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What are solar fuels?

Solar fuels are made with energy from sunlight stored in a chemical bond, that 
is designed to be released to supply energy for a process. Estimates indicate 
that 4.3 x 10^20 J of energy from sunlight strike the earth each hour. If this 
energy could be harvested is would satisfy the global energy consumption for a 
year. Much of the focus on conversion of solar energy utilizes photovoltaic 
systems rely on advanced battery technology for storage. Photosynthesis is a 
natural process capable of converting light energy into chemical energy by 
means of light dependent reactions and so called “dark reactions”. Likewise, 
artificial photosynthesis looks to store the solar energy in a chemical bond 
using sun, water, and air. These processes can lead to a chemical or solar fuel.



What are solar fuels?

Utilizing sunlight to make 
fuels directly like hydrogen.

Like storing sun in a bottle5

Splitting water with sunlight 
produces hydrogen renewably in 
the laboratory. Complex catalysts 
that control the water-splitting 
chemistry at the electrode-water 
interface are needed to break the 
commercial technology barrier. 
Sources: Nate Lewis, Art Nozik, 
George Crabtree

potential climate disaster. And since 
coal is the most abundant fossil fuel on 
,HY[O��^L�ULLK�[V�ÄUK�H�^H`�[V�I\YU�P[�
without the release of carbon dioxide 
into the atmosphere. One opportu-
nity is to capture the carbon dioxide 
gas from combustion, compress it, 
and inject it into the ground in places 
where geological formations can trap 
it and store it safely away from the at-
mosphere. The last part is especially 
tricky, presenting a barrier that basic 
science needs to overcome. For ex-
ample, how do we ensure that the gas 
KVLZU»[� KPZWSHJL� Z\IZ\YMHJL� IYPUL� PU�
ways that could impact underground 
sources of drinking water and that it 
stays put long enough—centuries, at 
least? Part of the answer is controlled, 
SHYNL�ZJHSL� [YPHSZ�� )\[� Z\JO� [YPHSZ� HYL�
a shot in the dark without studies of 
the chemistry of carbon dioxide-brine 
mixtures and how they react with 
porous rocks at depth—nanoscale 
phenomena again—combined with 
advanced computation. Just as we 
UV^�ÄUK� HUK�THUHNL� [OL� L_[YHJ[PVU�
of oil from deep reservoirs with simu-
lation tools, we can learn to simulate 
the reverse process, too; to sequester 
the greenhouse gases generated from 
burning fossil fuel deep underground. 
,]LU� JHW[\YPUN� HUK� ZLWHYH[PUN� [OL�
carbon dioxide for sequestration is 
tricky. Highly selective and energy 
LMÄJPLU[� WYVJLZZLZ�� VU� HU� LUVYTV\Z�
scale, will require new materials that 
direct the chemistry of carbon capture 
and separation at the molecular level.

:V�PTHNPUL�[OH[�H�[OPYK�VY�L]LU�OHSM�VM�
the projected emissions from fossil-
fueled power stations are eventually 
put safely underground. That would be 
real progress, but not nearly enough 
I`�P[ZLSM��>L�HSZV�OH]L�[V�ÄUK�^H`Z�[V�
\ZL�LSLJ[YPJP[`�TVYL�LMÄJPLU[S �̀�HUK�[V�
generate it without fossil fuels.

:HMLY�HUK�4VYL�,MÄJPLU[�
5\JSLHY�7V^LY
One way to make electricity without 
fossil fuels is already on the grid: nu-
JSLHY�WV^LY��)\[�U\JSLHY�WV^LY�JV\SK�
WV[LU[PHSS`� IL� T\JO� TVYL� LMÄJPLU[�

and safer to boot. The key is both new 
reactor concepts and new complex 
materials with controlled, predictable 
properties, capable of withstand-
ing more intense radiation damage, 
chemical corrosion and higher tem-
WLYH[\YLZ�� )\[� P[»Z� UV[� Q\Z[� UL^� YL-
actors that will be part of a nuclear 
renaissance. More safety will come 
from advanced reactor designs that 

are inherently safe and from compu-
tation tools that can accurately model 
the complexity of nuclear processes, 
both those that occur in a millionth of 
a nanosecond as atoms split within a 
reactor and gradually over a thousand 
years as radioactivity slowly decays in 
a nuclear waste storage facility. And 
we can burn the nuclear waste in fast 
reactors that reduce its volume by a 

Making fuels from sunlight, water, biomass, and 

carbon dioxide is an important way to free the 

world from the environmental consequences of 

MVZZPS� M\LSZ��,MMVY[Z�[V�L_WHUK�\ZL�VM�WSHU[�KL-

rived ethanol, biodiesel, and other biofuels are 

already underway. This approach is feasible in 

moderate quantity, but the production of corn-

based biofuels at very large scale is probably 

not sustainable because it competes with food 

production. Therefore, we must learn to make 

hydrogen or other solar fuels by using sunlight 

to split water or photoreduce carbon dioxide 

with water, just as plants do in the process of 

photosynthesis. 

 

One approach is to imitate photosynthesis with 

non-biological materials, which requires a more 

profound understanding of the chemistry of 

plant life. If we can replicate plant biochemistry 

on an industrial scale, probably with the aid of 

powerful new catalysts, then we might be able 

[V� I\PSK� ZVSHY�WV^LYLK� YLÄULYPLZ�^OVZL� MLLK-

stock is water and carbon dioxide, not petro-

leum. A second approach is based on the solar 

cell model, capturing photons in semiconduc-

tor materials submersed in water and using the 

electronic charges they produce to split water, 

so that the cell produces hydrogen instead of 

electricity. The challenge here is to design and 

discover novel nano-engineered materials that 

split water with sunlight and are also cost effec-

[P]L��LMÄJPLU[�HUK�Z[HISL��(�[OPYK�HUK�L]LU�TVYL�

HTIP[PV\Z� HWWYVHJO� PZ� [V� HY[PÄJPHSS`� JVUULJ[�

biochemical systems that can combine water, 

sunlight, and even carbon dioxide to produce 

hydrogen or perhaps another clean fuel in  a 

man-made chemical reactor. The key here is 

PKLU[PM`PUN�[OL�¸ZVM[^HYL¹�MVY�[OL�Z`U[OL[PJ�JLSS��

which can guide the process to produce the 

desired product. All three of these approaches 

SPL�Q\Z[�IL`VUK�[OL�OVYPaVU�VM�WYLZLU[�ZJPLU[PÄJ�

knowledge, but the technical issues and prom-

ising research directions to overcome them are 

in clear focus.

Solar Fuels 

Splitting Water with Sunlight 



Alan Heeger, Solar Fuels and Artificial Photosynthesis, 2012  www.rcs.org



Natural Photosynthesis

Alan Heeger, Solar Fuels and Artificial Photosynthesis, 2012  www.rcs.org



Natural Photosynthesis

Krewald V., Retegan M., Pantazis D.A. (2015) Principles of Natural Photosynthesis. In: Tüysüz H., Chan C. 
(eds) Solar Energy for Fuels. Topics in Current Chemistry, vol 371. Springer, Cham. 
https://doi.org/10.1007/128_2015_645Solar Energy for Fuels: Harun Tüysüz and Candace K. Chan 2015

Components of the light-dependent reactions and electron transfer in oxygenic 
photosynthesis. Blue arrows indicate the flow of electrons from H2O to 
NADPH. Qplastoquinone, Pc plastocyanin, Fd ferredoxin, FNR ferredoxin-
NADP+ reductase



Methods of generating solar fuels

• Biohybrid Solar cells
• Biomimetic Water-Oxidation Catalysts
• Solar Water Splitting Using Semiconductor 

Photocatalyst 
• Solar concentrators



Biohybroid solar system example
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Harrold Jr, J.W., 2014. Assembly of natural photosynthetic components on graphene oxide and gold surfaces for light energy 
transduction. Rutgers The State University of New Jersey-New Brunswick.
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Photosynthetic core complexes
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Harrold Jr, J.W., 2014. Assembly of natural photosynthetic components on graphene oxide and gold surfaces for light energy 
transduction. Rutgers The State University of New Jersey-New Brunswick.
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Earth Abundance of Elements



Biomimetic Water-Oxidation Catalysts

Biomimetic Water-Oxidation Catalysts: Manganese Oxides, Philipp Kurz
Solar Energy for Fuels, 2015 Harun Tüysüz and Candace K. Chan.

Architecture of the oxygen-evolving-complex 
(OEC) of Photosystem II, coordinates Suga et 
al.
Mn: purple; Ca: green; O: red; C: grey and N: blue. As hydrogen atom 
coordinates could not be directly detected, red spheres might indicate 
the O positions for O2−, OH− or H2O

Suga, M., Akita, F., Hirata, K., Ueno, G., Murakami, H., Nakajima, Y., Shimizu, 
T., Yamashita, K., Yamamoto, M., Ago, H. and Shen, J.R., 2015. Native 
structure of photosystem II at 1.95 Å resolution viewed by femtosecond X-ray 
pulses. Nature, 517(7532), pp.99-103.

b) The Kok cycle showing a consecutive series 
of five intermediate S-states (S0, S1, S2, S3, and S4) 
along with the redox reactions and release of 
protons. 

Ye, S., Ding, C., Liu, M., Wang, A., Huang, Q. and Li, C., 2019. Water oxidation 
catalysts for artificial photosynthesis. Advanced Materials, 31(50), p.1902069.



Biomimetic Water-Oxidation Catalysts

Ullman, A.M., Liu, Y., Huynh, M., Bediako, D.K., Wang, H., Anderson, B.L., Powers, D.C., Breen, J.J., 
Abruña, H.D. and Nocera, D.G., 2014. Water oxidation catalysis by Co (II) impurities in Co (III) 4O4 
cubanes. Journal of the American Chemical Society, 136(50), pp.17681-17688.



Water-Oxidation Catalysts

Limburg, J., Vrettos, J.S., Liable-Sands, L.M., Rheingold, A.L., Crabtree, 
R.H. and Brudvig, G.W., 1999. A functional model for OO bond formation 
by the O2-evolving complex in photosystem II. Science, 283(5407), 
pp.1524-1527. via DOI: 10.1002/adma.201902069

O2 evolution versus time for a solution containing 0.05 μmol
of 1 in 4 ml of 0.07 M NaClO at pH = 8.6 ([1] = 12.5 μM).



A simplified proposal for the reaction mechanism of the 
formation of O2 from the reaction of 1 with NaClO. A 
Mn(V)=O dimer is produced by the oxidation of the 
IV/IV dimer, and then, the O–O bond-forming step could 
involve a nucleophilic attack of OH– on the oxo group. 
Permanganate would form by the disproportionation of 
the V/V dimer.

Limburg, J., Vrettos, J.S., Liable-Sands, L.M., Rheingold, A.L., Crabtree, R.H. and Brudvig, G.W., 1999.
A functional model for OO bond formation by the O2-evolving complex in photosystem II.
Science, 283(5407), pp.1524-1527. 

Water-Oxidation Catalysts



Semiconductor Photocatalyst
Important Parameters
1. Photon Absorption
2. Exciton separation
3. Carrier diffusion
4. Carrier transport
5. Catalytic efficiency
6. Mass transfer of reaction

Lewis, N.S. and Nocera, D.G., 2006. Powering the planet: Chemical challenges in solar energy 
utilization. Proceedings of the National Academy of Sciences, 103(43), pp.15729-15735.



Band structures of common semiconductor photocatalysts relative to NHE. Note 
that in this representation, the valence band is at the bottom and the conduction 
band is on the top.

Kudo, A. and Miseki, Y., 2009. Heterogeneous photocatalyst materials for water splitting. 
Chemical Society Reviews, 38(1), pp.253-278. 
via https://doi.org/10.1007/978-1-4419-7991-9_46

Semiconductor Photocatalyst



Hwang, S., Porter, S.H., Laursen, A.B., Yang, H., Li, M., Manichev, V., 
Calvinho, K.U., Amarasinghe, V., Greenblatt, M., Garfunkel, E. and Dismukes, 
G.C., 2019. Creating stable interfaces between reactive materials: titanium 
nitride protects photoabsorber–catalyst interface in water-splitting 
photocathodes. Journal of Materials Chemistry A, 7(5), pp.2400-2411.

Semiconductor Photocatalyst 

Joint Center for Artificial Photosynthesis (JCAP). Fully 
integrated microfluidic test-bed for evaluating and optimizing 
solar-driven electrochemical energy conversion systems.



Semiconductor Photocatalyst

http://nsl.caltech.edu/

(a) Schematic illustration of a fully monolithically integrated intrinsically 
safe, solar-hydrogen system prototype. (b) Collected hydrogen and 
oxygen as a function of time for the integrated prototype

Verlage, E., Hu, S., Liu, R., Jones, R.J., Sun, K., Xiang, C., Lewis, N.S. and Atwater, H.A., 2015. A 
monolithically integrated, intrinsically safe, 10% efficient, solar-driven water-splitting system based on 
active, stable earth-abundant electrocatalysts in conjunction with tandem III–V light absorbers protected 
by amorphous TiO 2 films. Energy & Environmental Science, 8(11), pp.3166-3172.



Solar Concentrators
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