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We present a modular approach to the synthesis of nanostructured catalysts for photochemical splitting of
water into hydrogen and oxygen. The catalysts are built from exfoliated, semiconducting niobate nanosheets
derived from the layered perovskite HDH;O1. The latter is a catalyst for photochemical evolution of
hydrogen from water under UV irradiation. After chemical modification with 3-aminopropyltrimethoxysilane
(APS), IrQ; or Pt particles can be attached to the nanosheets to produce various two-component nanostructures
that were fully characterized with transmission electron microscopy and ultraviolet and infrared spectroscopy.
Cyclic voltammetry was used to determine the onset potentials fan@ H, evolution. At pH= 14, the
observed values are in the ran¢/®.61 to+1.24 V (NHE, water oxidation) anet1.36 to—1.62 V (NHE,

water reduction). Under UV irradiation, all catalysts evolve hydrogen from water without any sign of
deactivation for 5 h. The highest quantum efficiency of 3.49% is observed for a structure with Pt directly
grown onto the nanosheets. N@ @ evolved, which we attribute to the adsorption of ©0 the catalyst
surface. For Pt-[HG&lb;O,(], this process starts to shut down elolution afte 9 h of constant irradiation,

but the activity can be restored 0% by evacuating the catalyst dispersion and purging it with Ar. Catalysts
assembled from preformed citrate-coated Pt nanoparticles are slightly less activesfaltition and so are
catalysts that use the linker aminoethyl-aminoundecanetrimethoxysilane (AEAUS) instead of APS. The activity
of IrO,-APS-[CaNbsO,(] is lowest among two component catalysts, near the activities of the pure or APS-
modified nanosheets. On the basis of XPS data; InQhis catalyst undergoes photochemical reduction to

Ir(0) upon UV irradiation.

Introduction second-order kinetic¥.In extension of our previous work on
CaNbz0;-CdSe/-Au/-FgO4 nanoparticle composités; 12 we
demonstrate here that exfoliated [Hfl&3;0,¢] nanosheets can

be integrated into two-component nanostructuresfiBgO; -

L-M, (M = Pt or IrQ,) that are supported by-aminoalkyltri-
methoxysilanes as organic linkers. Platinum nanopatrticles are

The efficient conversion of solar energy into chemical fuels
has great economic and environmental significankce1971,
Fujishima and Honda reported that a Fi@utile) photoanode
photochemically split water into Hand Q under irradiation

W|tth LtJ\/I2 I;gsht an(:h under a fg:)a" ap_plleg e![ectr%chemlljcal commonly employed as a cocatalysts for water reductiam
%0 etrjf]ad miel :an]: ovehr toch semlc:lon Ilitc ors ¢ a\é(teé’r €€N 110, is one of the most active water oxidation cataly8t8.-We
identined as catalysts for photocheémical spiiting ot watet. find that the photocatalytic properties of the dual component

Particular interest has been devoted to semiconductors base%anostructures are enhanced compared to the separate building

on layered niobates because of their ability to intercalate blocks, and that the catalytic activity depends on the linker
sensitizers and cocatalysts'® and because of their good 0\ i 2o the method of assembly

quantum efficiencies (20% for #lbsO17).1* The Dion—Jacob-
sen phase KGalbsO1 has been known mostly for its photo- ) .
catalytic methanol dehydrogenation activity, but a recent report EXPerimental Section
by Ebina showed that in combination with Reifarticles, this Materials. Potassium hexachloroiridate (Strem, 99% purity),
semiconductor can also split water under UV irradiafibwe anhydrous dimethylsulfoxide (DMSO, Acros Organics, 99.7%
found that the ability to photocatalytically evolve Hom water purity), 3-aminopropyl trimethoxysilane (APS, Gelest), and
is retained in individual TBA[Cg&NbsO1¢] nanosheets that are N-(2-aminoethyl) 11-aminoundecy! trimethoxysilane (AEAUS,
obtained by exfoliating the parent solid with tetrabutylammo-  Gelest) were used as receivedsGOs (98.5% purity), CaCo
nium (TBA)_hydrOX|de%5 These sheets arel nm thick and (98.5%), NBOs (99.5% purity), tetrabutylammonium hydroxide
consist of triple stacks. of gdge-shared Nb@th |r.1tercalated. (TBA(OH)), 40 wt % solution in water), and hexachioroiridic
Ce" ions, as shown in Figure 1. On the basis of transient g (HirCle-6H,0) were obtained from Acros Organics, and
absorption spectroscopy, photogenerated charge carriers in th%exachloroplatinic acid (HPtCl-6H.0) was received from Alfa
sheets recombine on a subnanosecond time scale followingaesar Sodium citrate dihydrate (89 purity) was received
- from Aldrich. Tetrahydrofuran (THF, Fisher Scientific) was
uc;;/‘i’s"g(‘j%mlz‘;?(r‘rfa‘)’%%doe’;g‘; Zg%‘é'd_r%‘f, f‘(dl‘;rgg(s)e%z'fggz'zk fosterloh@ istilled from Na/K in a nitrogen atmosphere. Water was purified
* Department of Chemistry. o ' by a Nanopure Il system to a resistivity ®fl8 MQ cm. Spectra/
* Department of Physics. Por 6-8 kD molecular weight cutoff (MWCO) dialysis tubing
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Figure 1. (A) Structures of nanoparticles and organic linkers. (B) Assembly of photocatalysts.

Figure 2. TEM images of (A) exfoliated [HGAIb;O10] nanosheets, (B) APS-[@Nb;01], (C) IrO4(cit)-APS-[CaNbsO;q] before irradiation, magnified
IrO; cluster in inset, (D) Ir@(cit)-APS-[CaNbsO,(] after irradiation, (E) Pt-[HCaNbsO,q], (F) Pt-APS-[CaNbzO4q], (G) Pt(cit)-APS-[CaNbsO:],
and (H) Pt aggregates on Pt-APS-j8850().

was utilized to remove citrate ions during dialysis. A Fisher DMSO in a N atmosphere. The solution was stirred vigorously
Scientific Marathon 21000 centrifuge at 13 750 rpm was for 2 h. The product was isolated by centrifugation and washed
employed for centrifugation. three times with 20 mL aliquots of water.
APS/AEAUS-[CaNb301¢]. The Dion—Jacobsen phase Hea IrO (cit) and Pt(cit). A 225 mL solution of a citrate-
Nb30;0 was synthesized according to literature procedeiés. stabilized Pt colloid (3.7 0.6 nm) was prepared from
This product was exfoliated by treatment with a 20 mol excess hexachloroplatinic acid following a published proced#f&’
of TBA(OH), resulting in individually dispersed TBA[Ga After the reaction, excess citrate ions were removed from the
NbzO10] nanosheet$! Exfoliation was verified by TEM (Figure ~ brown solution by dialysisn 4 L of water overnight to a
2A). As synthesized, the sheets retain approximatety &% conductivity of 0.6uS cnmt. The IrQy(cit) colloid (4.7 4 0.8
of their original protons, which were not replaced by TB® nm, 100 mL) was synthesized from potassium hexachloroiridate
These remaining protonated sites represent possible locationsiccording to the literatur®:?® IrO,(cit) nanoparticles were
for Nb—O—Si bond formation. The sheets were functionalized generally found as aggregates approximately-3% nm in
with either APS or AEAUS using a modified procedure from diameter. Excess citrate ions were removed from the blue
literaturel” A 100 mg sample was washed three times with 20 solution by overnight dialysisi4 L of water to a conductivity
mL aliquots of THF then washed again three times with of 6.4 S cn™.
anhydrous THF. The washed sheets were added to a solution Pt-APS-[CaNb3O;]. Platinum nanoparticles were grown on
of 170 mg of APS or 300 mg AEAUS in 6 mL of anhydrous the surface of TBA[C&\NbsO,q] by photodeposition following
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similar procedure&1528A quartz round-bottom flask was filled
with 100 mL of water and 20 mL of methanol. A sample of
100 mg of either APS-functionalized or nonfunctionalized
nanosheets was dispersed in this solution and 3 wt % (based
on nanosheets) of hexachloroplatinic acid was also dissolved “00 50 &0 700 800
into it. The reaction mixture was stirred in an Ar atmosphere
and irradiated for 1 h, depositing Pt nanoparticles onto the
surface of the nanosheets. The final nanosheet suspension was
metallic gray in absence of APS and brown in functionalized
samples. The product was collected by centrifugation and
washed twice with 50 mL aliquots of water.
Pt(cit)-APS/AEAUS-[Ca;Nb3O1g] and  IrO (cit)-APS-
[CazNbzO;q]. Citrate-coated nanoparticles were attached to
APS- (or AEAUS)-functionalized nanosheets by adding a 10
mL aqueous solution containing 100 mg of the-functionalized | , : : : :
nanosheets to a 40 mL aqueous solution containing 3 wt % 280 380 480 580 680 780
(based on nanosheets) of the respective colloid and bringing A (nm)
the final solution volume to 50 mL. The reaction mixture was _ ) . . L
Figure 3. Diffuse reflectance UV vis spectra for all species containing

stirred fq‘ 2h .atroom temperature_. The. product was isolated nanosheets of (A) exfoliated [Hgb;O10] nanosheets, (B) Pt-[HGa

by centrifugation and washed twice with 50 mL aliquots of np.0,, (C) APS-[CaNbsO1d, (D) Pt-APS-[CaNbsO:d, (E) Pt(cit)-

water. APS-[CaNbzOsq], and (F) IrQ(cit)-APS-[CaNbzO,q). Inset: Absorp-
Photocatalytic H, Evolution Experiments. Irradiation was tion UV—vis spectra of (1) Irg(cit) colloid in solution and (2) Pt(cit)

performed at 3C°C using four 175 W low-pressure mercury  colloid in solution.

lamps surrounding a 100 mL quartz flask. A quantum flux of

5.82 x 107 mol/s was measured in the flask by ferrioxalate Of exfoliated TBA[H1«C&Nb3O10 nanosheets(= 0.15-0.20,

actinometry® The flask was filled with 50 mL of water  hereafter referred to as [HgdbsO,o] or TBA[Ca;NbsO,q] for

containing 100 mg of the respective catalysts and connected tobrevity) with 3-aminopropyltrimethoxysilane (APS) d-(2-

a gas chromatography system. The flask was evacuated and@minoethyl)-11-aminoundecyltrimethoxysilane (AEAUS) in

purged four times with argon gas, and the stirred mixture was DMSO forms amino-terminated nanosheets LAIzs0;0]. On

then irradiated fo5 h with periodic removal of gas samples. the basis of coulometric titration with trinitrobenzenesulfonic

Gas samples were analyzed with a Varian gas chromatographacid, this material contains 0.48 0.06 linker molecules per

employing a Supelco molecular 60/80 sieve 5A column with [CaNbsOsq unit.l” The reaction is accompanied by partial

Ar as the carrier gas and a thermal conductivity detector (TCD). restacking of the nanosheets (TEMs in Figure 2A,B), which is
XPS Sample Preparation. Samples for X-ray photoelectron  probably driven by H-bonding between the primary amines.

spectroscopy (XPS) measurements were prepared by dropcastinghere are two ways of coupling Pt nanoparticles to the APS-

absorbance

2

absorbance

a concentrated solution of lgit)-APS-[CaNbs;O1¢] onto a modified nanosheets. Pt particles can be grown photochemically
silicon wafer substrate. The sample was then inserted into anby irradiation of an aqueous mixture of the APS-jRB30,(]

UHV chamber maintained at a base pressure less theiThr with HoPtCk in the presence of methanol, or alternatively
where XPS spectra were collected. preformed citrate-coated Pt nanopatrticles can be attached by

Electrochemical MeasurementsElectrochemical measure- adding a suspension of the APS-[Gi&:0:9 to a citrate
ments were conducted with a Perkin-Elmer Model 263A stabilized Pt sol in water. TEM data (Figure 2F,G) shows that
potentiostat and a three-electrode system consisting of a goldin both cases Pt particles are homogeneously distributed over
disk working electrode, a saturated calomel (SCE) reference the entire sheet surface, indicating that the APS groups provide
electrode, and a Ag wire as the auxiliary electrode. A degassedgood linkage sites for the nanoparticles. Approximately 9000
1.0 M aqueous NaOH solution served as the electrolyte. The Pt nanoparticles perm? are attached with an estimated mass
system was calibrated with the potential of the [Fe (g}~ percent of 5.1. The size of the Pt particles is very similar for
couple (+0.358 V versus NHE in water). All potentials are  coupling (3.7+ 0.6 nm) and growth pathways (4.46 0.78
guoted versus NHE. Measurements were performed at 100 mV/nm), By adding the Pt(cit) colloid to a stirred nanosheet
s. Individual catalysts were mounted on the Au disk electrode dispersion, that is, by reversing the order of addition, it is also
as thin films by coating the electrode with a drop of the catalyst possible to deposit Pt(cit) particles in the form~e20 nm large
suspension and by drying in the Bitmosphere of a glove box.  aggregates of 2640 individual nanoparticles (Figure 2H).

Other Measurements.UV/vis spectra were collected using  Occasionally, these clusters fuse together to form clusters up
an Ocean Optics DH2000 light source and HR2000-0¥ — to 100 nm in length. On the contrary, if Pt(cit) linkage is
NIR spectrometer. Infrared spectra were collected with a Galaxy attempted in the absence of a linker, no particle attachment to
Series FT-IR spectrophotometer from Mattson. Electron mi- the nanosheets takes place. When Pt nanoparticles are photo-
crographs were obtained using a Philips CM120 transmission chemically grown on TBA[CaNbzO:¢] nanosheets not equipped
electron microscope and a Gatan MegaScan digital camera. XPSyjith a linker, large clustered Pt nanoparticles form at the

spectra were collected using an A{hv = 1486.6 eV) X-ray  periphery of the sheets (Figure 2E) as described edflier.
source with a Vacuum Generators VG100AX electron analyzer Iridium dioxide-modified nanosheets were synthesized by

operating at a pass energy of 20 eV. adding an APS-[G&\bs0,¢] suspension to a solution of citrate-
coated IrQ nanoparticles, which was prepared according to the
literature?:28 The TEM in Figure 2C shows that the I5(@it)
Figure 1 gives an overview over the synthesis of the catalysts nanoparticles form globular clusters on the nanosheets that are
and the structures of the nanoparticle building blocks. Reaction ~30 nm in diameter. These clusters, which are also present in

Results and Discussion
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Figure 4. Infrared spectra of (A) exfoliated [HGsbsO;¢] nanosheets, ~ Pt[HCaNb;Oi (O), P-APS-[CaNb:O.q (@), PY(cit)-APS-[Ca-
(B) Pt-[HCaNDbzO1d, (C) APS-[CaNbsO1q], (D) Pt-APS-[CaNbsOy, NbsOs] (4), Pt(cit)-AEAUS-[CaNbsOyq| (M), and (C) Time-resolved
(E) IrO(cit)-APS-[CaNbsO1d], (F) Pt(cit)-APS-[CaNb:Oyq], and (G) H: evolution from Pt-[HCaNb:O1q] showing deactivation of catalyst.
AEAUS-[CaNbsO1q. Inset: data collected after evacuating flask and purging with Ar to

partially restore activity.

the IrG; colloidal starting material, are supported by bridging
citrate group@! 618
Optical spectra for all compounds, collected by diffuse 64.7
reflectance UV-vis spectroscopy, are presented in Figure 3.
Band edge absorption begins at 350 nm for all species in
accordance with a band gap of 3.53 eV for the TBAJUaO (]
nanosheet semiconductdfszor IrO;(cit)-APS-[CaNbzOyq], a A 619
broad absorption band at 650 nm (spectrum F) is observed that
gives the material a blue color. The absorption is caused by the 645
IrO(cit) nanoparticles (inset in Figure #)suspensions of which
appear deep blue due to &flrd—d transition3! The spectra
for Pt-APS-[CaNbzO,] with grown or deposited Pt nanopar-
ticles have a broad absorption at 38B0 nm that gives the B
material a brown appearance. The same color is also observed
in the citrate-stabilized Pt sol that served as the starting material
in the Pt coupling reaction (inset in Figure B)If platinum is
grown on the nonfunctionalized nanosheets, this absorption is
absent (spectrum B), and the material appears metallic grayFigure 6. XPS spectra of the 4§ and 4t peaks of Ir collected from
instead. This behavior is due to the presence of 150 nm large!rO(Cit)-APS-[CaNb;O.d]; (A) before and (B) after irradiation.

Pt clusters that resemble bulk Pt metal. (the error margin of the experiment is 0.04% based on repeated
Infrared (IR) spectra for each species are shown in Figure 4. runs) and indicates that the primary Ngroups of the linker
For all APS-modified nanosheets, absorption peaks at 1159 andmolecules can act as sacrificial electron donors in this system.
1064 cnt? reveal the presence of -SD bonds that are due to  Butylamine has been previously shown to be an effective
the APS attachment. A peak at 1652 ¢nis assigned to ©H electron donor under similar conditio?s3* When 3 wt % Pt
bonds from either StOH or water. Compared to the unmodified nanoparticles are directly grown onto exfoliated [HSBzO1q],
nanosheets, the band from-€ bonds at 2973 and 2879 cth the catalytic activity of the material increases to 48rfol/h
are less intense in the APS-functionalized samples. This suggest$QE = 4.69%) at pH 10.8% Compared to this, the activity of
loss of TBA" in the functionalization step. The weak remaining photochemically grown Pt-APS-[@sbs0:¢] (36.6umol/h, QE
signal is due to methylene groups from APS. Because of the = 3.49% at pH 9.9) is 25% lower. The reduction in catalytic
longer aliphatic chain length of the AEAUS ligand, these bands activity occurs even though the Pt content is higher than in the
are increased in spectrum G. Bands for the carboxylate ions of material without linker. On the basis of TEM, there ar8500

71 69 67 65 63 61 59 57
binding energy (eV)

the citrate surfactant would appear~at600 and 1400 cr 22 nanoparticles peem? providing an estimated mass percent of
bpt are obscured by ©H and Si-O vibrational modes as 4.7, compared to 3% for Pt-[H@sdbsO;(. The reduced activity
discussed above. of Pt-APS-[CaNbs0O1g] suggests that the linker diminishes

Photocatalytic studies of all materials were carried out as electronic contact between the metal and the semiconductor.
described in the experimental section. Time-resolved plots for Monolayers on Pt that contained APS groups have indeed been
H, evolution are presented in Figure 5, while numerical data shown to decrease electron transfer across the intefface.
are shown in Table 1. Apparent quantum efficiencies @QE A further reduction in H evolution rate occurs in Pt(cit)-
2:[H2]/1) were calculated from the mean Elvolution rate (mol/ APS-[CaNbsO,¢], where Pt(cit) particles were assembled onto
s) and the quantum fluX) of the irradiation system. The pure the APS groups and not grown as in the previous material. The
exfoliated [HCaNbsO;] nanosheets evolvetit a rate of 1.75 activity (29.1umol/h, QE= 2.78% at pH 9.9) of this catalyst
wmol/h (QE= 0.17%) at pH 10.8° Functionalization with APS is 20% lower than the photochemically grown material, but still
slightly increases the catalytic activity of the sheets to 2.15 higher than the bare nanosheets without Pt. The decrease in
umol/h (QE= 0.21%) at pH 10.2. This increase is significant catalytic activity is possibly due to the citrate-capping ligand,
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TABLE 1: H , Evolution Data

Compton et al.

APS- Pt- Pt-APS-  Pt(cit)-APS-  Pt(cit)-AEAUS-  IrOy(cit)-APS-
[HCaNb3O1g]*®  [CaNbsOiq] [HCa&NbsOy] 1 [CaNbsOig]  [CaNbsOyq] [CaNbzOs] [CaNbzO]
pH 10.8 10.2 10.6 9.9 9.9 10.1 9.9
H, [umol] after 5 h 8.77 10.77 245.73 182.84 145.50 96.51 9.42
H, rate mol/h] 1.75 2.15 49.15 36.57 29.10 19.30 1.88
QE [%] 0.17 0.21 4.69 3.49 2.78 1.84 0.18
TABLE 2: Binding Energy Values (eV)
pre-irradiation post-irradiation
Reagent IrO(cit)-APS- IrOx(cit)-APS-
Ir04s [r3+45 [r4+45 grade IrQ #° [CaNbzOyq] [CaNbzO1]
4fspp 63.8 64.8 66.5 64.8 64.7 64.5
4f7p 61.0 62.0 63.7 62.0 61.8 61.9

which reduces the substrate-accessible surface area on the Rtompound does not evolve,@om water. Instead, it produces

nanoparticles. To further investigate the effect of the linker, we
attached AEAUS to the nanosheets and testece¥blution
activity after attaching 5.3% (mass) of citrate-coated Pt. A
monolayer of AEAUS on Si@has a thickness of 2.4 0.2
nm 38 compared to 0.5 nm for APE.With an activity of 19.3
umol/h (QE = 1.84%) at pH 10.1, the AEAUS-supported
catalyst evolved the lowest amount of Bimong Pt-containing

H, at rates comparable to Pt-free nanosheet catalysts (Figure
5A). During photolysis, the color of the catalyst also gradually
changes from blue to white. Because the blue color of(ltiD)
nanoparticles is attributed to a—d transition of If*3! this
optical change indicates a change of th& loxidation state.
Photobleaching can be ruled out, because disappearance of the
blue color is permanent. TEM data of the catalyst (Figure 2D)

catalysts, further suggesting a correlation between catalytic after irradiation confirms a change of the K€it) material. Only
activity and the distance that electrons must travel between flat islands of smaller particles can be observed in place of the

nanosheet and cocatalyst.
None of the catalysts evolved measurable quantitiesof O

globular IrQy(cit) clusters of the original catalyst (Figure 2C).
To determine the iridium oxidation state in these islands, XPS

during irradiation. This raises the question about the source of spectra were recorded for samples before and after irradiation.
the electrons in the system. On the basis of experiments with The data in Figure 6 was calibrated to the O 1s peak oMt
variable concentrations of TBA(OH), we can rule out that A linear background was removed from the data, which was
tetrabutylammonium is the reducing agent. Increasing the TBA then submitted to Gaussian fitting to minimize noise in the
concentration in solution 450-fold to a final concentration of signal. Binding energy values are tabulated in Table 2 along

0.4 mmol/L increases the evolution rate only by 15% (to
1.9umol/h). This effect is very small compared to other systems
with sacrificial reagents, for example, EDTA/Ti#3°or Na-
SO/CdS# where simple doubling of the reagent concentrations
leads to H rate increase of #9100%. Instead, we attribute the

with literature values for Ir. Spectrum A of the pre-irradiated
IrO5(cit)-APS-[CaNbsO;1g] shows two peaks with binding
energies at 64.7 and 61.8 eV for thesdfand 4%, peaks,
respectively, and a saddle at relatively high intensity. The
spectrum compares well with that of Hara et al. for reagent grade

observed 15% rate increase to the presence of small concentralrO»,4> which was interpreted by the authors as belonging to a

tions of primary amines in the TBA(OH) solution. Butylamine,
a capable reducing agent, is known to be an impurity in TBA-
(OH)At However, its concentration is too small (0.05% based
on ninhydrin test) to account for all the observed hydrogen,
especially in the experiments without added TBA.

On the basis of data that will be reported in a separate

mixture of I and 18" (as 1LOs impurity). Thus, IrQ(cit)-
APS-[CaNbz0,¢] contains a mixture of Ir@and 1rb03, which
is in agreement with previous studies on the Ir-oxidation state
in IrOy(cit) nanoparticleg!*6

After irradiation (spectrum B), the 4§ peak shifted slightly
to 61.9 eV and was significantly broadened with a small peak

manuscript, we believe that the catalysts are indeed capable ofon the shoulder at approximately 61.1 eV. Theg4feak was

oxidizing water. Oxygen is not detected above the catalyst

shifted to 64.5 eV, opposite in direction from they4fhift,

suspension because of rapid adsorption of oxygen species tand appeared at lower intensity. The saddle between these two
the catalysts surface, as has been postulated for other layeregheaks was at very high intensity, nearly obscuring thg géak

niobates and Ti@Qunder irradiatiod**243Eventually, this Q
adsorption shuts downz¢volution from the catalysts. For the
catalysts studied here, activities begin to drop rafieh of
constant irradiation, as shown for Pt-[HBHd;0;q] in Figure

5C. However, the activity can be restored t60% by
evacuating the system and purging it with Ar. This seems to
remove some, but not all, of the adsorbeglgpecies from the
catalyst surface.

For KCaNbsOs, it has recently been demonstrated that
stoichiometric but low HO, evolution from water is possible
when the catalysts are modified with Ru® We attempted to
achieve similar reactivity using Irf{cit) nanoparticles as
cocatalysts for the nanosheets. Iridium dioxide is known to be
a highly active water oxidation cataly%@and can be prepared
in colloidal form via hydrolysis of KIrClg in the presence of
citrate2! Linkage to the nanosheets produces(dD)-APS-
[CaNDb3O;¢ as described above. Under UV irradiation, the

and contained a small bump centered at 63.6 eV. Although the
new features in spectrum B could in principle be due to noise,
both peak fitting and minimal noise in those regions in spectrum
A make this unlikely. Instead, we attribute the new features to
the 4%, and 4/, peaks of Ir(0), which appear at 63.8 and 61.0
eV, that is, very close to the new features in spectruth Bhese
peaks in summation with spectrum A can produce a spectrum
similar to B when the intensity of the signals are varied, based
upon the extent of reduction. Fitting the observed spectrum B
with the theoretical data suggests that-P0% of the IrQ in
IrOy(cit)-APS-[CaNbsO19] was reduced to Ir(0). A similar
photochemical reduction has been previously observed fora IrO
colloid 28

To obtain further insight into the function of the catalysts,
cyclic voltammetry was used to determine the onset potentials
for water oxidation and reduction in agueous 1.0 M NaOH. For
this purpose, thin films of the catalysts were deposited onto an
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Figure 7. Cyclic voltammograms for nanosheet catalysts. (A) Pt-based structures and {B)as€d structures (inset shows magnified view of

0.4—0.7 V potential interval). All potentials are quoted vs NHE. Onset potentials for water oxidation and reduction were determined graphically

from the intercept of a linear fit of the current withaxis (shown for the KD reduction potential of TBA[C#NbzO1q)).

TABLE 3: Water Redox Potentials for Catalysts

sample E (H0/H) IV E(O/HO™) IV
[HCa&Nb3O4q) —-1.62 +1.24
Pt-[HCaNbzO4q] —1.36 +1.22
Pt-APS-[CaNbzO1(] -1.36 +1.20
Pt(cit)-APS-[CaNbsO0] —1.38 +1.24
Pt(cit)-AEAUS-[CaNb;01q —1.42 +1.24
IrO(cit)-APS-[CaNbzO1q] —1.47 +0.61
Au disk electrode (unmodified) —1.62 +1.24

(Eon-/02 = +0.40 V andEjzm20 = —0.83 V at pH= 14)

with overpotentials of~0.8 V for both processes. All Pt-
containing catalysts reduce water more easily with measured
values ranging from-1.36 to —1.42 V. Interestingly, water
oxidation in the Pt-containing samples also occurs at slightly
more favorable potentials, but the effect is less pronounced than
for water reduction. Comparing the values for water reduction
(Table 3), Pt(cit) nanoparticles-(L.38 to—1.42 V) are slightly
less active than grown Pt nanoparticles1(36 V), which

Au disk electrode by drop casting from solution. Potential scans indicates a possible retarding effect of the citrate groups on the

(200 mV/s) of the film electrodes are shown in Figure 7A. All

metal surface. Among the samples with grown Pt particles, the

films display similar redox features (for values see Table 3) catalyst without the amine linker requires a less negative
that can be attributed to the four-electron oxidation of water at potential for water reduction. Among catalysts with Pt(cit), the
positive potential and the two-electron reduction of water at one with the shorter APS linker is somewhat bettel 38 V)
negative potential. Both processes are accompanied by visiblethan the one with the AEAUS linker{1.42 V). This suggests

gas evolution (@ or Hp) at the working electrode. A small
reductive feature att0.07 V belongs to the reduction of
electrochemically generated,For H,, there is no analogous
oxidative feature, that is, #D reduction is entirely irreversible
under these conditions.

For TBA[CaNbsO,q], water oxidation and reduction are
observed att1.24 and—1.62 V (NHE), respectively. These

that charge transport across the P#XI&O;, interface is an
activity-determining factor in these catalysts.

Figure 7B compares the cyclic voltammogram of thexrO
containing catalyst with that for TBA[GAIbsO,q]. It can be
seen that the water oxidation is shifted by 0.6 V to a more
favorable potential of+0.61 V, which is quite close to the
thermodynamic value at pH 14. However, if the potential is

potentials are significantly larger than the calculated values cycled repeatedly down te-1.47 V, the oxidative current
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observed at-0.61 V diminishes quickly, that is, the catalytic (7) Kudo, A.Int. J. Hydrogen Energp006 31, 197.

effect degrades. This indicates that afl.47 V the IrQ (B Zou Z. G ve, J. H.; Sayama, K.; Arakawa, Mature2001, 414

nanoparticles are reduced to elemental Ir, in agreement with '(9) Bard, A. J.: Fox, M. AAcc. Chem. Red.995 28, 141.

the XPS results for the irradiated material (see above). (10) Domen, K.; Kudo, A.; Tanaka, A.; Onishi, Tatal. Today199Q
On the basis of the electrochemical data(d@)-APS-[Ca- 8, 717.

] ; ; PR (11) Tabata, S.; Ohnishi, H.; Yagasaki, E.; Ippommatsu, M.; Domen,
NbsOiq] is a very effective electrochemical water oxidation K. Catal. Lett. 1994 28, 417.

catalyst. This suggests that the lack of oxygen evolution during " (12) kudo, A.; Kato, H.; Nakagawa, S. Phys. Chem. R00Q 104
irradiation is not due to inefficiency of water oxidation, but due 571.

to inefficient hole transfer from APS-[GibzO1q] to IrO; and 20(()123)14E2?§6 Y.; Sasaki, T.; Harada, M.; Watanabe, Ghem. Mater.

adsorption of @ to the catalyst surface, as discussed above. (14) Ebina, Y. Sakai, N.: Sasaki, J. Phys. Chem. B005 109, 17212
Because of the lack of an efficientteduction site (e.g., Pt), (15) Compton, O. C.; Carroll, E. C.; Kim, J. Y.; Larsen, D. S.; Osterloh,
electrons accumulate on the nanosheets, building up a reducing. E.J. Phys. Chem. @007, 111, 14589.

potential that eventually becomes sufficient to reduce h® (16) Carroll, E. C.; Compton, O. C.; Madsen, D.; Osterloh, F. E.; Larsen,

. g . - D. S.J. Phys. Chem. @008 112, 2394.
Ir(0). This problem might be solved by incorporating Pt (17) Kim, J. Y.; Osterloh, F. E.; Hiramatsu, H.; Dumas, R. K.; Liu, K.

nanoparticles into Irgfcit)-APS-[CaNbzO,¢] or by replacing J. Phys. Chem. B005 109, 11151.
IrO, with a different hole-acceptor. Work toward the fabrication (18) Kim, J.Y.; Hiramatsu, H.; Osterloh, F. E. Am. Chem. So2005

of optimized three-component nanostructures is underway. 12?1;)55&% 3. Y. Osterloh, F. EJ. Am. Chem. So@006 128 3868

. (20) Harriman, A.; Pickering, I. J.; Thomas, J. M.; Christensen, B. A.
Conclusion Chem. Soc., Faraday Trans1P88 84, 2795.

. (21) Hoertz, P. G.; Kim, Y.; Youngblood, W. J.; Mallouk, T. E.Phys.
In conclusion, we have presented a modular assembly cnem. B2007 111, 6485.

approach for the generation of two-component nanostructures (22) Jacobsen, A. J.; Johnson, J. W.; Lewandowski, lndfrg. Chem.
for photocatalytic hydrogen evolution from water. The catalysts 19825324, 3727. G ' 11981 16
are formed by either photochemical growth (Pt) onto the 14§9) Dion, M.; Ganne, M.; Tournoux, MViater. Res. Bull 1981, 16,
semiconductor nanosheets or assemply of the preformed com- (24) Fang, M.; Kim, C. H.; Saupe, G. B.; Kim, H. N.; Waraksa, C. C.;
ponents (TBA[CalNbzO;(], Pt(cit), IrOx(cit)). The structures can ~ Miwa, T.; Fujishima, A.; Mallouk, T. EChem. Mater1999 11, 1526.

be supported by direct chemical bonds between the nanomate- ggg a‘;*:r"’i‘;';nR-A'?-'?w'i\l’l'?v';?gk'GT-RE?m’; '\lﬁt;irczr?c?l?xll\z/i Zé’.lihomas
!rlals.or_ held together by-amlnoalk_ylsnyl Imkers. Under UV J.M.J. Phys. Cheml988 92, 1286. e H '
iradiation, all structures are catalytically active for photochemi- ~ (27) Brugger, P.; Cuendet, P.; Gratzel, MAm. Chem. Sod981, 103
cal H; evolution from water with decreasing activity in the series 2923.

Pt-[HCaNbsO;¢] > Pt(cit)-APS-[CaNb;O1 > Pt(cit)-AEAUS- 11(%%)7 Harriman, A.; Thomas, J. M.; Millward, G. Rlew J. Chem1987,
[CaNb3O1q] > IrO(Cit)-APS-[CgNbsO1q] > TBA[Ca;NbsO1q). (29) Hara, M.; Waraksa, C. C.; Lean, J. T.; Lewis, B. A.; Mallouk, T.

The trend can be rationalized by assuming that citrate moleculest. J. Phys. Chem. 200Q 104, 5275.

reduce the catalytically active area on Pt and organic linkers _ (30) Kuhn, H.J.; Braslavsky, S. E.; Schmidt,Rure App. Chen2004
impede electron transport from the nanosheets to the _Pt76'(31) Nahor, C. S.: Hapiot, P. Neta, P.: Harriman, JPhys. Chem.
cocatalyst. The same trend is observed when the electrochemicajgg1, 95, 616.

potentials for water reduction are compared. In the absence of (32) Silverstein, R. M.; Webster, F. YSpectrometric Identification of
Pt, little H, is evolved because of the lack of water reduction ©rganic CompoundsGth ed.; Wiley: New York, 1998.

; ] (33) Shimizu, K.; Tsuji, Y.; Hatamachi, T.; Toda, K.; Kodama, T.; Sato,
sites on the catalysts. Hydrogen but noteDolution from water ; “itayama, Y.Phys. Chem. Chem. Phy2004 6, 1064.

is achieved with Ir(cit)-APS-[CaNbzO1¢], which undergoes (34) Shimizu, K.; Itoh, S.; Hatamachi, T.; Kodama, T.; Sato, M.; Toda,
photoreduction to Ir-APS-[GilbsO10]. Ongoing work in this K. Chem. Mater2005 17, 5161.

laboratory is devoted to elucidating the excited-state dynamics __ (39) Brito, R.; Tremont, R.; Cabrera, C. R.Electroanal. Chen2004

in t.he.se systems and to extending the synt.hetic concept. to (’36) 'Rozkiewicz, D. I.: Kraan, Y.: Werten, M. W. T.: Wolf, F. A. d.:
optimized three component nanostructures with separate sitesSubramaniam, V.; Ravoo, B. J.; Reinhoudt, D. Ghem—Eur. J. 2006

for water oxidation and reduction. 12,6290. )
(37) Diegoli, S.; Mendes, P. M.; Baguley, E. R.; Leigh, S. J.; Igbal, P.;
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