
Supplementary information

Elucidating Ti Dopant Effects in Hematite Photoanodes via High-Throughput 
Combinatorial Screening

 

M. Salvia, A. Piccionia,b,  Nicola Gillib, Alessandro Puria, c, Federico Boscherinia,d, R. 
Mazzaroa,b*, L. Pasquinia,b.

a.Department of Physics and Astronomy, Alma Mater Studiorum – Università di Bologna, 
Viale Berti Pichat 6/2, 40127, Bologna, Italy

b.CNR - Istituto per la Microelettronica e Microsistemi (IMM), Via P. Gobetti 101, Bologna 
40129, Italy

c.CNR - Istituto Officina dei Materiali (IOM), Grenoble c/o ESRF, The European 
Synchrotron, 71 Avenue des Martyrs, CS40220, 38043 Grenoble Cedex 9, France

d.CNR - Istituto Officina dei Materiali (IOM), c/o AREA Science Park Basovizza, SS 14, Km 
163.5 – 34149 Trieste – Italy.

 

*Corresponding author: | e-mail:raffaello.mazzaro@unibo.it

Samples fabrication

The following is a more detailed description of the three types of samples that have been fabricated in 
this study.

1) For the fabrication of Ti:Fe2O3|ΔTi, first a homogeneous film of hematite has been sputtered for 2h 
at 40W. The resulting film has a thickness of ~100 nm, which has been calibrated by putting a Si 
superpolished wafer in the chamber together with the substrate, breaking it and looking at its cross 
section with a SEM (see Figure S2). To deposit the titanium gradient, the sample-cathode distance 
was shortened by using some custom extensions. In this way, the deposition rate difference between 
different zones on the sample holder has been maximized. If the sample holder is kept still during 
sputtering, this results in a thickness gradient. The sputtering rate for Ti has been calibrated 
beforehand, by sputtering for 8h on several superpolished Si wafers placed in different positions on 
the holder and looking at their cross sections with SEM. On the final sample, titanium was sputtered 
using 5W for 30 minutes, resulting in a thickness gradient going from 17 nm to 5 nm. A zone of 
approximately 1 cm on the hematite film has been masked during the sputtering of titanium to have 
a reference point on the sample with no dopant. This sample has then been annealed at a uniform 
temperature of 750°C in a muffle furnace, by inserting it in the furnace once this one had already 
reached the desired temperature and taking it out after 10 minutes. The sample is shown in Figure 
S1.
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2) The sample Ti:Fe2O3|ΔT-seq was split in two samples to avoid a single substrate from the thermal 
stress of being annealed with such a big temperature difference from one end to the other. A 
homogeneous layer of hematite has been sputtered for 2h at 40W. A homogeneous overlayer of 
titanium has then been sputtered for 2h at 10W. The cathode-sample distance and the power have 
been adjusted to deposit in 2 hours the thickness of 15 nm that had been optimized on Ti:Fe2O3|ΔTi. 
In this way the same sputtering parameters could be used for the co-sputtered samples, where Ti 
had to be sputtered for the same time as the hematite. The annealing was then performed inside the 
multi zone furnace. The samples have been inserted in the furnace once it had already reached the 
desired temperature and taken out after 10 minutes. The temperature has been measured with a 
thermocouple in several positions along the furnace before inserting the samples (see Figure S3).

3) Ti:Fe2O3|ΔT-cos was also split in two samples. Hematite and titanium have been co-sputtered for 
2h with the same parameters used for Ti:Fe2O3|ΔT-seq.

A mylar plastic mask cut using the laser cutter has been placed on all samples before sputtering to leave 
an area of the substrate uncovered for the electrical contact. A graduated scale has been engraved on 
each sample on one of the sides in the direction of the gradient.

Figure S1: Picture of Ti:Fe2O3|ΔTi. A graduated scale has been engraved on an uncovered side on the 
substrate using the laser cutter: this is used for positioning with the scanning photoelectrochemical 
setup. The masked zone with no titanium is visible at the bottom of the sample.



Figure S2: SEM picture of the cross section of a hematite film formed after a deposition of 2h at 40W 
on top of a superpolished Si wafer. The wafer has been broken in half after the deposition to observe 
the inside of the film.

Figure S3: a) Arrangement of the Ti:Fe2O3|ΔT-seq samples in the multi-zone tube furnace. The holes 
in the steel plate are the points where the temperature has been calibrated with the thermoucouple. b) 
Calibration of the temperature in the oven and interpolation.

Description of the scanning photoelectrochemical flow cell

The scanning photoelectrochemical flow cell (SPFC) was realized starting from the locomotion system 
of a commercial 3D Printer (Ender 5 Pro). The cell and some other components were 3D printed. The 
frame was cut to make the cell move on the z axis and the plate with the samples on the x and y axis. 
The software was written with LabView and the implemented through an Arduino. The controller takes 
in input an ASCII file with the x and y coordinates that it must measure. The pressure that the cell 
exercises on the sample is measured by a sensor. Once the cell moves onto a point, it approaches until 
a certain pressure, set by the user, is reached and then communicates to the potentiostat that it can start 
to measure. Once the potentiostat has finished the measurements on a point, it communicates with the 
cell, which then lifts and moves onto the next one. The light is shone from above (front illumination) 
through a fiber optic cable which is connected to the LED source and it is collimated and focused. The 
electrolyte is flown through a peristaltic pump.



Figure S4: a) schematic of the scanning photoelectrochemical flow cell, b) close-up picture of the cell, 
c) and d) cross sections of the cell perpendicular to each other showing the location of the electrodes 
and of the electrolyte’s inlet and outlet.

Description of IMPS DRT fitting algorithm

IMPS data are commonly analyzed within the framework of the Rate Constant Model (RCM)1. In this 
model the AC part of the analytical solution for the photocurrent is: 

𝑗𝑝ℎ𝑜𝑡𝑜(𝜔) = 𝑗𝐺( 1
1 + 𝑖𝜔𝜏𝑐𝑒𝑙𝑙
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Where  is the characteristic time of charging of the total capacitance of the cell, equivalent to the 𝜏𝑐𝑒𝑙𝑙

space charge capacitance in series with the Helmholtz layer one;  and  are the rate constants 𝑘𝑡𝑟𝑎𝑛𝑠 𝑘𝑟𝑒𝑐

for charge transfer and recombination, respectively. In our work we adopt a Generalized RCM2, which 
accounts for the possibility that the interface between the electrode under test and the electrolyte is not 
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Where the coefficients  represent the fraction of holes accumulated at site n ( ).1 > 𝑝𝑛 > 0
∑

𝑛

𝑝𝑛 = 1

In the IMPS DRT algorithm employed in this work, and described more in detail in a previous paper 
by our group,2 the IMPS spectrum of admittance vs frequency  is fitted with a discrete distribution 𝑌(𝜔)

of processes l each with a characteristic time :𝜏𝑙



𝑌(𝜔) = ∑
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𝑔(𝜏𝑙)
1 + 𝑖𝜔𝜏𝑙
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The processes admit positive or negative coefficients g(τl). In the original paper it is shown how the 
steady state equation of a generalized Rate Constant Model (Equation 2) can be written through an 
approximation in the form of Equation 3 with 
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With  and . We can see that interpreting Equation 4 as a distribution 
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of the type in Equation 3, there is a single positive term  with and a sum over 
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1 + 𝑖𝜔𝜏𝑐𝑒𝑙𝑙 𝑔(𝜏𝑐𝑒𝑙𝑙) =  𝑗𝐺 

several negative ones each one with a characteristic time  and a coefficient . In a 𝜏𝑛 𝑔(𝜏𝑛) =‒ 𝑗𝐺𝑝𝑛𝜂𝑟𝑒𝑐
𝑛

typical DRT fit (see Figure S13) the positive  coefficients cluster around a single time value which 𝑔(𝜏𝑙)

can be identified with  and the sum of these processes can thus be identified with a single . 𝜏𝑐𝑒𝑙𝑙 𝑔(𝜏𝑐𝑒𝑙𝑙)

This is how  is determined.𝑗𝐺

If we take the zero-frequency limit to get the normalized photocurrent at steady state , Equation 4  

becomes

𝑗𝑝ℎ𝑜𝑡𝑜(0) = 𝑗𝐺 + ∑
𝑛

𝑔(𝜏𝑛) #(5)

The steady state photocurrent, named simply from here on for the sake of brevity, is the current 𝑗𝑝ℎ𝑜𝑡𝑜 

of photoexcited minority carriers that are transferred to the solution. Therefore, the transfer efficiency, 
i.e. the fraction of carriers that promote redox reactions out of the total ones accumulated to the surface, 
can be written as

𝜂𝑡𝑟𝑎𝑛𝑠 =
𝑗𝑝ℎ𝑜𝑡𝑜

𝑗𝐺
 #(6)

which is thus the algebric sum of all the weights of the distribution (positive and negative) divided by 
the sum of the positive ones.



Experimental characterization

Figure S5: a) LSV under blue light (455 nm) for different points on Ti:Fe2O3|ΔTi and b) 
corresponding photocurrents extracted at 1.6V vs RHE.

Figure S 6: LSV under blue light (455 nm) for different points on a) Ti:Fe2O3|ΔT-cos and b) 
Ti:Fe2O3|ΔT-seq and c) corresponding photocurrents extracted at 1.6V vs RHE.

Figure S7: a) LSV under white light for different points on Ti:Fe2O3|ΔTi and b) corresponding 
photocurrents extracted at 1.6V vs RHE.



Figure S8: LSV under white light for different points on a) Ti:Fe2O3|ΔT-cos and b) Ti:Fe2O3|ΔT-seq 
and c) corresponding photocurrents extracted at 1.6V vs RHE.

Figure S9: IMPS at 1.45 V vs RHE for a) Ti:Fe2O3|ΔTi, b) Ti:Fe2O3|ΔT-cos and c) Ti:Fe2O3|ΔT-seq. 
For Ti:Fe2O3|ΔTi the % in the labels are expressed as Ti/(Fe+Ti). For Ti:Fe2O3|ΔT-cos only one point 
from the high temperature sample is shown for better readability and for Ti:Fe2O3|ΔT-seq only the 
points from the low temperature one.  The solid line is the fit achieved with the DRT algorithm.

Figure S10: Ti:Fe2O3|ΔTi a) recombination rate, b) transfer rate and c) normalized  at different 𝑗𝐺

potentials for different points on the sample as extracted from IMPS. The % in the labels are expressed 
as Ti/(Fe+Ti).



Figure S11: Ti:Fe2O3|ΔT-cos a) recombination rate, b) transfer rate and c) normalized at different 𝑗𝐺 

potentials for different points on the sample as extracted from IMPS.

Figure S12: Ti:Fe2O3|ΔT-seq a) recombination rate, b) transfer rate and c) normalized at different 𝑗𝐺 

potentials for different points on the sample as extracted from IMPS.

Figure S13: color maps representing the distribution of relaxation times that was used to fit the IMPS 
at 1.45V vs RHE for each point on a) Ti:Fe2O3|ΔTi, b) Ti:Fe2O3|ΔT-cos and c) Ti:Fe2O3|ΔT-seq. For 
Ti:Fe2O3|ΔT-seq the low temperature points have been excluded as the photocurrent was too low or 
even absent and the results were thus not trustworthy. 



Figure S14: Absorbance spectra for different points on a) Ti:Fe2O3|ΔTi, b) Ti:Fe2O3|ΔT-cos and c) 
Ti:Fe2O3|ΔT-seq. For Ti:Fe2O3|ΔTi the % in the labels are expressed as Ti/(Fe+Ti).

Table S1: Results from the Rietveld analysis of the diffractograms for the T gradient samples (on 
Ti:Fe2O3|ΔT-cos, due to the lack of visible hematite peaks on the low temperature points, only the 750°C 
point has been analyzed).

Sample T (°C)

 (104)
crystallite 

(Å)  

  (110)
crystallite 

(Å)  
Ti:Fe2O3|ΔT-seq 350 218 458
Ti:Fe2O3|ΔT-seq 550 229 448
Ti:Fe2O3|ΔT-seq 640 274 489
Ti:Fe2O3|ΔT-seq 750 348 490
Ti:Fe2O3|ΔT-cos 390 - -

Ti:Fe2O3|ΔT-cos 550 - -

Ti:Fe2O3|ΔT-cos 750 387 417

Figure S15: Ratio of (104) and (110) peak intensities from XRD.



Figure S16: XAS spectra for a) Ti:Fe2O3|ΔT-cos at 550°C, b) Ti:Fe2O3|ΔT-cos at 750°C and c) 
Ti:Fe2O3|ΔT-seq at 750°C and relative linear combination fits done using reference phases of anatase, 
brookite, ilmenite and rutile.

Table S2: coefficients from the linear combination fit of the XAS spectra.

Sample Anatase Brookite Ilmenite Rutile
Ti:Fe2O3|ΔT-cos 550°C 0.162 0.491 0.347 0
Ti:Fe2O3|ΔT-cos 750°C 0.062 0.638 0 0.3
Ti:Fe2O3|ΔT-seq 750°C 0.138 0.469 0.023 0.370



Figure S17: SEM secondary electron pictures of the surface of a) Ti:Fe2O3|ΔTi 0% Ti ratio, b) 
Ti:Fe2O3|ΔTi 12.3% Ti ratio, c) Ti:Fe2O3|ΔT-cos 430°C, d) Ti:Fe2O3|ΔT-cos 750°C, e) Ti:Fe2O3|ΔT-
seq 430°C and f) Ti:Fe2O3|ΔT-seq 750°C.



Figure S18: EDS inside an area and relative spectra for a) Ti:Fe2O3|ΔT-seq at 640°C, b) Ti:Fe2O3|ΔT-
seq at 750°C and c) Ti:Fe2O3|ΔT-cos at 750°C.

Table S3: Quantitative atomic composition estimates from the EDS acquired in Figure S18. For 
Ti:Fe2O3|ΔT-cos at 750°C both the quantification in the grain (Area 1) and the one on the grain boundary 
(Area 2) are shown.

Sample O (at%) Ti (at%) Fe (at%) Sn (at%)
Ti:Fe2O3|ΔT-seq 640°C 65.19 0.39 34.14 0.28
Ti:Fe2O3|ΔT-seq 750°C 66.94 1.34 31.40 0.31
Ti:Fe2O3|ΔT-cos 750°C 

(grain)
65.54 1.44 32.86 0.15

Ti:Fe2O3|ΔT-cos 750°C 
(grain boundary)

69.32 13.41 16.77 0.51



Figure S19: STEM images of Ti:Fe2O3|ΔT-cos and Ti:Fe2O3|ΔT-seq at different temperatures which 
show the evolution of the morphology of the films with increasing temperature. a, b, c) Ti:Fe2O3|ΔT-
cos at 390°C, 550°C and 750°C, d, e) Ti:Fe2O3|ΔT-seq at 640°C and 750°C.



Figure S20: HRTEM and Fast Fourier Transform images of a, b) Ti:Fe2O3|ΔT-cos at 550°C and 750°C 
and c,d) Ti:Fe2O3|ΔT-seq at 640°C and 750°C. The circles mark the zone where the FFT has been 
performed. The inset in the image of Ti:Fe2O3|ΔT-cos at 750°C shows a zone where a different phase 
of lattice spacing compatible to rutile is present on top of hematite. 



Figure S21: a) CV dark for points at low temperature on Ti:Fe2O3|ΔT-seq and a point at 392°C on 
Ti:Fe2O3|ΔT-cos (in red). Return cathodic peaks are visible on the former that suggest a partial reduction 
of titanium that has just been oxidized due to incomplete thermal oxidation. Ti:Fe2O3|ΔT-cos does not 
show a similar peak at any temperature, not even the lowest one tested. In b) the peak current of this 
reduction wave is plotted in absolute value for each temperature, showing how the cathodic wave 
decreases up to disappearing at high temperatures.

Figure S22: a) CVs dark on Ti:Fe2O3|ΔT-seq at 427°C varying scan rate, b) extracted peak current vs 
scan rate with linear fit and c) CVs before and after degassing the solution with Ar.
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