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A. Hematite Results

The same physical model presented in the main manuscript can be applied to other photoanodes by simply adjusting
the model parameters to values suitable for a given material system. In Fig. S1 we show the numerical results for a
Fe2O3-water photoanode, where it can be seen that the emergence of a ps-to-p

3
s transition is again obtained through

the inclusion of a Tafel parameter. The sloping saturation regime in Fig. S1a results from the fact that the depletion
region width in hematite (at a doping of ND = 1×1019/cm3) is not sufficient to capture all photo-generated holes [5].
This also explains why the photo-generated current does not reach the maximum defined by the incident photon flux
– reaching only ∼ 1/4 of 3 Suns at maximum illumination in Fig. S1a. Moreover, the ps-to-p

3
s trend is robust against

changes in the applied bias and the electrode doping density as can be seen in Fig. S1c. There is, however, a shift in
the trend with respect to doping density in Fig. S1c. This also arises from the shortened depletion region at higher
doping densities as can be seen in Fig. S1d where we use the photon flux (Φ) on the vertical axis. For the same photon
flux, reading over from the vertical axis, less holes are swept to the depletion region interface (measured by ps) when
the doping is higher and the semiconductor depletion region width is correspondingly smaller. Thus, there is a shift
in the ps-to-p

3
s with respect to doping for a planar electrode. In a nano-structured electrode photon absorption is

more complex and this trend is likely to be less pronounced as nano-structuring provides more opportunities for light
absorption and internal scattering. In a planar electrode, at sufficiently low doping the light penetration depth is fully
encompassed by the depletion region and there is no further shift to the right in the profiles provided by Fig. S1d.
Lastly, the ps-to-p

3
s trend is also reproduced by the analytical model when applied to Fe2O3 as shown in Fig. S2.
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FIG. S1. Results calculated for a planar Fe2O3 thin film electrode assuming a Tafel coefficient of γ = 0.6. (a) Variation in the
illumination current with respect to light intensity (normalized by dividing by 3 Suns of intensity) for ND = 1 × 1019/cm3,
the biases at which surface hole density plots are obtained are indicated as vertical dashed lines. (b) All plots of the surface
hole concentration with respect to a reaction quantity are taken beyond onset where band bending sufficiently suppresses
recombination (blue through red) with respect to the captured light flux (black). (c) The hole transfer current with respect
to the surface hole density (ps) at various biases and doping concentrations, ps-to-p

3
s fits are provided as guides to the eye.

(d) Trends with respect to the incident flux, normalized by the minimum flux applied (which is the same for all curves), and
surface hole concentration ps. The maximum flux (Φ) applied, in all results, corresponds to 3 Suns.



S3

10-2 10-1 110-6

10-5

10-4

10-3

10-2

V in
t(
eV
)

J p
,h
t
(A
/c
m
2 )

1.3 V, ND=1019 cm!"

𝑝
𝑝!

ps (/nm2)

FIG. S2. Analytical results for a planar Fe2O3 thin film electrode assuming a Tafel coefficient of γ = 0.5 for varying illumination
intensities at a fixed bias of 1.3 V versus flat-band. In this plot the assumed analytical parameters are: CH = 100 µF/cm2,
kp0 = 10 s−1, Lp = 10−7 cm, α = 1×105 cm−1, β = 0.5, krec,0 = 107 s−1, ϵr = 25 [4, 5].
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B. Theoretical Model Parameter Values

All parameters pertaining to the analytical model can be found in the caption to each such figure. Below we
provide the key material parameters utilized for the numerical simulations conducted. For Fe2O3 approximate values
are employed where indicated, as there is no major impact on the general trends through the variation of such
parameters (e.g., varying τ will merely shift the onset voltage). All other numerical parameters are set the same as
discussed in Ref. 20.

TABLE S1. Numerical Model Parameters
Parameter (Units) Fe2O3 System BiVO4 System Description
EG 2.1 eV [4, 5, 43] 2.4 eV [30] semiconductor band gap
ϵr,sc 25 [4, 5, 43] 7 [29] semiconductor dielectric constant
ϵr,L 80 80 water dielectric constant
csup 1 Mol 1 Mol supporting electrolyte concentration
NC ∼ 4× 1019 cm−3 [24] 2.14× 1019 cm−3 conduction band effective density of states
NV ∼ 4× 1019 cm−3 [24] 1.47× 1019 cm−3 valence band effective density of states
α ∼ 105 cm−1 [4, 5, 43] 6× 105 cm−1 [29] photon absorption coefficient
τ ∼ 40 ps 40 ps [30] semiconductor carrier lifetime
kp0 0.1 s−1 [10] 0.1 s−1 [10] equilibrium hole transfer rate
γ 0.6 0.6 Tafel parameter
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C. Further Comments on the Surface Hole Concentrations & Photocatalytic Rates

The nature of the “holes” detected spectroscopically in the case of hematite has been clarified by analysis of the
infrared spectra using isotopic oxygen substitution [37]. It is clear than the holes are in fact located on the surface at
Fe sites. The simplest chemical representation of the surface trapped hole is that it corresponds to >Fe=O, i.e., it is
an Fe(IV) species. More recent DFT calculations suggest that the hole may be partly localized on the oxygen atom
of the Fe-O moiety [13]. If, as seems probable, there is a pseudo-equilibrium between free and surface trapped holes
in this case, the majority of holes will indeed be surface trapped since there is good evidence that the Fe=O state
is located well above the valence band [38]. In the case where no surface trapping occurs (e.g. on defect-free silicon
surfaces), computations show that holes are located in a very narrow surface region, so that the surface concentration
model can be employed unless the doping is very high [39].

Moreover, the photo-oxidation of water is of course a 4-electron (or 4-hole) process that must involve surface-bound
species. The identity of these species will depend on the nature of the photoanode. The treatment given in our paper
does not consider the mechanistic complexity of the reaction, using instead a phenomenological rate constant for the
overall reaction. A detailed analysis that takes into account specific mechanisms is beyond the scope of the paper, but
we note in the paper that such an analysis in the case of hematite gives the same conclusion, namely that acceleration
of hole transfer by changes in the potential drop in the Helmholtz layer needs to be considered when interpreting
“reaction order” plots. A study on this is currently under preparation by L. Peter at the time of publication.
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D. Numerical Model

The numerical model utilized in this work builds upon Ref. 20 and can be found via the link below:
http://www.physics.mcgill.ca/~bevankh/Codes/SLJCompact/SLJCompact1.1.zip

Within from the root directory of this zip-file, the analytical codes/examples can be found in:

• examples/BiVO4/Fig6/

• examples/Fe2O3/SupplementalFig2/

and only require Matlab to run.
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