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Introduction

Developing a cheap and active water splitting photocatalyst
for solar fuel collection may be one of the most important
challenges of the century. Given that sunlight and water are
practically infinite sources of fuel, solar hydrogen from semi-
conductor photocatalysts is expected to be the most promis-
ing solution to the global energy dilemma.[1] Currently, howev-
er, no economically competitive water-splitting photocatalyst
has been realized, mainly due to the low efficiency of the con-
version process and limited visible light absorption. Nanomate-
rials, as catalysts, offer potential advantages with higher cata-
lytic surface area and shorter pathways for charge and exciton
transport compared to bulk materials. These properties have
led to the successful application of nanoscale Fe2O3 as a pho-
toanode material.[2] Nanocrystals also exhibit quantum size ef-
fects, which allow controllable adjustment of energy levels and
light absorption. Nanoscale CdSe is an active photocatalyst, for
example, while bulk CdSe is not.[3, 4] A problem with nanocrys-
tals is that space charge layers, if present at all, are not strong
enough to enable efficient electron–hole separation. Potential-
ly this problem can be solved with co-catalysts, which can act
as selective electron or hole acceptors. However, the optimiza-
tion of such contacts is a challenge because data on the ener-
getic structure of nanomaterials and composites are still
scarce. Besides, there are synthetic obstacles for the prepara-
tion of defined multicomponent nanostructures. As part of our
ongoing search for a nanoscale water-splitting photocata-
lyst,[3–13] we describe here scalable syntheses of catalysts that
contain up to three separate nanoparticle components for
light absorption, water reduction, and oxidation. The light ab-
sorber is a niobate nanoscroll derived by chemical exfoliation

from the known water-splitting photocatalyst K4Nb6O17.[14–17]

The asymmetrical scroll structure of this material is thought to
enhance charge separation. To introduce sites for water reduc-
tion and oxidation, Pt and IrOx (x = 1.5–2) nanoparticle co-cata-
lysts are attached to the nanoscrolls by photochemical deposi-
tion. The morphology, optical, electrochemical, photocatalytic,
and energetic properties of these nanomaterials are reported
here.

Results and Discussion

The synthetic steps involved in the formation of the niobate
nanoscrolls and the addition of the Pt and IrOx co-catalysts are
shown in Scheme 1. Sequential treatment of K4Nb6O17 with
dilute acid and with tetrabutylammonium hydroxide leads to
the exfoliation of individual niobate layers, which then turn

Layered K4Nb6O17 is a known UV-light-driven photocatalyst for
overall water splitting, with a band gap of 3.5 eV. Following
ion exchange and exfoliation with tetrabutylammonium hy-
droxide, the layered material separates into nanosheets that
coil into 1.0�0.5 mm long and 10�5 nm wide nanoscrolls to
reduce their surface energy. Pt and IrOx (x = 1.5–2) nanoparti-
cles were photochemically deposited onto the surface of the
nanoscrolls to produce two- and three-component photocata-
lysts. Under UV irradiation, the nanostructures produced H2

from pure water and aqueous methanol, with turnover num-
bers ranging from 2.3 and 18.5 over a 5 h period. The activity
of the catalysts for H2 evolution can be directly correlated with
the varying overpotentials for water reduction (210–325 mV).

From water, no oxygen is evolved. Instead, the formation of
surface-bound peroxides in a 1:1 stoichiometry with H2 is ob-
served. Slow photochemical oxygen evolution can be achieved
with the sacrificial electron acceptor AgNO3, and under an elec-
trochemical bias. The electrochemical water oxidation overpo-
tentials are ca. 600 mV across the series of scrolls. From the
photo onset potential the conduction band edge for the un-
modified scrolls is estimated as �0.75 V at pH 7. Deposition of
a co-catalyst is found to depress this value by 58 mV (IrOx),
148 mV (Pt/IrOx), and 242 mV (Pt). However, because water oxi-
dation remains rate-limiting, this does not affect the overall
performance of the catalysts.
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into scrolls (1) because of the inherent strain of the
asymmetrical structure.[17] By irradiating a mixture of
the scrolls (1) together with potassium hexachloroiri-
date (III) and nitrate as electron acceptor, one obtains
the IrOx-modified scrolls 2. Scrolls coated with plati-
num nanoparticles (3) can be obtained similarly, by
photochemical deposition using a mixture of 1 and
hexachloroplatinic acid. Pt/IrOx-modified scrolls 4
were produced by sequential deposition of first Pt
and then IrOx, or by co-deposition, using a mixture of
the Pt and Ir reagents. Products of the aqueous syn-
theses were isolated as wet solids by using precipita-
tion and centrifugation steps, as described in the Ex-
perimental Section.

Transmission electron microscopy (TEM) images
confirm the expected morphology of products 1-4.
Niobate scrolls (1) are 1�0.5 mm long and 10�5 nm
wide (Figure 1 a and b), in agreement with observa-
tions by Saupe et al.[17] The overlapping lattice fringes
evident in Figure 1 c and d can be related to the char-
acteristic spacing between rows of Nb atoms.[18, 19]

Nanoscrolls loaded with 1 wt % Pt show discrete
nanoparticles (<2 nm) deposited on the surface (Fig-
ure 1 e–h). When imaged with high-resolution scan-
ning transmission electron microscopy (HRSTEM), the
lattice fringes of the crystalline Pt particles were mea-
sured as 0.195 nm and match the known spacing of
platinum for the [100] axis.[20] In contrast, the 1 wt %
IrOx nanoscrolls in Figure 1 i–l showed no visible lat-
tice fringes, indicating an amorphous deposition. IrOx is known
to form an amorphous oxide/hydroxide phase when grown in
solution phase.[21] Images of the three-component catalyst con-
taining 0.5 wt % Pt and 0.5 wt % IrOx (Figure 1 m–p) share fea-
tures of the two-component structures, displaying discrete
crystalline Pt particles and amorphous IrOx regions. The co-cat-
alysts could also be directly identified by energy-dispersive
spectroscopy (EDS, see Figure S1 in the Supporting Informa-
tion). Regioselective deposition was observed on the asymmet-
ric nanoscroll, with Pt growing predominately on the edges of
the rolled crystal sheets whereas IrOx deposition appeared to
have no selectivity.

UV/Vis spectra (Figure 2) show
the optical absorption edge of
K4Nb6O17 (348 nm), correspond-
ing to the 3.55 eV band gap of
the parent material. For the ex-
foliated (Bu4N)4Nb6O17 nano-
scrolls the absorption onset is
shifted to 375 nm, correspond-
ing to a reduced band gap of
3.3 eV. We have previously attrib-
uted this band gap reduction to
weakening of Nb�O bonds due
to bending in the nanoscrolls.[9]

After Pt and/or IrOx deposition,
the samples become colored

(see photographs in Figure 2). The platinum-coated scrolls
appear brown due to broad visible absorption similar to that
of platinum colloids.[22] The IrOx-coated scrolls are also brown,
not blue as observed for colloidal IrIVO2.[23] This indicates that
most of the iridium ions are in the +3 oxidation state. Howev-
er, IrIII oxide is also active as a water oxidation catalyst.[24, 25] The
scrolls containing both platinum and IrOx share optical charac-
teristics of the scrolls loaded with either platinum or IrOx.

Photoirradiation experiments with the nanoscroll catalysts
were conducted over 5 h periods in aqueous methanol
(20 vol %), 25 mm aqueous silver nitrate solution, and in pure
water, using 100 mg (ca. 120 mmol) of catalyst in each case.

Scheme 1. Synthesis of nanocrystal photocatalysts. The structure of K4Nb6O17 (including exfoliation lines) and the
schematic structure of the nanoscrolls with co-catalysts is also shown.

Figure 1. a ,b) TEM, c–m, o) high-angle annular dark field scanning TEM (HAADFSTEM),
and n, p) high-resolution TEM images of (Bu4N)4Nb6O17 nanoscrolls (a–d), Pt nanoscrolls
(e–h), IrOx nanoscrolls (i–l), and Pt/IrOx nanoscrolls (m–p).
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From methanol solution, all cata-
lysts evolve H2 at a constant
rate. [Pt](Bu4N)4Nb6O17 (3) is
most active (ca. 500 mmol h�1),
followed by [IrOx,Pt]-
(Bu4N)4Nb6O17 (4, ca. 250
mmol h�1), (Bu4N)4Nb6O17 (1), and
[IrOx](Bu4N)4Nb6O17 (2). The latter
evolve H2 at nearly the same
rate of ca. 100 mmol h�1. Turn-
over numbers range between
4.9 (for 1) to 18.5 (for 3), estab-
lishing a catalytic process
(Table 1).

From water the catalysts
evolve H2, but the rates are only
about half of those in aqueous
methanol. The relative activities
of the four catalysts are the
same as in aqueous methanol,
with [IrOx](Bu4N)4Nb6O17 (2)
being the least active material.
Importantly, we find that in water, H2 evolution can not be sus-
tained and in the case of the most active catalyst 3 drops to
nearly zero after 24 h of continuous irradiation (Figure 3 d).
This deactivation can be attributed to coating of the nano-
sheet surface with peroxides, as we have previously demon-

strated for nanosheets of the related phase HCa2Nb3O10.[8] The
latter catalyze the splitting of water into hydrogen and
Nb(5+)-bound h2-peroxide. Indeed, titration of post-irradiated
platinated scrolls (3) with the indicator o-tolidine (details in the
Supporting Information) reveals that peroxides are also present
in a 1:1 ratio with regard to the amount of released H2 (Fig-
ure 3 d). This confirms that the diminishing reactivity of the
scrolls must be due to peroxide poisoning. Assuming that
each of the six niobium ions in the scrolls can accommodate
one peroxide ligand, the scrolls can release at most six mole
equivalents of hydrogen. This is exactly what is observed for 3
in Figure 3 d, after replacement of residual tetrabutylammoni-
um (TBA) surfactant with protons via repeated precipitation/
washing steps. Under these conditions 120 mmol of H4Nb6O17

(100 mg) evolve up to 680 mmol of H2 over a 24 h period, that
is, H2/H4Nb6O17 = 5.7. In the presence of TBA, the amount of H2

Figure 2. Diffuse reflectance UV/Vis spectra of the four catalysts and the
parent material. Open line: K4Nb6O17 bulk (a), small-dotted line: Pt/IrOx

(Bu4N)4Nb6O17 (b), dotted line: Pt (Bu4N)4Nb6O17 (c), dashed line: IrOx

(Bu4N)4Nb6O17 (d), solid line: (Bu4N)4Nb6O17 (e). The photographs show colo-
ration due to co-catalyst deposition.

Table 1. Catalyst turnover numbers, calculated as moles of formed H2/O2

per mole of H4Nb6O17 catalyst (molecular mass 834 g mol�1, 120 mmol for
100 mg) after 5 h of irradiation.

H4Nb6O17 nanoscroll catalyst Solution
pure water methanol

(20 vol %)
AgNO3 (25 mm)

Unmodified 2.3 4.9 0.1
IrOx 0.8 6.24 0.1
Pt 8.3 18.5 0.0
Pt/IrOx 4.6 14.4 0.1

Figure 3. H2 and O2 evolution under UV irradiation with a 300 W Xe arc lamp from 100 mg of catalyst suspended
in 50 mL of a) 20 % aqueous methanol, b) pure water, and c) 25 mm aqueous AgNO3. Diamonds: Pt nanoscrolls,
circles: Pt/IrOx nanoscrolls, triangles : (Bu4N)4Nb6O17 nanoscrolls, squares: IrOx nanoscrolls. d) Hydrogen evolution
during long term (24 h) irradiation of 100 mg 1 % Pt nanoscrolls (3) in water. Also shown in the plot is H2 evolu-
tion data for 3 after removal of residual tetrabutyl ammonium hydroxide (TBAOH), and the amount of peroxide
detected coulometrically via reaction with o-tolidine (for details, see Figure S2 in the Supporting Information).

Figure 4. Cyclic voltammograms of films of the four catalysts on a Au elec-
trode (1 cm2) in 0.25 m NaH2PO4/Na2HPO4 buffer at pH 7 and scan rate of
10 mV s�1. Open line: Pt nanoscrolls, dotted line: Pt/IrOx nanoscrolls, solid
line: (Bu4N)4Nb6O17 nanoscrolls, dashed line: IrOx nanoscrolls. The arrows
show the scan direction. All potentials are given vs. NHE. Additional scans
on bare Pt and Au electrodes (Figure S3 in Supporting Information) show
that background currents from the Au electrode can be neglected.
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from irradiation in water is higher (see Figure 3 d and Table 1).
We attribute this to side reactions of the peroxide with the tet-
rabutylammonium ion, as previously described for TBA-
Ca2Nb3O10 nanosheets.[8]

Problems with O2 evolution persist even when catalysts are
irradiated in the presence of 25 mm AgNO3 as sacrificial elec-
tron acceptor (Figure 3 b). Only noncatalytic amounts of O2 are
formed, or none as in the case of [Pt](Bu4N)4Nb6O17. The O2

evolution rate declines over time, in part due to peroxide poi-
soning of the catalyst, and also as a result of Ag particle depo-
sition onto the scrolls.

Further insight into the differences in catalytic activity of
these nanocomposites can be obtained using cyclic voltamme-
try (Figure 4). Cathodic scans reveal significant differences of
0.21–0.325 V between the actual and theoretical reduction po-
tential for water (�410 mV vs. NHE at pH 7). The 1 % Pt nano-
scrolls (3) showed the lowest reduction overpotential (0.21 V),
as expected. For the remaining catalysts, cathodic overpoten-
tials increase in the order Pt/IrOx (4)<nanoscroll (1)< IrOx (2).
This parallels the order of activity for H2 evolution rates in both
water and in aqueous methanol. Figure 5 is a plot of the rates
of H2 evolution for these systems against the electrochemical
overpotentials. The data can be fit to a straight line in both

cases, but the slope is larger in methanol than in water. This
makes sense because methanol oxidation is less difficult than
water oxidation, so that the proton reduction rate becomes
the limiting factor. In the absence of methanol, water oxidation
becomes the rate limiting step, based on the lower H2 evolu-
tion rates from water in Figure 3, however H2 reduction still
has an effect on the overall rate.

Electrochemically, water oxidation is observed for all materi-
als significantly above the theoretical potential (+820 mV vs.

NHE at pH 7). The first oxidation wave at +1.10 belongs to the
two-electron oxidation of water to peroxide as shown in
Figure 4, with a corresponding reduction process on the re-
verse scan occurring at +600 mV. The shapes and potentials of
these redox features are very similar to gold electrodes, after
correcting for the difference in pH.[26, 27] Indeed, if the nano-
scroll film is kept at 1.2 V NHE bias for 1 h, peroxides can be di-
rectly detected on the surface using a peroxidase-coated test
strip (Figure S4). Peroxide formation is favored energetically
because of the strong binding affinity to Nb(5+) and kinetical-
ly, because it involves fewer redox steps and fewer reactive in-
termediates in comparison to O2 formation. For the Pt-contain-
ing materials, water oxidation to peroxide is observed as only
a shoulder, which could indicate a fast follow up reaction, for
example, the Pt-catalyzed peroxide disproportionation into O2

and H2O. This reaction is not complete, however, because the
peroxide reduction peak at +600 mV can still be observed,
albeit at lower amplitude for the scrolls 3 with the largest Pt
loading. The electrochemical properties of the IrOx-loaded
scrolls, on the other hand, are nearly identical to the unloaded
scrolls. This means that water oxidation proceeds mainly on
the niobate and that the IrOx particles merely assume a specta-
tor role.

The second oxidation peak at >1400 mV corresponds to the
formation of O2, which can be seen directly as gas bubbles at
the electrode. This process occurs at roughly the same poten-
tial for all catalysts, indicating that O2 evolution takes place di-
rectly on the nanoscroll surface, not on the co-catalysts. The
IrOx co-catalysts do not improve the situation because their
mass fraction in 2 is small, and because there appears to be
no efficient pathway for hole transport from the nanoscrolls to
the IrOx particles. Also, the photodeposited brown IrOx is
known to be not as active for water oxidation as the blue
IrO2.[24, 25] The fact that the O2 evolution overpotential (ca.
600 mV) is 2 to 3 times the value of the proton reduction over-
potential (210–325 mV) clearly shows that oxygen evolution is
the limiting factor in photocatalytic water splitting with these
materials.

In addition to the potential scans in water, we also per-
formed voltammetry scans under chopped illumination and in
the presence of methanol as electron donor (Figure 6 a). These
scans serve to determine the onset potential for the anodic
photocurrent, which can be used to estimate the conduction
band edge in highly n-doped metal oxide semiconductors.[28–30]

One can see that at pH 7, the sizes of the photocurrents differs
among catalysts, with the strongest currents observed for [Pt]-
(Bu4N)4Nb6O17 (3). Onset potentials are observed from �0.50 to
�0.80 V. Together with the optical bandgaps, this data was
used to construct the energy diagrams in Figure 6 b. The figure
shows that the conduction bands of all nanoscrolls are above
the proton reduction potential in neutral solution (�410 mV
vs. NHE). The co-catalysts are found to depress the conduction
band edge by 58 mV (IrOx), 148 mV (Pt/IrOx), and 242 mV (Pt)
in positive direction from the value for the unmodified scrolls
(�748 mV). This observation compares well with our previous
electrochemical studies on platinum-modified H2Ti4O9 nano-
crystals.[13] The shift can be interpreted as a result of electron

Figure 5. Correlation between measured reduction overpotentials and pho-
tocatalytic H2 evolution rate. Dashed line: aqueous methanol (20 vol %), solid
line: pure water. Diamonds: Pt nanoscrolls, circles: Pt/IrOx nanoscrolls, trian-
gles: (Bu4N)4Nb6O17 nanoscrolls, squares: IrOx nanoscrolls. Error bars corre-
spond to 10 % experimental error.
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transfer from the niobate to the co-catalysts, in the direction
of lower Fermi energy. The effect is so pronounced in these
systems because of the large interfacial area between the
nanoscrolls and the co-catalyst particles. One might expect
that the associated polarization should lessen the thermody-
namic driving force for water reduction, thereby reducing the
H2 evolution rate. However, this is not observed here, because
the photocatalytic H2 activity in methanol solution is not con-
trolled by the energetics of the catalysts but by the kinetics of
proton reduction (electrochemical overpotentials). For water
oxidation the situation is similar. Even though the valence
band edges of all catalysts are well below the water oxidation
potential, oxygen formation is inhibited kinetically due to the
large overpotential for its formation and to the greater ease of
peroxide formation on the niobate surface.

Conclusions

We have synthesized Pt- and/or IrOx-coated niobate nano-
scrolls by combination of a top down (exfoliation) and a
bottom-up approach (photochemical deposition). The resulting
two- and three-component nanostructures are catalytically
active for photochemical H2 evolution from aqueous methanol,
but they evolve only limited amounts of H2 from water, and

non-stoichometric amounts of O2 from aqueous AgNO3 solu-
tion. In methanol, the H2 evolution rates are inversely correlat-
ed with H+ overpotentials, which shows that the process is lim-
ited by the rate of proton reduction. In water and aqueous
silver nitrate, oxygen evolution is strongly retarded because of
a large kinetic barrier for O2 formation (the electrochemical
overpotential is 2–3 times as large as the H2 overpotential) and
due to the strong binding affinity of peroxide to Nb(5+). The
formation of niobate-bound peroxides is the reason for the di-
minishing hydrogen evolution activity in water. This reaction is
not prevented by the Pt and IrOx co-catalysts. We also find that
the co-catalysts depress the niobate conduction band energy,
based on the photo-onset potentials. However, in the presence
of the other limiting factors, this does not affect the activity of
the catalysts.

Experimental Section

Reagents. K2CO3, Nb2O5, and TBA(OH) (40 wt % in H2O) were pur-
chased from Acros Organics and used Scheme 1. H2PtCl6·6 H2O,
K3IrCl6, H2SO4, and HNO3 (70 %) were purchased from Sigma–Al-
drich. KNO3 and AgNO3 were obtained from Fisher Scientific, Pitts-
burgh, PA. Reagents were of reagent quality and were used as re-
ceived. Water was purified to >18 MWcm resistivity using a Nano-
pure system. K4Nb6O17 was prepared according to a literature
method.[14]

(Bu4N)4[Nb6O17] scrolls (1). The scrolls were prepared as described
previously.[17] Initially, an acid treatment of 2.0 g (1.93 mmol) bulk
K4Nb6O17

.3H2O powder with 250 mL of 2 m HNO3 was carried out
for 5 days. The resulting white product was centrifuged and
washed four times with 50 mL of pure water. Exfoliation of the wet
acid exchange product involved adding TBA hydroxide (40 wt % in
water, Acros) in a 20:1 molar ratio (26.6 mL, 40.5 mmol) and stirring
for 5 days. This white solution was centrifuged and washed twice
with pure water. During the second wash, the precipitate was dis-
carded and the supernatant (containing a homogeneous colloid
suspension of nanoscrolls) was isolated for the following study.
The concentration of the colloid was measured gravimetrically to
be 10 mg mL�1 which corresponds to an average total of 1.0 g
(Bu4N)4[Nb6O17] (28 % yield, M = 1798 g mol�1). Transmission elec-
tron microscopy (TEM) reveals thin sheets that have rolled into a
rod-like structure with multiple layers.
[Pt, IrOx, and Pt/IrOx] (Bu4N)4[Nb6O17] scrolls (2,3,4). Platinum
nanoparticles were deposited onto the surface of the niobate
scrolls by adding 2.13 mg H2PtCl6 (85 wt % in water, Acros) to a dis-
persion of 100 mg of niobate scrolls in 50 mL of water. The solu-
tion was purged with Ar gas and irradiated under UV light for 1 h
with a Xe arc lamp. The colored product 3 (Figure 2) was precipi-
tated with 0.1 m H2SO4, washed twice with 50 mL of pure water
and then redispersed in 0.5 wt % tetrabutylammonium hydroxide
in water. Bright-field TEM images revealed the Pt nanoparticles as
dark spots (2–3 nm in diameter) containing the characteristic lat-
tice fringes of platinum.[20] IrOx-modified nanoscrolls (2) were pre-
pared analogously, using 2.33 mg of K3IrCl6 (99.9 % purity, Acros),
and 5 mm (25.25 mg) KNO3 for 100 mg of niobate scrolls dispersed
in 50 mL of water. The nitrate is known to facilitate deposition of
IrOx.

[31] Scanning TEM (STEM) images show additional broader re-
gions of high contrast corresponding to IrOx deposition. Nano-
scrolls containing both 0.5 % Pt and 0.5 % IrOx (4) were synthesized
in two ways. Pt and IrOx were photodeposited sequentially, with a
water washing step (50 mL) after the first deposition. Alternatively,

Figure 6. a) Reduction scans (10 mV s�1) of catalysts deposited and dried as a
thin film onto a gold 1 cm2 electrode in 25 mm NaH2PO4 pH 7 buffer with
chopped light, and b) resulting energy band diagrams of each catalyst.
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Pt and IrOx were deposited simultaneously using a mixture of
1.17 mg K3IrCl6 and 1.07 mg H2PtCl6 in 50 mL of 5 mm KNO3 before
washing four times with 50 mL of water. The two products were
found to be identical in terms of their morphology and their opti-
cal and catalytic properties.
The rate of photochemical hydrogen evolution from each catalyst
was determined by irradiating 100 mg of each catalyst in 50 mL of
pure water in a quartz round bottom flask with a 300 W Xe arc
lamp (209 mW cm�2 at flask, l= 220–380 nm, measured with GaN
photodetector). The air-tight irradiation system connects a vacuum
pump and a gas chromatograph (Varian 3800) with the sample
flask to quantify the amount of gas evolved, using area counts of
the peaks and the identity of the gas from the calibrated carrier
times. Prior to irradiation, the flask was evacuated down to 5 torr
(666.6 Pa) and purged with argon gas. This cycle was repeated
until the chromatogram of the atmosphere above the solution in-
dicated that the sample did not contain hydrogen, oxygen, or ni-
trogen. Electrochemical measurements were conducted by drying
a drop of the aqueous dispersions of the catalyst under nitrogen
gas onto a gold electrode (1 cm2) and submerging the dried prod-
uct into an air-tight quartz flask filled with 50 mL of 0.25 m

Na2HPO4/NaH2PO4 buffer solution at pH 7, containing methanol
(20 vol %) as sacrificial donor. The electrochemical cell consisted of
a platinum counter electrode, the working electrode (catalyst), and
a saturated calomel reference electrode connected to the cell with
a KCl salt bridge. Nitrogen gas was bubbled through the electro-
lyte solution for 10 min prior to each experiment and remained
streaming above the solution during the experiment. Photocur-
rents were measured by irradiation delivered via a fiber optics
cable from a 300 W Xe arc lamp equipped with an IR filter. Chop-
ped light with an irradiance of 15 mW cm�2 at 200–380 nm illumi-
nated the working electrode. The system was calibrated using the
redox potential of K4[Fe(CN)6] at +0.358 V (NHE). UV/Vis diffuse re-
flectance spectra were taken on dried films of the catalysts by
using an Ocean Optics HR2000 CG-UVNIR spectrometer and a
DH2000 light source. Centrifugation was achieved with a IEC
Centra CL2 centrifuge. Transmission electron images were taken
with a Philips CM-12 instrument at 120 kV acceleration potential.
Bright field high resolution transmission electron microscopy (BF-
HRTEM) images were taken using a JEOL 2500SE 200 kV TEM. Z-
contrast high angle annular dark field scanning TEM (HAADF-
STEM) images were taken using a JEOL 2100F STEM with 200 kV
field emission gun and a spherical aberration corrector.
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