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energetics and photochemical charge transfer of
a nanoscale water splitting photocatalyst†
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Tetrabutylammonium (TBA) stabilized H[Ca2Nb3O10] nanosheets catalyze hydrogen evolution from

aqueous methanol under illumination with UV light. Here we show that surface treatment with protons,

potassium, and strontium potential-determining cations (PDIs) in aqueous solution modifies the

electrostatic, energetic and photocatalytic properties of this nanomaterial. Attachment of cations to the

nanocrystals was verified with elemental dispersive spectroscopy. Zeta potentials were measured as

!40 mV (TBA+, pH " 4.8), !50 mV (K+, pH " 4.3), and !20 mV (Sr2+, pH " 4.4). Photoelectrochemical

measurements in methanol containing 0.1 M tetraethylammonium chloride revealed anodic current

photoonset potentials/Fermi energies ranging between !0.59 V (Sr2+) and !0.71 V (at pH " 7, vs. NHE).

The photocatalytic proton reduction ability of the modified nanocrystals was assessed in aqueous

methanol at pH " 1. Here, KxH1!x[Ca2Nb3O10] evolved hydrogen at 350 mmol H2 h!1,

SrxH1!2x[Ca2Nb3O10] at 70 mmol H2 h!1, and H[Ca2Nb3O10] at 160 mmol H2 h!1. In addition, the

photocatalytic activity was found to increase (20–160 mmol H2 h!1) with solution pH. These observed

activity variations can be quantitatively understood using a linear free energy relationship between the

proton reduction rate constant and the free energy of proton reduction. This shows that the

photocatalytic activity of the nanocrystals depends on the electrochemical potentials/Fermi energies of

the modified catalysts. The effect of the PDI charge on the nanomaterial energetics can be rationalized

by considering the surface potential. The latter can be related to the particle surface charge and the

concentration of counterions in solution using the Grahame equation. These results provide a

quantitative basis for the understanding and manipulation of nanomaterial photocatalysts with PDIs.

Broader context

Photoelectrochemical processes at solid–liquid interfaces are at the heart of solar energy conversion technology. Here we show that specically adsorbed ions
(Sr2+, K+, and H+) can modify the charge, surface potential, electrochemical potential and photocatalytic proton reduction rate of suspended metal oxide
(HCa2Nb3O10) nanocrystals. The optimization of the photocatalytic proton reduction activity of nanoscale catalysts is central to the generation of hydrogen fuel
from water via the photocatalytic water splitting reaction. We conrm ion induced charging with zeta potential measurements and measure the corresponding
change in the Fermi energy of the nanocrystals with photoelectrochemical methods. The connection between the charge concentration on the nanocrystals and
the surface potential change can be understood with the Grahame equation. The observed trend of the photocatalytic hydrogen evolution rate versus the Fermi
energy can be modelled with a linear free energy relationship. The work opens new ways for the systematic manipulation of nanocrystal photocatalysts with
specically absorbed ions, employing concepts discovered by A. Frumkin over 80 years ago.

Introduction
Photocatalytic water splitting is conceptually the simplest way
by which to convert renewable energy from sunlight into
hydrogen fuel.1–5 Metal oxide semiconductors of abundant
elements are particularly interesting as water-splitting catalysis

due to their higher stability against anodic photocorrosion.
Nanoscaling can improve the efficiency of a photocatalyst by
increasing surface area and the number of catalytic sites for
water-splitting and by reducing the diffusion lengths for charge
carriers to reach the surface.6 Indeed, for many metal oxides
and chalcogenides, nanoscaling has resulted in gains in pho-
toelectrochemical activity.7–13 Ultimately, the activity of photo-
catalysts is limited by the energetics of the material and by the
steady state concentrations of charge carriers that can be ach-
ieved under illumination. For overall water splitting, the free
energy of the charge carriers (sum of Fermi energies for elec-
trons EFn and holes EFh) must exceed the free energy of
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formation of water.14 As we demonstrated recently, the Fermi
energies EFn and EFh of CdSe nanocrystals can be modied
through the quantum size effect, allowing tuning of the pho-
tocatalytic proton reduction rate.15–18 Alternatively, a shi of the
Fermi energy of the system can be achieved with specically-
absorbed ions. The effect of these adsorbed, or potential
determining ions (PDIs) on the energetics of semiconductor
photoelectrodes is well known.19,20 PDIs affect the redox stability
of minerals,21 and the charge transfer kinetics of many photo-
catalysts. In water, the atband potentials of metal oxides,
including TiO2 (ref. 22) and Fe2O3 (ref. 23 and 24) are primarily
controlled by proton/hydroxide adsorption, and consequently,
are linear functions of the solution pH.21 But other ions, such as
phosphate, silicate and uoride also show strong effects of the
surface potential.25 In contrast, the atband potentials of II/VI,
III/V, and group IV semiconductors are more susceptible to
adsorption of so ions, including sulde,26 HS!,27,28 HTe!,29,30

and Cl!.31 Specic ion adsorption has been proposed as cause
for unusually large open circuit voltage of (Mo, W)Se2/NaI3,
GaAs/K2Se, Cd(S, Se)/Na2S photoelectrochemical cells.31

Adsorption of PDIs can also be selective to specic surfaces, e.g.
in Cd(Se, Te)/HS-, HTe! the strongest atband shis occur for
the Cd2+ rich (111) surface planes.29,30

Theoretically, the effect of specically adsorbed ions can be
understood using the denition of the Fermi energy of the
electrons EF in a particle, which is equal to the chemical
potential m minus the electrical potential f of the material
(F: Faraday constant).32

EF " m ! fF (1)

Adsorbed ions can affect EF by either changing m or by
changing f, or both. In the literature, proton adsorption is
usually considered as an effect on chemical potential m. For
example, if pHpzc is the negative logarithm of the surface proton
concentration of the suspended particle at the point of zero
charge (pzc or isoelectric point), and pH the negative logarithm
of the actual surface proton concentration, the pH-dependent
shi of the chemical potential is frequently stated with eqn (2).

Dm " 2.303RT(pHpzc ! pH) (2)

Indeed, this Nernstian dependence of the semiconductor
atband potential on solution pH and the associated 59 mV
shi per pH unit has been experimentally conrmed for many
metal oxides.21–23 And values of pHpzc have been tabulated for
many materials.33–35 Eqn (2) works because redox reactions with
protons are usually fast, allowing the protons to be in thermo-
dynamic equilibrium with the electrons in the particle.

But this approach is not suitable for specically adsorbed
cations, which in aqueous solution do not readily participate in
redox reactions, because their reduction potentials are too
negative. Examples include Al3+ (!1.66 V vs. NHE) and Mg2+

(!2.37 V vs. NHE).36 For these specically adsorbed ions, an
electrostatic approach is more suitable. Here it is assumed that
adsorption of the ion generates the charge density s " q/A on
the particle of surface area A, which modies the surface

potential f0 (Fig. 1). If space charge layer effects can be
neglected, as is the case for nanoparticles, the potential f felt
inside the particle will be the same as f0, causing EF to change
according to eqn (1). The relation between the surface charge
density s on the particle and the resulting surface potential f0 is
given by the Grahame equation (for denition of constants see
ESI†).37,38

f0 "
2RT

zF
sinh!1

!
s""""""""""""""""""""

8RT330c0
p

#
(3)

Here, z and c0 describe the charge and molar concentration of
the counterions in solution, which surround the particle.
Specically adsorbed cations will produce a positive surface
potential, shiing the energy bands down to more oxidizing
potentials, and anions will move the band edges to more
reducing potentials.

The corresponding Fermi energy shi predicted by eqn (2)
will affect the electron transfer rates to a redox couple in solu-
tion. For metal electrodes this Frumkin effect was discovered
over 80 years ago.39 In general, the variation of the electron
transfer rate constant with EF can be understood using free
energy relationships,40 including Butler Volmer41,42 and Marcus
theory.43

Even though the effects of specically adsorbed ions on the
reactivity of nanomaterials have been noted in the litera-
ture,17,44,45 a quantitative analysis has not been performed. Here,
we undertake an attempt to measure the effect of PDIs on the
energetics and photocatalytic proton reduction rate with
nanocrystals. We choose tetrabutylammonium (TBA) supported
TBAxH1!x[Ca2Nb3O10] nanosheets as test material. The nano-
sheets can be obtained by chemical exfoliation of the layered
KCa2Nb3O10 parent phase.46 They have lateral dimensions of
100–1000 nm, depending on preparation conditions, but their
thickness is xed at 1.0 nm due to the laminar structure of the
sheets (Fig. 2 and 3A), each of which is a single crystal. Under
ultraviolet irradiation, suspensions of the nanosheets (EG "
3.5 eV) have been previously shown to split pure water into
hydrogen and hydrogen peroxide47,48 and to evolve hydrogen

Fig. 1 Energy diagram showing how addition of specifically adsorbed
ion affects the energetics of the system.
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from aqueous methanol at rates 30 times higher than bulk
KCa2Nb3O10.49,50 In neutral water the nanosheets are negatively
charged (their point of zero charge, pHpzc, is #2.5) (ref. 51) and
modication with metal cations and protons can be readily
achieved through simple mixing with metal salts or acids.
Potassium and strontium ions were chosen as modiers,
because these metal cations are non-catalytic for the hydrogen
evolution reaction. As we will show in the following, these
modications affect the electrostatic, electronic, and charge
transfer properties of the nanomaterial, allowing tuning of the
photocatalytic proton reduction and charge transfer activity.
These ndings should be applicable to other nanoparticles, and
thus will likely have a general impact on solar energy conversion
and the chemistry of nanomaterials.

Results
Potential determining ion (PDI)-modied nanosheet samples
were obtained as shown in Fig. 2, by either mixing a tetrabuty-
lammonium (TBA) stabilized H1!x[Ca2Nb3O10] sol with a
diluted metal nitrate (K, Sr) solution or by adding dilute
hydrochloric acid to the nanosheet sol to achieve a nal pH of 1,
3 or 7. During the reaction the loosely bonded TBA cations are
displaced by the smaller ions, leading to precipitation of the
PDI-modied nanocrystals as a white solid. According to TEM,
the solid contains the nanosheets in aggregated form (Fig. 3).
The cations are bonded in between these sheets and on their
surfaces, similar to the distribution of ions in the Dion Jacobsen

parent phases MCa2Nb3O10 (M " H, K).52–54 According to elec-
tron microprobe analysis (data and calculations in ESI†) the
precipitated nanosheets contain 0.11 Sr2+ and 0.21 K+ ions per
Ca2Nb3O10 formula unit, with the rest made up by residual TBA
ions. Diffuse reectance spectra (Fig. 4) observe the optical
band gap at 3.59 $ 0.05 eV for all samples, which corresponds
well with the literature value of 3.53 eV.47 This data shows that
ion modication does not change the band gap of these mate-
rials, as expected from the ionic interaction type between
cations and the Nb–Ca–O nanosheet body.

Because of eqn (1)–(3), the adsorption of ions to the nano-
sheets is expected to modify the surface potential. To conrm
this, zeta potential fz titrations were carried out on these
samples (Fig. 5) by adding dilute acid. The zeta potential is
dened as the surface potential felt by a test charge at the shear
plane between the stationary and mobile sections of the electric
double layer. The curve for TBACa2Nb3O10 shows a pHpzc of 2.5,
similar to the published value.51 At pH" 7, the sheets have fz "
!40 mV, in agreement with a negative surface charge of the
Ca2Nb3O10

! anion. At pH " 3, fz " 0 mV, due to protonation of
the sheets. The titration curve for the K+-modied sample is
shied to more negative fz values, i.e. the K+-modied samples
are more anionic than the unmodied sheets. Likely the larger

Fig. 2 Modification of TBAxH1!x[Ca2Nb3O10] nanosheets with metal
salts.

Fig. 3 Transmission electron micrograph (TEM) of (A) TBAxH1!x-
[Ca2Nb3O10] nanosheets and (B) SrxH1!2x[Ca2Nb3O10] nanosheets.

Fig. 4 Diffuse reflectance spectra of films of modified nanosheets.

Fig. 5 Zeta potential of nanosheets as a function of the pH (titrated
with HCl) of the suspension. The circled values near pH " 1 are due to
aggregation of the sheets due to the higher ionic strength of the
sample solution, and are excluded from the analysis.
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potassium ions block multiple O2! sites from protonation. For
the Sr2+ modied sample, a shi to more positive fz values is
observed over almost the entire pH range, which is probably a
consequence of the double positive charge of the Sr2+ ions.
Interestingly, the metal ions only have a weak effect on the
pHpzc of the samples. These results show that above [H+] "
10!4 M, protons remain the most prominent potential deter-
mining ions in this system.

In order to evaluate the effect of PDIs on the Fermi energy,
photoelectrochemical scans were conducted on thin lms of the
nanosheets on FTO coated glass. Anhydrous methanol with
0.1 M TEACl as electrolyte was chosen to minimize secondary
protonation/deprotonation of the nanosheets. Tetraalkylam-
monium chlorides are generally regarded as weakly adsorbing
to metal oxides. In the absence of large kinetic barriers for

electron transfer, the photoonset potential EPh is a good
approximation of the quasi-Fermi energy, EFn in illuminated
semiconductors.42,55–59 A typical voltammogram recorded under
chopped illumination is shown in Fig. 6A (for remaining data
see Fig. S2–4 in ESI†). The scan shows a dark cathodic current
stemming from proton reduction at negative applied potentials
<!0.6 vs. NHE.

The anodic photocurrent reaches up to 80 mA cm!2 and
decreases monotonically in cathodic direction. No clear pho-
toonset can be discerned due to the presence of a weak residual
photocurrent of approximately 5 mA cm!2. To aid the interpre-
tation of the data, the net photocurrent values were plotted in
Fig. 6B as a function of the applied potential. Three potential
ranges are apparent in the diagram: a voltage-independent
photocurrent at oxidizing potentials (I), a voltage-dependent
photocurrent at intermediate potentials (II), and a small
voltage-independent residual current at reducing potentials
(III). This behavior can be understood using the scheme in
Fig. 6C. In region I, the photocurrent is limited by mass transfer
(nM) at the lm–electrolyte interface. In the absence of water,
this current is expected to be limited by proton transport. In
region II, the photocurrent is controlled by the rate of electron
transfer (nE), which is dependent on the difference between the
Fermi energy of the nanosheet and the applied potential (EF !
Eapp). In region III, the photocurrent densities are very small
and show a decreased dependence on the applied bias. As this
residual current was not observed in bare FTO substrates, it
likely originates from minority states (edge and corner sites) in
the nanosheet lm and is not diagnostic of the nanosheet
energetics. Thus, region II was used to determine the onset
potentials by linear extrapolation of trendline to the x-axis. The
approximated EFn potentials for all samples are listed in
Table 1. Among proton-modied samples, EFn values decrease
in the expected order from!0.62 V for the proton rich sample to
!0.71 V for the proton poor sample. This trend is similar to that
seen for the zeta potentials in Fig. 5, where increasing proton-
ation moves the surface potential to more positive values.
Values for metal-ion modied samples are !0.59 V for the Sr2+

modied sample and!0.67 V for the K+modied sample. These
results show that the metal cations move the quasi Fermi level
of non-modied (pH" 7) sheets to more oxidizing potentials, as
expected. The divalent cation is more efficient because of the
higher positive charge, compared to potassium ion.

The observed variations of EFn values resulting from specic
adsorption of cations correspond well to the electrostatic model
in eqn (1) and (3). If the change in EFn " +0.12 eV upon Sr2+

adsorption (EFn " !0.59 V from !0.71 V for TBA nanosheets at
pH " 7) is solely due to the alteration of nanosheet surface
potential according to eqn (1), the surface cation density can be
estimated with the Grahame equation (eqn (3), calculation
details in ESI†). Using 3 " 30 for methanol, T " 298 K, c0 "
0.01 % 103 mol m!3 of Cl! counterions, and a Sr2+ ion-induced
surface potential of f0 " +0.12 V, one obtains s " 0.78
elemental charges per nanosheet formula unit. This value
differs from the electron microprobe data that observes 0.11
Sr2+ ions, i.e. +0.22 positive charges per HCa2Nb3O10 formula
unit. The difference is due to the unknown degree of

Fig. 6 (A) Photocurrent scan (anodic direction) for pH 7-modified
nanosheet film on FTO in methanol with 0.1 M TEACl and using
chopped light from a Xe-lamp. (B) Photocurrent density versus voltage
curve. (C) Limiting charge and mass transfer processes in illuminated
nanosheet films. nE, diffusion limited current density, nM, diffusion
limited mass transport flux.
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protonation of the nanosheets during the electrochemical
experiment. We also note that the calculation result depends
strongly on the unknown Cl! counterion concentration c0 in the
nanosheet lm, which is set at 0.01 M, i.e. 10% of solution
concentration. The lower chloride concentration in the lm is
expected on the basis of the limited ability of the (C2H5)4NCl
electrolyte to penetrate the lm (large tetraethylammonium
ion). For the K+-modied sheets the induced surface potential
f0 " +0.04 V, and the calculation yields s " 0.131 elemental
charges per formula unit, similar to the result of the elemental
composition data (0.21 K+ ions per Ca2Nb3O10 formula unit).

As mentioned above, the change in EFn values is expected to
modify the charge transfer kinetics of the nanosheet photo-
catalysts. To test this hypothesis, photocatalytic hydrogen
evolution experiments were performed with 25 mg of the sus-
pended nanosheet samples in aqueous methanol (Fig. 7 and
Table 1). For proton-modied nanosheets, the pH of the

solution during irradiation had to appropriately correspond
with the pH of the H+ modied samples. Therefore, these
samples were irradiated at pH " 1, 3, 7 via addition of 0.1 M
HCl. In all cases, linear hydrogen evolution was observed
without apparent initial activation period or decay at the end of
the experiments. Rates (20–350 mmol H2 h!1) were low and
appeared limited by the absence of a proton reduction cocata-
lyst.7,60,61 Platination of the samples was avoided to rule out
interference with adsorption of Pt2+ cations. The potassium
modied phase KxH1!x[Ca2Nb3O10] is the most active for water
reduction and pH 7-Hx[Ca2Nb3O10] is the least active. Successive
irradiation experiments at later times conrmed these relative
activity differences, although a trend of decreasing photo-
catalytic activity with aging of the stock TBAxH1!x[Ca2Nb3O10]
was also observed (Fig. S5†). The reason for the decay in activity
with aging time is not clear.

In Fig. 8A the measured proton reduction rates are plotted
against the free energy of proton reduction, as given by the
difference of quasi-Fermi Energy and proton reduction poten-
tial (DG " EFn ! FE(H+/H2)). As the free energy of proton
reduction increases, due to the change in EFn or the proton
reduction potential, an exponential rise in activity is observed.
The reason for this trend can be understood on the basis of the
energy scheme for the photocatalytic water reduction system
(Fig. 7B). Because the proton reduction potential is quite close
to the Fermi energy of the electrons, the driving force for proton
reduction is small, and even small variations of EFn or E(H+/H2)
will affect it. On the other hand, methanol oxidation occurs
through holes in the strongly oxidizing valence band. This
driving force is large and relatively independent of pH and
potential determining ions. This makes proton reduction, not
methanol oxidation, the rate-limiting step.

The data in Fig. 8A can be tted with the linear free energy
relationship (LFER) in eqn (4),40 with F " 96485 C mol!1, R "
8.314 J mol!1 K!1, T" 298 K, A" 0.0127, a" 0.441, and b" 633
J mol!1.

R " A exp

$
! aF&EFn ! FE' ( b

RT

%
(4)

Here, the (EFn ! FE) term in the equation is the thermodynamic
driving force for proton reduction. Values range between !29.0
and !58.9 kJ mol!1, depending on PDI modication and
solution pH. In the present format of eqn (4), the numerical
values of a and b do not have physical signicance, because the
tted rate R [mmol h!1] does not convey any information about
the value of the rate constant for the process, which depends on
the electro-active area of the nanoparticles, the absorbed

Table 1 Selected data for modified nanosheets

Sample EG/eV EFn/V vs. NHE r(H2)/mmol h!1/25 mg z/mV E0(H+/H2)/V

H+ (pH " 1) 3.60 !0.62 160 +12 !0.06
H+ (pH " 3) 3.58 !0.68 60 0 !0.18
H+ (pH " 7) 3.59 !0.71 20 !40 !0.41
Sr2+ 3.59 !0.59 70 (pH " 1) +7 (pH " 1), !7 (pH " 3), !20 (pH " 7) !0.06
K+ 3.59 !0.67 350 (pH " 1) +8 (pH " 1), +32 (pH " 3), !68 (pH " 7) !0.06

Fig. 7 (A) Hydrogen evolution from Sr/K/H-modified nanosheets at
pH 1 (adjusted with HCl) and (B) H2 evolution from H-modified
nanosheets at pH 1, 3, 7 (adjusted with HCl). Results are for 25 mg of
catalyst dispersed in 50 mL 20% (vol) aqueous methanol in 100 mL
quartz flask under irradiation from 300 W Xe arc lamp (1 W cm!2 at
flask surface). Labels indicate evolution rates per hour.
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photons ux, space charge layer effects, and other unknown
parameters.62–67 Nevertheless, eqn (4) provides a simple physical
explanation for the observed correlation between nanosheet
energetics and hydrogen evolution rates. Furthermore, it
conrms the dependence of photocatalytic activity on the
presence of specically adsorbed ions.

Conclusions
In summary, we have demonstrated that modication of
TBAxH1!x[Ca2Nb3O10] nanosheets with specically adsorbed K+,
Sr2+, and H+ ions leads to altered electrostatic, energetic and
photocatalytic properties of this nanomaterial. The modica-
tions were quantitatively analyzed with zeta potential and
photoelectrochemical and photocatalytic measurements, and
modeled with the Grahame equation and a linear free energy
relationship. The ability to adjust energetics and charge transfer
properties of nanomaterials is central to their use in advanced

solar energy conversion technology, and to the understanding
of their redox properties. The concepts described here should
be applicable to other nanomaterials.

Experimental
K2CO3, CaCO3, Nb2O5, and TBA(OH) (40 wt% in H2O) were
purchased from Acros Organics, Morris Plains, NJ. KNO3

(99.0%), Sr(NO3)2 (99.9%), methanol (99.9%), and HCl (37.3%
purity) were purchased from Fisher Scientic. Tetraethy-
lammonium chloride (TEACl, 98%) was purchased from East-
man Kodak. F:SnO2 (FTO) (TEC 15) on glass substrates were
purchased from MTI Corporation. Water was puried by a
Nanopure II system to a resistivity of >18 MU cm. Solutions were
bubbled with high purity nitrogen gas (99.9% purity) to remove
residual oxygen. TBAxH1!x [Ca2Nb3O10] nanosheets were
synthesized as reported before and stored in aqueous TBA(OH)
at a pH of 11.69,70

K, Sr-modied Ca2Nb3O10

A portion of the stock solution of TBA[Ca2Nb3O10] was washed
with water and centrifuged repeatedly until the wash solution
was pH 9. Then 2.0 mL of the sol (#6 w/w%) were mixed with
40 mL of a degassed solution of 1.0 M aqueous KNO3 or
Sr(NO3)2 for 1 hour. The mixture was washed and centrifuged
3 times to remove excess metal cations and nitrate before
storing the precipitate in ultrapure water.

pH-modied Ca2Nb3O10

A 2.0 mL portion of the stock solution of TBA[Ca2Nb3O10] was
washed to pH 9 and the pH was further adjusted with dilute HCl
to pH 1, 3, or 7 before irradiation. Catalyst amounts were
determined by gravimetric analysis.

Electrochemistry

Photoelectrochemical measurements were performed using a
three-electrode cell equipped with a Pt counterelectrode and a
Ag/AgCl reference electrode, containing 1.0 M TEACl in meth-
anol. A uorine-doped tin oxide (FTO) coated glass electrode
(1.0 cm2 exposed area) served as the working electrode.
Suspensions of the modied nanosheets were drop-cast on the
FTO electrodes and dried at 200 )C for 30 minutes. The cell
electrolyte consisted of 0.1 M TEACl in non-aqueous methanol.
Water was excluded to avoid hydroxide/protons as potential
determining ions. The solutions were degassed with N2 for ten
minutes prior to each measurement. The potential of the
K4[Fe(CN)6] redox couple was used to calibrate each measure-
ment. Potentials were generated and currents observed with a
Gamry Reference 600 potentiostat controlled by a PC. Photo-
current onset potentials were measured by applying cathodic
scans (10 mV s!1) with chopped light from a 300 W Xe arc lamp,
ltered with a water IR lter, and directed onto the working
electrode using SiO2 ber optics. The power at the electrode was
20 $ 5 mW cm!2 as determined with a GaAsP photodetector
(280 nm to 660 nm sensitivity range). Based on 3–4 repeated
scans, the error for photoonset potentials is $0.01 V.

Fig. 8 (A) Calculated rate of hydrogen evolution versus DG for elec-
tron transfer. For data see Table 1. (B) Energy scheme for photo-
catalytic proton reduction at pH" 7. The methanol oxidation potential
is from ref. 68.
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Irradiation and H2 measurement

Solutions of the modied catalysts were irradiated with a 300 W
Xe arc lamp equipped with an IR water lter. The light intensity
at the center of the ask was 700 mW cm!2, as measured with a
GaAsP detector. The gas samples were analyzed with a Varian
3800 gas chromatograph using Ar carrier gas, a Supelco 60/80
molecular sieve 5 Å column, and a thermal conductivity
detector. Solutions were prepared with 25 mg of the modied
catalyst dispersed in 50 mL 20% aqueous methanol in a 100 mL
quartz ask and adjusted to pH 1, 3, or 7 with 0.005 M to 0.1 M
HCl. Sr- and K-modied samples gave less reproducible data at
pH " 7, hence these measurements were done at pH " 1. The
temperature of each solution was initially 25 )C and reached a
maximum of 35 )C aer irradiation. Each solution was initially
degassed with three cycles of vacuum evacuation and Ar ll to
600 Torr. Gas samples were periodically removed from the
headspace via a closed loop injection system.

Other measurements

Diffuse reectance UV-vis spectra were collected using a
Thermo Scientic Evolution 220 UV-Vis Spectrophotometer
equipped with an integrating sphere. Transmission electron
microscopy (TEM) images were gathered using a Philips CM120
transmission electron microscope and a Gatan MegaScan
digital camera. TEM samples were prepared by drop-casting a
dilute solution of each sample onto holey carbon-coated Cu
grids. Centrifugation was performed with a Fisher Scientic
Marathon 21000 centrifuge at 13750 rpm. Zeta-potential
measurements were obtained with a Malvern Nano ZS90 Zeta-
sizer at 298 K on aqueous nanocrystal sols (#0.5 mass %) that
were titrated with 0.005 M to 0.1 M HCl.
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