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Figure S1 (a) shows a top-v iew SEM image of an uncoated FTO substrate. It has a rough 

morphology with large grain size distribution (40-300 nm). Figures S1 (b) and (c) show an RF 

50 nm thick film on FTO glass before and after annealing, respectively. Before annealing the 

grain sizes are 40-200 nm and each grain consists of 5-10 nm sized ‘nucleates’. These nucleates 

grow and merge together during annealing and are not observed in the SEM image after 

annealing. The grains also appear to coarsen during annealing along with the disappearance of 

smaller grains. Figures S1 (d) and (e) show the low magnification, cross-sectional HAADF-

TEM images of the DC and RF thin films after annealing, respectively. 
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100 nm 100 nm 

Figure S1. Top-view SEM images of (a) bare FTO substrate and of an RF 50 nm 

film on FTO glass (b) before annealing and (c) after annealing at 645°C for 10 min 

in air. Low-magnification cross-sectional TEM image of (d) DC film and (e) RF 

film after annealing. 
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Figure S2 shows the GI-XRD spectra of RF sputtered hematite before and after annealing in 

the 2θ range of 32°-37° in order to display the changes in the peaks corresponding to the (104) 

and (111) crystal orientation. The peaks shift and increase in intensity during annealing while 

the peak for the FTO substrate remains unchanged. The peak shift occurs as result of a change 

in the lattice constants of the hexagonal unit cell of hematite1. From the fitting of the hematite 

peaks, the variation in lattice constants were calculated. The lattice constant ‘a’ changes from 

5.038 Å to 5.025 Å, while the lattice constant ‘c’ changes from 13.772 Å to 13.716 Å. 

 

 

 

 After Anneal 

 104       FTO                          110 

 Before Anneal 

Figure S2. GI-XRD spectra of RF 50 nm film on FTO glass before and after annealing. 

The shift in peak positions of the (104) peak (blue dotted line) and the (110) peak (green 

dotted line) are shown by the blue and green arrows, respectively. The FTO substrate peak 

(purple dotted line) does not shift. 

RF 50 nm  



S5 
 

Figure S3 shows the Fe 2p3/2 spectra for the DC and RF thin films after annealing. The Fe 2p3/2 

peaks are fitted using the XPS spectral parameters for α-Fe2O3 as proposed by Biesinger et al.2 

including binding energy position, percentage of total area, full width at half maximum 

(FWHM) value and spectral component separation. The fit closely represents the Fe 2p3/2 

spectra for both DC and RF films, suggesting that α-Fe2O3 is found at the surface of both. 

However, the fit obtained for the DC film is better than for the RF film, since it has a lower 

residual value (DC: 1.48 vs. RF: 1.52). The fits for both DC and RF films deviate from the 

spectra at lower binding energies in the range of 709 eV - 710 eV. This deviation is more  

pronounced for the RF than for the DC film and is related to the possible presence of other 

species of iron oxide, such as a hydroxide/oxyhydroxide or a defective oxide at the surface of 

the film. A fit with multiple iron species is beyond the scope of this article.  

 

 

 

 

Figure S3. XPS data of the Fe 2p3/2 peak including background and fitting data for (a) 

DC and (b) RF films. 
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Figure S4 (a) and (b) show the optical absorption coefficient and Tauc plots of the DC and RF 

thin films, respectively. The absorption data is corrected for the actual film thickness. A slightly 

higher absorption coefficient is observed for the DC film in the measured wavelength region 

compared to the RF film (see main manuscript). The indirect optical bandgap obtained from 

the Tauc plot is 2.1 eV ± 0.1 eV for both DC and RF films. 

 

 

 

 

 

Figure S4. (a) Optical absorption coefficient for DC and RF sputtered thin films 

annealed at 645°C. The spectra are corrected for the substrate and are obtained by 

normalising the absorbance with the thickness of the thin films obtained from cross-

section TEM images. (b) Tauc plot for the indirect optical bandgap calculation of the 

DC and the RF thin films. 
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Figure S5 shows the average values of the onset potentials (Vonset) and photocurrent (I) at 1.23 

V and 1.5 V versus RHE for all DC and RF films annealed at 645°C and 800°C.  

It can be seen that annealing at higher temperatures leads to a decrease in Vonset for both DC 

and RF films which can be attributed to Sn diffusion into the hematite lattice3. This shift also 

leads to higher photocurrent at 1.23 V versus RHE for both DC and RF films. However, the 

photocurrent at 1.5 V versus RHE is lower for both DC and RF films. This is explained by the 

ohmic loss due to the increase in FTO resistivity on annealing at 800°C.3  

Vonse

t 
I @ 1.23 V 

Figure S5. The average values for onset potential (Vonset) and photocurrent at 1.23 VRHE 

(I@1.23 V) and at 1.5 VRHE (I@1.5 V) for the DC 40 nm and RF 50 nm films. Number of 

samples measured:  DC 40 nm 645°C: 15; DC 40 nm 800°C: 5; RF 50 nm 645°C: 2; RF 50 

nm 800°C. All measurements were done in 1M NaOH and under 100 mW cm-2 illumination. 

Photocurrent values were corrected for dark current at the corresponding potentials (1.23 V 

and 1.5 V versus RHE). 

650 700 750 800

0.8

0.9

1.0

1.1

1.2

1.3

650 700 750 800
0.05

0.10

0.15

0.20

0.25

0.30

650 700 750 800
0.20

0.25

0.30

0.35

0.40

0.45

1.02

0.92 0.137

0.164 0.318
0.301

V
o

n
s
e

t 
(E

 v
s
 R

H
E

)

Temperature (°C)

I@
1
.2

3
V

 (
m

A
 c

m
-2
)

Temperature (°C)
I@

1
.5

V
 (

m
A

 c
m

-2
)

Temperature (°C)

650 700 750 800
1.1

1.2

1.3

1.4

650 700 750 800
0.000

0.004

0.008

0.012

650 700 750 800

0.02

0.04

0.06

0.08

1.310

1.160 0.002

0.007
0.048

0.038

V
o
n
s
e
t 
 (

E
 v

s
 R

H
E

)

Temperature (°C)

I@
1
.2

3
V

 (
m

A
 c

m
-2
)

Temperature (°C)

I@
1
.5

V
 (

m
A

 c
m

-2
)

Temperature (°C)

D
C

 4
0
 n

m
 

R
F

 5
0

 n
m

 

I @ 1.5 V 

-100 mV 

-150 mV 

+27 μA cm-2 

+5 μA cm-2 

-17 μA cm-2 

-10 μA cm-2 



S8 
 

Figure S6 shows the Nyquist plot of a typical IMPS response for a hematite thin film annealed 

at 645°C. The low frequency intercept (LFI) representing the steady state photocurrent is 

represented by a green square. The high frequency intercept (HFI) representing the hole flux is 

shown by a blue square. The maximum of the semicircle in the upper quadrant of the spectrum 

gives the ωmax value represented as a red square. The larger semicircle in the lower quadrant 

part of the spectrum represents the RC attenuation circle and the radial frequency at the 

minimum of this semicircle is given by4,𝜔𝑚𝑖𝑛 =  
𝐶𝑆𝐶 + 𝐶𝐻

𝑅∙𝐶𝑆𝐶∙𝐶𝐻
 ,where CSC and CH are the space 

charge layer capacitance and Helmholtz layer capacitance, respectively, associated with the 

hematite-electrolyte interface. R is the contact resistance. Provided that the two time constants, 

ωmax and ωmin, are separated by at least one order of magnitude, then the upper semicircle can 

be used to determine values of kt and kr.
4 This is the case for the DC and RF films studied in 

this work. 

 

 

Figure S6. Nyquist plot of the IMPS response for a hematite thin film annealed at 

645°C for 10 min. The measurement was done in 1 M NaOH electrolyte under 

illumination intensity of 22 mW cm-2 at an applied potential of 1 V versus RHE. Low 

frequency intercept (LFI) and high frequency intercept (HFI) are labelled, respectively. 
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Table S1 contains the ECM fitting data of the EIS data shown in Fig. 6 in the main manuscript. 

The ECM was adopted from Klahr et al.5 and is shown in Figure 6(b) of the main manuscript. 

 

Table S1. ECM fitting data obtained by fitting of the impedance spectra obtained for both the 

DC and RF films between 0.6 V and 1.6 V versus RHE. Measurements were performed in 1 M 

NaOH electrolyte under an illumination intensity of 100 mW cm-2.  

RF Film        

Potential Chi-Sqr 

(χ2) 

Rs CPE_bulk-

T 

CPE_bulk-

P 

R_trap R_ss CPE_ss-

T 

CPE_ss-

P 

0.6 8.39E-04 15.896 1.34E-05 0.825 1303.1 7197.665 3.80E-05 0.754 

0.7 6.69E-04 15.786 1.12E-05 0.836 1496.21 11271.81 4.29E-05 0.718 

0.8 2.75E-04 16.398 6.75E-06 0.884 783.273 35450.6 5.45E-05 0.552 

0.9 2.18E-04 16.563 5.36E-06 0.903 715.92 26774.78 4.47E-05 0.578 

1 3.20E-04 16.532 4.86E-06 0.909 828.96 17890.93 3.20E-05 0.644 

1.1 6.25E-04 16.634 4.20E-06 0.920 855.65 18807.81 3.03E-05 0.66 

1.2 2.65E-04 16.430 4.00E-06 0.920 958.485 25298.19 3.67E-05 0.673 

1.3 2.74E-04 16.304 3.92E-06 0.919 1029.92 84261.9 6.11E-05 0.696 

1.4 5.37E-04 16.163 3.86E-06 0.918 978.11 38292.3 9.23E-05 0.792 

1.5 6.04E-04 16.0768 3.86E-06 0.916 894.115 5083.66 1.24E-04 0.836 

1.6 7.78E-04 15.841 4.46E-06 0.902 753.835 1617.1 1.76E-04 0.731 

0.6 7.74E-04 16.0376 5.37E-06 0.887 218.779 688.8375 2.57E-04 0.512 

         

DC Film        

Potential Chi-Sqr 

(χ2) 

Rs CPE_bulk-

T 

CPE_bulk-

P 

R_trap R_ss CPE_ss-

T 

CPE_ss-

P 

0.6 0.00159 7.781 3.92E-05 0.716 262.033 13345 1.14E-05 0.92755 

0.7 5.90E-04 7.459 3.45E-05 0.715 225.609 29906.93 1.44E-05 0.85718 

0.8 6.69E-04 7.262 2.92E-05 0.720 210.772 43297.46 1.94E-05 0.85838 

0.9 0.0023 6.79 3.60E-05 0.69 263.446 49491.89 5.91E-05 0.83664 

1 0.00378 6.215 4.72E-05 0.661 329.778 1033.84 2.15E-04 0.84395 

1.1 1.44E-04 7.41 7.70E-06 0.822 102.756 789.71 9.46E-05 0.59705 

1.2 2.40E-04 7.341 7.59E-06 0.821 134.470 1485.22 4.44E-05 0.6799 

1.3 4.60E-04 7.272 7.80E-06 0.817 167.126 2578.72 2.68E-05 0.7384 

1.4 4.44E-04 7.302 6.93E-06 0.827 164.300 3866.91 2.71E-05 0.7269 

1.5 0.00118 7.219 7.81E-06 0.815 173.328 5112.71 4.50E-05 0.67399 

1.6 0.00246 6.716 1.67E-05 0.747 172.543 2004.11 1.33E-04 0.78467 
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Figure S7 shows the Mott-Schottky  analysis for both DC and RF films in order to estimate the 

flatband potential (VFB) and donor density (ND). The analysis was done both in presence and 

absence of a hole scavenger (Figure S7 (a) and (b), respectively). In both cases, it is observed 

that there is a difference in the slopes for applied potentials below 1.1 V (low V regime) and 

above 1.1 V (high V regime). Thus, linear fitting is performed separately for the 2 regimes. 

In the high V regime, the curves flatten (pronounced for DC films) leading to unrealistically 

negative VFB values for both DC and RF films. Thus, for estimating the VFB and ND values, we 

consider the low V regime. The estimated flatband potential is 0.3±0.03 V for the DC film; this 

is comparable to the literature6. It also relates well to the onset potential for the PEC 

measurement with hole scavenger (Figure 8), with photocurrent observed for the entire 

potential window.  

For the RF film, a flatband potential of -0.34V is obtained; this seems unrealistic since it would 

lie more negative than the conduction band of hematite7. Furthermore, from the hole scavenger 

PEC measurements as shown in Figure 8, we see that the photocurrent drops almost to zero at 

a potential of 0.65 V. Since the use of a hole scavenger suggests that the overpotential for water 

oxidation should be negligible, the onset potential should approximately correspond to the 

flatband potential. This would suggest that the actual flatband potential for the RF film lies in 

the range of 0.65 V and thus, the value obtained from the Mott-Schottky analysis is 

underestimated. The unrealistic low flatband potential might be related to various possible 

reasons, such as fermi level pinning by surface states, difference in relative adsorption of 

charge species on surfaces with difference in crystalline orientation and chemical composition, 

or non-planar electrode surface.7   
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Low V Regime High V Regime Low V Regime High V Regime 

(a) Without hole scavenger (b) With hole scavenger 

Figure S7 Mott-Schottky plots for DC and RF films measured in (a) 1M NaOH (without 

hole scavenger) and (b) 1M NaOH + 0.1 M H2O2 (with hole scavenger) in the potential range 

of 0.6 V to 1.6 V versus RHE. Applied potential less than 1.1 V is referred to as the ‘Low V 

regime’ while potentials above 1.1 V are referred to as ‘High V regime’. The blue dotted 

lines are the linear fits performed for the M-S curves for both DC and RF films. A change 

in slope is observed on going from the ‘low V regime’ to the ‘High V regime’ which is the 

reason for separate linear fits performed for the 2 regions. ND denotes the donor density and 

VFB denotes the flatband potential.  
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Figure S8 shows the hole scavenger measurements for the DC and RF films annealed at 800°C. 

The photocurrent for the DC films is higher than that of the RF film in the entire potential 

window; this finding is similar to the 645°C annealed samples (Figure 8). 
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