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CONS P EC TU S

I n order for the future energy needs of humanity to be adequately
and sustainably met, alternative energy techniques such as artificial

photosynthesis need to be made more efficient and therefore commer-
cially viable. On a grand scale, the energies coming to and leaving from
the earth are balanced. With the fast increasing waste heat produced
by human activities, the balance may be shifted to threaten the
ecosystem in which we reside. To avoid such dire consequences, it is
necessary to power human activities using energy derived from the
incoming source, which is predominantly solar irradiation. Indeed,
most life on the surface of the earth is supported, directly or indirectly,
by photosynthesis that harvests solar energy and stores it in chemical
bonds for redistribution. Being able to mimic the process and perform
it at high efficiencies using low-cost materials has significant implications. Such an understanding is a major intellectual driving
force that motivates research by us and many others.

From a thermodynamic perspective, the key energy conversion step in natural photosynthesis happens in the light reactions,
where H2O splits to give O2 and reactive protons. The capability of carrying out direct sunlight-driven water splitting with high
efficiency is therefore fundamentally important. We are particularly interested in doing so using inorganic semiconductor materials
because they offer the promise of durability and low cost. In this Account, we share our recent efforts in bringing semiconductor-
based water splitting reactions closer to reality. More specifically, we focus on earth-abundant oxide semiconductors such as Fe2O3

and work on improving the performance of these materials as photoelectrodes for photoelectrochemical reactions.
Using hematite (r-Fe2O3) as an example, we examine how the main problems that limit the performance, namely, the short hole

collection distance, poor light absorption near the band edge, and mismatch of the band edge energetics with those of water redox
reactions, can in principle be addressed by adding nanoscale charge collectors, forming buried junctions, and including additional light
absorbers. These results highlight the power of forming homo- or heterojunctions at the nanoscale, which permits us to engineer the
band structures of semiconductors to the specific application of water splitting. The key enabling factor is our ability to synthesize
materialswith precise control over the dimensions, crystallinity, and,most importantly, the interface quality at the nanoscale.While being
able to tailor specific properties on a simple, earth-abundant device is not straightforward, the approacheswe report here take significant
steps towards efficient artificial photosynthesis, an energy harvesting technique necessary for the well-being of humanity.

1. Introduction
Under standard conditions, the splitting of H2O into H2 and

O2 requires approximately 1.23 eV of energy per elec-

tron. More than 50% of photons in the solar spectrum are

sufficiently energetic to power this reaction. To do so, one

needs an absorber to harvest the energy carried by the

photons and transform it into excited electrons. One also

needs a mechanism to transfer the excited charges to sites

where they can drive reduction and oxidation reactions,

preferably at locations that are physically separated to

minimize the annihilation of excited electrons. In natural

photosynthesis, this process is carried out by the complex
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machinery of photosystems, which includes two absorbers,

an intricate route of charge transfer to separate charges, and

efficient catalysts for reduction and oxidation reactions at

fast turnover rates.1 In principle, all these functionalities,

including light absorption, charge separation, and catalytic

reactions, can be realized on a single semiconductor, as has

been demonstrated in 1972 by Honda and Fujishima.2

Schematically illustrated in Figure 1, a semiconductor ab-

sorbs light because it has a gap between its energy bands

(the energy band gap).When in contactwith an electrolyte, a

Schottky-type diode is formed due to surface potential

buildup, resulting in band bending near the surface that

helps separate photogenerated charges.3 Typically, the

bending is such that minority charges are moved to the

surface to perform oxidation (holes in n-type) or reduction

(electrons in p-type) reactions. In addition to the relative

simplicity as compared with natural photosystems, semi-

conductor-based water splitting also holds the potential of

being durable and low-cost. For these reasons, photon-

driven water splitting using semiconductors has attracted

significant research attention in the past four decades.4�6

Depending on the design, semiconductors can be used in

either photocatalytic (defined as particulate or colloidal sus-

pension-based)7 or photoelectrochemical (PEC; defined as

discrete photoelectrodes connected by external circuit with

spatially separated reduction and oxidation processes)

systems.3 Here we choose to concentrate on PEC systems

because they permit us to examine the properties of the

electrode materials in great detail. In other words, a PEC

system may be viewed as a study tool for material char-

acterization. It is, nonetheless, a tool that has potential for

practical water splitting applications. Presently, the main

challenge faced by the community is the dilemma between

efficiency and cost: materials that can deliver high efficien-

cies are either too expensive or too short-lived or both; those

that are stable and inexpensive typically do not split water

efficiently or cannot split water at all without externally

applied potentials. Here one has two choices: focusing on

efficient materials and trying to reduce the cost, or choosing

low-cost materials and working on improving their efficien-

cies. With the foresight that water splitting will need to be

carried out on an extremely large scale to rival that of natural

photosynthesis, we elected to follow the second route and

study inexpensive and stable semiconductors. The material

candidates that stand out are metal oxides,6,8,9 such as TiO2,

WO3, and Fe2O3.Our goal is to identify problemspresentedby

these materials and come up with solutions to these issues

through band structure engineering and controlled syntheses.

Consider hematite (R-Fe2O3) as an example.10�12 Itsmain

advantages include its low cost, its stability against photo-

corrosion in aqueous solutions, and its suitable band gap for

complete water splitting. Its absorption, for example, ex-

tends deep into the visible range (λmax≈ 610 nm), which can

potentially offer energy conversion efficiencies greater than

12%.13 However, hematite is also a semiconductor with big

problems. For instance, holes have been reported to diffuse just

a few nanometers in hematite.14 This means that most photo-

generatedholescannotbecollectedunless the film is sufficiently

thin (a few to tens of nanometers). But hematite this thin will

only absorb a small portion of photons in regions of

the solar spectrum where photons are most abundant (λ =

500�600 nm), whereas effective absorption would require

films upward of 600 nm thick.11 To make the problem more

severe, water oxidation on the hematite surface requires holes

with lifetimes on the order ofmilliseconds to seconds, far longer

than most photogenerated holes can live in the material.15

Additionally, the band edges of hematite are too positive to

reduce water. Taken as a whole, hematite is a material with

great promise but huge problems, which makes it an ideal

model systemtostudy for thepurposeof testingmaterial design

and synthesis principles. For this reason, we choose to examine

hematite in this Account, and our approaches to combating the

variety of problems listed above are discussed herein.

2. Charge Transport Using
Heteronanostructures
In general, the collection efficiency of photogenerated

charge carriers is determined by the distance that carriers

have to travel, their overall lifetime, and their bulk

FIGURE 1. Semiconductor-based photoelectrochemical H2O splitting
on an n-type electrode. Important processes to consider include (1)
charge transport, (2) the energetics relative to H2O redox potentials,
(3) light absorption (spectral response), and (4) catalytic activities.
Competing detrimental processes include (i) bulk recombination and
(ii, iii) surface trapping and recombination.
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recombination rate. Because hematite's absorption depths

are largewithin the visible range, a short collection distance,

long lifetime, and low recombination rate favor charge

collection. Among these considerations, the lifetime and

the recombination rate are determined by the electronic

structure of the semiconductor and are difficult to manip-

ulate. However, the distance the carriers have to travel,

being defined by the depth at which light absorption takes

place, can be minimized by modifying the morphologies

of the semiconductor through synthesis control aimed at

decoupling the directions of light absorption and charge

collection. This realization has led to the proposal of using

nanostructures such as nanowires to improve charge collec-

tion efficiencies.16 It is important to keep the characteristic

dimensions within the nanoscale because charge diffusion

distances typically fall within this range. As far as hematite is

concerned, the best-known example is found in Gr€atzel et al.'s

success in using nanoscale “cauliflower”-shaped hematite to

measure record-high photocurrents in PEC water splitting

systems.17 In their demonstration, the light absorption by

hematite is ensuredbyhavingananostructured filmovera few

hundred nanometers thick. The distance the photogenerated

holes need to diffuse, by contrast, is only a few nanometers,

enabling high collection efficiencies of theminority carriers. At

1.23Vvs the reversible hydrogen electrode (RHE), 2.3mA/cm2

photocurrentwasmeasuredwhennocatalystwasused,which

is still the benchmark of hematite performance as of today.18

The strategy of using simple nanostructures faces inher-

ent limitations, however. The limit comes from the fact that

one still relies on a single material to carry out the functions

of both light absorption and charge transport. As shown in

Figure 2a, along their path to be collected by an electrical

contact, the majority charges (electrons in the case of n-type

hematite) may still recombine with holes to reduce the

achievable efficiencies. To mitigate this problem, we pro-

posed and tested the idea of forming heterojunctions,

combinations of twomaterial components with different prop-

erties. Inasimplistic form,aheterojunctiondesigncanbeacore/

shell structure (Figure 2b), with the core being a dedicated

charge transporter while the shell absorbs light and separates

charges. Such a design should enable us to address challenges

associated with poor charge collection, which are common

among metal oxide semiconductors due to their relatively low

conductivityandshortminoritychargediffusiondistance.8From

a practical standpoint, the core material is desired to be of high

conductivity, high surface area, and low light absorption.

Our first proof-of-concept demonstration was carried

out on the unique platform of TiSi2 nanonets, as shown in

Figure 3.19 A nanonet differs from the more widely studied

nanowire in its two-dimensional connectivity as depicted in

Figure 3a and b. The connectivity offers better charge trans-

port and increased surface area. We typically produced the

nanonets by chemical vapor deposition (CVD) reactions,20�22

and thenanonets spontaneously grew into vertically packed

arrangements with one end connected to the charge

collecting substrate (e.g., a metal foil). Next, we deposited

a thin layer of hematite on the surface of the nanonets. To

realize the design as shown in Figure 2b, we desired a

conformal coating that could cover the nanonet core com-

pletely. We also wanted the interface between the nanonet

FIGURE 2. Charge collection and recombination mechanisms within
nanostructures in a photoelectrochemical system. (a) To ensure effec-
tive hole collection, the smallest dimension of the nanostructure needs
to be shorter than the sum of depletion width (W) and the diffusion
distance of holes (LK). Nevertheless, electron�hole recombination may
still take place on the electron-transport pathway, which will result in
reduced efficiencies. (b) When a dedicated charge transporter is added
(shaded region in the center), the electron�hole recombination can be
greatly reduced, enhancing the measurable efficiencies. Adapted with
permission from ref 5. Copyright 2011 Elsevier.

FIGURE 3. TiSi2 nanonet-based hematite nanostructure. (a) The
structure is essentially a core/shell arrangement where the core is the
nanonet for good charge collection and the shell is hematite for
photocatalytic functionalities. (b) Low and (c) high magnification
transmission electron micrographs showing the conformal coverage
and crystallinity of hematite. Reprinted with permission from ref 19.
Copyright 2011 American Chemical Society.
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and hematite to be of low density of trap states (<1012 cm�2),

which would otherwise act to trap charges and invalidate

the benefits expected from the design. Among various

available oxide growth methods, atomic layer deposition

(ALD) caught our attention as it promised the characteristics

we were looking for.

To our delight, a high-quality heteronanostructure con-

sisting of a two-dimensional nanonet as the core and a thin,

crystalline hematite film as the shell was indeed created by

the simple synthesis (Figure 3b). As evident from the high-

resolution transmission electronmicrograph (TEM) shown in

Figure 3c, the interface between Fe2O3 and TiSi2 was uni-

form and free of major defects. Work function considera-

tions predict ohmic contact between n-type Fe2O3 and

metallic TiSi2, and electrochemical impedance spectroscopy

and photocurrent�voltage data confirmed that the hetero-

junction produced no significant interfacial barrier or series

resistance increase. The PEC performance of this heterona-

nostructure and its planar counterpart are compared in

Figure 4. The optimum thickness of Fe2O3 was identified

as 25 nm, consistent with the depletion depth predicted for

Fe2O3 in water,11 but thicker than that which is expected to

produce quantum confinement effects.23 By introducing the

TiSi2 nanonet array as a dedicated charge transporter, the

photocurrent increased from 0.78 to 2.7 mA/cm2 at 1.53 V

vs RHE, representing a 200% improvement. The improved

performance of charge collection was also verified by in-

cident photon to charge conversion efficiency (IPCE) mea-

surements. The most pronounced improvement of IPCE for

the heteronanostructure was achieved in the long wave-

length range, where the penetration depth in Fe2O3 is large

and the absorption is typically poor.

Because the idea of a heteronanostructure design is to

combinemultiple components in oneelectrodematerial, the

approach is highly versatile and should allow tuning of the

properties of each component individually. We further

demonstrated this understanding by substituting vertically

aligned aluminum-doped zinc oxide (AZO) nanotube arrays

as the charge transport component.24 AZO is a low-cost

and promising transparent conductive oxide which has

little absorption competition with Fe2O3. The Fe2O3�AZO

nanotube arrays indeed greatly improved the solar water

splitting performance compared with Fe2O3 on planar AZO

substrate. Despite the challenge of low conductivity exhib-

ited by AZO after thermal annealing, the IPCE of Fe2O3 on

nanotubes was higher than on nanonets, specifically in the

long wavelength region close to the Fe2O3 band edge

(λ = 500�590 nm). The difference could be attributed to

the transparent nature of AZO or the vertical arrangement

of the structure to enhance light trapping or both.

The strategy of using a conductive structure to assume

the role of long-range charge transporter should be widely

applicable for use with other PEC-active materials. The

criteria for selecting a suitable transport material should

include, ideally, an electronic structure which allows lossless

interfacial charge transport, a light absorption profile which

does not compete with that of the active material, and an

earth-abundant and nontoxic composition.

3. Additional Photovoltage from Buried n�p
Junctions
A central challenge of water splitting by semiconductor PEC

means is to generate sufficient photovoltage to drive the

reactionswithout requiring an external power source. This is

because the electrolysis of water requires a sizable voltage.

In addition to the 1.23 V minimum thermodynamic require-

ment, one has to factor in the difference between free

energy and internal energy, as well as overpotentials

due to concentration and kinetic considerations, leading to

practical requirements of 1.6�2.4 V in real devices.3,13

FIGURE 4. PEC characteristics of Fe2O3/TiSi2-nanonet heteronanos-
tructures inwater splitting reactions. (a) A stark contrast in themeasured
photocurrents is seen between planar hematite (0.5 mA/cm2 at 1.23 V
vs RHE) and that on TiSi2 nanonets (1.6 mA/cm2 at 1.23 vs RHE). (b) The
absorption spectrum of the nanostructure. (c) IPCE comparison of the
planar and nanonet-based hematite. (d) The measured absorbed
photon to charge conversion efficiency matches the IPCE of the nan-
onet-based hematite, suggesting the inclusion of the nanonet max-
imizes the performance of hematite. Reprintedwith permission from ref
19. Copyright 2011 American Chemical Society.
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In laboratory demonstrations, the requirement is rarely

met by photoelectrodes alone. Instead, additional power

from an external source (e.g., a photovoltaic module or

battery) is employed to enable complete water splitting.

So-called unassisted water splitting, meaning one without

any external bias, remains elusive other than examples

where the efficiencies are impractically low or the cost of

materials or fabrication is prohibitively high. The goal is

made difficult by the intricate balance between band gap

energies, light absorption characteristics, and band edge

positions.

To understand the challenge, let us again consider he-

matite as amodel system. Its band gap of 2.0�2.2 eV should

in principle enable complete water splitting because its ideal

maximum achievable photovoltage exceeds the minimum

requirement of 1.6 V. In practice, however, the experimental

photovoltages attained on hematite devices have failed to

exceed about 0.4 V.18 Additionally, the band edge positions

relative to water redox potentials are also critically impor-

tant. Since the conduction band edge of hematite is too

positive to reduce water (Figure 5b), hematite-based water

splitting often requires a significant applied potential, which

is not ideal. The capability to reduce the demand for applied

potential is important, which would signify a higher overall

energy conversion efficiency andmove closer to the goal of

unassisted water splitting.

With this understanding in mind, we proposed to change

the band edge positions by forming a buried n�p junction.

The idea was to use the photovoltage produced in situ to

augment water splitting, thereby decreasing the reliance on

externally applied bias. In otherwords, we sought to create a

homojunction that drives charge separation and produces a

photovoltage. If the photovoltage from this solid�solid n�p

junction is larger than that from the original solid�liquid

junction (on n-type hematite), additional voltage goes to-

ward reducing the external bias needed to drive water

splitting. Such a junction could also act to suppress recombi-

nation near the surface, a process believed to be significant

in limiting hematite's efficiency.25 To this end, we took

advantage of the synthetic control offered by ALD and

introduced small amounts of Mg as a dopant to generate

films of p-type hematite. By depositing a thin p-type layer

over undoped hematite (intrinsically n-type due to oxygen

vacancies), an n�p homojunction device was formed, as

illustrated in Figure 5.26 The photocurrent onset potential for

n�p Fe2O3 at 0.8 V vs RHE was one of the lowest values for

hematite synthesized by vapor phase chemistries,27 and the

improvement was comparable to what has been achieved

by using surface catalyst treatments18 but through a funda-

mentally different mechanism.

Various control experiments were performed to verify

that the observed effect was a result of the formation of an

n�p junction rather than effects such as surface passivation,

catalysis, or simply a variation of hematite film thickness.

Our studies confirmed the formation of n�p Fe2O3 and its

function in improving water oxidation performance. It is

worth noting that exposing a p-type layer to an oxidation

reaction is an unorthodox approach; rather, p-typematerials

are more conventionally used for reduction reactions. This

was precisely why we had to keep the p-type layer thin. A

thicker p-coating, or placing the p-layer between n-type

hematite and the charge collector, resulted in potential wells

in the electronic structure, and hence, worse performance

resulted, as evidenced by a diminished or abolished photo-

voltage.26 Therefore, the construction of an n�p homojunc-

tion photoelectrode requires great synthetic control, here

enabled by the ALD technique. The concept is analogous to

that demonstrated recently by Lewis et al., for PEC hydrogen

evolution on p�nþ Si microwire arrays.28 The achievement

of a built-in junction within a single metal oxide semicon-

ductor material was, to the best of our knowledge, a novel

demonstration, signifying a promising new direction

for enhancing the PEC performance of earth-abundant

materials.

FIGURE 5. Improved water splitting by buried n�p junctions within
hematite thin films. The existence of a thin (∼5 nm) p-type layer through
Mg-doping helps create additional photovoltage (a) that is greater than
hematite without such layer (b). The effect is observed in the signifi-
cantly reduced turn-on voltages in the PEC plots (c). Reprinted with
permission from ref 26. Copyright 2012 American Chemical Society.
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4. Enhanced Light Absorption by Adding
Absorbers
While the creation of an n�p homojunction serves the

purpose of producing additional photovoltage, it relies on

light absorption within the same region (λ e 610 nm). It

would be even better if the additional voltagewas produced

by an absorber that does not compete with hematite in light

absorption. That is, we need a semiconductor that is capable

of absorbing in the red andnear-infrared region (λ>610nm)

and transforming the harvested energy into additional

photovoltage to assist hematite-based water splitting. This

idea coincides with the better-known “Z-scheme” in natural

photosystems and is similar to Turner's demonstration of

tandem junctions over a decade ago.29 The key value added

by our approach was the ability to realize such a design on

oxide semiconductors, whose synthesis was much less

studied than those of molecular systems or III�V photovol-

taic materials.

To follow our pursuit of studying earth-abundant and

nontoxic materials, we chose to prove the concept on Si.30

The nanowire form of Si was chosen for its ease of prepara-

tion and its increased surface area that are believed to

enable better charge collection, as discussed in section 2.

With a band gap of 1.1 eV and a conduction band edge

around 700 mV more negative than that of hematite, Si

should be capable of absorbing lower-energy solar photons

(λ up to ∼1100 nm) which pass through hematite, using

them to promote electrons to greater potentials than can be

achieved within hematite itself. The ALD technique allowed

conformal deposition to completely cover the Si nanowires.

Such coverage is extremely important because otherwise

the exposed Si would be susceptible to photocorrosion. The

resulting PEC performance, as shown in Figure 6, was greatly

enhanced as compared to standard devices of planar he-

matite. The improvement from the nanostructured surface

was evidenced by the increase in the plateau photocurrent,

benefiting froma combination of improved light absorption,

better charge separation, and overall higher solid�liquid

junction area. More significantly, the Si/Fe2O3 heterojunc-

tion device produced a considerably enhanced photovol-

tage, as seen from the low onset potential of∼0.6 V vs RHE,

representing a cathodic shift of approximately 400 mV

resulting from the utilization of low-energy photons by the

Si (Figure 6c,d). It is important to note that this was achieved

without the use of hematite doping or oxygen-evolution

catalysts.

FIGURE 6. Heterojunctions of Si and hematite. (a) Hematite absorbs in the UV and visible region up to yellow (λ < 600 nm); Si absorbs what passes
through hematite up to λ ∼ 1100 nm and uses the energy to produce an additional photovoltage for improved water splitting. (b) A significant
cathodic shift of 400 mV is measured when the Si nanowires are present. (c) Under monochromatic illumination, Fe2O3 and Si can be excited
individually or simultaneously, and the resulting J�V responses (d) prove the synergistic dual-absorbermechanism. Adaptedwith permission from ref
30. Copyright 2012 American Chemical Society.
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The key result produced by this heterostructure (and also

by the n�p homojunction) was the attainment of greater

photovoltages without the use of a large-band-gap semi-

conductor. Furthermore, this approach made better use of

the total solar spectrum by utilizing the large number of

photons with energies too small to excite hematite. For the

purpose of harvesting lower energy photons, an alternative

approach is to use upconversion (UC) materials such as rare-

earth nanoparticles. The UC nanoparticles function through

an anti-Stokes shift mechanism, absorbing in the IR region

and emitting in the visible range.We recently demonstrated

that the re-emission could indeed be harvested by hematite

for water splitting using IR light, a process which otherwise

would not be possible froma thermodynamic perspective.31

The main challenge here is the low efficiencies of the UC

processes; nevertheless, it demonstrates another tactic to

broadening the PEC response of materials like hematite.

5. Catalysis for Water Splitting
Another critical challenge presented by hematite when used

for water splitting is the slow kinetics of hole transfer to the

solution, requiring lifetimes on the order of milliseconds to

seconds. Durrant et al. recently argued that the requirement

is an important reason why high applied potentials are

needed for hematite-based water splitting.32 In principle,

the kinetics can be improved by application of catalysts that

better facilitate the complex four-electron process of water

oxidation, with an ideal catalyst predicted to allow photo-

current onsets as low as 0.6 V vs RHE.33 Recent examples of

catalysts on hematite include IrO2
18 and Co-Pi.34,35 To this

end, our effort in studying hematite/catalyst interfaces has

just begun. For the completeness of discussions, here we

resort to our recent study on a similar metal oxide system,

WO3, to present our insights.

The effort was guided by similar principles as outlined

above, which is to use earth-abundant materials and pre-

paration methods that permit the creation of thin and

conformal coatings. The catalyst system that caught our

attention was a derivative of the Brudvig�Crabtree catalyst,

which is essentially a precipitate of the Mn-oxo monomers,

because its preparation conditions are compatible with that

of WO3 photoelectrodes.36 When deposited on the surface

ofWO3 to form a 2 nm thick coating, the catalyst was shown

to stabilizeWO3 against dissolving near pH 7.37 The catalyst

did so by physically separatingWO3 from H2O. Important to

our purpose, the hole transfer to H2O for O2 evolution was

not compromised. Instead, a measurable improvement

was observed, strongly suggesting that the catalyst had

fundamentally changed the O2 evolution mechanism on

the surface of WO3.

6. Conclusions and Future Directions
When presented with an abundant form of energy, solar

light, and a readily available chemical, H2O, nature devised

an ingenious reaction route of photosynthesis to harvest

that energy for easy storage and redistribution. There is a

great deal to learn from natural photosynthesis in order for

us to developmethods to efficiently harvest and utilize solar

energy. Despite apparent differences in various existing

approaches, includingmolecular-based reactions, PECmeth-

ods, and slurry-based photocatalysis, the need for good light

absorber, effective charge separator, and efficient catalyst

is shared. As such, the main challenge can be regarded as a

materials one. Because in semiconductor-based PEC reac-

tions the photoelectrode is expected to perform all three

functions of absorbing light, separating charge, and catalyz-

ing specific chemical reactions simultaneously, we regard

the PEC system as an ideal platform where the various

concepts regarding different aspects of photosynthesis can

be tested on a single material.

Within this context, we presented in this Account our

attempts to improve the performance of hematite-based

PEC devices. The main idea we have tested is to use addi-

tional material components to complement hematite's

properties. When good charge collection is desired, a highly

conductive TiSi2 nanonet proves effective; when additional

photovoltages are required, homo- or heterojunctions can

help achieve the goal. Additions of material components

also enable the absorption of photons whose energies are

not sufficient to split water when used alone. It is important

to realize, however, that even when efficient water splitting

by stable and low-cost materials such as hematite becomes

possible, we would have only solved the first step of the

problem. The storage, transportation, and utilization of H2

remain outstanding scientific and technological challenges.

Why can we not learn from nature and use the harvested

solar energy to produce other chemicals? This appears to be

a logical next step to pursue.

There have indeed been significant efforts devoted to-

ward similar goals. For instance, a largenumber of reports on

attempts to reduce CO2 to fuels exist.38�40 The key chal-

lenge in doing so is the poor selectivity due to the richness of

C oxidation states, the relatively high energetic barriers

between different forms of hydrocarbon products, and

the competitive side reaction of hydrogen formation. As a

result, the controls over what one produces remain poor.
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To understand why the reactions in natural photosynthesis

are so specific, we examined the mechanistic steps of the

dark reactions and found that nature bypasses the challenge

outlined above by avoiding directly reducing CO2. Instead,

the reaction proceeds through the creation of reactive inter-

mediates (e.g., ribulose-1,5-bis-phosphate, or RuBP) that

bind with CO2 in a highly specific fashion. Inspired by this

finding, we recently demonstrated that highly specific CO2

fixation reactions could indeed be readily carried out.41 To

do so, we used p-type Si nanowires as a photocathode,

which harvested photons and produced excited electrons.

As shown in Figure 7, the electrons were then transferred to

aromatic ketones (e.g., benzophenone) to produce a reactive

radical; the radical subsequently bound with CO2. After

another electron transfer and followed by a fragmentation,

R-hydroxy acid was produced, which could serve as precur-

sors to nonsteroidal anti-inflammatory drugs (NSAID) such

as ibuprofen and naproxen.

The result was enabled by another line of research on the

photoelectrochemical properties of Si nanowires that was not

discussed in thisAccount.42,43Consistentlyhighyieldsandup to

98% selectivities were obtained for the substrates studied. To

broaden the scope of the reactions, we envision that other

species suchas catalystsof variousnatures canbe introduced to

replace aromatic ketones as the electron receiver. In a way,

these intermediates act as a temporary energy storage unit,

much like ATP in natural photosynthesis. Our strategy may

opendoors toawide rangeof light-poweredchemical reactions

that mimic photosynthesis but have not been studied to date.
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