
C2CNT:	  Cost	  incentivized	  greenhouse	  gas	  mitigation	  to	  end	  global	  warming	  
	  

C2CNT	  (CO2	  to	  Carbon	  Nanotubes)	  is	  a	  comprehensive	  solution	  to	  climate	  change,	  a	  principal	  
challenge	   facing	   the	   planet	   today.	   We’ve	   discovered	   the	   inexpensive	   transformation	   of	   the	  
greenhouse	  carbon	  dioxide	  into	  a	  widely	  useful	  and	  highly	  valued	  product.	  In	  our	  C2CNT	  process,	  CO2	  
is	   directly	   transformed	   to	   carbon	   nanotubes	   (CNTs)	   with	   remarkable	   properties	   of	   lightweight	  
strength	  greater	  than	  steel,	  flexibility	  and	  high	  conductivity.	  	  C2CNT	  provides	  the	  most	  compact	  form	  
to	   capture	   CO2	   and	   mitigate	   climate	   change.	   The	   C2CNT	   market	   provides	   lightweight	   cheap	  
replacements	   to	  metals,	   new	  bullet	   and	   “taser”	   proof	   textiles,	   stronger	   cement	   composite	   building	  
materials,	  and	  expanding	  applications	  in	  industrial	  catalysis,	  batteries	  and	  nanoelectronics.	  
	  

C2CNT	   is	  a	   low	  energy,	  high	  efficiency	  process	   in	  molten	  carbonate	  electrolytes,	  and	  provides	  a	  
reaction	  pathway	  to	  transform	  the	  greenhouse	  gas	  into	  a	  high	  value	  commodity.	  	  CO2	  is	  bubbled	  into	  
the	   carbonate,	  dissolves	   to	   form	  more	   carbonate,	   then	  electrolyzed,	   evolving	  oxygen	  at	   the	  anode,	  
and	  producing	  carbon	  nanotubes	  grown	  at	  the	  cathode.	  The	  carbonate	  electrolyte	   is	  not	  consumed,	  
the	  process	  does	  not	  require	  rare	  or	  noble	  materials,	  and	  the	  net	  reaction	  is	  CO2	  splitting	  into	  carbon	  
nanotubes	  and	  O2,	  for	  example	  using	  Li2CO3	  as	  the	  electrolyte	  the	  chemical	  process	  is:	  	  
Dissolution:	  	  	  	  	  	  	  	  	  	  CO2(gas)	  +	  Li2O(soluble)	  →	  Li2CO3(molten)	  
Electrolysis:	  	   Li2CO3(molten)	  →	  C(CNT)	  +	  Li2O(soluble)	  +	  O2(gas)	  
Net:	  	   	   CO2(gas)	  →	  C(CNT)	  +	  O2(gas)	   	   	  
	  

Climate	  Change	  is	  a	  principal	  challenge	  facing	  the	  planet	  today.	  During	  the	  industrial	  age	  massive	  
quantities	  of	  greenhouse	  gases,	  principally	  carbon	  dioxide,	  have	  been	  released	   into	  our	  atmosphere	  
through	   the	   combustion	   of	   our	   fossils	   to	   meet	   humankind's	   industrial,	   transportation	   and	   energy	  
needs.	   These	  greenhouse	  gases	   trap	   infrared	  heat	   increasing	   the	   temperature	  of	   the	  planet	   (global	  
warming)	  at	  an	  accelerating	  rate	  and	  causing	  species	  extinction.	  The	  C2CNT	  process	  developed	  by	  the	  
Licht	   group	   has	   already	   progressed	   to	   the	   semifinal	   phase	   of	   the	   Carbon	   XPrize	   competition.	   	   The	  
Carbon	   XPrize	   is	   a	   global	   competition	   to	   generate	   the	  most	   valuable	   product	   from	   carbon	   dioxide,	  
from	   the	   organization	   that	   helped	   the	   spawned	   the	   commercial	   space	   industry	   through	   a	   similar	  
XPrize	  competition	  (described	  at:	  http://carbon.xprize.org/).	  	  
	  
Popular	  &	  Technical	  Media	  C2CNTdescriptions	  
*Licht	  interview	  on	  BBC	  World	  Newshour;	  click	  on	  the	  audio	  button	  at	  "The	  Bottom	  of	  the	  Barrel?"	  
This	  will	  start	  the	  Newshour,	  and	  slide	  ahead	  to	  the	  interview	  between	  time	  18:52	  and	  23:00.14.	  
http://www.bbc.co.uk/programmes/p02yxbv0	  
	  

*Licht	  press	  conference	  at	  American	  Chemical	  Society	  National	  Meeting	  
https://www.youtube.com/watch?v=kQBlpENiFzo	  
	  

*Licht	  C2CNT	  interview	  on	  public	  television	  (scitech)now	  episode	  218	  at:	  
The	  introduction,	  interview	  &	  our	  CO2	  capture	  animation	  runs	  from	  00:00-‐00:34	  and	  13:44-‐19:22	  
http://www.scitechnow.org/videos/episode-‐218/Year	  three	  milestone:	  	  Global	  deployment,	  starting	  a	  
C2CNT	  10	  yr	  plan	  to	  lower	  atmospheric	  CO2	  to	  <	  400	  ppm.	  
	  

Google	  “Diamonds	  from	  the	  sky	  Licht”,	  or	  “Licht	  Cement	  Power	  plants”	  
Descriptions	  in	  Science,	  Forbes,	  MIT	  Technology	  Review	  and	  other	  popular	  reports	  follow…	  
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tuart Licht has designed the ul-

timate recycling machine. The 

solar reactor that he and col-

leagues built in his lab at George 

Washington University in Wash-

ington, D.C., takes carbon dioxide 

(CO
2
) from the atmosphere—a 

byproduct of fossil fuel combus-

tion—and uses the energy in sun-

light to turn it back into fuel. There are a 

few steps in between. Water is also involved 

in the reaction, which produces hydrogen 

(H
2
) and carbon monoxide (CO); they in 

turn can be stitched into liquid hydrocar-

bon fuels. But Licht’s is one of the most ef-

ficient devices of its type ever constructed.

It is only one of the solar fuel technologies 

taking shape in labs around the world. They 

embody a dream: the prospect of one day 

bypassing fossil fuels and generating our 

transportation fuels from sunlight, air, and 

water—and in the process ridding the atmo-

sphere of some of the CO
2
 that our fossil fuel 

addiction has dumped into it.

These schemes are no threat to the oil 

industry yet. In Licht’s device, parts of the 

reactor run at temperatures approaching 

1000°C, high enough to require specialized 

materials to hold the components. Other 

researchers are pursuing an alternative 

approach, developing catalysts that could 

carry out the same chemical reactions at 

or near room temperature, using electricity 

from sunlight or other renewables to power 

the chemical knitting process. 

The bigger hurdle is economic. Oil is 

cheap, for the moment, and there is little 

incentive to adopt cutting-edge, costly alter-

natives. But the relentless march of climate 

change, and the elegance of the concept, 

have drawn researchers around the globe to 

the pursuit of solar fuels. “This is a very hot 

area right now,” says Omar Yaghi, a chemist 

at the University of California (UC), Berke-

ley. And as Licht’s reactor demonstrates, 

the research is making progress. “We’re not 

there yet, but we’re moving in the right di-

rection,” says Andrew Bocarsly, a chemist 

Researchers are vying to use renewable energy to suck 
carbon dioxide out of the air and turn it back into fuel

By Robert F. Service

Tailpipe to tank

Published by AAAS

 o
n 

S
ep

te
m

be
r 

15
, 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

S
ep

te
m

be
r 

15
, 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

S
ep

te
m

be
r 

15
, 2

01
5

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/


    11 SEPTEMBER 2015 • VOL 349 ISSUE 6253    1159SCIENCE   sciencemag.org

P
H

O
T

O
: 

C
A

R
B

O
N

 R
E

C
Y

C
L

IN
G

 I
N

T
E

R
N

A
T

IO
N

A
L

at Princeton University who is developing 

low-temperature catalysts.

Enthusiasts even see a glimmer of hope 

for making the technology economical: 

the steady spread of renewable electric-

ity sources, such as wind farms and solar 

plants. Already, windmills and solar cells 

sometimes generate more power than lo-

cals can absorb. If this oversupply could 

be stored in chemical fuels, experts argue, 

utility providers might be able to save their 

power for use anytime and anywhere—and 

make extra money on the side.

THE NEED FOR LIQUID FUELS is unlikely 

to go away despite concerns about climate 

change. The high energy density and ease 

of transport of gasoline and other liquid 

hydrocarbons have made them the main-

stay of the world’s transportation infra-

structure. Researchers continue to pursue 

the use of low-carbon gases, such as meth-

ane and hydrogen, as transportation fuels, 

and electric cars are proliferating. But for 

long-distance trucks and other heavy ve-

hicles, as well as aviation, there is no good 

alternative to liquid fuels. Solar fuel pro-

ponents argue that finding a way to brew 

them from readily available compounds 

such as water and CO
2
 could make a sizable 

dent in future CO
2
 emissions.

The task essentially boils down to run-

ning combustion in reverse, injecting en-

ergy from the sun or other renewables 

into chemical bonds. “It’s a very challeng-

ing problem, because it’s always an uphill 

battle,” says John Keith, a chemist at the 

University of Pittsburgh in Pennsylvania. 

It’s what plants do, of course, to make the 

sugars they need to grow. But plants con-

vert only about 1% of the energy that hits 

them into chemical energy. To power our 

industrial society, researchers need to do 

far better. Keith likens the challenge to put-

ting a man on the moon.

The trouble is that CO
2
 is a very stable, 

unreactive molecule. Chemists can force 

it to react by pumping in electricity, heat, 

or both. The first step in this process is 

usually ripping off one of CO
2
’s oxygen 

atoms to make  CO. That CO can then be 

combined with H
2
 to make a combination 

known as syngas, which can be converted 

into methanol, a liquid alcohol that can 

be either used directly or converted into 

other valuable chemicals and fuels. Massive 

chemical plants do just that, but they make 

their syngas not from air, but from plenti-

ful and cheap natural gas. So the challenge 

for chemists is to create syngas from renew-

ables more cheaply than current sources 

can match.

Licht, who calls his solar-generated 

mixture of CO and H
2
 “sungas,” says he’s 

taking aim at that challenge by using 

both heat and electricity from the sun. 

His setup, which he details in a paper ac-

cepted at Advanced Science, starts with 

a high-end commercially available solar 

cell called a concentrated photovoltaic. It 

focuses a broad swath of sunlight onto a 

semiconductor panel that converts 38% of 

the incoming energy into electricity at a 

high voltage. The electricity is shunted to 

electrodes in two electrochemical cells: one 

that splits water molecules and another 

that splits CO
2
. Meanwhile, much of the 

remaining energy in the sunlight is cap-

tured as heat and used to preheat the two 

cells to hundreds of degrees, a step that 

lowers the amount of electricity needed to 

split water and CO
2
 molecules by roughly 

25%. In the end, Licht says, as much as 50% 

of the incoming solar energy can be con-

verted into chemical bonds.

It’s unclear whether that process will 

produce syngas that’s as cheap as that 

made from natural gas. But Licht notes 

that a 2010 economic analysis of his solar 

water splitting setup alone, which he first 

described in 2002, concluded that his ap-

proach could generate a kilogram of H
2
—the 

energy equivalent of 4 liters of gasoline—at 

a cost of $2.61.

Yet it may be hard for Licht’s sungas 

setup to lower the price further. Licht’s 

charge-conducting electrolyte uses lithium, 

a somewhat rare and costly metal whose 

limited supplies could prevent a massive 

scale-up. Licht also faces competition from 

other researchers who also use high tem-

peratures to ease the splitting of water and 

CO
2
, but rely entirely on electricity instead 

of solar heating. But like sungas, those 

schemes, called solid oxide electrolysis 

cells, face the longevity challenges of run-

ning at high temperatures.

GIVEN THESE HURDLES, Bocarsly and 

others continue to try to split CO
2
 at lower 

temperatures. One such approach is already 

commercial. In Iceland, a company called 

Carbon Recycling International opened a 

plant in 2012 that uses renewable energy to 

create syngas. The company harnesses the 

island’s abundant geothermal energy to pro-

duce electricity, which drives electrolysis ma-

chines that split CO
2
 and water. The resulting 

syngas is then turned into methanol.

Of course, most regions of the globe 

lack Iceland’s abundant geothermal power 

needed to drive the process, so research-

ers are hunting for new catalysts that can 

split CO
2
 with less energy. These catalysts 

typically sit on the cathode, one of two 

electrodes in an electrolytic cell containing 

water. At the opposite electrode, water mol-

ecules are split into electrons, protons, and 

oxygen, which bubbles away. The electrons 

and protons pass to the cathode, where CO
2
 

molecules split into CO and oxygen atoms 

that combine with the electrons and pro-

tons to make more water.

Today, the gold standard for such cata-

lysts is, well, gold. In the 1980s, Japanese 

researchers found that electrodes made 

from gold had the highest activity for split-

ting CO
2
 to CO of all the low-temperature 

setups. Then in 2012, Matthew Kanan, 

a chemist at Stanford University in Palo 

Alto, California, and colleagues discovered 

something even better: Making their elec-

trode from a thin layer of gold divided into 

nanosized crystallites, they reported in the 

Journal of the American Chemical Society, 

slashed the electricity needed by more than 

50% and increased the catalyst’s activity 

10-fold. The boundaries between the gold 

crystallites appear to promote the reaction.

At some $36,000 per kilogram, gold is 

still far too expensive for use on a mas-

Powered by geothermal energy, this plant in Iceland turns carbon dioxide into syngas and ultimately methanol fuel.
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sive scale. Last year, however, researchers 

led by Feng Jiao, a chemist at the Univer-

sity of Delaware (UD), Norwalk, reported 

in Nature Communications that catalysts 

made from silver nanoparticles do almost 

as well. And this year, they reported in ACS 

Catalysis that even cheaper catalysts made 

from tiny zinc spikes called dendrites are 

also proving highly effective at churning 

out CO.

Catalysts that could be even cheaper are 

in the works. Researchers at UC Berkeley, 

for example, reported last month that they 

had made a highly porous crystalline mate-

rial out of organic ring-shaped compounds 

with a combination of cobalt and copper 

atoms at their core. When layered atop 

an electrode and dunked in a water-based 

solution, the porous materials split CO
2
 

molecules into CO at a rate of 240,000 per 

hour—a furious pace compared with most 

other room-temperature catalysts. And last 

year, Kanan and his colleagues reported 

that electrodes made of nanocrystalline 

copper could bypass the need for syn-

gas, allowing them to directly synthesize 

a variety of more complex liquid fuels, 

such as ethanol and acetate, at unprec-

edented efficiencies.

Researchers worldwide are also pur-

suing another rich vein: driving the 

low-temperature electrolysis of CO
2
 and H 

2
O 

with energy directly from sunlight.  Most 

efforts center on using light-absorbing 

semiconductors, such as titanium dioxide–

based nanotubes, to churn out CO, meth-

ane, or other hydrocarbons. So far, such 

setups aren’t very efficient; typically they 

convert less than 1% of the incoming solar 

energy into chemical bonds. Bocarsly and 

others have done better using the sun’s ul-

traviolet light, which makes up only a tiny 

part of the spectrum. But at the American 

Chemical Society meeting in Boston last 

month, Joel Rosenthal, a chemist at UD 

Newark, reported that his team has devel-

oped a bismuth-based photocatalyst that 

converts 6.1% of incoming visible light en-

ergy to chemical bonds in CO.

Despite progress on all these fronts, 

Kanan cautions that solar fuels still have 

a long way to go to compete directly with 

liquid fossil fuels, especially now that the 

price of oil has fallen below $50 per barrel. 

And barring a concerted push from gov-

ernments worldwide to cap or tax carbon 

emissions, solar fuels may never be able 

beat oil-derived fuels on cost alone. “It’s a 

tall order,” he says.

But Paul Kenis, a solar fuels researcher at 

the University of Illinois, Urbana-Champaign, 

argues that the broad penetration of solar 

and wind power offers hope. Denmark, for 

example, already produces some 30% of its 

electricity from wind farms and is on pace to 

reach 50% by 2020. On a particularly blus-

tery day in July, the nation’s wind turbines 

generated as much as 140% of the country’s 

electrical requirements. The excess was sent 

to its neighbors, Germany, Norway, and Swe-

den. But the oversupply added to utilities’ 

fears that in times of peak renewable power 

production, the value of electricity could fall 

to zero or even below, as producers would 

have to pay others to take it so as not to 

damage their grid.

That’s where solar fuel producers could 

stand to benefit, Kenis says: By absorbing 

that power and using it to make fuels and 

other commodities, they could essentially 

act as energy banks and perhaps earn some 

cash as well. For now, Kanan argues, it still 

makes the most economic sense simply to 

shunt excess renewable power into the 

grid, displacing fossil energy. But someday, 

if renewable power becomes widespread 

enough and the technology for making re-

newable fuels improves, we may be able to 

guzzle gas without guilt, knowing we are 

just burning sunlight.             ■

Conjuring chemical cornucopias out of thin air

A 
fill-up at the gas station may seem expensive, but fuels are 

relatively cheap commodities. So would-be makers of 

solar fuels are looking for ways to apply their technology 

to making more valuable materials.

Last month, for example, Stuart Licht, a chemist 

at George Washington University in 

Washington, D.C., and colleagues reported 

in Nano Letters that they had developed a 

version of their solar reactor technology 

(see main story, p. 1158) that can take CO
2
 

out of the air and convert it into solid 

carbon nanofibers. The researchers found 

that when they added trace amounts of 

either nickel, copper, cobalt, or iron to 

their electrolysis cell, the metals form tiny 

islands on the cathode that then serve 

as landing sites for thousands of split-off 

carbon atoms to insert themselves and 

quickly grow into long, thin fibers. Licht’s 

team had previously shown they could 

turn CO
2
 into a solid carbon material 

called amorphous carbon, which is worth some $1000 per 

metric ton. But carbon nanofibers could be worth far more, 

perhaps as much as $25,000 per metric ton, because they are 

widely used in making lightweight, high-strength composites 

for applications such as car bumpers and airplane parts. “We 

are making a valuable commodity that we hope will produce a 

driving force for using this technology,” Licht says.

Others are pursuing the same strategy. A small New 

Jersey–based company called Liquid Light is working to 

commercialize technology for converting CO
2
 into ethylene 

glycol, a commodity chemical with a 

$27 billion annual market. Another 

company, Skyonic, recently opened a 

demonstration plant in Texas that turns 

CO
2
 into baking soda, hydrochloric acid, 

and bleach.

Such commodities aren’t manufactured 

on a scale anywhere near that of gasoline 

and other transportation fuels. So making 

them with CO
2
 siphoned off a smoke-

stack or pulled from the air isn’t likely to 

make a sizable impact on global atmo-

spheric CO
2
 levels, says Matthew Kanan, 

a chemist at Stanford University in Palo 

Alto, California, who is working to con-

vert CO
2
 into plastics and other higher 

value commodities. However, he says, “Perhaps we can use 

that as a stepping stone.” With time and experience, compa-

nies may then find way to improve their processes, lower their 

costs, and begin to make high-volume, low-cost compounds 

such as fuels. “I’m a technology optimist,” Kanan says. ■

Pricey carbon nanofibers can be made from CO
2
.

By Robert F. Service

Published by AAAS



	  
MATERIALS NEWS 
Researcher Demonstrates How to Suck Carbon from the Air, Make Stuff from It 
A novel electrochemical process sequesters carbon in the form of a versatile building material. 
  By Mike Orcutt on August 19, 2015 
 

A new method for taking carbon dioxide directly from the air and converting it to oxygen and nanoscale fibers 
made of carbon could lead to an inexpensive way to make a valuable building material—and may even serve as a 
weapon against climate change. 
Carbon fibers are increasingly being used as a structural material on the aerospace, automotive, and other 
industries, which value its strength and light weight. The useful attributes of carbon fibers, which also include 
electrical conductivity, are enhanced at the nanoscale, says Stuart Licht, a professor of chemistry at George 
Washington University. The problem is that it’s very expensive to make carbon fibers, much less nanofibers. 
Licht says his group’s newly demonstrated technology, which both captures the carbon dioxide from the air and 

employs an electrochemical process to convert it to carbon nanofibers 
and oxygen, is more efficient and potentially a lot cheaper than 
existing methods. 
 
But it’s more than just a simpler, less expensive way of making a high-
value product. It’s also a “means of storing and sequestering carbon 
dioxide in a useful manner, a stable manner, and in a compact 
manner,” says Licht. He points out that if the process is powered by 
renewable energy, the result is a net removal of carbon dioxide from 
the atmosphere. In a recent demonstration, his group used a unique 
concentrated solar power system, which makes use of infrared sunlight 
as well as visible light to generate the large amount of heat needed to 
run the desired reaction. 

The fibers in this microscope image are made  
of carbon,  produced via a new method  
that also removes carbon dioxide from the air. 
 
The process requires molten lithium carbonate, with another compound, lithium oxide, dissolved in it. The 
lithium oxide combines with carbon dioxide in the air, forming more lithium carbonate. When voltage is applied 
across two electrodes immersed in the molten carbonate, the resulting reaction produces oxygen, carbon (which 
deposits on one of the electrodes), and lithium oxide, which can be used to capture more carbon dioxide and start 
the process again. 
The researchers demonstrated the ability to make a variety of different nanofiber shapes and diameters by 
adjusting specific growth conditions, such as the amount of current applied at specific points of time and the 
composition of the various ingredients used in the process. They also showed they could make very uniform 
fibers. Licht says the mechanisms underlying the formation of the fibers still need to be better understood, and 
he’s confident the group can keep developing more control over the nature of the fibers it makes. 
As for the technology’s emissions-cutting potential, the researchers are optimistic. They calculate that given an 
area less than 10 percent of the size of the Sahara Desert, the method could remove enough carbon dioxide to 
make global atmospheric levels return to preindustrial levels within 10 years, even if we keep emitting the 
greenhouse gas at a high rate during that period. 
Of course, this would require a huge increase in demand for carbon nanofibers. Licht believes the material’s 
properties, especially the fact that it is so lightweight and also very strong, will spur greater and greater use as the 
cost comes down, and he thinks his new process can help with that. Imagine that carbon fiber composites 
eventually replace steel, aluminum, and even concrete as a building material, he says. “At that point, there could 
be sufficient use of this that it’s actually acting as a significant repository of carbon.”	  





7 August 2014 Andy Extance

Low-emission ammonia offers food and climate solution

Stuart Licht’s team is working on new ammonia
production technology in its ‘Solar Thermal
Electrochemical Production' approach © AAAS

Chemists in the US have discovered a low cost way to make ammonia that could help feed the world’s
growing population without contributing to global warming. Stuart Licht’s team at George Washington
University in Washington, DC, has produced ammonia directly from electricity, air and steam. ‘Unlike the
conventional process, which has a massive carbon footprint, this produces ammonia for fertiliser without CO
emissions,’ says Licht.

Ammonia has transformed our world, helping grow more food, but also adding greenhouse gases.
Developed in the early 20  century and still dominant, the Haber process produces it by reacting nitrogen
– the major constituent of Earth’s air – with hydrogen using a catalyst like iron. That takes high temperatures
and pressures, using around 2% of the world’s energy. Today the hydrogen comes from reacting methane –
around 3-5% of the total consumed – with steam, which also produces vast amounts of carbon dioxide.  

In recent years Licht’s team has developed ‘Solar Thermal Electrochemical Production’ (STEP), avoiding
CO  emissions in various processes, such as cement and iron manufacturing. One part of this work has
been producing hydrogen from water by passing electrical current through molten salts like sodium
hydroxide. Licht then read about a fuel cell made by Jason Ganley at Colorado School of Mines that
generated electricity by reacting ammonia with air in molten hydroxide. The George Washington researchers
first tried simply reversing that cell, without success. ‘A key to ammonia production was the addition of nano-
iron oxide,’ Licht says.

Whereas previous attempts based on electrolysing water and air converted less than 1% of the electricity
used to ammonia, the new approach converts 35%. ‘Less than 100% efficiency is not necessarily a loss to
the process,’ Licht stresses. ‘In this case you consume current to co-generate hydrogen, which is a useful
fuel.’ However, the iron oxide catalyst clumped together after a few hours’ use, dramatically reducing the
cell’s efficiency, although Licht’s team is already preparing to publish a more stable design. 

As well as avoiding direct CO  emissions by getting hydrogen from steam not methane, energy consumption
is two-thirds that of the Haber process. Licht expects to reduce this further and has also incorporated the
approach into a system exploiting thermal energy collected from the Sun. 

Ganley, who has previously worked with Licht but not on this study, says it could have ‘far-reaching benefits’.
‘The electrolyte is very inexpensive and highly conductive, and the reactants are carbon-free,’ he explains.
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http://www.rsc.org/chemistryworld/more/?author=90
http://chemistry.columbian.gwu.edu/stuart-licht
http://www.sciencemag.org/lookup/doi/10.1126/science.1254234
http://www.rsc.org/chemistryworld/2014/07/first-world-war-chemistry-wwi?q=node/3031
http://pubs.rsc.org/en/Content/ArticleLanding/2010/CC/C0CC01594F#!divAbstract
http://chemeng.mines.edu/faculty/jganley/
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Turning Carbon Dioxide Into Bioplastics: 2 Birds With 1 Stone? 
One chemist says he can slash atmospheric carbon dioxide to 
preindustrial levels in a decade, harnessing the sun's power to 
make useful products at the same time. 
 
by Elizabeth Svoboda 
published online August 1, 2011  
 
 
Stuart Licht's STEP (Solar Thermal Electrochemical Production) 
process uses solar energy to break down atmospheric CO2 and 
other compounds into their constituent elements. These 
elements would ultimately be recombined to make plastics and 
fuel. 
At the heart of the STEP (pdf) process is an electrolysis cell, a 
device that uses electricity to break down chemical compounds. 
A prototype version of the cell, consists of two electrodes—
positively and negatively charged—submerged in a chemical 
bath containing the target compound. When electric current 
passes through the cell, positively charged ions from the 
compound are attracted to the negative coil and negatively 
charged ions are attracted to the positive coil, splitting the 
material and yielding its constituent elements along with new 
compounds. 
The hotter the contents of the cell, the less voltage required to 
initiate this reaction. Using heat from an external solar array, 
Licht, who's based at George Washington University, can raise 
the temperature so high that only a minute electrical current, 
supplied by solar photovoltaic cells, is needed to split the 
compounds. When carbon dioxide is fed into the cell, electricity 
splits it into oxygen and solid carbon or carbon monoxide gas 
that could then be used to manufacture many different products 
and fuels. 
Scientists have been watching Licht's progress closely. "It's an 
interesting approach to using the sun for manufacturing and fuel 
production," says Ellen Stechel, manager of concentrated solar 
technologies at Sandia National Laboratories. "But can it be 
cost-competitive?" Because of the cell's simplicity, Licht says, 
the answer is yes. If he could construct STEP solar arrays 
dispersed across 4 percent of the Sahara, he would be able to 
convert 92 billion tons of carbon dioxide into solid carbon each 
year. At that rate, he could eliminate one-tenth of all the carbon 
dioxide released since the Industrial Revolution in a single year. 







STEP:  
 A different solar energy conversion process 

 
Solar Thermal Electrochemical Photo 

generation of energetic molecules 
 

 



 

First was chemistry, then came writing. 
Illiterate by definition, prehistoric people 
had nevertheless been producing their 
bronze and iron tools for several 
centuries before they figured out that 
writing too was an important step forward 
for humanity. Extraction of iron was 
carried out by heating its ores 
(magnetite, Fe3O4, and hematite, Fe2O3) 
over a charcoal fire. Carbon reduces 
Fe(II) and Fe(III) by combining with 
oxygen to release CO2; this forms an 
Fe(0) rich solid. Since then, we replaced 
charcoal with carbon coke but we 
essentially produce steel and cast iron in 
the same way. 

As the metallurgic industry is one of the 
main sources of atmospheric CO2, a novel 
technological approach would be a most 
needed breakthrough. 

Research in this direction has taken Prof. 
Licht at George Washington University 
(USA) to develop a solar thermal 
electrochemical photo (STEP) process, as 
it has been called, that drives iron 
deposition at the cathode of an 
electrolytic cell in which the iron ore is 
dissolved in molten Li2CO3 (m.p. 723 °C) 
heated at 800°C. 

Visible light is used to power a 
photovoltaic cell whose circuit is closed 
by the electrolysis of the Fe ore. In a 
testing device, 800 mg of Fe were 
collected at the cathode following a 0.5-A 
6-e– electrolysis of Fe2O3 for 2 hours. 
If the scaling-up does not present major 
hurdles, STEP process, could potentially 
reinvent the way we have been producing 
iron-based tools for the last 5000 years 
or so. 

[“High Solubility Pathway for the Carbon 
Dioxide Free Production of Iron”, S. Licht, 
B. Wang, Chem. Commun. 2010, 46, 
7004.] 

Departmental page of Prof. Stuart Licht at George 
Washington University (USA) 

Papers of the same authors on related topics 
“A New Solar Carbon Capture Process: Solar 
Thermal Electrochemical Photo (STEP) Carbon 
Capture”, S. Licht, B. Wang, S. Ghosh, H. Ayub, D. 
Jiang, J. Ganley, J. Phys. Chem. Lett. 2010, 1, 
2363. 

“STEP (Solar Thermal Electrochemical Photo) 
Generation of Energetic Molecules: A Solar 
Chemical Process to End Anthropogenic Global 
Warming”, S. Licht, J. Phys. Chem. C 2009, 113, 
16283. 

Sept. 23, 2010 
http://beautifulphotochemistry.wordpress.com/2010/09/23/the-iron-age-reinvented/#more-1586
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Erasing carbon’s footprint with sunshine  
Hank Hogan, Contributing Editor, hank.hogan@photonics.com 

The key to rolling back climate change could be the sun, according to George Washington University researchers who have 
demonstrated a carbon capture process that promises to use solar power to remove carbon dioxide from the air. As a bonus, the 
technique could generate a profitable product. 

“Because the process simultaneously uses both solar thermal and solar visible, it captures and uses more solar energy than solar 
cells, and it removes and converts carbon dioxide into a useful form,” said Stuart Licht, a chemistry professor at the university’s 
Columbian College of Arts and Sciences in Ashburn, Va. 

Licht was lead author on a Journal of Physical Chemistry Letters paper published online on Aug. 18, 2009, describing the process, 
which the researchers dubbed solar thermal electrochemical photo, or STEP, carbon capture. It has a carbon dioxide capture 
efficiency of up to 50 percent; i.e., as much as half of the energy in sunlight can be used to remove CO2 from the air. 

The end product is solid carbon or carbon monoxide. The latter could be used as feedstock for synthetic jet, kerosene and diesel 
fuels as well as for plastics and medicine. The revenue derived from selling such feedstock or the solid carbon could change the 
economics of combating rising CO2 levels, making mitigation much more attractive. 

In a demonstration of the new carbon capture technique, the investigators bubbled CO2 through an electrolysis cell filled with 
molten lithium carbonate. They used concentrated solar thermal, or infrared, energy to heat the cell to a temperature above the 
723 °C melting point of the material, forcing the temperature as high as 950 °C. They used photovoltaics to convert the visible part 
of sunlight into electricity that drove the electrochemical reaction. 

 
Sunshine powers an electrolysis cell (right) that turns atmospheric CO2 into solid carbon 
(left) or carbon monoxide. Courtesy of Stuart Licht, George Washington University. 
Reprinted from the Journal of Physical Chemistry Letters. 
 
The high temperature decreased the energy required for that reaction. What’s more, the 
output of that reaction depended upon the temperature. 
 
In their demonstration, the researchers plated out solid carbon on the cathode of the 
electrolysis cell at temperatures as low as 750 °C. At higher temperatures, the amount of 
solid carbon decreased and the production of gaseous carbon monoxide increased. At 950 
°C, only the gas was produced. 
 
Because the technique is highly immune to poisoning effects, it could be used to directly 
treat the waste stream coming out of a smokestack, something that Licht noted was not 
possible with other proposed carbon capture methods. 

Calculations showed that it is feasible with STEP carbon capture to reduce CO2 in the atmosphere to preindustrial levels within 10 
years. There is enough annual lithium carbonate production to do this, although it would require a significant fraction of the world’s 
output. Roughly 700 km2 of photovoltaics would be needed. How long it would take to remove the CO2, Licht said, depends on the 
commitment to capturing carbon. 

The technique also could use potassium carbonate, of which there is a much larger potential supply than there is of lithium 
carbonate. The downside is that using potassium would require higher electrolysis potentials and would therefore be not as 
attractive as the lithium alternative. 

The STEP method also could reduce atmospheric CO2 in other ways. Licht and his team showed in a Chemical Communications paper 
published online on Aug. 23, 2010, that a variation of the STEP technique can produce pure iron from two common ores, hematite 
and magnetite, without emitting carbon dioxide. This approach could significantly reduce the estimated 6.8 trillion tons of CO2 
emitted each year by the iron industry. 

Licht said that the group welcomes commercial or governmental inquiries about the STEP technique. He added that the method can 
be used for environmentally benign generation of fuels, a process that requires teaming it up with solar-energy-produced hydrogen. 

Noting that the extraction of CO2 from the air is the culmination of efforts stretching over 20 years, he said, “Until now, it has been 
a challenge to convert the stable molecule carbon dioxide into a useful product and remove it from the atmosphere. It is exciting to 
watch carbon dioxide be bubbled into the STEP process and be easily converted into solid carbon. 



 
Using solar energy to power the 
hydrogen economy of the future 
 
June 6, 6:43 PM  Varun Saxena 
 
Hydrogen has the potential to solve the world's energy 
crisis. It is energetic and abundant, and hydrogen fuel 
does not emit Carbon Dioxide. Technical and economic 
challenges have prevented hydrogen from becoming a 
major source of the world's energy in spite of its 
promising qualities. But that could change soon. 
Chemistry Professor Stuart Licht, of George Washington 
University, and his research team are attempting to 
perfect a promising method of hydrogen energy 
production: the solar thermal electrochemical photo 
conversion of energy, or STEP process, for short. He 
presented his research at George Washington's annual 
Solar Symposium, held on April 19th, 2010.  
 
Why is hydrogen fuel the best choice for meeting 
our transportation demands? 
If produced in a sustainable manner, hydrogen fuel is 
superior to its competitors. Electric cars are constrained 
by the limitations of the battery and six percent of the 
energy that is produced is lost on the electrical power 
grid, according to Licht. Biofuels are an inefficient form of 
energy production. Their solar to fuel energy efficiencies 
are less than ten percent. Because of the limitations of 
photosynthesis, the crops contain about ten percent of 
the energy that they absorb from the sun, and even 
more energy is lost during the production of biofuels. In 
addition, growing feedstock for biofuels pits fuel 
production against food production, and results in the 
loss of wilderness.  
 
Why is the STEP process better than other methods 
of producing hydrogen fuel? 
Ninety percent of the hydrogen that is produced is 
derived from fossil fuels, which results in carbon dioxide 
emissions. Using solar power to produce hydrogen 
results in no carbon dioxide emissions. The two methods 
of producing hydrogen fuel with solar power are the solar 
thermal method and the solar photovoltaic method. The 
former method involves heating water up to very high 
temperatures until it breaks down into its component 
elements, hydrogen and oxygen. It is technically 
challenging because the elements tend to recombine 
when they are brought down to lower temperatures. 
Many reactions must be performed in order to separate 
hydrogen from oxygen so that they do not recombine. As 
a result, over 90% of the initial energy input is lost. 
Similarly, the solar photovoltaic method is only 10 to 
20% solar to hydrogen fuel efficient. It involves using a 
traditional solar photovoltaic cell to produce electricity, 
which then splits water. The STEP process can separate 
hydrogen from water at efficiencies above 30%.  

 
 
 
 
 
 
How does the STEP process work? 
Unlike the competing methods, the STEP process uses 
the entire solar spectrum. Dialetic beam splitters, 
described by Licht as “hot mirrors,” split solar energy into 
two components, the visible spectrum (employed by the 
solar photovoltaic method) and the invisible, or thermal 
spectrum (which is employed by the solar thermal 
method). The thermal energy is used to heat an 
electrolysis chamber to molten temperatures, and the 
visible portion is used to produce electricity to split the 
water. When the electrolysis chamber is heated, the 
amount of energy needed to split water falls from 1.2 to 
.7 volts. Silicon based solar concentrators can generate 
.8 volts of electricity, enough to split the water at high 
temperatures. 
 
Because it is a relatively efficient process, and requires a 
lower voltage to split hydrogen, the STEP process is 
more cost competitive than competing methods of 
hydrogen production. According to Licht, independent 
studies confirm that the STEP process can produce 
hydrogen at less than half the cost of competing water 
splitting technologies. As a result, Licht’s research team 
and partner company Lynntech have signed a contract 
to built STEP hydrogen generators for the US Air Force. 
“We can envision someday, a solar hydrogen process in 
which we might have STEP hydrogen generators 
generating hydrogen for cars,” Licht proclaimed. 
  
Can the STEP process “split” other molecules? 
Yes. The STEP process can be used to create carbon 
monoxide (CO) from carbon dioxide (C02). The energy 
needed to split carbon dioxide falls faster than that of 
water at increasing temperatures, and the result is that 
carbon monoxide can be created at efficiencies of over 
fifty percent using the STEP process. Carbon monoxide 
and hydrogen can be used to make synthetic diesel, and 
at a lower cost than conventional diesel. Currently 
synthetic diesel is produced in South Africa. But when 
coal is converted to carbon monoxide, carbon dioxide is 
a byproduct. Because the STEP process uses only solar 
energy, and pure carbon dioxide is used as the input, it 
can produce synthetic diesel without increasing green 
house gas emissions.  



	  
	  
	  

	  



JANUARY 17, 2004  p. 46, VOL. 165, No. 3





 
New York; October 23, 2000; Otis Port;  Page: 101:  
Copyright 2000 The McGraw-Hill Companies, Inc. 
 
The Key to Cleaner Fuel Cells? It's in the Water  
 
FUEL-CELL-POWERED CARS and trucks promise to relegate today's  
pollution-belching engines to the scrap hep7ap. Bigger fuel cells could do  
the same for coal-fired power plants and industrial furnaces. To get the  
maximum environmental benefit, though, fuel cells should be fed hydrogen  
fuel, not gasoline, natural gas, or the other alternatives used by most  
of the fuel cells now on the market or under development. Chemically  
converting hydrogen into electricity with a fuel cell produces no  
pollution, only water. 
 
Unfortunately, there's scant infrastructure for distributing hydrogen,  
so it isn't practical for cars. But suppose the gas could be produced  
locally, on demand, from ordinary water. Splitting water molecules into  
hydrogen and oxygen has long been possible--just not economical. Now, a  
small Israeli-German-Japanese research team led by Stuart Licht, a  
professor of chemistry at the Technion-Israel-Israel Institute of  
Technology in Haifa, is closing in on what could be a commercially  
feasible way to tap water for its hydrogen--by using sunlight. 
 
Licht's team reports in the Sept. 14 issue of the Journal of Physical  
Chemistry B that it has developed a system based on a photovoltaic  
device, or solar cell, that is 18.3% efficient at splitting water  
molecules. That's a 50% improvement over the previous best--and might be  
on the threshold of being viable for the corner filling station. But if  
18.3% won't do the trick, the researchers believe further refinements  
could substantially boost the efficiency of their water-splitter,  
perhaps to as much as 31%. 
 



 



       














