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Experimental

Sample Fabrication

Preparation of n-TiO, substrates was based on
the method used by Finklea.5! Single crystal
(100)-oriented n-TiOysubstrates (MTI) were
diced into squares 5 mm in length, cleaned in
hot piranha (1:3 HyO to concentrated HySOy4
by volume) for 20 min, and doped n-type by
annealing at 750 °C for 2 h under 15 sccm of
5% Hs / 95% Na. The doped n-TiO, substrates
were then etched for 1 h in conc. H,SO, heated
to 260 °C on a hot plate.

Precursor solutions for thermal deposi-
tion of dense metal oxide catalysts were
made by dissolving Ni(NOj3)2:6H,O (98%,
Alfa-Aesar); Co(NOj3)2-6H,O (984%, Sigma-
Aldrich); Fe(NOj3)2-9H,O (Mallinckrodt ana-
lytical grade); and IrClz - zH20 (99.9%, Strem
Chemicals) in ethanol at a concentration of
0.05 M for Ni, Co, Fe, and 0.025 M for Ir.
Triton X-100 (J.T. Baker) was added to give
0.15 g Triton per mmol of metal ions. The
precursor solution was spun-coat (3000 rpm, 30
s) onto n-TiOyor conductive substrates. The
coated substrates were then annealed in air
on a hot plate at 300 °C for 3 min to decom-
pose the precursor into metal oxide film.5? An
ohmic contact was made to the back side of
n-TiO, substrates using In-Ga eutectic and Sn-
Cu wire or the edge of conductive substrates
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using Ag paint and Sn-Cu wire. Epoxy (Loctite
Hysol 1C) was used to cover the contact and
attach the substrate onto one end of a 3.5 mm
diameter glass tube such that the contact wire
ran inside the tube and out of the other end.
Solutions for electrodeposition of
permeable Ni, Co, and Fe catalyst films were
prepared by dissolving NiSO4, Co(NOj3),, and
FeCl, in 18.2 M) cm nanopure water to achieve
a concentration of 0.1 M. The pH of the
NiSO, solution was subsequently adjusted to
~7 with 1.0 M NaOH. Ion-permeable catalyst
films were then anodically deposited onto n-
TiOs electrodes under 1 sun illumination by
cycling the potential of the n-TiO; between -
0.1 V and +1.0 V versus Ag/AgCl reference
electrode at 10 mV /s until the maximum pho-
tocurrent decreased by about 10%. Carbon
cloth was used as counter electrode for all film
depositions. The IrO, - xH50 catalyst film was
anodically deposited from a IrO, nanoparticle
solution (prepared following Nakagawa et al.5?)
in a similar fashion except a UV LED (Thor-
labs, M365L2 365 nm) was used to achieve a
maximum photocurrent density of about 10
mA /cm?.  The deposition of ion-permeable
catalyst films from the above solutions onto
conductive substrates were carried out by pass-
ing a typical anodic current density of about
0.5 mA/cm? for 60 s except for the deposition
of IrO, - zH50O, which required passing a cur-
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rent density of at least 2 mA/cm? for 10 min.
Although direct measurement of the thickness
of electrodeposited hydrous EC films was not
performed, the decrease of photocurrent af-
ter EC deposition was monitored to keep the
film thickness comparable among different ECs.
Scanning electron microscopy (Zeiss Ultra 55
at 5 kV) was used to examine film morphology.

The Fe-free KOH electrolyte was pre-
pared according to an established purification
method.5* Multiple samples were fabricated
and tested for each experiment and represen-
tative data is reported. We were able to use
the same n-TiO,substrate for multiple cata-
lyst depositions because all electrochemically
deposited catalysts, except IrO,, were cleaned
off easily by soaking in 2 M HCI for 15 min.
Other electrodes which had the same catalysts
deposited showed similar results, independent
of deposition sequence. Additional structural
and compositional information regarding the
ECs used in this study can be found in works

previously published by our group and oth-
ers, 52756

Measurements

Photoelectrochemical measurements were con-
ducted in a three-neck, flat-bottom fused silica
cell containing ~ 15 mL of 0.1 M KOH solution
(Fluka Analytical TraceSelect, > 30%, diluted
with 18.2 M cm water) using either a Auto-
lab PGSTAT302N or a Bio-Logic SP200 poten-
tiostat. A solar simulator (Abet technologies,
model 10500, calibrated to 1 sun at the sam-
ple surface in the solution) was used to illumi-
nate the n-TiOs photoanode via the flat bot-
tom surface of the three-neck cell. A Pt coil
was used as the counter, and the reference was
either Hg/HgO filled with 0.1 M KOH (CH
instruments) or a saturated calomel electrode
(Fisher Scientific). The solution was stirred us-
ing a magnetic stir bar and sparged with pure
O,. Unless stated otherwise, all potentials re-
ported were referenced to the thermodynamic
redox potential of OER at pH = 13 (Eogr),
calculated using the Nernst equation with 0.1
M OH™ and 1 atm O,.
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Impedance data modeling

Impedance data (|Z| and phase angle #) were
modeled using the EC-Lab software (v10.38,
Bio-Logic Science Instruments) with a sim-
ple Ry+R,/C, circuit to extract the appar-
ent junction capacitance values at various ap-
plied potentials to construct the Mott-Schottky
plots. Although impedance data were typically
recorded over a frequency range of 100 Hz—100
kHz, only the region dominated by capacitive
response was fitted to obtain Mott-Schottky
data. An example of the original and fitted
data is shown in Figure S1. Better fits of the
impedance data could be obtained by increasing
the complexity of the equivalent circuit. How-
ever, the interpretation of the results inevitably
becomes more ambiguous with increased num-
ber of elements in the equivalent circuit. Be-
cause we were only interested in extracting the
SC depletion region capacitance, fitting only
the portion of data that exhibits strong purely
capacitive behavior (phase angle -90°) allows
us to use a the simplest and least-ambiguous
equivalent circuit.

Due to possible complication from surface
states and deep impurity states, slight changes
in the slope of Mott-Schottky plots for n-
TiO, electrodes are typically observed when a
wide range of bias voltage is used. The slope
variation increases the uncertainty of extracted
Vi, therefore, for consistency we fit data points
only from reverse biases (positive versus Eogg)
where the Mott-Schottky plots are linear to ob-
tain Vp, values.

Viy shift upon repeated EC
deposition/cleaning

A general trend of cathodic shift in the appar-
ent Vg, was observed when the n-TiO, electrode
(with or without EC) undergoes repeated cata-
lyst deposition/cleaning cycles. Data in Figure
S2 shows that the order of catalyst deposition
did not substantially affect the trend in Vi, with
deposition/cleaning cycle.
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Figure S1: A typical set of original impedance data collected during Mott-Schottky measurement

(symbols) compared to the results of three-element (R-C/R) fit (lines).

results from

(a)~(d):

samples with thermally deposited Co, Fe, Ir, and Ni catalyst, respectively. (e)—(h): results from
samples electrodeposited Co, Fe, Ir, and Ni catalyst, respectively.

Ion permeability of elec-
trodeposited EC films

We note the following lines of evidence that
indicate the electrodeposited catalysts are ion-
permeable. For Ni(Fe)OOH it has been demon-
strated that all Ni sites are redox active, i.e.
accessible to the electrolyte.>?5* Electrolyte ac-
cessibility is required for redox activity since
ionic charge must compensate electronic charge
associated with faradaic reactions. To pro-
vide further evidence of ion permeability for
electrodeposited ECs, we conducted additional
electrochemical impedance spectroscopy exper-
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iments to monitor the change of Au surface
double layer capacitance before and after the
electrodeposition of Ni, Fe, Co, and Ir cata-
lysts. We found that as long as the Au substrate
is held at a potential where Faradaic charg-
ing/discharging of the catalyst is minimized,
the addition of Ni, Fe, and Co catalysts did
not substantially change the apparent double
layer capacitance (Cq) of the underlying Au
electrode (see Table S1).

Furthermore, Cq was found to be indepen-
dent of Ni(OH)y thickness (Figure S3). Since
Ni(OH)2, Co(OH)y, and Fe(OH), have pre-
viously been shown to be insulators,3*%° one



Table S1: Apparent double layer capacitance of Au substrate with or without electrodeposited

catalyst in 0.1 M KOH.

Catalyst none(Au) Ni(OH); Fe(OH); Co(OH)y IrO,-zH20O
Ca (uF/cm?) 23 28 45 31 94
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Figure 52: Changes in the extracted flat double layer capacitance suggest that EC film

band potential Vg, in 0.1 M KOH of two n-
TiOs electrodes — (a) and (b), with or with-
out an ion-permeable catalysts on its surface.
The data number indicates the sequential or-
der of each Mott-Schottky measurement. Data
from the same catalyst but deposited at differ-
ent times were represented by the same color.

would expect Cq of the EC-coated Au elec-
trode to decrease (which was not observed) af-
ter the EC deposition if the films are imper-
meable to electrolyte. For the hydrous Ir cata-
lyst, Cq increased by a factor of four after EC
deposition, due to the presence of redox capaci-
tance over a wide range of the potential window.
Murray and coworkers have also shown that
all Ir sites in similarly prepared IrO, nanopar-
ticles are redox active and the entire electro-
flocculated film is microscopically accessible to
electrolyte.55% These results support our as-
sertion that electrolyte permeates throughout
the electrodeposited EC film and makes direct
contact to the underlying substrate.
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is completely ion permeable.

TiO, catalytic activity and
carrier exchange with the
catalyst layer

TiO4y is a very poor EC for water oxidation,
as shown by experiment and theory (e.g. see
Viswanathan and Norskov).5” For 1 nm thick
TiO, films (where lateral electrical transport
through the TiO, is relatively fast) overpoten-
tials of nearly 800 mV are required to pass 1
mA/(:m2 OER current. Illuminated n-TiO4 is
able to drive water oxidation efficiently because,
given the large band gap, the hole quasi Fermi
level, and thus surface potential of holes, is able
to move very positive under illumination. At
steady-state the hole quasi-fermi level in bare
TiOy must be sufficiently anodic under illumi-
nation to drive the photocurrent (i.e., based on
published data 800 mV more positive than the
OER potential). However, if the surface is mod-



ified with a EC layer that has much faster ki-
netics than bare TiO, (as Fe, Ni, Co-based ECs
all have - they pass 1 mA/cm? at < 400 mV
overpotential), then, if the EC and SC surface
exchange carriers relatively fast (which would
be expected for two solid-state systems in direct
contact) the catalysts will prevent the TiO sur-
face from reaching the very oxidizing potentials
needed to drive OER on the bare TiO, and all
the current will flow through the EC.
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