieve the sustainable production of hydrogen is a photoelectrochemical cell
(PEC) which consists essentially of two electrodes immersed in an appropriate electrolyte
and in which the electrode surface is optically sensitized.

Hematite (α-Fe2O3) is regarded as a suitable photo-anode coating for applications in a
PEC as its electronic band gap (1.9–2.2 eV), with appropriate modification, allows the effi-
cient absorption of visible light, and, hence, of hydrogen production by solar water splitting.
Further, the chemical stability of hematite and its earth abundance has driven the search for
low cost synthesis of hematite and the refinement of its properties for applications in an
efficient, environment-friendly, cost-effective solar energy economy.

In the present contribution, we present results of our studies on the production of hematite
nanorods (NRs) doped with different concentrations of ruthenium in order to effect changes
to its electronic band gap and thus to increase its efficiency for solar water splitting. Infor-
mation on the morphological changes of the hematite NRs with Ru doping were obtained
from XRD, Scanning Electron Microscopy (SEM) and Mössbauer Spectroscopy studies and
estimates of the band gap of the NRs were derived from UV-Vis absorption curves.

2 Experimental details

Fluorine doped SnO2 (FTO) glass substrates were cut to required dimensions and cleaned by
ultrasonic washing and degreased with trichloroethylene, acetone and methanol. Nanostruc-
tured thin films of hematite were then grown on the FTO glass substrates using the aqueous
chemical growth (ACG) method of Vayssieres et al. [3, 4]. The chemicals (ferric chloride
(FeCl3), sodium nitrate (NaNO3) and ruthenium chloride (Ru(III)Cl3) used in the synthe-
sis of the films were commercially acquired (Industrial Analytical Ltd (South Africa)) and
were of 99.99 % purity. The clean substrates were immersed into 100 mL aqueous solution
of 0.1 M anhydrous ferric chloride (FeCl3) and 1 M of sodium nitrate (NaNO3) in a stopped
flask and placed in an oven at a constant temperature of 95 ◦C for different deposition times.
The pH of the solution was held at 1.5 which has been observed to lead to the growth of
perpendicularly oriented nanorods (NRs) with the longest length and the smallest diameter
[5, 6]. The pH was controlled by adding concentrated hydrochloric acid (HCl) drop by drop
to the solution while measuring the pH with a pH meter. The resultant films were thoroughly
washed with deionized water and then dried at 95 ◦C for 1 h. to remove any residual salts
(including NaCl) and gases. As reported by Vayssieres et al. [4] a further heat treatment at
T ≥ 390 ◦C for an hour is required to obtain the desired thermodynamically stable hematite
phase (α-Fe2O3) with the required nanorod morphology. In our case, the films were heated
in air at 500 ◦C for 1 h. In the synthesis process the first heating stage results in the forma-
tion of akaganeite (β-FeO(OH)), activated by the Cl ions [7], and residual salts (NaCl) and
gases. The second heating stage then leads to the formation of the hematite nanorods.

Ru-doped hematite NRs were achieved by adding Ru(III)Cl3·H2O precursors with the
desired concentrations of Ru to the aqueous solution and repeating the processes described
above.
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Fig. 1 SEM images of the undoped and Ru-doped hematite films at the Ru concentrations shown

The morphological structure of the films was investigated with Scanning Electron
Microscopy (SEM), while the crystallinity of deposited nano- structures were character-
ized by X-ray diffraction (XRD), using high-intensity Cu Kα (λ = 1.541 Å) radiation.
Mössbauer spectra of the samples before and after the second heating stage were collected
at room temperature (RT) in transmission mode using a 15mCi 57CoRh source. Informa-
tion on the change of electronic band gap produced by the Ru doping was extracted from
UV-Vis optical absorption measurements made at RT on the doped samples over the
wavelength range 200–1100 nm.

3 Results

The SEM images of the undoped and Ru-doped α-Fe2O3 samples grown on FTO glass
substrate after the annealing at 500 ◦C, presented in Fig. 1, show clearly the formation of
the hematite nanorods. The amount of Ru in the RuCl3·H2O precursor is indicated on each
image. The images show the structural changes that occur with increasing Ru concentration.

Figure 2 shows the XRD scans of the Ru doped hematite films for the different Ru con-
centrations. The different crystalline planes (identified in accordance with the JCP2 CAT:
No. 73-0603 and No. 1309-37-1 of α-Fe2O3) are indicated in the figure.

The most intense component is along the (104) plane, indicating that the hematite struc-
tures are oriented in {104} direction. From the width (FWHM) of (104) reflection line, and
using the Debye-Scherrer equation, the basal dimension (d) of the doped nanorods was esti-
mated to increase from 2.8 to 3.1 nm as the dopant concentration was increased from 6 to
30 mg. A notable effect is the reversal of the relative intensities of the (110) and (104) reflec-
tion peaks after the 30 mg doping, indicating that other Fe2O3 phases may be present. Such
a feature has been observed by Bora et al. [8] in their study of the structural evolution of iron
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Fig. 2 XRD scans of the Ru doped hematite films at the Ru concentrations shown

nanoparticles during heat treatment, and attributed to the presence of γ -Fe2O3 whose (311)
reflection peak overlaps the (110) peak of α-Fe2O3 [9]. However, other γ -Fe2O3 reflection
peaks, such as (220), (400), (418), are absent in our XRD spectra. Nor do we see evidence
of hyperfine fields due to γ -Fe2O3 in the Mössbauer spectra (see later).

The choice of Ru(III)Cl3 as precursor constrains the charge state of the Ru ion to Ru3+
and maintains charge balance when the Ru ions replace Fe in Fe2O3 corundum structure. In
their study of Ru-doped γ -Fe2O3, Helgasson et al. [10], from x-ray absorption edge studies,
reported evidence of RuCl and hence of Ru4+. However, in the present study the absence
of reflections attributable to RuO2 in the XRD scans rule out the formation of Ru in the 4+
state and confirm the purity of the doped hematite.

The samples before the final heat treatment at 500 ◦C were yellowish in colour, an indi-
cation of the formation of the iron oxide akaganeite phase (β-FeOOH). The Mössbauer
spectra of the samples doped with different concentrations of Ru are presented in Fig. 3a.
The spectra were analyzed with the code RECOIL [11], using Lorentzian line shapes. The
fit parameters extracted from the analysis are presented in Table 1 (a) in which the isomer
shifts are expressed relative to α-Fe. The spectra of samples doped with 6 and 18 mg Ru
required additional sextet component(s) to give good fits to structure in the wings of the
spectra. The isomer shift and quadrupole splitting parameters of the doublets in the spectra
are in good agreement with those reported for akaganeite (β-FeOOH) [12, 13].

After heat treatment at 500 ◦C, the colour of the oxide layer on the STO substrate changed
to reddish, indicative of the presence of the α-Fe2O3 phase. The SEM scans (Fig. 2) confirm
the formation of nanorods. Correspondingly, the Mössbauer spectra (Fig. 3b) evolve into
magnetic sextets which show some significant changes with increasing Ru doping. The
spectrum of the 6 mg doped sample is dominated by a sextet with hyperfine parameters
identical with that of virgin αFe2O3 [14] together with a small (5 %) doublet contribution.
The spectrum of the 18 mg doped sample is dominated by a sextet component which consists
of two sub-spectra with hyperfine magnetic fields of 51.1 and 52.6 T. This feature is very
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Fig. 3 a Mössbauer spectra of the as-synthesized Ru-doped iron oxide powder samples deposited for 24 h,
using the Ru precursor concentrations shown. b Mössbauer spectra of the undoped and Ru-doped hematite
nanorod samples

similar to the behaviour of αFe2O3 at the Morin temperature (260 K) at which both the
antiferromagnetic and weakly ferromagnetic phases co-exist [13]. Our results, obtained in
MS measurements at RT, show that the Ru doping raises the Morin temperature of hematite,
in agreement with that reported in ref. [10, 15], confirming that the Ru ions are incorporated
in the α-Fe2O3 structure. The 30 mg doped sample, in addition to the two main sextet
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Table 1 Spectral fit parameters (isomer shift (δ), quadrupole splitting/shift (�EQ/ε), hyperfine field (Bhf)

and area fraction (A) extracted from the fits to the spectra shown in Fig. 3a

Sample Component δ (mm/s) �EQ (mm/s) Bhf (T) ε (mm/s) A (%)

i) 6 mg Ru D1 0.36(3) 0.55(3) − − 36(3)

D2 0.41(4) 1.01(4) − − 22(2)

Sx1 0.49(4) − 36(2) −0.2(1) 42(4)

ii) 18 mg Ru D1 0.37(3) 0.52(3) − − 42(3)

D2 0.39(3) 1.04(4) − − 27(3)

Sx1 0.35(7) − 36(2) −0.2(1) 31(4)

iii) 30 mg Ru D1 0.37(1) 0.42(4) − − 60(3)

D2 0.38(2) 1.28(5) − − 40(3)

Table 2 Mössbauer spectral parameters extracted from the fits to the spectra of the undoped and Ru-doped
hematite nanorods achieved with the Ru precursor concentrations shown

Sample Component δ (mm/s) �EQ (mm/s) Bhf (T) ε (mm/s) A (%)

i) Undoped Sx1 0.355(6) − 51.6(1) −0.11(1) 100

ii) 6 mg Ru Sx1 0.36(1) − 51.6(1) −0.11(1) 94(2)

D1 0.15(5) 0.6(2) − − 6(2)

iii) 18 mg Ru Sx1 0.38(4) − 51.2(3) −0.05(5) 69(2)

Sx2 0.30(4) − 52.6(2) 0.13(5) 28(2)

D1 0.4(1) 0.4(2) − − 3(1)

iv) 30 mg Ru Sx1 0.36(2) − 51.1(2) −0.20(4) 42(4)

Sx2 0.33(2) − 52.3(4) 0.14(2) 27(3)

Sx3 0.32(7) − 44(1) −0.09(7) 18(3)

Sx4 0.37(7) − 40(1) −0.10(8) 12(3)

components, shows an approx. 34 % contribution from components with hyperfine fields
of 44 and 40 T, consistent with the expected values for ε-Fe2O3 [14]. There is no evidence
spectral components with Bhf values of 50 or 49 T (γ -Fe2O3) [14] (Table 2).

The UV-Vis (ultra violet – visible) optical absorption spectra of the undoped and doped
hematite samples are presented in Fig. 4a which show increasing absorption of the U-Vis
photons with increasing Ru concentration

Figure 4b presents a plot of the relative photon absorption intensity (α·(hν)2) as a func-
tion of the photon energy (hν) near the absorption, which allows estimation of the band gap
of the Ru doped hematite nanorods.

Figure 4b shows that the band gap of the hematite nanorods increase from 2.1 eV for
the undoped sample to 2.32, 2.36 and 2.47 eV for 6, 18 and 30 mg Ru doping, respectively,
in the RuCl3H2O precursor. It has been reported that an optimal band gap of 2.46 eV [1]
is required for water photo-oxidation without use an external bias. Our results show that
this may be achieved by utilizing Ru doped α-Fe2O3 nanorods as anode material in a water
splitting photoelectrochemical cell (PEC).
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Fig. 4 a UV-Visible absorption curves of the undoped and Ru doped hematite nanorods. The doping con-
centrations are shown on the figure. b Plot of absorption intensity vs photon energy, which allows extraction
of the band gap energy of the hematite nanorods

4 Conclusion

We have achieved the controlled growth of Ru-doped α-Fe2O3 nanorods at a low tempera-
ture using the aqueous chemical growth (ACG) method. XRD and Mössbauer spectroscopy
measurements confirm the crystallinity of the nanostructures and the incorporation of Ru in
the NRs. The band gap of the Ru-doped hematite NRs, estimated from the UV-Vis absorp-
tion curves, were found to be directly related to the Ru concentration. For concentrations
in the range 6–30 mg the band gaps are in the range well suited to drive the water splitting
process in a photoelectrochemical cell without application of an external bias.

The low cost synthesis of hematite and the ease of refinement of its properties make
it a well suited anode material for PEC applications in an efficient, environment-friendly,
cost-effective solar energy economy.
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properties of γ -Fe2O3 (Maghemite) studied by Mössbauer spectroscopy. J. Phys.: Condens. Matter 15
(2003)

11. Rancourt, D.G.: Accurate site populations from Mössbauer spectroscopy. Nucl. Instrum. Methods B 44,
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12. Murad, E.: Mössbauer and X-ray data on β-FeOOH (Akaganeite). Clay Min. 14, 273–283 (1979)
13. Garcia, K.E., Barrero, C.A., Morales, A.L., Greneche, J.-M.: Magnetic structure of synthetic Akaganeite:
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