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Alpha-Fe2O3 is cheap and abundant, and has a visible light indirect (phonon assisted) band gap of

2.06 eV (600 nm) due to a d–d transition, and a direct band gap at 3.3 eV (375 nm), associated with the

ligand to metal charge transfer process. Here we describe results on using freely dispersed Fe2O3

nanocrystals for photocatalytic water oxidation. Three morphologies of hematite were compared,

including bulk-type-a-Fe2O3 (Bulk-Fe2O3, 120 nm), ultrasonicated Bulk-Fe2O3 (Sonic-Fe2O3, 44 nm),

and synthetic Fe2O3 (Nano-Fe2O3, 5.4 nm) obtained by hydrolysis of FeCl3$6H2O. According to X-ray

diffraction, all phases were presented in the alpha structure type, with Nano-Fe2O3 also containing

traces of b-FeOOH. UV/Vis diffuse reflectance revealed an absorption edge near 600 nm (EG¼ 2.06 eV)

for all materials. Cyclic voltammetry gave the water oxidation overpotentials (versusNHE at pH¼ 7, at

1.0 mA cm�2) as h¼ +0.43 V for Nano-Fe2O3, h¼ +0.63 V for Sonic-Fe2O3, and h¼ +0.72 V for Bulk-

Fe2O3. Under UV and visible irradiation from a 300 W Xe-arc lamp, all three materials (5.6 mg)

evolved O2 from water with 20.0 mM aqueous AgNO3 as sacrificial electron acceptor. The highest rates

were obtained under UV/Vis (>250 nm) irradiation with 250 mmol h�1 g�1 for Bulk-Fe2O3, 381 mmol h�1

g�1 for Sonic-Fe2O3 and 1072 mmol h�1 g�1 for Nano-Fe2O3. Turnover numbers (TON ¼ moles O2/

moles Fe2O3) were above unity for Nano-Fe2O3 (1.13) and Sonic-Fe2O3 (1.10) but not for Bulk-Fe2O3

(0.49), showing that the nanoscale morphology was beneficial for catalytic activity.
Introduction

Given the growing global demand for energy, one of the most

important challenges of the century will likely involve developing
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Broader context

Nanostructured alpha-Fe2O3 (hematite) has recently emerged as

electrochemical water oxidation. Such photoanodes help facilitate

energy is converted into hydrogen fuel. The enhanced properties of n

at the surface, enabled by the reduced dimensions of the nanocrysta

stems from impurity atoms such as silicon and tin which are introd

for the first time, that photocatalytic water oxidation can be achiev

dopants. We find that the activity of the particles scales inversely w

particles-a side effect of using silver nitrate as sacrificial electron acc

for the smallest studied nanocrystals, the results highlight the vali

activity in materials with short minority carrier lifetimes.
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a cheap and active material for solar water splitting. Currently,

however, no economically competitive water-splitting photo-

catalysts have been marketed mainly due to low overall conver-

sion efficiencies and photocorrosion. Nano-scaling of bulk

metal-oxide/sulfide/selenides offers new opportunities to develop

more efficient catalysts, by taking advantage of increased surface

area, shorter paths for charge and mass transport, and quantum

confinement effects. Cadmium selenide, for example, can be

activated for photocatalytic water reduction using a quantum

size effect.1,2 Iron oxide (a-Fe2O3, hematite) is an attractive

candidate for photocatalytic water oxidation, due to its low cost,
an inexpensive and stable photoanode material for photo-

direct sunlight driven water photoelectrolysis by which solar

ano-Fe2O3 are generally attributed to improved hole collection

ls. However, one can not rule out that part of the enhancement

uced during the preparation of the photoanodes. Here we show

ed also with suspended hematite particles, in the absence of any

ith size, and that it is limited by deposition of silver onto the

eptor. Even though the quantum efficiency remains below 1.0%

dity of the nanoscaling approach for increasing photocatalytic

This journal is ª The Royal Society of Chemistry 2011
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abundance, low toxicity, high photo/heat-stability, suitable band

gap (Eg ¼ 2.06 eV, l ¼ 600 nm) and valance band edge position.

Despite these attributes, however, a-Fe2O3 is considered to be

a poor photo-anode material for water oxidation due to its short

hole diffusion length (2–4 nm),3 short exciton lifetime (�10 ps),4,5

poor minority charge carrier mobility (0.2 cm2V�1s�1),6 and finite

light penetration depth (a�1 ¼ 118 nm at l ¼ 550nm).7 Attempts

to circumnavigate these issues involve a combination of surface

modifications to reduce water oxidation overpotentials along

with surface morphology control to increase current density.8

This includes selective growth of thin films on the most active

crystal face (001) for more efficient electron and hole transport,9

and doping with metal cations includingMg2+, Al3+ Ca2+, Ti4+, V5+,

Cu2+, Zn2+, Nb5+, Sn4+, Pt4+ and CO2
+.11–16 Another approach to

mitigate these problems is by nanostructuring Fe2O3. Kay et al.

demonstrated that nanostructured Fe2O3 films grown by vapor

deposition of Fe(CO)5/tetraethoxysilane could support photo-

current densities of up to 2.2 mAcm�2 and incident photon to

electron conversion efficiencies (IPCEs) of up to 42% at 1.23 eV

vs. RHE.10 In another example, Fe2O3 photoelectrodes were

fabricated from Fe2O3 nanocrystals, followed by an annealing

step.17 These electrodes showed increased water oxidation

activity, but also contained Si and Pt dopants that lead to

increased conductivity. Similar Fe2O3 electrodes have been

fabricated from Fe3O4 particles followed by annealing.18 To

evaluate the effect of nanostructuring in the absence of doping,

we report here on photocatalytic water oxidation with suspended

bulk and nanoparticulate a-Fe2O3. The study shows for the first

time, that individually suspended Fe2O3 particles catalyze water

oxidation with up to 0.61% quantum efficiency (at 375 nm) in the

presence of a chemical bias (+0.70 V, NHE from 20.0 mM

AgNO3). The activity is inversely dependent on particle size,

which we attribute to improved charge transport to the surface in

the smaller particles. We also find that chemically synthesized

particles have a significantly lower electrochemical overpotential

for water oxidation than particles derived from bulk Fe2O3.
Results and discussion

Scheme 1 summarizes pathways to Nano-Fe2O3 [1], Sonic-Fe2O3

[2], and Bulk-Fe2O3 [3] as photocatalysts for this study.

Suspensions of Bulk-Fe2O3 were produced by briefly (5 s) soni-

cating commercial alpha-Fe2O3 (hematite) in water. To obtain

nanoscale materials, Fe2O3 was sonicated at a higher intensity

for 30 min. As an alternative to this top-down approach, Nano-

Fe2O3 was prepared from FeCl3 in aqueous HCl using the pub-

lished procedure by Raming et al.19
Scheme 1 Bottom-up approach to give Nano-Fe2O3 [1] and top-down

approach to prepare Sonic-Fe2O3 [2] from Bulk-Fe2O3 [3]. Sonication

was performed with an ultrasonic horn at 3.65 W.

This journal is ª The Royal Society of Chemistry 2011
Fig. 1 shows the powder XRD spectra of the three samples.

For Bulk-Fe2O3 and Sonic-Fe2O3, all diffraction peaks can be

assigned to the alpha phase of hematite. Due to lattice confine-

ment, the Nano-Fe2O3 diffraction pattern consists of wider peaks

and larger Full width at half maximum (FWHM) including an

unexpected peak at 47� signifying the presence of b-FeOOH

(411 peak),20 a known intermediate during aqueous synthesis of

hematite.21 From the FWHM values of the (113) diffraction peak

at 40�, Scherrer diameters were calculated as 120 nm for Bulk-

Fe2O3, 44 nm for Sonic-Fe2O3, and 5.4 nm for Nano-Fe2O3.

These values are in good agreement with data obtained from

transmission electron microscopy in Fig. 2.

According to TEM/HRTEM, Bulk-Fe2O3 consists of large

irregular and polydispersed (50–300 nm) crystals showing char-

acteristic (001) lattice spacing of a-Fe2O3 (Fig. 2a, b). Compar-

atively, Sonic-Fe2O3 shows smaller (5–20 nm) fragmented

particles with irregular shapes, and lesser defined surfaces

(Fig. 2e, f). In contrast, Nano-Fe2O3 images display a range of

single crystalline spheres (5.2 � 1.0 nm) interdispersed with rods

(5.0 � 0.8 nm � 15.2 � 1.1 nm, Fig. 2i, j).

Diffuse reflectance spectra for the three materials are shown in

Fig. 3 and plotted with the Kubelka-Munk function. The band

edge at 600 nm corresponds to a 2.06 eV band gap for each

material. There is also a direct UV transition LMCT at 375 nm

peak (6t1u / 2t2g, 375 nm, not shown) and an indirect visible d–

d transition (6A1 /
4E, 535 nm).22 This d–d transition is slightly

blue shifted for Nano-Fe2O3 which accounts for the observed

differences in color: Bulk-Fe2O3 (light red/orange), Sonic-Fe2O3

(pink/orange), and Nano-Fe2O3 (dark blood red, orange when

diluted). The difference in slope between Nano-Fe2O3 and the

other two is likely caused by the presence of small amounts of b-

FeOOH in the sample (a yellow precursor to a-Fe2O3,
23 Eg ¼

2.12–2.35 eV).20 The plot also shows a characteristic sub-band
Fig. 1 Powder X-ray diffraction patterns of Bulk-Fe2O3, Sonic-Fe2O3,

and Nano-Fe2O3. The patterns are in agreement with the alpha structure

type, with Nano-Fe2O3 also containing traces of b-FeOOH.

Energy Environ. Sci., 2011, 4, 4270–4275 | 4271
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Fig. 2 TEM (a,e,f) and HRTEM of non-irradiated a-Fe2O3 (a,b,e,f,i,j) and after full-spectrum AgNO3 irradiation (c,d,g,h,k,l). Bulk-Fe2O3 (a–d),

Sonic-Fe2O3 (e–h), and Nano-Fe2O3 (i–l). Image g is not representative of particle size. It was chosen to demonstrate silver particle formation.

Fig. 3 Kubelka-Munk converted UV/Vis diffuse reflectance spectra of

dried Bulk-Fe2O3, Sonic-Fe2O3 and Nano-Fe2O3 catalysts.

Fig. 5 Electrochemical water oxidation with Fe2O3 films on Au

substrate, 50 mV/s scans, at pH ¼ 7 in Na2HPO4/NaH2PO4 buffer.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
D

av
is

 o
n 

11
 M

ay
 2

01
2

Pu
bl

is
he

d 
on

 1
7 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1E

E
02

11
0A

View Online
scattering tail near 600–750 nm. The scattering intensity of this

tail is known to increase with particle size.17

To test photocatalytic properties, the Fe2O3 powders were

suspended in 20.0 mM aqueous AgNO3 and irradiated with
4272 | Energy Environ. Sci., 2011, 4, 4270–4275
a 300 W Xe-arc lamp equipped with a longpass filter (>400 nm)

or without it (>250 nm). Under these conditions, oxygen is

formed from photogenerated holes (Fig. 5) while silver is formed

from photogenerated electrons. The deposition of silver can be
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 O2 evolution from 35 mmol (5.6 mg) a-Fe2O3 in 20.0 mMAgNO3

at pH¼ 6.5 under full spectrum irradiation (a) and under visible light, l >

400 nm (b). Error Bars represent deviations of two separate experiments.

(C) Relation between initial rate of water oxidation (mmol O2 h
�1 g�1) and

average Scherrer crystallite diameter (nm) derived from Fig. 1 in full

spectrum irradiation (solid line) and in visible light (broken line) for Bulk-

Fe2O3 (diamond), Sonic-Fe2O3 (triangle) and Nano-Fe2O3 (square).
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observed in TEMs of the Fe2O3 particles. Images for post-irra-

diated Bulk-Fe2O3 (Fig. 2c and 2d) show the 0.2 nm character-

istic lattice spacing of Ag (011). In Fig. 2g, Ag deposition is not as

clear for Sonic-Fe2O3 due to the small size, except that the overall

solution color became darker and greyer after irradiation. One

Ag particle on Sonic-Fe2O3 is shown in Fig. 2h. Likewise, Nano-

Fe2O3 shows evidence of silver deposition onto the nanocrystals.

Here, we observe preferential deposition onto one facet, most

likely the (001) facet, which can be explained by a higher aniso-

tropic conductivity in this direction.9 Notably, the material

retains its crystallinity after 24 h full spectrum irradiation

(Fig. 2l) with no signs of photocorrosion (apart from Ag

deposition).

Comparing photoactivity among samples and conditions, the

highestO2 evolution rates are obtainedunder full spectral irradiation

(>250 nm, Fig. 4A). During the first 10 min, evolution rates range

from 250 mmol h�1 g�1 (for Bulk-Fe2O3) to 1071 mmol h�1 g�1

(forNano-Fe2O3). However, with the advent of silver deposition, O2

evolution begins to decline. For Bulk-Fe2O3 this happens after 8 h,

for Sonic-Fe2O3 after 10h, and forNano-Fe2O3 after 5 h.After 24 h,

turnover numbers (TON¼moles of O2 evolved per mole of Fe2O3)

reachvalues aboveunity (1.13 forNano-Fe2O3, 1.10 forSonic-Fe2O3

and 0.49 for Bulk-Fe2O3), supporting a catalytic process for the

nanomaterials. Apart from silver deposition, no change of the Fe2O3

is apparent (Fig. 2). This suggests that higher turnover numbers

should be possible with other sacrificial agents. Under visible irra-

diation (>400 nm, Fig. 4B) the rates are notably lower, and as

a consequence, TONnumbers after 24 h (0.73 for Nano-Fe2O3, 0.38

for Sonic-Fe2O3 and 0.08 for Bulk-Fe2O3) remain below unity. The

lower activity under visible illumination is expected from both the

lowerabsorbanceof thematerial and fromthe lessoxidizingpowerof

holes created in the Fe-t2g band (see discussion of Fig. 6).

The initial O2 evolution rates of the three systems are plotted in

Fig. 4C as a function of size. It can be seen that for both visible and

UV irradiation, the rate increase is inversely proportional to the

logarithm of particle diameter. For visible light (l > 400 nm), the

slope is lower, because of the reliance of the photoreaction on

the weaker d–d transition (see discussion of Fig. 6). Also, visible

light penetrates deeper into the particles than UV light, reducing

illumination-based differences among particles of different size.

Improved illumination under visible lightmight be responsible for

the high initial activity (first two hours) of Sonic-Fe2O3 that rivals

that of Nano-Fe2O3 (Fig. 4B). However, as particle shading

increases with silver deposition, the activity of the larger Sonic-

Fe2O3 particles falls behind that of the smaller Nano-Fe2O3.

Although shading effects do seem to play a role in these systems,

the observed size trend in the activity of the Fe2O3 samples can be

understood well in terms of the short hole diffusion length (2–

4 nm)3 of hematite. Only holes generated within a 3 nm thick sub-

surface shell can participate in water oxidation. By comparing the

volume of this shell in each sample with the total volume of the

particles (assuming spheres), one can calculate the fraction of

usable e/h pairs as a function of size (diameters taken frompowder

X-ray diffraction). The values are 14.3% for Bulk-Fe2O3, 35.6%

for Sonic-Fe2O3, and 100% for Nano-Fe2O3—since it is less than

6 nm wide. This increased hole availability at the surface of the

smaller particles can fully explain the observed trend in oxygen

evolution across the series (Fig. 4). However, as additional irra-

diations with monochromatic light from a LED (375 nm) show,
This journal is ª The Royal Society of Chemistry 2011
the fraction of holes that actually oxidizewater ismuch lower than

the number of holes created within 3 nm of the surface. Based

on the observed O2 generation rates under LED illumination

(1.13 � 107 mol s�1 at the flask surface), we calculate quantum

efficiencies (QE) of 0.61%, 0.47%, and 0.0% for Nano-, Sonic-,

and Bulk-Fe2O3, respectively. Here we assume that four photons/

holes are required to form onemolecule of O2. The numbers show

that even in Nano-Fe2O3, >97% of the generated charge carriers

recombine before they react with water. This demonstrates that

the reactivity of the nanocrystals is still limited by charge recom-

bination (the half life of e/h pairs in hematite is �10 ps).4,5 The

problem of enhanced surface recombination in Fe2O3 is well

known.24 Surface recombination can be reduced by terminating
Energy Environ. Sci., 2011, 4, 4270–4275 | 4273

http://dx.doi.org/10.1039/c1ee02110a


Fig. 6 Energy diagram for photocatalytic water oxidation at pH ¼ 7

with 20.0 mM AgNO3 as a sacrificial acceptor. The ‘dark’ water oxida-

tion overpotentials at 1.0 mA are included as an approximation for the

charge transfer limitation at the Fe2O3-electrolyte interface. This is not

technically correct, as the dark anodic current is mediated by conduction

band states in Fe2O3, whereas the light current involves states in the

Fe2O3 valence band.
29,30
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the surface with closed shell ions (Al3+, Sn4+, Si4+), as several

research groups have shown recently.12,16,25

In order to further probe the differences in reactivity between

the Fe2O3 samples, electrochemical measurements were con-

ducted on thin films of the materials. The voltammetric scans in

Fig. 5 show that that the electrochemical onset potentials for

water oxidation are different for each particle size, with onsets

occurring between +1.25 and +1.40 V (NHE, 1.0 mA cm�2).

Based on the thermodynamic minimum water oxidation poten-

tial of +0.82 V vs.NHE at pH 7, the overpotentials (measured at

1.0 mA cm�2) are h ¼ +0.43 V (Nano-Fe2O3), h ¼ +0.63 V

(Sonic-Fe2O3), and h ¼ +0.72 V (Bulk-Fe2O3), respectively. This

data is comparable to values published in the literature for alpha-

Fe2O3 films (+0.57 V10,15 and +0.47 V16) after adjustment to

pH ¼ 7. This difference in potentials between Sonic- and Nano-

Fe2O3 is likely due to differences in surface structure. As

a product of cavitation-induced particle fragmentation,26 Sonic-

Fe2O3 particles have a rough surface dominated by high index

planes. This can be seen well in Fig. 2h. Nano-Fe2O3 on the other

hand, is a product of strain-free growth, which favors the

formation of stable low index facets. The effect of the surface

structure on the reactivity of hematite nanocrystals was observed

previously by Hermanek et al.27

Fig. 6 shows potential diagrams for Nano- and Bulk-Fe2O3,

based on the literature value of ECB ¼ +0.40 V for the conduction

band edge of alpha-Fe2O3 at pH ¼ 7,28 and based on the optical

band gaps for the d–d and LMCT transitions. Holes for oxygen

evolution can be generated either in Fe-t2g orbitals (visible light

excitation) or in the O–p band (UV excitation). Holes in the O–p

band are more oxidizing, which is one reason for the greater O2

evolution activity of Fe2O3 under UV excitation (besides increased

light absorption in the UV). As the diagram shows, most of the

energy of the holes is consumed during water oxidation. Based on

the electrochemical results, Nano-Fe2O3 has a slightly lower ener-

getic barrier for injecting holes into water than Sonic- and Bulk-

Fe2O3 (the water oxidation overpotential is +0.43 V compared to

+0.63 V for Sonic-Fe2O3, see caption in Fig. 6). This is an addi-

tional reason for the higher activity of Nano-Fe2O3, besides more

efficient hole collection at the surface, as discussed above.
4274 | Energy Environ. Sci., 2011, 4, 4270–4275
The diagram further shows that the oxygen evolution requires

an electrochemical bias (about +0.70 V for 20.0 mM AgNO3 at

pH¼ 7), higher than what has been described for nanostructured

a-Fe2O3 photoanodes (+0.39 V, NHE at pH 7).10 Thus, the

thermodynamic driving force for electron transfer from the

Fe2O3 conduction band edge to the silver ion acceptor is 0.30 eV

per electron. Because the silver reduction potential of 0.70 V is

less than the water oxidation potential (0.82 V at pH ¼ 7),

conversion of a fraction of the light energy into chemical energy

is observed (0.12 eV per converted photon). However, because

the quantum yield is so small (less than 1%), the overall process

remains strongly exergonic.
Conclusion

In conclusion, we have shown that suspended crystals of non-

doped alpha-Fe2O3 are active for photocatalytic O2 evolution

under visible and UV light with initial rates of up to 1072 mmol

h�1g�1 for Nano-Fe2O3. Under visible light the activity is

767 mmol h�1g�1. Even though silver surface deposition limits the

water oxidation ability of the materials, turnover numbers above

unity were achieved for nanocrystals of Fe2O3, but not for the

bulk. Activity is correlated inversely with the size of the crystals,

i.e. Nano-Fe2O3 is more active than Bulk-Fe2O3, which can be

explained with a reduced hole diffusion path to the surface.

However as the low quantum efficiencies of 0.61% show, activi-

ties in all three systems are limited strongly by surface charge

recombination. Also, we find that Nano-Fe2O3 crystals have

a low water oxidation overpotential of 0.43 V (at 1.0 mA cm�2),

which we attribute to a favorable surface structure of the mate-

rial. This is the first time that direct catalytic O2 generation from

Fe2O3 was achieved via UV and visible light irradiation in

homogeneous phase. The results show that nanoscaling increases

the photoactivity of Fe2O3. Similar nanoscaling strategies may be

applicable to other transition metal oxides.
Experimental

Chemicals (a-Fe2O3 99.9%, AgNO3 99.9%, FeCl3$6H2O 99.9%,

and 12.1 N HCl 99.99%) were purchased from Fisher Scientific,

Pittsburg, PA. They were of reagent quality and were used as

received. Water was purified to 18 MUcm resistivity using

a Nano-pure system. Bulk-Fe2O3 was prepared with as-

purchased a-Fe2O3 and dissolved in water followed by a 5 s

sonication with a Fisher Scientific FS20 ultrasonic cleaner to

disperse the colloid. Sonic-Fe2O3 was prepared by ultra-

sonicating Bulk-Fe2O3 for 30 min with a Sonics Vibracel�
VCX130 ultrasonic horn at 20% power (3.65 W) in 30 mL of

H2O. Nano-Fe2O3 was synthesized following a literature

method19 by dissolving FeCl3$6H2O into 250 mL of 0.002MHCl

at 100 �C to make a 0.02 M Fe3+ solution with stirring. After

maintaining the temperature for 30 min, the heat was removed

and the solution was allowed to return to room temperature.

Excess spectator ions (Fe3+, H+ and Cl�, etc.) were removed

during a 5 day dialysis using 6–8 k MWCO tubing in 4 L water.

The water was replaced daily until the conductivity reached

4.0 mS cm�1. Full chloride removal is important during this step

to avoid formation of photoactive AgCl during irradiation.31 The
This journal is ª The Royal Society of Chemistry 2011
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final suspension contained 1.12 mg mL�1 of Fe2O3 as determined

by gravimetric analysis.

Transmission electron images were taken with a Philips CM-12

instrument at 120 kV acceleration potential. Bright field high

resolution transmission electron microscopy (HRTEM) images

were taken using a JEOL 2500SE 200kV TEM. Copper grids

with a carbon film were dropped into aqueous dispersions of the

samples followed by washing with water and air drying.

UV/Vis diffuse reflectance spectra were taken as dried powders

on white Teflon tape using an Ocean Optics HR2000 CG-

UVNIR spectrometer and a DH2000 light source. Reflectance

was converted to Kubelka-Munk as f(R) ¼ (1 � R)2(2R)�1 vs.

wavelength to correct for scattering.

For electrochemical measurements thin films of the catalysts

were prepared on a gold foil electrode (1.0 cm2) by dropcoating

and annealing at 450 �C. The films were then pressed with

a CARVER 4350.L steel press to 15000 psi following literature

procedures.32 A wire was attached to the bare gold back with

conductive carbon tape and sealed with adhesive. The electrode

was placed into a N2-purged 3-electrode cell with a Pt counter

electrode and a saturated calomel reference electrode connected to

the cell with a KCl salt bridge. The cell was filled to 50 mL with

0.25 M Na2HPO4/NaH2PO4 buffer solution at pH 7 with

a constant stream of N2 above the solution. Dark cyclic voltam-

metry scans were taken at 50 mV/s. The system was calibrated

using the redox potential of K4[Fe(CN)6] at +0.358 V (NHE).

The rate of photochemical oxygen evolution from each catalyst

was determined by irradiating 5.6 mg (35 mmol) of Fe2O3 in

20.0 mM AgNO3 in 50 mL of water. Silver nitrate was chosen as

a sacrificial agent because it is stable under UV irradiation and

does not cause aggregation of the nanoparticles (as observed with

ferric nitrate, cerium (IV) ammonium nitrate, sodium iodate, and

sodiumpersulfate). Irradiationswere performed in aquartz round

bottom flask with a 300 W Xe arc lamp (1.4 W cm�2 at flask, l ¼
250–680 nm), measured with a UV/Vis GaAsP photodetector.

Visible light (l>400 nm)was achieved by inserting a 400 nm long-

pass filter between the light and the flask. 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 flaskwas

evacuated down to 5 torr and purged with argon gas. This cycle

was repeated until the chromatogramof the atmosphere above the

solution indicated that the sample did not contain hydrogen,

oxygen, or nitrogen. A solution of 20.0 mMAgNO3 was tested as

a control under full spectrum irradiation, and less than 3 mmol of

O2 were evolved after 10 h. Quantum efficiency measurements

were conducted with a 375 nm LED (3.42 mW cm�2, 1.13 � 1017

photon s�1) in place of the lamps.

Powder XRD scans were conducted with a Scintag XRD, l ¼
0.154 nm at �45 kV and 40 mA with tube slit divergence(2 mm),

scatter(4 mm), column scatter(0.5 mm), and receiving(0.2 mm).

The FWHM of the peaks were calculated with ThemoARL

DMSNT software (version 1.39-1).
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