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Abstract 

Design of efficient photoelectrodes for water oxidation requires careful optimization of the morphology 

and structure of a photoactive material to maximize electrical conductivity and balance carrier diffusion 

length with light penetration depth. Hematite-based photoanodes can theoretically oxidize water at very 

high rates, as provided by the optimal band-gap, but their performance is limited by the poor charge 

transport and low charge separation efficiency. Herein, we have developed physically- and chemically-

induced morphological and structural tuning procedures, viz. capillary-force-induced self-assembly and 

corrosion followed by regrowth, which enable significant improvements in the performance of the 

hematite photoanodes. Specifically, a 24-fold enhancement in the photocurrent density for water 

oxidation (1 M NaOH) at 1.23 V vs. reversible hydrogen electrode under simulated 1 sun (100 mW cm
–2

,

AM1.5G solar spectrum) irradiation has been achieved. The capillary-force-induced self-assembly 

improves the crystallinity, promotes preferential orientation of the hematite along the [110] direction, and 

thereby enhances the electrical conductivity of the material. Subsequent dissolution and regrowth of the 

hematite nanostructures provide higher light absorption, improve photo-generated charge separation and 

facilitate photoelectrocatalytic kinetics resulting in the significantly higher photoelectrocatalytic activity. 

These broadly applicable insights provide a robust set of guidelines for the engineering of efficient 

photoelectrodes initially made of disordered structures for conversion of solar energy into renewable fuels. 

Keywords: hematite, nanostructures, capillary force, self-assembly, photoelectrochemical water oxidation, 

morphological and structural tuning 



1. Introduction

Photoelectrochemical water splitting is an attractive technology to convert solar energy into chemical 

energy through the production of hydrogen, a renewable fuel, to power the planet.[1] The intrinsically 

stable hematite (α-Fe2O3) is an appealing photoanode material for water oxidation due to its relatively 

narrow bandgap of 2.0-2.2 eV enabling absorption of reasonable part of the solar irradiation power, and a 

suitable valence band energy level.[2] Furthermore, iron is the fourth most abundant element in the 

Earth’s crust (ca 5 wt.%) and is mainly present in the form of oxides, making Fe2O3 a low-cost and 

environmentally benign material. The theoretical conversion efficiency of a hematite photoanode can 

reach 16.8% at a bandgap requirement of 2.0 eV.[2] However, hematite photoanodes suffer drawbacks 

such as a low electron mobility of ~10
–2

 cm
2
 V

–1
 s

–1
,
[3]

 short hole diffusion length of 2-4 nm compared to 

its light penetration depth (~120 nm at λ = 550 nm)[4] and very short excited-state lifetime of ~10
–12

 s.[3] 

However, to compensate for the short hole diffusion length (2-4 nm), the size of individual hematite 

structures must be much smaller than its optical absorption depth (~120 nm at λ = 550 nm), limiting the 

light absorption efficiency if fabricated as dense bulk film.[5-7] To address these limitations, enormous 

efforts have been invested to maximize light absorption and minimize carrier recombination losses. 

Amongst other promising approaches, engineering of hematite into porous nanostructured films can 

reduce the charge-carrier diffusion distances needed for a hole to reach the electrode|electrolyte interface, 

and circumvent the problem of short excited-state lifetime.  

Morphological and structural optimization of hematite nanocrystals is a critical step in the design of 

efficient photoelectrodes by balancing carrier diffusion length with light penetration depth, as well as 

enhancing the charge separation and transport efficiency. Photoelectrodes with poorly optimized 

morphology and structure suffer from low solar-to-fuel efficiency due to low electron mobility, charge 

recombination caused by abundant grain boundaries or defects and lack of directional charge transfer to 

the back contact.[8] It is widely agreed that morphological and structural optimization of hematite 

photoanodes can significantly increase the water oxidation photocurrent density,[3, 9] as demonstrated by 

previous studies on various hematite nanostructures such as nanowires,[10] nanodendrites,[9, 11] 
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nanotubes,[12] and nanorods.[13] Optimization of the morphology and composition of highly scalable 

hematite photoelectrodes with disordered nanostructures is particularly challenging, due to the difficulties 

for fine-tuning charge transfer and surface properties in large scale.[14, 15] Therefore, establishing facile 

morphological and structural tuning procedures for hematite photoanodes is crucial to systematically 

identify optimal nanostructures and most reactive surfaces for water splitting in the future.[8] Solar 

conversion efficiency of the state-of-the-art hematite photoanodes has been improved by silica-induced 

morphological control,[8, 14] doping,[16-18] and surface state tuning.[19] Li et al. reported a silica 

encapsulation method to retain hematite nanowire morphology after high-temperature Sn doping, which 

increased the photocurrent density by about 4 times to achieve  ca. 1.36 mA cm
-2

 at 1.23 V vs RHE under 

1 sun.[14] Wang et al. used SiO2 and F
-
 to tune the morphology of mesoporous single crystals of hematite, 

which demonstrated a photocurrent density of 0.61 mA cm
-2

 at 1.23 V vs RHE under 1 sun.[8] Herein, 

1.01 mA cm
-2

 photocurrent density for water oxidation at 1.23 V vs RHE under 1 sun was achieved by 

capillary force-induced self-assembly, chemically-induced dissolution and regrowth, Sn doping and 

photo-assisted electrodeposition of co-catalysts for surface modification. The combined methods applied 

in sequence led to significantly improved photo-electrocatalytic performance compared to the nearly 

inactive initial photoanodes with highly disordered hematite nanostructure. Implications of the 

morphological and structural changes provided by the developed methods to charge separation/transfer in 

the hematite photoanodes have been examined and are reported herein. 

2. Experimental Section

2.1 Preparation of hematite photoanodes 

Iron oxide nanoparticle films were produced by flame spray pyrolysis of solutions containing iron(III) 

acetylacetonate. Combustible liquid solutions were prepared by dissolving iron(III) acetylacetonate 

(Sigma-Aldrich, 97%) in toluene (Sigma-Aldrich, anhydrous, 99.8%), to reach a total Fe-atom 

concentration of 0.1 M. Sn-doping was achieved by dissolving tin (II) 2-ethylhexanoate (Sigma-Aldrich, 

~95%) in the same solution. This solution was fed through a custom built nozzle at 3 ml min
−1

 rate, and 

atomised with an oxygen flow (5 L min
−1

, COREGAS grade 2.5) at a set pressure drop 2 bar. The
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resulting spray was ignited with a surrounding annular set of premixed methane/oxygen flame (CH4-flamlet 

= 1.2 L min
−1

, O2-flamlet = 2 L min
−1

, COREGAS grade 4.5). To prepare the photoanodes, the FTO coated

glass substrates (TEC7, Dyesol) were cleaned by sonication for 10 min in acetone. The clean FTO glass 

substrates (1 cm × 3 cm) were mounted at a height above burner of 13 cm on a copper substrate holder 

with water cooling for iron oxide nanoparticle deposition. The size of coated FTO area is 1 cm × 1 cm. 

During deposition, the other parts of the FTO glass substrates were wrapped with aluminium foil to 

minimise additional contamination with iron oxide nanoparticles. The deposition time was 2 minutes. To 

obtain hematite phase, after deposition on FTO, the as-prepared iron oxide films were post-calcined in air 

atmosphere at 550 
o
C for two hours (heating rate 10 

o
C min

−1
) and then at 700

 o
C for 30 min in a pre-

heated tube furnace (GSL-1100, MTI Corporation).  

2.2 Morphological and structural tuning procedures 

Capillary force-induced self-assembly. 12 μL of ethanol was dropped on the edge of the as-prepared iron 

oxide nanoparticle films (1 cm × 1 cm). Ethanol then spread all over the films and induced re-

organization of the nanoparticle networks. After this, the iron oxide films underwent the same calcination 

process (550 
o
C for 2 h and 700

 o
C for 30 min) to obtain hematite phase.

Surface corrosion. For etching of the surface disorder layer, the hematite photoanodes after capillary 

force-induced self-assembly upon calcination were immersed in a glass vial with an aqueous solution 

consisting of 6.3 ml of deionized water and 0.7 ml of hydrochloric acid (Sigma-Aldrich, ACS reagent, 

37%) for 15 minutes.  

Regrowth of hematite. Regrowth of FeOOH on initial hematite photoanodes was performed in a 10 ml 

solution containing 0.15 M FeCl3 (Sigma-Aldrich, ≥ 98%), 7.5 mM SnCl4 (Sigma-Aldrich, 98%) and 1 M 

NaNO3 (Sigma-Aldrich, ≥ 99%). The regrowth was carried out at 100 
o
C for 30 min and 1 h using oil

bath. After rinsing copiously with deionized water (18.2 MΩ cm
–1

), the films were calcined in air

atmosphere at 700
 o
C for 30 min to convert FeOOH into hematite. After regrowth for 1 h upon calcination,

fresh solution was used for regrowth for another 1 h, which is referred to as regrowth for 2 h. To confine 

the regrowth only on the original hematite films, Kapton tape was used to cover the other parts of the 

FTO substrate on both front and back side. The tape mask was removed before post-regrowth calcination. 



CoOx deposition. Photo-assisted electrodeposition of CoOx onto hematite was performed using an 

aqueous solution of 0.5 mM Co(NO3)2 (Alfa Aesar, ACS, 98.0-102.0%) in 0.1 M Na2SO4 (anhydrous 

granular, Ajax Finechem) at 0.5 V vs. Ag/AgCl for 6, 15, 30 and 60 s under 1 sun (AM 1.5G). 

2.3 Physical Characterisation 

X-ray diffraction (XRD) analysis was run using a D2 Phaser, Bruker, USA. The crystallite sizes were 

calculated by applying the Scherrer equation to the full width at half maxima of the X-ray diffraction 

peaks using MDI JADE software. The morphology of iron oxide films was analysed by scanning electron 

microscopy (Zeiss UltraPlus analytical scanning electron microscope). UV-Vis spectrophotometric 

analyses were carried out using a microplate reader (Tecan 200 PRO, Switzerland) from 350 to 800 nm 

with 10 scans per cycle. Bare FTO glass substrates were treated with pure toluene without iron precursor 

using same synthesis parameters as those for FeOx deposition, and then were calcined at 550 
o
C for 2 h 

and then 700
 o

C for 30 min before UV-Vis measurements. Their spectra were used for UV-Vis 

background correction for hematite photoanodes. 

2.4 Photoelectrochemical Experiments 

Photoelectrochemical performance of the electrodes was evaluated in a three-electrode configuration 

under AM 1.5G illumination using a potentiostat (660E, CH Instruments). Ag|AgCl in 3.0 M NaCl (ALS 

Co., Ltd, 0.209 V vs. normal hydrogen electrode, NHE) and a Pt wire were used as reference and counter 

electrodes in 1 M NaOH electrolyte (pH 13.6), respectively. The potentials were converted to the 

reversible hydrogen electrode (RHE) scale via the Nernst equation: E / V vs. RHE = E / V vs. Ag|AgCl|3 

M NaCl + 0.209 V + 0.059pH. The photoresponse was measured using a solar simulator (LCS-100, 

Newport) equipped with a 100 W Xe lamp and an AM 1.5G filter, calibrated with the calibrated reference 

cell and meter (Newport, model 91150V). The linear sweep voltammetry was scanned from -0.4 V to 0.6 

V vs. Ag/AgCl at 0.020 V s
–1

. Photocurrent stability tests were conducted by measuring the photocurrent 

under 1 sun illumination at an applied bias of 0.2 V versus Ag/AgCl for 5 h. Electrochemical impedance 

spectra were collected at 0.2 V versus Ag/AgCl over a frequency range of 1-10
5
 Hz with a 5 mV 

amplitude in the dark or under 1 sun illumination (AM 1.5G). The Mott-Schottky plots were derived from 

EIS measurements at the frequencies of 1.0 kHz and amplitude of 0.005 V in the dark at the potentials 
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progressively changed from -1.0 to 0.6 V vs. Ag/AgCl with 0.01 V increments. The IPCE measurements 

were carried out in three-electrode configuration using a 1000 W Xe lamp equipped with a 

monochromator. A standard silicon photodiode was used to calibrate the incident light intensity. Quartz 

glass cell with high optical transparency was used to carry out the measurements. As there is little 

contribution of the photons with λ < 350 nm to the AM1.5G spectrum and high IPCE within this 

wavelength region does not contribute to the photocurrent generation for photoelectrochemical water 

oxidation, IPCE measurements were presented in the wavelength range from 340 to 700 nm. 

2.5 Calculation of Donor Densities 

The donor densities were estimated with the following equation:  

 –     (1) 

Where  is the electron charge,   is the dielectric constant of hematite,  is the permittivity of vacuum, 

 is the donor density, and V is the potential applied to the electrode. 

3. Results and discussion

Iron oxide nanoparticle networks with maghemite phase (Figure S1) were self-assembled on fluorine 

doped tin oxide (FTO) glass by a scalable aerosol deposition method.[20] This poorly crystallized phase, 

with mean crystal size of ca 13 nm, was transformed to crystalline hematite (crystal size = ca 35 nm) via 

calcination at 550 
o
C (Figure S2a, black line). Sn-doping was investigated to improve the pure hematite

performance, resulting in an optimum Sn-content of 3% (Figure S2b). The charge carrier densities for 

pure and 3% Sn-modified hematite were determined from the slopes of the Mott-Schottky plots (Figure 

S2c) as 9.5 × 10
19

 and 6.7 × 10
19

 cm
–3

, respectively. This indicated that Sn does not act as an electronic

dopant. As shown in the Nyquist plots (Figure S2d and Table S1), Sn-modified hematite reduced the 

charge transfer resistance at the hematite|electrolyte interface, whereas it increased the resistance of bulk 

hematite. These findings are consistent with previous literature about Sn-modified hematite 

photoanodes.[21] However, these Sn-modified nanoparticle networks, produced here, had still low 

photocurrent densities up to only 0.032 mA cm
–2

 at 1.23 V vs. RHE. This could be attributed to their

unfavorable structure and morphology for efficient light absorption and charge transfer. The optimum 3% 



Sn-modified photoanodes were further investigated to draw correlations between performance and 

morphological/structural features. 

The basic concept of the discovered capillary force-induced self-assembly process is schematically 

illustrated in Figure 1a. The low surface tension of ethanol (~22 mN m
−1

) allows this solvent to spread 

over the whole as-prepared maghemite nanoparticle network, which has a relatively high surface energy 

(1.36 J m
−2

).[22, 23] In the subsequent drying process, capillary forces act between the nanoparticles at 

the liquid-air interface.[24, 25] When the capillary forces are larger than the inter-particle cohesion 

forces,[25, 26] it will result in restructuring of the nanoparticle network (Figure 1b) into a denser 

morphology (Figure 1c). The resulting hematite photoanode, which is formed after calcination (Figure 1e 

and Figure S3b) compared to that obtained without capillary-induced restructuring (Figure 1d and Figure 

S3a), reveals an increased density and grain-boundary necking. It is worth noting that, when the ethanol 

was directly dropped on top of the film (Figure S4a, b), the iron oxide nanoparticle film was damaged 

revealing the underlying FTO substrate. This is attributed to the fragile nature of the nanoparticle 

networks.[20] In that case, the poor coverage led to a relatively low photocurrent density of 0.32 mA cm
–2 

at 1.23 V vs. RHE (Figure S4c). Homogeneous self-restructuring of the nanoparticle network was 

achieved by introducing ethanol from the edge of the layer (12 μL of ethanol for 1 cm
2
 hematite 

photoanode). The ethanol wavefront would then spread homogenously over the whole film (vide supra), 

resulting in a three-dimensional re-structuring (Figure 1e and Figure S3b). The reproducibility of this 

approach was examined with three different batches, showcasing similar photoelectrochemical 

performance for water oxidation (Figure S5). 

Upon capillary force-induced restructuring and calcination, the resulting hematite photoanodes were 

further tuned chemically via dissolution and regrowth of the hematite using additional Fe source (Figure 

1f, g). Surface corrosion was first induced to the hematite photoanodes by immersion in an HCl aqueous 

solution (1 mol L
–1

). This 15 minute etching process removed the disordered iron oxide layers on the 

photoanode surface that could potentially affect the charge-transfer through the interface between the pre-

deposited and regrown hematite.[15] Upon surface corrosion, a solution-based regrowth technique was 
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subsequently employed to alter the hematite surface. FeOOH was formed on the pre-deposited hematite 

surface for 30 min - 2 hours. A post-growth annealing (30 min) at 700 °C converted FeOOH to hematite. 

The hematite morphology evolved gradually from initial elongated grains (Figure 1e) to predominantly 

straight nanorods with a diameter of ca. 30-40 nm (Figure 1g). 

The capillary force-induced nanocohesion and re-structuring of the hematite nanoparticles were further 

investigated by cross-sectional SEM analyses, showing a decrease in film thickness from the initial 2.5 

μm (Figure 2a) to ∼300 nm (Figure 2b). As mentioned above, charge transport in hematite photoanodes is 

typically inefficient. Hence, notable thinning of the hematite nanostructured layers provided by the 

capillary force-induced self-assembly could reduce recombination, facilitate photogenerated charge 

separation, and thereby enhance the photoelectrochemical performance for water oxidation. A 

qualitatively similar phenomenon was also observed for non-doped hematite photoanodes (Figure S7). 

The chemically-induced morphological and structural tuning process also increased the film thickness 

(Figure 2c). Hematite films demonstrated a less porous morphology after the capillary-induced re-

structuring and corrosion followed by regrowth (insets of Figure 2a, b and c). 

Notably, after the capillary force-induced self-assembly, the photoanode obtained upon calcination had an 

improved crystallinity with enriched (110) hematite facet (Figure 2d, green line and Figure S8, magenta 

line), whereas the untreated one exhibited (104) facet-dominant crystalline structure of hematite (Figure 

2d, red line and Figure S8, black line). Quantitatively, the (110)/(104) peak intensity ratio increased from 

0.5 for the untreated hematite photoanode to 2.1 for the ethanol-treated one. Up to four orders 

of magnitude higher conductivities have been measured in the (001) basal planes (in the [110] 

direction) than in the perpendicular direction.[27-29] The anisotropic conductivity of hematite has been 

theoretically investigated by Rosso et al.[30, 31] Their findings indicated that the most 

important quantity underlying mobility differences is the electronic coupling, which was found to 

depend on both the superexchange interaction through the bridging oxygen atoms and the d-shell 

electron spin coupling. Therefore, this capillary force-induced preferential orientation of the 

hematite nanostructure could improve the charge transfer capacity of the material. During the 

chemically-induced morphological and 
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structural tuning step, the surface of hematite was dissolved and the newly grown structures also favored 

the [110] directions with a (110)/(104) peak intensity ratio of 1.5 (Figure 2d, violet line and Figure 

S6e).[32] 

The UV-Vis spectra of these hematite photoanodes (Figure 2e) matched well with the previous reports, 

revealing an absorption band edge of around 600 nm that corresponds to a band gap of approximately 

~2 eV.[17, 33] The decaying absorption up to 700 nm could be attributed to an Urbach tail formed by 

defect states in hematite as well as diffuse reflection of incident light.[33] After capillary-induced re-

structuring of the hematite nanostructures, a decrease in absorption across the entire spectral range 

(Figure 2e, green line) was observed compared with the untreated one (Figure 2e, red line). However, 

during the chemically-induced morphological and structural tuning process, an increase in absorption of 

the hematite photoanodes, across the entire spectral range, was observed with increasing growth time 

(Figure 2e, violet line and Figure S6f). After 30 min regrowth, the hematite photoanode with surface 

corrosion pre-treatment by HCl (Figure S6f, cyan line) showed a slightly lower absorption than the one 

without (Figure S6f, wine line). This lower absorption could be attributed to the removal of the hematite 

surface layer by HCl. 

Figure 3 summarizes the major outcomes of the (photo)electrochemical characterization of the examined 

photoanodes under simulated 1 sun irradiation. The photoelectrochemical water oxidation activity of the 3% 

Sn-modified hematite in 1 M NaOH solutions was substantially improved after capillary force-induced re-

structuring (Figure 3a). In particular, the photocurrent density at 1.23 V vs. RHE demonstrates a 12-fold 

enhancement from 0.033 to 0.39 mA cm
–2

. Donor density changed from 6.7 × 10
19

 cm
–3

 for the 3% Sn 

modified hematite (Figure 3b, red line) to 3.6 × 10
19

 cm
–3

 for ethanol-treated one (Figure 3b, green line). 

This change after ethanol treatment might be attributed to the diffusion of tin from the FTO substrate into 

hematite during calcination at high temperature. It is highly probable, that the rate of this diffusion is 

different for hematite layers differing in morphology and structure. The shifting of flatband potential from 

0.4 to 1.1 V is tentatively ascribed to the difference in the detailed structures of hematite after various 

treatments (Figure 3b), as evidenced by the X-ray diffraction patterns (Figure 3d).[32] Figure 3c shows 
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Nyquist plots of the photoelectrodes with various morphologies obtained from potentiostatic 

electrochemical impedance spectroscopy (EIS) under illumination. The data were fitted with a 2-RC-

circuit model (inset of Figure 3c and Table S1). In this model, Rs is the series resistance of the electrolyte, 

FTO resistance and external contact. Two RC circuits can be assigned to bulk hematite and 

hematite|electrolyte interface. The water oxidation reaction occurring at the surface of the photoanode is 

the rate-limiting step and responsible for the largest charge transport resistance and corresponding 

capacitance element. Interestingly, ethanol treatment remarkably improved the charge transfer 

characteristics of the entire hematite photoanodes including hematite|electrolyte and bulk hematite, 

whereas regrowth process reduced only the charge transfer resistance at the hematite|electrolyte interface. 

Both ethanol treatment and regrowth process increased the capacitances by a factor of ∼2, indicative of an 

increase in charge density at the surface of the hematite, which promoted charge transfer for the water 

oxidation reaction.[34] The enhancement of water oxidation performance was also observed for the pure 

hematite photoanode after capillary force-induced re-structuring (Figure S9). 

Further enhancement of photoelectrochemical performance was achieved through the chemically-induced 

morphological and structural tuning, as shown in the voltammetric curves (Figure 3a, violet line and 

Figure S10a). The photocurrent density of hematite photoanode after 1 h regrowth increased by 2 times 

reaching 0.79 mA cm
–2

 at 1.23 V vs. RHE under simulated 1 sun in 1 M NaOH electrolyte (Figure 3a,

violet line). It is worth noting that the photoanode with HCl corrosion before regrowth (Figure S10a, cyan 

line) demonstrated a higher photocurrent density of 0.73 mA cm
–2

 at 1.23 V vs. RHE than the one without

(0.61 mA cm
–2

 at 1.23 V vs. RHE, Figure S10a, wine line). This is attributed to the removal of disordered

layers on the hematite surface before regrowth (vide supra). Increasing the regrowth time to 2 h did not 

further enhance the photoelectrochemical performance, achieving a photocurrent density of 0.79 mA cm
–2

at 1.23 V vs. RHE under simulated 1 sun, which compares well with the photocurrent density provided by 

a hematite film with 1 h regrowth. Interestingly, the morphology tuning regrowth process only increased 

the saturation photocurrent densities, while it did not affect the onset potential. This is indicative of no 

additional surface modification involved during this process.[3] To elucidate the correlation between the 

changes in morphology/structure and the enhanced photocurrents, electrochemical impedance 
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measurements of these hematite photoanodes were carried out. Mott-Schottky plots were generated based 

on the capacitances derived from the electrochemical impedance (Figure S10b), from which flatband 

potential and donor density can be calculated. The flatband potential of hematite after regrowth for 30 

min without surface corrosion, and 30 min, 1 h and 2 h with surface corrosion were determined to be 0.88, 

0.92, 1.0 and 0.70 V vs. RHE. Compared to 0.77 V vs. RHE for the hematite photoanode before regrowth, 

the flatband potential was first increased and then decreased during the regrowth process. This Fermi 

level shift is tentatively attributed to structural changes.[32] With an   value of 80 for hematite in 

Equation (1),[35] the electron densities were calculated to be 3.60 × 10
19

, 3.22 × 10
19

, 3.39 × 10
19

, 3.72 × 

10
19

, 2.85 × 10
20

 cm
–3

 for the initial hematite photoanode, hematite after regrowth for 30 min without 

surface corrosion, and 30 min, 1 h and 2 h with surface corrosion, respectively. It was noted that longer 

regrowth time corresponded to a higher electron density. Furthermore, the donor density is significantly 

increased after 2 h regrowth. This is tentatively attributed to the diffusion of Sn into hematite during the 

longer high-temperature calcination process for this sample. Compared with the Nyquist plots in the dark 

(Figure S10c), the diameter of arcs decreased significantly (Figure S10d), indicating that the water 

oxidation reaction was triggered by illumination. In addition, the Nyquist plots collected under irradiation 

(Figure S10d) were also indicative of a lower charge transfer resistance at the hematite|electrolyte 

interface after regrowth for a longer time (Table S1). This is tentatively attributed to the reduced electron-

hole recombination rates in the obtained nanorod morphology.[12, 36] Chopped-light 

chronoamperometry measurements (Figure 3d) matched well with the voltammetric data, indicative of 

reasonable photostability and fast photoresponse of the hematite photoanodes in 1 M NaOH aqueous 

solution. 

Another effective approach to improve the PEC performance of hematite is the integration of 

heterogeneous water oxidation catalysts into the photoanodes. The well-designed electrocatalysts will 

withdraw holes, thereby suppressing recombination and facilitate kinetics of the electrocatalytic 

process.[37-41] Herein, photo-assisted electrodeposition of CoOx on the hematite photoanodes was 

further investigated. As shown in Figure 4a, optimization of the CoOx deposition was performed in a 
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constant-potential mode under visible light irradiation (1 sun) and for various deposition times (6-60 s). A 

cathodic shift of onset potential by 150 mV, reaching 0.78 V vs. RHE, was observed for hematite after 

CoOx deposition. An optimal 15 s CoOx deposition increased the photocurrent density from 0.79 to 1.01 

mA cm
–2

 at 1.23 V vs. RHE under 1 sun (Figure 4a, dark yellow solid line). This is attributed to improved

oxygen evolution kinetics.[3, 42] The CoOx deposition on hematite photoanode also led to slightly higher 

light absorption (Figure 4b). 

The incident photon-to-current efficiency (IPCE) spectra collected for hematite photoanodes at 1.23 V vs 

RHE are plotted in Figure 4c. Both chemically-induced morphological tuning and CoOx deposition 

processes further improved IPCE at all wavelengths. Compared to the ethanol-treated hematite 

photoanode, after chemically-induced morphological and structural tuning, the IPCE at short wavelength 

was enhanced more than that at long wavelength. This enhancement could be attributed to the favourable 

structure and morphology after tuning processes, resulting in short distance for photogenerated holes to 

diffuse to the semiconductor-liquid junction and thus higher charge separation efficiency for 

photoelectrochemical water splitting. Optimum CoOx deposition (15 s) on the hematite photoanodes 

further increased the IPCE to 26% from 14% at 340 nm wavelength. Photocurrent spikes were observed 

during chronoamperometry measurements (Figure 4d) during the light on/off switching. These positive 

photocurrent spikes upon switching the light on indicate the accumulation of holes at the hematite–

electrolyte interface; whereas negative current spikes upon switching the light off represent the back 

reaction of electrons from the conduction band with the accumulated holes.[43] Figure S11a shows the 

chronoamperograms for CoOx-modified hematite photoanode. The photocurrent declined slightly in the 

first 30 minutes and then was stabilized during the next 2-3 hours. The reduced photocurrent after the 

stability test could be recovered to the initial value once the hematite photoanode was washed with 

deionized water and measured in fresh electrolyte (Figure S11b), which confirmed the good photostability 

of the hematite photoanodes.[44] Overall, the demonstrated restructuring of as-deposited nanoparticle 

networks to robust and highly performing morphologies provides a very scalable approach for the 

engineering and fabrication of efficient photoelectrodes for storage of solar energy as renewable fuels. 



Notably, although hematite is the most thermodynamically stable iron oxide, some recent observations by 

Rosso et al. have raised concern about its long-term stability as the aqueous solution will result in the 

transformation of hematite nanocrystals in a matter of weeks.[45, 46] More in details, hematite 

nanoparticles were discovered to isotopically equilibrate with surrounding solution, which indicated that 

the dopant concentration and crystallinity of hematite might be affected during long-term 

photoelectrochemical measurement in aqueous solution. However, Dias et al. have recently reported a 

highly stable hematite photoanode for water oxidation, which demonstrated a thickness of ca. 19 nm 

without dopants and co-catalysts. This photoanodes maintained a constant photocurrent density over 1000 

h of sunlight exposure in 1 M NaOH electrolyte solution, suggesting that the stability of hematite may be 

further enhanced in the future.[47] 

4. Conclusions

In summary, here, disordered hematite nanostructured films were fabricated by flame spray pyrolysis, 

which is a very fast, scalable and low-cost synthesis method with a production rate of a few kilograms per 

hour.[48, 49] However, their initial photoelectrochemical performance for water oxidation was very poor 

reaching barely 0.032 mA cm
–2

 at 1.23 V vs. RHE. We developed a range of effective and scalable 

methods to improve the performance of such disordered nanostructured hematite photoanodes. A very 

fast physically-induced tuning processes was developed at room temperature with no energy input 

required. Subsequent application of a similarly scalable chemical restructuring procedure provides further 

improvements of the morphology and structure for enhancement of the photoelectrochemical water 

oxidation. These two processes, namely capillary force-induced re-structuring and chemically-induced 

regrowth, drastically increased the photocurrent by 24 times from 0.032 mA cm
–2

 of the initial disordered 

hematite photoanodes to 0.79 mA cm
–2

 at 1.23 V vs. RHE under simulated 1 sun irradiation. Notably, the 

capillary-induced restructuring led to higher crystallinity and preferential orientation in the [110] 

direction. The enhancement of the PEC performance is ascribed to the better conductivities in the (001) 

basal planes. Subsequent surface corrosion and regrowth of the hematite nanostructures further enhanced 

the photoelectrochemical performance via improved light absorption, more efficient charge separation 

and surface charge transfer processes. Optimum photo-assisted electrodeposition of CoOx further 

14 
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increased the photocurrent to 1.01 mA cm
–2

 at 1.23 V vs. RHE under simulated 1 sun, with an IPCE of 26%

at 340 nm wavelength. Our results and analysis of these novel tuning processes provide general valuable 

insights for the design of high performance photoelectrodes for direct conversion and storage of solar 

energy.  Disordered structures can be synthesized at low cost and large scale, however, they typically 

suffer from charge recombination and therefore poor performance as photoelectrodes. As a result, these 

facile and scalable tuning methods for optimization of disordered structures can be applied to a large 

family of low-cost nanomaterials, providing a robust set of guidelines and a novel tool for the engineering 

of efficient photoelectrochemical cells. 
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Figure 1. (a) Schematic diagram of the capillary force-induced re-structuring and chemically-induced 

morphological and structural tuning, and (b-g) SEM images showing corresponding changes in the Fe2O3 

photoanodes (in panels d and e, preferential orientation of α-Fe2O3 was derived from XRD data shown in 

Figure 2d).  
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Figure 2. Physical characterisation of the 3% Sn-modified hematite photoanodes: cross-sectional SEM 

images of (a) untreated, (b) ethanol-treated and (c) ethanol-treated and then upon HCl treatment and 1 h 

regrowth; (d) XRD patterns; (e) UV−visible absorption spectra. 
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Figure 3. Physically- and chemically-induced morphological and structural tuning of 3% Sn-modified 

hematite photoanodes. (a) Voltammetric (scan rate = 20 mV s
–1

) water oxidation in the dark (dashed

curves) and under 1 sun (100 mW cm
–2

) AM 1.5G irradiation (solid curves) condition. (b) Mott–Schottky

plots measured at 1 kHz in the dark. (c) Nyquist plots collected at 1.2 V vs. RHE under illumination; 

symbols show experimental data, while the solid lines are simulated curves based on the equivalent 

circuit shown as an inset. (d) Chronoamperometry at an applied potential of 1.2 V vs. RHE under light-

chopping conditions (1 sun, AM 1.5G). Electrochemical experiments were undertaken in quiescent air-

saturated aqueous 1 M NaOH. 
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Figure 4. (a) Photocurrent density-potential curves of hematite photoanodes with and without CoOx 

modification. (b) UV−visible light absorption curves of hematite photoanodes before and after 

modification with CoOx. (c) IPCE spectra measured at 1.23 V vs. RHE. (d) Chronoamperometry at an 

applied potential of +1.2 V versus RHE under chopped irradiation conditions. All the measurements were 

performed in 1 M NaOH solution under 1 sun light intensity at AM 1.5G condition. 



We developed physical/chemical morphological/structural tuning methods, viz. capillary 

force-induced re-structuring and corrosion followed by regrowth, drastically enhancing the 

water-oxidation performance. 
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