


1. Solution to the Poisson equation for amtype semiconductorand its application to the
semiconductor | electrolyteinterface

In the absence of interference of surface states, the Mathottky plot will contain contributions from both the semiconductor
capacitance and the Helmholtz layer capacitance. The semictodcapacitance will vary with the degree of band bending while the
capacitance of the Helmholtz layer is expected to remain constant. The semiconductor capacitance may be estimated Bpissiv g
equationt:
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wK S NBcismegative fotJ > Urgand positive fol < Urs X is the distance across the depletion region (frenrfaceto the bulk) and” is
the charge density, which is computed from the Boltzmann distribution:
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where Np and N, are the concentrations of donors and acceptors, respectively,pixicandn(x) are theconcentrations of electrons and
holes in the conduction and valence bands, respectively:
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where ny and po are the bulk concentrations of electrons and holes in the conduction and valence bands, respectively. Hence, under
depletion n sc< 0, electrons are driven into the bulk of the semiconductofx{ <ng0 6 KA f S dzy RS Nicd @ Beta¥odst | G A
migrate to the surface of the semiconductamn() >ng). The converse is true for holes.

For a semiconductor doped only with ars, Np, integration of equatior{1) over the space charge layejields:
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The differential capacitance of the semiconduct@ys is computed according to:
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The potential drop across the Helmholtz lagsra function of band bending in the semicondudsocomputed according to:
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For understanding experimental measuremen@c needs to be estimateds a function 0fUeecrode rather than ¥%o . Thiscan be
accomplished usingquation(10), in whichthe potential drops are estimated through the modelling steps above.
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2. Derivation of theGartnerButler equation

A model forthe photocurrent flowingacross aemicondetor | metal interfacé is alsoapplicable tothe semiconductof liquid junction.
The full expressiofor the total photocurrentjgno, generated by monochromatic radiation of intendigyaccounting for drift currenin
the depletion layer of widtldscand diffusion current in the bulk dfie semiconductogenerated over diffusion length is:
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dscis a function of band bending in the semiconduct, , and the depletion layer width constar® (width when%.  p 6):
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Other terms in equatiorfl1) representthe charge of the electroe, diffusion coefficient for holeB, and the equilibrium concentration
of holes in the darlpo. For a wide gap semiconductor, the last term on thght-handsideof equation(11) is often asamed to make a
negligible contributioAasp, is negligible relative to,. Therefore, he equation foljgne Simplifies to:
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A further simplifying assumption is that the diffusion lengglis muchsmallerthan the absorption deptth and hence" [L 1, resulting
in:
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The final assumption is that the depletion width is much smaller than the absorption depth and hé€ticeL 1. This enables the Taylor
expansion ofA @B 0 . Therefore, he underlying assumption of the GartaButler formulation in equation (16) is that the
photocurrent is generated in the depletion region alone.
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A plot ofj2 againsty%. should cross the-axis at the flat band potential. It should be noted that this relation is only appropriate for the
photocurrent alone rather than the total current. Tip@otocurrent can be obtained by subtracting the dark current from the total current
measured under illumination. Alternatively, the photocurrent may be separated from the dark current directly by usingnaaloghifier
synchronized to a chopped light w@e to remove the dark current. However, due to the transient current that occurs when the
illumination changes from light to dark and vice versa, there is considerable error in the magnitude of the measured current.

The érrorassociated with the unverified assumption that "y Y%. , when interpreting experimental data using equatiir),
was disussed in the main manusctif he determination o¥%. as a function ofY Y can be accomplished using the model described
in Section 1 above:urther necessary corrections required by equatfd®) have also been described preusly* and include (i) use of
the spectrally resolvedB | "G product to enable prediction of photocurrent under white light, rather monochromatic light,
illumination; (ii)account for potentialdependent effects of electraghole recombination rates, decreasing quantum yieldsand (iii)
account for the limitatiorof the predicted current by the absorbed photon flux that would generate a maximum current dend@2 of
These three corrections result in equati¢iy).
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3. Choice of equivalent electrical circuits f@kcdetermination

Circuit 1 (Randles circuit)hen a single semicircle is observed on a Nyquist plot generated from EJ# idatauallynodelled using the
equivalent circuit shown ifrigure 3. G is the interfacial capacitance and can be used with or without correction by the Helmholtz

capacitance The realZQ =
respectively.
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Figure 3. Circuit 1.Randles circuivith one RC loop
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Iy R AY@&RponyehtdNd impedance generated by this circuit are shown in equati@snd (19),
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Circuit 2:When two semicircles are observed on a Nyquist plot generated from ElStliata are multiple equivalent circuit choices.
Figure 8 shows a circuit comprising Faradaic resistance and two RC,ladliis series.In previous workG was assumed to be the
semiconductor capacitance afiithe Helmholtz capacitanéeThe reabnd imaginaryomponents of impedance generated by this circuit
are shown in equation@0) and (21), respectively.
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Figure 8. Circuit 2.Two RC loops in series
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Circuit 3:Figure S shows a different circuit that would generate tvidyquistsemicircles (two time constants), which containsREioop

in parallel withCl; this circuit has been used to explain charge trappinglbface statesas the second RC loop dominatke impedance
at low frequenciesThe realand imaginary components of impedance generated by this circuit are shown in equé@Rrend (23),

respectively.
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Figure 8. Circuit 3.RC loop in parallel with €
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Circuit 4:Figure 8 showsa circuit that for many decaddsasbeen proposed for describingharge trapping by surface staté& In this
case the additional resistor and capacitoreain series with each other but collectively in parallel with The realand imaginary
components of impedance generated by this circuit are shown in equat@snd (25), respectively.
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Figure &. Circuit 4. Asecondresistor and capacitor in parallel with.C
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Circuitsimulations: The Nyquist plots generated for equivalent circuits 1, 2, 3 and 4 for identical valRes@f R, G andR. but varying
values ofG, are compared iffrigure S. Only circuits 2 and 3 can describe the impedance obtained acro8ska©; | 1 M NaOH interface
(Figure 8 in the main manuscript), whieh all applied potential®exhibited low impedance semicircles at high frequencies and high
impedance semicircles at low frequencies.

Circuits 2 and 3 yield identical Nyquist plots wii@r< G. However, vien G becomes comparable in value @, the extents of overlap
between thehigh and low frequency semicircles differ markedly for the two circti&ice, when data can be modelledly using one
of these circuits and not the other, the presence of an additional capacitance of similar valsygstessentially confirmed.
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4. Conversion of constant phase elements to capacitance

Constant phase element€PEsare used in place of capacitors for fitting equivalent circuits to experimentally determined impedance

data, when norideal capacitive behavious observed Y I yAF¥S& G SR
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constant phase elemens given in equatior(26). Q has the units of admittancethe exponentn defines the extent of capacitive
behaviour:n = 1 for a perfect capacitor ami= 0 for a perfect resistor.

There are two possible approaches for converting CPE to capacitaote have been applied to interfacialodelling of electrochemical

systems

(i) In the casdan which the CPE is modelled to be in parallel with a resistor, the resistance corresponds to the width of the semicircle

6l f2y3 (aKdSts veGe isluded id the conversibli, as shown in equatio(27);

(i) Instead of resistance, the angular frequency at whidhmaximumin the imaginary component of the semicircle ocGursa, can be
usedas shown in equatioif28), where. max may be determined fronmplots of complex impedances against the logarithm of the
frequency at which thegre measured*.
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We modelledall our EIS data using tH8aradail G[RI(RCG)])] circuit (circuit 3) in which bothcapacitors needed to be replaced with CPEs

to enable a good fitEquation(28) was not used becausenax could not bereliablydetermined from plotf ZQ Q

I 3 H)hagshaivn 2 3 6

in Figure 8(a)for Sample 2We used equatiotf27); the quality ofthe circuit fit to experimental datés shownin Figure §(b) and extent
of capacitances, for two loops inFigure 8 (c) and (d)For most applied potentialsy, was > 0.8.
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Sincen; < 1, the use of equatio(R7) is not strictly accurateas it does not take into account the additional impedance of @ loop,
which is in series witR; (seeFigure S). However, equatiorf27) should yield asufficiently accurate result, provideffRG) <<R; at - max

This can be proven ifmaxis known; however, as shown kigure $(a), this is not always straightforward. Hence, to verify the accuracy
of our CPBo Cconversionwe determined. maxusing the distribution of relaxation times, DRT, for EIS data collectédes applied
electrode potentialson Sample 2The DRT methd#'’ is relatively novel and requires complex processingngfedance dataWe
employed operaccesMATLABbasedDRT softward! 5 w ¢ ¢ 1 ¥t det@rmine. max and subsequentlio computeG using equation
(28). Results are presented rableSL and confirm thaZORIG) <<R, at - max The MottSchottky plots generated using the two approaches
are compared irFigure 3 and show that the capacitance values extracted from GiREEs reliable and canot be expected to make
significantcontribution to the error in flat band determination.

TableSL:! yIteara 27F
using equatior(27); **) Capacitance determined using equati@a).

Applied potential [Rraradai{ CPR[RI(RCPE)])] circuit fitting DRTfitting Combined data from both fittings
(SHE}V Rk K Feiom G R Y + max/ rad st ZRG) at- maxk K R1oan%ign R
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using circuit fitting( ) and distribution of relaxation time®RT(z ).

5. Mott-Schottky analysis of interfacial capacitance, evaluateddbgctrochemicalimpedance
spectroscopy

ElSmeasurements were performed on three hematite samples in 1 M NaOH in the dark at potentials in theQ@nipe+0.8 V (SHE).

Each applied potential was perturbed sinusoidally by £10 ) @t 75 frequencies in the range-1010° Hz.Prior to the fiting of the

[Rearacai CPHR(R.CPB)])] equivalent circuit to EIS datthe numberof data points used for analysis per data set Wageased. Firstly,
data collected at applied frequencies higher than 18.6 kHz (10 data peuats)removed; tese data variednegligiblywith applied
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potential, as demonstrated ikigure 8, andwere believed to be a contributionrém the reference electrodeAdditionaly, data points
collected at frequencies below 1.65 Hz (15 data points) were also removed; the additional time constant observed for entiadspatt
these low frequencies could not be explained and required an unjustifiably complex equivalent cincuihe Iend, the
[Rearacai CPHR(R.CPB)])] equivalent circuit was fitted to 50 data poinger data setspanning five decades of applied frequencies, which
was considered sufficient for accurate determination of 5 circuit elements.
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Figure 8. Features observed in impedance data obtained at perturbafioh®S lj dzSy O A S 418.&KHA4CBIIheigoteryial rRngedo = XK+
These features were excluded from analysis by equivalent circuit fittiegndependence of these features from applied potential is demonstrated in (a) N
plot and (b) Bode phase plot.

Details of the equivalentircuit fitting are shown inFigure 8 for the exampleof data collected ot -FeO; Sample 2 at 0 V (SHE)ese
data were qualitatively representative of measurements at other potentials.
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6. Mott-Schottky plots

Mott-Schottky plotof 6  vs.Eare shownfor three h-FeO; samples in 1 M NaOid Figure $0andfor an FTOsample in IM NaOHin
Figure $1. Comparison between these figures shows thBOHSs unlikely thaveinfluenced the impedance spectra recorded on hematite
and hencewas not responsible for the spread in determined flat band potentials.
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Table & lists fat band potentials and charge carrier densitiesived from data presented iRigure $0 and Figure $1. Accounting for
the range of feasible Helmholtayer capacitanceand assuminghat ¥, = 80for the semiconductarthe range in flat band potentials and
charge carrier densities of hematiteas-0.77 t0-0.32 V (SHE) and 1.47 >3 2.61 x 18 m3, respectivelyBased orthesedata and
their wide dispersionit is unreasonable teuggest a specific flat band potential value.

Table €: Flat band potentials an® K I NBES O NNA SNJ R SKe®sanid F BN IASNAGH\XIg yAStRotty Andlysis = 80 assumed)

Uncorrected Gi=0.20 F m Gi=0.15FmM Gi=0.10F M

FeOs (Sample 1) Flat band potential (SHE)V -0.59 -0.44 -0.40 -0.32

Donor density / m3 1.64 x 16p 2.01 x 16p 2,18 x 16 2.61 x 16
FeOs (Sample 2) Flat band potential (SHE)V -0.69 -0.56 -0.52 -0.43

Donor density / m3 1.63 x 16 1.96 x 16¢ 2.10 x 16 2.46 x 165
FeOs (Sample 3) Flat band potential(SHE) V -0.77 -0.65 -0.61 -0.52

Donor density / m3 1.47 x 165 1.80 x 165 1.91 x 1€p 2.20 x 165
FTO Flat band potential (SHEV) -1.29 - - -

Application of the interfacial model to experimentally determined interfacial capacitance data

The interfacial model presented in Section 1 can be used to decrease the spread in the values preSaiikd3nFigure $2andTable
3 showthat the interfacial modelvas used successfully to narrow tteges of flat band potentials and dopant densities of our hematite
samples in 1 M NaOH t0.77 t0-0.50 V (SHE) and 1.50 *5® 1.70 x 18° m3, respectively. MotiSchottky plots for each sample and
different assumed values @; (0.1¢ 0.2 F n¥) canbe modelled using just one charge carrier density. If a different valdeisfused in
the model, the charge carrier density changes without affecting the flat band potential. The interfacial model enablegpénsiati in
flat band potentialdo be decreasedrom 0.45 V td).27 V, a significant improvemeriioweverfurther increase irconfidence is required
through other flat band potential determination methods.
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Table 8: Modelled fat band potentials and charge carrier densities" -FeOs samplesd /= 80 assumed).

Gi=0.20F M Gi=0.15F M Gi=0.10F M
FeOs (Sample 1) Flat band potential (SHE)V -0.57 -0.56 -0.50
Donor density / m3 1.70 x 165 1.70 x 16p 1.70 x 165
Fe0s (Sample 2) Flat band potential (SHE)V -0.63 -0.61 -0.57
Donor density / m3 1.55 x 16p 1.55 x 16p 1.55 x 16p
FeOs (Sample 3) Flat band potential (SHE)V -0.77 -0.74 -0.70
Donor density / m3 1.50 x 16 1.50 x 16° 1.50 x10%5
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7. GartnerButler analysiof photocurrents

In 1 M NaOHNet photocurrents measured on hematite and FTO M NaOH at different scan rates are showrFigure $3.
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Figure 33. Effects of electrode potential and scan rate @t photocurrents and their squares for hemat8emples 1 (el & a2), Sample2 (b1 & b2) and

Sample3 (¢1 & ¢2) in 1 M NaOH and FTO in 1 M NaO# &ld-2). Dashed lines indicate the extrapolation of the linear portior@ of to the xaxis.
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In1 M NaOH + 0.5 M. Figure $4 shows ret photocurrents measured onematite in 1M NaOHcontaining 0.5 M kD, at different

scan ratesNo photocurrent could be determined of FTO in this electrolyte at any scan rate.
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Figure 34. Effects of applied potential and scan rate @t photocurrents and their squares for hematite samples-1 ga&a2), 2 (b1 & b2) and 3 (el & ¢2)
in 1 M NaOHDashed lines indicate the extrapolation of the linear portion®of to the potential axis.

Summary of flat band potentials determinely GartnerButler analysis

Table @: Hat band potentialsletermined by Gartner dzii f S NJ | yrbds @&nd RT® safmgldsdnt M NadHabsence and presence®$ M HO,

Flat bandpotential (SHE) V

1 M NaOH 1 M NaOH + 0.5 M40,
100 mv ¢ 50 mV & 10mv¢g Imvs 100 mv g 50 mV ¢ 10mv¢d Imvs
FeOs (Sample 1) +0.24 +0.24 +0.25 +0.25 -0.36 -0.37 -0.34 -0.34
FeOs (Sample 2) +0.30 +0.32 +0.33 +0.34 -044 -0.42 -0.41 -0.39
FeOs; (Sample 3) +0.26 +0.28 +0.28 +0.29 -0.45 -0.43 -0.42 -0.40
FTO +0.13 +0.11 +0.07 - - - - -
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8. Analysis of chopped photocurrent measurements
Chopped photocurrerg on hematitein 1 M NaOH solution

In addition to the previously observed steady state photocurrent®)at-0.1 V (SHEh 1 M NaOHthe hematite samples exhibited
transient photocurrensin the potential regiorca. -0.38J (SHEK  0.35.

(a) (b)

Figure 35. Effect of potential ontfwopped photocurrents recorded on three hematite samples in 1 M Ma@ldhopping frequency 63 Hz and scan rate of
mV st Two regions where photocurrenas observed are shown in (a) and (b).

Chopped photocurrents on hematite in 1 M NaOH + 0. kisolution

As shown irFigure $6, the transient photocurrents observed in 1 M Na®@ete not observedn the presence of the @, hole scavenger

(@ (b)
Figure 36. Effect of potential ontwpped photocurrents recorded on three hematite samples in 1 M NaOH + @G lsk ld chopping frequency of 0.3 Hz ar
scan rate of 1 m\tis
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