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ABSTRACT 

A high degree of variability in behavior and performance of hematite as photoanodes for the 

oxygen evolution reaction signifies a need to improve our understanding of the interplay 

between defects and photoelectrochemical performance. We approach this problem by 

applying structure-property analysis to a series of hematite samples synthesized under either 

O2 or N2 environments such that they exhibit highly variable performance for 

photoelectrocatalytic oxygen evolution. X-ray absorption fine-structure spectroscopy and 

Raman spectroscopy provide parameters describing the structure of samples across the 

series. Systematic comparisons of these parameters to those describing photoelectrochemical 

performance reveal different defects in samples prepared under N2 or O2. Distinct correlations 

between both iron oxidation state and charge carrier density with photoelectrocatalytic 

performance lead to assignment of the primary defects as oxygen vacancies (N2) and iron 

vacancies (O2). Differences in the structural distortions caused by these defects are seen in 

correlations between short-range structural parameters and photoelectrochemical behavior. 

These distortions are readily observed by Raman spectroscopy, suggesting that it may be 

possible to calibrate the width, energy, and intensity of peaks in Raman spectra to enable 

direct analysis of defects in hematite photoanodes.  
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INTRODUCTION 

Photoelectrodes and photoelectrochemical (PEC) reactions are being developed with the 

intent of enabling efficient solar energy storage schemes.1,2 Beyond such practical 

applications, PEC reactions also provide a wealth of opportunities to advance fundamental 

knowledge pertaining to the bonding and electronic structure of solids. Photon absorption by a 

photoanode is followed by an intricate network of competing elementary processes – the 

desired reaction proceeds only when the photoexcited electron does not follow paths such as 

recombination. The thermodynamic and kinetic properties of these elementary reactions can 

be altered by modifications to the bonding structure, electronic structure, or interfacial structure 

of a photoelectrode.3–5 The presence of structural defects within solid-state photoanodes 

therefore has a direct impact on the observed PEC behavior. We are interested in using such 

changes in PEC behavior to develop simple methods for defect analysis in materials 

commonly used as photoelectrodes.  

Photoanodes for the oxygen evolution reaction (OER) are arguably the most widely studied 

photoelectrodes for PEC reactions. They are critical in solar fuel schemes because they 

provide the electrons and protons required by the cathodic reactions such as hydrogen 

evolution, CO2 reduction and N2 reduction.6–9 Numerous photoanode materials are studied for 

OER,10 but hematite (-Fe2O3) remains one of the most intensely studied options. Hematite 

offers an earth abundant composition, a near ideal band gap of 2.1 eV, and a theoretical 

maximum value 12.5 mA cm-2.11,12 Hematite also stands out because the maximum attained 

photocurrent density, the onset of photoelectrocatalysis, the shape of current-voltage 

response, and surface reaction kinetics all exhibit significant variation across the literature. 

These variations make it apparent that hematite samples synthesized in different labs are 

rarely identical; data that is conventionally reported, however, makes it impossible to determine 

the differences. It is known that hematite natively accommodates several types of defects,13 

including vacancies in iron14,15 or oxygen sites,16,17 interstitial iron ions,18 and even interstitial 

protons.19,20 Such defects are challenging to diagnose, and even more challenging to quantify. 

Techniques that facilitate the diagnosis and quantification of all possible defects would enable 

major advances in the field. 
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Point defects in hematite have been discussed across the literature, with substantial interest 

focused on oxygen vacancies. Being an n-type semiconductor, the charge carrier density (Nd) 

of hematite is influenced by the concentration of oxygen vacancies. These vacancies are 

native defects that can be altered by post-synthetic treatments. Treatment of hematite with an 

oxygen plasma, or by annealing at high temperature in oxygen rich or deficient atmospheres 

are two such treatments.17,21 Increasing the concentration of oxygen defects has been shown 

to enhance PEC performance by increasing Nd.21 More complex roles for these defects have 

also been noted: they may serve as recombination centers when located at the semiconductor-

electrolyte interface,22 narrow the depletion layer and boost the charge separation and transfer 

efficiencies,23,24 or enhance the kinetics for water oxidation at the surface.24,25 Atomistic 

modeling has explored possible migration pathways for oxygen vacancies in hematite.26 

Evidence suggests that oxygen vacancies can be accompanied by iron vacancies.27 Iron 

vacancies themselves have been implicated as the main defect responsible for the activity of 

hematite as photoanodes.14–16 They have, however, received much less attention than oxygen 

vacancies. This is likely due to a combination of challenges spanning synthetic control and 

experimental characterization. X-ray diffraction (XRD) measurements are capable of identifying 

magnetite formation upon introduction of excess oxygen vacancies, but the oxygen vacancies 

themselves cannot be confidently measured by XRD due to oxygen’s weak scattering relative 

to iron.22,28 Oxygen vacancies are frequently identified and quantified indirectly through 

measurement of charge carrier density, which necessitates the assumption that all charge 

carriers are derived from oxygen vacancies. Defects such as protohematite are similarly 

difficult to diagnose using XRD, with past diagnosis requiring high-resolution synchrotron 

measurements.19,29 A full understanding of the defect structure of hematite photoanodes 

requires the ability to routinely deconvolute the effect of the various defects that can form. The 

exquisite sensitivity of Raman spectroscopy to lattice distortions is well documented,30,31but the 

information is indirect and requires comparison with direct structural information. X-ray 

absorption spectroscopy is uniquely capable of simultaneously providing information pertaining 

to both electronic and bonding structure, making it an ideal candidate for comparison with 

Raman spectra. 

Herein, we combine X-ray absorption spectroscopy, Raman spectroscopy and 

photoelectrochemical measurements to demonstrate that fabrication conditions yield a 

transition in dominance between two unique defects in hematite electrodes. Structure-property 
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analysis across a series of hematite photoanodes prepared by annealing lepidocrocite shows 

that N2 annealing environments favor oxygen vacancies, while O2 annealing environments 

favor iron vacancies. The absolute and relative gains in current density at 1.23 V are greater 

for samples annealed under O2 than those under N2, suggesting that removal of iron vacancies 

is critical to enhancing PEC performance. We propose that peaks observed in Raman spectra 

can serve to identify defects in hematite. 

 

EXPERIMENTAL 

Hematite Fabrication. Lepidocrocite (-FeOOH) thin films were electrodeposited on fluorine-

doped tin oxide coated aluminum borosilicate glass (FTO/ABS; Solaronix S.A.). FTO/ABS 

glass substrate pieces were cleaned by sequential ultrasonication in a detergent solution, milli-

Q H2O, then isopropanol. The surface was dried under a stream of N2 and placed in a custom 

UV-irradiation chamber (GHO18T5VH lamp, Atlantic Ultraviolet) for 15 minutes. A solution 

containing 0.02 M ferrous chloride tetrahydrate (ACS reagent grade, Alfa Aesar) and 1M 

ammonium chloride (ACS reagent grade, EMD Chemicals Inc.) was purged with N2 for 30 min 

before electrodeposition. A 0.1 M KOH (>85%, Sigma-Aldrich) solution was added to adjust 

solution pH to 7.0. Freshly cleaned FTO/ABS electrodes were held at 0.0 V vs. Ag/AgCl (sat’d 

KCl) for 7 min at room temperature with continuous N2 purging. A series of 12 such 

electrodeposited -FeOOH films were converted to hematite by heating at 800 °C under varied 

conditions. These 12 conditions consisted of combinations of either N2 or O2 atmosphere with 

selected reaction times (0.2, 0.5, 1, 2, 4 and 8 h). Each photoanode was then cut into two 

pieces and rinsed with isopropanol. Each of the two halves was analyzed by Raman 

microscopy to ensure consistency (see below). One half of each sample was then used for 

photoelectrochemical measurement. The second half was used for analysis by X-ray 

absorption spectroscopy.  

Raman Microscopy. Raman microscopic measurements were performed using a Renishaw 

inVia Reflex system. Raman microscopic mapping of each hematite film was performed using 

1 m steps across three different 4 m x 4 m grids. This approach was previously shown to 

offer consistent, representative spectra of each photoanode.19 Spectra were acquired using a 

100X objective, 633 nm excitation (Renishaw HeNe laser, 17 mW) filtered to 5% of maximum 

intensity, and an 1800 lines/mm diffraction grating. The Renishaw WiRE 5.3 software package 
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was used for spectrum processing, which included baseline subtraction, normalization, and 

curve fitting.  

Photoelectrochemical Measurements. Photoanode properties and performance were 

measured using a Biologic SP-300 potentiostat and a Sciencetech A1 Lightline solar simulator 

equipped with an AM 1.5G filter. Hematite-coated FTO working electrodes were mounted as 

windows in a custom-made polyethylene cell. The cell contains a 1.54 cm2 circular hole 

surrounded by a silicone O-ring. The hematite-coated FTO electrodes were clamped against 

the O-ring such that the cell could be operated using back-side illumination. Aqueous 1 M KOH 

electrolyte solutions were prepared using milliQ H2O and KOH (>85%, Sigma-Aldrich). A 

Gaskatel HydroFlex Reversible Hydrogen Electrode (Gaskatel GmbH, Kassel, Germany) 

served as the reference electrode and a freshly cleaned piece of FTO as the counter 

electrode. The photoelectrochemical properties were measured by cyclic voltammetric sweeps, 

both in the dark and under illumination, from 0.4 to 1.7 V vs. RHE at 20 mV s-1. 

Electrochemical impedance spectroscopy (EIS) was performed in the dark at 100 mV intervals 

between 0.5 to 1.3 V vs. RHE using a 10 mV amplitude.  

X-ray Absorption Fine-Structure Spectroscopy. X-ray absorption spectroscopy (XAS) was 

performed at beamline 6-BM (BMM) at the National Synchrotron Light Source II (Brookhaven 

National Laboratory, NY, USA) using a Si(111) monochromator. The incident energy 

calibration was performed by beamline staff prior to the experiments. This was accomplished 

by determining the monochromator’s angular position for the K-edge location of 10 transition 

metal elements. These values were then fitted to the Bragg equation using standardized 

values to obtain an angular offset and lattice constant for the monochromator. The Fe K-edge 

spectra were recorded between 6910 and 7960 eV in fluorescence mode for all 12 hematite 

samples. Data was acquired at intervals of 10 eV from 6910 to 7080 eV, 2 eV to 7100 eV, then 

0.25 eV to 7135 eV. After this point the data was acquired with regular spacing of 0.05 A-1 in k-

space. The detector was positioned 90 degrees relative to the incident beam. The samples 

were mounted on a motorized polycarbonate sample wheel. The wheel was positioned 45 

degrees relative to the incident beam and rotated to change samples. Six spectra were 

acquired per sample using a four-element Si-drift detector. Real-time energy calibration was 

not possible due to the X-ray absorption of FTO-glass substrates. The experimental protocol 

was therefore designed to enable estimation of the temporal stability of the energy calibration 

and enable comparison of relative changes in XANES data. The six spectra for each sample 
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were split into two batches of pp three spectra, with measurements of each batch separated by 

approximately 24 hours. Comparison of the two batches of measurements show standard 

deviations of less than 0.04 eV in K-edge locations over the beamtime. 

X-ray adsorption spectra were prepared for analysis by averaging all relevant spectra, 

subtraction of a linear baseline determined from the pre-edge region, and subsequent 

normalization of the post-edge region. The K-edge locations were defined as the point where 

the normalized data reached 0.5 units, using linear interpolation where necessary. The 

scattering amplitude, phase correction and mean free path for photoelectrons were calculated 

by ab initio calculations on a model crystalline hematite cluster using FEFF 8.4.32 Structure 

models were then developed using the EXAFS equation with coordination number (Ni), bond 

length (Ri) and the mean standard deviation (2i
2) for each relevant iron coordination shell. 

Errors in fitted parameters were estimated as previously described, using a useful R-space 

range of 1.5–4 Å.33 

 

RESULTS & DISCUSSION 

Sample Fabrication. A series 12 photoanodes with varied structural integrity were 

synthesized by systematic tuning of the conditions under which lepidocrocite precursor films 

were converted to hematite. Precursor films were anodically electrodeposited on FTO-coated 

glass substrates using a previously published approach.34 These precursor films were heated 

at 800°C using combinations of six different annealing times (0.2, 0.5, 1, 2, 4 and 8 h) and two 

different gaseous environment (O2 and N2). Annealing of these films at temperatures above 

550°C is known to induce a phase transition to hematite,35,36 but previous results indicate that 

the consistent synthesis of hematite that is free of phase contaminations requires higher 

temperatures.19,34,37 The synthesis of this photoanode series was strategically targeted to 

prepare the same nominal crystal structure with varied concentrations, and possibly identities, 

of structural defects. Each of these 12 photoanodes were comprehensively analyzed by X-ray 

absorption spectroscopy and Raman microscopy to obtain parameters describing their 

structure, and by photoelectrochemical experiments to obtain parameters describing their 

properties and behavior. The application of all techniques to each individual sample provides a 

robust sample-specific dataset that enables structure-property correlations to circumvent the 

sample-to-sample variability that is expected following wet-chemical syntheses such as that 
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employed here. High temperatures are known to affect the crystallinity and conductivity of 

FTO.38,39 Uncompensated resistance values measured by EIS were between 10-30  for most 

electrodes, but three increased to ca. 300  and the sample annealed under N2 for 8 hours 

uniquely yielded a cloudy glass substrate and measured uncompensated resistance values of 

76 k(Table S1). The sample prepared under N2 for 8 h was therefore not used in 

correlational analysis. 

X-ray Absorption Spectroscopy. X-ray absorption spectra confirm similarity in the overall 

structure for all but one of the hematite photoanodes, with subtle variations between the 

samples prepared under N2 and O2. The consistency of structure across 11 members of the 

sample series is visible in comparisons of their XAFS spectra (Figures 1A-1C). The 

consistency in these spectra enables an average to be calculated from them, with the sample 

heated under N2 for 1 hour left out. The XANES region for this averaged data exhibits the 

characteristic structure for hematite,40,41 with a minor pre-edge peak giving way to a strong 

white line with a distinct shoulder on the low energy side (Figure 1D). The associated EXAFS 

data contains strong oscillations that yield peaks rising above the noise level until ca. 8 Å in the 

Fourier transformed (FT) data (Figure 1E). The most prominent features in the FT data are 

three peaks, which lie near 1.6, 2.7 and 3.3 Å. The identities of these peaks are discussed in 

detail below. The XANES region for the sample heated under N2 for 1 hour reveals a shift in K-

edge location to lower energy, and a loss of the shoulder on the white line (Figure 1D). The 

EXAFS oscillations for this sample are clearly shifted relative to the other samples (Figure 1E); 

the FT data indicates substantial changes in bonding in the sample, with the shortest 

coordination shell shifting ca. 0.15 Å higher and the third shell shifting ca. 0.3 Å shorter. The 

sample annealed under N2 for 1 hour is clearly contaminated with a second iron oxide phase. It 

is included in all subsequent analysis but is distinctively marked to indicate this contamination.  

The Fe K-edge location for samples prepared under N2 reside at lower energies than the 

overall average, while those synthesized under O2 lie above the average. The K-edge 

locations (Figure 1F; Table S2) were determined by applying the half-height method to the fully 

processed, averaged spectrum for each sample.42,43 The precision of each measurement is 

represented by the standard deviation across six individual scans that were acquired per 

sample. These values lie below 0.04 eV for all samples (Table S2). The six individual spectra 

for each sample were acquired in two batches of three, with measurements of each batch 
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separated by approximately 24 hours. The low variability between these batches (Figure S1), 

and the low overall standard deviation values, attest to the temporal stability of the energy 

calibration of the incident X-ray beam. The K-edge location is known to be linearly correlated to 

the oxidation state of the ions, with a shift of 4.6 eV per change in oxidation state expected for 

iron.44,45 The K-edge values for samples annealed under O2 lie between 7125.13 and 7125.17 

eV, making them indistinguishable within the uncertainty of individual measurements (Figure 

1F). Samples annealed under N2 differ, showing a K-edge shift from 7125.13 eV to 7124.88 eV 

between 12 min and 4 h annealing times (with the 1h N2 sample is left out). This range 

corresponds to a 0.06 unit change in the average oxidation state of iron ions in the films, or 

one in ca. 15 ions changing oxidation state. The 1 h N2 sample exhibits an edge position of 

7124.39 eV, which would suggest a 0.17 unit change if 1 h N2 considered.  

 

Figure 1. X-ray absorption fine-structure spectroscopy on hematite photoanode series. (A) Iron 
K-edge XANES, (B) EXAFS in k-space, and (C) Fourier transformed EXAFS spectra. 
Comparison of (D) XANES and (E) Fourier transformed EXAFS results for the 1 h N2 sample 
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compared to the average of all other samples. (F) The iron K-edge location as a function of 
annealing time for the two environments, N2 and O2. Solid lines represent samples annealed 
under O2 and dashed lines under N2 in all panels. Annealing times follow the pattern 
highlighted in panel A. 

Structural Model Development. A total of six coordination shells were selected for the 

development of structural models from EXAFS data, which exhibits major features between 1.5 

and 3.8 Å (Figure 1C). The hematite crystal structure contains FeO6 polyhedra arranged in a 

filled-filled-empty pattern along the crystal c-axis (Figure 2). Polyhedra are connected along 

this axis through face-sharing linkages, with each column linked to neighboring columns 

through edge-sharing and corner-sharing polyhedral motifs. This arrangement yields a single 

unique iron site with six coordination shells within 3.8 Å. Two unique Fe-O shells with 

coordination numbers of three exist, with 1.944 Å distances (labelled Fe-O1) facing the empty 

interstitial sites and 2.116 Å distances (Fe-O2) for the oxygen ions involved in face-sharing 

polyhedral motifs (Figure 2). The coordination shell for face sharing polyhedral Fe(III) ions has 

a coordination number of one and a distance of 2.898 Å (Fe-Fe1), and edge sharing motifs 

have a coordination number of three and a distance of 2.969 Å (Fe-Fe2). Two unique distances 

to corner-sharing iron ions in neighboring shells fall in this range, with a coordination number of 

three at 3.362 Å (Fe-Fe3) and of six at 3.703 Å (Fe-Fe4). All distances indicated above are from 

neutron diffraction data (ICSD #161283).46 

 

Figure 2. Structure of -Fe2O3 and key features for analysis. (A) Unit cell of hematite with 
EXAFS distances Fe-Fe3 and Fe-Fe4 marked. (B) Face sharing and edge sharing motifs in 
hematite with EXAFS distances Fe-O1, Fe-O2, Fe-Fe1 and Fe-Fe2 marked. Raman vibrations 
used in structure-structure analysis at ca. (C) 227, (D) 293 and (E) 411 cm-1. Graphics 
prepared using VESTA.47 

 



10 
 

Two different approaches were employed to develop models for quantitative analysis of the 

iron coordination environments using the six shells indicated above. To enable consideration of 

structural information that is not dependent on model development, the total intensity of each 

of the three observed peaks in the FT data was recorded for all samples (Table S2). The first 

simulation approach conservatively focused on fitting only 2i
2, the mean standard deviation 

values. This approach fixed all Ni at theoretical values and used fixed Ri values. Different Ri 

values were necessary for samples prepared under N2 and O2, with each set of values 

obtained by fitting an EXAFS spectrum of the average of all 6 samples in each respective 

dataset. The 2i2 values were then fitted to provide an effective measure of relative disorder in 

each of the six coordination shells (Table S3). A second approach allowed both Ri and 2i
2 

values to be fitted while maintaining theoretical Ni values. It was necessary to fix 2Fe-Fe1
2 

during this approach due to overlap of features and a substantial defect-induced change in RFe-

Fe1 noted in previous reports.46 This second fitting process provides insight into structural 

expansion or contraction, along with relative disorder in each of the shells (Table S4).  

Photoelectrochemical Properties. A series of three parameters describing 

photoelectrochemical (PEC) behavior were extracted to capture variations observed in the 

onset of photoelectrocatalytic oxygen evolution, the shape of the PEC curves and the 

maximum current densities attained. The photocurrent density at 1.23 V vs. RHE (j1.23V ) is a 

commonly reported performance parameter for OER on photoanodes that broadly captures 

photophysical and electrocatalytic properties (Figure 3A). The photocurrent density at 1.5 V vs. 

RHE (j1.5V ) was selected to capture the plateau in photocurrent density for each sample. The 

onset potential of photoelectrocatatlyic OER (Epec) is a third term that showed clear trends with 

structural variation in a previous analysis. This value was calculated using a second derivative 

approach that was previously discussed.19 Values for each of these three parameters are 

compiled in Table S5.  
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Figure 3. Photoelectrochemical behavior and electrochemical impedance spectroscopy 
results. (A) Voltammetric behavior under illumination for films annealed under different 
environments. (B) Nyquist plots of film annealed in N2 for 12 min at select voltages to show 
influence of voltage. (C) Mott–Schottky plots of films prepared by annealing in different 
conditions. Solid lines represent samples annealed under O2 and dashed lines under N2. 

 

Band-structure properties were measured using Mott-Schottky analysis. Potential-dependent 

EIS spectra acquired on samples in the dark contain a semicircle in Nyquist representations 

that changes radius with applied potential (Figure 3B). Simulations of the data using solution 

resistance (Rs) in series with parallel charge transfer resistance (RCT) and space-charge 

capacitance (CSC) circuit components enable measurement of these metrics for all samples 

(Table S5). Flat band potentials (Efb) and charge carrier concentrations (Nd) for all samples 

were determined through Mott-Schottky analysis on the CSC values (Figure 3C; Table S5). 

Raman Spectroscopy. High quality Raman spectra were acquired for each of the 

photoanodes through a microscopic mapping protocol. The final spectra were acquired by 

averaging a total of 75 spectra per sample, with three sets of 25 spectra acquired in evenly 

spaced grids at three different 4 × 4 m areas on the electrode surface. All 75 spectra are 

plotted for the sample annealed under O2 for 4 hours to show the consistency of the spectra 

(Figure 4A). This approach was shown to yield consistent results that are representative of the 

overall film, where individual spectra showed a Gaussian distribution of peak intensity ratios 

with >85% of the spectra lying within 15% of the Gaussian maximum.19 The data acquired here 

was at least as precise: the I293/I411 ratio similarly captured >85% of spectra within 15% of the 

maxima, but the I411/I612 yielded  much sharper distribution with >85% of spectra within 3% of 

the maximum (Figure 4B). The averaged spectra all contain the seven characteristic Raman 

vibrations of hematite (Figure 4C), with four oxygen-based vibrations at 227, 246, 293, and 300 
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cm-1, and three iron-based vibrations at 411, 496, and 612 cm-1
. In addition, a symmetry-

forbidden Eu vibration appears at 660 cm-1. The distortion-driven lowering of symmetry 

responsible for this feature has been discussed in the literature,20,48,49 and the intensity of the 

Raman peak was critical in previous identification of defects in hematite.19 This previous 

analysis showed annealing lepidocrocite films at 800°C yielded a decrease in intensity of the 

Eu vibration. Leaching of Sn(IV) from the FTO substrate was ruled out by this decrease in 

intensity, based on previous reports of extrinsic quadrivalent dopants increasing this Eu 

vibration by an order of magnitude.50 In agreement with the XAS analysis, the sample 

annealed under N2 for 1 hour shows unique differences that suggest phase impurity. The 

peaks at 246, 300, 411 and 612 cm-1 are substantially decreased in intensity, or completely 

missing. This sample provides a useful demonstration of the effect of phase impurities, but is 

excluded from correlational analysis. The location, width, and intensity of peaks are influenced 

by the structural integrity of the hematite photoanodes. Curve fitting of the spectra was 

performed to determine these three parameters (Table S6-S8). 

Correlational Analysis. Systematic comparisons of the structural and the behavioral 

parameters identify relationships in the photoanode series. Samples were clustered into 

groups of photoanodes that were synthesized under O2 and N2. Each parameter in the dataset 

was then iteratively compared to all others in the dataset. The PEC behavior parameters (Nd, 

Efb, j1.23V, j1.5V and EPEC), the XAFS parameters (Fe K-edge location FT peak intensities, 2i
2, 

and Ri) and the widths and locations of Raman peaks were used as is. The intensities of 

Raman vibrations are dependent on experimental parameters such that absolute intensities 

can be misleading; these values were therefore taken as the peak intensity ratio for all possible 

combinations of two peaks. Linear regression analysis was performed for each comparison 

and the resultant R2 values were tabulated. Analysis of the results revealed correlations 

between structure and behavior (structure-property correlations) and between various 

structural parameters (structure-structure correlations). Relationship across the two data 

clusters, discussed below, lead us to conclude that oxygen vacancies are the dominant form of 

defect when the synthesis is performed under N2, while iron vacancies become dominant 

under O2. 
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Figure 4. Raman spectra for hematite sample series. (A) All 75 spectra acquired over three 
4×4 m grids on the -Fe2O3 sample annealed under O2 for 4 hours and (B) a histogram 
showing the distribution of selected peak ratios. Solid line shows a Gaussian distribution fit of 
each histogram. Vertical shading denoting 85% of all spectra, captured by the ranges noted. 
(C) Spectra acquired by averaging all 75 individual spectra for each sample. Solid lines 
represent samples annealed under O2 and dashed lines under N2. Annealing times are marked 
along pairs of data. 

 

Structure-Property Correlations. Distinct relationships are observed between the iron K-

edge location and j1.23V for sample clusters prepared under N2 and O2. The j1.23V value for the 

O2 cluster increases from 0.09 to 0.40 mA cm-2 while the K-edge location remains within the 

ca. 0.04 eV standard deviation values for individual edge measurements (Figure 5A). The N2 

cluster is markedly different, with K-edge values decreasing by 0.29 eV while j1.23V increases 

from 0.06 to 0.17 mA cm-2 (Figure 5A). The j1.23V values show signs of reaching a limiting 

plateau, a feature that is likely related to a tendency for hematite to transition to magnetite as 

Fe(II) accumulates.22,51,52 The K-edge location of transition metal oxides are known to exhibit a 

linear correlation with the element’s average oxidation state for small changes, with calibration 

curves from crystalline iron oxide standards estimating a shift of 4.6 eV per oxidation state for 

iron.44,45 The 0.31 mA cm-2 increase observed in performance across the O2 cluster thus 

occurs without a measurable change in iron oxidation state, while the average oxidation state 

of iron decreases by ca. 0.06 units for the 0.11 mA cm-2 increase in j1.23V for the N2 cluster. 
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Figure 5. Correlations observed between XANES data and PEC properties across the sample 
series. (A) Correlation between Fe K-edge location and j1.23V, and (B) between charge carrier 
density Nd and j1.23V  across the entire series. (C) Comparison of change in oxidation states 
calculated by XANES with the oxidation state calculated from Nd. Error bars represent the 
standard deviation across six individual spectra for each sample.  

 

The measured charge carrier densities exhibit a linear correlation to iron K-edge locations 

(Figure S2), providing a secondary measure that supports the trends seen in the XANES data. 

Electrons are the majority charge carrier in hematite, generated by native defects reducing the 

average iron oxidation state.53 The O2 cluster of samples exhibits a negligible change in Nd as 

j1.23V increases (Figure 5B). The N2 cluster instead shows a 12-fold increase in Nd from 2.08 x 

1020 to 2.41 x 1021 cm-3 as j1.23V increases. The paired observations of increasing charge 

carrier density and negative shift in the XANES K-edge location confirm that Fe(II) is 

associated with performance metrics across the N2-annealed series, consistent with the 

formation of oxygen vacancies.22,54 The absence of such changes in the O2-annealed series 

provides evidence that a defect that is not associated with Fe(II) within the lattice controls 

photoelectrocatalytic performance. Crystallographic analysis of hematite shows a unit cell 

volume of 302 Å3,40,49 yielding an iron ion concentration of 3.97 x 1022 cm-3. Assuming that 

charge carriers represent one electron per iron center (i.e., one Fe(III) converts to one Fe(II)), 

the ratio of Nd to total iron ion concentration yields the proportion of Fe(II) in each sample. 

Subtracting this ratio from 3 thus yields an estimate of the average oxidation state for iron ions. 

The relative oxidation state change across the series can be obtained from the XANES data by 

dividing the edge shift relative to a reference point, selected here to be the highest energy K-

edge measured, by the expected shift of 4.6 eV per oxidation state.44,45 The average oxidation 
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state calculated through these two techniques show excellent linear correlation (Figure 5C), 

with a slope of unity and an intercept on the XANES-derived axis of -3.04 – both of which are 

exactly what is predicted. The sample annealed under O2 thus yield a stable average oxidation 

state for iron ions near 3, while the samples annealed under N2 experience a decrease in 

oxidation state by up to 0.06 units. 

Trends involving EXAFS structural parameters show that the unique changes in j1.23V for the 

two sample clusters are associated with distinct distortions of the average structure. The O2 

cluster of samples is primarily characterized by an increase in j1.23V as the distance across 

face-sharing iron ions (RFe-Fe1) increases from 2.854 to 2.900 Å (Figure 6A); the Fe-O shells 

remain essentially constant (Table S4). The N2 cluster of samples instead show a ca. 0.060 Å 

contraction in RFe-O2 with increasing j1.23V (Figure 6A). An overall increase in structural disorder 

the N2 cluster of samples is captured by a decrease in intensity of FT peaks with increasing 

j1.23V (Tables S2 and S5). The increase in disorder is captured in structural models as an 

increase in 22 for all shells as j1.23V increases (Table S3). The structural distortion within the 

O2 cluster of samples is therefore limited to iron-iron linkages, while the N2 cluster experiences 

an overall contraction of Fe-O distances that disrupts all Fe-Fe distances in a seemingly non-

systematic fashion.  
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Figure 6. Correlations involving XAS derived parameters for hematite films annealed in N2 and 
O2. (A) Trends in photocurrent density j1.23V and Fe-Fe distance across face-sharing iron 
polyhedra (RFe-Fe1) for samples annealed under O2, and Fe-O2 distances for those annealed 
under N2. (B) Iron-oxygen bond length increases with Fe K-edge values for samples annealed 
in N2. (C) Location of the Eu vibration in Raman spectra as a function of RFe-Fe1 for samples 
annealed in O2.  (D) Intensity of FT-EXAFS peak near 2.7 Å against the Raman intensity ratio 
I411/293 for hematite annealed in O2. Correlation between mean standard relative deviation 
(22

Fe-Fe2) with Raman intensity ratios of (E) I411/293 for O2 samples, and (F) I411I227 for hematite 
annealed in N2 and O2 environment. 

 

The structural and behavioral parameters obtained for photoanodes prepared by annealing 

lepidocrocite films under N2 provide clear evidence for oxygen vacancies being the dominant 

structural defect. Oxide vacancies are native defects in hematite that are accompanied by 

reduction of Fe(III) to Fe(II) within the lattice.52 Thermal treatment of hematite under oxygen 
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deficient environments has been reported to improve photoelectrocatalytic performance by 

increasing Nd by altering the equilibria involving oxygen vacancy formation.21 The observed 

correlations here are well aligned with these reports: the photoelectrocatalytic parameter j1.23V 

increases as the average oxidation state of iron decreases (Figure 5A), and as Nd increases 

(Figure 5B). Structure-property correlations suggest that RFe-O2 decreases as j1.23V increases, 

implying that oxide vacancies decrease Fe-O bond lengths (Figure 6A). Direct comparisons of 

oxide vacancy concentration and Fe-O bond lengths for hematite could not be found in the 

literature. The oxide vacancy-induced decrease in the radius of iron ions observed is 

nonetheless consistent with established trends in ionic radii, where ionic radius decreases as 

coordination numbers decrease.55 Further, a correlation between the location of the iron K-

edge and the Fe-O bond distances measured by EXAFS (Figure 6B) provides direct 

experimental support. Oxide vacancies are therefore the dominant defect present in hematite 

films prepared by thermal conversion of lepidocrocite under N2 environments. These vacancies 

boost photoelectrocatalytic performance by increasing Nd, as previously reported. 

The observed structural features and their correlations for photoanodes prepared by annealing 

lepidocrocite under O2 are consistent with protohematite, -Fe2-x/3O3-x(OH)x,56,57 being the 

dominant structural defect. This structure involves the trapping of positively charged protons 

within the crystal lattice, which is charge balanced by the formation of Fe(III) vacancies. This 

defect explains the stability of both measured Nd values and XANES K-edge locations across 

the O2-annealed series. Previous variable-temperature synchrotron X-ray diffraction analysis 

showed that the trapping of protons and associated iron vacancies in protohematite induces 

overall compression relative to the hematite unit cell, distorting bonding (Table 1).56,57 The 

largest magnitude change in bonding in that XRD analysis was a compression of face-sharing 

motifs (RFe-Fe1), with smaller expansion of corner-sharing motifs (RFe-Fe3). The Fe-O shells, in 

contrast, showed very little change. Structure-property analysis here shows that j1.23V values 

decrease with compression of RFe-Fe1 (Figure 6A), while RFe-O1 and RFe-O2 remain static (Table 

S4). The 660 cm-1 Raman peak is known to be an Eu lattice vibration that is formally symmetry 

forbidden but emerges following lattice distortions;20,42 it has been proposed that protohematite 

induces such distortions.19 The relationship between the Eu vibration, which is a shearing 

motion of Fe ions across face-sharing motifs, is further strengthened here by observation a 3 

cm-1 red shift as RFe-Fe1 is compressed (Figure 6C). The results here are therefore consistent 

with the presence of varied concentrations of interstitial protons and associated iron vacancies 
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being the dominant structural defect for the O2 cluster. These defects induce structural 

distortions, readily seen in Table 1 and Figure 6, that will alter bonding interactions within the 

material to affect semiconductor properties. Improvements to photoelectrocatalytic OER across 

the O2 series are attributed to the removal of these lattice distortions, which yield performance 

gains that surpass those obtained for annealing under N2 environment. 

 

Table 1. Structural parameters of hematite and protohematite. 

 Proto313
a Proto517

 a Proto779
 a Hematiteb 

RFe-O1 1.925 1.908 1.929 1.944 

RFe-O2 2.122 2.158 2.137 2.116 

RFe-Fe1 2.823 2.843 2.882 2.898 

RFe-Fe2 2.945 2.955 2.971 2.969 

RFe-Fe3 3.378 3.376 3.367 3.362 

RFe-Fe4 3.686 3.688 3.702 3.703 

a values from reference 56 
b values from neutron diffraction experiments in reference 46 

 

Additional correlations observed between features in the Raman spectra and structural 

parameters derived from EXAFS models may provide value in guiding synthetic efforts. 

Underlying the decrease in magnitude of Fe-Fe peaks in the EXAFS results (Figure 6D) is an 

increase in disorder in the Fe crystallographic sites. This disorder is captured by the mean 

standard relative displacement factor (22) in EXAFS models. The Fe-Fe2 coordination shell 

yields the strongest peak in the FT EXAFS data (Figure 1), making it the most reliable to 

analyze. The above discussion on the defect-induced compression of the crystalline c-axis 

suggests that the 411 cm-1 should be important because it is the only Raman active vibration 

that involves movement of cations along the crystalline c-axis.58,59 The 22
Fe-Fe2 values do 

indeed yield strong negative correlations to the intensity of the 411 cm-1 peak relative to those 

at 293 (Figure 6E) and 227 cm-1 (Figure 6F), which involve synchronous movement of oxygen 

ions in the O1 and O2 sites. The observation of different structure-structure and structure-

property correlations for the two clusters of samples provides evidence that each defect type 

has a unique influence on individual Raman vibrations, indicating that successful observation 

of correlations was reliant upon the ability to synthesize two series of samples where changes 
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in the concentration of a single defect dominated the observed changes in behavior. Variable 

temperature Raman spectroscopic analysis of phase transitions that occur when synthesizing 

hematite by annealing lepidocrocite suggest that protohematite forms between ca. 200 and 

400°C.29 The performance gains attained by removal of protohematite marks an understanding 

of their formation in, and elimination from, photoanodes as an important target for the 

community. This approach may enable deconvolution, and potentially the quantification, of all 

defects within a photoelectrode sample using only Raman spectroscopy. A substantial amount 

of work is clearly necessary to realize this capability, but systematic correlation of Raman 

spectra to structural information will yield a powerful tool for optimization of fabrication 

protocols and quality control. 

CONCLUSIONS 

Parameters describing the structure and photoelectrochemical properties of a series of 

hematite photoanodes were compared to each other to identify the prevalence of individual 

defects as a function of synthetic conditions. A series of 12 samples was synthesized by 

annealing lepidocrocite for varied times under either N2 or O2 environments. The interatomic 

distances and extent of disorder for short-range coordination shells was measured for each 

using X-ray absorption fine-structure spectroscopy, and the integrity of longer-range order was 

measured through Raman microscopy. Correlations between these structural descriptors with 

performance descriptors for photoelectrocatalytic oxygen evolution reaction leads us to 

conclude that the behavior of samples synthesized under N2 is dictated by oxygen vacancies, 

while that for samples synthesized under O2 is dictated by iron vacancies. Performance gains 

were achieved by either the removal of iron vacancies (O2) or the introduction of oxygen 

vacancies (N2). Comparison of the X-ray absorption results with Raman spectra reveals 

correlations that suggest it may be possible to calibrate the width, energy and intensity of 

peaks in Raman spectra to enable directly analysis of defects in hematite photoanodes.  
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