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Fig. 27 Types of photoelectrochemical
devices for solar energy conversion. (a),
(b), and (c) depict regenerative,
photoelectrolytic, and dye-sensitized
configurations, respectively. As in the
remainder of this chapter, an n-type
semiconductor is assumed in these
cases for specificity.
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The Wheel Has Been Around!

Photovoltaic Effect

Becquerel - 1839
Solar cell -1954

3G PV Concepts

MEG — Auger effect: Auger, Meitner 1922
Avalanche photodiodes

Dvye Sensitization

Hauffe —1960s

Matsumura — 1970s
Tributsch —1970s
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Photoelectrochemical Solar Cells:History

K. Rajeshwar, J. Phys. ChemLett. (Guest Commentary) 2011, 2, 1301-1309.
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Figure 1. The results from a literature search using the ISI Web of Knowledge database using
the keywords: “photoelectrochemistry, " el e ct r o arndesoldr stemgy conver si on, ”
“ s emi ¢ o guantumtdots and solar energy ¢ o n v e r ad “oanq Wader splitting.” The

insert contains an exponential fit of the literature search results .
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The Photocatalytic Fluid Purification-Process Concept

Light

Contaminated Air, Clean Air, Water or
Water, or Surfaces ‘ ‘ Surface (CO,, H,0,
microorganisms)

Light =1 <385 nm

Photocatalyst = Titanium dioxide — nanoparticles, nanotubes, or thin
films

Reaction regimes: Photocatalytic < ~100 °C
Photo- and thermal catalytic ~100-200 °C

Thermal catalytic > 200 °C
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= Toxic metals or metalloids (Cr, Ni, As, Pb, Cd, Zn, TI, Se)

= Microorganisms (E. coli)

= Organics (methylene blue, formaldehyde)

C.Wei, W.Y. Lin, Z. Zainal, N. E. Williams, K. Zhu, A. P. Kruzic, R. L. Smith, and K. Rajeshwar,
Environ. Sci. & Technol. 28, 934-938 (1994).

K. Rajeshwar, C. R. Chenthamarakshan, S. Goeringer, and M. Djukic, Pure & Appl. Chem.73, 1849-1860 (2002).
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Figure 3. The results from a literature search using the ISI Web of Knowledge database using

the keywords:

“photocatalysis and TiO,, "*“photocatalysis and oxide semi conductor, ”

“photocatalysis and pollutant degradation.” The related literature on “ wa tseprl i tabdi ng”
“ d ysemsitized solar ¢ e Iwasexcluded from this database. The insert contains an exponential
fit of the literature search results.
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Generation

Materials

First-generation or 1G

Second-generation or 2G

Third-generation or 3G

Semiconductor single crystals

Polwerystalline thin films; metal-
doped semiconductors for visible
light sensitization; semiconductor
powder suspensions for
photocatalysis: semiconductor
superlattice photoelectrodes

Nanostructured semiconductors and
composites; size-quantized
semiconductors (or quantum dots);
semiconductor nanotubes and
nanowires: semiconductor-
conducting polvmer composites;
biomimetic architectures

K. Rajeshwar, J. Phys. ChemLett. (Guest Commentary) 2011, 2, 1301-1309.
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Cost, US$/m?

For PV or PEC to provide the full level of C-free energy required for electricity
and fuel—solar power cost needs to be ~2 cents/kWh ($0.40pr).

PV power costs ($/Wp) as function of module efficiency and areal cost (Source: M. Green, 2004)




The Ideal Photocatalyst: Holy Grall

Stable

Good overlap of absorption cross-section with solar
spectrum

High conversion efficiency and quantum yield

Compatible with a variety of substrates and reaction
environments

Low cost

AND THE SEARCH GOES ONe
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® Component elements are plentiful and non-toxic contrasting with compounds
such as GaAs, InP, CdTe, CdSe.

® Oxide semiconductors are usually photoelectrochemically stable in aqueous
media.

® They have shown most promise for water photoelectrolysis application.
® Oxides can be easily doped and their opto-electronic properties modified.

However, they are usually prepared by high-temperature (e.g., ceramic) routes.
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Infusion of Ideas, People, Tools from Other Areas

Adigh Tc Superconductivity —energized solid-state chemistry
and oxide semiconductoiprep.

AColloid chemistry provided big fillip (e.g., Q-dots).
Altrafast (time-resolved) spectroscopy
ANanotechnology (nanotubes, nanorods, nanowires etc)

AElectrocatalysis — note water splitting is fuel cell
electrochemistry done in reverse!
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Time and Energy-Efficient Preparation Routes
to Oxide Semiconductors

AElectrodeposition
ASol-Gel Chemistry
AChemical Bath Deposition

ACombustion Synthesis



~1900°C

Corrosive
Quartz (Si0,) )—» Metallurgical-grade Si | ==—p»-Trichlorosilane (SiHCI;)

l Distillation

~1500°G ~1100°G
Monocrystalline Si | ¢ Pglycrystalline Si | <¢==m| Pure trichlorosilane
l 50% material loss lr---lOOO:C
Si wafers Polycrystalline Si films
l ~1000°C l
Solar cell fabrication Solar cell fabrication‘
1st generation, bulk, 2nd generation, thin-film,
monocrystalline Si solar cells polycrystalline Si solar cells

* Process is energy-intensive.

EPBT = EinputlEsaved
* Energy payback time is long.

Energy Payback Time: The time a solar cell takes to produce the same
amount of energy we put in to fabricate it




Time and Energy-Efficient Preparation Routes
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AElectrodeposition
ASol-Gel Chemistry
AChemical Bath Deposition

ACombustion Synthesis



S = noble metal electrode
M = Fe, Cd, In, Bi
X =Se, 5, Te, V oxyanions




PHYSICAL, CHEMISTRY
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Tailoring Interfaces for Electrochemical Synthesis of Semiconductor
Films: BiVO,, Bi, O3, or Composites

Noseung M}fung, Sunyoung Ham," %Lungun Choi," Yujin Chae," Whan-Gi Kim," Young mjwn,
Ki-Jung Pamg, Wilaiwan LhanmanLL, Norma R. de Tacconi,”” and Krishnan Rajeshwar

"Department of Chemistry, Yonsei University, Wonju Campus, Wonju, Kangwondo 220-710, Republic of Korea
*Department of Applied Chemistry, Konkuk University Chungju Campus, Chungju, Chungbuk 380-701, Republic of Korea

SCenter for Renewable Energy Science & Technology (CREST), Department of Chemistry & Biochemistry, University of Texas at
Arlington, Arlington, Texas 76109-0065, United States

ABSTRACT: The mechanistic aspects of a two-step method for the . ]
electrodeposition of a BiVOy semiconductor (previously developed in B?:_

the Rajeshwar/Tacconi laboratory) were elaborated by the combined g N
application of voltammetry and EQCM. The electrosynthesized films B> < ,,g..m'l - §
were also characterized ex situ using SEM, EDX, XRD, and XPS. B??'I- gﬁ'-"'? -

Stripping of pre-electrodeposited bismuth films, followed by reaction B

either with VO,*~ (formed byhydrolysis from the initially added VO,~ |s [B1 3=, |s [P0 ‘e 2 —
species) or with hydroxide ions, produced BiVO, or Bi;0j thin films Bi® b,

in situ on the Pt electrode. The deposition potential, pH of the Bi%hs i,

electrolyte, and choice of vanadium precursor were shown to be crucial B:a- %

variables in the composition of the electrodeposited film. When a more | | || B ) 5
positive potential than 0.5 V (vs Ag/AgCl reference) was applied to the

Bi-modified electrode in VO; -containing electrolyte, the content of  S=noble metal substrate

Biz03 in the film increased instead of BiVO,. Stripping efficiency of the

predeposited bismuth layer was increased at aud.lc electrolytes and resulted in higher BiVOy4 content in electrodeposited films,
whereas hydrolytic conversion of VO3 to VO, ™ was promoted in basic electrolytes. Formation of Bi>O 5 was also favored by the
use of alkaline electrolytes (e.g, pH 10) for the electrodeposition. Photoelectrochemical experiments showed the electrosynthesized
BiVO, to be an n-type semiconductor, and reproducible photocurrents were obtained using a Na,SO, supporting electrolyte.
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Advantages of Combustion Synthesis

AExothermic and fast reaction
AProducts are homogenous and crystalline
AHigh surface area
ASimplicity of the process
- No special equipment is required

APossibility to incorporate dopants in situ in the
oxide

*Energy Input for synthesis process
comes from reaction exothermicity
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(A) Diffuse reflectance of TiO, samples prepared by combustion synthesis versus Degussa P-25 titania.
A visual contrast of the benchmark TiO, with respect to combustion synthesized TiO, is given in the
insert. (B) Corresponding Tauc plots for these TiO,s a mp | e s . U is the absor pt

as a function of the energy (hn) from the UV-visible diffuse reflectance data in (A).

Raj eshwar, K. ; d e Tcansbastion syntheshd of oxkle senfic@duictars for sokar energy conversion and
environment al Chene Boe.dReds, 198401898 (2009).



Potential / V vs. NHE

Selected Semiconductor Photocatalysifa
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Comparison between the band edges of selected semiconductors (at pH 1) and the redox potentials

for water splitting.



Combustion Synthesis of AgB; X
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Tauc plot for combustion synthesized AgBiW,O;. The inset show the percent
transmittancedata of the samplebefore (blackline) and after photodepositionof 1wt %
Pt (blueline), alongwith the correspondingsamplephotographs

N. R. Tacconi, H. K. Timmaji, W. Chanmanee, M. N. Huda, P. Sarker, and K. Rajeshwar, J. Am.
Chem. Soc(submitted).




Characterization of AgBW/ A

SURFACE AREA (BET)
Photocatalyst Micropore Area  External Surface Area BET Surface Area . .
: . Combustion synthesis
(em?) G Se affords a better quality
SCS AgBiW, 0, 5.488 28.938 34.442 product in a time- and
SSR AgBIW,0, 0.136 0.406 0.542 energy- efficient manner, as
. compared to the solid state
SSR AgBiW,04 - - 0.29 d
a)Our data lfeiezlolier
b)Tang, J.; Ye, J. J. Mafer. Chem. 2005, 175, 4246
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CS AgBiW,Og nanoparticles are inthe 5 10 nm size range according to HRTEM and XRD.
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Kill Two Birds With a Stone

(Sunlight)

* Make hydrogen

* Destroy pollutant

1

POTENTIAL VS SHE (VOLTS)

S. Somasundaram, C.R. Chenthamarakshan, N.R. de Tacconi,
K. Rajeshwar, /nt. J. Hydrogen Energy 2007, 32, 4661.

solar flux '
(photons per -
unit area per -

unit time)




Photogeneratioaf SyngasromFormic Acid
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N. R. Tacconi, H. K. Timmaji, W. Chanmanee, M. N. Huda, P.

Sarker, and K. Rajeshwar, J. Am. Chem. Soqsubmitted).
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Concluding Perspectives

After 30-odd years, no commercial process yet.
Chemical engineers have barely entered the fray.

Efficiencies have to climb ( >10-15%) before they
will?

Contrast with success stories, e.g., lithium ion
batteries, solid oxide fuel cells.

The Platinum Curse: e.g., PEMFCs?







