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A simple and inexpensive method to form a hematite photoanode for

efficient water oxidation is reported. A very thin ZnO overlayer was

deposited on top of a thin film of hematite and found, compared with

non-treated hematite, to increase the photocurrent and reduce the

onset potential for generating oxygen from water. After 3 cycles of

ZnAc treatment, the photocurrent increased more than 40% to

1.08 mA cm�2 at 0.23 V vs. Ag/AgCl and onset potential for water

oxidation shifted by �170 mV. It is proposed that the ZnO over-

layer changes the flat band potential of hematite and reduces the

surface defects.
In recent years, a-Fe2O3 (hematite) has received considerable atten-

tion as a photoanode capable of oxidizing water due to its favourable

optical bandgap for visible light absorption (Eg ¼ 2.2 eV), appro-

priate redox potential of its valency band, excellent chemical stability,

high abundance, and low cost.1 It has been theoretically predicted

that a semiconductor with this bandgap could achieve a water split-

ting efficiency of 16.8%.2 However, the reported efficiencies of

a-Fe2O3 are notoriously lower than this predicted value, mainly due

to the short photo-generated charge carriers lifetime (<10 ps) and

short hole diffusion length (2–4 nm).3 Another fundamental limita-

tion of the pure Fe2O3 system is the need for externally applied bias

because the conduction band of Fe2O3 is lower than the potential

required to reduce protons to hydrogen (in the vacuum scale).

Currently, a few strategies can be used to address these issues by
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controlling dimensions and morphology of hematite at the nano-

meter scale. These strategies include making porous thin films using

solution-based colloidal methods,4,5 nanowire arrays on substrates

using template or hydrothermal methods,6 electrodeposition,7 spray

pyrolysis,8 atomic layer deposition (ALD)9 and atmospheric pressure

chemical vapor deposition (APCVD).10 However, even with these

improvements, water oxidation efficiencies of the various hematite

systems are still far below expectation, partly because of recombi-

nation events due to the presence of nanograins. Surface treatment

was previously found to be an effective way to improve performance.

The reported materials include CoF3,
11 Ga2O3,

12 Al2O3,
13 and Al3+

and Sn4+ ions.14 Hu et al. found that the onset potential shift is close

to 200 mV for Ti-doped hematite modified with CoF3.
11 However,

HF, one of the side products of the surface treatment, is highly

corrosive and toxic. Le Formal et al.13 found a 100 mV shift of the

onset potential when hematite was covered with Al2O3 deposited by

atomic layer deposition (ALD). These studies have shown that

surface treatment of hematite photoanodes not only reduces the

overpotential but also facilitates interfacial electron transfer, thus

increasing the photocurrent for photoelectrochemical (PEC) cells.

Clearly, surface treatment of photoanodes using safe, inexpensive

materials and simple processing techniques to develop high perfor-

mance devices is of considerable interest.

This study reports for the first time an inexpensive spin coating

method for the deposition of ZnO onto a thin film of hematite from

a solution of ZnAc. As compared to ALD, that is expensive and

requires high vacuum, the spin coating method employed here is

simpler, cheaper and can be used to deposit a wider selection of

materials. ZnO is a wide bandgap semiconductor of the II–VI group

that has several favourable properties: low cost, good transparency,

high electron mobility with reduced recombination loss and envi-

ronmental compatibility.15,16 Its bandgap is 3.3 eV at room temper-

ature and is already being explored for use in transparent electrodes

in liquid crystal displays, electronics applications for thin film tran-

sistors, light-emitting diodes and solar cells.17 It is selected as the

passivation layer because of good transparency, good transport

properties, easy processing and high electrochemical stability.16 On

top of that, Fan et al. found that at low temperature (350 �C), Zn
introduced onto the surface of the Fe2O3 nanobelts serves as an

electron donor thus contributing to enhanced n-type conductivity

(almost four orders of magnitude higher).18 This is because Zn

has a smaller atomic radius (Rzn ¼ 0.142 nm) than that of Fe
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 SEM images of hematite films: (a) before, (b) after ZnAc treat-

ment and (c) after 3 h of PEC test. (d) XRD pattern of hematite film

before and after ZnAc treatment. The * denotes Fe2O3 (JCPDS 33-0664)

and # denotes SnO2 (JCPDS 46-1088), respectively.

Fig. 2 (a) XPS spectra of hematite films after ZnAc treatment (Zn 2p

scan). (b) Photocurrent–potential curves before and after different cycles

of ZnAc treatment. (c) Mott–Schottky plots of hematite films in a 1 M

NaOH electrolyte in the dark. (d) Local ideality factor extracted from the

dark I–V curves (inset) before and after surface treatment.
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(RFe ¼ 0.156 nm). They also found that Zn doping can modify the

band edge of Fe2O3 nanobelts. These properties and phenomena

motivated us to modify Fe2O3 film with ZnAc and this study is of

particular importance for surface modification of Fe2O3 when

pursuing a good balance between stability, performance, safety and

ease of production.

In this study, we show that the onset potential for hematite driven

water oxidation improved by 170 mV after ZnAc treatment. We also

show that three cycles of ZnAc treatment can enhance the photo-

current from 0.75 to 1.08 mA cm�2 at 0.23 V vs. Ag/AgCl under

standard AM1.5 sunlight conditions, representing a maximum

improvement of 40% compared with untreated a-Fe2O3. This

improvement in the photocurrent is much higher than that reported

by Hisatomi et al.12 In that study, the photocurrent at 0.23 V vs.Ag/

AgCl was only increased from 0.37 to 0.42 mA cm�2 (ca. 14%) after

being treated with Ga2O3. The pronounced effect of surface treat-

ment with ZnAc is reproducible; in more than 10 photoanodes tested

(with initial photocurrents of 0.5–0.8 mA cm�2), the photocurrents

have been enhanced to 20–40% after surface treatment. Although our

maximum photocurrent is lower than that of doped hematite pho-

toanodes prepared by APCVD,10 it is still much higher than that of

many reported un-doped hematite photoanodes prepared by spray

pyrolysis methods.19–22 For example, Le Formal et al. only obtained

a maximum photocurrent of 0.42 mA cm�2 at 0.23 V vs. Ag/AgCl.19

Zhang et al. obtained 0.93 mA cm�2 at 0.23 V vs. Ag/AgCl.21 It was

proposed that the very thin layer of ZnO modifies the flat band

potential as well as reduces surface defects.

The hematite photoanodes used in this work were fabricated by

spray pyrolysis (ESI†). Surface treatments of photoanodes were done

by spin-coating 25 mM zinc acetate (ZnAc, 99%, Sigma) solution in

ethanol. After that, the photoanodes were annealed at 400 �C for

20 min. A diagrammatic representation of the photoanode structure

and SEM image of SnO2 are shown in Fig. S1a and b (ESI†). It can

be seen that a uniform compact layer is formed on top of FTO. It was

found that the presence of this thin SnO2 blocking layer can direct the

growth of a-Fe2O3 in the [110] direction.23 Liang et al. proposed that

such unidirectional growth can improve band alignment between the

Fe2O3 and the underlying FTO.24 We propose that this thin layer of

SnO2 can also prevent charge recombination at the interface of FTO.

In addition, Sn doping from this thin layer of SnO2may occur during

annealing at 550 �C for 2 h. The SEM top view image of the sample

before treatment with ZnAc revealed a mesoporous structure

(Fig. 1a). It can be seen that there is a mixture of nanoplates and

nanoneedles on the surface of hematite film. The size ranges from few

tens to hundreds of nanometers. A mesoporous film is preferred

because it increases the surface area, thus increasing the charge

transportation to the semiconductor–electrolyte interface.1 The SEM

image after ZnAc treatment reveals a similar morphology (Fig. 1b).

However, after 3 h of PEC measurement under AM1.5 conditions,

the morphology changed dramatically (Fig. 1c). The nanoneedles

partially disappeared, while nanoplates became more dominating.

This may be an indication that a slow corrosion of hematite occurs

during PEC experiments under strong base conditions.

A thickness of 90 nm was reached after 70 ml of solution was

sprayed (Fig. S1c, ESI†). Further increase in the hematite thickness

decreases device performance, which is a consequence of the short

hole diffusion length of hematite, leading to recombination of

photoexcited holes and electrons.25 XRD patterns of the films before

and after ZnAc treatment (Fig. 1d) exhibit the formation of the
This journal is ª The Royal Society of Chemistry 2012
hematite phase with preferred orientation in the [110] axis vertical to

the substrate. This result indicates that the (001) plane is oriented

vertically to the substrate.3 Such an organisation is beneficial for

photoanode activity because the conductivity in the basal plane (001)

is up to 4 orders of magnitude higher than the orthogonal planes and

this preferred orientation should facilitate charge transport and

collection during the photo-oxidation process. The absence of addi-

tional peaks after 3 cycles of ZnAc treatment in the XRD pattern

indicates that the Zn-based overlayer is very thin. XPS spectra of

hematite after surface treatment confirmed the presence of Zn and

corresponded to oxidized Zn and not its metallic form, as plasmon

peaks of metallic Zn were not observed in the spectra (Fig. 2a and S2,

ESI†). The Zn signal at the surface is substantial and the thickness is

estimated to be a few nanometers.
Nanoscale, 2012, 4, 4430–4433 | 4431
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Fig. 3 (a) Photocurrent profile before and after 3 cycles of ZnAc

treatment. (b) Time course of oxygen evolution of hematite films at an

applied potential of 0.2 V vs. Ag/AgCl in a 1 M NaOH electrolyte.
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Photocurrent–potential curves of hematite films before and after

different cycles of ZnAc treatment are shown in Fig. 2b and S3

(ESI†). It was found that the ZnAc treatment gave rise to a strong

effect on the photocurrent–potential characteristics of the hematite

photoanodes. The photocurrent density increases from 0.75 before

treatment to 0.80, 0.92 and 1.08 mA cm�2 after 1, 2 and 3 cycles of

ZnAc treatment, respectively. It is worth noting that the efficiency of

solar water splitting in this study is equal to 0.11% (h ¼ J (mA

cm�2)� (1.23� Eappl) (V vs.RHE)/100 (mW cm�2)� 100%,26 where

J is the current density and Eappl is the applied bias; 1.00 V is used in

this calculation) which is still far below that of ideal semiconductor

materials.2 Further increasing ZnAc treatment to 5 cycles resulted in

a decrease of photocurrent which is probably due to the formation of

a thicker ZnO overlayer on top of hematite whichmay block the hole

transport to the interface. The most likely reason for the increase in

photocurrent after surface treatment with ZnAc is a decrease in the

recombination reactions at the hematite–electrolyte interface.

Recombination of photoexcited holes with electrons at the surface

would be expected to be suppressed by the ZnO overlayer and thus

facilitate the transport of photoexcited holes to the electrode–elec-

trolyte interface.12 Furthermore, this thin layer of ZnO may also act

as an electron blocking layer to prevent electrons leaking from

hematite into the electrolyte. The photocurrent onset potential for the

control sample is approximately �0.07 V vs. Ag/AgCl whereas the

values are about �0.14, �0.17 and �0.24 V vs. Ag/AgCl after 1, 2

and 3 cycles of ZnAc treatment. The highest onset potential shift

obtained after 3 cycles of surface treatment was around 170 mV.

Increasing the surface treatment cycles to 5 resulted in the onset

potential of around �0.1 V whereas the photocurrent decreased

significantly.

In order to study the reason for the onset potential shift, electro-

chemical impedance spectroscopy (EIS) measurements were carried

out (Fig. 2c). Mott–Schottky analysis at a frequency of 10 kHz

showed that the flat band potential of our untreated Fe2O3 photo-

anodes was around 0.578 V which is in line with previous reported

values for Fe2O3 nanowires.3 After ZnAc treatment there was an

increase of approximately 39mV in themagnitude of the negative flat

band potential (Vfb). A 150 mV shift has been recorded previously

with CoF3-treated hematite.11 In our case, the negative Vfb shift after

surface treatment is likely to be the result of electron donation from

ZnO to the Fe2O3 interface whichwould be expected to shift the band

edge to a more negative value (Fig. S4, ESI†). This conclusion is

consistent with that of Fan et al.18They proposed that Zn doping can

modify the band edge of Fe2O3 nanobelts. Since the Vfb shift of

��39mVonly partially contributes to the total onset potential shift,

the ZnO overlayer may also neutralize surface defects and therefore

reduce recombination of charges.12,13 To confirm that the ZnO

overlayer affects the recombination events, the ideality factor before

and after surface treatment was extracted from dark I–V curves

under forward bias (Fig. 2d and S5, ESI†).27,28 The ideality factor is

calculated from the slope of the forward bias region of a ln(I) vs. V

plot. Since hematite is an n-type semiconductor, the forward bias

region of the I–V curve is at negative potential.27 In this region, the

recombination of charge carriers at the interface can be studied. The

decrease of the ideality factor after surface treatment is consistent

with changes in recombination mechanisms. Therefore it seems that

after surface treatment, the defects at the semiconductor surface were

passivated, thus the chance of recombination at the interface of

semiconductor–electrolyte was lowered.
4432 | Nanoscale, 2012, 4, 4430–4433
In order to check whether the improvement of photocurrent could

in part also be due to any change in optical absorption properties of

the ZnAc treated samples, visible absorption spectra for treated and

untreated samples were recorded (Fig. S6, ESI†). It can be seen that

the shape of the absorption curves and the Tauc-plot fitted bandgaps

were nearly the same for both. Furthermore, the large bandgap of

ZnO is not likely to be involved since a solar filter for blocking most

UV light was employed when all PEC measurements were carried

out. Fig. 3a shows the photocurrent stability profile, which demon-

strates that the ZnAc treated system is as stable as the non-treated

Fe2O3 photoanode under identical conditions (also refer to Fig. S7,

ESI†). This was further confirmed by recording oxygen generation by

gas chromatography. As shown in Fig. 3b, the amount of oxygen

generated after surface modification is stable and larger than that

without treatment. Indeed, the stability of our modified photoanode

is better than that of hematite modified with Al2O3 or CoF3

(Fig. 3b).11,13Hematite thin films covered with Al2O3 are stable for 30

min13 while the stability of CoF3 modified hematite is up to 50 min.11

In summary, we have demonstrated a safe, simple and inexpensive

surface treatment of hematite that can increase the photocurrent and

shift the onset potential to a more negative value for light-induced

water oxidation. The onset potential of photoanodes was improved

by 170 mV after 3 cycles of ZnAc treatment, while the photocurrent

was increased from 0.75 to 1.08 mA cm�2 at 0.23 V vs.Ag/AgCl. The

surface treatment of photoanodes resulted in the formation of an

ultrathin layer of ZnO. It is proposed that the ZnO film acts as an

electron blocking layer and reduces recombination of photoexcited

holes and electrons at the surface, which together lead to an increase

in the performance of the system.
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