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33.1s Semiconductor Photocatalysis
Photochemical or Thermochemical or Both and

Do We Care?

Around 35 years ago in a classic paper (Journal of Catalysis, 1980;3#))3&hilds and Ollis
Fa1SR | LINRPF2dzyR ljdzSadA2yyY WwWLaA tK2G20FGFteara

They wanted to understand (i) whether atra photocatalytic reaction was truly catalytic rather
than stoichiometric from knowledge of turnover numbers or turnover frequencies and (ii) how
these photocatalytic reactions compare to thermocatalytic ones, accessed from reaction rates
per unit surfae area.

This question is just as applicable today, even after the publication of more than 17,000 papers
on semiconductebased organic photooxidation, water photolysis and carbon dioxide
photoreduction reactions.
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Figure 1 Photocatalysis: light, heat or a combination of both?

An equally important question relevant today, @sglly in the rapidly emerging field of solar
fuels and solar chemicals, is what proportion of a claimed photocatalytic reaction is light driven,
heat powered or a combination of both?

This important issue is encapsulated in Figure 1 which illustigitésgltiven versus heat driven
O2y (i NR 0 dzii A 2 Y& aliAza (0SKRIN $haNdef Sifsiciti§Lied), excited charge
carriers interact with adsorbed surface species to enhance reaction rates. On the right side of



Figure 1, excited charge carriéhermalize and supply heat energy to enhance reaction rates.
The questions are which of these processes dominate and what their contributiori$ere?
especially pertinent for the case of gasase photocatalysis where conduction and convection
heat Izsses are expected to be small compared to the aqueous phase analogue.

The efficiency of most photocatalytic reactions will increase with the intensity of the light and

the number of photogenerated electrdrle pairs. This implies the requirement of sgon

absorption of light by the photocatalyst. Subsequently, photoexcitation at energies higher than

the electronic bandyap will result in heating of the photocatalyst from rapid phonon relaxation,

with an accompanying increase in the local temperaturetafirci below the energy of the

bandgap should have no effect unless gap defect states abound. This is likely the scenario
operating in reported research of €K 2 1 2 NS RdzOG A2y 2y Woftl-01Q OF GF
RuQand NiNiQ nanomaterials, whit begs the question whether they are light powered or

heat driven or both?

As most photocatalysts these days are high surface area nanoscale particulate materials, it may
be the local temperature of the nanoparticle that controls the reaction rate aiuieeify rather

than the global temperature of the support of hanopatrticle film. The latter is usually measured
with a thermocouplend can be very different from the local temperature

An especially pressing question is how to decide on the best waystiegdtifically,

technologically and economically in the production of solar fuels and solar chemicals using
greenhouse gas (Gas the feedstock. This is particularly urgent as we are currently in the midst
of an intense international effort to developchnologies capable of converting@t@o a fuel

or a chemical. Discovering materials able to positively improve this process on a large scale,
driven thermochemically and/or photochemically, is a critical step towards ameliorating
greenhouse gas emiss®and enabling a carbareutral, renewable energy, sustainable

economy.

In current industry practice there are many catalysts and processes known for making fuels and
chemicals from C&ome of which are shown below:

Sabatier Reaction: g®4H T /4+ 2HO
Methanol Synthesis: G® 3R /3:0H + HO
Reverse Water Gas Shift::.GO+ ™ A0 + CO
Methane Synthesis: G® 2Hh s+ 20

Methanol Synthesis: G® 2Bh  H3OHI+ 3/2Q



Carbon Dioxide Splitting: €® CO + 1/2Q

Methane can poweelectricity-generating stations and provide heating for buildings. Methanol
can drive fuel cells, run automobiles and act as a precursor for ~30% of industrial chemicals.
Lastly, carbon monoxide can be used as a precursor for making hydrogen, methdigoiiind
hydrocarbons according to the reactions:

Water Gas Shift: CO +0#A CQ+
Methanol Synthesis: CO +241 CHOH
FischefTropsch Synthesis: (2n + 11 Y / hHenkpt MRO

The energy required to drive these processes is dominated by fossiHoglever, increasing
amounts of renewable energy, from wind and solar, tidal and hydroelectric, nuclear and
geothermal are coming on stream to minimize the depletion of legacy resources and cut back on
associated carbon dioxide emissions.

The idea of ulizing power from the sun to make electricity has a long history in the annals of
solar cells whereas the vision of making solar fuels and chemicals from the sun is of a more
recent vintage. While great scientific and technological strides have beerovedbe past

four decades towards the realization of a renewable energy resource from the photoly&ds of H
to Hp, the photocatalytic reduction of G&mains a significant challenge and has been studied
to a much lesser extenthis is especially truerfgasphase C@photoreduction, which is
increasingly being considered as the only practical way of scaling the process to sufficient
proportions to have a significant impact on decreasing global greenhouse gas emissions.

As the heterogeneous catalyticaaions listed above for converting 80fuels and chemicals

are thermally activated, the pursuit of using light and/or heat from the sun to drive these
reactions has become an active area of research. In both cases, research has been aimed at the
development of optimized photochemical or phihermal catalytic materials, photbermal

reactors and soldight concentrators.



While the construction of the most efficiergactors and concentrators are engineering
obstacles, the ongoing process of discovery fo
the most active materials is a chemical
challenge. Hence, deciding whether the
chemical reactions are light driven, heat driven
or both is an important issue, asigtrated in
Figure 2. In this respect, experiments need to |
devised that would permit the disentanglement
of photochemical and thermochemical
contributions to observed heterogeneous
reaction rates and efficiencies. This can be doi
by monitoring the termerature, wavelength and

intensity dependence of the reactions in the dar ~ Figure 2 Is your photocatalytic react
versus in the light powered by light or heat or both? Graph

illustration courtesy of Chenxi Q

light driven or heat driven
or both

It is worth noting photon to chemical conversior

efficiency in principle can reach-20 % whereas thermal to chemical conversion efficiency is
usually lower, @ from this point of view photocatalysis is advantageous. Also exothermic
reactions can be easily catalyzed thermally whereas for endothermic ones catalysis by light can
be an efficient way to supply the energy needed to drive the reaction.

The heat is nown the implementation of a new @&conomy
for the production of solar fuels and solar chemicals using light
from the sun!



34.Thisisyour Brainon Art: Metaforming
Nature

BoulderMuseumof ContemporanArt LectureSeries

Thecollaborationbetweenartscientist
ToddSilerand nanoscientisGeoffreyOzin
www.artnanoinnovations.cofseganwith
asharedinterestin howthe integrationof
art andsciencecangenerateinnovative
frameworkdor a sustainablduture. With
the globalpopulationpredictedto reach
9.6 billion by 2050accompaniedby
mountingdemandfor fossilfuelsto spur
economicgrowth, the fate of humankind
’ seemsenuousat best.h T Argsadch
~into nanochemistryhowever,suggestan
antidoteto the fearof environmentakollapseand massextinction.If nanotechnologganmimic
aprocesdike photosynthesisn plantsthen carbondioxideceasego be anoxiousgasand
becomesaresource{ A f a& ti¥@siorm to theseconceptsparticularlyhowthe braininteracts
with natureasit connectsandtransformseverythingnature createsin personallymeaningful
andpurposefulways.

Atthe CUArt Museum{ A f I&dedzaleinstallationMetaphormingNaturefeaturesa selection
of artworksthat interpret what nature makesandwhat we makeof nature,Figurel. The
installationreplicatesthe limbicsystem
- the heartof the humanbrain- where
intuitions,feelingsandemotions,
includingfear, areintegratedand
interpreted. Theimmersive
environmentpresentsa mosaicof
interrelatedpaintings sculptures,
drawingsandphotomontages
producedoverthe lastfour decades.
Otherartworksvisualizenanoscale
andmacroscaleprocessesnd

_ _ . Figure 1 Courtesy of the Colorado Museum of Mc
physicamatter,in whichsparks At


http://www.artnanoinnovations.com/

betweenatomsseemto transforminto a cosmosof possibilitiesWith no stabilizinghorizonline,
the largeswathesof fiery redsandcoolbluesat playin thesepaintingsmpactcognitionandalso
activatein the mindfear of the unknownandthe boundlessepresentedoy the infinitesimaland
infinite. Likewiseh T A rgs@aiichinto new nanotechnologyvith globalramificationson
renewableenergysolutionsto climatechangethroughthe paradigmof a new carbondioxide
economyis at oncehopefulandalittle bit scary.



35.Do0We Have a Plan B?

The Intergovernmental Panel on Climate Change (IPCC) reported in October 2013 that it is 95%
certain humans are the cause of anthropogetimate change from the increasing

concentrations of carbon dioxide greenhouse gas emitted into the atmosphere from the
combustion of fossil fuels. In March 2014 the IPCC announced that our planet now faces
irreversible climate change and our only ch@omg forward is an assessment of risk,

vulnerability, mitigation, adaptation and cost (see referehde://www.ipcc.ch)).

[ SG Q& NB T SaNd (R2 LKA & OBo/tzRaPs tolmé that Whatys missing from
the ongoing greenhouse gas climatenge debate, is a credible Plan B, namelglternative
course of action for use if Plan A should fail

What | mean by Plan B is a sciebased solution with an accompanyiaction roaemap to

enable a global scale energy transition from our currentcombich is dependent on the finite
supply of oil, coal and gat one founded on a new energy source that would be able to sustain
a global society; particularly after thenission of an estimated Trillion tons of.@@o the
atmosphere through the burning of fossil fuels (see referemtgs!/trillionthtonne.org/,
http://www.climatecommuniques.comhttp://www.carbontracker.orgy.

COA& (UKS UGUKSNXY2ReYylIYAO WRSTFlLdzZ G Y2t SOdzZ SQ 27F -
A0NI GS3e OFy 0SS @dRiy® Y REsrd Rhih it IBS vot & waste

product to fear, (ii) COs a bounteous carbon resource, (iiix®€longs to aland (iv) through

innovative chemistrZQ could provide a sustainable supply of fuels and chemicals for the rest

of time.

In theenergy transition to Plan B, the fossil fuel industries can continue their exploration for oil,
gas and coal in order to replenish the atmospherigf€€alstock. These G@missions are

needed for Plan B in order to maintain sustained petrochemical amdicdlgoroduction using
CQdriven by light and heat from the sun. Once this transition is completed, atmosphgric CO
can provide a sustained source of feedstock for fuel production via sunlight and depletion of
legacy fossil fuels from the earth could thenstopped. At steady state, a closed energy cycle
can be reach whereby {3 converted to solar fuels, which is consumed to produeewdtich

then can be used to convert to solar fuels again.

In order to expand upon the above statement, we direct dignéion to welkdocumented large
scale, gaphase, heterogeneous catalytic processes which are already able to convietoCO
fuels and valuadded chemicals in the petrochemical and chemical industries. However, these
processes are invariably thermallyven and require an initial input of energy. More often than


http://www.ipcc.ch/
http://trillionthtonne.org/
http://www.climatecommuniques.com/
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not, the energy used to power these processes are usually generated through the burning of
fossil fuels, either to produce electricity or heat, which in themselves produce mgre CO

| would ague therefore that the infrastructure exists for the development of a global scale CO
capture and conversion economy, which leads to recycling df@®the atmosphere to fuels
and valueadded chemicals. It can however only be sustained until the ipaimie when fossil
fuels are depleted and the only thing left is a plentiful supply efrC®e atmosphere.

What is missing in the transition from a fossil fuel based economy to one basedis@CO

globally sustainable supply of clean energy to enable the heterogeneous catalytic processes that

can transform Cg&nto fuels and valuadded chemicals. In this, nothing can match the massive

scale, pristine nature and essentially infinite lifetife ob I (1 dzZNB Qa FdzaA 2y NBI O 7

The grand challenge for science and engineering is to discover novel materials and processes
that can efficiently and economically capture.@ad harvest both light and heat from the sun

and convert Cg@into fuels anctchemical feed stocks. This can be exemplified by the economically
viable production of CO, ¢aéhd CHOH at a relevant rate and scale.

To place this grand challenge into perspective, a conversion rate of 10 molegpef GQur per

gram of catalyst tramates into a conversion rate of 1 Gigaton of §€) year per ton of catalyst
when placed in 250 sunny locations. In practical terms, this can be achieved through the use of
20,000 solar panels with an area of one square meter, containing a 10 microrathlgkt film

made from a M@nanomaterial with average density of 5 g&tm

hyS OFy | LIINBEOX Sy PRR ZLISRA D $OWHDT A2y GKFG 0
global scale G@&conomy could readily handle the yearly global emission of 40 t@&aMGiof

CQ. This conversion rate is sufficiently high in that it can maintain a sséatdyconcentration

of CQin the atmosphere as well as produce the carbon equivalent of fuels and chemicals,

thereby solving our climate and energy dilemma in oneveop.

In this context it is worth noting that Ivanpath KS ¢ 2 NI RQa fF NBS&aG a2t NJ i
located in the Mojave Desetitfp://www.brightsourceenergy.comft is currently producing

highvalue electricity and steam from sunlight. Their product is used in power, petroleum and
industriatprocess markets worldwide. Its deployment area of 330,000 mirrors is roughly

equivalent to the surface area calculated for the envisionecc@®ersim process mentioned

above.

Integrating an earth abundant and cost effective catalyst with existing chemical and
petrochemical industrial infrastructure could provide a practical, economical and sustainable
alternative to fossil fuels and its perceivedhete change consequences. The beneficiaries of


http://www.brightsourceenergy.com/

this will be the oil, coal, gas, and chemical and petrochemical industries, the engines of our
global economy.

To further build upon this proposal, a Plan B vision for a sustainable future is to makarthe sol
fuels technologyi.e. capturing and utilizing G@ both air and in concentrated localized

sources) compatible with existing infrastructure on land and sea around the world. The scheme
illustrates the envisioned Aio-Fuel technology, which utilizeslarassisted heterogeneous
catalysis materials science and chemical engineering mefhloelshreestep process involves

CQ separation or capture. Next gaseous water is split int@Hén this His utilized to reduce
gaseous CQo CO, CkHand CHOH tiels and chemicals. This model provides an example of how
we can transition the most promising solar fuels materials from a laboratory scale prototype to a
CQ capture and conversion

technology that will enable the w Membrane separation

creation of a new and sustainable Air w AirfbCQ

CQ ecanomy. If the economics
(energy and cost) and the timeline
(lab-to-market) of the process both
work, we may be able to w Carbon dioxideeducer
circumvent the predicted Fuel | wH,+CQIbCH, CO, C{DH
consequences of greenhouse gas

climate change.

w Water oxidizer
Water | wH,0OlbH,

What will it take to make this energy transition a reality? ébelwhat | have proposed is a
positive message that circumvents the controversy and negativity of the climate debate. It is an
appealing vision and a scientifically plausible idea that everyone would appreciate, from high
school students to academics, framdustrialists to investors and from economists to policy
makers.

A solar fuels technology that would enable an energy transition to a sustainable future would
begin as a small piece of the energy puzzle that is expected to grow overtime. The enw goal is
power the world using renewable energy, with solar fuels generated frorheli@ a critical
component of the energy endgame.

Thegoalof anew CQ economyenvisionedn this article presentsa crediblescienceand
engineeringparadigmywith a calculablecost,assessablaskanddefinablebenefitovera
guantifiabledevelopmentime period.Bycontrast,the protractedclimatechangedebatewith
its opposingforcesappearso be gridlocked,increasinghe economicandhumancostof not
havinga crediblePlanB.



36.JarringFearsg HaveWe Coveredeverything

We are sensingncreasingly
escalatingearandangstamongst
WA\[( 7/ [\(&7 the publicaboutthe
! enviromentaluncertaintieghey
WE CO%KED g\/gﬂy H/ mustfacein the next10-20 years
asaconsequencef the relentless
emissiorof carbondioxide(CQ)
from the combustionof legacy
fossilfuelsinto our atmosphere,
andthe havocthe global
temperaturerise,causedoy the
associted greenhouseyaseffect,
isexpectedo wreakon the
climateandtheir fragileexistence.

In 2011the InternationalPanelon
ClimateControl(IPCCannounced
ad O Nabd2RyF & dué
Jarring Fears, Courtesy of T@iker atmospherehat wascalculatedo
keepthe risein global
temperaturesto no greaterthan
2°Cabovepre-industriallevels;in 2011they announcedwve haveusedup 67%of that budget!

Todd{ A ft&nsjfagentartworkad WI NN dtidiwéa glasgar of potentiallydeadlyweather
conditions,whichcontrastswith RozChasQiasightfulcartoond [Ederybody | LILIgFlzEy >
Logic,n ScientificAmerican2003),whichdepictsatin canfull of someunknown,but,
presumably¢ & | doBsHndableyoodsi K | sin@reredwith popularhealth-consciousabels,
designedo giveusapeaceof mind.

Crammedwithin this jar of fearsare all the terrifyingweatherconditionsthat we dreadwill
resultfrom greenhouseyasclimatechange Theconditionsrangefrom more forcefuland
frequenthurricanesto recordbreakingtornadoes from risingtemperaturesto relentlessforest
fires,famine,droughtanddiseasefrom ice capmeltingthat causedossof permafrostandthe
escapeof methane exacerbatingealevelrisewith ensuingfloodsof epicproportions.Picture
this disquietingimageloomingover our headslike someproverbialblackcloud ¢ K | tieQ &
LJdzo fpdrdeianof the state of the world that we would be wiseto better understand.



Thedoubleentendretitle on the lid of this jar "Havewe coveredeverything?'aimsto prompt
politiciansand policymakersto learnmore aboutthe complexityof thiswhole messyclimate
changechallengeCurrently they seemnot to bed O 2 @ Siekoyhaexity- or simplyfearingit
- like somanyworld citizensexperiencevho feel overwhelmedandfrightenedby the prospect
of livingon anecologicallyleakplanet.

It humblesandsaddensisall justimaginingthe extinctionof the humanrace.

Isthis reallywhatwe canlookforwardto understandingby acceping the severity,
pervasivenesandirreversibilityof climatechangejts impacton peopleandthe ecosystenand
adoptingPlanA?Thisplanimpliesa globalstrategywherebythe finite supplyof legacyfossil
fuelswill continueto be combustedanddepleed with its associateégmissionof CQ spewed
into our atmosphere Thecostof the riskagainsthe benefitswill be estimatedandappropriate
measureswill be put in placeto reducethe effectsof the vulnerabilitiesand preparefor the
consequencesf CQ drivenclimatechangeln the absenceof anyaspirationson mitigationof
CQ emissionghe future appearsleak.

Our most trusted experts assure us that our most-e&thblished advanced technologies (wind,

solar cells, biomass and geothermal) will sheeR I @ ® . dzi K2¢ SEI QGfe GKS@
remains a deep source of anxiety for many people who folimxdevelopmental work closely.

¢KSaS SELISNIA FaadNB dza (GKFG K2LISTdA €& GSNE a
sustainable future with these renewable forms of energy operating synergistically. To date, these
renewable forms of energy contie their remarkablgrowth and are becoming cost

competitive with fossil fuels.

In 2012globalpowergenerationfrom the four renewableformsof energymentionedabove
providednearly0.5GWwith almost$250Bin investmentsaheadof fossilfuelsfor the third year
running.Thisbegsthe question;will the currenttargetsfor the proportion of renewableforms of
energyversusthe total energydemandbe met? While 0.5GWsoundsimpressivekeepin mind
the 20-30TWglobaldemandfor energy whichamountsto about 50 timesthe energygenerated
by renewable mostof whichstill comesfrom gas,oil and coal. Thismeanscurrentcarbon
dioxideemission®f around40-50G Tonger yearcontinueunabatedandwill mostlikely
continuefor the foreseeablduture.

Somewouldlike usto believenaturalgaswill rescueusfrom the abyssaswe aretold thereis
plentyof it for at least250years.Isthis NS I thebéséwe cando for PlanB?

Burningnaturalgasadds0.2kgCQ/kWh into our atmospherecomparedto 0.4kgCQ/kWh from
coal,0.28kgCQ/kWh from oil, 0.05kgCQ/kWh from biomethane andfrom wind andsolara
mere 0.01kgCQ/kWh. Moreover,naturalgasprovidesa stableenergysupply,whichintegrates



well with intermittent renewableformsof energy.Naturalgasand biomethanecanbe readily
stored,easilytransportedandis ableto powerour homes,industriesandtransportation.

Whilethis all soundsquite promisingit doesnot solvethe problemof our burgeoningobsession
with burningfossilfuelsandthe incessint emission®f greenhousagasCQ it churnsout into
our atmosphere.

In the future, excesslectricityfrom wind and solarcanbe storedassyntheticnaturalgas
obtainedthroughelectrolysiof H-Owherethe H> soproducedcanbe usedto reduceCQ to
CH with knownthermallypoweredheterogeneougatalyticindustrialprocesses.

Sothe conversiorof renewableelectricityto naturalgasdoesseemto integrateseamlesslynto
the existinggasinfrastructureand mightreducesomeof the CQ emissionsn the processhut
globallyCQ from the combustionof fossilfuelswill continueto be disgorgednto our
atmosphere.

Thebig questioniswhethernaturalgasandits syntheticreplacemenbuilt into anintegrated
energysystemwill in the foreseeablduture be enoughto stop climatechangein its tracks?In
this context,the recentlypublishedbook, Sustainablé&nergyWithoutthe Hot Air by Cambridge
UniversityProfessonf EngineeringDavidMacKayguantitativelydefinesthe enormityof the
challengeof replacingfossilfuelsby renewableformsof energy.Clearlythe currentplanto burn
the estimated24 trillion tons of CQ equivalentf fossilfuelsthat remainin the groundis
neitherdesirablenor sustainable.

MacKaymakesit clearin hisreality studyof a sustainablduture that in order to addresghe
crucialissuesf climatechangeandenergysecurity,new globalscalerenewableenergy
technologiedeyondthosementionedabovemustbe discoveredcandimplementedto achieve
CQ emissiortargets andenergydemands.

We believea viablePlanB couldbe basedon a materialstechnologythat cansimultaneously
harnessabundantsolarenergy- capturingandreducinggaseousarbondioxideinto fuelsand
chemicafeedstocks while addressingssuesof energysecurityand climatechange.

Anappealingvisionis anenergytransitionfrom one basedon unsustainabldossilfuelsto a
sustainablesolarfuelsenergytechnologyfoundedon capturingandutilizingCQ ¢ from both
thin airandmore concentratedocalizedsourcesThisstrategycouldbe madecompatiblewith
existingCQ emittingindustriesaroundthe world.

Achievinghis visionof a carbonneutralcycletechnologynecessitateslevelopingcompact,
tandem,concentratedsolarpoweredphotochemicateactorsfor efficientlysplittinggaseous
waterinto H> andthen usingthe Hx to reducegaseousCQ to fuelsandchemicals.



With majorbreakthroughsn conversiorratesandefficienciesanticipatedoverthe nextfive
yearsthe time it shouldtaketo transformsolarfuelslaboratoryscalescienceo aglobal
technologycouldbe shortenoughto circumventhe predictedadverseconsequencesf
greenhouseaasclimatechange More to the point: this strategywill enablea timely energy
transitionfrom unsustanablefossilfuelsto sustainablesolarfuels.

Isthis a crediblePlanB?Doesit deservestrongsupportfrom the fossilfuel producingand
consumingndustriesaroundthe world?Will countrieswith majorconcentratedsourcesof CQ
be amongthe mainbenefactorsof PlanB?

If we adopt Plan B, a key question that will be raised, is at what point in time would the total
amount of C@in the atmosphere start to reduce; when would the crossover point occur? This
calculation would likely depend on how quidkly scaleeup solar fuels plants could be built

around the world. Even at the crossover point, we may not see an immediate change in the
climatec it might take some further time before an observable change in the climate takes place
or the detrimental dfects of climate change are halted. We also have to accept that even if
climate change is halted, the climate at that point may not be the same as the climate we
experience now because of changes which have occurred, such as icecaps and tundra melting.

Wethink PlanB couldproveto be animportantcomponentof the renewableenergymix. And
g S hidainA (nartha O 2 @ Sridepth3 €



37.CO2WarandPeace
At Peacawith CQ over

its 4.7 billionyearhistorythe
chemicakcompositionof the

9 I NAtiaRgherehaschanged
anumberof timesfrom its
inhospitablechemicalbrigininto
the pre-biologicalerathroughthe
microbialerato the biologicalera
that createdan atmospherc
environmentandecologysuitable
for sustaininghe co-existenceof
alllife formson earthtoday.

Figure 1Every day we influence the dynamic balance
between The CONar and Peace, by messing with the
equilibrium level and steaestate concentration of G@nd
Oz in the atmosphere through the relentless combustion
fossil fuels. If left unchecked and out of balance, this fre
equilibrium- by virtue of photosyntétic bacteria, algae, ai About2 billionyearsago,oxygen
plants- can become our nemesis, rather than sustain oL gppearednthe S I NIi K Q &
genesis and growth. Our wékting and health of collectivi atmospherefor the first time,
future now rests on some basic choices and conscious producedby photosynthetic
actions. Will we choose to flow with Nature, or notgl af bacteriathat evolvedto utilize
not, why not? Choose wisely, and be at peace. Courtes energy absorbedrom ambient
Todd Silenwww.artnanoinnovations.com sun|ightt0 oXxidizewaterto form

molecularoxygen Asaresultof
this astonishingevent,a symbioticbalanceandsynergyevolvedbetweenthe O, requiredto
sustainlife andthe life neededto sustainOy. In this biologicalera- and up until recenttimes- a
delicateequilibriumwasestablishedhat maintaineda steadystate concentrationof CQ and O,
in the atmosphere Thisequilibriumenabledall life processeso flourishon Earth.Essentiallylife
wasat peacewith CQ,and hasremainedsoeversince Figurel.

At Warwith CQ It startedaroundthe periodof the industrialrevolution(17601840)as

the concentrationof CQinthe 9 | NAtid@@herewhichhadremainedat a stable
concentrationof around300ppmfor about2 billionyears beganto be disturbedby the
combustionof fossilfuels.At this time coal,oil andnaturalgasharvestedromthe S | NJr&sQ &
wasregardedasa miraculousand seeminglynfinite supplyof storedchemicaknergyand
certainlyhaveprovento be anableproviderof powerfor a growingglobalpopulation.

Thisevent,whichmaybe referredto asthe & / | NJbofRige/ | G I & (i MBcausefhe >
concentrationof CQ inthe 9 I NAtid@ghereto graduallyincreaserom its equilibriumlevelof


http://www.artnanoinnovations.com/

around 300 ppmto the currentlevelof around400 ppm.Andthereis no signof its abatementin
the foreseeablduture.

The human race has recently been issued an ultimatum by the United Nations

Intergovernmental Panel on Climate Change, IPCC. Scierspwkas. Pump no more than a

trillion tons of Cinto the atmosphere to keep global warming below 2°C or face the
consequencefote that by 2011 we had pumped 1.9 trillion tons of @@ the atmosphere

FYR G G2RI&Qa Ay O-Biich Bk ofCPderydak v ire dhltracEfora ¥  n n
2°C rise)Cut global C&emissions by half within the next fifteen years or be prepared for a
temperature rise of betweenfgc / @ ! & GKIFIG RANB fS@Sts> SQfft | f
resulting dangesus effects of climate change.

In this context,the IPCGtronglyrecommendedhat low carbonsourcesmustbe usedto
generatethe majorityof the ¢ 2 NJel&c@icityby 2050. Theyinsiston seeingrapid growth of
renewabledrom their current30%shareof the powersectorto 80%by 2050.Andthey believe
electricityfrom fossilfuels- minuscarboncaptureandstorage- shouldbe essentiallyeliminated
by 2100.

Of course there will alwaysbe climatechangeskepticavho will hawkthe heterodoxview
arguirg the massivecostof the transitionfrom fossilfuelsto renewableforms of energyandthe
adverseeffectsthis will haveon nationaland globaleconomies.

Naturallyall sortsof economicsandethicsrelatedquestionswill be raised,suchaswho should
pay for climatecleanupandwho shouldwelcomeclimaterefugeesforcedto relocatebecauseof
extremeweatherconditions:Thosecountriesthat haveput mostof the CQ into the atmosphere
sincethe industrialrevolutionor thosenationscurrentlyemitting the greatestamountof CQ

per capitawith willful blindness?

Theconsensudn the scientificcommunityis crystalclear:If we wantto avoidthe riskof climate
changefrom a greenhouseagasinduced2-5°Ctemperaturerise our addictionto fossilfuelsmust
be curbedimmediatelythe pumpingof CQ into the atmospheremustbe reducedimmediately,
andit mustbe donefast, effectivelyandefficiently- globalemissiongnustbe cut by halfin the
nextfifteen yearsin the viewof the IPCC!

Thebig challengdor the globalcommunityis whetherwe havethe scientific technological,
economicand politicalmeansand motivationsfor commerciaimplementationgo agreeupon
anapproachto acceleratehe transitionof fossilfuelsto renewableforms of energyfastenough
to avoidthe ramificationsof a CQ calamity?

At first sight this does seem like an almost impossible challenge if for example we look at the
slow progress of carbon capture and storage worldwide with only one commercial plant on line



in Canadawww.saskpower.cojrWhile the storage element of this procedure is likely to be
different if CQis used as a feedstock, the time scale for carbon conversion seems an almost
herculean task if 2-5°C temperature rise te be avoided

Thebig problemin convincingall countriesto work togetherto achievea rapiddecreasan
globalCQ emissionsisthat the & K I a@dhavey 2 fossilfuel countrieshavestarklydifferent
perspective®n the benefitsof curtailingemissonsversughe detrimentaleffectsit will haveon
their economiesin essencecapitalismandthe climatearein conflict.1i Qeifevidentto see
that, today, life isat warwith CQ, Figurel.

At PeaceAgainwith CQ Perhapghe toughestchallengeof amelioratingclimate

changeandfacilitatinga sustainableenergyfuture, in whichlife is at peacewith CQ, isstopping
ourselvedrom treating CQ asa wasteproductendangerindife on Earth.Insteadwe needto
utilize CQ asanabundant,non-toxicandlow costfeed stockfor makingfuelsandchemicals,
enablinglife to flourishindefinitely.

. ) Thisis a solvablechemicalproblem:;if the
OH Fine chemicals .
COONa rate of transformationof CQ to useful
ethylene moleculesandmaterialscanbe madeto
$800iton

matchitsrate of productionfrom the
$400/ton

HaG=Ch CH;0H combustionof fossilfuels,then our
Carbon monoxide greenhouseagasproblemwouldbe
a resolvedand our war with CQ would be
co H,N ’C“‘NHz over.
0 Fertilizers .. . . . .
I In actualizinghis possiblereality, CQ is
0" "o CHOOH capturedandconvertedin acarbon
\__’; (\/0\ ,0\} neutralcycleto providefuelsand
poltifycglr‘;g::tes ﬁ n $1300fon chemicaldorever,circumventinghe

specterof climatechange Essentiallyhe

goalisto shortcircuitthe naturalcarbon
SchemeCQ is not a waste product to fear, itis @ cycle basicallyjdoingwhat naturetakes
abundant, nortoxic, low cost Cchemical feed
stock formaking fuels and chemicalsyve, J.B.
Chemical Communications, 2012, 48, 1392

billionsof yearsto do on amuchshorter
timescale Sonowwe justusethe CQ we
havein a syntheticcarboncycle not digup
fossilfuelsanymore.

Soundgoo goodto betrue, hardly,thisis not anew problem.Largescalechemicalprocesses
havebeenknownfor morethana centuryfor makingfuelsandchemicalausingCQ asthe feed


http://www.saskpower.com/

stockfrom directair captureandfossilfuel burningelectricitygeneratingstations,steel,
aluminum,cementandbio-ethanolindustrysources.

Eventhoughthere hasbeena significantamaunt of researchranddevelopmentconsiderably
more effort andmoneyneedsto be spentto improvethe performanceof CQ conversiorto
technologicallyracticalratesandefficiencieson anindustrialscaleandto integrateit into
existingchemicalndpetrochemicalindustrialprocesseslndustryroad mapsshowmilestones
andtimelinesasto why-how-whenwhere CQ conversiorfits into their projectedcarbonfuels
andchemicalgipeline.

Someexampleof this paradigmare shownabovein the Schemehat illusratesindustry
examplesurrentlybeingpracticedat the Megatonper yearproductionscalefor
pharmaceutical§Aspirin) liquid fuels(methanol) hydrogenstorageandtransportation(formic
acid),polymers(ethylene polycarbonates)ertilizers(urea)and carbonmonoxide whichcanbe
usedasa feed stockfor makingmyriadfuelsandchemicalssuchasgasolinemethanoland
hydrogenIn principle thesekindsof industrialprocessesiavethe capacityto transformCQ to
usefulproductsaroundthe world and couldbe scaledto produceGigatonger year,thus making
apretty bigdentin the CQ footprint.

Themaincontendersunderactiveinvestigation
for CQ conversiorto fuelsandchemicals
includehomogenousandheterogeneous
catalysishiomasselectrochemistry,
photoelectrochemistrysolarthermaland
photocatalysisAlthoughthere aretechnical
andeconomigprosandconsfor eachof these
approacheswith continuedresearchand
developmentthere will likelyemergea
creativemix of CQ conversiomprocessesvith
the overallcapacityof utilizingGigaton
amountsof CQ perannumfor makingfuels
andchemicalsThatsurebeatsstoringit in the
groundor emitting it into the atmosphere.

A real hurdle that must be overcome for any
approach is that it must be cost effective. Th
cost of the production of fuels and chemicals
must be cheaper than existing costs using
fossil fuels. If cost effective conversion on an industrial scale can be demonstrated then the
people that matter will start taking a real interest. It is noteworttat tbQ conversion to fuels

Figure 2Peaceh WarA Peace with C{agair
enabled by the endeavors of chemists
chemical engineers; Courtesy of Chenxi



and chemicals does not seem to be in the conversation at the moment for the IPCC, political
leaders or the public.
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With all the new solduels science and technology in the pipeline and poised to take off, could
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imagine? It seems possible, providing these processes are powered by renewable forms of

energy (electricity and sunlight) and not fossil fuels. Any emissions oft€@e atmosphere

should be strongly regulated by a globap @&chdog commission. In this way agiife,at

peacewithC& gAff 06SO2YS FigireARSIf YIRS NBIf Q2



38. Solar Refinery: Can we have our Carbon
Cake and Eat It ?

Solar Refinery = There is a global effort

( Solar Utiites ) %‘g‘?ﬂcﬁ% underway to discover
EEEEE) | Fuls |~ advanced engineering
Photo-electrochemical .
B— . materials and processes to
ossil Fuel ; A A~ A “ ~ .
Power Plant | o S :C%l:&m; Fuels NEFfAI'S UKS Wwazfl N
el Actzivat%n Catalyti » the future
g TT . atalytic : .
g™ ™ Convesion |
CO, Capture | | -~ Themechonieal C0iC0., ' .
Cleins P EEEER |, o ~ The purpose of the envisioned
> e LT et decochemica) > ; . .
_ _ =l solar refinery is to enable an
_—Photoly5|s _"_'s‘mf' ropsch : A A~ « p - 7
(Comel) | o)y, ) sy SNHE GNFYAAGARY T
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risks of climate change caused
SchemeC dzii dZNRA &8 G A O W& 2f | NJ NBFA by CGemissions, to a new and

chemicals from CGOHO and sunlight, Energy and adzadFAYylFrotS WOIFNDB2Y

Environmental Science, 2014, DOI: 10.1039/c4ee01958] S O02y2Yeée Q (Kl G Ayad s
CQ as a C1 feedstock,

together with HO and sunlight, for making solar fuels.

ThestructNB YR 2LISNI GA2Yy 2F (GKS Sy oA SchemgkyR wa2 € | N
modules of the solar refinery, include materials and processes for (i) harvesting sunlight, (ii)

capturing, purifying and releasing £@nd (iii) converting G@nd HO directly or indirectly to

fuels. A flow diagram of how these modules are integrated to create a working solar refinery is
illustrated in theScheme

There is actually nothing too surprising contained within each module of the solar refinery: (i) A
solarutility harvests sunlight in the form of heat, light or electricity; (ii) Af&dity uses

absorption, adsorption, membrane or cryogenic techniques for capturing, purifying and releasing
CQ on demand; and (iif) The €@ piped with EO and eithedirectlytransformed to fuels using
electrochemical, photoelectrochemical or photocatalytic methodsdirectlyconverted to CO

and R by thermochemical, electrochemical or photoelectrochemical and photocatalytic means.
The so formed CO and &te subsequetty made into fuels by well known industrial

heterogeneous catalytic processes based on Fisalogisch, methanol synthesis, water gas shift

or reverse water gas shift chemistry.



What has been sorely missing in the open literature however, to assist déamaserials

chemists, scientists and engineers around the world who are raring to contribute to the
development of a solar refinery, is a-Htfgcleassessment, a holistic technoeconomic analysis of
the energy and economic costs of the alternative teatgieks contained within each module,
including thatequired to build the solar collectors and chemical faciliibese teams of
researchers also need to understand, how the ultimate price tag of fuels produced in the solar
driven refinery compare with tse generated in a fossil fuels powered refinery. With this
information, they can improve the energy efficiency and economic burden of the materials and
processes required for making fuels from the sun that can compete in the marketplace with
those made fom fossil fuels.

In a chemical engineering tede-force,Christos Maravelias and colleagues from the University
of Wisconsin have recently modeled and analyzed the energy and economic cost of every step
and each alternative technology contained in a sefanery Energy and Environmental Science,
2014, DOI: 10.1039/c4ee01958jheir analysisncompasses all scales and all parameters that
underpin the energy and economic costs of running a solar refinery. The result is a general
framework that will allovscientists and engineers to evaluate how various improvements in
materials manufacturing and processing technologies that enable carbon dioxide capture and
conversion to fuels using solar, thermal and electrical energy inputs would accelerate the
developnent, influence the cost and impact the vision of the solar refinery. It will also enable
evaluation of which alternative technologies are the most economically feasible and should be
targeted or highlight those that even if developed would still be hoglgleseconomic and can
therefore be ruled out immediately.

The view that emerges from this techaoonomic evaluation of building and operating a solar
refinery is one of guarded optimism. On the subject of energy efficiency, it is clear that solar
poweredCQ reduction is currently lagging far behind that of solar drivgd $plitting and more
research is needed to improve the activity of photocatalysts and the efficacy of photoreactors. In
the indirect process of transforming &G0 to fuels, it impparent that if the >10% currently
achievable solarJ@-to-H. conversion can be matched by solapfERto-fuel conversion

efficiencies, through creative catalyst design and reactor engineering, this would represent a
promising step towards an energetigaliable solar refinery. For the direct process of

transforming C&H-0 to fuels, improvements in conversion rates and product selectivity are key
requirements for achieving energy efficiency in the solar refinery.

Economic efficiency is also a key te sluccess of the solar refinery of the future. For currently
achievable CQeduction rates and efficiencies, the minimum selling price of methanol, a
representative fuel, was evaluated by the tecl@oonomic analysis and turned out to be more
than three tmes greater than the industrial selling price analysis, as the cost of the CO



reduction step, which is estimated to be quite costly, was not included in the estimates.
Improvement in theactivity of C@reduction photocatalysts by several orders of magis

would have a significant impact on the energy and economic costs of operating a solar refinery.
It is anticipated that these developments are in the pipeline!

The papeby Christos Maravelias and his colleaguakes clear that the cost and energy

efficiency of carbon capture and storage is an area where big improvements need to be made if
the solar refinery is to be a success. Also, that absorptiG@dfom the air was not going to be
viable for some time and that carbon capture and storage fromepstations and industrial

plants would be concentrated on initially. In this context, there are encourdgusdppments
underway at an emerging Swiss compamyv.Climeworks.corwith commercially available
equipnent that enables an efficient twstep process involving (i) €€pture and purification

using specialized sorbents followed by (ii} @@ase using solar power. This positive
development, together with advances inApBoto-reduction rates and efficianes, and product
aSt SOADAGEQasY O2dzZ R Syl otS WySG ¥FdzSt SySNBe@
successful commercialization.

One other point that is worth making is the question of the availability of water, which has not so
far been réerred to in the above discussion, although the Wisconsin paper touches on it and
then decides not to discuss it further, as the transportation cost is a very small fraction of the
overall process cost. However, in some parts of the world the availabikiter could be a

major factor. The whole question of water and solar availability could be the subject of another
opinion editorial.

Returning to the question in the title of this article: can we have our carbon cake and eat it? One
very important restlof the dream of the solar refinery is that it will enable us to continue to

have our carbon cake. We have become used to our carbon cake or carbon world and the
movementtoa@ dza G Ay 6t S WO Nill Beya chige WhiciRte whrid shgddyY & Q
be able to take in its stride. In the long term who knows what kind of cake will replace the carbon
cake!

Multidisciplinary teams of materials chemists, materials scientists, and materials engineers
across the globe believe in the dream of the solar refiapdya sustainable GOased economy.

It is abundantly clear from the analysis by Christos Maravelias and his colleagues that developing
models to evaluate the energy efficiency and economic feasibility of the solar refinery, and at the
same time identifying hurdles which haeebe surmounted in order to realize the competitive
processing of solar fuels, will continue to play a crucialndlee development of the required
technologies. These analyses will serve to identify key aspects of materials properties and
process degn that are required to facilitate the transformation of ongoing solar fuels research

and development into the


http://www.climeworks.com/

39. Advancedsciences TheNewElite?

Inthe world of scientificjournalsthere is Natureand

ADVANCED Sciencethe undisputedelite academigublishers

SC|ENCE garneringhe f A Zlyafedf the top papersin science,
baseduponthe numberof citationsof the work
publishedthereinandthe resultingcitationimpactof the
journals.

Thenthere areall the other sciencepublicationswhich
accordingo the editorsand peerreviewersof Nature
and Sciencare unableto achievethe novelty,impact,
timelinessandtechnologicatelevancdigure-of-merit
demandedby theseelite journalsand arethereby
relegatedto journalsof lessemrepute.l amsurethat
everyreaderof this articlehasat sometime in their
career rightly or wrongly,experienced (i KoSnovel
Sy 2 dz8sKahsdrom Natureand Sciencelt isatruism
howeverthat a vastbodyof amazingsciencepublished
outsideof Natureand Sciencgournalsstill getslots of attention andrecognition.

Front cover of the inaugural issue
Advanced Science, December 20:

Natureand Sciencénaveanillustrioushistorythat beganwith the launchof Naturein 1869and
Scienceshortlythereafterin 1883.Someof the mostimportantscientificdiscoverieof the last
two centurieshaveappearedn theserivaljournals(http://www.nature.com/news/thetop-100-
papersl.16224 http://news.sciencemag.org/scientifeommunity/2014/10/uprisindess
prestigiougjournalspublishinggreatershae-high-impact). Theycontinueto attractthe largest
portion of the mosthighlycited scientificpapersfrom aroundthe world, without too much
competitionfrom a myriadof journalswho havetried, albeitwith limited successto achieve
suchprivilegedstatus.

| havebeenwonderingfor manyyearswhat miraculoudeat it wouldtake,for a newor existing
journalto achievethe elite statusthat Natureand Sciencénaveearnedsincetheir inception.
Clearlymanyjournalshavetried but havenot yet managedo join the top ranksthat Natureand
Scienceenjoyand| mustadmitthat | thoughtthe chancesf achievinghis objective by W hew
journalonthe 6 f 2 \ebl@dEingincreasinglypleak.

| couldhoweverbe wrongascompetitionfor elite statusin sciertific publishingmightemergein
the form of the recentlylaunchedournal Advancedscience
(http://onlinelibrary.wiley.com/journal/10.1002/%281SSN%2923884), whichisthe new



http://www.nature.com/news/the-top-100-papers-1.16224
http://www.nature.com/news/the-top-100-papers-1.16224
http://news.sciencemag.org/scientific-community/2014/10/uprising-less-prestigious-journals-publishing-greater-share-high-impact
http://news.sciencemag.org/scientific-community/2014/10/uprising-less-prestigious-journals-publishing-greater-share-high-impact
http://onlinelibrary.wiley.com/journal/10.1002/%28ISSN%292198-3844

premiumopenaccessnemberof the VCHWileyfamily of sciencgournals.lts publication
historycanbe tracedbackto 1887with the launchof Zeitschriftfiir die Chemischéndustrie
(Journafor the Chemicalndustry).Oneyearlater this journalbecameZeitschriftfir
AngewandteChemigJournabf AppliedChemistryandeventuallymadeits debutin the form of
AngewandteChemig(AppliedChemistry)n 1947.In 1988 AdvancedMaterialsemergedfirst asa
supplemento AngewandteChemieand subsequentlypecameanindependentmaterials
researchjournaleighteenmonthslater. Without questionAdvancedMaterialsisamongstthe
mostimpressivanaterialsresearchjournalsin the world today.

Onapersonalnote, whenl havehadto makethe crucialdecisionon whereto publishwhat|
perceivedo be the mostimportantwork from my materialschemistryresearchgroup,l am
embarrassedo confesghat | tendedto chooseNatureor Sciencever Advancedvaterials,on
the groundsthat the work would garnera largerreadershippe cited more and havea greater
impact. Theseconsiderationdiad ramificationsfor exampleon my researchfundingaswell as
scholarshipsawardsandfuture careersof my coworkers.

With the appearancef Advancedscienceandits promiseof achievingelite journalesteem,|
now haveathird andperhapsmore appropriateoption of whereto submitthe top materials
papersthat emergefrom myresearchgroup.

Thegoalof the newlylaunchedournal Advancedsciencelike Natureand Scienceisto publish
the verybestpapersfrom all areasof scienceThejournalpromisesa highprofile openaccess
platformfor the rapid publicationof the highestquality of peerreviewedresearchwhichl
believescientistsaroundthe world will embraceasa new and excitinghomefor their verybest
work, therebyfacilitatingits riseto elite status.

| shouldaddthat | enthusiasticallpupportthe emergenceof openaccesgournals.L (ptey
unfairthat mostresearchs fundedby publicmoney,yet all the work resultingfrom that
researchgetspublishedn journalsthat are not accessibleinlessyou payfor it. Openaccess
journalsallowanyoneto be ableto readandengagewith the scientificliterature, regardlesof
whetherthey belongto aninstitutionthat iswillingto foot the bill for premiumjournalaccessor
not.

Onafinalnote, | wouldlike to takethis opportunityto wholeheartedlycongratulateKirsten
Severingthe leadeditor of Advancedscienceandher ablecolleaguest VCHWiley,for coming
up with a creativestrategyfor givingthe scientificcommunitya muchneededalternativeto the
Natureand Sciencenonopolyand| wishthem the verybestin their questfor achievingelite
statusof their newjournal.
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me how humankind is now faced with a

conflict between climate and capitalism

and governments, business and society

have to make the difficult choice between

the nobleness and societal responsibility

of transitioning to sustairde forms of

energy versus the greed and communal
irresponsibility of promulgating an

unsustainable fossil fuel economy and its
inconvenient consequences.
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Figure 1Concept of a sustainable solar fuels ear the title of this article makes me think
founded upon the lighissisted photaonversion  gpout a global any of heroic materials
of CQ and HO to solar fuels such as £ Hdapted

: scientists and engineers who have
from www.pinterest.com

dedicated their careers to help save

humankind from the deleterious effects of
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the quest for solar peered technological solutions to the greenhouse gas problem through

advanced materials energy research that can use carbon dioxide as a plentiful feed stock for
YFE{Ay3 FdzSfa FyR OKSYAOIfa YR GKSNBoeé NBRdAzOS
pre-industrial levels.

Two promising approaches that offer the potential to ameliorate the adverse effects of

anthropogenic carbon dioxide emissions on our climate are founded upon the use of sunlight to
generate and manipulate charge in semiconductor ni@terThese are based upon: (i) the

separation of electrons and holes to make solar electricity, and (ii) the reaction of electrons and

holes with chemical compounds to make solar fuels. ThikdN®® y 3SR &/ KF NHS¢ 2 F
G{dzyf AIKGE . NR Jdleriity artl soBuSyelS hibk theQoténtaf td gratly reduce

the global energy demand currently supplied by-remewable fossil fuels.

To amplify, molecule and materials chemistry has a pivotal role to play in the development of

new and improved catgsts for the production of solar fuels from water, carbon dioxide and

sunlight in order to meet the efficiency and scalability demands necessary to significantly impact
GKS |Y2dzyG 2F OFNbB2y RAZEARS Ay G(GKS pSueddi KQ& |



regenerative energy system, using a tandem pietator, water will be split by sunlight using
an appropriately designed phetatalyst and the hydrogen so produced will reduce carbon
dioxide using sunlight and a second phcatalyst, to produce solar generated fuel such as
carbon monoxide, methane, methanol, formic acid and dimethylether.

While these photehemical transformations are well known, phettalysts have not yet been
discovered with the efficiency and stability required to deljtebally relevant quantities of
molecular energy carriers that can meaningfully impact the levels of carbon dioxide greenhouse
34 SYAGGSR Ayid2 GKS SIFENIKQA | iY2aLKSNBE®

Based upon exciting materials chemistry developments recently being reportedtfasbgdted,
gasphase photochemical conversion of carbon dioxide to fuels and chemicals, it seems like it is
only a matter of time before globally significant efficiencies will be achieved, and the vision of
the solar refinery of the future could be reddc® practice, Energy and Environmental Science,
2014,DOI: 10.1039/c4ee01958;.

In the context of the solar refinery, it is worth recalling a roughly one hundred year old quotation
from a paper in Science by Giacomo Luigi Ciamician, considered by mawy pioneered the

field of photochemistry, where he predicts that humans will one day master the ability to mimic
photosynthesis (Ciamician, G. The Photochemistry of the F8iezcel1912, 36, 388394):

ahy G4KS I NAR f I yhduatrialicéldhidsBrithouk Smbke dntiMthoyit3moitzisiacks;

forests of glass tubes will extend over the plains and glass buildings will rise everywhere; inside of
these will take place the photochemical processes that hitherto have been the guarded secret o

the plants, but that will have been mastered by human industry which will know how to make them
bear even more abundant fruit than nature, for nature is not in a hurry and mankind is. And if in a
distant future the supply of coal becomes completely etdicivilization will not be checked by
GKFEGEZ F2NIEATS YR OAQGAtATIFOAZ2Y gAff O2ydGAydsS

In his Science paper Giacomo Luigi Ciampcedicted that the photochemistry of the future

should not be postponed to distant times andttindustry would benefit by using all the

energies nature puts at its disposal. He saw that human civilization was exploiting mainly legacy
fossil solar energgnd thought it would be much betteo imake use of radiant energy from the

sun.

In a quote [ittp://www.thomasedison.org/index.php/education/edisoiotes/) about twenty
years later Thomas Edison said:

GLQR LlMzi Y& Y2ySeé 2y (KS &adzy H YR KPA IS NISS yRENHEN]C
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Roughly thirty years later in his Accounts of Chemical Research paper, 1978;374, 3%6bel
Lauriate Melvin Calvin, said:


http://www.thomasedison.org/index.php/education/edison-quotes/
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In view of the impending climate change and energy security challenges confronting the human
race, the presciemcof Giacomo Luigi Ciamician, Thomas Edison and Melvin Clavin is
SEGNI 2NRAYIINAE & Ofz2al8 G2 | OhGdatAade G2RIFe |yR
to make the Utopian vision of a sustainable solar fuels earth, founded upon thaskatd
photo-conversion of C£and HO to solar fuels such as CH



41 Big Picture Question: SetarElectricityto-
Fuel or Solato-Fuel?

Materials researchers around the world, who
are trying to discover materials and processe
abiological, biologicalr a hybrid of both, to
enable solar powered conversion ofHand
CQ into chemicals and fuels, such as €O,
CH, HCGH or CHOH, if successful will

dzf GAYI GSfte& 068 O2yTNER| FUEL « . Dl dzNB
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fuel orindirectly solaito-electricityto-fuel or is :

there a place for both in different situations?
YR gKIG R2 6S YSIy
energy efficiency, adoption, footprint?

This is a complex question without a simple

answer but one that needs to be addressed TheBigPictureQuestionconfrontedby the
researchcommunitytodayis to decidewhichway

to goscientificallytechnologicallyand
economicallyto producesolarfuelsat a

every time a research proposal on advance
materials, devices and processes for

innovative renewable eneygsolutions are sufficientlyhigh efficiencyfrom H,O and/or CQ
submitted for funding. It is also one titae to havea meaningfuimpacton climatechange
general public, mass media, industry energysecurityandprotectionof the
stakeholders, business leaders and environment.Shouldsolarfuelsbe madedirectly

government officials need to understand in by solarto-fuel or indirectlyby convertingsolar-
order to support informed policies to-electricityto-fuel? Thisimportantquestionis

illustratedgraphially with athought provoking

The answer as discussed in this opinion artwork courtesyof ChenxQian.
editorial is direct solato-fuel conversion,

where ®lar energy stored in solar fuels, made from @@ction as a carboeneutral renewable
energy supply for making chemicals, powering transportation and running industrial
infrastructure.

This question iaddressed witlestimates that compare, for illustrative purposes, the use of a
two-step process that converts solar energy to produce electricity, which is then used to produce
a fossil fuel substitute, with a orstep process that uses solar energy to produce the sagssd f



fuel substitute. The calculations take into account both the cost and the efficiencies of the one
stageversughe two-stage process.
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commercially viablen various jurisdictions, and applications and the costs are still falling. Can

the production of solar electricity be increased and its applications expanded to the point that
solar fuel is not needed? With appropriate storage, could solar electrigipcksall fossil

fired generation to ultimately create a fully electrified world? And a complete transition to an
electric vehicle mobility system can store large amounts of electricity and thereby reduce fossil
fuel use for transportation.

Not exactly, da to their high energy density and transportability, liquid fuels are unlikely to be
displaced by electricity in applications, such as aviation, shipping and trucks. Moreover, the
production of most chemicals and petrochemicals for a diverse assortmigrdustries and

consumer sectors of the economy are produced from oil andTdeesonly way these can be
ddzoaldAGdzSR A& o0& dzaAy3a az2f | ANdthdrmiede ta addrgss 0 S+ R
climate change net global anthropogenic emissionsedrgrouse gases need to be reduced to

zero. We need solar fuel to displace fossil fuels in those applications where electricity is not a
feasible energy source.

So what is the best way to produce solar fuel: directly or indirectly using solar elecTty?
indirect approach uses proven technologiésve begin with 100 units of solar energy and

convert them to electricity then we have about 20 units of energy in the form of electricity, using
"standard" solato-electricity 20% efficiencies. By convagtihis electricity to chemicals using
electrolysis, which is about 70% efficient, one obtains about 14 units of energy in the form of the
heating value of + One can then convert the gaseousaHd CQ@to CH, CHOH or (Ck20 by
conventional heterogeners catalysis, which will involve some more losses. So the 100 units of
solar energy yield about 8 units of energy in the form of fuel, which does not inclueieectiogy
required to capture CO

Direct production of solar fuel is still at the research stBgeent advances in the discovery and
development of new materials and processes to enable solar powergihgss photochemical
and/or thermochemical reactions op®GVCQ to form CO or CHn a solar refinery provide
interesting and promising alternatséor generating solar fuels in a single stegh anoverall
efficiency of about 12%. Therefore, 100 units of solar energy would yield about 12 units of
energy in the form of liquid fuel. Note that high product selectivity is important to minimize
separaton losses on the overall efficiency.

The question also implicitly equates efficiency and cost. Solar radiation reaching the Earth is
abundant and ubiquitous enough to meet the global energy demand even at very low conversion



efficiencies. However, becausolar radiation is relatively diffusenly 1 kwW/ni - collecting and

converting solar radiation into useful energy forms, such as electricity and fuels require large

area infrastructure. Higher energy conversion efficiencies imply smaller solarropléeets for

the same output, which in turn results in lower investment costs and, consequently, cheaper
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conversion efficiency.

If the ultimate target is liquidydrocarbon fuels for transportation, such as kerosene for aviation,
then the direct Co&+ HOA Fuels process, with conversionly efficiency of about 12%,
outperforms the indirect G B A Fuelssolarto-electricityto-fuel pathway ofabout 8%. Thisi
because it bypasses the inefficiencies and energy penalties arising from theagstieift

reactors and separation8lso, this comparison is limited to the solar energy used, so how
differences in efficiency affect the cost have to be determined.

Catulating thet 2 @ Safficiénéy dHf this kind of sokim-fuels process is, to say the least,
nontrivial. In addition to the soldo-chemical efficiency "around" the reactor, one has to
account, among others, for the energy to (1) capture and transftt(€) separate GGrom

the effluent of the reactor to recycle it, (3) separation of the product from reactants and
byproducts. All of these separations require heat and electricity which should come from solar.

The cost of solar fuel will depend on ttwsts of the processes needed to produce it directly or
indirectly. It seems like the direct approach offers the potential for lower costs because it

involves fewer processes and more benign operating conditions. Something to percolate over in

this contextis that the cost of finding a solution to a problem is not always equated to efficiency.

This is true only after lots of development and engineering. Often simplicity is equated to cost,
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process, usually the cost decreases with increased efficiency. In the case of solar fuels this has

yet to be determined.

Hopefully materials researchers will find the insight derived from this type of brainstorming
discussion, withreergy engineering experts, to be helpful for placing bdisécted research
aimed at the discovery and development of materials and procéssgsnerating solar fuels
directly from HO and C&into perspective, with respect to making solar fuels indiydoom
solar electricityln practice materials scientists and engineers will continue to explore both
options simultaneously and competitively, to determine which technology would be most
feasible, effective, efficient and economic. In choosing thé digection, the riskand-rewards
must be considered.

Clearly deciding which ways to go with the mix of renewable andenewable forms of energy
are complex scientific, technological, environmental, societal, economic and political issues. While



there may not yet be a single or simple clear cut solution for the production of synthetic fuels from
renewable sources of solar and/or electrical energy there is consensus it should be done in a
neutral or negative carbon cycle using @the chemical feedatk. Even without a definitive
answer for the future production of sustainable fuels, framing the discussion for the benefit of
materials researchers can be useful in its own right.

It is worth tempering the discussion by commenting that although thegpea enthusiasm in

the materials research community for making fuels from @O large a communication gap

exists between developments in the science and technology and awareness of these
developments, and their implications for a sustainable fututiéygeneral public, industry
stakeholders, business leaders and policy makers. This lack of understanding is slowing down the
development of the industrial infrastructure needed for a new economy basedon CO

An equally important and related societabeaethical question concerning the utilization ohCO

as a source of renewable energy is: do we value economic cost more than environmental cost?

. What price are we willing to pay to keep our world
inhabitable? If we spend so much money on things like
military, space exploration, information technology,
why should renewable energy have to be economically
more profitable than fossil? Why is it acceptable to
have high expenses on health and education, but
impose economic impediments that an
environmentally beign energy supply should cost no
more than fossil fuels?

There is a strong focus on cost in the solar fuels
community, which isnfortunate because mature
technologies to avoid extra @é@missions should be
. , implemented as soon as possible, not when they are
asSul LIK2NYVAY3I a¢K: gofiaple. This point renforces the case for scientists
vdzsalAsye Ay UKS and engineers to educate the public and politicians
Fuels: Which Way to Go, Direct or ) ’
make better us of mass media, and start an honest

Indirect?The drawing intimates that _ ) _

is, indeedliterally and figuratively planet.

speaking), the shorter, simpler and _ o
more direct way to go. Essentially, it Hopefully conversations of the type presented in this

reaffirms the upshot of the article. Ar opinion editorial, intended to inspire debate, will prove
work, ourtesy of Todd Siler. insightful and instructive for materials resd@ets trying

to decide how to orchestrate their strategies, structure
their objectives and craft their promises in their quest to deliver clean, renewable and affordable




energy for humanity. For the time being, cuttgdpe research in pursuit of lotgym goals in the
field of solar fuels is on the rise and until then all avenues of inquiry should be investigated as we
do not know who the winners are going to be.

In closing this opinion editorial on a lighter note, it is only fitting to pondeverarchiry

guestion: how do we best educate the general public, meesdia, business leaders, industry
stakeholders and government officials who need to understand or have some sense of the
science and technology, to support informed policies? After all, thecgakh, consumers)
enable this research to move forward in whatever directions materials researchers choose to
go? Can we have educated policies without educating people?
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forms. This has been the lifelong practice of friend and colleague Todd Siler who applies the
ArtScience process to envision viable solutions tewedt global challenges. He has a

longstanding interest in exploring the potential of alterreatwergy systems that can help

create a sustainable futurkttp://www.toddsilerart.com/homel have recently joined Todd Siler in

this endeavor using art to try to get the public to understand the scidrataihderpins and
interconnects climate change, energy security and protection of the environment,
www.artnanoinnovations.com
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42. Yow Y'Ive an Energy Revolution without
Materials,Chemistry and Catalysis

The central postulate of this articlqg
is that CQis not to be regarded as
a combustion waste product of
fossil fuel but rather to be
considered as a chemical resourc
to be harvested and recycled to a
renewable fuel using the power of]
the sun andhe assistance of a
catalyst. This vision reminds one ¢
a prescient quote in a Life
Magazine interview by Richard
Buckminster Fuller, American
philosopher, systems theorist,
architect and inventor, who said:
oPollution is nothing but resources
we're not havesting. We allow
them to disperse because we've been ignorant of their value. But if we got onto a planning basis,
the government could trap pollutants in the stacks and spillages and get back more money than
this would cost out of the stockpiled cherngstthey'd be collectiig wm 8 @®
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Chemistry and Cataly:s
Graphic image courtesy of Che@kan

In this context | have been pondering how the materials research community, being faced with
the grand challenge of creating the science and technology to enable the transformatien of CO
to-fuel at a globally significant rate and efficiency, necessary to help solve what looks like an
insolvable global problem, is related to policy and action?

Because Cf{s the thermodynamic product of all fossil combustion processes, its efficient
conveasion back to an energych fuel by thermochemical, electrochemical or photochemical
means, requires the use of a catalyst. Synthesis of a champido-€@Is catalyst requires an
in-depth understanding of the structure, properties and activity relatiormake it work
efficiently.

Catalysts are an essential piece of our modern society forming the bedrock for manufacturing a
myriad of industrial chemicals and products. Catalyzed chemical reactions are also ubiquitous in
nature driving many importantdthemical processes and have been widely applied in the



chemical industry. By definition, a catalyst accelerates the rate of a chemical reaction by
reducing its activation energy without being consumed in the process.

While catalysis can be traced to thige of civilization with the fermentation of alcohol, it rose to
prominence with the seminal work of Sabatier in 289Q0 on hydrogenation catalysis, which
set the groundwvork for the evolution of both heterogeneous and homogeneous catalysis that
we nowdepend on today.

A deeper understanding of the physichkemical principles of catalysis began to take shape in

the 20" century, emerging with the industrial scale production of bulk chemicals, notably
ammonia for fertilizers and explosives, synthetidrbgarbons for fuels, and methanol for the
manufacture of a myriad of base chemicals. It was only when the need for explosives receded at
the end of the First World War that industry turned its attention to the catalytic production of
synthetic chemicalsra fuels which powered the Second World War.

After the Second World War ended many new catalyst materials were being invented and
catalytic processes developed, exemplified by the petrochemical industry for the high volume
production of chemicals, fuels@ polymers, by the pharmaceutical industry where catalysis was
employed to make fine chemicals for medical applications, by the automobile industry for
manufacturing exhaust gas catalysts for catalytic converters, and recently by the use of
enzymatic biecatalysis, for example in the Hiael, detergent, food, dairy, brewing and paper
industries.

This brief backdrop on the history of chemistry and catalysis from ancient to modern times
provides a preview to the next era of catalysis that marks the remaduiyi vision for a
sustainableuel future in the 21 century based on a G@&conomy. We are now well aware of
the deleterious effects of the continuous emission of @Oour climate from burning fossil fuels
to power our industries, energize our commialsectors, run our transportation and heat our
homes. Through catalysis of @€actions we can now envision an economically viable and
secure energy supply, where O®©treated not as a waste product, but rather as a valuable and
bountiful chemical fegstock for making renewable fuels in a@8fuel carbon neutral catalytic
cycle.

Ideas and practice on €@-fuel catalysis have been published in detail earlier and will not be
further elaborated upon in this article but rather the remaining discossith be focused on the
challenging transformation of the basic science oftG@uels to policy and industry
implementation [2,3].

Seen in this new light, the €@olecule is also, critically, the key driver of a cteah energy
innovation sector wit goals that have been set out in renewed Science, Technology &
Innovation Strategies of many countries. For fogsilcountries this strategy stresses a gradual



shift away from dependency on its unsustainable fossil resource economy with its growing
greenhouse gas emissions, which points to the validity and currency of developing a sustainable
CQ-to-fuel conversion strategy as an alternative to continuing the current practice.

The leading scientists and institutions of many countries increasinghynizetigat renewable

energy systems do not represent a siAglenged approach, depending solely, for example, on

feeding renewable sources of electrical energy into the grid. Most importantly, they recognize

the urgency of reducing greenhouse gases. HoW@&e (1 KS& QNB dzy OSNIF Ay | 6 2 ¢
and efficient way to implement the reduction. These challenges are heightened by the fact that
developing economic and environmental solutions are not confined to discrete countries but,

rather, are the concemof all countries.

These countries are seeking bold but pragmatic solutions with the greatestesinodnd long
term impact, despite the complexity of this research concept.

The whole enterprise includes putting forward to politicians and governrtieatS G-to-fuel
conversion strategy and persuading them to adopt it as a goal. At the same time, the public
should be informed and educated that this strategy is a viable economic and environmental
solution to reduce greenhouse gases.

Many stakeholdersth@S G KSANJ aA3KGa 2y | Gaz2ftl N NBFAYySNE
d0NI GS3ed ¢KAA NBTFTAYSNER aéaidSyY,an®G#OHRto2 FFSNI aLJ
produce energy in the form of chemical bonds, using a renewable like the sup amdi €2

[4]. These ambitions are at the conceptual stage globally. Nevertheless they come with feasible
strategic plans for implementing these L&€Jineries, for example in the case of Germany [5],

which aims to demonstrate this new refinery system.

Fortunately forward-looking teams of scientists and engineers internationally sense the
importance of such a breakthrough that builds on technologically significasb@¥@rsion
efficiencies. Their collective vision continues to inspire and forge essential global research
collaborations committed to moving mutually beneficial discovery forward for a sustainable CO
neutral renewablduels economy.

Further, in a recerdtudy the Global Carbon Capture and Storage Institute concluded that once
the economic and technical feasibility of producing hydrocarbon fuels frans @é€monstrated,
this could well accelerate the growth of carbon capture and sequestration and eatsilyz

mature commercial exploitation in the production of energy rich fuels [6].

Teams of academic and industry collaborators around the world are devoting considerable time
and expertise to realize the dream of ax@Gbnomy. They envision the interseatiof
materials, chemistry and catalysis with process engineering and systems research for these



largescale types of projects. It is becoming increasingly apparent that the solar refinery of the
future cannot be limited to the historical approach of aquepliase biomimetics, which is often
characterized by low Gé@b-fuels conversion efficiencies [7]. A shift to-ghase heterogeneous
catalysis is occurring and looks promising in terms of its ability to deliver high-fQ€l

conversion efficiencies withe added advantage of being able to interface seamlessly with
existing chemical and petrochemical industrial infrastructure [2,3].

In order to benefit from this necessary global enterprise, new working relationships between
academic and industrial caflorators and competitors will need to be developed and

implemented. This can be achieved through joint research projeepldiwation and
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paradigm shift. Througshared IP agreements with academic and, later, industrial collaborators

and trustworthy licensees who share similar codes of ethics, all of this can be accomplished

rapidly, further actualizing this paradigm shift.

Knowledge dissemination also includesking the global G&o-fuel paradigm known to
politicians and the public. The most effective way to catch their attention would be by
demonstrating a working pilot solar refinery that shows it has the potential to ultimately be
economically viable.

Thisd LIA LIS f A ytdféels EnpvNddde dissemination greatly increases the capacity to inform
policy in individual countries, validated by basic and translational science across countries. As
such, Ceto-fuels teams around the world will become key playeno enable a future strategic
global economy in the new paradigm, both in research and development, and in the advanced
training of a worldeading talent pool to enable a &0-fuels economy.
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not want to miss out on the prestige of being the one that succeeds and therefore at the

moment no one really wants to coandte in knowledge dissemination if that means another

teams unfairly gets the glory.

This renewable energy revolution will not however be possible without chemistry, materials and
catalysis research. These are the science and engineering disciplinesdgrgin the discovery

of catalytically active materials and facilitate the chemical transformation.abGtred

energy in the chemical bonds of £&dd CHOH at rates, efficiencies and scales required for

large volume production of fuel from €0

Congder a historical perspective on some energy related warithging breakthroughs: the first
practical solar cell is only a-g@arold story; the first practical liglgmitting diode (LED) is 50



years old; the past 40 years has seen aquéaised photocatlysis to convert light and/or
electricity into an energyich fuel.

None of these problems has been simple, and all of these breakthroughs have relied on the
unique physical and chemical properties of semiconductors. In fact, nanostructured forms of
semconductors are precisely what a materials solution for thee€@nomy will depend upon. It
will likely be predicated upon a gplsase conversion of a &@-fuel system rooted in existing
combustion driven, heterogeneous catalytic processes that, togeitiethe renewable power
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CQ available to be exploited.

Recently several promising candidate exfé¢ctive materials and thermocatalytic,

electrocatalytic and lpotocatalytic processes have been discovered for the move forward to the
energy revolution that will identify the winning nanoscale materials and catalytic reactors as the

key to C@conversion efficiency success [2;31.

One overarching fact that capug this revolution fast forward: the world is currently consuming
about 400 Quads per year of energy from all fossil fuels sources (1 Quad =TI = 0033
TWyear = 1xX1OMBTU = 172MBOE). This is equivalent to about 70 billion barrels of oil which
translates into about 20 billion ton equivalents ot €Qitted into the atmosphere per year.
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level of C@in our atmosphere in the next couple of decades then the sum total of all kinds of
CQ refineries around the globe will have to cope with-@Cfuel conversion rates of 240

billions of tons per year.

The opportunity for a revolutionary change couldhede to happen in practice however
research efforts on converting &-fuel are currently scattered amongst isolated groups

around the world, and not targeted at policy makers and the public in an effective way, which is

unnecessarily delaying the tratien. A global Cg&to-fuel initiative is needed to solve this global

challengeClearly reducing this vision to practice would represent an energy revolution, which is

not likely to occur without materials, chemistry and catalysis!
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43. Keepingsood Company with the
Chameleon




The ancient Greek philosopher
Aristotle, more than two
millennia ago, recognized and
attempted an early explanation of
Photonic crystal chameleanactive photonic color from a the unique feature of chameleons
tunable lightscale periodic structurenature to laboratory g switch their color from one
to market hue to another [1]. Like many
vertebrae able to make these
impressive car changes to their skin for the purposes of communication, camouflage and
thermoregulation, the origin of the color shift effect in the chameleon was generally thought to
be through assemblglisassembly of organeltsmntaining pigments induced by neural o
hormonal changes [2].

In a recent study [3] this picture of the variation of chameleon color has changed dramatically
and has been traced as photonic rather than pigment color in origin, whereby the dimension of a
photonic crystal comprised of a ligétale lattice of guanineanocrystals is actively tuned to

produce structural color variations. This-piwotonic color system is founded upon an upper

dermal photonic crystal layer structured to reflect visible wavelengths of light, while a lower
dermal layer is organized to reftenear infrared wavelengths, endowing the chameleon with
predator protection, communication skills and body temperature control [3].

Roughly two decades before the phenomenon of color shifting in the chameleon was recognized

as originating from photongtructure changes rather than pigment effects, color from structure

was being developed in the materials chemistry laboratory in both passive and active synthetic
F2NX¥a wnéed ¢g2 OflaasSa 2F LK2G2yA0 O0282NJ SYSN.
structural color, derived from the reflection of light from a photonic crystal with a static lattice,

which offered a single reflected color, by Bragg diffraction, the wavelength of which depended

upon the dimension and refractive index of the lattitee other, photonic crystals displaying
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infrared to the visible to ultraviolet wavelengths, by Bragg diffraction from a dynamic lattice

whose dimensions and refrage index could be continuously tuned for example by electrical,
mechanical, thermal and chemical stimuli [4].

This was the first time that a single material could present an infinite number of colors in a
continuous coloshift mode, a feat previously lyrachievable by mixing the complementary
colors, red, green and blue. It represented a laboratory demonstration of color changes in the
chameleon before it was known that the color shifting in the chameleon was photonic!



Since that time photonic cryssahave moved into
the realm of 1D, 2D and 3D ligddale photonic
lattices and their practice, often stimulated by
theory, has transitioned rapidly from mainstrea
photonic science to advanced photonic
technology [4]. There is ample evidence from
publishedresearch that the ability of photonic
crystals to control photons can rival that of
electronic crystals to manage electrons. This ha
proven to be especially true for high refractive
index contrast 3D photonic crystals made of
silicon whereby an omtiirectional photonic
band gap offers complete control over the
movement of light in all three spatial dimensions

¢t2RIFe Al KIFra oSSy ala
have been the classic underachievers: full of
promise, sound in theory but poor on

AYLE SYSY Gl A2y Qd ¢KAA
from the optical physics community because of
the difficulties experienced of adapting tdpwn
semiconductor engineering techniques to
fabricate photonic lattices with high enough
structural and optical qui&y to enable the scale
up, manufacture, economics and delivery of
photonic crystal components and modules into
markets that include solar cells, light emitting
diodes, lasers, displays, sensors and optical fib

Observing that toglown approaches to the
fabrication of photonic crystals often require
complex and epensive lithographic
instrumentation, deposition equipment and
cleanroom facilities, materials researchers

realized there could be an easier way to make OpalPrint rofto-roll manufactured pbtonic
photonic crystals using bottoap buildingblock  color base material fabricated into prod
assembly methods. Using this approach, the specific security features on bankno

choice ofpolymers and materials that could be identification cards and passpoggourtes)
employed for the building blocks was vast. The of Opalux In




variety of compositions and structures available for the building blocks enabled a cornucopia of
photonic crystal classes to be synthesized offering a range of eleciptoed), magnetic,

thermal, chemical, electrochemical, photochemical and catalytic properties that could be
tailored to a desired function and perceived utility [4].

This is morer-less how the selissembly approach to making tuneable photonic crysegar

and has blossomed forth today into one of the most scientifically vibrant areas of research with a
multidisciplinary footprint that is envisioned to deliver manufactured photonic crystal products

to diverse markets. These include sensors for foodnatdr quality control to arti

counterfeiting devices on banknotes and passports, security features on consumer goods to
displays.

About a decade ago, active photonic color research was transferred from the laboratory to the
marketplace to create a new dim&on in authentication technology [5]. Keeping good company
with the chameleona wide range of attractive, customizable, countesfesistant security

features have been developed by Opalux Inc., which command attention and provide
straightforward veritation. These features include interactive security features, individualized
optically variable portraits, RF#Rtivated tags and chemical sensors. These security features,
being photonic crystal in nature, are very hard to duplicate and are easydoatete@ith a

variety of standard security printing production methods and materials. These chastieteon
security features are bright, stable, durable, customizable and available in a wide variety of
appearances and performance characteristics.

This clas of tunable photonic crystal security features with bright unique chromatic
appearances, like the chameleon have a precise nanostructure which makes them optically
variable. Their appearance changes when viewed at different angles and under diffetiegt ligh
conditions. For example, transitions between bright reds, yellows, greens and blues, or even
ultraviolent and infrared, are possible as lighting and viewing angles change. These colors are
tunable, meaning that their appearance changes in resporaeange of stimuli-our photonic
color technology platforms that provide powerful security features based on thermal,
mechanical, electrical and chemical activation incfDgalPrint Elastink, Photonic Ink and
Photonic Nose [5].

OpalPrint is permanently patterned by the application of laser or heat. It can be used to provide
fully customized and personalized optically variable devices, like optically variable passport
holder portraits OpalPrint technology combines personalizatiaih optical variability in a single
security feature to create personalized security. It provides attractive, optically variable
document holder portraits for passports and identification cards. It can also provide other
helpful authentication informatim like signatures, control numbers and biometric information

in a secure, easily read, optically variable feaf@eesonalization of OpalPrint film is



accomplished by laser tuning. Because OpalPrint is compatible with a range of security industry
standad laser personalization techniques it can be personalized both in centralized and
decentralized production environments. OpalPrint can be used with a variety of security
substrates, including paper, polymer and polycarbonate.

9f I alGLyl A& ivehskduritydeBt@el In AdgditiosS thidts @berent optical variability,
Elastink changes the information content in response to the application of finger pri€dsure

The pressure threshold, duration of activation and other aspects can all be custdhaiziguk

can be produced in a wide variety of form factors, including as a security thread for paper
banknotes. This latter variant meets circulation hazard requirements for paper banknotes.
5SLISYRAY3I 2y &aSOdzNRG& NBI dzh Ndb weSeighérdekersble or 3 G A y 1 Q
irreversible. For example, when used as a security thread in a banknote, a reversible variant is
employed. However, for other applications such as tamper evidence, irreversible variants and
variants that reverse in response taespgic stimuli like heat may be employed. Elastink is
available in a range of initial colors, including red, yellow, green and blue, and a variety of
pressure thresholds. Several variants of Elastink are reserved for high security documents.

Photonic Inks an RFHactivated security feature. Photonic Ink dramatically changes its
appearance in response to the presence of an RFID field or other sources of electrical charge [7]
and is optically variable. Photonic Ink operates at low voltages and currerdranthintain

static images with negligible energy. Photonic Ink can be deployed on rigid and flexible surfaces,
is stable and not affected by harsh environments.

Photonic Nose authenticates prodsict
quickly, reliably and inexpensively by
changing appearance in response to a
variety of chemicals [8]. The human no
works by using a large array of olfactor
neurons, each responsive to a different
stimulus. By working in combination
with each other, tis array of olfactory
neurons detects a wide range of
substances, quickly, reliably and
inexpensively. Inspired by the human
nose, Photonic Nose uses an array of OpalPrint color combinatiorgscourtesy of Opalux |

photonic crystal sensing units. These

sensing units, in conjunction with a digital cameraiarabe analysis software, permit the

detection of a wide range of substances. Simpler versions, which change appearance in response
to simple stimuli like water vapor, are also possible.




It is interesting how aboutvo decades before it was known that th@ar shifting in the

chameleon was photonithe physical, chemical and biological principles that underpin the
OKIYStS2yQa alAy O2ft2NJ IfGSNARAYy3 oAftAGE $SNB
develop color from structure and have now beslapted and scaled in the advanced materials
science and technology world in order to manufacture roolidbr security devices that include
banknotes, credit cards, passports, driving licenses, identification cards, tax stamps, color
changing surfaces amplaphics, automotive applications and smart windows [5].

[1] Anderson, C.V., Historic and contemporary theories on chameleon color change.
http://www.chameleonnews.com/04NovAndersonColor.html

[2] Nilsson Skold, H., Aspengren, S., Wallin, M., Rapid color change in fish and amfunilsigos, regulation, and
emerging applications, Pigment Cell & Melanoma Research, 2013;28, P&lor,). D., Hadley, M. E.,
Chromatophores and Color Change in the Lzard, Anolis Carolinensis, Zeitschrift fur Zellforschung und
Mikroskopische Anatomie, 1970, 104, 284,

[3] Teyssier, J., Saenko, S.V., van der Marel, D., Milinkovitch, M.C., Photonscoaysgahctive color change in
chameleons, Nature Communications, 2015, DOI: 10.1038/ncomms7368.

[4] von Freymann, G., Kitaev, V., Lotsch, B., Ozin, G.A., Rittassembly of photonic crystals, Chem. Soc. Rev.,
201342, 25282554 DOI:10.1039/C2CS35309A.

[5] www.opalux.com

[6] Arsenault, A.C., Clark, T.J, von Freyman, G., Cademartiri, L., Sapienza, R., Bertolotti, J., Vekris, E., Wong, S., Kitaev
V., Manners, I., Wang, R.Z., John, S., WieBm@zirnG.A., Elastic Photonic Crystals: From Color Fingerprinting to
Control of Photoluminescence, Nature Materials 2006, 5;1B49

[7] Puzzo, D., Arsenault, A.C., Manners, |., Ozin, G.A., Full Color Photonic Crystal Display, Nature Photonics 2007, 1,
468472.

[8] Bonifacio, L.D., Puzzo, D.P., Willey, B.M., Kamp, U., McGeer, A., Ozin, G.A., Towards the Photonic Nose: A Novel
Platform for Molecule to Bacteria Identificatigkdv. Mater2010,22, 13511354.
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44. Race for a C@@a-Fuel Technology

For the first time since the tracking of CO2 in our global atmosphere lvegexentrations have reached a new record of 400

parts per million:
http://research.noaa.gov/News/NewsArchive/LatestNews/Tabld/684/ArtMID/1768/ArticlelD/11153/Greenjasise
benchmarkreached.aspx In this article weniagine a world in which these anthropogenic CO2 emissions could bleddugck

to a synthetic transportable fuel using only H20 and renewable forms of energy such as solar, wind and hydro power, in a
carbonneutral COZo-Fuel sustainable carbasycle. The race is on amongst materials chemists, scientists and engineeds arou
the world to discover materials and processes that can enable this Utopian dream in the most energy efficient, envisonmentall
responsible and cost effective way; Graphic illustration courtesy of Chenxi Qian.



http://research.noaa.gov/News/NewsArchive/LatestNews/TabId/684/ArtMID/1768/ArticleID/11153/Greenhouse-gas-benchmark-reached-.aspx
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Broader Context

It's ironical that after more
than 40 years of globally
competitive research on the
conversion of CO-Fuel, the
first pilot demonstration to
successfully take CO2 from thi
air to the petrol pump, turns
out to be based on rather
conventional materialsral well
established processing technolog' Priming the petrol pump with recycled CO2 from thi

In this article we ask if this

impressive advance towards a decarbonized energy economy using recycled CO2 based fuels,
could provide a panacea to a carboeutral, climatefriendly and environmentalsesponsible

global society, perhaps signaling the end of the road for unconventional rival approaches vying
for a COzo-Fuel technology. For sure, the bold step of literally filling the tank of a car with fuel
made from recycling the combustion product of fuel tteh be produced at a price not too
different to that obtained from legacy fossil resources is a monumental feat. It will definitely
serve to catalyze materials science and engineering research aimed at improving the energy
efficiency, expanding the scaledadecreasing the cost of the process, thereby throwing down

the gauntlet as the C@®-Fuel technology to beat.
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The stakes have
been raised in the CO80)

Audi e-diesel o0
guest for a

commercially \f : i
viable CO20o-Fuel ol A B - = =
technology with o
the recent
announcement, | i
by the Aud 1 Eeoogicapower - §
Sunfire :
Climeworks e
consortium of P
companies,
operating in
Germany and
Switzerland, of a
pilot project for
producing diesel
fuel from CO2 and
H20 and
renewable energy sources, such as wind or solar or hydro power. The CO2 supply was obtained
mainly from a biogas plant supplemented with some CO2 captured directly from the air. The
estimated price at the pump ofIL5 Euro/liter sems to make the future prospects for Go2

Diesel that is cost competitive with FossiDiesel a reality (see appraisal of this point below). A

pilot plant in Dresden is destined in the months ahead to produce around 160 liters/day of the
syntheticdieSt > G KAOK (KSe& Rdzwwo6SR daof dzS ONMzRS:¢ wmB @

Figure 1: Audi process for producing diesel fuel from carbon dioxir
water, http://www.sciencealert.com/auedhavesuccessfullynade
dieselfuel-from-air-and-water

¢tKS LINPOS&aa SYLX 2SR FT2NJ YF{1Ay3 aof dzS ONMHzZRS¢
discussion, actually involvirge main steps: thdirst requires capture of CO2 from thin air; the


mailto:gozin@chem.utoronto.ca
http://www.nanowizardry.info/
http://www.artnanoinnovations.com/
http://www.sciencealert.com/audi-have-successfully-made-diesel-fuel-from-air-and-water
http://www.sciencealert.com/audi-have-successfully-made-diesel-fuel-from-air-and-water

secondnvolves elecicity generation from renewable sources; thed uses electrical energy to
electrochemically split water into a hydrogen (H2) and oxygen (O2) mixture from which the H2

must be separated; thiwurth uses this H2 to reduce the CO2 captured from the atimergp to

form a mixture of carbon monoxide (CO) and water (H20) in a high temperature and high

pressure Reverse Water Gas Shift (RWGS) process, from which the H20 and unreacted CO2 is
separated; and th&fth mixes the CO with the H2 to form synthesis(§g®mgas), which is

subsequently converted in a high temperature and high pressure Fibapsch (H) catalytic
procedure, to generate the loM@ K Ay K@ RNROI Nb2yad O2YLINARaAy3d (K
2dzNJ (Y26t SR3IS | 62dzii guwed byt A (priscss is suitathsSforO NHzR S ¢ LI
synthetic diesel making is more analogous to crude oil where the other fraction is mainly lighter
hydrocarbons which cannot be used in diesel fuel.

It appears that while the electrochemical, adsorption, separatidncatalytic methods

SYLX 28SR 2 YI1S ao6fdzS ONHzZRS: LI2gSNBR 2yfeée o8
02y @Sy A2yl Ay yIFidNBEs GKS (SOKy2ft238 ySOSNI
benchmark standard for converting GoZFuel. For any téhnology to compete commercially

GAGK aofdzS ONMzZRSE (SOKyzfz23ex AG gAff KIF@S (2
engineering with less steps involved and more energy efficient and attractive economically.

[ SG§Qa O2yaARSNI a2YS o0l 01 2F GUKS Sy@gSt21L) OFfO
diesel contains 43.4 MJ of energy, so 1 liter corresponds to 36 MJ or 10 kWh, assuming diesel

has a density of 0.83 kg/L. In order to getorder of magnitude estimate of the cost to make a
fAGSNI 2F GofdzS ONHzZRS: fSGQa laadzyS GKF (G LINERdz
egual amount of electricity. Assuming that .

renewable electricity costs 3 times more than . Stock Price iOR

conventional electrity [2], one determines .

that the electricity to produce 1 liter of (
gasoline would cost 10 [KWh] * 3 * 0.05 -

[$/kWh] = $1.50 or 1.34 EUR. 20 Stock Price GEVO

Note that this is just the electricity for the _' PJL\/\'J’M\_,_\
electrolysis of H20. It does not account for al ' 2012 201 2014
remaining capital costs including CO2 captur: Stock Price Amyris

conversion and separation nor for the

additional required energy inputs, such as, th'_' f\’\'“\km__—_,_
electricity to compress captured CO2 for the 2011 2012 201 2014
RWGS and then theTFreactionThis analysis

dadza3s8aida GKS O24aiG Sz Figure 2: Boom and bust record of some bie ¥ & o f
ONHzRSé A& 2LIiAYAAaGAC spinoff companiedttp:/finance.yahoo.con®d s | {j
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Concerning the most promising alternative @®Fuel methodolog® being explored today, it

is worth stating at the outset that an energy conversion efficiency of less than 1% for the typical
photosynthetic biomass process is unlikely to be a viable route fotd@@&uels as it cannot

be obviously scaled to satistitdre global energy demands and is most likely unable to impact
greenhouse gas induced climate change, even if all the unused cultivatable land on earth was
utilized. It seems that life cycle analysis of the material and energy balancestotkiL@P

processes upon which the commercial success of biofueloffiggompanies ultimately depend,

has caused many of them to falter as can be seen in the fading stock value, Figure 2, of some
oncebig-startups [3]. In a world that produces ethanol from corn aadcstand biodiesel from
soybean oil it is rather important to develop and commercialize advanced materials and catalytic
processes that use CO2 and H20 as feedstock for making synthetic fuel.

That having been said, many people argue there will be no single renewable energy solution but
a collection of solutions, each of which may be most viable to a specific location and
environment. In this context, biofuels can play a role, especially is &re&e crops such as

sugar cane, which have photosynthetic conversion efficiencies up&#;-6an be grown.
Furthermore, even with low efficiencies the chemical energy can be regarded as free because
nature has evolved to convert solar to chemical ene®g efficiency of biofuel production does

not really impact capital cost as with other solar technologies where equipment has to be built
to capture solar energy.

If not a biological approach for a viable @®Fuel technology, then what are the altetives?
Today, the mainon-biologicalcompetitors aresolarpowered photochemical, electrochemical,
thermochemical and photothermal processes, the overall energy convefBmeneies of
which will determine the economics of the process [4,5,6].

Ly 2yS NRdAziSz 1Ay (2 GKS daofdzS ONHzZRS: LINRBOSa
produced by splitting water. Notably, there has been significant progress in technologies for

water splitting, [#10]. Though, in order for the production of b\2the photochemical splitting

of H20O using nanostructured catalysts to be cost competitive the materials and processes will
require an improvement in efficiency by at least a factor of x100. Even if these efficiencies are
achieved in practice it is nottygpparent that an aqueous phase solar powered water splitting

process could be cosfffectively scaled up to handle globally significant quantities of H2 for a

viable CO20-Fuel economy that could impact greenhouse gas climate change.

The same efficienyg scalability and cost considerations apply to aqueous phase photochemical
conversion of CO-Fuel where efficiencies seem to be stalled around 1%. By contrast, if the
STFAOASyYy Oe 2phase lighssistgt R&evogenedlis Zatalytic processliring the
splitting of H20 to H2 followed by the H2 reduction of CO2, operated under ambient conditions



of temperature and pressure, could be improved by two orders of magnitude, it might become
costO2 YLISUAUGADS SAGK aofdzS ONMHzZRSE (GSOKy2f23e0o

In the casef H generation using photovoltaic powered water electrolysis systeraBCR'golar
to-fuel conversion efficiencies are moving beyond the US DOE target of 10%. This remarkable
feat is being achieveay coupling higiperformance lowcost silicon and leaddide perovskite

solar cells with water splitting catalyqtk]-13]. The H generated in this way can be

transformed to electricity using fuel cells or converted to transportable liquid fuels by
heterogeneous catalytic reduction £§a RWGS and-F proceses, where an efficiency of at

least 10% is necessary for technologies of this kind to be commercialized. It is envisioned that
similar accomplishments may be achieved using lead iodide perovskite solar cef€in PV
configurations to drive solar coveyss C@to-FuelsHowever, as mentioned above, the cost of
scaling up an aqueous phase s@awered CO20-Fuel process will likely becomes prohibitive.

In this context it is noteworthy that in the seltiermal (heat), photahermal (heat and light)
andphoto-chemical (light) approaches to the catalytic conversion oftG®82el, the overall

process is simplified as the electricity generation and electrolysis requirements of H20 splitting

are sidestepped. Hence, with further optimization of the photoeheal and thermochemical

activity, selectivity and stability of materials and improvement of process efficiencies, the overall
performance of solathermal, photethermal and photecatalysis methods could be improved so

that these methods become economic&@ O2 YLISGAGA DS A GK (GKS aof dzS
¢t K2dzAKX S@Sy AT GKS ! of o 5-8%/MHg D ¥ Bigf, lihe &F of 9 y SNH &
the renewable hydrogen to produce synthetic diesel is already -10365%/L. A recent techro

economic analys of photocatalytic and photalectrochemical water splitting systems

calculated a price of 1.600.40 $/kg of b though there are still considerable engineering

challenges to overcome [14].

Here it is worth noting that the soléinermal method utilize concentrated solar power to

enable a high temperature (10@2D00 C) twestep metal oxide based redox conversion of CO2
+ H20 into CO + H2 Syngas, which is subsequently processed to hydrocarbon fuels via
conventional H heterogeneous catalysi&he mostefficient solar thermal system reported to
date involves the production obHCO Syngas using a tstep HO-CQ redox cycle. Itis
founded upon norstoichiometric ceria and involves a high temperature reduction step
operating around 1500°C, Ce® CeQx + x/2Q and low temperature r@xidation steps
occurring around 1000°C, CsG xHOA CeQ + xH and Ce@x+ xCQA CeQ + xCO. This
study utilized a «W solar reactor converting €@ CO with rates of 0.5 mL CO per min per g
catalyst, yields of 4 mif CO per g catalyst per redox cycle, and, most importantly;teslar
fuel energy conversion efficiencies that approach 4%. This method for producing Syngas has
recently been integrated with storage, compression afidgfocessing to form liquid



hydrocarlons deemed suitable for commercial aviation. One only requires an improvement of
3-4 times for this CO2 + H20 to fuel process to become an economically competitive and
industrially viable technology [15]. A major challenge however that still needs tetm®me

with this approach is the thermal, chemical and mechanical stability of the metal oxide redox
catalysts over many high temperature switching cycles.

It is possible that photthermal driven heterogeneous catalysis using both the heat and light of
the sun could enable the conversion of CO2 + H20 or H2 to fuel under much milder conditions
than currently employed in the soldrermal method. Indeed, ligkgssistance of thermally

allowed heterogeneous catalytic reactions is certainly an interestingtopggrand one that
possibly could deliver a competitive GOZFuel technology with continued improvements in
efficiency. As a scientific goal, the study of how light gets involved in-ihleotoal

heterogeneous catalysis is important and may end up girayclues that will ultimately enable

the dream of gaphase lighiassisted higlefficiency conversion process of CO2 + H20 to a fuel
such as CH4 or CH3OH to be realized in practice.

One way to transcend the complexity and efficiency of the 1steii Aud CO2 + H20 to fuel
LINPOS&aa A& (2 RAAO0O2OSNI I E8NBEXYEogROKkOKE REA Gl RUD
convert gaseous CO2 + H20 under mild conditions to a fuel, using just the energy contained in
sunlight as the renewable power source. Thelgisl 4 S 4 S8 FEyYy 2 hH b | Hh (2
y2i G2 0S 02y FdzaSR ¢AGK (GKS | 1jdzS2dza LIKI &S al N
the five step process described above with step 4 if we stop at CO and step 5 if we make fuels

such as such &H30H, (CH3)20, HCO2H or CH4.

LF OGKSE 8BOKP2dzf R | f a2

€ CO2 and H20 from thin air and operate

& with low concentrations of CO2 in the
LINSE&A&SyOS 2F huwxz tA1S (K
very serious "dream" to combine all 5

steps of the above mentioned process in

one operation. WWh revolutionary

advances in materials, chemistry and

catalysis to enhance the C@2Fuel
STFTAOASYOes UGUKAASIOR&GAZ2Y
- process could in principle be reduced to
CAIdNB oY , 2dz OF yQid K| Ppractce, Figure 3. This would be huge

materials, chemistry and catalysis; Graphic image N€Ws, it would present serious
courtesy of Chenxi Qian. competiton to the leading Audi process




in the race to implement a Ca@@-Fuel technology to enable an energy revolution and resolve
greenhouse gas climate change.

In the case of a ligkassisted process that converts CO2 and H20 to fuel, the water question is
frequently asked. Conventional gasoline production requires roughlige8s of water per liter

of fuel. Thus, the production of solar fuel is not expected to consume more water than the
production of fossil fuel. One can argue that the required amount&tar can be provided by
seawater desalination by reverse osmosis which is more energy efficient than extracting water
from air by adsorption. The energy required for desalination is aro&nki8h per 1000 liters.

The energy content of 1 liter of syntiefuel is about 10 kWh. Thus, there are about three

orders of magnitude between the energy required to desalinate water and the energy content of
the fuel. This is entirely different to some biofuel paths, which require orders of magnitude more
water to poduce 1 liter of fuel. Then, water provision indeed becomes a problem, though this is,
of course, dependent on the specific climate of the area.

Another pivotal concern is the carbon dioxide question, which relates to the most energy
efficient and cost ééctive means of capturing and purifying CO2 for processing with H20 to
synthetic fuels by any of the aforementioned methods. In the Audi process, much of its CO2 is
captured from a concentrated stream from an industrial biogas plant, which is much more
energy efficient than from the ambient air. In the short term, this makes practical and economic
sense. Though for a long term sustainable solution, ideally, tegtaction of CO2 and H20

from ambient air by a champion adsorbent would provide attraadiyistical benefits for the
production of synthetic fuels, especially in regions with limited or no fresh H2O resources. In this
context, anine-functionalized cellulose fashioned in nditmer form has recently been identified

as a promising sorbent thatable to concurrentlgxtract CO2 and H20 vapor from ambient air
with demonstrated potential for industrial scale applicability. The favorable adsorption and
desorption capacities and energetics at low partial pressures, and tolerance to moisture in air
bode well for the successful application of this CO2 and H&Rt@ction process. By combining
this process with the conversion of CO2 and H20 to fuel, energy can be conserved and costs
reduced because the need to transport CO2 and consume fresh wataraesare eliminated

[16].

Some final thoughts. Clearly companies like Toyota and Tesla have confidence in the future of
GKS St SOUNRO OFNY LGQ&a (NMXz2S GKFEG NBySglofS
batteries are costly, have limitednge and take a long time to charge. But work is underway to
address these limitations. Producing hydrogen and using it in a fuel cell is only a little more
complex. But then you need a costly hydrogen infrastructure and good fuel cell performance.
Despitemillions spent by Ballard and other companies, fuel cells have not yet become
competitive for vehicles. In this context, Audi's blue crude involves the most complex processing,



but produces a "drop in" diesel fuel replacement, requiring no new distribufi@structure
and no new vehicle design.

The outcome is not obvious. The good thing about the Audi process is that the companies

Sunfire and Climbworks involved have taken the plunge and gone ahead with a pilot plant, which

will stimulate lots of inter&t and no doubt some experience will be gained from this plus it will
catalyze efforts by the materials researchers to work even harder to achieve the holy grail.
However, we can't really believe that the fairly conventional Audi process is the pathldmgo
for conversion of CO®-Fuel in the long term.
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45. EurekaMoments in Nanochemisty2015
Centenary Award

Where did ItAll begln‘ih this Perspective | will
look back over my careers work and reminisce, with th
helpofaT S¢ 3ANI LIKAOFf RSLIAOG?
Y2YSy(aé¢ (tokimaginetarsl Relp\dé&elop the
field of Nanochemistry.

In the early seventies, the centuold field of colloid
chemistry, pioneered by Thomas Graham (18869),
gl & dzy RSNH2Ay3 Ada YSaly
Nanochemistry. Colloid science, propagated by Wolfge
Ostwald (1883 cpno v X gl & ydzOf S| {
Nanoscience. Graham had described the distinctive
behavior of matter in the nanometer to micron size
range, and Ostwald had enriched the subject in his book

WeKS 22NIR 2F b83f §0G8R 0Ozin, GA, Nanochemistry: Synttp v o ¢ K
inspiredme as aew Assistant Professarriving in the 1 Diminishing Dimensioraivance

Chemistry Department at the University of Toronto in Materials199:

the summer of 1969, to addretise challenge of

M = M2 s M3 — M4 making materials with nanoscale

|
|
!
|

| | | | | A | | dimensions using a bottoump

ML — M2L —+M3L —> M4l — ——> = Mnl chemical approach.sfa synthetic
1 | l | 1 . | 1 chemist, | was confronted at that
ML2 = M2L2 = M3L2 = M4L2 —» —» — —>  Mnl2 . . .

| | | l I l | time with an inportant

ML3 =+ M2L3 = M3L3 = MAL3 = =—> —» —  Mnl3 unanswered question: How could
| | | | 1 11 | chemistry be used to prepare
M4 = M2l4 = M4ls = Mals . = —— = Mnld  pangscale forms of wethown

1 ) l 1 1 l l 1 l metals, semiconductors, and

| | | | | | | insulators having physical

1 l l l 1 1 l 1 l dimensions in the quantum size

regime of around -ILO0 nm with

MLm = M2Lm =—M3Lm =—»M4lm =+ —> —> —+  Mnlm .
control over their sizZe



The dream wasotstudythe sizetunable chemical and physical properties of these materials
with an eye to elucidating function and ultimately to determine utility in a number of perceived
FLILX AOFdA2ya GKIFG ¢g2dd R o0SYSTFAG FTNRY (KS Wyl y

a® TFTANEBROG WSidzNBVRIAGS YRYSIISNF2NXYAY I OKSYAAGINR oA
ONE23SYAO O2YyRAGAZ2YEASY 6KSNB OKSYAOIf NBFOUAZ2Y
intermediates and products could be observed by various forms of spectroscopy. This revelation
opened my mind to the tantalizing possibility that one could control nucleation and growth of
YSGFEt Fd2vyaz 2yS I G2090NB A &S Qi AYYSSish, by ayowhyg2NIvt dedl GG2N
them to diffuse around, sefssemble and become immobilized inf@mperature inert and

reactive solid matrices. This scientifically exciting feat had never been accomplished before. In

this way, | was able to observe medédm-by-metal atom nucleation and growth reactions, and

monitor and quantify the formation of Mand ddine their aggregation kinetics. Furthermore, |
established that it was possible to observe previously unforesgenddmpounds from

reactions of these naked metal atoms and metal clusters with a wide range of small molecule

ligands exemplified by L = @®@and Q (Nature1972,Nature1975).

One of my favorite early initiatives, undertaken while working as a Fairchild Fellow at Caltech in

1977 with William Goddard, was an experimental and theoretical study(GfH¥)m. This
described for the firsttimd KS OKSYAAUNER 2F Wyl {SRQ yAO01St I
ethylene, envisioning them as a localized bonding model for ethylene chemisorbed on bulk nickel
GQACSI pTy 0 ® ¢KS Ay3dSydzide 06SKAYR (ACRWSandh@R n Q& SE
1977,unveiled an unprecedented view of controlled size metal nanoclusters, the synthesis and

study of which enabled the first explorations of the transition from molecular to quantum

confined to bulk forms of metal3AC8980). They also provided a unique faah for

investigating clustesurface relations, chemisorption models and modelling them theoretically.

It is worth mentioning that | later expanded and enriched this work with the discovery of a

collection of unprecedented metal atom and metal clustestp-processes. These light induced

LINE OS&aasSa AyOf dzRSR WA NBRQI AYSYIT f Wy HG125R QKR SiRI €
RA&Aa20AF0GA2Y YR YYHPSROAVEGARYONBE OSNR WK2 G A
atom-molecule photeinsertion reactionsThe latter included the hydrogetydrogen bond of di

hydrogen and the carbehydrogen bonds of saturated hydrocarbons, such as methane to make

binary MH and HMCHklarchetypes for many of the first transition series elemeAGIEL983,
1986,JAC3985). Tgether, these early experiments on the chemistry and photochemistry of

Wy 1SRQ YSiFf Fd2Ya FyR Wyl {1SRQ YSiFf Of dza G SN
the development of Nanochemistry as we know it today.



Zeeing ZGO“tBy desire to take thénsights gained from this phase of my Nanochemistry
g2N] 2y WylF{1SRQ YSiGlt Fad2Y YR WylF{1SRQ YSilf
the link between my early work and the field of zeolite science. | envisioned making and
stabilizing theséiny pieces of matter so that detailed studies of their structure, property,

function and utility could be undertaken. In this context, it occurred to me that because these

Mn and MiLm nanoclusters were inherently metastable with respect to further aggiaina to
thermodynamically stable bulk materials, they had to be stabilized by some kind of surface
protecting sheath. | performed the nucleation and growth reactions within the nanosizest
g2ARa 2F 1S2tAiSaz WOI LIWRAYPI BgRI ( SAMPODIN.FHQPR(G KB
This work confirmed that zeolites could serve as nanoporous hosts for synthesizing and

stabilizing metal and semiconductor nanomaterials.

During this period, thinking within the zeolite community focused solely gordéiperties and
applicationsof zeolites in catalysis and gas separatidowever, | preferred to look at zeolites as

solids filled with periodic arrays of nanoscale voids and wondered how they could perform and
compete in the advanced materials researcaicgp | saw their potential in areas such as

information storage, photovoltaics, batteries, fuel cells, phoatialysis, chemical sensors and

drug delivery systems. Exploring this potential, | worked with Edith Flanigen at Union Carbide,
Tarrytown New Yorlor five years to bring some of these ideas to practice, ultimately describing

I GAAA2Y F2N) 0KS FdzidzZNB RANBOGA2Y 2F (GKS FASE
(ACIEL989).

Coincidentally, around this time the Union Carbide team made tha&oedtinary discovery that
nanoporous materials could be made from elements across the periodic table, thus expanding
the composition field of zeolites way beyond aluminosilicates and silicates. This advance inspired
me to focus my attention on advanced texdals applications of nanoporous metal

chalcogenides, which | envisioned as semiconductors filled with nanometeNetia®997)

with perceived utility in molecular siznd shapediscriminating sensing devices enabling the
RSOSt 2LIYSYy Bt SO IINR BRIMIyE 3B Q3 06

ESC&pe from the 1 nm pﬂSOﬂ 1 nresize voids in zeolite hosts imposed on their

imbibed guests presented an impediment to my quest to nucleate, grow, stabilize and study
guantumconfined nanomaterials with physical dimensionthe 1100 nm range. This length
scale was defined by quantum physics, which necessitated larger voids than those offered by
zeolites. It was Charles Kresge anavodkers 1989 discovery at Mobil Research, New Jersey of
periodic mesoporous silica matds with nanometer tunable-200 nm voids that enabled me to
break free from the 1 nm prison of zeolites.



Birth of Nanochemistny/ ensuing research laid out the essence of a chemical

approach to nanomateriald: ¥ dzii dzZNRA & G A O F A St (RNJEMKDIA) This papef f SR
set the scene for a nanomaterials revolution that continues unabated today. In this paper |
envisioned the novel world of Nanochemistry with #3 Gots, 1D wires, 2D layers and-®

open frames, configurations that surpriseiape and sizedependent behaviors that startled.

Here were the conceptual foundations, the description of a bottpnparadigm for synthesizing
nanoscale materials with nanometievel command over their size, shape, surface and self
assembly. The potéal | saw was breathtaking. It would be possible to produce nanoscale
materials- perfect down to the last atomfrom organic and inorganic components, with
structure-property relations designed to yield new materials characterized by an array of novel
behaviors and these materials would have-weatld applications.

The field of Nanochemistry crystallized in 1992 and gave birth to an explogiomafs that
publish Nanochemistry with citation impdettors matching or exceeding those puldigin

the flagship journal of their respective society. These incNadro LettersACS NandNature
NanotechnologyNanoscaleSmalland the list continues to grow. Chemistry and
Nanotechnology were forever united through Nanochemistry, evidenced agtiomnomical
growth of Nano Chemistry ISI citations since 1992, more than 80M hits on Google, and the
creation of numerouglobal initiatives
in academic, industry, government,
and defense institutions around
research and education in
Nanochemistry. It is likely that these
initiatives would not have been

0
E
; possible without the key role that my
E research group played in developing
E the early phase of the field in the
5500 . . . .
s seventies a contribution which
00 1992 i i
o subsequently inspired others to
E
I
E

employ fundamental scientific

principles and practices of

Nanochemistry to solve challenging
MMMMMMMMMMMMMMMMMMMMMM real world problems in

mmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmm
NNNNNNNNNNNNNNNNNNNNNNNN

Nanotechnology.

Micro-, Mesae, MacraScalenhis work mapped the foundation for much of my
NBaSINDK 2y yIy2YFGSNAFf A& 6KAOK dzy R&benily y SR

v



2PSNI WI f f TheémEommMIMR), aisyhbpsiSai whith is described below with graphical
illustrations

1. Biomimetic Nanochemistrye paradigm
2F fSIENYAYy3a K2g (G2 GNIyaTs
the Nanochemistry laboratory, inspired my discovery of [
WY2NLK2aeyiKSaraQs | aeyi
the creation of shapes and paths in the biological world.
My work focused on controlling and understanding, from =g 2
the nanometer to micron scale, the growth and form of w5
inorganic materials with striking curved shapes and beaut'* X Foe i R Biod]

adzNF I OS LI GGSNya GKI G r8fmildndplyBevisudiperdeptidilofa F 2 NI
class of materials with shapes and patterns recognized as being associated with the natural

world. These amazing biomimetic constructs were made by temgilaeted hierarchical

assembly of organic and inorgamolecules and produced for the first time faux diatoms and
radiolarian, exotic hollow helicoids and rounded figurilNagure1995,Nature1996,Nature
1997,Nature1997,ACRL997).

2. Mesoscopic materialshis biomimetic way of \1
thinking aboutemplate-directed ceassembly of materials YSZ gl Nz
led to my discovery of periodic mesoporous silica in the ¢ g - 4% A.f,,, :
2F W2NASY(dSR (KA-solidbddiaikcic 7! RO
interfaces Nature1995,Nature1996). These seminal papel *
inspired a worlewide efforton finding utility for periodic 2,
mesoporous silica film in optics, fluidics, microelectronics =
and sensing, to name a few applications. | also { '
advantageously used template directedassembly of

meso scalénorganic materials with compositions beyond

the archetype silica. These mesmaterials included

semiconducting germanium sulfiddature1999),

electrochromic nanocrystalline titanidl(2004),

transparent conducting indium tin oxid&M 2009) and fast

ion conducting yttria stabilized zirconAHM2001),which

displayed structural features intermediate between the

nanoscopic and macroscopic length scales, and

compositions that led to many mesaaterials useful in

i2RIFeQa SySNHe yly23i80Ky2t23x8




3. Hybrid nanomaterials chemistryhew

class ohanocomposite materials called periodic mesoporo
organosilicas (PMOs), were also invented in this phase of
work (Nature1999). These distinctive hybrid materials
contain bridgebonded organic molecules integrated into the
silicate pore walls. The ongia moieties include aliphatics,
alkenes, aromatics, dendrimers, fullerenes and polyhedral
oligomeric silsesquioxanes. Today, having undergone
1200 1027 extraordinary growth across the globe and across
i the borders of the science disciplines, PMOs
deliver propertieghat transcend the sum of their
inorganic and organic components and are finding
widespread application as interlayer dielectrics in
microelectronic packaging, chromatography
6 stationary phases, chiral catalysis, dental implants

1999 2001 2003 2005 2007 2009 2011 2013 2015 and drug de"very VehideS((ieanoog’Science

vear 2004,ACR2005).

4, Hostguest inclusion ChemiStl'ysing chemical vapor deposition and metal

organic vapor deposition within the spatial confines of nanoporous hosts, | discovered how to
control the nucleation and growth, stabdiion and

protection of sizeand shapecontrolled quanturaconfined
semiconductor nanomaterials, exemplified by nanometer
dimension Si, Ge, Ag, AgCl, CdS, Slu& and WQ, (ACR
1992) This genre of research inspired subsequent work on
ligandstabilized colloidal nanocrystals that underpin some
G2RIF&8Qa Y2ald LINRPYAaAY3 yIy
and batteries, supetapacitors and fuel cells, medical
diagnostics, imagg and theranostics.
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5. Photonic crystal materialsiscovered how to ##
employse- 8aSyofeée (2 aeyikSaal
photonic crystal with an omudglirectional photonidandgap
operating at optical telecom wavelengtiNafure2000). Tis
genre of research inspired me to synthesize photonic cryst
with a wide range of compositions that could display the ful
I Ydzi 2F WwO2ft2NJ FNBY aidNHz
fa2 RAAO2USNBR K2g (KS wal




photonic crystals could be used to amplify light absorption, which inspired me to use them to
enhance the efficiency of silicon and titania solar cells and titania photocathly2@l(, 2013,

AM 2007, 2009). | also showed how to incorporate nanoscale plafextslénto photonic

crystals and how to implement them as a new class of chemical and biological color gévsors (
2006).

6. Smart mirrorsn a flurry of trendsetting papers |

showed how to synthesize alternating composition multi
layers made from a wide range of nanomaterials comprised
of main group and transition metal oxides, zeolites,
mesoporous materials and clays. Theseassd&mbled Egg
mirrors provided high porosity and large surface area, ion
exchange and molecule size discriminating properties to the
constituent layers. This enabled active tuning of the
structural color of reflected or transmitted light through
chemically and physally induced changes in the thicknesses and/or refractive indices of the
constituent layers and led to the development of a new class of colorimetric sensors and anti
bacteria patches with controlled release and detection capabilities. | also show&dabgt
mirrors made from transparent and conducting antimony and indium tin oxides, enabled the
development of improvederformanceorganic lightemitting diodes, grey scale
electrochromics and a new genre of solid state dye and polymer |&S#0(1 3)

$-5200 20.0kV x50.0k SE

7. Multiphoton direct laser written ==
(DLW) photonic bandgap nanomaterias E

¢ In collaboration with colleagues at the Karlsruhe Institu®
of Technology, | used this nanofabrication method to invjss
a DLW polymer template in silica by atomic layer
deposition. This enabled a subsequent inversion in silicc
by disilane chemical vapor deposition, creating thereby & g
silicon replica of the original polymer templaiature B E O Ars f?'- -
Materials2006). Silicon photonic bandgap nanomaterials aans : :
created by thisinventv R2 dzo £ S AYOBSNBA2Y Q YSi K2 R -basedA f A G @
alloptical devices, circuits and chips with utility in optical telecommunication and computer

systems. | spearheaded a creative extension of this work with-stegl®LW in a high

reiNI OG A @S Ay RS Eesigtiaysénid Bebqyisulphitie, B isiogened the door to a

large variety of new photonic bandgap materials and architectures that can be made by DLW

without inversion of a sacrificial polymer templa@hémMate2008).



8. Photonic crystal Nanochemistnyfis research

on photonic crystal nanomaterials enabled me to invent actively

Gdzy SR WLI 2 (i 2 y Nafure Matérials2Q06 Natéres 6 SYa o
Photonic2007) now commercialized by Opalux, a-&fin

company that | cdounded in 2006. These technology platforms

include full color displays, authentication devices foranti

counterfeiting, color sensors for food and water quality control

and pathogen deteatn (vww.opalux.com

LILIC
SR

9. Seeing the lightne of thehallmarks of

my research is the creative exploitation of the
unique properties of regular arrangements of
nanopores with dimensions that traverse
nanometers to mions. For example, my research
on periodic macroporous materials, which | aptly

Ol flightft OWt SQ YI GSNAIFf axz 2
electrically, thermally, mechanically, and chemical
Gdzy SR w02t 2NJ TNRBRY & NHz 2t dziA2y

conceptformsthebasB¥ | ySg WLIK2G2yA 0 02t 2NR ylIy2iSOKY;:
who areintroducing three unique manifestations of this nanotechnology to the mdekis a
flexible, electronic papdike material offering a full spectrum of electricallpable,reflective

colors. Being kstable and poweefficient, it is one of three competitive technologies vying to
add color to blaclandwhite electronic book readers such as Kindle and K®Noseis an

artificial nose comprised of a simple, eeffective pxilated array of surfackinctionalized
nanoporous materials that enable discrimination of different analytes, such as molecules
comprising the unique identifiers of different bacteria. Think of the possibilities for medical
diagnostics, and food and watgmality-control. Elastinkis a touchksensitive material that

responds to mechanical pressure while offering exceptional resolution and customizability. It is
poised to answer global demand for effective authenticatémmnology, serving, for example,

the pharmaceutical and banknegeinting industries.

It is worth pointing out that th&-Inkphotonic color technology developed Gplauxwas

recognized by the Technical Development Materials Award in the USA in 2011, which identifies
the most innovative and significant technical achievement in the field of materials development
(http://www.idtechex.com/printedelectronicsusall/awards.asp Opalux follows in the

footsteps of many previous illustrious industry winners of this award in the US, Europe and Asia.
In 2013, Opalux-k Photonic Technology received tBwbal Innovation Award for its potential
impact on the specialty colour displays industrial sector



http://www.opalux.com/
http://www.idtechex.com/printed-electronics-usa-11/awards.asp

(http://techconnectworld.com/World2013/participate/innation/innovation _awards.htnl
Opalux OpaPrint Technology was runnap in the 2013 Excellence in Tax Stamps Awards for
best new innovation ianti-counterfeiting, antdiversion, document security, brand protection
and holography technologiest{p://www.taxstampnews.com/awargs

10. Clever new Nanochemistry twists

-1 was amongst the first few scientists to demonstrate
chemicallyl)2 4 SNER Wyl y2 f202Y20A2Yy
based on chemical control of tineotion of barcode

nanorod motors, whose power is obtained from the
decomposition of hydrogen peroxide into water and

oxygen localized at the catalytic segment of the

nanorod ChemComm005,AM 2005). First

experiments were aimed at nanorod rotors and

motors and understanding the origin and control of

their motion and speed. Subsequently | was the first to show how to make them flexible by

integrating polymer hinges between the segments of the nanddatute Nanotechnology

2007). These papers have inspired GSNA Gl 6t S Wyl y2Y20G2N) Ay Rdza i NB
burgeoning around the world with envisioned nanomachine applications that include the

removal of pollutants from water and as dwcayrying and drug dellvery vehlcles for targeted

cancer theapy. Another innovation to emerge from}’ e L 4
my research involved the discovery of ultrathin |
inorganic nanowiresACIE008), which are
characterized by unprecedented small <2 nm
diameters. These amazingly thin nanowires look,
grow and behave like organic posra JAC2012,
2010,NL2009,AM 2009). This work inspired a flurry:
of activity around the globe to explore the
composition space and structure, properties, and
functionality of these uniquelghin onedimensional
constructs. This work raised an importgoestion
about how to expand and enrich the myriad applications enjoyed by organic polymers into the
completely uncharted territory of ultrathin inorganic nanowires. The opportunities appear to be
boundless!



http://techconnectworld.com/World2013/participate/innovation/innovation_awards.html
http://www.taxstampnews.com/awards

poly-dispersions of quanturosonfined silicon

nanocrystals into mondispersed colloidaligtable

fractions with tailored organic surfaceFACS

2011). Incredibly, for the archetype semiconductor

silicon, this feat was the first of its kind since the

discovery of silicon nanocrystals more than thirty

years ago. The brightly colored visible to near

infrared photoluminescence of these size

separated silicon nanocrystals enabled

determination of their se-dependent absolute

guantum yields,NL2012). These photoluminescence quantum yields were found to be
AdzZNIINR Ay 3t e KAIK FyR Fa | NBadzdG FNB GFNBSG:
include multicolor lightemitting diodes and biomedical djaostics, and therapeutics and
AYF3IAY3I F2NI RSGSOGAY3T YR GFNBSGAY3T (dzY2NBR D |
benign nanocrystalline silicon will help alleviate the fear of cytotoxicity that pervades the

use of heavy metal chalcogenide and pnictidaomaterials currently favored for advanced

materials and biomedical nanotechnologibd 2011, 2012, 2013AM 2012,Small2012).

11. Nanochemistry educatior -~ e

NANCCHEMISTRY

Concepts of

Another aspect of my work worth
Nanochemistry

mentioning involves education. My
G S E (i oGbicépis ibH y 2 OK Sanid 2

WMNanochemistry: A Chemical Approach to o

bl y2Yl § &uithored@h former Pe
students Andre Arseault and Ludovico 5 L ;.' .
Cadematrtiri, are globally acclaimed as the Lf.L ::, P .

g™ ¥
gold standard reference works for teachinm

Nanochemistry to both undergraduatend graduate students.

My outreach efforts through insightful and engaging lectures and monthly opinion
editorialsin Wiley materials journaltfp://www.materialsviews.com/author/gozipaimto

inform scientists and laypersons alike on pressing issues affecting the future of all of us.
Hopefully, these inspiring, thougptovoking perspectives offer viable ways of improving
the state of the world.



http://www.materialsviews.com/author/gozin/

12. ArtNanolnnovations: in 2011 in

collaboration withartist Todd Siled,cofounded
ArtNanolnnovations the mission being ¢aplore
the realization of naturénspired innovations in
nanoscience and nanotechnology, which aim to
benefit humankind by meeting our global
challenges. This work entaitonnecting and
transforming) the myriad forms of nanometer
scale science through multimedia artworks and
aesthetic experiences thabnnect us with

bl G§dZNEQa ONBIF iA2yasz o
creating a sustainable futureww.artnanoinnovations.com

Nanochemistry what is nextf genre of Nanochemistry research outlined

above has provided the foundation for the most recent phase of my research on new
nanomaterials for enabling a global energy revolution. The vision is based upon the discovery of
nanostructured photecatalystscapable of both capturing and converting gaseousi@®solar

fuels that will replace their fossil fuel counterparts, ameliorate climate change and power our
planet for the foreseeable futurd.is clear that in order to address these crucial issues, ne
chemistry that enables advance energy materials and technologies must be devEESed (

2015, AM 201p

This is where
Nanochemistry research
and very recent exciting
developments in my
group come into the
picture. My group is a
member of a Universityfo
Toronto multidisciplinary
solar fuels team of
experimental and
theoretical materials
chemists and engineers,
working together to build
a materials technology
that can simultaneously harness abundant solar energy, capture and reduce gaseous carbon



http://www.artnanoinnovations.com/

dioxick into fuels and chemical feed stocks, simultaneously addressing issues of energy security
and climate change.

The inventiveness and practicality of our early work in this field can be showcased with two of
our recent discoveries. The first involves, @wgonal design of a sing®mponent

photocatalyst for the efficient ggshase C&reduction using both UV and visible lighS(201%

The second concerns the efficient photomethanation of gaseopierC@trablack silicon

nanowire catalyst supports with visible and nigdirared photons, a step towards broadband
solar fuels reactordAS 2014 In this context it is noteworthy that even a modest target
conversion rate of 10 mole €@er hour per granof photocatalyst would translate into a
conversion rate of 1 Gt G@er year per ton of photocatalyst, which configured as solar fuels
panels could be incorporated into solar fuels chimneys built on land or floating on water to
minimize usage of propertyith an earth abundant, netoxic, cost effective, scalable catalyst
integrated with existing chemical and petrochemical industrial infrastructure, one can begin to
appreciate that C&conversion rates of this magnitude can provide a potentially practical,
economical and sustainable alternative to burning and depleting fossil fuel reserves.

My vision for an energy transition from one based on unsustainable fossil fuels to a sustainable
solar fuels energy technology founded on capturing and utilizing f&@n both thin air and

more concentrated localized souraes compatible with existing @@mitting industries around

the world. To achieve this vision of a cardpautral airto-fuel carboncycle technology my

group is currently developing compact, tent concentrated solar powered photochemical
reactors for efficiently splitting gaseous water first int@ahd then using the Ho reduce

gaseous CQo fuels and chemicals. | believe the time it should take to convert solar fuels
laboratoryscale sciereto a global technology could be short enough to circumvent the
predicted adverse consequences of greenhouse gas climate change, enabling a timely energy
transition from fossil fuels to solar fuels.

Nanochemistry final thOUQhﬁ& tremendouslgatisfying that my

contributions to fundamental research laid out the essence of a chemical approach to
nanomaterials, defining the conceptual foundations and securing credibility for a novel
scientific disciplind.am thrilled by the way that this newsdipline of Nanochemistry has
developed and matured over the last 20 years @matinues to serve as an integral driver of
further developments in many tangential scientific undertakings which we now count upon
to catalyze scientific, industrial and economic advancement. Of caarseof my

discoveries in the field of Nanochemistrguld have been possible without the incredible
contributions of a large cadre of highly creative coworkers many of which have gone on to
academic positions in top notch universities, scientific positions in national laboratories and



chemical industries,ral founded spiroff companies around the world. | am also indebted for

the tremendous support and encouragement of a large number of University of Toronto

colleagues, provincial and federal funding agencies, national and international collaborators,

industial partners and of course my wife and best friend, Linda DzeZnRSC Centenary Award

Ay NBO23ayAluAz2y 2F Y& OFNBSNRa ¢2NJ] Ay GKA& S|
treasured.
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46. Utopia Electrid

Visionaries have often tried to imagine the
future in terms of Utopian and Dystopian
extremes, the former enabling balance and
peace where all life is valued and sustained
the latter permitting decay and destruction
where life and nature are irresponsibly
exploited and extinguished.

This is certainly true of the stark contrast

~ W envisioned for the futurefdhumanity,

MRS . ==& namely one that is sustainable and safe
%ot O P\ \‘A using renewable forms of energy rather than

‘ “"" unsustainable and insecure by continuing

the use of fossil and nuclear energy sources.

Utopia Dystopia artwork, courtesy of Dylan Gl
http://www.dylanglynn.com/utopialystopia/

These opposing views of our future are
symbolically represented in theguisite
artwork of Dylan Glynn, which dramatically represents the Utelpiestopian heterodox choices
that humanity faces if we do not find sustainable solutions to the intertwined problems of
energy, climate and environment.

With this setting to the sty that follows, imagine a world roughly 30 years into the future, in
which all fossil energy producing systems, to enable the operation of all transportation, heating
and cooling systems, homes and industry, are powered by clean and renewable forms of
electricity supplemented by some renewable hydrogen, generated electrochemically o photo
electrochemically, solely by wind, water and sunlight.

Naturally, the initial reaction to this Utopian vision of a clean and green electrified planet, safe
from climatechange and environmental pollution, is that it will be impossible to achieve such

and energy transition in practice because of technological and economic hurdles, and social and
political barriers that such a change will entail. The trauma of confrahtggansition can

however be realistically ameliorated by providing quantitative information on the feasibility of
these changes and the benefits that will result if they are implemented.

While it is a truism that such change will be passionately eddist those in, and who lobby for,
the fossil and nuclear energy industries who stand to lose out financially, a recent detailed
technical, economic and social analysis from a team of Stanford University Civil and
Environmental Engineers, shows this isrmeatessarily true and the gains easily compensate for


http://www.dylanglynn.com/utopia-dystopia/

the losses if such an energy transition can be reduced to practice in an efficient, effective and
timely manner [1].

On the basis of a detailed and comprehensiveradrgy sector roadmap for all 5Cagts of

America, the claim is rather convincingly made that with currently existing technology it is
possible to achieve a fully electrified world within a theéour decade time frame [1]. The

analysis reveals profound and surprising economic advantdgeansitioning a fossil and

nuclear powered energy system into one founded on just wind, water and sunlight. The political
challenge to reduce this Utopian vision to reality is how to implement the social and policy
changes to replace combustible anectear fuels by clean and safe forms of renewable

electricity by 2050 and thereby provide a safe and secure energy supply, stabilize climate change
and protect the environment.

One can justly ask, how could this be possible, it seems too good to bedraelify on the
details of the proposed paglectrification roadmap, the analysis for each of the 50 States of
America is based on a model of@®% conversion of existing energy systems by 2030 and by
2050 a replacement of 100% to wind, water and sunéggctrical systems. These energy
technologies include wind, concentrated solar, geothermal, photovoltaics, tidal, wave, and
hydroelectric power systems.

Here a few points are worth notinGonspicuously absent from the palectrical roadmap are
nuclearpower, coal with carbon capture, natural gas and liquid or solid biofuels. Notably biofuels
are excluded on the grounds that greenhouse gas emissions are on par with fossil fuels, the land
and water requirements are much larger, and the photosyntheiicierity for the same land

use is about twenty times less than solar photovoltaics biofuels [1]. Sequardelectrical

roadmap will have to include technologies for the lesgale griestorage of electricity. This will

be achieved using conventionalrfts of electricity storage that include compressed and

liquefied air, pumped water and flywheels as well as advanced methods based on redox flow
batteries, lithium and air batteries, supercapacitors, hydrogen and conversion of carbon dioxide
using hydrogeto liquid hydrocarbon fuels, the bedrock of our current energy infrastructure.
Third, there is no way around liquid hydrocarbon firelmobile applications where the energy
density of electricity is too low and many forms of transportation will continue to rely on fuel of
some kind and this is where solar thermochemical and photochemical catalytic conversion of
CO2to-fuel will have aole to play in utopia electrified. Fourtloday's benchmark to produce

liquid fuels from ED, CQ and solar energy is based on the following process chain: 1) solar
electricity; 2) HO electrolysis; 3) reverse watgas shift (RWGS) oftCQ, 4) syngato liquid

fuel, with an estimated overall efficiency of 8.2% (i.e., 19% for PV, 85% for water electrolysis,
80% for voltage mismatch, 90% for RWGS and 70% for Fisopsch synthesis). Significantly,

the solar thermochemical approach has the potentiakaching higher efficiencies,



approaching 12%, because of thermodynamically favorable processes at high temperatures and
because it bypasses the inefficiencies and energy penalties arising from the RWGS step. Higher
efficiencies translate into economisrapetitiveness vis-vis the benchmark based on solar
electricity. It remains to be seen whether the nascent solar photochemical approach can
compete with the efficiencies achieved by solar thermochemical methods for producing liquid
fuel from C@+H:O [2].

Returning to a paelectrified Utopia, the efficiency advantages of amlelttrified energy

system is estimated at roughly 39% based on the higher efficiency of electricity compared to
combustion powered processes and argk energy improvements. Byethiear 2050, the entire

United States power demand would be provided by around 30.9% onshore wind, 19.1% offshore
wind, 30.7% utiliyscale photovoltaics (PV), 7.2% rooftop PV, 3% concentrated solar power (CSP)
with storage, 1.25% geothermal power, 0.37&vevpower, 0.14% tidal power, and 3.01%
hydroelectric power.

The employment opportunities for all 50 States of America of such a massive energy
replacement plan are extraordinarily interesting. Over a 40 year period construction and
operation jobs for blding and running the renewable energy facilities are estimated at 3.9M
and 2.0M respectively. This opportunity more than adequately accommodates the 3.9M job
redundancy in the conventional fossil and nuclear energy sectors.

The associated health and ecomo benefits of this energy transition are remarkable. Annual
mortalities from air pollution in the United States would be reduced from todays 62,000 to
46,000 in 205B@aving $600B per year in 2013 dollars in 2050. This amounts to an amazing 3.6%
of the 24 United States GNP!

The savings in the cost of the negative effects of global warming from climate change are even
more impressive, $3.3T per annum being eliminated just by reducing greenhouse gas emissions
from the United States alone!

On a personal ts#s the economic benefits are significant, whereupon by 2015 roughly $260 per
person per year energy costs will be saved in 2013 dollars with an additional savings of $1,500
and $8,500 per person year related to health and global climate change proldspestively.

Perhaps even more surprising are the estimated 0.42% of United States land requirements to
enable this energy transition, which is rather miniscule and only grows slightly to 1.6% when the
spacing area between wind turbines is taken into astou

It is to be noted that inevitable uncertainties in the aforementioned road maps, arising from
unexpected technological, economic, social and political events, are captured in broad ranges of



energy, climate and health costs reported in the analyseseldre it is recommended that the
road maps will need to be+evaluated on a regular basis.

It is anticipated that the publication of this 50 States of Americseealbr energy transition

roadmap by the Stanford University researchers, will be quiey@opener to the global

community of scientists and engineers, industry and business leaders, public and media, and
policy makers and politicians. Hopefully this important report will inform and inspire politicians
to implement the cleaenergy policy chages required to enable 100% conversions of fossil and
nuclear energy systems to clean and safe renewable electhealyd forms of energy. From the
reported technesocioeconomic analysis of the palectrification of all 50 States of America it
seems tlat the conversion is technically and economically feasible by 2050 and the conclusions
and recommendations of the report demonstrate plenty of advantages and few disadvantages.

Could this vision inspire and enable the transition of our fossil dystopia to an electrical utopia?
While the numbers seem credible it is possible that for America and many other countries this
vision will remain utopia! Take socially conscious Germaimsfance, where it needed a-10

20% voting potential for the Green Party to gain momentum in the right direction and it is still
not certain to what extent their Energiewende will succeed [3]. The lobby groups of many
countries will insist on gaining acsés the last drop of oil, coal and gas on the planet and
shipping, transporting and piping it home oblivious of the dystopian consequences.
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Threatening the Silicon Throne

Graphic artwork courtesy of Chenxi Qian.



47. Silicon Does It Again!

Silicon Dreamsagine inventing a new allotrope of silicon that still functioned equally

well to the diamond form of silicon as a semiconductor making it suitable for microelectronics
but also provided those much desired properties the diamond form of silicon hasseifia
unable to deliver to enable the development of improved performance solar cells, higher
efficiency light emitting diodes and lithium ion batteries with better elffedend safety
requirements.

Envisage in the case of silicon solar cells a netkogié of silicon able to offer a direct bandgap
of around 1.3eV. This would be the ideal value that optimizes the piwlectron conversion
efficiency for a single-p junction to meet the theoretical Shocki®yeisser limit of 33.7%. This
new allotrgpe of silicon with its direct bandgap would also enable the required high efficiency
electronthole radiative recombination required to drive the next generation of light emitting
diodes. Conceive also of anodes for lithium ion batteries made of this lo&éwyed of silicon

that undergoes minimal volume changes and mechanical failure on electrochemical insertion
and deinsertion of lithium. This property would help solve the chardiagharging cyciife

and safety problems that prevent the champion vadtnia capacity of silicon from being

realized in practical lithium ion batteries.

Threat to the Silicon

Thronematerials researchers

have long dreamed about this new
allotrope of silicon but its
discovery seemed just too much to

Figurel lllustration of the structure and compositional ~ €XPect. Howgyer, in my forty five
change in the vacuum thermal transformation of;Bia years of praiicing materials
(left) to Si4 (right) where sodim atoms are shown in chemistry | have discovered to

purple and silicon atoms in yellow [1]. neversaynever about sealled
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recent report of a new allotrope of silicon, which is formulated-asu&i that sue enough

appears to provide all of the aforementioned desirable properties demanded of silmus in

structure. This breakthrough in materials synthesis points the way to a new era of advanced

silicon devices that were never thought possible before [1].

To amplify, the synthesis ob&iegins with the preparation of the known precursosBbaby a
high temperature high pressure reaction of elemental sodium and silicon in an anvil cell [1]. The



structure of NaSp4 is based upon an opgramework built of spbonded Si atoms forming 8

ring onedimensional channels stuffed with linear chains of Nemat®f great significance is the
observation that these intrahannel Na atoms can be completely removed by thermally induced
diffusion and evaporation from the mouths of the channels at the rather low temperature of
400K and under dynamic vacuum condsioas illustrated ifigure 1 This treatment causes a
gradual reduction of the Na content in the channels to reach essentially zero after eight days as
confirmed by XPS, PXRD and -HEM analysis.

Significantly, the associated changes il
the orthorhombic unit cell lattice

Parameter EXP (A) DFT (A)

parameters determined from Rietveld a(Na,Si,) 410 412
powder Xray diffraction analysis tifie G(Si”)_ 82 84
transformation of N&Spato Spsare Y o
only-6.8%, +1.2% and 3.0%, c(NaSi,) 1226 1228
¢ (Siza) 12.63 12.73

respectively. This corresponds to an
increase in the diameter of the channeis
concomitant with a reduction in their

) ST Figure2 lllustration of how &cuum thermal remov
length,Figure 2This minimal volume 4 Na from NaShs to form Sis has a minimal effect ¢
swing of the unit cell dimensisron the lattice parameters [1

passing from stuffed N84 to empty

Skais unique in the context of other known allotropes of silicon and speaks well for the charging
discharging cycling stability ofs%i used as the anode in a lithium ion battery. Noteworthy in

this contexts that theory and experiment indicates3emains stable up to 750K and 10GPa [1].

Density functional theory and optical
reflectivity measurements and analysis
of the absorption edge concur thatSi
has a quadilirect electronic bandgap.
This designation arises because in the
-Z direction of the Brillonizone the
energy of the highest valence and
- lowest conduction bands are essentially
] ﬂ the same and very flat. This situation
o ) A . I . L indicates that Siis best described as a
Energy (V) quastdirect bandgap material with very
similar indirect and direct bandgap

spectra ofSps (blue) anddiamond Si (black) with the energies of 29eV and 1.39V,

reference air mass (AM) 1.5 scé@ectral irradiance  '€SPectivelyOf related importance is
(red) [1]. the measured temperature
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Figure3 Comparison of the calculated absorption



dependence of the electrical conductivity, which demonstrates thalb&iaves as a classical
semiconductor with conductivity increasing with T according to the energy gapaawexp¢

Ey/2KT). By contrast, N8p4 displays metallic conductivity that as expected for a metal decreases
with T. This behavior most likely amgtes from charge transfer of valence electrons associated
with the intrachannel Na atoms to the conduction band of the @&enframework

Importantly, he optical absorption spectrum ob&hows that its ability to absorb light

compared to the diamad allotrope of silicon is significantly larger in the visible wavelength
range where the intensity of the AM1.5 solar spectrum is at its maxifigare 3

Major Challeng@ogether, the extraordinary properties ofs8iutiined above, which can

be enhaned and enriched by-doping and pdoping and formation of native oxide, bode well

for its future utilization in high capacity lithium ion batteries, enhanced efficiency photovoltaics
and next generation light emitting diodes. A major challenge that cdsftio@ implementation

of Sk4in next generation advanced silicbased devices is the urgency of discovering ways of
scaling the reported high P,T synthesis of the material to industrially relevant proportions or
indeed finding an entirely different patlay for its largescale preparation at a cost that is
competitive with the diamond form of silicon.

In view of what is at stake in trying to dethrone the diamond form of silicon, the Samurai of
semiconductorshttp://www.materialsviews.com/nansiliconrsamurail, | predict the materials
community will diligently work to discover creative ways of making tons of the aeNdbiope
in the not too distant future.

1. Synthesis of an Opdframework Allotrope of Silicon, Kim, D.Y., Stefanoski, S., Kurakevych,
0.0., T.A. Strobéllature Materials2015, 14, 16973, DOI: 10.1038/NMAT4140.
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48. Photothermal Desalination
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thermal desalination TD a

photothermal desalination P
Every continent is already experiencing freshwater Courtesy of Todd Siler and Geof
shortages driven by population growth, global warmii - ©ZInWwww.artnanoinnovations.col
and environmental pollution. The number of people
without access to a clean and secure freshwater supply is estimated to be aballiochS8dme
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necessary infrastructure to take water from rivers and aquifers is lacking. Desalination of
seawater and brackish water seems to be the only feasibléonagrease the supply and solve
these problems.

Today, the installed base of desalination plants around the world has a capacity of 19.8 billion US
GallonsThe global market demand for water desalination products and services is estimated to
be $13.4Bri 2015.Globally more than 17,000 desalination plants in 150 countries provide some
freshwater to around 300 million people with capacity growing about 8 percent annually [1]. Out
of necessity, countries in the Middle East have dominated the desalination nmarkeyer the

specter of freshwater shortages are increasing around the world and many countries have opted
to install desalination facilities [2]. These desalination processes are energy intensive and costly.
They are powered mainly by electricity generdtedh fossil fuels with its associated adverse

climate change and environmental consequences.

Desalination by membrargased reverse osmosis RO and thermal distillation TD, are the two
most practiced approaches for producing pure water from seawater and brackish water today.
Solar and wind powered versions of these desalination methods avoid $timeepooblems

inherent in the use of fossil fuels. Interestingly, the use of these intermittent renewable forms of
generated electricity for powering RO or TD can be considered to be a means of electricity
storage and reduction of peak demand. Direct gitson of heat from the sun can also be used
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for driving TD, however in this case bulk water is involved in the evaporative desalination process
yet evaporation is a surface physicochemical phenomenon.

An thoughtprovoking means of reducing the energyiesnmental and economic costs of solar
powered TD would be to devise a means of locally concentrating light absorption and heat
generation from the sun to just the interface between air and water, where the surface free
energy and evaporation rate of theater is highest.

One way of achieving surface
localized solar concentration to
enable thermal evaporation of water
anddesalination is by exploiting the

photothermal effect. This can be
R accomplished using a broddnd,

v, 5
Poratio, champe,  Conders highly absorbing, porous, thin
(r Ghambe, .
hydrophobic membrane that floats

on the surface of the water, as
s shown in the illustration. The
——— , conversion of solar photorte heat
—— = “ESE?E in the photothermal membrane
causes local heating at the-aiater
interface. This in turn causes
evaporation of the water through the
pores of the membrane whereupon
it can be condensed in a cooler region of the desalination system. The challdmgdesign of
the photothermal material and architecture of the porous membrane and their integration, to
optimize the lighto-heatto-freshwater conversion efficiency as well as to maximize the long
term chemical, photochemical and mechanical stghilithe composite membrane exposed to
the harsh sunlight and salty water conditions.

SO'a!—poWered fan

lllustration of aralkin-one solar distillation system for
producing fresh water from salt wateBraphic courtesy
of Chenxi Qian.

It is interesting that solar thermal water heating systems utilized today for domestic and industry
use have a long history that can be traced back to Archimedes irC2iv¥hB used mirrors to

heat water. Today black materials are used to absorb solar radiation, convert it to heat and
transfer it to heat water in systems with different designs, architectures and uses. The absorbing
materials in the solar collectors canlidack paint, metal and semiconductor blacks that include
copper, aluminum, steel and silicon, often with different kinds of textured surfaces to optimize
the absorption of sunlight.



In the context of surface texturing and the photothermal effect, illunonatf nanostructures

at wavelengths corresponding to high optical absorption can turn them into nanoscale local
sources of heatiathe photothermal effect, whereby light through Joule resistive losses is
transformed to heat. The most well studied systems are nanostructured metals that display
conduction electron resonances at optical wavelengths, called plasmons, exemplifieddpy Cu, A
and Au. Optical excitation of these metal nanostructures at their plasmonic resonance provides a
means of controlling temperature at the nanoscale, which can be controlled by the size, shape
and organization of the nanostructures. Naaliative relaxatio of optically excited plasmons

has enabled a number of photothermal nanotechnology applications that ircdnder therapy

and drug delivery, pollution control, photocatalysis, thermometry and surgery.

The photothermal effect can also operate througl ttonradiative relaxation of phonons when
organic or inorganic semiconductors are excited at energies above the electronic bandgap and
when metals are excited at intkeand and intedband energies. These excitations can result in
localized heating of inddual semiconductor and metal nanostructures in an array or
delocalized heating of all the nanostructures in the array through collective thermal effects. The
resulting temperature distribution in the array will depend on a host of nanostructure
parametes that include, element composition, size, shape and geometrical arrangement,
specific heat, mass density and absorption esession, thermal conductivity and dielectric
constant of substrate and surrounding environment, light intensity, wavelengthizpttan,
continuous or pulsed illumination, monochromatic or polychromatic nature, and area of the
illumination. Photothermal effects in semiconductor and metal nanostrucfuoegde a means

of controlling local temperatures enabling for examplegas® lightassisted heterogeneous
photocatalytic splitting of water and conversion of carbon dioxide into fuels such as carbon
monoxide, methane and methanol.

Recently, an electrpolymerized black coating of pglyrrole grown on a stainless steel mesh,
madehydrophobic by surface modification of the pplyrrole with a fluoroalkylsilane, was used

as a photothermal membrane for local heating of interfacial water to enable water evaporation
driven desalination. This solar absorbing membrane was employedaafafpconcept ahin-

one solar distillation system for producing fresh water from salt water [3]. The evaporated water
was transferred by a solar powered fan to a condensing chamber as depicted in the diagram to
complete the photothermal desalination tg/c

Interestingly, little has been reported on photothermal desalination, whereby optically excited
highly absorbing nanostructures have been integrated into porous membranes to selectively
power surface evaporation of water using both the light and heat the sun. Today there

exist quite a large collection of black nanostructures and black nanocomposites based on various
kinds of carbons, metals and semiconductors and combinations thereof that could be made



hydrophobic and stable in light and salty walehey could be used to coat the surface of
different kinds of porous membranes providing them with the structural and physicochemical
properties required for the development of an energy efficient and cost effective photothermal
desalination system.

It will be interesting to see how the emerging field of photothermal materials appliethto so
powered water desalination develops in the years ahead as the global demand for clean and
secure freshwater supplies increases as a result of the combined effects of climate change and
droughts, industrial expansion —

and environmental pollution, q
populaion growth, food

demand and agricultural needs

In an increasingly thirsty and
energy hungry world, maybe it
makes more sense for large
centralized RO and TD
desalination plants to service
the water demands of large
cities while small decentralized
TD oneghat make use of ’

photothermal desalination can
serve small communities Metaphorming Nature's Desalination Plants. Courtesy of

Siler and Geoffrey Ozmww.artnanoinnovations.co

industries and farms.

[1] International Desalination Associatianyw.idadesal.org

[2] Carter, N.T., Desalination and Membrane Technologies: Federal Research and Adoption
Issues, Congressional Research Sei#sé00 www.crs.goyR40477January 2, 2015

[3] Zhang, L., Tang, B., Wu, J., Li, R., Ader.M2015DOI: 10.1002/adma.201502362
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H-O to H to HO cycle catalyzed by Pt nanocrystals. Metaphorming the Mdbius strip suggesting
how Pt can be produced on a large sedikee a common elemergserving as the main catalytic
metal for processingolar H on a global scale for powering a worldwide hydrogen economy.
Graphic courtesy of Todd Silemyw.artnanoinnovations.com
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Hydrogen as a clean
energy source for fuel
cells in he transportation
and power generation
sectors, as well as an
effective reducing agent
for transforming carbon
dioxide to valueadded
chemicals and fuels,
could solve some of the
adverse consequences of
burning fossil fuels that
release greenhouse gas

into the atmosphere and o ] o o
chemicals that pollute [ SUQa y20 eSuU ogNAUS 2FF NI

the environmen{l, 2]. choice for making solar:ldn an industrially significant scale
power a global hydrogen economy. Graphic courtesy of Chenx

Today, hydrogen is
produced by steam
reforming, gasification and electrolysis. Most of hydrogen is produced from fossil fuels (48%

natural gas, 30% oil, 18% coal) while electrolysis of water accounts for only 4%. The electricity to

enable water electrolysihas traditionally come from fossil and nuclear sources, which are
increasingly being replaced by clean, renewable electrical energy fromhgdtaxand wind.

The practical realization of the full environmental and security benefits of clean and rémewab
hydrogen for use in fuel cells and conversion of carbon dioxide to chemicals and fuels, will
necessitate the development of largeale, lowcost hydrogen generation methods from
renewable resources with a minimal carbon footprint. Amongst the diffexgtians for
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generating hydrogen, the pho#lectrochemical approach, which utilizes sunlight to directly
split water is considered to be amongst the most promising technologically and economically.
Nevertheless, efficiency, figuresmerit and longevityssues, requiring basdirected research

to improve loss mechanisms and increase electrodes, materials and device performance and
stability, ultimately to develop operationally safe systems, remain the most challenging and
critically important issues taable advances in the field [3].

Phob-electrochemistry is an electrochemical technique, which employs light harvesting catalysts
most often based on specialized semiconductor and metal nanostructures and combinations

thereof. It is a truism that many 8¢ NOK & O0ASyiGAraidiazr ¢6K2 NBO23ayAl S
RAESYYI QX NBYFAY &1SLIAOKTt 2Z&alydtihst Bakh ghablelthe LINI O
light-assisted electrochemicak Bvolution reaction from ¥D at a sufficiently large scale to

facilitate a TW Eeconomy.

This refers to the challenge often confronted by scientists, engineers, industry and
manufacturers trying to discover champion materials for a large scale catalytic process, where
the best performers are comprised of elemental positions in short supply and too pricey

while inferior performers consist of earth abundant low cost elemental compositions. This is
certainly true for the catalytically active platinum group metals Ru, Os, Rh, Ir, Pd and Pt in
nanostructured forms as weds the catalytic sites of diverse classes of molecules, clusters,
polymers and materials.

In the case of the photelectrochemical KHevolution reaction from aqueous phase( the
champion catalyst remains Pt despite much research devoted to find aamenelant cheaper
alternative. This is simply because Pt as evdlution catalyst still has the wostdcord

exchange current density and low Tafel slope. Moreover, Pt is reported to be more durable in
acidic environments, which is the common case ing@letectrochemical devices. This

illustrates the difficult choice one has to make in translating solar fuels materials science to a
technology that could be implemented on a large scale. Should one continue to focus attention
on bringing down the cost oire and expensive superior performance materials like Pt or
devote time and effort to improving the poorer performance of common cheap materials?

It turns out not surprisingly that the efficiency of theedolution reaction sensitively depends
on the loaling and size of the nanostructured Pt catalyst integrated with the photon
harvesting, electron transporting photocathode. In this context, it is pertinent that a recent
study has quantified how much Pt is actually required to optimise tlegdfution rat in a
photo-electrochemistry experiment using an exceptionally-defined Pi{TiQ-Tipn*Si
composite photocathode [4].

In this experiment, the size and loading of Pt nanoparticles were controlled using a
sophisticated supersonic molecular beam souhzg was able to deposit maselected Pt



nanoparticles from the ggshase, with retention of their size, onto the photocathode. From
detailed materials characterization measurements and in depth péletrochemistry
experiments, it was found that the sinf the most active Pt nanoparticles for theedolution
reaction was 5 nm at a loading levell@0 ng/cni on the photocathode. For a statd-the-art
overpotential of 50 mV this translated to about 54 tons of Pt in order to create a TW scale
photo-electrochemical kigeneration infrastructuredow often this 54 tons have to be replaced

is a crucial questiohe issue of a wellesigned Pt recycling system is clearly advisable. This
tonnage amounts to around 30% of the current global annual production of Pt most of which is
currently used in automobile catalytic converters and jewellery.

In terms of known Rmnineral resources (earth abundance 3.7%%) this does not seem like an
insurmountable obstacle if it was decided by policy makers, the renewable energy industry and
process engineers to establish an economically and environmentally viablecléAnHad

green global technology founded upon the phetectrochemical splitting of20 using Pt as the
metal of choice.

It is pertinent to note that it may prove possible to reduce this amount of Pt by many orders of
magnitude if the size of the Pt nanopae& could be reduced from 5 nm to tatomically

dispersed state and the catalytic activity for theetblution reaction maintained if not improved

[5]. Encouragingly in this context, a recent report revealed that the readily accessible,
nanoporous layeied material carbon nitride ¢8s), can anchor individual Pd atoms at the N sites
and is able to function as a thermally stable hydrogenation catalyst for the production of many
organic substances [6]. If this breakthrough can be extended to Pt atorsSleinaSed
photocathodes, this has the potential to reduce the Pt catalyst tonnage requirement by orders of
magnitude.

For photeelectrochemical hydrogen generating systems, besides the availability and cost of Pt,
technoeconomic challenges will also éecountered by constraining the area for water splitting
to that of the light harvesting units and the area and cost of required land. The overall cost
analysis of this kind of integrated phegtectrochemistry system will have to be compared with
the costefficiency of competing hydrogen producing technologies that employ Pt electro
catalysts based upon electrically integrated photovekectrolysis systems and grid

integration of decoupled photovoltaics and electrolysis systems [7].

It is worth notinghat the production of Pt since the early 2000s has varied between just over
150 tons to about 220 tons. Obviously there is scope for further production if necessary. The
price has been volatile. It was stable from 1992 to 2000 and then steadily rdsetanthed

about $2,252 per ounce in 2008. It then fell off a cliff later in 2008 falling to $774 per ounce. It
has since gone up and down, as high as $1,900 per ounce and today stands at about $950 per
ounce [8]. The price of Pt seems to be relatecheofortunes of the economy, when the

economy is good and growing so does the price of Pt. A big question is, do we want tozbase a H



economy on a rare element like Pt, where countries could be held to ransom on either the price

or supply rather like the crent situation with oil?

t SNKIFLJAZ 6KSY Y2NB NBaSFNOK aoOASyidAirada OKIffS
using new value propositions with economic models for producing Pt, they may entice business

and industry leaders to produce Pt asviérea® 2 Y'Y 2 y S dén&tiabwad absolutely
essential for creating a sustainable future.

Currently, fossil fuel industrgethodsremain economically advantageous, despite the adverse
consequences on our environment and climate. A transition to clean energy technologies will
take time, nevertheless many companies have already realized the benefits of this ground
breaking change. Ampressive example of the conversion from fossilsttuel is seen with
Toyota. After more than twenty years of rigorous research and development they have
manufactured automobiles withoiuel-cell powered engines to become commercially available
later this year [9]. To enable this transition,ftl stations as well ag generators integrated

into automobiles will have to be rapidly developed.

It seems that we should not yet write off rare expensive Pt as the catalytic metal of choice for
making solaH. on an industrially significant scale to power a global hydrogen ecoifdptys
selected as the catalyst of choice, there should as well be alternative choices of cheap and
abundant elemental compositions, which can quickly take the place of Phataatalyst. We
shouldn't stop looking for cheaper alternatives as there's a whole bunch of interesting
alternative materials out there.

t2 Ay©@21S (GKS gAaR2Y 2F GKS ! YSNAOkngwthae @St A a i
getsyouintotroublel G Q& G KI G0 @2 dzQNB &dz2NB &2dz {y2¢ OGKIFG |

L ¥ &&sOriidat Ptis too rare and expensive to process on a global industrial scale, we may
be adding to our troubles, rather than resolving them with this nano solution.
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Golden Opportunitytter more than ‘ /

45 years of research in the field of materials \ \

chemistry | was given the interesting /
opportunity in 2012 to write invited monthly ~~

opinion editorials for the Materials Views
section of the VGMViley family of materials
journals. This inviteon from the editor of
Advanced Materials, Peter Gregory, provided
me with a superb and irresistible vehicle to
express opinionated and provocative views
about hot button issues in materials chemistry
my major field of interest.

N\ “
| must confess that dreaming up and composi F EI_
these editorials has been a valuable lesson
in how to write scientific and technological
critiqgues about timely and controversial
topics for a public forum, a pastime less
risky for a senior scientist, such as myself, than a junior one. | hope the readers have enjoyed
these editorials as much as | had fun writing them.

University of Toront&olar Fuels ClusterSola
Fuels from the Sun Not Fossil Fuels fron
Earth. Graphic courtesy of Chenxi Q

After having produced 49 oféle opinion editorials on a variety of contemporary topics, the
collection of which can be found laittp://www.materialsviews.com/category/opinionl

thought it worthwhile and exciting for ns0" to compose a Golden Anniversary editorial about
my current alkconsuming passiorthe creation, mission and activities of the University of
Toronto Solar Fuels Cluster that | have had the good fortune to be able to spearhead over the
past three yeas.
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An Important Historical

NoteThe discovery of insulin by

Banting and Best at the University of
Toronto as a cure for diabetes in 1921, i
hailed as one of the biggest discoveries
medicine, saving the lives of millions of
people around the world suffering from

this life threateninglisease. This miracle

breakthrough was recognized by the
Nobel Prize in Physiology or Medicine ir1923 Nobel Prize for the discovery of insulin, Ba

1923 for its UofT inventors and Best, University of Torot

http://www.nobelprize.org/educatioal/medicine/insulin/discovernsulin.html Income from

the manufacture and commercialisation of insulin has been used by the UofT to fund-leading
edge research under the auspices of the Connaught Fund, which rewards research that meets
a2 OASi e Gattp@ehnbugts.gsaaBch.utoronto.ca/

Recently they created a $1M Connaught Global Challenge Award to expand and enrich research
directed at grand challenges of global importance to humanity,
http://www.research.utoronto.ca/researefundingopportunities/connaughtjlobatchallenge

award/ The UofT Solar Fuels Cluster are the 2015ieetipf this prestigious award for their

project, The New G&conomyg Solar
Energy Enabled Closed Carbon Cycle
www.solarfuels.utoronto.ca
www.news.utoronto.ca/coutkdarborn
dioxidebe-solutionclimatechange

The parallels between these seeming|
different scientific challenges are rath
poetic. Insulirenables the body to

convert and store blood sugar as a fu
to provide energy on demand; while th
natural process of photosynthesis

converts and stores sunlight energy in
the form of sugars produced from €0

llluminations on the utilization of GQ@he illustratioi

. . depicts the grand challenge that the global commi
an_d HO, which energize pl_ants and must confront in the face of Gduced climat
ultimatelyproduce the fossil energy ou change in order to achieve a sustainable environr
global society currently depends on. a renewable energy supply and a carbon ne
Our mission is to convert and store economy. Graphic courtesy of Chenxi (
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sunlight energy in synthetic Solar Fuels produced fropra@®HO, which could help end our
dependence on fossil energy and solve the intertwined aiingatergy and environment
problems confronting humanity todajust imagine how sweet it is!

Challengamne the stored chemical energy in coal, oil and natural gas has enabled the rapid

rise of modern civilization, the burning of these legacy fossilMitblsts accompanying
anthropogenicCE5 YA a4 aA2ya A& 200dzNNAy3 +dG | NXGS GKIG
effect of these emissions is now considered by the Intergovernmental Panel on Climate Change [1]
to be high to very high risk and could lead to a rapid and massive upheawakof $ociety unless

a global scale solution to the intertwined effects of fossil fuels, energy security, environmental
protection and climate change is found. In this context, a recent modeling research study

concluded that most of the world's fossil fueterves need to stay in the ground over the period
20102050 to not exceed the 2°C warming limit and avoid the risk of dangerous global warming

[2]. Clearly, climate change is a complex technological, environmental, societal, economic and
political issuavithout a simple solution.

To address this challenge, the UofT Solar Fuels Cluster, as well as many other talented researchers
and top rank groups around the world, are targeting innovative technological solutions that focus

on the capture and conversiaf CQ into renewable fuels using sunlight as the energy source,

HO and/or Has the cereactant. This transformative research paradigm treatsa€@

renewable resource rather than a waste product, turning CO2 from a liability to an asset, thereby
providing a chemical platform for developing a carbentral CQeconomy that can enable a
sustainable future for humankindidgress of research in this area is gathering momentum and

will probably continue to do so for the ,
foreseeable future.

It is worth commenting that in this
endeavor there exist two schools of
thought: (i) an aqueous process, whic
is likened to artificial photosyntbis
practiced by the leaf, with more than %
four decades of research activity aimeis X
at developing laboratory scale mimics
and ultimately scalep and (ii) a gas
phase process, which is more akin to -
heterogeneous photocatalysis, of a Universityof Toronto Solar Fuels Clus
more recent vintage thanore www.solarfuels.utoronto.c
closely resembles heterogeneous

catalysis practiced by industry. The latter approach is the main focus of attention of the UofT
Solar Fuels Cluster.
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UofT Solar Fuels Clustes mutidisciplinary team of accomplished academic

researchers and budding young scientists have collectively risen to the grand challenge of
discovering new materials and processes that can enable solar powered heterogeneous catalytic
conversion of ga&ous Ceto valueadded chemicals and fuels. The team comprises the full
spectrum of materials chemists, materials scientists and engineers, chemical engineers, and
electrical and optical engineers. Between them they have the combined experimental and
theoretical expertise to achieve the following:

()  synthesize photoactive nanostructured materials;
(i) determine their structures and measure their properties;

(i) computationally model and guide experiments on lagdisted heterogeneous catalytic
conversion of C&lo-Fuel; and

(iv) design and build photoreactors to evaluate the catalytic performance of photoactive
materials for the conversion of gaseous @&hemicals and fuels using sunlight as the
source of power.

Talent Poolnother important target for the UofTofar Fuels Cluster is the recruitment and

training of highly qualified personnel, who will not only contribute actively to the solar fuels
research program, but who will consequently begin to grow a unique solar fuels renewable
energy talent pool, as themerstone of a new global cleantech subsector in conversionxof CO
to chemicals and fuels.

The Cluster and Industry Partnefsong term objective of the research of

UofT Solar Fuels Cluster is to function as a hub for a global network of solaidnéssc
engineers and industry partners. The network we have built encompasses nationally and
internationally renowned scientists, engineers and economists, working in fields that include:

(i) photochemistry and photoelectrochemistry of nanoscale inorgaaierials directed
towards the generation of solar fugls

(i)  design of solar fuel materials tailored to catalyze specific reactions by combining high
performance computation with precise synthetic chemistry;

(i) development otheory, models and algorithms ftre solution of fundamental and
practical problems in the area of solar fuels process development, assessment and
production; and

(iv) environmental economics and emissions trading aspects of climate change and
renewable energy.

The UofT Solar Fuels Cluster will deepen collaborations with national and international industry
partners, the ultimate goal being to facilitate the transition of laborasogle solar fuels



experiments to a prototype pilot demonstration unit that willibetrumental for the
development of an efficient and scalable technology to provide future generations with
sustainable solar chemicals fuels using &eed stock.

As the collaboration with Industry Partners progresses, the UofT Solar Fuels Ctustar an
Industrial Partners will also need to communicatpdbticians and governments the viability of
this CQ-to-fuel conversion strategy and to persuade them to adopt it as a goal. At the same
time, the public should be informed and educated that skiategy is a viable economic and
environmental solution to reduce greenhouse gases.

Advanceand the Futur@uring the first three years of their solar powered-&0

CdzSta NBASEFNDODKI GKS aS@2fdziAzyl NBEé¢ LIKIFIasSs GKS
series of nanostructured solar fuel materials, and developed appropriate research methodologies

and established the instrumental facilities for theiusture characterization, property

measurements and catalytic testingqB

Today, champion rates for ligassisted conversion of gaseous @ydrocarbon fuel molecules
achieved by the UofT Solar Fuels Cluster are within an order of magnitudeyd? theg.karged

rate. Based on these advances it is envisioned that with continued research and development,
fuels made in a solar refinery could gradually replace those produced in a refinery powered by
fossil fuels [8].

The UofT Solar Fuels Cluster #ralr collaborators will now be involved in major activities

aimed at expanding upon and enrichthg accrued knowledge of published and patented work

gained by the cluster duriige evolutionary phase to transition it to the revolutionary phase,
aimedat a solar fuels technology-j38 @ Ly GKA & GNB@2f dziA2y | NBE LIKI
build upon the basic materials science and engineering experiences they have gained for solar
powered conversion of gaseous @®fuels, to combine materiagd processes that can achieve
G§SOKy2f23A0Fft& &A3IY A LATOd tafget is@h ¢isodveBand2 y NI G Sa 2
development of earttabundant, lowcost materials able to effectively harvest sunlight, capture

CQ and efficiently drive a cosfffective gagphase heterogeneous photmatalytic C@conversion

process in a solar refinery to form a transportable fuel at a technologically significant rate.

To this end, the focus of their continuing research will be on the discovery of next generation sol
fuel materials, through both experimental and theoretical methods, and development of new and
improved photereactors and processes. This continuing research will comprise:

(i) discovery, structure determination and property measurements of nanostructured
materials active for ligkassisted, gaphase Cephotoreduction;

(i) evaluation of conversion rates and efficiencies for production of solar fuels, such as CO,
CH, CHOH by lightassisted, gaphase heterogeneous catalytic reduction ob,G{Dd



(i) experimentdand computational studies of surface chemistry, energetic, kinetics and
mechanisms pertinent to these photoreactions.

These studies will be complemented by:

(iv) optimization of materials catalytic performance;

(v) developing material fabrication technologies for scaling;

(vi) development and testing of prototype pilot photoreactors;

(vii) evaluation of solar concentration on £10-Fuel conversion rates, efficiencies, mass and
energy balance; and

(viii) life cycle process modeling assess material, energy and economic flows and hence the
feasibility of making a solar fuels production facility fromf@Qhe most active materials.

CCEMC Grand Challemgenovative Carbon Us@%o09 the Alberta

based Climate Change and Emissidianagement Corporation (CCEMC) was established to

reduce greenhouse gas emissions and help Alberta adapt to climate change through the
discovery development and deployment of clean technology. CCEMC was created as a key part
2T 1 £ 0 SNI I Qa tratedy Band Imavement Eowayd=h Strofiger and more diverse lower
carbon economy. CCEMC have issued a Grand Challenge to the science and engineering research
community around the world to devise innovative materials and processes that can enable the
conversiorof CQ emissions into valuadded products and marketsvw.ccemc.ca/grand

challenge Funding of $35M has been committed by CCEMC in a three stage competition to
achieve this goal. Round 1 attracted 3dBraissions from 37 countries and seed funding of
$500,000 was awarded to 24 projects based on their chances of success in achieving this
objective. Round 2 has recently been announced (closes January 2016) and a second world wide
intake on technologies ing considered along with advancements of the original 24. Five
development grants each of $3M will be awarded for projects that can demonstrate annual net
reductions of greenhouse gas emissions of 1 net Megatonne together with a viable business plan
for implementing and deploying the technology in Alberta. In the final Round 3, an award of

$10M will be made to a demonstrated technology able to yield products that result in a net
reduction of greenhouse gas, and is judged to be scalable and econonmatddiyard is best

positioned for commercial deployment. .

Carbon XPRIZReimagining GQ@ $20 Mmillion carbon XPRIZE sponsored by NRG

COSIA is a global competition challenging scientists and engineers to develop disruptive
technologies that wiltonvert COemissions from power plants and industrial facilities into
valuable products like building materials, alternative fuels and other items that we use every day
www.carbon.xprize.org
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Teams will competin three rounds for $20 milliomhe competition has two technology tracks

one involving the development of a test platform at a coal power plant and the other at a natural
gas power plant. Each will operate as a separate competition on the same timeangs in

Round 1 will be appraised on technical and business information concerning the technology
process, products, and implementation to achieve the practical requirements and defined goals
of the competition. Up to 15 teams in each track will mavi® ®ound 2 with a focus on
technologies that meets minimum €€»nversion requirements in a laboratory demonstration.
Five teams selected for Round 3 will share a $2.5M milestone achievement purse. The grand
challenge is to scale and demonstrate the effecess of technologies working with readrld

flue gas emitted by operating power plants. The technology that wins the $7.5M grand prize will
have to achievegrformance metrics based on a minimunp€@nversion rate of 200 kg/day

(4,600 moles/day) using a maximum land area of 2,300 m

Challenge Perspectiveé i oa A vI 3ay s GFNBSGAY Hoa2€ | NI L2
CHOH, a reaction which consumes @oe each molecule of G@onverted assuming a

conversion efficiency of 10% and 8 hours of
operation each day. The analysis involves cou cumulative moles of CO2/ day
determination of the number of photons pePm

to provide the number of Gnolecules
converted per mwhich provides the daily
conversion of COOne arrives at the conaslion
that to win the carbon XPRIZE, one would nee( <
to make use of harvested light up to 780 nmas

7,000
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5,000

4,000

moles of CO2/ day

seen in the plot of cumulative moles ofCO 1300
converted per day as a function of wavelength. 0

300 400 500 600 700 800 900 1000
Imagine the bounty of new materials we can vavelength (nm)

create by optimally harvesting light in the same
effective and efficient way nature does to
sustain its world of energy systems. We alreac
have the key knowledge and appligtbw-how
we need to make continuous breakthroughs that can advance everything from solar electricity to
fuel cells to battery power. Virtually everything we need for creating a sustainable future is

within our minds and fingertips that control our mostangpus technology to this end. We now
simply need to work together in grasping the CCEMC Grand Challenge and Carbon XPRIZE and
realizing the potential of the NanoAdvantage!

The carbon XPRIZE challenge for
powered conversion of G&o-CHOH
courtesy of Tom Woo
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Solving the looming climate change
problem caused by anthropogenic
greenhouse gas emissions differs fro
other unprecedented, lasgscale
collaborations that have changed our
world dramatically.

Ld GamRANIBNE 0SSOl
challenge driven by compassionate
intentions and understanding
expressed by many nations that now
recognize the science substantiating
the foreseeable peril. Failure to find a

answer in a timely manner calhave

whole world Geoffrey Ozimvww.artnanoinnovations.coywvisuall

implies that from two pagtnprecedented largscale

The photomontage depicts contrasting collaborations, a contrast of two destructive
constructive events, a new and benevolent enterg
G 3t 2dairAtt MTh GA2Y &0 N
collective knowledge and wisdom gained from tl
earlier works to charggthe world in an entire

examples of urgent yet seemingly
impossible problems and challenges
that brought together groups of the

brightest scientists and engineers compassionate and environmentally responsible
working towards a common goal. The ¢ KS a @A adz f ¢gSAIKGEE
most prominent 20th century 9FNUK YR SOSNEBUKAYS3
examples includ&@he Manhattan while acknowledging the ever present reality of nu

t NE2S0G YR bl {! Q& 1WEE%V‘fh'FhéSSWf %tay? [N
landing. These projects, different in tec nologlgs we _choose 0 creatc_e for de_fen

T reasons. Alsamplicit in the images is the visc
scale and scope, are unmistakably feeling that if our world leaders do not choose wi
distinguished by the common now, we can end up inadvertently and irrevers
Faa20AFdA2ya AYy@21SR o0& YIyQa Ypsatingourpmnet
destructive and constructive potential.
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Theyexpress our deep convictign & | y & (i KA ypK Siya gLIXANBA &tAS & Ay 3
collaborativelyn solving major problems and meeting our most pressing challenges by focusing

our full attention on them.

The climate change problem is however, very different from the otheptablems. The first
two had a definite end and they agreed what they wanted to achieve. There is scientific
agreement that net global anthropogenic emissions need to be reduced to zero, although

disagreement on the schedule due to different views ortéhgperature increase target (1.5 or

2 °C) and the probability of achieving the target (66%, 50% or less).

Iy R

The Global CQutilization Project is a new and benevolent endeavor with a message of hope and

higher awareness. It is founded on the premise thatéd@issions can be employed as a

feedstock for the synthesis of chemicals and production of fuels. The capture, storage and
utilization of C@emissions for chemical synthesis achieve three desirable goals: (i)déss CO
emitted into the atmosphere, (ig safe supply of chemicals is provided and (iii) the demand for

secure energy is satisfied. This
paradigm makes G@apture, storage

FyR dziAf AT FGARZY L e N
a2t dziAz2yes GNBFGA g7~ /the

car!)on

chemical to be used as a valuable ycle

reserve intead of a waste, an asset
rather than a liability.

Resolving the problem will necessitatg
a global alliance of universities,
industries and governments working
together to find the best solution for a
common and generous cause that ca ,
leverage the colldive knowledge and e synThEsIs PN
wisdom gained from these earlier
collaborations.

The climate change problem is on
much too large a scale to be solved by Thisphotomontageunitesthe visionof aglobalCQ
utilizationstrategywith afuel synthesigplantthat
enablesclosingthe carboncycle.lImagescourtesyof
_ ) _ _ ToddSilerand GeoffreyOzin
with the existential challenge of having \\\y.artnanoinnovations.copand MatthiasGomme
to reduce C@emissions produced by andPeterWeibel,dGLOBALEEXoEvolutior exhibition
our fossil based resources, an at the ZKMCenterfor Art andMediain Karlsruhe

inconvenient necessity considering Germany31.10.20150 28.02.2016

a single country. For the first time in
the history of humankind/e are faced
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they have miraculously created and energized our global economy since the industrial

revolution. Bujparadoxicallyfossil fuels that empower our globalized society now threaten its
future.

Fortunately, a partial solution does exist. It is founded upon the vision of a glohailiz&ion

strategy. We already have the technology in place to realize this vision. There are currently many
emerging companies and established industries around the world that u$eo@Qlifferent

sources to produce megatons of chemicals, materralsfigels. These industrial processes and
products are changing our way of thinking about, @Gt as a waste product to fear, nor as a

costly liability but instead as a valuable asset.

All we need to do is put the policies and institutions, and publipawate investment in place

to increase production of these commodities by @iization at industrial facilities around the
world. A key question however, is how much capacity and market demand is there for CO
utilization products? Estimates from difént sources of current market demands for products
seem to favor around 5% conversion of globalé&ssions into synthetic chemicals and about
10% into synthetic fuelgyww.co2chem.co.uk/carbeoaptureandutilisatiorrin-the-green

economy With continued research and development it is expected that the market potential for
manufactured Cgbuilt products will grow.

For illustrative purposes, in a scenario whed8% urea30% minerals20% chemicals and
polymers 10% methangland5% diesel and aviation fuels are made fror, @@ would be
equivalent to83% of the IPCC 2030 global emission reduction tédgetstrong, K. & Styring, P.,
Frontiers in Energy Reseh.3,8, 2015; Lim, XNature526, 628, 2015; Scott, AChemical and
Engineering New83, 10, 2015)While carbon capture and utilization today may not be a
complete solution it is complementary to carbon capture and storage and together thpkagan
an important role in helping to close the carbon cycle.

The consensus in these reports is thas Gilization can be commercially viable with short
turnaround times for profits on investment. Even with a tax on carbon and government
subsidies, thiseems like a small price to pay to help commodities made frexpaled C®
establish a firm footing in the global economy to ensure that they stay competitive with those
made from finite fossil resources.

This new and benevolent collaborative endeavoratemge the world, but only with a world of

global citizens cooperating and committed to change. Scieotmologyindustrygovernment
G2NJAYy3 Ay | O2yOSNISR YIYYSNIIINBE ay20¢ Sy2dz3
efforts to make it work. We knowhat we need to do, we know how fast we need to do it, and

we know the energy and economic balances to enable a carbon neutral sustainable world. The
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guestion is do we have the will to work together and do it in a timely manner before an
irreversible and eleterious climate event occurs and changes our way of life?
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It is probably safe to say that
the research enterprise,
especially in academia, will see
profound changes in the next
decade. As outlined in the
commentary by Whitesides
and Deutsch,part of the
reason will be the changing
accountability towards tax
payers. As life is becoming
tougher forthe average citizen
of the western world, the
research enterprise represent: h envy

a uniquely vulnerable target

(in certain countries more than others) for the increased thirst for accountability. Ultimately,

different people have different angles on this, he trend appears robust and enabled by the

lack of complexities that accompany any aggression to the ivory tower. The repercussions of

cutting science budgets are less politically complex to manage than cutting other types of
inefficiencies that have, inlmy’ @ Ol aSa3 aLRtAGAOFE AYYdzyS &adeai s
is (or act as if we would be) oblivious to these dynamics and is usually contented to claim that we
ought to be supported due to the very simple and-SeA RSy & 0 G2 dzjfaci OASy (A a
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that research and development, in one form or another, are the reason why we are not living in

Ol @S&a ye@Y2NBd ¢KAA dzygAftAy3adySaa G2 Sy3al3aS o
society, makes most of us blind to the long term repercussibogr modus operandilronically,

the class of people that most prides itself for having a long term vision, is, in my view, becoming
victim of a shortsightedness that, as | will try to postulate here, will bring havoc to our most

valuable asset: credlhy.

I GNBYR GKFG KFayQld 0SSy RAaOdzaaSR adzFFAOASy
transparency. For better or for worse, because of technological developments, what we do and

what we say are becoming increasingly easier to monitor and @aedvfrighteningly easier to

broadcast for the world to see. This has, of course, led to an increasing volume of information to
which our society has become addicted. As all addicts could testify, what gave you a high a year

ago is not sufficient anymorkn the same manner our society has become more and more

receptive to scandals, negativity and buzz. The increasingly excitable nature of society is driving

viral patterns. The way in which science is covered in the news is an example of this. The facility
GAGK GKAOK AYF2NXIFOGA2Yy A& ONRIFROIFAG YI1Sa aysS
public.

How does this connect to science and to what we do?

We are exposing science thy factoembracing a model of accountability that we should be (at
fSFAG FNRBY 'y KAAG2NROFE |yR LIKAf2a2LKAOFT LIS
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indexwhich is defined in the following wéy & I Y -levedaietkc2thdd attempts to measure

both the productivity and citation impact of the publications of a scientist or scholar. The index is
based on the set of the scientist's most cited papers and théauof citations that they have
NEOSAGBSR Ay 2256 Nowevdrddisvehatiphblcgtire ndmbers are just as

important as h. Proponents of theitrdex would say that the-index is the antidote to our

obsession with publication numbers wittmik NBF f AT Ay 3 G(KId AG RARYyQi
2NJ LISNAaKeé¢ O2dzxZ R KIFI@S 0SSy AYUSNILINBGSR 02y aiN
work must find its way to the public or it might as well not exist, the current model leaves no

room forinterpretation: here is the handle and here is how to crank it. Now crank it!

With the globalization of science and technology, explosion of research scientists and research
institutes, proliferation of new journals and easy access to the internet, veunselves

exposed to a system that produces too many papers too fast. We are all suffering from
AYVF2NXYIEGAZ2Y 20SNI 2R WAYF20SaArieqQr YIF1Ay3a Al
and around ones chosen field, let alone tangential inter&stg€ompete successfully in this

system, where your evidence of esteem is measured by the number h and the publication

numbers, there is a rush to publish in the elite journals from a rapidly growing pool of scientists

being fed by the emerging economia\itably, this has resulted in increasing rates of



submission of papers to these journals forcing very low acceptance rates with the majority being
relegated to lower impact journals. Faced with an excess of information, there is a tendency for
researches to read and cite mainly those papers that make it into the elite journals. This creates

a system of citations that is rigged to mainly enhance the impact of papers that make it into the

elite journals at the expense of many excellent papers that are teelnbm second and third tier

journals- the need to publish in elite journals only truly affects a small proportion of the
Aa0ASydAata oK2 | OG dz -petpétuatibyy FdemlthatEkéw@siihe impact bfG ® L
science.

Unfortunately, we are siwing poor vision by not realizing that these numbers, if held to any

value, become metrics that are now extensively used by pobégers to calculate returan-

investment on research, quantify opportunity costs and applying economics to science in an

effort to improve efficiency (however that is calculated) through the principles of capitalism.

How does one assess return on investment on time scales where the research outcomes are still
in the process of being digested, appreciated and understood bytheuanity? The cycle

where a politician is in office is7f3years whereas the time for a scientific topic to maturelil
decades. While | am not an economist | am concerned that the principles of capitalism might not
hold water when value cannot be qudied precisely (as it is the case of knowledge creation as

well as education). Even if we decide to embrace a business approach to scientific research, we
should probably remember Goodhart's law in econohiicK I & a6 KSy | YSI adzNB 6
target,itced Sa (G2 0SS | 3I22R YSI & dzNBHat "theNdorebny L0 St f Qa
guantitativesocial indicatofor even some qualitative indicator) is used for social deeision

making, the more subject it will be to corruption pressures and the more apt it will be to distort

and corrupt the social processes it is intended to monitor."

Yet, this is not what | am most concerned about. The backbone of science is trust. There is
nothing else, really. The entire system is based on it, starting from the scientific method and the
concept of reproducibility. Reproducibility, brought up by Robert Boyle as a concept in the
1660s, set a gold standard for scientific experimentation, ileheaémpirical findings, arising

from observing nature and drawing conclusions, must be verified by independent replications. In
this sense, researchers could trust the scientific publications providing sufficient detail regarding
protocols, procedure, agpment and observations. This is the narrow sense. On the other hand,
and more generally speaking, trust is also a fundamental part of the leverage that we still have
on the public. Many are willing to pay for accurate information about what to do artchatie

do. Anybody who dealt with extension services of universities, and the role universities have in
advising the population can appreciate this. In a world like ours subject to an overdose of
information, | expect trustworthiness to become an incirggly valuable currency, and one that
could, if protected, help sustain funding to science.


https://en.wikipedia.org/wiki/Social_indicator

But in our search for fairness and feelings of accomplishment we have got ourselves in a pit from
which it will be hard to get out. The pressure that used to beek@among us to publish more

and in better journals has become now a pressure from the outside. And as the basic tenets of
competition dictates, the bar on whatever metric you have chosen constantly moves upward.

But as we all know, the bar for produdinand quality cannot keep rising infinitely. The system

is rigged, unsustainable, and most of us have the nagging feeling that the quality of publications
is not being maintained or even going down. At the same time, this has increased the pressure
on theyoungest members of our community to the point that it is becoming almost common for
assistant professors in high intensity reseattien universities to divorce due to stress during

the time they are striving to achieve tenure.

Most troubling is the fet that, in a search for the quick publication (and anyone who has tried to

tackle real scientific problems know how ludicrous this notion really is) and the high impact

factors, | have started noticing, beside the ¥albwn drastic increases in the repad cases of

scientific fraud, an increase in what we would probably consider (in a very academically
FLILINBLINA I GS 41 @0 aYAANBLINBASY (O IShécepive chatins, | 'Y Y 2
suggestive writing and other dubious strategies, ar®@imiag increasingly common (at least in

my recent experience) in the literature to ignore, deemphasize, mislead, slant or obfuscate prior
work in order to claim more impact for the publication at hand. Of course, these cases are never
going to be indictedsafraud because they are not frauds. The data is real, the work is real, and

GKS ySOSaalNE OAGFEOA2Yy&a INB a42YS6KSNB Ay (GKS
| have been around long enough to know that this type of behavior is astb&asrld. | know

many of my colleagues would argue one of four things: i) this has always happened and it has

never compromised science, ii) that science will eventuallz@etct and that the really

important claims will be double checked (everytnga S Attt y20 6S OKSO]SR
matter), iii) that | should not be talking about this and disturb the peace, and (this for the more

feisty ones) iv) that | might be bringing this up because | must be concerned aboiriday h

and making suredan always find someone whose impact is lower than mine.

Furthermore, the situation will get worse with the changes in teaching methods to ones which

are more internetoased. There be less personal contact and less chance to assess a student

through dayto-day contact. There was also recently a disconcerting story about an epidemic of
student cheating in British Universities which made the front page of The TAimasst 50,000

students at British universities have been caught cheating in the pastydaeeamid fears of a

LI I IAFNAAY AGSLIARSYAOé FdzSt SRSWRWetHisSMBribig dhlyA 2 y I G S
represents about 2% of the British student population and probably underestimates the actual
amount of cheating, it gives concern that fiveblems faced at the research level in universities

is not going to go away, but only get worse, unless tough action is taken. Universities often turn a
blind eye to this type behavior because of the fear that fees or funding will be lost.



My take on ths is that these arguments fail to consider the changing landscape of science in

society. The increased transparency that is happening will make these type of behaviors
increasingly evident and increasingly known to the public. Peter G6The chief editor of

Angewandte Chemie International Edition has echoed these concerns. His view is that

dzy I OOSLIil 6fS LNy OiAOS&azr FTRYAGOSRE e |y2y3ad ao
scientists that is spreading through the offices of journals and fundingipatjan$.The cost in

terms of lost trust will be, | fear, horrific with very serious repercussions for our ability to provide

our best and brightest with the resources we have been given and entrusted with to do research.

Here is what | think we couledas a community, to help buck this trend. | take inspiration from
previous comments by Whitesides and Deutsetd Hellef who have written about some of
these issues with greater clarity and diplomacy than | ever could.

1. { KAFO GKS T2 Odzdy RF NiBOYK SINKS2 6 (1V2dzQhkgéK | ¢ @ | G Ye |
difficult it is for our community to focus on the hard questions. And one of those hard
jdzSaiAz2ya Aa agKIi KIFE@S @2dz RAa0O2OSNBRKé CSi
this questionit y& 3INF y i F LI AOFGA2Y T FyR @2dzQf f KI N
not with ill intent. It should not be so. Shifting the focus towards the problems and how our
work is targeting its solution will do, | believe, wonders in reprioritizingéssarch
funding is being spent, what projects are being funded, and what scientists we should
follow. This should prompt all scientists, old and young, to pursue the hard problems. It
would prompt them to answer the What? question withat they are tryng to achieve. It
would make them more sensitive about the quality of the problem they are trying to solve
rather than whether the problem can lead to fast publications. Research, if one really
scrutinizes it carefully, is not even incremental, but itiligosiblishable. If we compare a
research problem to climbing Everest, transformative research will be the one that finds
new routes to the top. Incremental research, almost as noble, in its genuine incarnation,
uses an understood route and puts one fafier the next for those who will follow. The
GadAft LlzofAaAKIOfSE (LIS 2F NBASINOK Nizya A
scouting will somehow help others make it to the top.

2. Debate rather than appease. Conferences used to be placrs wdsearch findings and
data were discussed and fleshed out. Quantum mechanics was discovered and proposed by
Planck at a conference. Regardless of how ridiculous the idea of quantized energy levels
would have sounded to many. There is immense valueetding environments such as
those. But to do that we have to promote a culture in which asking a challenging question at
a conference should be the norm rather than the exception. And that when this happens the
guestioner should not be viewed as a distirbf the peace. Questioning an interpretation
is not a measure of disrespect. Failing to question a dubious interpretation or claim should
be. Questioning a result or interpretation and disrespecting its author are mutually



SEOf dza A @S & LmpQtany thisiattitude N udbe fiirdwW dulies in educating the
young scientists of tomorrow. On the other hand, | do not believe that blogs, twitters, and
internet forums qualify as suitable venues for such discussions. Even with moderation, these
formats are especially subject to disruption, manipulation, and the relentless force of
consensus.

3. While society's shift towards transparency can be used by researchers in a positive way to
promote the benefits of the research enterprise, | think that too matkviainternet
avenues can be countproductive. Actions speak better than words. It is better to go out
and "do it" and then you can talk about the successful solutions which have helped to
promote a better society to live in. For young scientists kiew@ not yet had chance to do
anything on their own, they need to talk abehatthey are trying to achieve. In both
cases, a funds provider is faced with the question whether the researchers have the ability
to solve the problem and must also take into account, as part of its degisking process,
whether the researchers have tleosubjective factors such as trust, integrity and drive to
achieve a solution. Those attributes will always be a vital asset which must be protected and
nurtured on both sides.

In closing, as it is becoming customary these days, | should now offer somgeradaapology

F2NJ GKS 2LIAYyA2ya SELINBaaSRo .dzi L 62y Qi R2 &2
state of science and the future of our best and brightest. | will apologize, however, that the

manner in which these opinions have been laitiroight not be the clearest or the most savory.

. Whitesides, G.M., Deutsch Nlature 2011, 469, 2P2.
. hrindex,https://en.wikipedia.org/wiki/Hndex

. Goodhart, Chttps://en.wikipedia.org/wiki/Goodhart's law.
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. Campbell, D.Thitps://en.wikipedia.org/wiki/Campbell's law

. The Times, 2 January 208#p://www.thetimes.co.uk/tto/education/article4654719.ece
. Golitz, PAngew. Chem. Int. EQ016, 55, 4.
. Heller, AAngew. Chem. Int. EQ014, 53, 2.
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256 nm for photoelectron generation
structural information
346 nm for excitation

excited state information

Heart of the Matter 4D ultréast electron microscopy can peer into and peel away the mos
subtle details and beauty of photocatalysis, providing a new sharp focus realism of imahe
nano machinery for theotar powered fixation of CO2 to fuels and chemical feedstocks. Ar
courtesy of Chenxi Qian, Geoffrey Ozin and Todd 8iev,artnanoinnovations.com

Vd

t SSNAY3I Ayid2 OGKS | SI NI



http://www.artnanoinnovations.com/

DS2 TFNEBRI Ay

Materials Chemistry and Nanochemistry Research Group, Solar Fuels Cluster, Center for Inorganic and
Polymeric Nanomaterials, Chemistry Department, 80 St. George Street, University of Toronto, Toronto,
Ontario, Canada M5S 3H6mRaiIl gozin@chem.utoronto.caNeb Siteswww.nanowizardry.infp
www.solarfuels.utoronto.cavww.artnanoinnovations.com

If the Samurai of semiconductor electronics is silicon then the
Titan of semiconductor photocatalysis is titania.

The most photoactive form of titania is the Anatase polymorph ef f8structure is based

upon a threedimensional interconnected network of-sigordinate Ti@octahedra. In its

intrinsic form it has a wide band gap and only absorbs the ultraviolet wavelength range of the
solar spectrum. Visible light absorption can be induced for examplerbgrishous replacement
at the Ti(lV) site with transition metal dopants like V(V) and Cr(VI) and atlthsit@(by N({II),

the creation of oxygen vacancies, and dye and plasmonic sensitization.

The high oxidation potential of photogenerated holes maké&® a powerful oxidant for water

and organics. This functionality has spawned wagging utility, such as adiacterial paints,
seltcleaning windows, tiles and cements, and water purification. Photogenerated electrons in
TiQ similarly exhibit a higreduction potential enabling the production of solar fuels, such as H
from HO and Cl CHOH and CO from GO

There are other wide band gap photoactive Ti(IV) based oxides, such as the Rutile and Brookite
polymorphs of Tig) the Perovskite form aftrontium titanate SrTi§)and in the context of this
editorial, the nanoporous opeinamework titanosilicateNas TeSsOz2-4H0.

What distinguishes the titanosilicate from the other mentioned Ti(IV) based oxides is that the
Ti(IV) is fiveoordinate witha square pyramidal geometry, having one short 1.70 A axial Ti=O
double bond with four longer 1.96A equatorialOTsingle bonds, as illustrated in the scheme.


mailto:gozin@chem.utoronto.ca
http://www.nanowizardry.info/
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This fivecoordinate Ti@site is
photoactive and sterically S, T
accessible to molecules with g k
the right size and shape, able
to enter the voids of the open
framework titanosilicate. As a
result of these properties,
nanoporous titanosilicates
have enjoyed wideanging
applications in chemgregio,
and shapeselective oxidations
of organic compounds.

syncronized pulses

256 nm for photoelectron generation
structural information

346 nm for excitation

excited state information

It is interesting to note that
while the photoactivity of the
aforementioned titanosilicate

hasbeen known for many Heart of the Matter 4D ultrdast diffraction methods can pe

years, the precise description into and peel away the subtlest details and beau
of the photoexcited state has  photocatalysis, providing a new sharp focus realism of ht
never been observed directly made nano machinery for the solar powered fixation of C
in real time and has only beer fuels and chengal feedstocks. Artwork courtesy of Chenxi ¢

conjectured to involve the Geoffrey Ozin and Todd Silkemyw.artnanoinnovations.cor.

electroniestructural change

Ti(IV)O({I) + m A Ti(IINOY). It has been imagined thaltraviolet band gap excitation causes an
oxidelike valence band electron to be promoted to a titaniike conduction band to create
initially an electrorhole pair, which then undergoes trapping in formally-gag states that are
distinct from recomliation centres. The structure of these transient states is unknown but has
been likened to an oxygen-titanium, ligandto-metal chargdransfer excitation. Based on this
idea, one would have speculated theOTbond length in the excited state would beder than

in the ground state.

Now we have a new tool to answer these questions. Recent work using 4D ultrafast diffraction
has come to the rescue with a femtosecond resolved dynamical study of the nature of the
photoactive Ti@site in the titanosilicatphotocatalyst [1]. We now have new evidence that the
electronically induced Ti(IV)Y@Y + ® A Ti(ll)O{) structural transformation occurs because an
analysis of the timeependent changes in the intensity of 2 Bragg diffraction orders was found
to beconsistent with a model in which there is an increase in the apical bond length in the
excited state of the Té3quare pyramidal site, by as much as 0.8A on themasecond
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timescale. This relatively large change in bond length by itself is quitealirespecially given
the low excitation and few sites contributing to the signal. It could even be bigger.

This 4D ultrdast electron diffraction experiment was performed on an electron microscope that
employs two synchronized pulses of 259 nm and 346 nm light to respectively produce the
photoelectron electron beam for diffraction and generate the photoexstatd of the

titanosilicate single crystal. By controlling the time delay between the two laser pulses the
spatiotemporal dynamics of excitation and relaxation of the photoactive site could be
determined.

This experiment provides a model for the spatigperal transformation of the ground state

apical Ti(IV)=@&() double bond of the TiBite to the excited state apical Ti¢M}l) single bond.

In this model, the structural change occurs by simple displacement of the titanium and oxygen
double bond eletrons and atomic positions with respect to one another. There seems to be
however, insufficient experimental evidence to directly resolve this structure change as there
were only two diffraction orders apparently undergoing significant changes. A mgoetam
sampling of reciprocal space is needed to put this suggested mechanism on firm ground but the
picture given is intriguing.

In the context of photocatalysis, the observed femtosecond dilation of the apical double bond
induced by photogeneration of thedectronhole pair occurs on a much shorter time scale than
electronthole pair recombination and accompanying structural relaxation. It is important to note
that the short photogeneration and slow recombination dynamics of the suggested trapped
electrorthole pair provides sufficient time for catalytic reactions to occur at the photoactive
Ti(IYOEI) site.

The ramifications of these observations in photocatalysis could be significant. In this archetypal
study of an opetframework titanosilica, ultraviddight is proposed to transform a ground state
Ti(IV)XI) site into an excited state Ti(lIDp§ite. The latter is both a highly oxidizing and
reducing site and is imagined to play a pivotal role in manyasggisted reactions of titania

based catlysts.

Within this proposed model, there is also a tisoale placed on the dynamics of the photoactive
state in relation to competing chemical processes, such as reduction,dfC@nd O and
physical effects, such as radiative and-rexfiative recorbination that can ensue following
photogeneration of the electrehole pair.

In the emerging and exciting field of gdmse, lightassisted heterogeneous catalysis, | envision
ultra-fast electron diffraction determination of the spatiotemporal structurd dynamics of the
photoactive state, will prove indispensable in the synthesis of nanostructured photocatalytic
semiconductors by design rather than by chance. Imagine being able to observe at the atomic
level a chemical reaction in real time. This fee fecently been demonstrated with sufficient



sampling of reciprocal space for metal to metal electron transfer to invert to real space. This
work is the first full atom resolved chemical reaction where the enormous number of atomic
motions can be seen laye to reduce to a few key modes [2]. Catalysis is next.

This new and powerful ultfast structural tool will greatly empower materials scientists and
engineers racing to discover champion photocatalytic nanostructures that can enable the
reduction of CO%o fuels and chemical feedstocks. To be technologically meaningful and
economically sensible, solar powered @ation will have to function at an efficiency and scale
high enough to significantly impact greenhouse gas driven climate change, cleam &noug
ameliorate environmental pollution, and secure and safe enough to provide a renewable and
sustainable energy resource to ensure the future health of humankind (for example,
http://solarfuelshub.org/http://solarfuels.utoronto.ca/http://www.solar-fuels.org).

1. Yoo, BK., Su, Z., Thomas, J.M., Zewail, ®idthe Dynamical Nature of the Active Center in a
SingleSite Photocatalyst Visualized by 4D Ultrafast Electron Microscopy, PNAS, 2016, 113 (3),
503508; published ahead of pridkanuary 4, 201&10i10.1073/pnas.1522869113.

2. Ishikawa, T., Hayes, S.A., Kesk, Corthey, G., Miller, R.J.D., et al, Direct Observation of
Collective Modes Coupled to Molecular Orbital Driven Charge Transfer, Science 2015, 350
(6267), 150¢1505.
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Graphidllustratingd C A EQéghBwingthe sphereor circleof interconnectec
influencesandinfluencerghat needto helprealizethis globalchallenge
Courtesyof ToddSilerand GeoffreyOzin www.artnanoinnovations.cor



http://www.solarfuels.utoronto.ca/
http://www.artnanoinnovations.com/

CA E/Aky 3
52Ay3 {2YSGKAYy3 ClFali FyR 902y 2YA

DS2FFNBeE ! @ hil Ay

University of Toronto Solar Fuels Cluswww.solarfuels.utoronto.ca

¢ K S Nd&:@in sightfor abatingglobalgreenhous@missions.
We needfreshinsightsinto howwe canrapidlyandrealistically
fix the problemonceandfor all, usingviablemethodsfor
stabilizingthe amountof CQ in the atmosphereThisshouldbe
our primaryglobalgoalandtask,whichwe'vealreadyagreedto
actonto achievethe 2015ParisAgreementttp://mission
innovation.net/

Nowisthe time for amassivanflux of patientandflexiblegovernmentfundingandprivate
investmentfrom visionarycountries to createnewtoolsthat canpowerthe world without the
accompanying@roductionof CQ.

Twobasicstrategiesexistin principlefor putting a safecapon atmospheriacCQ in the next20-30
years.Ore usesCQ captureandstoragethe other utilizesthe capturedCQ for makingvalue
addedchemicalsaandfuels.

In the wakeof the Parisconferencea greatdealof hopehasbeenplacedon the largenumberof

CQ captureandstorage and biomassrojectsunderway.U nfortu natelyiheir
economiaoviabilityand abilityto meaningfullydecreaseur
greenhousgasemissiongandsolveour energyissuesn the
foreseeablduture arein seriousdoubt.

It istouted that capturedCQ ratherthan beingstoredcanbe used asa carbonnegativesolution
for the enhancedecoveryof oil. WWhiletechnicallyfeasiblejt isnot a

permanentsolutionasit doesnot accountfor CQ leakageand
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the liberationof CQ by dissolutiorof carbonatesMoreover |t is
enormouslyexpensig, not to mentionthe factthat A iv€ni
difficultto justifyusingCQ to get morefossilfuelsout of the
ground.l mean,the publicraisests eyebrowandgrimacesis
thisreallya climatefriendlysolution?

Advocateof biomassandbioenergytechnologiesalsoclaimthat biologicalCQ fixationis keyto
sustainabilitypeingcarborrnegative If the USwasto replacegasolinewith biodieseltheywould

needseventimesthe areaof the USAo plantcom. Y €t,d0 the energyand
economidlowsaccount for the massivdossof food productive
landandjustifythe overallgainin CQ from growing,harvesting,
processingstoringandtransportingthe biologicalfeedstockand
products?

Source®f renewablesolarandwind energyare expandingat an everincreasingpacearound
the world. T hequestionis how longwill we haveto livewith the

adverseeffectsof climatechangecausedoythe continuougise
of anthropogenicCQ from our continuedrelianceon the useof
fossilenergy?

Inthe urgentsearchfor the innovationsolutionto fix CQ, theredoeshoweverappearto be
agreementhat the economicviabilityof CQ captureandstoragecanbe improvedby working
handin-handwith utilizationof the CQ for producingvalueaddedchemicalsandfuels.This
strategyis underdevelopmenin arangeof establishedandemergingndustriesaroundthe
world that productivelyfix CQ in the form of fertilizers,cement,chemicalsand polymersand

aviationand dieselfuels,at the megaton scale If we alreadyhave
commercializetechnologieghat utilize CQ at the megaton
scaleg K I stdpgingusfrom expandinghe capacityof these
industriedo a globallysignificantclimatefriendlyscale?

It isimportantto keepin mind that anyutilizationprocessaseduponhydrogenatiorof CQ will
necessitatea largescalesourceof inexpensivé other than fossitbasedsteamreformingof



methane,coalgasificatioror partial oxidationof oil.
Ultimately,this will likelyhaveto comefrom H.O
electrolysippoweredby renewableforms of electricity
or photoelectrolysigisingsunlight.

Withaworldd R N2 & iyf GQ/aadH0, this all
seemdike ano-brainer! Clearlythereisanurgent
needfor alargeandrapidinjectionof publicand
privatefundsinto researchanddevelopmentaimedat
ironingout the scientificandtechnologicathallenges '

of bringingCQ utilizationindustrieson steam.L @ )
the keyto economicalsociological
andpolitical successp provethat Graphidllustratingé C A EQ¢ghawing

itis pOSSiblGO scaleCQ utilization the sphereor circleof interconnectec
influencesandinfluencersthat needto

processeH) proportlonsthat can helprealzethis globalchallenge

makea differenceto climate Courtesyof ToddSilerand GeoffreyOzin
Change’) www.arthanoinnovations.cor

SuccesbreedssuccessDemonstratiorof technologicallyandeconomicallysensiblevaysof
fixingCQ to valueaddedchemicalsaandfuels,in areasonabldime frame,will breedconfidence
in further privateandpublicinvestmentthat will facilitate globallysignificantquantitiesof CQ to
be convertedfrom a liabilityto anasset.

Transformativedeasare emergingfrom academicijndustryandgovernmentresearch
institutionsaimedat discoveringnoleculesmaterialsand processeshat cantransitionour

energyfuture to a nearzeroemissionsvorld. Thequestionis howdowe get the
mostinnovativeand promisingreseart ideasfrom the lab-to-
marketto protectusfrom the adverseeffectsof climatechange?

It is excitingthat BillGatesandanimpressivdist of billionaireprivateinvestorswith collective
holdingsof $350B havefoundedd ¢ BréakthroughEnergyCoalih 2 Y € 5
http://www.breakthroughenergycoalition.com/en/index.htriiheirmandateis to work with a
growinglist of visionarycountrieswho collectiveagreethat a solutionto climatechangewill
requirefasteractionthanthe energysectorhasevermusteredbefore. Theyhavecommittedto
doublegovernmentspendingon basicandappliedenergyresearchn the nextfive yearsto fix
climatechange.
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Thisis becausdransitionsin energygeneation historicallytake more than fifty yearsto
implementandhe warneddthe climate threat is too serious to allow technology to evolve at the

dza dzt ¢ a dtdsexcitingthat ontheirlistof & O 2 éhdrgy
innovationgancludessolarchemicatechrology,whichconverts
thea dzyérizdayyinto hydrocarbonshat canbe storedandused
asfuel, https://www.washingtonpst.com/news/energy
environment/wp/2015/11/30/bijateson-climatechangewe-
needto-movefaster/.

Thereturn oninvestmentto funda & F i &Nd glbbagenergytransitionthat treats CQ asa

chemicakesourceratherthan a wasteproductis beyondprofit making.L [’Jafhéral
imperative Implementinghis energytransitionwill advancehe
commongoodbyimprovingthe quality of life for all of
humankind.

WeallloveCQ-f S do® #etQfik CQ fixation!
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Do you think we have a serious
greenhouse gas climathange
problem caused by
anthropogenic Cg£emissions in
our atmosphere, which is
threatening the future health
and wellbeing of our
civilization?

2S8fft AT &2dz (K
enough it seemthat we also

have to be seriously concerned
about the impact of Cn the ~ Save our brains from the destruction of cognitive functior
by excessive levels of g our livingworking and travellir
environments so we have enough brain power left to
o h . the climate problem driven by increasing concentratiol
cognitive and decisiemaking CQ in our atmosphere. Graphic artwork courtesy of Ct
functions of humans at home Qian
and in our classrooms and
workplaces. We are not talking hereoabthe causeand-effect of extraordinarily high levels of
CQ but rather concentrations that most of us would experience in closed poorly ventilated
spaces on a dap-day basis, when living, working and traveling respectively in our homes,

classrooms, @ites, planes, trains and cars.

brain, which in a direct and
negative way is impacting the

| came across this information in a 2@ilic health study frohawrence Berkeley National
Laboratory investigation [1] and a more recent 2015 public health study publistiesl by

Harvard T. H. Chan School of Public H¢2]t These two independent studies concur that
statistically significant and meaningful reductions in decisiaking performance, which could
significantly affect productivity, learning and safety, are observable with increasedendlD

from 600 to1000 to 2500 ppm. While these levels seem high in comparison to the 405 ppm CO
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currently recorded in our o Green+  MediumCO, A High CO,
atmosphere, they are com monplace Basic Activity Level Applied Activity Level Focused Activity Level
in poorly ventilated spaces of the )
kind mentioned above, where we
spend large proportions of our time. o

By inspechg results displayed in
Figure 1, for nine double blind tests, ... ... .. . N
for the dependence of cognitive
function on the concentration of
CQ, one is amazed to discover that
average cognitive scores of typical
participants, decreased by 21% with
respect to 400 ppmmcreases in GO
levels [2].

Task Orientation Crisis Response Information Seeking

Score (Normailized 10 ureen+)

The adverse effects of higevels of
CQ are of course welllocumented
in for example, space travel, scuba
diving and submarines, aeroplanes
and firefighting situations. However,
the impact of greenhouse gas
emissions on human health from
living, working, playing and traveling
in tightly sealed environments, is a
disquieting surprise to many of us Figurel Cognitive function scores by domain and
ebarticipant, and corresponding carbon dioxide
concentration in their cubicle. Each line represents tt
OKI y3aS Ay I Yexposukreand Edgrdtivef !
scores from one condition to the next, normalized by
throughout our lives we make and  ayerage CQexposure across all participants during t
exhale C@it is now apparentthat  Green+ conditions [2Reproduced with permission fro
we were not creatd to live in an Environmental Health Perspectives.
atmosphere with increasingly high
levels of C®

Breadth of Approach Strategy

002 Concentration (ppm) -

already worrying about the negativ
effects of greenhouse gas on our
climate. While it is a truism that

A

LAYy Qld Ad ANRBYAO GKIFG Ay 2dz2NJ SFNySaidySaa (G2 ON
green designs to reduce levels of@0our atmosphere and thereby ameliorate climate gen
we have made more tightly sealed indoor environments, which increases the levelsd CO



breathe and can negatively affect our overall awelhg. Building and ventilation codes that
optimize conditions for human health and productivity are hopelidipg vigorously evaluated.

How high can indoor levels of £§0? In a reported study, it was found that in a substantial
number of poorly ventilated classrooms and workplaces)&v@ls can average 1000 ppm, a
significant proportion of these exceeded RQfpom and some even reached 3000 ppm. Keep in
mind we are all currently living in an outdoor environment of 405 ppm with no sign that these
levels will be abated for decades. In fact they are significantly higher in our cities. These levels
are increasin@t a rate of 2 ppm annually and the rate is accelerating. At some threshold yet to
be defined but thought to be around a 1000 ppm, human cognition will begin to be negatively
impacted. Latest research indicates we could attain this threshold outdooses mexhcentury,

and the dissipation of G@ our atmosphere takes centuries.

So we have two looming health and safety problems to fret about, the negative effectaf CO
our climate and also on our brains. In this context, two public health recommendations have
emerged from these studies: (i) build better ventilation systems that use outside air in our
buildings and transportation systems and (ii) decrease the usssifffuels to keep atmospheric
levels below 600 ppm.

In this context | would anticipate that next generation aeroplanes will likely be employing CO
sorbents, with standards established for spaceships and submarines, to solve this problem and
soon thesesorbents will be employed increasingly to control safel€@@ls within a host of

indoor environments. This is a task for the science and engineering of porous materials.
Continued research and development to improve their €o@ption selectivity, capdgiand

stability, scalability and cost, provides new economic opportunities fortdehanndustries,
wherever control of CQevels is deemed necessary for health and safety reasons.

LG OSNIFAyfe asSSyvya (KIG GKSAWREY gFf /2aSRRYyA:
the intellect, health and webeing of our entire civilization, if we let £§0 beyond the 600 ppm
threshold in our indoor and outdoor environments.

If we ever get into this dire circumstance, we may not have sufficieint fooaver left to solve
the greenhouse gas problem which is beginning to play havoc with our climate.

1.Usha SatistMark J. MendelKrishnamurthy Shekharpshifumi HotchiDouglas Sullivan,
Siegfried Streufergnd William J. Fisls CQan IndoorPollutant? Direct Effects of Leaar
Moderate CQ Concentrations on Human Decisiglaking Performancénvironmental Health
Perspective012, 120, 1671677.

2.Joseph G. Allen, Piers MacNaughton, Usha Satistsh Santanam, Jose Vallarino, and John
D.SpenglerAssociations of Cognitive Function Scores with Carbon Dioxide, Ventilation, and



Volatile Organic Compound Exposures in Office Workers: A Controlled Exposure Study of Green
and Conventional Office EnvironmerEsyironmental Health Perspectives
http://dx.doi.org/10.1289/ehp.1510037
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without molecules, polymers and materials. But
what have we really done to help win the war
against climate change?

We must all now shoulder the Herculean responsibilitiemaong for our Earth with the sal
degree of concern as we care for ourselves and our collective -
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polymers and materials. But what have we really done to help
win the war againstlimate change?
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The chemistry
researchcommunityis T ' 4
largelyresponsiblgor /7 - G”&“/ W
inventingmanykey
moleculespolymers
andmaterialswhich
areandcanbe
deployedin
technologieghat will
enablethe transition
of our civilizationfrom
non-renewableto
renewableforms of
energy.

J
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The Vessel of Evidence isn't just *half-full” now. It's overflowing!

Indeed,we all should
be veryproudof these
practicalscientificand
technological

2 KFGQa GKS dzasS 2F KF@Ay3a RS
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wait for them to come true? Noble Laureate Sherwood Rowland
The vessel of evidend@el 8 SR & OA Sy OBdzAf

innovationghat will _ ' _ 4>
mostdefinitelyshape overflowing ngw. Todd Siler A‘Eme.ntlst 2016ArMork coyrtesy (
the future of Todd Siler and Geoffrey Ozinyw.artnanoinnovations.co!

renewableenergy

systemavhenfully implemented.Thequestionremains:Whatis our researchcommunitydoing
collaborativelyto ensurethat theseessentiainnovationsare actuallyimplementedaswe
originallyenvisioned?

Giventhe factthat the public,newsmediaand governmentgely on our expertise know-how
andappliedimaginationto curtail climatechangequicklyandsensiblyl. Qwénderingwhether
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we havebeentoo passiveon guidingeveryoneon what needsto be doneimmediatelyandthe
implicationgf governmentdail to actquickly.l believewe can do muchmoreto makeour
collectivevoicesheard,andto hastenchangeby fasttrackingthe mobilizationof the public,
mediaandgovernmentsaboutthe urgencyof this crucialtransitionfrom anon-renewableto a
renewableenergyeconomy.

Weknowthat if globalwarming,inducedbyincreasindevelsof carbondioxidein our atmosphere,
reachesgts tippingpoint, with lessthantwo degreesconsideredo be a safelimit, it caninduce
suddenlocalalterationsin the seaice,oceanssnowcover terrestrialbiosphereand permafrost.
Inthe caseof the latter, alocaltemperaturechangen the Arcticor Antarcticacouldcause
meltingof the ice capsandconcomitantreleaseof trillionsof tonsof methanetrappedasice
clathrates.Thismethanegreenhouse gaseffecthasa goodchanceof causinghe collapseof our
entire ecosystermandtotally devastatingour civilizationButwe seemto be contentjustto goon
doingourresearchwhile watchingit happen.

We remain largely quiet while climate scientists worktorm and mobilize the public, news

media and governments about the urgency of-festking the transition from a ner@newable

to a renewable energy economy. One could argue that the chemistry research community needs
to educate and inform the climateientists better about the wonderful chemistry solutions to
climate change they have developed so that the climate scientists can inform and mobilize
governments and businesses better and get them to act faster by implementing our solutions in
renewable @eergy systems.

We often say in the introductions and conclusions of our papers that our work is motivated by
our desire to help win the battle against climate change. But too often we do little more than
publish the results of our research in scientifir@lsg leaving up to others the equally
important task of actually fighting the climate change war by ensuring these results are
implemented in renewable energy systems.

We know that climate science and economics provide the foundation for climateechang
regulation, legislation and policy. Nonetheless, we are the ones that create the chemistry that
will enable the transition from fossil energy to clean energy. | believe we can do more to make
our collective voices heard, and to hasten change.

Everypape | readin the bourgeonindield of advancedenergymoleculespolymersand
materials devicesandprocessespayslip-serviceto greenhousegasinducedclimatechange We
all claimthe raisond'étre for our researchisto help solvethe climatecrisis but truthfully, what
realactionsare we takingasaresearchcommunityto advancehe speedof the transitionfrom
the dirty-energyto the cleanenergysolutionswe haveenvisionedmodeled,verifiedand stand
behindscientifically?


https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwjLnejQ-KfMAhWLkYMKHelnBOUQFggsMAI&url=https%3A%2F%2Fen.wiktionary.org%2Fwiki%2Fraison_d%27%25C3%25AAtre&usg=AFQjCNGGkbgEH9Rttuuo_JUnEVn-NhnUHA

Dutycallsusallto be proacive asworld citizens We mustnow work togethersynergisticallyo
meetthe mostchallengingandurgentgoalof all, doingeverythingin our power to help halt
globalwarmingthroughsociceconomicandpoliticalmeans However there doesnot seemto
be a concertedattemptto do this on aworldwidebasis |t is verypiecemeabnduncoordinated.
Thereshouldbe saya 5 yearplanof actionandexpertsin lobbyingor publicrelationsshouldbe
involvedto assistin this processOneneedsa leaderwhois preparedto devotemostof hisor
hertime to ensuringthe messages got acrossln additionto educationl think the chemistry
researchcommunityneedsto studywhyits developmentsare not comingto fruition asquickly
astheywouldlike ¢ whereis the bottleneckandwhat actionshavebeenmostsuccessfuh
bringingnew developmentgo the attention of the public.I think a pilot plant projectusingthe
new developmentss worth athousandwords.Somethindike the pilot plantthat transforms
CQ/H: to die<el fuel, sponsoredby VW/Audiin Germanyseemso havegainediots of publicity.
Thetalentsof the chemistryresearchcommunitymaybe better deployedin this directionrather
than aslobbyists.Thequestionis how doesone persuaddanvestors/governmentt put up the
moneyfor thesedevelopments maybeatax on eachbarrelof fossilfuel? Theproblemat the
momentisthat no oneis goingto backthesenewtechnologiedbecausehe priceof oil islow
andthe price of gasandliquefiednaturalgasis evenlower. Thepriceof the latter in Asiahas
fallento almost20%of what it was2 yearsagoandthe priceis not expectedo improveuntil the
nextdecadeln Europepriceshavefallenby a third andin Americathey havehalved.

Despite all of these challges, | am excited by the growing momentum to curb climate change,
particularly in light of the recommendations and agreements that have emerged from the United
Nations conference in Paris. | am encouraged by the commitments of all of the dominant fossil
economies to get their greenhouse gas emissions in order. | am amazed at the amount and rate
at which solar, wind, tidal, geothermal and hydroelectric electricity is being created and
impressed by how the parallel growing capacity to store this renewalklkei@ty in batteries is

being deployed.

Nowisthetimal 2 & K2 g Kramgingel@midr$ has the potential to drivieis energy
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showthe impactof our work throughworld-wide outreach,highschoolandpublic education

projects and by demonstrating the practicality of our innovations by demonstration units and

pilot plants.Butthis canonlyhappenwith the ongoingsupportof the public,newsmedia,industry
andgovernmentsL Ua@odnmitmentto our collectivefuture we all mustmake to makeit real.

The keyto informedsocialactivismandinvolvementisto tap everypossiblepublicmediumin
highlightinghow theseaccomplishmentdjornin chemistry will enablethe transitionfrom non-
renewableto renewableformsof energy.Thesesciencecommunicationsnustbe highlyvisible
andaccessibl¢o the public.Otherwisethesepivotal contributionsby the newscorpswill remain
slowandsluggishratherthanfasttrackingour civilizationto a sustainablduture.



We should be much more visible in publicising the myriad of exquiatezials whih are

playing a major role in many emerging advanced energy technologies. The physical dimensions
of these materials are often smaller than the wavelength of light, electrons, holes or excitons. As
a result the beneficial effects of quantum confinemenetectrical, optical, thermal and
mechanical properties emerge and are now put to good work in the fabrication of photovoltaic,
fuel cell, lithium ion battery, supercapacitor, piezoelectric and thermoelectric energy devices.
The small size and

high surfacarea

of these materials

are also exploited

to advantage in

water splitting

and carbon

dioxide utilization

systems. At these

tiny scales,

enhancing the

absorption,

diffusion and

scattering lengths

and strengths of

photons,

electrons, holes . )

and ions which Arewe all clearaboutthisad O S NI IArewealBvalikgto bet on our
contribute to survival?Artwork courtesyof ToddSilerand GeoffreyOzin
energy generation, www.artnanoinnovations.cor

storage and
transport processes, are of paramount importance in the design and discovery of efficient
energy materials and their implementation in energy devices.

We urgentlyneedto highlightthesetechnologicainnovationshrougheverypossiblepublic
medium- showinghow theseaccomplishmentsanfacilitatethe transitionfrom non-
renewabledo renewablesHighlyvisiblecommunicatiorof thesepivotalcontributionsthrough
the mediaandartswill helpfasttrackour civiizationto a sustainablduture. Demonstration
unitsandpilot plantswill certainlyhelpto capturethe imaginationof the public,government
andindustry.

Perhaps, the most difficult obstacle or challenge the public struggles to embrace is the reality of
perception: We look outside our windows and see a beautiful spring day, or we walk in open
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